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Preface 

The aim nf this text is in present the fundamental principles of med 
ogy to students of science and medicine. It is also hoped that it will : 

useful resource for teachers of virology, specialists in infectious dise 
postgraduate students. The pace of change in the eight years since t 
ous edition has been so great that the book has necessarily been sub 
rewritten and expanded. The essential plan of previous editions 
retained, but our account of the molecrrlar biology of viral infection 
detailed than in Ihe third edition. Part I of the book presents an ovt 
the principles of animal virology, while Part 11, entitled Yiruscs of Hir, 
arranged by virus family, is oriented toward the needs of medical 
and clinicians. In order Oo focus on conccpts, mechanisms, and ba 
minutiae have been omitted except where necessary to understand a 
rant phenomenon. Much of the factual material is consolidated into t; 
figures. Statements have not been individually supported by refer 
research papers, but selective lists of recent authoritative books and 
are provided at the end of each chapter to simplify the reader's entry 
scientific Iitera twre. 
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The unicellular microorganisms can he arranged in clrcfer of decreas~ng slztL 

and complexr ty: protozoa, fungi, and bacteria- the latter including my- 
copfasmas, rickettsiae, and chlamydiae, whlch, like viruses, replicate within 
eukaryotic ,cells. These microorganisms, however small and simple, are cells 
They always contain DNA a s  the repository nf genetic information, they also 
contain RNA, and  they have their own machinery for producing energy and 
macrc~moIeruIes. Unicellular microorganisms grow by synthesizrng their own 
macrlcrmnlecular constituents (ntlcleic acid, protein, carbohydrate, and lipid), 
and most multiply by binary fission 

Viruses, on tht olhtr hand, are riot cells. They possess ncs functional 
organelles and  are completely dependent on their cellular hosls For the ma- 
chinery of energy production and syntl~esis of macromnlecules. Thcy conta~rl  
only one type of n ~ ~ c l e i c  acid, either DNA or RNA, but ncver both, and thcy 
differ from nonviral organisms in having two clearly defined phases in thcir 
lafe cyclc. Oulside a srrscvptible cell, the virus parficle is metabolicaljy Inert, i f  
is the transmission phase of the virus. This extracellular transmission phasc 
altcrnates wit11 an  intracellular reproductive phase, in which the viral genomrq 
exploits the nietabolic pathways of the hnst t c ~  produce progeny gennmes ancl 
vlral proteins that assemble to form new virions. Furlhcr, itnlike a n y  uniccllu- 
jar microorganism, many viruses can reproduce Lhemselves even if noiliing 
but the viral gencmc is introduced into thcl cell 

The key differences between viruses and unicellular microorganisms arty 
lislcd in Table 1-1. Several imprlrtant practical conseililcnccs flow from thrlsra 
differences. Fur example, some viruses can persist 111 cells by tlie integration 
ol their DNA (or a DNA copy oC thcir RNA) into tho genvmr of thc host cell 
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Table 1-1 
C ( i r i t rc i \ !~ t i c  ~'rop(,rt~c,q (I( U r i i ~ . c l I ~ ~ l ~ ~  M1~r(iorg~i111511>% < I I ~ L ~  illr~tif.-\ 

- - -- - - - - - - - - - - - - - - - 

I'rt?pt*r ty I3actvr1~1 h l v r e ~ l ~ l ~ i r n ~ l ~  K~rkcf i l \ lac C t l l a ~ n v d ~ a c ~  Vlrcr5ci 

:- 1011 n m  t l ~ ~ ~ r n c t e r "  L I I t 

G r l ~ w t F l  on nr ln l l v lng  mcd la"  t I 

l i i r iary f ~ % v c ? n  \ i f i 

UNA .and R N A  I- + I t 
N ~ i c l r l c  , ~ r ~ d  ~n l tnc t lcc~~~\  - t 
R~Po.;r>mcs i t t t 

Mrt,ihcrl~.;n~ t I I i 

S v n s ~ l t ~ v ~ t y  lo a i i l ~ h i o l ~ c s  + t t + - , I  

- - --- -- - 

" Strnlc. niycopla5rnas and ch lan~yd~, l t .  mcasurc arouncl 3(3(1 [iln o r  less 

" Chlarnycl i~ie a n d  mcr5t r~ckcxtt.;~ar are obl~g; i t r  ~n t racc l lu la r  p a r i w ~ l c s  
So i i~ t .  among h r t h  I I N A  and R N A  i r l ruscs  

" CV~tl i  i.t.ry f 1 . 3 ~  u x c c p f ~ i ~ n \  

Mnrcovcr, viruses are not susceptible to antibiotics that act against specific 
steps In thc rnetabtdic pathways of bacteria. 

The simplest conventional viruses consist of a nucleic acid genome and a 
protein coat. However, there exists a clciss of even simpler infectious entities 
ktinwn as olrclids, which are infectious RNA molecules that lack a protein coat; 
as viroids have so far been fcrund only in plants thcy are not discussed further 
in thrs book. En contrast, Ilrrotrs, such as the agents that cause the spongiform 
enccphalopathies in humans, appear lo be a filamentous protein with no 
assoc~nlrdl ~iucleic acid. 

Viral Morphology 

I Physical Methods for Studying Viral Structure 

11 has becn known for many years that viruses are smaller that1 microor- 
ganisms. I'he first unequivocal dernonstsatir-rn of this for an anirual virus 
occurrrd in 1898, when Luefller and Frosch demonstrated that foot-and- 
rnr~rltli disease, an impurtant- infectious disease of cattle, could be transferred 
by mntcr~al which could pass through a filter of average pore diameter tun 
small to allnw passage of bacteria The new group of "nrganisms" became 
knrrrun as thr  "filterable ~riruses " For a time thpy were alsn called "ullra- 
riiicroscnp~c," since c most viruses are beyclnd the Binlit of resolution of Iight 
r~~icrt).;copes [200 nanometers (nm) = 2000 angstroms (A)]. Only with the 
acilvcn t of the electron ~nicroscope was it possible to study the morphology nf 
vlrulsrs properly I 1  then became apparent that they range in s i ~ e  from about 
the. S ~ P C  of f l ~ e  smallest rn~cmclrganisms down to little bigger than the largest 
prntcul n~olcculcs. 

Early elecY ron m~lcrosct~pic studies ol  viruses by Ruska in 1939-1941 were 
cxpnnrlcd dun~ .~y :  lhc 1950s tt.r include thln stctioning of intected cells and 
mrtal shadow~ng of purif~ed virus particles. Then in  1959 our knowlec-lgk of 
viral l i l t  rClstruct~~rc was transforlned whr*n trr~,~mfrzri l  slnirrirrlt) was applied Lo L l ~ t  

Viral Morphology 5 

c*leclrnl.a rnlcroscrlpy of viruses A solulic>n of ~~o t ,~ s s i i~ rn  p l i r~sp l i r~Lu~~)=sL~~ te ,  
W ~ I C ~ I  is an electron-dense sall, when  used to .;tan virus particles, fills thc 
interstices of the viral surface, ~ ~ V I I I F ;  l l ~ e  rcsult~ng clcctron microgmpli a 
degree of dcta~l  not prcvionrsly possible (Fig 1-1) IZlcctron rnicrc~gr~~phs of 
negatively staancd preparations crf  virions reprec;enhtig flit families of viruses 

that cat~se Ruman infcctinns are shown in thc chapters of Part IF of this book. 

Viral Structure 

Tlne uirlon (infectious virus particle) of tlie simplc->st vlruses consisls of a single 
molecule of nucleic acid surrounded by a protein coat, the nzp..;rd, the capsid 
and associated nrlcleic acid constrtute the ~rrrrIt~orn~?srrf. 'I'hc nucleocapsid of 
some viruses is surrounded by a lipoprotein ( I ; I ~ s .  I - I B  and 1-2C,D). 
In some of the more complex viruses the capsid surrtmnds a pmlein core, 
which encloses the viral rii~clcic acid. 

Thc capsid is composed of a defined number of morphological units 

Fig. 1-1 M o r p l i n l n g ~ r a l  fCatrlre.; n l  v iral  strncturc revc7afcd bv r i cgat~vc  s t a ~ n ~ n g  and ellcctron 
niacro5cnFv (bars. 1Ot)nm) (A) V~ror jn  crl  a n  aclrnovirrns, \ l l r w . . ~ n ~  ~ccrsnhrclral capslcf cr!mycrst>d r ? l  
liexrans, prr i lnns, and l lht :~s p ~ o j c c t i n g  f rom v r r l ~ c c s  (co in~ lare  w l t l ~  FIR I-2A). (R) t :nvc loy t~d 

vlrut l t~ of ~ n l l ~ ~ c ~ n x a  vnrlls Thr Iwo type\ crf peplorn~rs, h r * n ~ , l g x l t l l ~ n ~ n  and n c ~ r r a m ~ n ~ d a s c ,  arc 
visible but nt l t  c i~s t~ngu is l iah l t .  I n  ih15 electron cnicri!grapli [c~rrnp;lrc, WJI~II FIR 1-21]), n o r  art3 t h r  
liiel~cial n~~c l rncays~d. ;  usua l ly  v ~ s ~ h l r  (hut s c r  Fig 31-1) (C')  N ~ ~ r l c o c ~ i l ~ s ~ d  rrf p,lrci~rirlutsn/a virus 

' rh r  RNA 15 w o u n d  ~ v l t l i ~ n  and profcctc~cl hy a l i t . l~cal c n p v d  cr~till>osr.tl o r  t I i [~usnl i r f \  o f  ~ d r ~ n t l c a l  
c ~ ~ p ~ o r n c r s  (cornpate w ~ t h  f:~g t-2n) Thr cornplelt. n ~ ~ r l c t r r n l ~ ~ ~ i i  I.; I000 n n i  Iorlg, hut I n  thp Intact 
p a r l ~ c l c  ~t 1% trrlrlrd w n t l i ~ n  a rcluglrly s p h c r ~ r a l  i.nvclrrpc ,ibout 680 n n i  I n  ti~;lme,ler (A,  13. I ' r i~ l r t r -%y 
Ur N C W r ~ g l c y ,  C', crrurtr,sp 1% A. ) C;lbb\.) 
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called rn/lstrmrrs (Figs. 1-1 A and 1-2A,R), which tlrr held togcthur by nnncova- Icosahedral Symmetry 
I C ' I ~ L  ~ O I I ~ S .  Witli~n an infected ccll, thc cnpscimcrs und~rg i l  sclt-assembly to 
form tht* caps~d 'The manner of assembly 1s strictly defined by the nature of The cubic symmetry Cni~nd in viruses is b;lst.d o n  that of an icosahedron, nnr 

the bonds Curmed between ~ndividual capsomers, which imparts symmetry. to of the five classical "Platonic solicis" nl geornctry An icosaliedrcrn has 12 
the caj2sid Qrily two kinds of syrnmctry have been recognized, cubical (ico- verticcs (corners), 30 edges, and 20 faces, cach an cqirilateral triangle. I t  has 
sahcdlral) and 11~elical (Fig. 1 -2A,B) axes of two-, three-, and fivefold rc)taiional symmetry, passing thrc~ugli its 

edges, faces, and vertices, respective1 y (Fig. 1-3A-C) l'he icosahedron is the 
optimum solution to the problem of constructing, Crom repeating subunits, a 
strong structure to enclose a maximum voIurne Before icnsahedrons were 
discovered in viruses the same principles were applied by the architect Buck- 
minster FuIlcr to the construction of icosaliedral buildings ("geodesic 
domes"). An object with icosahedral symmetry necd not appear angular in 
outline; the virions of r n a ~ ~ y  animal vlauses with icosahedral symmetry appear 
spherical with a bumpy stlrface. 

Only certain arrangements ol the capsomers can f i t  into the faces, edges, 
and vertices of the viral icosahedron. The capsomers on the faces and edges of 
adenovirus particles, for exampIe, bond to six neighboring capsomers and are 
called hexnnrers; those at the verfices bond to  five neighbors and are called 
~u:ufamcvs (Figs. 1-1A and 1 -2A). In virions of some viruses both hexarners and 
pentamers consist of the same polypeptide(s); in those of olher viruses they 
are formed Crom different polypeptides. The arrangements of capsorners on 
the capsids of virions of three small icosahedral vlruses arc shown in 
Fig. 1-3D-F. 

Nigh- Resolution Strsrcturc 

The recent demonstration by X-ray crystallography of the structure clt tile 
capsids of several picornaviruses (small RNA viruses), as well as a parvovirus 
and a papovavirus (small DNA viruses), at near atomic resolution laas pro- 
vided a remarkable insight into their organization and assembly, the locat~on 
nf antigenic sites, and aspects of their attachment and penetration Into cells. 

external domarn In several picornaviruses examined, the amino acids of each of the three larger 
structural proteins are packaged so as  to have a wedge-shaped eight-stranded 
antiparallel P-barrel domarn (Fig. 1-4). The outer contour of the virion de- 
pends on the packing of these domains arid on the way the loops project 

Fig. 1-2 I:t.nturrs of vrrrcm structure, exctnpl~frcd t-rp adenuvirus (A), tobaccn mr-rsa~c vrrus (R). l r tm the framework. The capsnrners of the parvovirus consist of an unllsil- 
anri rnfIt~c.nza A virus (c, 11). ( A )  Icosahedral strc~cturc of an adrnov~rus vlrlr)n hl! hcwnn ally large wedge-shaped prokin wilh a @-barrel core, lience the ability to 
rapstrmc7rs art. tr~mers of ~hc. $nnlc3 polypeptide, c i~st~n~urshrdl  as "per~pentclnal" or "gloup elf form a 250 A shdl  from only hO subunits of a s~iiglc protein. Iligh-rcso~ution 
nrlic." by tllt>rr locatin11 In Ilic capsid. Thc pcntnn h s c  15 a pe7rtlarncr c ~ f  artother ~olypcptrde, the stumd ies with picornaviruses and poly omaviruscs havc rcvcalcd that thc cap- 
frbc.~ 1 %  a trrnlcr of a third pr,lypc.piidr (13) Tlic qtrttcturr rrl helical nucleocaps~ds wa5 f i rd  

c,lucldnlt~d hy \["dies 111 a ~ionrnvrlcrpcd pllant vlrrls, tr~bacio rnrlalrc vlsrls, but the prrtlciples 
sid proteins have flexible "arms" wliich interlock with arms r j f  an adjaccnt 

apply to anrn~nl vlrusrs wa~l i  hcIrcaI nuclcr~capstds, all tri wilrch arcb cnvcloprd In  tclhacco mosalc structural unit to mediate assembly and stability of the virion. Cations may 
\,rlr~s, .I srng3c polypeptldc Inrrnq a rapsr~nor, and 2130 cap\r>mcr\ awrrnble In a hel~x The 6 kb also stabilize the interface between subunits, and arms exlending from inter- 
RNA fi~1701~it- lit5 rn '1 grr~ovc on llrr ~ n n e r  part of eacti cap.;r~rnc~r. and 1s wour~d  to I n r n ~  a hclix l i d  proteins may interact with proteins crf the outel capsid. In virions of 
whrch carlt3nd5 thr Icnl:th the v ~ r ~ o n .  ( C )  S l r ~ ~ c t ~ r r c  o l  vrrrt~tl 01 l n f l u r n ~ a  A vrrrls All ar~rrnal 

x-~ru\c,.; w81lh 11r.llr-al nr~clrocipsid and stlrnc* of  thosr rwth a n  rcosaliedral capstd are envrlrrpcd. 

-The, nurlcc,c.~ys~ds wrlh Elclrcal syn~rnctry arc long and thin (scc 171~. I-IC and 28-11 and In 
rt l f l l~~.n/n A VI IL~S <1cctlr a:. ~ ' t g l ~ t  scpgrn(.nts, wh~ch  may be, Ior>scly crrnncctcrl (not stlnwn) TIIC tclrarncr), ~ a c h  of whrch ctrn<~.;ts oCan rntc.rnal domain, n hydtc~phollrt tr~nsnic.rnbr;~ne cl~rmnrn. 

v r ~ n l  KN,I i r  rvc~und hrltcally w ~ t l i ~ r ,  tl1~1 htnl~cally arrangrd capstlmcrs t ~ f  t*arh $rgmrnt, as shown and a l iydr t r t l l r~ l~t  cxtcrnnl dtrrna~n Sr~mtx 50 rntrlcculc\ rrl .I .;tnnll mc~n~hr~inc~-a.;.;c>c~nic'~i prtltvrrl, 

I t ~ r  tc,tl<rcrrr rrio5,irc vlrtr.; (I)) rlir cnvelopc. of rnll~rnnza vrru.; cotisisls o l  11p1d hrlayrt i n  which M 2  (nut shown), Iurm a small ntrrnhcr of  port^^" ~n !lit, Irprd I )~ l~ iyv r  [/I, t l y  Jolrn block, l t r ~ i i ~  

,II<- rnsrrtc-ril sc*vt~rnl l i~rndrcd glycoprrrlcrn pcplonic~rs o r  st~hc.s, bcnroth flir l i p ~ d  hllaycr tht3rc 15 a R M Duunett, ill "fl~olrrgici~l M~cromt~ lc~ru l t~s  anci Asst1n1hlrc.s V1ru5 Structure.;" (I: J~rrnnk and 

vr I t ~ % - s l ~ ~ ~ t i c . t l  mntrrr prrrtv~n -1 hc. glyrriyrntt,rn pcplomcxrq r d  rn l lucn~a vlruq compr~sc IW~I A MtPh~.rscin, cds 1, Vol I, p 337 Wllry, Nrw Yr~rk, I W 4 ,  B, F~orn I I. T Mrlttr.rn, r r i  "Mt>lctu- 
r l l l f r r t * t i~ \,rtrterns, h c ~ r n a ~ g l ~ r ~ ~ ~ n r r i  (a rod-\lnapc.d trimrr) and rreurarl~rntdase (a mushrt~r>m-shaped lar B lo lo~y  c~ f  Anrinal Virtrst~s" (n P Napik, r r l  ), p S Il<'kkc.r. Nvw Yt~rk, I977 1 
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IgG mlecule 
host cell 
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Fig. 1-5 M(1drl rtf thc ~ntr,rac.liii~r betwct-n rrccptor on 
ho5i ccll5 l~ganci on a r l i i n t l v~~us  I hcX ligands are 

.;~tr~;lttd w ~ t l i ~ n  surfact. clt*prl.\.;~r)iis ("c.lnyons") npar 

axes of f1vr4uld syrnnlrtry, ;l I t r~~~tatrn w l l~ch  servrs to 
pr rv rn l  acccs\ ( if ant~br~dy to those c-ruc~al s~tes I low- 

tlvtbr, anlihodir..; spc.c~frc lor antlgcn~c s~lcs oil the rim of 

the canyon can block v i r~on-cr l l  ~nteractieln hy strnc Rln- 
canyon d~ance [Mod~f~er l  from M. C; Rnssrnann and R R 

mntainlng ligand Rueckcrl, M~crrili~crl 5c1 4, 20h (1 Yt(7).] 

farn~lles (Fig 1-2C,D); matrix protein ~ rov ide s  added rigidity to the virion. For 
example, tlie envclopc of rhahdoviruses with its projecting peplomers is 
closely appl~ed to a layer of matrix prote~n which in turn interfaces with a 
C~clical nllcleocapsid within Some enveloped viruses, including arenaviruses, 
bunyaviruses, and coronaviruses, have no matrix protein. 

Envclr~pes are not restricted LO viruscs ol helical symmetry; icnsahedral 
viruses belonging to several families (herpesviruses, togaviruses, flaviviruses, 
and retrc~viruses) have envelopes. The infectivity of most enveloped viruses 
depends on the integrity of the enveIope, but some poxviruses have an  enve- 
lope which 1s not necessary for infectivity. 

Chemical Composition of Virions 

Virustbs are distinguished from all oilier forms of life by their simple chemical 
c o ~ ~ i p ( ~ s i t ~ o n ,  which includes a genome comprising one or a few molecules of 
eitlicr DNA ur RNA, a small number of proteins which form the capsid or are 
prcscnt wilhin the virion as enzymes, and in the case of enveloped viruses, a 
Iiptrprote~n hilayer w ~ t h  ass.oclatedi glycoprotein peplomers and  sometimes a 
matrix prr~tein 

Viral NucEeic Acid 

All viral gcriomcs are hnploirl, that is, they contain only one copy of each gene, 
except ~ C D I -  retrovirus genomes, which arc dij~laid.  Viral DNA or RNA can be 
I I o i f t d ~ - s f n r r ~ f i ~ f  (In's) or siriglr-stranded (ss). The genome of[ a representative rnem- 
ber of most viral famil~es has now been completely sequenced. 

When carefully extracted from the vir~on, the nucleic acid of viruses uf 
ccrtain families of both DNA anld RNA viruses is itself infectious, that is, 
when experimentally introduced into a cell it can initiate a complete cycle of 
viral rcplical~on, with the production of a normal yield of progeny virions. 
The ~ssent ia l  features of the gcnomes of viruses of  vertebrates are summa- 
r i ~ c d  in 'lable 1-2. l'lieir relnarkablc var~ety is reflected in the diverse ways in 
which the information encoded in thc viral genome is transcribed to RNA, 
tlicn translated into pmterns, a n d  the ways in which the viral nucleic acid is 
replicated (see Claaptes 3) 

DNA 

*She geneme of a l l  DNA viruses consists of a single molecule, whlch is 
double-stranded except in the casc nC Llic parvoviruses, and may be linear or 
c~rcular. The DNA of papovaviruses and  liey~dnaviruses is circular; the circu- 
lar DNA oh liepadnaviruses is o~i ly  partially double-stranded. Within [lie 
virion, the circular DNA of the yapovaviruses IS supercoiled. 

Most of the linear viral DNAs have characteristics that enable them to 
adopt a circular configuration, which is a requirement for replication by what 
is called a rolling circle rnechanisni. The two strands of poxvirus DNA are 
covalently cross-linked at their tennini, so that on denaturation the molecule 
becomes a large, single-stranded circle. l'he linear dsDNA of several DNA 
vlrwses (and the linear ssRNA of retroviruses) contains repeat sequences a t  the 
ends of the molecule that permit circi~larizatiun In adenovirus 13NA there are 
inverted terminal repeats; lhese are also a leature of tlie ssDNA parvovirttses. 

Another type of terminal structure occurs in adenovlruses, hepadna- 
viruses, parvoviauses, and some ssRNA viruses such as the picornaviruses 
and caliciviruses. In all of these a prolein, whlch has an essential function in 
replicat~on of the genome, is covaIcntly linked to tlic 5' terminus. 

Table 1-2 
Structures of Vnral Genurncs 

Type arid 5tlclclurc rrl  vlrlrIti nrlcl(.lc ac~d 

Lanc~ar csDNA, mlnLl5 \cn5c; with pa l~nr l ron~~r  sctqclcnccs at tmds 
C~rcular .;upercoilrd <i$L>NA 

l.inrar dsDNA with ~nvrrturl tcrnr~nal rcpc;lls and a covnlrntly bound 

p r o t r ~ n  
L~ncar dsDNA, zlnrciuc SC'~LIC~IICCS fllinkcd by rrpeat secluencrs, 

d~ffelent ~lsr~rncrs clrnlr 
Linear d\DNA, both elids crrv;~lt.ntly clrbsrd, wl lh ~nvertcd tcrnm~nal 

repeats 
C~rculnr d5DN.A wrth rvglon of SSDNA 

L~ncar .;.;RNA, plus scnsr, serves a5 mlZNA, 3' cnd polycldcnylatcd 

(cucept /Int~~z~trrr/nc), 5' rnr l  capped, or p ro l r~n  ctlvalcwtly h r ~ ~ i n ~ l  (111 

I ' rc i~r~~nz~i~ rdm., Colt( r z v t  rr/it[*) 

Srgrncnted gcnclmc, 7 or 8 lncllcculcs of 11nr.ar ssBINA, mlnus .;rnse 
Segmentccl gcnciinc, 3 n1olt.c ulec rlC Ilnc3ar zsRNA, rnlnu\ srnsc 01 

an~ha~ensc,, "sticky rncl5" allow c i r rn lar~~at~r>n 
Srgrnc.ntcd jienuone, 2 mcilrrulcs 01 l~ncar s\RNA, minus senw or 

arnb~sc.nscl; "sk~cky c'r1d5" allr~cv c~rcular~/aiion 
S e j i t ~ ~ c n ~ c d  gtlntlmry, 10, 1 0 ,  rir 12 niolccr~lrs of 1111t.ar dsRNA 

13il'lr>ad genome, d~rr i r r  c~f I~near s\RNA, plu5 crnse, lipdingen-br)nderl 

at 5' cnds. lern1111aI rt~tium~dancy. 11oIIi 0' tcri i~lnl polyat l~~i~yl~ l l t .d,  
Ixrlli 5' cr~d.; c~ypccl  

Clrr ular ssRNA, rnlnlt.; wnsc 
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7'lit. s ~ z c  of viral JJNA grnomcs r a n ~ e s  frorii 3.2 k ~ t ( l l ) f l ~ r ~  /11?t?$  ( k l l / ~ ) ,  f ~ r  the 
hc~~adnaviruscs, to cluer 200 khp C O I  thc lar-gchl of the &DNA herpesviruses 
a n d  poxvirusvs As 1 kilobasc (kb) or 1 kbp ct~nlains rhnough genetic inlorma- 
tiori to code lor cibt~ut one avercige-sized prnte~n, i t  can be sun-r~ised that viral 
DNAs contain roughly hetwctn 4 anci 200 genrs, coding for some 4 to 200 
pruteins. Itowever, the relntfonsh~y bctwccn any particular nuclcntide se-  
qut3nce and its protei~l product is not su straightforward. First, the DNA oi 
most of the larger v i rus~s ,  like that of mammalian cells, contains what ap- 
pears to be redundant information, in the form of ( I )  repeat sequences and (2) 
i r t fvor~r ; ,  that is, regions which arc noncoding and are spliced nut from the 
primary RNA transcr~pt to form the mRNA. On the other hand, a single such 
primary RNA transcript may be spliced or cIeaved in several different ways to 
vield several dist~nct mRNAs, each of which Inay be translated into a diiferent 
protein Furkhermure, a given DNA or mRNA sequence may be read in u p  to 
three diffcrenf rend~n,p jrnrnes, glving rise to two or three proteins with differ- 
ent ammo acld sequences. En additivn, either or both strands of double- 
strarldcd viral 13NA may be transcnbed, in a leftward or a rightward direc- 
llon. 

Viral DNAs contain several other kinds of noncoding sequences, some of 
which are corrserlsrrs SL~~UPI ICES which tend tn be conserved through cvulutinn 
because they serve vital functions, including RNA pnlymerase recognition 
sites and promoters, enhancers, in~tiat~on codons for translation, termination 
codons, and RNA splice sites. 

RNA 

The genome of RNA viruses may be single-s!ra nded or double-stranded. 
MJh~lr some genomes occur as a single molecule., others are sr,gme~~ted. Are- 
navirrls gcnomes consist nf 2 segments, bunyavi~us genomes of 3, orthornyx- 
crvlrus elf 7 or 8 (rn different genera), and reovlrtrs of 10, 1 I ,  or 12 (in different 
gw7wa). Each or the molecules is uniqere (often a single "gcne"). Except for the 
very small circular ssRNA of heyatitls D virus (the structure of which resem- 
bles that of viroids of plants), no animal virus RNA genome is a covalently 
linked circle I4owever, tlre ssl<NAs of arenaviruses and bunyaviruses are 
"circular," bv virtue nf having hydrogen-banded ends. The genomes nf 
ssRNA viruses have considerable secondary structure, regions of base p.airing 
callsing the formation of loops, hairpins, etc., which probably serve as signals 
controlling n ~ l c l ~ i c  acid replication, transcription, translation, andlor packag- 
ing into the capsid. 

Single-stranded genon~ic RNA can bc defined according to its scrise (also 
knowai as ~ ~ r r k r r l y ) .  I f  it 1s of the same sense as inlZNA, ~t is s a ~ d  to be of P R S ~ ~ I T I C  

(r)r jrlrrs) 5r)rsc. This is the case with the pictlrnaviruses, caliciviruses, toga- 
vlruscs, flaviviruses, coronavlruses, and retroviruses If, on die other hatid, 
~ t s  ~luclet~tide sequence is cnrnplementary to that of mRNA, 3t is said to be 
I I P , ~ I J / ~ Z J P  (01 ~ I I ~ ~ I I I S )  S ~ I I S C  S L I C ~  is the case with ihe paramyxnviruses, rhabdo- 
viruscs, filoviruscs, orlhomyxoviruses, arenaviruses, and bunyaviruses, all of 
wliioh have an RNA-dependent RNA polynierasc ( f rnr tscn~~lnsr)  in the virion, 
w1iic.h in the infected cell iranscribes plus sense RNA using the viral genome 
as templatr. Witli the arenaviruses and at least one genus of bunyavir~lses 
onr clf the RNA segments is rtr~lbis~rrsr, that is, part ~111s sense, part minus 

SPIISC Wlie~rc the viral RNA I,$ pllrs sctist', i t  is ~rsunlly poly,idc~nyJatcd at 11s 3' 
end (In plcornaviru.ws, cal~civirusr.s, togrivrrust7s, 2nd curnnaviruscs, but not 
rn flavivirnscs) and cnppcd at 11s 5' end (togav~rusrs, flavivlruscs, Cora- 
naviruses). 

The sr7c of s5RNA vlraE genonitxs varies from 1.7 lo 21 kb (M, apprnx- 
imately 1- 10 ~nillfon) and that of the dsRNA viri~scs from 18 to 27 kbp, a much 
smaller range than forrnd amorsg thc dsDNA viruses. Accorrlingly, Ilic RNA 
viruses encode fewer proteins than many DNA viruses, generally less than a 
d i~zen .  Most of the segments of the genomes of nrfhomyxoviruses and  re- 
<?viruses are individual genes, each ccrding fur one unique protein. 

Atzon~nlous Fenfures of Viral Gc'nom~s 

Viral preparations often contain son-ne particles with an  atypical content of 
nucleic acid. Several copies of the complete vlral genome may he enclosed 
within a single particle, or viral particles may be formed that contain no 
nucleic acid (empty particles) or that have an ~ncomylete genome (rlrfeciirv 
rtrtcr~errrrg ~mrfrclrs). Moreover, host cell DNA may so~netlmes be incorporated 
inkc) virions (e.g., papovavirus), while ribosomal RNA or part thereof has 
been found in orthomyxovirus virions. 

Viral Proteins 

Some virus-coded proteins are s f rec l~rrn l ,  that is, they are part of the virion; 
some arc rlonsfrlrcfrrrnl and are concerned with various aspects of the replica- 
tion cycle. An essential rolc fur one class of structural proteins is to provide 
the viral nucleic acid with a protective coat. One of fhe surface proteins bears 
the ligand for b~nding  to the Jiost ccll receptor mcrlecule. Thc virlons of all 
viruses rrf vertebrates contain several different proteins, tlie number ranging 
from 2 in the simplest viruses to  over 100 En the most crjmplex. For viruses 
with cuhrc symmetry, the sfructural paotcins farm an icosahedral capsid 
which sc3rnetimes encloses an  additional layer, lor c3clre, composed of different, 
often basic histonelike polypeptides that are lntirndtely assoc~ated wlth the 
nucleic acid. 

Also assuciatcd with most virions are one nr more enzymes, most of 
w h ~ c h  are involved rn nucleic acid transcriptic~n These livclude vanous types 
nf transcriptases wh1c1-1 transcribe mRNA from dsDNA or dsRNA viral ge- 
nornes or  from genomes of viruses with mlnus senst) ssRNA. Reverse tran- 
scriptase, which transcribes DNA from RNA, is found in rclrc)viruscs and 
he pad ria virus^.^, while other enzymes f(lund rn rctrovlrus particles arc in- 
volved in tlie integration of the transcribed IINA into Ihe cellular DNA. 
I'nxviruses, which repl~cate In thc cytoplasm, carry a number of enzymes 
invofved in processitig RNA transcripts and in replicating DNA One of the 
glycoprrrtein spikcs r ~ f  the envelnpe of ortliomyxt)viruscs and pariimyxu- 
viruses, the neuraminid~ise, has enzymatic activity. 

Most viral glycoprote~ns occur as rnembranc-ancliorud spikcs nr proloc- 
Lions from the envelope of unveloped viruscs, but the virions of some of the 
more coniplex vrruses also contain glycosylated i~iternal or outer capsic1 pro- 
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i e~ns  Oligosaccharidc siiic r h a ~ n s  (glycans) arc attached by N-glycosidic, or 
Inore rawly O-slyct,sidic, linkage. Iiecausc the glycans are synthesized by 
ccllirlar glycos)rltransfcrases, the sugar cnmpnsllion n l  ihe g l y c a ~ ~ s  corre- 
sp(m"d ffn that oT host cell men~brane glycopr(>teins 

Vivid Envelope L ip  ids 

I.ipids constitute about 20-35% of the dry weiglit of enveloped viruses, 
lllc viral envelope being composed of cellular lipids and viral proteins. As a 
consequence, the compositic>n of the lipids of particular viruses differs accord- 
ing to the coniposition of the membrane lipids of the host cells from which 
tlicy came Approx~mately 50-60% of the envelope lipid is phospholipid, and  
most of the remainder is cholesterol Most lipid found in enveloped viruses is 
present as a typical l ip~d bilayer in which the virus-coded glycoprotein spikes 
(and occasionally trace amounts of residual cellular membrane proteins) are 

This is achieved in one of two w a y s  ( I )  rapid i ~ c w ~ n g  of s~iiall aliqoots of 
virus siispended in rn~dium conla~n~iig lrrntrctivc prr)trltt ancl/c,r dimethyl 
solfoxide, followed by stnragc at -70°C or - 1qh"C; (2) frccredry~ng (lyophll- 
ization), that is, dehydration of a i n r ~ c n  viral 5~1sprns1on rinclc~r vacuum, 
followed by storage of the resultant powder at PC o r  --20°C. Frrrzr-drying 
prolongs v~ability s~gnlficantly even ambient temperatrlres, and it is univer- 
sally used in the man ufacture of a ttenuafed l i  ve-vi rus vaccines 

Ionic Environment and pH 

On the whole, viruses are best preserved in an isotonic environment at  physi- 
ologic pH, but some tolerate a wide ionic a n d  pH range. For example, where- 
as most enveloped viruscs are inactivated at pH 5-6, rntaviruses and many 
picomaviruses survive the acidic pl-l of Llie stomach. 

embedded. 
Lipid Solvents and Detergents 

Preservation of Viral Infectivity 

In  general, viruses are more sensitive than bacteria or fungi to inactivation by 
physiccil and chemical agents. A knawlcdge of their sensitivity to environ- 
mental cc~nditions is therefore important for ensuring the preservation of the 
infectlv~ty of vlruses as reference reagents, and in cltnical specimens collected 
fur diagnosis, as well as for their deliberale inactivation for such practical ends 
as  sterilization, disinfection, and the production of inactivated vaccines. 

Temperature 

The pr~ncipal environmental condition that may adversely affect the infec- 
tlvlty ol virusps is temperature. Surface proteins are denatured witliln a few 
minutes at  temperatures of 55"-6f1°C, with the result that the virion is no 
longer capable o f  normal cellular attachment andlor uncoating At  ambient 
temperature thc rate o f  decay of infectivily is slower but significant, especially 
in the summer or in the trnp~cs. To preserve infectivity, viral preparations 
must therefore be stored at low tcnipcsattrre; 4°C (we! ice or a refrigerator) is 
usually satisfactory for a day nr so, but longer term preservation reqwres 
much Inwcr t(?mpcratures. Two convenient temperatures are -7Q0C, the tern- 
peraturu of frozen CO, ("dry ice") and of some mechanical freezers, or 
- 19h"C. the temperature nf liquid nitrogen. As a rille of thumb, the half-lik of  
most viruses can be measuruci in seconds al. 6VC, minutes at 3TC,  hours at 
2f1°C, days at PC, a n d  years at -70°C or lower. The enveloped viruses are 
Innre heat-labile than nonenveloyed viruses. Enveloped vurions, nutably 
those r l f  rcspirattrry syncylial virus, are also susceptible to repeated freezlng 
and thawing, probably as a result of disruption of the virion by ice cryslals. 
This poses probletms in [he  callccricln and transportation of clinical specimens. 
Thr  most practiwl way of avoiding such problcrns is to deliver spccirnt.ns to 
the laboratory as rapidly as prachcable, packed without freezing, on ice-cold 

The infectivity of enveloped viruses is readily destroyed by lipid solvents 
such a s  ether or chloroform and by detergents l~ke sndlum deoxycholate, so 
that these agents must be avoided in laboratory procedures concerned with 
maintaining the viabilily of viruses. On the other hand, detergents are corn- 
monly used by virologists to solubili7.e viral envelopes and liberate proteins 
for use as vaccines or for chemical annlysls. 
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Knlpr, R M Chauock, M S I I irvh, J I Mc.lnlck, ' I  P Mon,~lh, ~tnel U l?r~l/m,~n. c.ds ), 2nd 
[id , p 67 Raven, NPW Yc~rk 

gel packs. 
lin [lie laboratory, i t  is often necessary to preserve virus stocks for years 
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There is good evidence to indicate that all organisms are infectable by viruses: 
vcrtcbrate and invertebrate animals, plants, algae, fungi, protozoa, and bacte- 
rra; Indeed, every species of animal, bacterium, and plant that has been inten- 
sively scarched lias yielded numerous different viruses belonging to several 
viral fnmilies. Brcause all viruses, whatever their hosts, share the features 
described in the previous chapter, viral taxonomists have developed a scheme 
of ctassificaIion and nomenclature that is universal. In this book, however, 
wc arc concerned solcly with the vlruses that cause disease in humans. Some 
of these (called arbov~ruses) also replicate in insects, ticks, or other arthro- 
pods 

Sevcral hundred disting~tishable viruses have been recovered from hu- 
mans, the best studied vertrbratc host, and new ones are being discovered 
each yc3ar Somewhat fcwer have bccn recovered from each of the common 
specics of farni and companion animals and from the commonly used labora- 
tory anirnals. 'Tc, s~lnplify the study of this vast ~mrnbcr of viruses we need to 
sort !hem ~ n t o  growps thrkt sharc certain ctlmInt)n properties. 

Families of DNA Viruses 17 

were grouped into a liiglier faxtln, Ithu order Mo?fotr(:y(~vi,.nlcs, nn the basis of 
the s im~lar~ty  in gtnoinc xtructurc a n d  strategy of rtlplication nf the member 
viruses. I t  1s likely tl-tal in the frrturt. other taniiIies wrll be grouped to form 
orders. 

The primary criteria for dclirieatinrr of families are (1) the kind of nucleic 
acid that constitutes the genome (see Table 1-2), (2) the strategy of viral repli- 
cation, and (3) the morphology of the virion. Subdivision of familles into 
genera is based on cr~teria that vary for different families Genera, usually 
defined by substantial d~fferences in their genornes, contain from one to over 
a hundred species. Tlic definition of specres is mure arbitrary, and virologists 
continue to argue about the criteria for the designation of species and about 
their liomenclat~tre 

Seridogy, more recently strengthened by the use of monoclonal anti- 
bodies, is of great value in the ditferentiation of viruses below the species 
level, namely, types, subtypes, strains, and variants-terms that have no 
generally agreed taxonomic sfatus. Characterization of the nucleic acid of the 
viral genome, as revealed by such techniques as nt~cleotide sequence analysis 
(partial or complete genome sequencing), restriction endonuclease snapping, 
electrr~phoresis In gels (especially useful for IiNA viruses with segmented 
genomes), oligonucleotide fingerprinting, and molecular hybridization, is be- 
ing used more and more to identify viruses and to distinguish differences 
between strains and variants. 

Nomenclature 
Since 1966 the classification and nornenclalure of viruses, at the higher tax- 
onomic Levels (families and genera), have been systematically organized by 
the International Committee on Taxonomy of Vlruses. The highest taxon used 
is the order, named with the suffix -7~irnlcs. Families are named with the suffix 
-nindna, subfamilies with the suffix - z~ i r i~ne ,  and genera with the suffix - z ) i r ~ r s .  
The prefix may be another Latin word or it may be a sr(y10, that is, an abbrev~a- 
tion derived from initial letters Order, famlly, subfan~~ly, and generlc nanies 
are capi tallzed and written in italics, fur exam ple, I'nrntrl!~st)z~irirlot~; vernacular 
terms derived from them are written in roman letters, without an initial capi- 
tal letter, tor example, paramyxoviruses. Currently, viral species are desig- 
nated by vernacular terms, f o ~  example, measles virus. 

A brief description of each family of viruses of impnrtancc in human 
medicine (see Fig. 2-1) is givcn below, and their properties art! summarized in 
Tables 2-1 and 2-2. Viral families csr genera that infect vertebrates but do  not 
include human pathogens are omitted from this book; they are described in 
the companion volume, Vc~tarirznry Vrrr>lo,gy, 2nd edition (Academic Press, 
1993) 

Criteria for Viral Classification Families of DNA Viruses 

Clitssificatir~n into major groups called families, and the subd~vision of fami- 
Iics inlo genera, has now rcachcd a position of substantial i~~ternational  agree- 
men! Kcce~~tlp thrve farnil~cs iihnhd~virzdne, n t ~ d  Fr!ovirrdnc) 

Family: I'aruoairid~c 1Parvoviruses) 
Subfam~ly: Pnrz~n7)rrirfoc 

Genus. 13fir7wz~irrts (parvovisuses of marnmals and birds) 
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Herpesvirtdae 

DNA VIRUSES 

Paramyxowridae Orthomyxovirrdae Coronavrrsdae ~renavrrtdae Retrov~ridae 

RNA VIRUSES 

Fig. 1-1 Shapes and 5 1 ~ ~ ~ s  r ~ f  vlruqe.; nf famllles that ~nclude Iiurnarr pathc~gens. Thu vi~iuns are 
drawn to scalp, hut nrti-ttc I~cenzt, lias bccn used In rcprcscnt~ng I h c ~ f  struct~lrc In some, thr 

cross-st'~tlonil1 StrLIct~rrr 11f caps~d and crivclopr IS shcrwn, w ~ r h  a rrprewnbtion of the gcnomr, 
will1 Lhc. vtbry sri~all vlrlcrris, clnly size i l 1 1 ~ 1  sy~nmc~lrv arc. tlcpir tcxd 

Genus. E:,rytllr711-?irrrs (human pa~,vuvirus 1319) 
Genus: De;c~)nfcr.r~irr~s (ddcno-associated viruscs) 

Parvoviruscs [ p ~ ~ r r ) ~ r s ,  small) arc about 20 nm in drameter, have icosahedral 
symrnplry, and possess a genome of ssDNA, 5 kb (Table 2-1). Thc virions arc 
relatively heat stable. Most species have a narrow host range and replicate 
preferentially in  d~viding cells. Members of the genus I"rrrr~rrz~rrus infect a num- 
ber of sperles nf a n ~ ~ n a l s ,  and one parvov~rus (D19, the only member of Ihe 
genus E!:~/tlrrorlirrrs) has been identified in humans. Members of  the genus 
Drla,rrdc~ilrrws are defect~ve viruscs, which depend an  adenovirlls (or, experi- 
mentally, a k~crpesvi~rus) fo~r replication. F~ve serotypes o f  these "adeno- 
associatpcl viruscs" occur in humans but are not known to cause disease. 
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FamiIy: Pti);ro.clcrrriridm IPapovaviruses) 
Genus: I)ir/lrllr~rr~fizlrr~~s (papillornaviruscs) 
Genus: I'trr(~/nnmi~rrrss (polyomaviruscs) 

7'lie papovaviruscs [sigh, frum papillornn, polyoma, vacuolatir~g agent 
(early name for SV4fl)j are small n o ~ e n v e ~ o ~ e d ~ c o s a h e d ~ l  viruses which 
replicate in the nucleus and may transforln infected cells. In the virion the 
nucleic acid occurs as a cyclic double-stranded DNA molecule, which is infec- 
tious. l'hcre are two gellera. Virions of Pni~t1lotrrnz)irtls (wart viruses) are 55 nm 
in diameter and have a larger genome (8 kbp) which may persisl in trans- 
formed cells in an eyisomal form. Virions of members of the genus Paly- 
rrrunulrrrs are 45 nm in diameter, have a smaller genome (5kbp), and may 
persist in cells via the integration of their genome into the host cell DNA. 

l-luman papillomaviruses cause warts, and some of the several dozen 
types are associated with cancer of the cervix or the skin; the human puly- 
ornaviruses usually cause inapparent infections but may be reactivated by 
immunosuppression Murine polyoma virus and simian virus 40 (SV40, from 
rhesus monkeys) have hcen useful models for the laboratory study of viral 
o ncogenesis 

Family: Adenoviridac (Adenoviruses) 
Cenus: Mlrslndet~ouirlrs (mammalian adenoviruses) 

The adenoviruses (ndct~os, gland) are noncnveloped icosahedral viruses 70 
nrn in diameter, with a single linear dsDNA genome o€  36-38 kbp. They 
replicate in the nucleus. NearIy 50 seroIogically distinct types of human ade- 
nnviruses are currently recognized; all share a group antigen with adenovirus 
scrntypes infecting other mammals (the genus Mast~d~rrovirus) .  

Human adent~viruses are associated with infections of the respirat'ory 
Lrdct, the eye, and the intustinal tract. Many infections are characterized by 
prolonged persistence and may be react~vated by immunosuppression. 

Family: Herpesviridae (Herpesviruses) 
Subfamily: Alplrnhrrt7es.r~ir11tnt~ (herpes simplex-like viruses) 

Genus S r n r ~ ~ l c r a ~ ~ s  (licrpes srmplox-like viruses) 
Genus: Vnrrccllozltnrs (varicella-znster virus) 

Subfamily: Bctnlrerl~~snirir~n (cytnmegaloviruses) 
Genus Cy/o~~cgal(~z~r l , t l s  (human cytomegalovirus) 
Cenus: IZoseoloz~rrrrs (human herpesvirus 6 )  

Subfamily: C~mrrmhe~y~~sz~r r i t~ne  (lymphoproliferative hcrpesviruses) 
G e ~ i a ~ s  L!/t~~jdloo.!/pto"irrrs (Epstein-Basr virus) 

The herpesviruses (lrerpcs, creeping) have enveloped visions about 150 nm 
in diameter, with icosahcsdral nucleocapsids about 100 nm In diameter. The 
gcnnmc IS a single linear molecule o f  dsDNA, 125-229 kbp. The herpes- 
viruses replicate in the nucleus and mat~l re  by budding through the nuclear 
membrane, thus acquiring an envelnpe. This large family includes several 
important human1 patlicrgens and has been divided into three subfamilies. 
Al~dmlrr~r l~~sz~/rrnnc  i~icludrs herpes simplex types 1 and 2, varicella-znster vi- 
rus, and 0 virus ol monkeys, which is pathogenic for humans. Belnher~xs- 
z~rri~me comprises the cytoniegaloviruses, which are highly host-specific vi- 

ruses ol humans and other anrmals and prodi~cc Ion-~raclc, chronic infec- 
lir-rns Human cytornrgalovirus 1s an irnl3nrtant causc of congenital ahnor- 
malities. Human hcrpesvirus h lids brcn allocaterl to tlie subCarnilv Hcfnltrrpcls- 
n1rrfurr7, genus Rosc~~~/nzJlrlrs. Gt~wlr~lrrllcr.;~t*srrrri?~nt~ includes the genus L!/!r~lrhll- 
r r ! ~ ~ ~ t v ~ ~ ~ r r ~ s ,  which cnntairus onc species, Epstcin-Darr (El31 virus, the cause of 
infectious rnoiionucleosis. 

A feature of  aIl hcrpesvirus infections is 11fe-long persistence nf the virus 
in the body, usually in latent form. Excretion, especially in saliva or genitaI 
secretions, may occur continuously or rnterm~ttently without disease, or epi- 
sodes of recurrent clinical disease and recurrent excretion may occur years 
after the initial infection, especially following immunosuppression. There is 
ev~dence that some herpesviruses may have a role m human cancers, notably 
EB virus In nasopharyngeal cancer and Rurk~tt's lymphoma. 

Family: Poxuiridae (Poxvi ruses) 
Subfamily: Chnrdoy~oxvirirlnt. (poxviruses of vertebrates) 

Genus: 0rfho~)oxorrrts (vaccinia virus subgroup) 
Genus: Pnrnpox7?irrrs (orf virus subgroup) 
Genus: Mollusciyoxr~irrrs (molluscum conlagiosum virus) 
Genus: Yntnpoxvirrrs (yabai tanapox virus subgroup) 
Genus: Awyc~uz7irtrs (bird poxviruses) 

The poxviruses (poi., pocc, pustule) are the largest and most complex vi- 
ruses of vertebrates. The virions arc brick-shaped, measuring about 250 by 
200 by 200 nm in all genera that cause human infections except Pnrnpoxz~irrrs, 
the vir~ons of which are ovoid and measure 260 by 160 nm. All poxviruses 
have an inner core which contains a s~ngle  linear molecule of dsDNA, 130-250 
kbp. Unlike most other DNA viruses of vertebrates, poxviruses replicate in 
the cytoplasm, niRNA being transcribed by a virion-associated transcriptase. 
A large number of other varion-associated enzymes are involved in DNA 
synthesis. 

The family Is divided into two subfamilies, one of which, Chordo~~~~ .~ - i l i~ ' r~ ;~ne ,  
comprises the poxviruses of vertebrates. This subfamily contains four genera 
that include human pathogens. The genus Ortlm/mxuirus includes cowpox, 
ectromelia (mousepox), rabbitpox (a variant of vaccinla virus), and mon- 
keypox viruses. Variola virus, which caused human smallpox, and vaccinia 
virus, used to control that disease, alsa, belong to this genus. Pfimporzlirirs 
includes contagi,ous pustular dermatitis virus of sheep and pseudocowpox 
(milker's nude) virus, both of which produre skin lesions in humans. Mol- 
Iuscum contagiosum (gentrs Mollusc~yoxuirtrs) is a specificaPly human virus, 
and the genus Ynfnpo-uz~irlrs confains two viruses of African wildlife, yabapox- 
virus and fanapoxvirus, both of which may infect humans. Fowlpox virus and 
canarypox viruses (genus A U I ~ I O X U I I ' U S )  are being investigated as possible vec- 
tors for human vaccines. 

Family: Hcpndnauiridae (Hepatitis B-like Viruses) 
Genus, Orflrr~kr~pclrlr~ozi~rus (mammalian hepatitis B-like viruses) 

Human liepat~tis B vrrus and related viruses of other animals, all highly 
host-specific, comprise the fam~ly Hcjmdnaziiridne (l~epnr, liver; dnn, sigla for 
deoxyribogwcleic acid). The virions arc spherical particles 42 nrn in d~ameter,  - 
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consist~ng of a 27-nni ~cosahtdral core w ~ t h ~ n  a closely adherent outer capsid 
[hat c t ~ n t a ~ n s  cellular liplcls, glvcoproteins, and a virus-specific surface anti- 
gen (tIHsAg) The genome is a small, circular, partlafly double-stranded DNA 
molecule, iuhicti consists oC a long (3.2 kb) and a short (1 7-2.8 kb) strand. 
lieplica tlon ir~volves an RNA ~ntesmcd~a kc and requires a virus-coded reverse 
tra nscriptase. 

1-he hcpadr~aviruses replicate in hcpatocytes and cause hepatitis, which 
map progress to a chronic carrier state, cirrhosis, and primary hepatocellular 
carcinoma. The most impnrtanl species is human hepatitis B virus, but hep- 
adnaviruses also occur in woodchucks, ground squirrels, Pekin ducks, and  
herons. 

Families of RNA Viruses 

Family: Picomnvirjdrre (Picornaviruses) 
Genus. Errt~ro71irlrs (entert>virnscs) 
Genus: 13e~mtoair1ts (hepatitis A-Iike viruses) 
Genus: RIrirraviv8rs (rhinoviruses) 

The Prcortrnuirrdno (pico, 'micro-micro"; rtm, sigla for gibonucleic acid) 
cornprise small nonenveloped icosahedral viruses 25-30 nm in diameter, 
whlch contain a single rnol~cule of plus sense ssRNA (7.5-8.5 kb), and repli- 
cate in the cytoplasm (see Table 2-2). The genus Evlerooirus includes 3 pohio- 
viruses, 32 human echoviruses, 29 coxsackievir~~ses, and a few other human 
enteroviruses. Most of these viruses usuaIly produce inapparent enteric infec- 
tions, but the polioviruses may also cause paralysis; other enteroviruses are 
sometinles associatecli wit11 meningoencephaIitis, rashes, carditis, myositis, 
conjunctivilis, and mild upper respiratory tract disease. The only human 
pathogen in the genus Hc~lafovirris is human hepatitis A virus. The genus 
Rlrino?r?irlrs includes well over 100 serotypes that affect humans; they are the 
most frequent viruses causing the comnlon cold. 

Family: Caliciuiriiine (Caliciviruses) 
Genus: Cnlicbiurrs (caliciviruses) 

'The caliciviruses (cnlix, cup) are icosahedral viruses whose virions are 35- 
40 rim In diameter and Iiavc 32 cup-shaped depressions on the surface. The 
ge~iornc consists nf one mcllecule of plus sense ssRNA, size 8 kb. The Nor- 
walk age11 t and rcla ted caliciv~ruses are important causes of gastroenteritis, 
and one cause of human hepatitis transmitted by the fecal-oral route, hepati- 
tis E v i~us ,  is a calicivirus. 

Family: Asfroviridno (Astr~vir~uses) 
Ccnus: A s l r ( t u f ~ l r s  (astroviruses) 

Astrnvirus ((~sfrcllr, sfar) is a name accorded tn small spherical virions with 
a chnracteriskic star-shaped outline by negative staining. These viruses have 
been fn l~nd in the feces of hurnar~s, calves, and lambs suffering from enteritis. 
The genome consists of one molecule of ssRNA about the same size as  that r ~ f  
the picornaviruses, but u11Ilke picornav~ruscs and caliciviruses they possess 
nlily two capsid proteins. 
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Farnil y: Togoviridnr (Togaviruses) 
G c n ~ ~ s .  Alldln7~llrrs (fornieerly "group A" arbnviruscs) 
Genus: K ~ I / I / ? ~ I ? E I S  (ruh!IIa virus) 

The togaviruscs (ic~gn, cloak) are small sp l~er~ca l  enveloped viruses 60-70 
r7n1 in diameter, conta~ning plus sense ssRNA (12 kb) enclosed wlthin an 
~cosaliedral core. They replicate in the cyfoplasm and mature by budding 
from cel:l membranes. 'The genus Alj~lznzl~rrrs contains many species, all of 
which are nlosqt~ito-transmitted. important human pathogens include east- 
prn, western and Venezuelan equine encephalitis viruses, Ross River virus, 
and chikungunya virus. In nature the alphaviruses usually produce inap- 
parent vircmic infections of birds, mammals, or reptiies. When humans are 
b~tteri by an infected mosquito the usual consequence is an inapparent infec- 
tion, but generalized disease, often associated wit11 arthritis or  encephalitis, 
can result. 

The only non-arthropod-borne togavirus is rubella virus (genus Alibi- 

~lirrrs), a human pathogen important for its ability to cause congenital defects 
in the fetus when pregnant women are infected. 

Family: Nauiviridae (Flaviviruses) 
Cenus: Flnzllrlir~rs (fr~rmerly "group H" arboviruses) 
Genus: C ~ C { ~ R ~ I ~ ! S  C (hepatitis C virus) 

Flavivi ru ses (Fnvlrs, yellow) have an enveloped icosa hedral virion 40_50 
nm in diameter and a genome of 10 kb. Viruses of the largest genus, Fin- 
zllznrus, are arthropod-borne (moscluitoes and ticks), but hepatitis C virus is 
tlra~lsmiltcd stlxually and via human blood. The gcnus Flnvivirrrs contains 
several important Fluman yatliogens including the viruses of yeIlow fever, 
dengue, and St. L~LI IS ,  Japanese, Murray Valley, and Russian t~ck-borne en- 
cephalitides. 

Family: Coronnviridae (Coronaviruses) 
Cenus: C o r o ~ n z ~ i n t s  (cnronav~ruses of mammals and birds) 

Tlie coronaviruses (cnmrtn, crown) are somewhat pleornorphic viruses 75- 
160 nm in diameter, with widcly spaced, pea r-shaped peplorners embedded 
in a Iipopmtein envelope. 'Tlie envelope lacks a matrix protein, and i t  encloses 
a core of helical symmetry with a single linear moIecmIe of plus sense ssRNA, 
27-33 kb. Some coronaviruses cause common colds in humans, while others 
have been visualized in human feces. 

Farnil y: Poramyxoniridne (Pararnyxoviruses) 
Subf,iniiEy: E'rrrnl~ryrn7trrr111r1~ 

Gcnus: Pnr.nn~!y~~c~zvr.~rs (parainflucnzav~n~ses) 
Genus: M(1rI?ill17~irrrs (measleslike viruses) 
Genus: Rtrbirlnairlrs (mumps virus) 

Subfamily: i'?rerrlrrrxzrrrilrnc 
Genus: Pn~rruto?vr!r~ (respiratory syncytial viruses) 

-17hc pararnyxiwiruses ( ~ m r o ,  by the side of; m!!xiz, mucus) have a large, 
ploomorphic, enveloped virion 150-300 nm in diameter, with a helical n~icle- 
otapsid. l 'he genome cons~sts of a single linear molecule of minus sense 

ssRNA (15-1 h kb) Tht1 e~ivelolw ctmtains L I Y L ~  g l y c ~ ~ p r o t ~ i n ~ ,  a hcrnagglu~~nin 
(in most spcctes with neuram~n~dasc  acllv~tp also) r ~ ~ ~ d  n fusiot) p r o t ~ l n .  

[luman pathogens iri the gcnus P ~ I I . O I I I ~ I . Y O ~ ~ I ~ I ~ ~  I I ~ C [ ~ I ~ C  four t ypes  uf para- 
inlltrcnzaviruses, wh1c11 cause r e sp~ r~~ to rv  d~s tasc  Mrasles (genus Morblllr- 
~ l r ~ u s )  IS an important gencralizpd 111Ccct1on assocr~ited with a rash, and 
lnurnps virus is tlic only human pathogen in tliv genus R~rbtrlnz~r~ lrs. Resp~ra- 
Lory syncytial virus (subfamily I')rcrr~irnr~~rr~~nr, gcnu5 I'lrr~tr~trozlrnrs) is a major 
causc of respiratory d~s t a se  in infants. 

Family: Rlrnbdoniridnc (Rhabdoviruses) 
Genus: V~s~cti lnzrir~rs (vesicular stomatitis-like viruses) 
Genus: L , ~ S S R I I I Y L I S  (rabies-l~ke viruscs) 

The rhnbdnviruses (rl!obdns, rod) are bullet-shaped viruses, about 180 by 
75 nm, contain~ng a single molecule of minus sense ssRNA (13-16 kb). Tlie 
helical capsid is enclosed within a shell to which is closely applied an  enve- 
lope with embedded peplomers. The virion matures at the plasma mcm- 
brane. Animal pathogens in the genus V~sinr loz~~r lrs  include vesicular stom- 
atitis, Chandiyura, Piry, and lsfahan viruses, each ol which is an occasional 
human pathogen. The genus L.yssnvrrr~s includes rabies virus and several se- 
rolng~cally related viruses from Africa, virl~ich may cause scvere disease in 
humans following animal biles. 

Family: Filoviridac CFiIoviruses) 
Genus  ri lu~~rrrrs (Marburg, Ebnla, and Restun viruses) 

The virions of filuvisuses resemble those of rliabdoviruses but are pleo- 
morphic and sometimes very long (fiio, threadlike), maximum infectivity be- 
ing associated with a partrcle 790-970 nm long and 80 nrn wide. The genome 
is a single mo18ecwle of minus sense ssliNA, 12 7 kb .  Marburg and Ebola 
viruses cause sporad~c infections and occasional ~~osocomial epidemics of se- 
vere hemorrhagic fever in humans in Africa. In 1989 another filuvirus, called 
Reston virus, was isolated from monkeys imported from the Philippines, but 
i t  caused only subclinical infections in animal handlers. 

Family: 0rhltumy.rovirida~ Ilnfluenza viruses) 
Genus: I?zflt.rrtrznzurrrs A ,  B [inlluenza A and B viruses) 
Genus. I)ij7rrcnznz~irrrs C (influenza C virus) 
Genus: unnamed Thogoto-li ke viruses (tick-borne orthoniyxovir~ises) 

The orthomyxr~viruses (orihcls, straight; fnyxn, mucus) are spherical RNA 
viruses 80-120 nm in diameter, with a helrcal nucl~ocapsid enclosed within an 
envelope acquired by budding from tl-re plasma membrane. The genome con- 
sists of seven (influenza C virus) nr eight (influenza A and I3 v~ruses)  scg- 
~neiils of minus sense ssRNA (total size. 13.6 kb). 'l'lie envelope is studded 
with spikes, which are nf two kinds, a hemagglutinin and a neuraminidase in 
influenza A and B vlruses, and of one kind, Iit.magglut~nin-csterase, in in flu- 
enza C virus. 

Influenza A virus infects birds, horses, swine, mink, seals, and whalts, as 
well as humans; influenza R virus 1s a human pathogen only. Intluenza C 
virus infects humans and swine, but rarely causes serious disease. 1nflult.nza 
A viruses of birds and humans undergo genetic reassortment to generate 



26 Chapter 2 CIassificafion and Nomenclature of Viruses Other Viruses 27 

novel s ~ ~ b t y p e s  ("anligenic shift") which causc majar pandemics ol human 
~nfluenza I'lic tick-bornc c-rrtliomyxo.irir~i~t~s, Dhiw and '17hogntn, which occa- 
sionally ~nfect humans, havc I?ccn ,~Elocnted to a separale genus, so far un- 
named 

Family: Areirnuiridne (Arenaviruses1 
Ccnus Arcirrzrl~rrrs (arenaviruses) 

Arenaviruses (nrtprrn, sand) are so narntd because of the presence of partl- 
clcs resrmhling ribosomes (hence gralns of sand) within the pleomorpl-ric 
111)--130 nm enveloped virions. The genome consists of two segments of 
minus scnsc or dn~biscnse ssRRIA (total size 10-14 kb), each held In a circular 
cc~nfigrrration by hydrogen bonds. 

Arenaviruses cause n a t ~ ~ r a l  inapparent infections of rodcnts, and hu~nans  
occas~onally d c ~ ~ e l o p  a serrous generalized disease following accidental expo- 
sure to arenavirus-irifccted rodcn t urine. Lymphocy tic churiomeningitis virus 
1s an important laboratory model for thc study of persistent infections and 
may cause hi1 ~ n a  11 disease; Lassa, Machupo, jtlnin, and Guanarito viruses 
may cause severc hemorrhagic lever and (like the filoviruses) are Biasafety 
Level 4 patlic~gens. 

Family: Brmynviridr~a (Bunyavirusesl 
Cent~s :  B~r!ryo-r)~rrrs (Bunyamwera supergroup) 
Genus: Pl~lel~i~zrrrus (sandfl y fever viruses) 
Ccnus: Nnirnz~rrrrs (Nairobi sheep disease-like viruses) 
Gent~s:  Ffcll;tmyirtrs (hemorrhagic fcver with renal syndrome viruses) 

The bunyavi~ruses (Bunyamwcra, locality in Uganda), numbering over 
l(10, cc~mprise the largest s~ngle  group of arboviruses. The enveloped virions 
are 90-120 nm in diameter, w~th in  wh~cli  there are three tubular nucleocap- 
sids, each in the fnr~n  of a circle. The genome consists of three ~nolecules of 
minus sense (or in I-llrlel~oz~ir~rt;, ambisensc) ssRNA (total size 13.5-21 kb), each 
Ileld ~n a circular configuration by hydrogen bonds. The bunyaviruses repli- 
cate in the cytoplasnl and bud from GoIgi membranes. Because uf their seg- 
mented genome, closely relaled bunyaviruses readily undergc~ genetic reas- 
sorlment. 

All members of the family Butr.ynz!lridne except the hantaviruses are arbu- 
vir~rses which have wild anrnlal rcscrvoir hosts; some are lransovarially trans- 
mitted In mascj~iitoes with a high frequency. The hantaviruses, which are 
enzoot~c in rodenks, cause hemorrhagic fcver with renal syndrome nr pul- 
mrrnary disease in humans 'She grnus I'lrl~hoz~~rrls inclwdcs sandfly fever vi- 
rtls (transmitted by IWlrl~(~lov~rrs)  and Rift Valley fever virus, a niosquito- 
transm~ttcd virus that is an irnpnrtanl y,jthogen of sheep and humans. ?'lie 
genus H~r~r!/ni.~rnrs, mcxl mcmbers of which are mosquito-transmitted, in- 
cludes tlie California group arboviruses, some of which occasiunal ly cause 
encephajit~s in humans. Metnbers o f  the genus Nnrroz~ir~rs are tick-borne and 
lnclr~de the virus of Crimean-Congr~ liernorrhagic fever. 

Family: R r a v i r i d n ~  (Reoviruses) 
Genus: 0rthorcaoirrr.s (reoviruscs of animals) 
Genus: Ort~rzlirrrs [orbiviruses) 
Genus: lintrrzllr.rls (rotaviruses) 
Genus C~dfiiprrlrs (Colorado tick lever virus) 

.I he fam~ly name Act~i~rrdr?c. is a sixla, ~csyrtalory ~ n t ~ r i c  orphan vlrus, 
reilecting t h ~  fact that rnc3mbcrs ol llic first discrlvt~rcrl gcnus, C)r tl~or'rt!7livrrs, 
were found in both tlie r~spir~~tclry and cntcr~c tract ol humans and   no st 
animals, but were riot assncialcd wit11 ally disctlsc (orphan vinrses wcrc "vi- 
ruses i l l  search of a disease"') l'hr dist~nrlivt ie<itr~rt. ol IPic fClmily IS that the 
virlvns contain dsRNA, in 10-12 s~grncnfs: 10 /Ortl lor~nz~rrl ,s  (22 kbp total) 
and OrPrz~rrrts (18; kbp)], 11 IRnfa7lt)rrs (16-21kEp)J, nr 12 [CoIt171i~r1s (27 kbp)l. 
The vinon is a nonenvel~opcd icosalicdron 60-80 nm in diarneler Orbiviruses 
(orb!, ring) are arboviruses, some of wh~r:h cause disease i ~ i  humans, as does 
Colorado t~ck  fcver virus ( ~ ~ I I U S  C(~lti7)rr.rrs) 7'he rotaviruses (?oh/, wheel) 
incti~de viruses that are imporlant causes of d~arrhea In I ~ u ~ n a ~ l s  and sc~n-rc 
doniest~c animals. 

Family: Ref~ov i r idne  IRetroviruses) 
Genus: Ler~lizwr~rs (HlV-like virr~scs, mardiivisna-like viruses) 
Ccni~s:  Sl~irrrrn-i~i~ us (foa~ny viruscs) 
Genus. Unnamed, HTLV-OLV virllscs (includes Ii~rman T-cell Icnktmia i i i -  

ruses) 

The name Refroz~rndrrt. (frmlro, backwards) is used for a large family of 
enveloped viruses 80-100 nrn in diamcler, with a complex s t r~~cture  and an 
ut~usual  enzyme, reverse transcriptasc. Uniquely arnong viruses, the genome 
is diploid, consisting of an inverted dlmer nl plus sense ssRNA, 7-10 kh in 
size. In tlie life cycle of t he  exogenarls retroviruses the dsDNA copy o f  tht3 
viral genome transcribed by the v~ral reverse frariscriptase is c ~ r c u l a r t ~ ~ d  ar-rd 
integrates into tho cellular DNA as an csscntial part nf tlic repl~calrnrt cycle. 
Provlral DNA of endogenous rctrovirt~ses rs found in the DNA of all normal 
cells of many species of animals and may under certain circun~stnnccs be 
induced to produce virus. 

This important family is subdivided into seven genera, only twn of which 
have been given official generlc names, and only three of wli~cli conlain 
viruses known to infect humans. The viruses of rnedlcal importancc are the 
hurrian T-cell lymphotropic viruses (I-FTLV-BJ,V viruses), wh~cfi causc leukc- 
mia, and the human immlu~indef~cirncy viruses (gcnrrs Lrrrt1711rrrs; I ~ I I ~ I ,  slow), 
w h ~ c h  prodrlcc the acquired immu~~ndeficlenry syndrome (A113S). Spuma- 
viruses (foamy agents) have been iscrlntcci frorn liurnans bllt apye~l r  rt) h e  com- 
pletely benign. Retroviruses of otlitr grncra havt brcn important rrsra~.ch 
tools fur unraveling the mechanisms of omcogenc~sis arid the nature o f  [Tn- 
cogenes. 

Other Viruses 
There are a number of known human vlrilses that are as ye1 not alloc,~btd lo 
fam~lies, incli~ding licpatitis D virus nnti tlie unusual agents tlial causP tlie 
subacute spongilorm encuphalopa lliics. 

Hepflti t is D V i r ~ s  

Flepafitis TI vlrus, receritly assigned to thi1 gcnus D~.ll-ni.~1nts, is a satclllte 
virus, the rcplicat~on of \rrhicIi IS t l c~~cndcni  trn xr~nullant.o[~s inlection of cells 
with a hcpadn;rvirus, 1-lie vlrlon is about 32 n m  In d~amctrr  and c o n s ~ ~ l s  of the 
24 kIla delta (6) antigen encaysrd;tlecl by t l~c  surfacc antigen of tlic lirlpcr 
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t ~ e p ~ i t ~ t ~ s  13 virus. I t i t .  gcnclrnt. oC c111lv 1 7 kl? elf covalcnlly closed c~rcular 
ininus st:nse ssRNA cct~ritains rcpons r i f  rxtcnsivc base pair~ng alnd probably 
txisls a4 a p;lrt~,~lly double%-stranded rodllkc qtr~~cture ~ 1 1 t h  scIf-cleaving riho- 
nuclcc~se (riboxyrne) activity, .cin~il;lr t o  llic plmt virLrs "saitc~llites." Known 
only  as a virus of hu~zians who ale s~multaneously irifcctcd rvitlt hepatitis B vi- 
rus, hepakitis D virsi5 causes severe disease which often progresses to chronic 
hepalltis and/or cirrhosis. 

The causative agents of tlie subacute spongiform encephaloyathies, pri- 
ons (pmteinacenus infectious particles), are composed largely of a protein 
d e s i g s e d  as tlie scGpic isnform of thr prion protein, PrPSC. They are hishay 
resistant to lnactivalion by physical an%cheGical agents, they are nonim- 
munogenic, and they are devoid of nucleic acld. All produce slow infections 
wit11 incubation periods measured in years, foIlowed by progressive disease, 
which leads inexorably to death from a degenerative condition of the brain 
characterrzed by a spongiform appearance. The prototype is scrapie, a disease 
of sheep, but there are severnl prion diseases in humans (e.g., kuru, 
Creutxfeldt-Jakob syndrome). RecentIy, cattle in several European countries 
have heen infected by feeding on material containing scrapie-infected sheep 
offal, and there has been a very large outbreak of bovine spongiform encepha- 
Iopathy (popularly known as "mad cow d~sease") in the United Kingdom. 

Groupings Based on EpidemiologiclPathogenic Criteria 

In discussing the epidemiology and pathogenesis of viral infections it is often 
convenient t o  use groupings of viruses based on the routes of transmission. 
These are not taxonomic groupings, hul it is important to understand the 
context in which the terms are traditionally employed. 

CnCvrrr zrrrusrs, which replicate primarily in the intestinal traclt, are ac- 
quired by ingestion of material con laminated with feces. These vlruses usu- 
ally remain localized in the inlestinal tract, rather than becoming generalized. 
Enfcric vtruscs that cause gastroenteritis in humans include the rotaviruses, 
caliciviruses, astrr>viruses, and some adcnoviruses and coronaviruses. Many 
entcroviruses that are acquired by ingestion and replicate first in the gut, such 
as the polinviruses, do  not cause gastroenteritis but may cause generalized 
d i s~asc s .  

iirsprrnlory zrrrrrsrs are usually acqiiircd by inhalation of droplets and repii- 
cate in the respiratory tract. The term 15 ~isually restricted to those viruses that 
remain localixecl in the respiratory tract, including the orthomyxovirwses, 
rliinoviruses, and sumc of the pararnyxoviruses, coronaviruses, and ade- 
nnviruses Viruses that infect via the respiratory tract but cause genera11zed 
infections, such as measles and mumps viruses, are not normally called respi- 
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Srrrrnll~y IrnlrslniHed ~ ~ I ~ U S C Y  includt some hcrl~cisi:~ruses  rid papilloma- 
viruses thal cause lesions in tlic gc*nit;rl tract, as  wcll as  certain rctrrwiruscs 
and liepat~lls viruses that are ofl(.i~ trnnsmittcd duri l~g sexi.ral actlvlty but 
cause generalized diseasc. 

f l r p o f i i ~ s  zlrrlrst?s are odfen cclnsidcred together because the liver constitutes 
the principal target. Formerly inc.lucliiig the viruses c ~ f  yellow fever and Rift 
Valley frvcr, the term is now gencralIy restricted to liepatit~s A, 13, C, D, and E 
viruses. Epidcmicdogically they are diverse, for hepatitis A and E are spread 
by the enteric route, whereas Eicpalit~s 8, C, and D are trarzsmitted parcn- 
terally (by blood) or sexually Because each hepa t~ t~s  virus belangs to a tax- 
onomicalIy different family, each is considered In a different chapter in Part I1 
of this book 
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ra tory viruses. 
Arllovrvrrscc (g thmpcld-br  ne vrruses) infect arthropods that ingest verte- 

brate blood; they replicate in the tissues of the arthropod and can then be 
transmitted by bitc to susceptible vertebrates. Viruses that belong to five 
families arc ~ncluded: all orbiviruses (a genus of the reoviruses), most bun- 
yaviruscs, flaviviruses, and togaviruses, and some rhabdoviruses. 
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Unraveli~ig tfic complex~llcs of viral replication i s  the central focus of much of 
exptrimcntal virtllogy. St i~d ies  with bacttlrinphages i t1 the 1940s a n d  3950s 
yrovideil the f ~ r s t  ~nsrglits. With tlie develop~nent of rnammal~an cell culture 
procedures, the tecli~iiques i~scd Ivy the study of bacterinyhages were adapt- 
cd to aninla1 viruses. Progress has been such that [lie b a s ~ c  mechanisms uf 
lranscription,, translalion, and nurlcic ,lcid replication have now been cliarac- 
tcrizrd for all the 111;1jor f a ~ i ~ ~ l i t s  of a~i i l~ ra l  v i r u s ~ s ,  and atlentlorr has turned to 
the stralcgy of gene expression andl rcg~rlatlon. Many important phenomena 
that liC~vc. general application in biology, such as splicing, editing, and other 
types of ~.'osttra~scriiptional processing c ~ i  liNA, posttranslational processing 
r l f  protclns, revcrse tral-iscription, ~r~tegrat lon,  and transpclsi l ion of viral genes 
and cellular cwcngencs, as well as rvpfical~c>n r1C RNA, wcre first cluctdatcd in 
s t ~ ~ d i e s  O C  a111117a1 V ~ ~ L I S C S .  

Our kriorvledgc of rrir,~l repl~catlon is nrlw SO di~tailcd alnd progress so  
rapid that i t  IS impossible to crlver ~ l h c  L I I I I ~ L I P  replicatlnn strategy of every 
farniYy of virusrs in a single clic~ptcr. Ilerv we present an clverview of tlic 
subject Furfhcr informalion c)n cacli larn~ly I S  provided In the viral rcglicatioli 
sections ol tl ic I'm1 I I  chaylcrs. 

One-S tep Growth Curve 

Most studies of the replicat~on of animal v1rust.s have hecn cc-rndt~ctrd using 
cullured rnamrnal~nn celI lines growing r ~ t h e r  in suspr1nstc3n o r  as a monolayer 
ad l i e r~ng  to a flat surf,lcc. Clnsstc s l u d i c s  of this kind defined tht. "onn-step 
growth curve," 111 which all cells in a culture arc ~nfectcd s~m~~ltancnuslq. ,  by 
using a high ~ 1 1 r r l f  ~plrcil,~ of rttferlro~l, and the incr~,isc in infcc!~c)us virus over 
time is followed by sequential sa~npllng and titration (Fig. 3-11, Virus that IS 

free in the medium can he titrated separately from virus that remains cell- 
associated. Slwrtly after ~nfectlon, the inoculatud vlrus "disappears"; infer- 
tious particles callnot be demonstrated, even intracellu\arly. This ~clr l~se )~erforf  
cc~ntinues until tlie first progeny virions become detectable some hours later. 
Noncnveloped viruses makurc within tlie cell and may be detectable for some 
tirlie a s  infectious intracellular virions brfore they a r t  released by ceIl lysis 
Many enveloped viruses, on file other hand, malure by budding from tlie 
plasma membrane of the host cell (sce Fig. 3-30) and are irnrned~alcly released 
into the medium. The eclipse perlnd generally ranges from 3 to 12 hours for 
vrruses c ~ f  different famil~es (Table 3-1) 

Early studies, relying on  quantitative electron micrascopy and assay of 
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Attachme~~t 
and penettation 

Fig, 3-1 Onc-step growth c-urvr oE a r~rlncnvcloprd virus. Atlach~ticnt and pcnctsntir~n arc 

Ir>llowcd by at1 cclilwt. pcr~rrd clf 2-12 h r ) ~ ~ r \  (5c.r I;ablc. 3-1) r l r ~ r ~ n g  rvh~rh CL'II-as.sr>c~dtcd ~n[c.rtlvltv 
cannut be detcclc~t I;lus 1s fclllciwcd by n pvrlcld during wlilch matu~atlon occur.; V~rion% trf  

nonrnvcloprcl vrrLlrcs arc. ta,flrn rc,lcartd lalc and ~nconiplc.lr~l'y, w l~e t l  Ihc rrll lvs~s.. Riklcaw irf 

~ ~ ~ i v t - l o ~ c d  VITIOI~CI (lccurs ~ o ~ ~ c ~ r r c ~ ~ i t l y  ~1111 mnlerralron by kuclcling, gc~lcrdlly from tht' pi.~qllid 



infectious virions, provided information about the early and the late events in 
the replication cycle (attacliment, penetration, maturation, and release) but 
not aboul what happened during the eclipse period. lnvcst~gation of tlie 
expression and  replication of the viral genome becarne possible only with the 
iritrtxiuctivn of biochemtcal methods for the analysis of viral iiucleic acids and 
proteins, and nvw all the sophisticatecl techniques of molecular biology arc 
being applierl to l his problem. 

Key Steps in the Viral Replication Cycle 

I;~gur'c 3-2 illustrates in a greatly sirnpi~fied diagram the major steps tliat uccur 
during the viral replicatton cycle, using a DNA virus as an example. Following 
aYt;lchnicnt, tlie virion is taken u p  by the host cell and 1s partially uncoated to 
expose lhc viral gcnonie. Certain rnrly ntrr71 XrrrPs arc. transcribed into RNA 
whic11 may then be processed in a number of ways, including splicing. The 
early gene proclucls translated from this rnrssn~grr  R N A  ( t n K N A )  are of three 
main lypcr;. protcins that shut cinwn cellutar n~lcleic acid and protein synthe- 
s ~ s  (we  Cliapter 51, proteins that regulale rhc expression of the viral genome, 
and enzylncs rrquired fc~r tht. replication of viral riuclc~c acid. I:c)llowing viral 
nuclcic acid teylicntion, lnlr r ~ i r ~ i  3rtrc.s arc transcribed. The late proteins arc 
princ~pally viral structural proteins for assembly into new viriclns; some of 
Lliese arc> s i ~ b j ~ c t  to ~7trsttranslational modifications. Each infectcd ceIl yields 
tliousands oC ricw vlrions, wI-tic1-1 spread ttr irifcct other cells. 

For nlost Can.iiliqs of DNA viruses, transcription and DNA replication take 
plllcr. 111 t l ~ c  cell nt~clcus. Some v i r ~ ~ s e s  use the C E I J L I I J T  RNA polymerase 11 and 

-10 Release 

Fig. 3-2 Get~eral feot~ires crf the viral rcpl~c~~tirrn cycle, usinK a noncmvelopcd I>NA virus as a 
mr~dr l  No tcjpograph~c locat~r~n tor ariy 5tr.p 1'; rn1plic.d O n e  'tt'p gradcs rnto tho nrsl .;~trlr t l~at. 
ar. t l l ~  c yt le progresses, heveral p r o < e ~ w %  arch procceci~ng $i~tiri~lla rliv111cJY 

other cellular enzymes, but most have their own genes lor a range of othtlr 
enzymes. In addition, some carry "transfnrming genes" wllich induce cellula~ 
DNA syntliesis, to increase thc cr'lnccntratio~r o f  cellular enzymes and dtoxy- 
nucIrotides to the levels found only c l~~r ing  the S phase of the mitot~c cyclr. 

RNA viruses have the advatitagc that ribonuclt~osidc Itriphosphatcs arc 
available thrnughout the cell cycle. f-lowev~r, thest. vlruses must c n r r d r  tkzvrr 
own RNA pc~ly~nerase(s), slnce cclls lack tlic rapac~ty In copy R N A  from all 
KNA template Most RNA virrrscs replicate in thc cytr)pldsm (7hblr 3-11. 

Attachment 

'k cause ~nfectirjn, virus particltls must he af~lc to bind t o  cclls. I,ig,incls on 
spcciiic molecules on the surface of tlic virion (rlirf7l nlfot,llrrtr~lf /~rr?tt~rrr.;) h ~ r ~ d  tc:, 
receptors on Ilic plasrna membrantv o f  thv cttll (T~blt. 3-2) I'or ~nsl~ince, X-r'ty 
cryslallography reveals that the rccrptor for mosl rjr~l~c~nlyxovirusc~ is tlic 
Lcrminal sialic ac~cl nn an oligosaocharidc sirlt. chain of a ccllirllar glycoprtrtcin 
(01 glycollpid), while the l~gand is in ;I clt.it at  thc distal top cticli incrrirrmclr of 
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tlic trirncnc viral I~cmaggl t~ l~n in  glyroprntrin i . 1 1 ~ .  rc'ccptors for ,I ~iun ibcr  crf 
nther viruses arc rilc~nt~t'rs tlf the in1mu1ii~~lot7uIin s~rpcrfamil!~, si~cli a5 thtl 
~ n t c g r ~ n  JCAM-I (1nIraccllu1;ir adl ics~on ~nnlccult-I),  which IS Ihc major rccrp-  
tclr lor niost rliinoviruses, and Cl14, t t i ~  receptor for Ilic human irnrnur-rr~clefi- 
c~ency  vlruscs. Receptors for other vir~rses ~ n c l t ~ d r  hnrnionc receptors ancl 
pwrneases. Although flierc 1s a d e g r ~ e  uf specificity about the rccogniticm of 
particular cellular receptors by particular viruses, q u ~ t c  different viruses, for 
example, orthomyxnviruses and pci~a-mvxoviruses, rndy utilize the same re- 
ceptor, and related viruses, for example, human and mouse cort~naviruses, or 
different seratypes of human rtiinov~ruscs may use quite different receptors. 
V ~ r i ~ s e s  hdve evolved to make opportunistic use ol  a variety nf n ~ e ~ n b r a n e  
glycoprsteins a s  their receptors, hut the primary functions of the receptors 
Iiavt nothing to d o  with viruses. 

Recerii evidence points to the existence of more than one type of receptor 
for certain viruses. If situated on different types of cclls, distinct receptors 
could extend khe tissue tropism, or even the host rangc of the virus. There is  
also evidence suggestive of sequential receptors on tile same cell, nan~cly,  a 
"long-range" receptor, via wliicli the virion makes its inltial contact, a n d  a 
"short-range" receptor more intimately assoc~ated w ~ l h  the rnetnbran~., facili- 
tating entry of the virion by fusion [see Chapter 7). 

Uptake (Penetration) 

Fol lowi~~g  attachment, viriclns can enter cells hy one of t ~ v o  m a n  niechanrsnis, 
endocytosis o r  f i ~ s i ~ ~ n .  

Endocyfosis 

The majority of mammalian cells are cnntinuously engaged in r c c c ~ ~ l r ~ ~ v r ~ r d r n f t d  
cr~dnc~ytosrs for the  uptake of macrornr~lecules via specific receptors Many 
enveloped and  nonenvcloped viruses use this esst.tiiial cell function tn ~nrtiate 
infection (Fig 3-3). Al tachment to recpptoss, ~ ~ l i ~ c l i  clrrster at rlnthrrjr-cantcld 
pik, is followed by endocytosis inlo clathrin-coatvd vesicles that cntrr the 
cytoplasm and,  after removal of the clathnn coat, fuse with endosomrs (acidic 
prclysosnmal vacuolos). Acidification within thc v c s ~ c l ~  [riggers changtis in 
the capsicl protein VP4 nf yolrovirus, fnr c.xaniplt~, leading to release of RNA 
from the virion into the cytosol. Zikcwiqe, a t  the acid~c pl-1 c ~ f  the t~ndt~sonics ,  
the hernagglutinin rnolccule c~f inflrrenza virus undrrgcws a cunforraiat~onal 
change, which enables fusion to occur belwecn thv viral cnvrlope and the 
endosumal membrane, leading lo release nf thc viral nuclcocaps~d intc? the 
cytoplasm. Many other nc~nenvelnprcl ;ind cnvclopcd virtrsrs undurgo corn- 
parable claangcs. 

Fusion with Plasma Membrane 

The F ( f ~ ~ s i o n )  glycoprc>tcin of parc?rny?iovjr~~ses c;lusc7s Ilie tvvclnl~tl of thcsc 
viruses Lo fuse directly wifh the plasma mcmhranc. clC Ilie CPII, even nt pf 1 7 .  
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Fig. 3-3 Receptor-rned~ated ~ndocytnsis: penetration by a tclpav~rus (bar, IOOnm) (A) Attach- 
ment and rntirrement rnto a clathrrn-coat~d p ~ t  (R) End(~cytosis, producing a coated vesicle. [A, 
From E Fritxs and A ffelt*nEus. Cftr J Rfrrlrrtn 8, 213 (1979), B, f n m  K S~mons, 11 Garoff, and 
A Ilclcn~us, Srl A r t r  246, 58 (19H2), cnurtesv nr A. I lcleri~us ] 

This may allow the nuclencapsid to be released into the cytoplasm. A number 
of othpr elivelnped vir~lses gain entry in similar fashion. 

Uncoating 

For viral genes to become available for transcription it is necessary that virions 
l)r at least partially uncoated. Tn tlie case of pnveloped RNA viruses that enter 
by fusion of their envelope with either the plasma niembrane or an endoso- 
ma1 membrane, the nucleocapsid is discharged directly into the cytoplasm, 
<ind transcription commences from vrral rruclcic acid still associated with this 
structure. With the nonenveloped icosahedral reoviruses only certain capsid 
p rok i~ i s  are removerl, and the viral genome expresses all its functions with- 
out rvcr being relcased from the core. For most other viruses, however, un- 
cmting prncecds to complefion. For some viruses that replicate in the nucleus 
tile later stages ol uncoating occur there, rather than in the cytogIasm. 

Strategies Of Replication 

Replication nC most DNA viruses involves mechanisms that are familiar in cell 
biulogy: transcription o f  mRNA from dsDNA and replication of DNA (Fig 
3-2) Tht. situation is quite different for RNA viruses, which are unique in 
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having their genctic informatinn encoded in RNA. RNA vrruses with different 
types of genomes (single-stranded or douhle-stranded, posr tive or negat.jvc 
sense, linear or  segmentcd) have necessdrily evolved different roiltes to the 
production of mRNA. In lhc case of ssRNh viruses of positive sense, tho viral 
RNA itself functions as messenger, wliereas all other types of vrral RNA 
must first be transcribed lo rnRNA. Since cukaryotic cells contain no RNA- 
dependent RNA polymerase, negative sense ssRNA viruses and dsRNA vi- 
ruses must carry an RNA-dependent RNA polymerase in the virion. 

Further, eukasyotic cells normally produce "gene-length" mRNA mtrle- 
c111es for direct translation into individual proteins, rather than reinitiating 
kransIatioti part way along a pc~lycislronic mRNA. Nuclear DNA vlruses use 
the cellular mechanism of cleavage (and sn~nctimes splicing) of their poly- 
cistronic RNA transcripts to yield rnonocistronic mRNA molecules. RNA VI- 
ruses, most of which replicake in the cytoplasm and hence dn not have access 
to the RNA processing and splicing enzymes of the nucleus, have developed 
a remarkable diversity of solutions to the problem. Some RNA viruses have a 
segmented genome in which each molecule is, in general, a separate genc. 
Others have a polycistronic genome but produce monocistronic RNA tran- 
scripts by lermination and reinitiation of transcription. Yet others make use of 
a nested set of overlapp~ng RNA transcripts, each of which is translated into a 
single gene product. Finally, some have a polycistronic viral RNA which is 
transIated into a polyprotem that is later cIeaved proteolytically to yield the 
final products. 

The diverse strategies followed hy viruses of different families lor tran- 
scription and translafion are illustrated diagrammatically in Fig. 3-4 (for DNA 
viruses) and Fig 3-5 (for RNA viruses) and described bellow. 

Farnlty Genome Transcriplase RNA transcripls Proteins 

Papovaviridae cellular - - 
Adenoviridae dsDNA I splced 
Herpesvtridae ---- ---- 
foxviridae viral --+-+A ---- 

dsONA 

Pawovirrdae +----- cellular -- -----+ \ / 1 spltced ---- ----- 
Qllmmmm 

Hepadnavirdae cellular - - - - - - 
t 

I I 
viral reverse transcnptase 

Fig. 3-4 S~n-tpl~lird dlagrarn sho~v~ng c5srntlal fraturrs nf the Ira~iscr~l>tlon and Iranslatrr~n elf 
DNA vlrllses The sensr crl  cach nuclent ac~d  molcculv is ~ntl~cdttd by an arrow ( t  lo the rlght, 
- to tlic Iclt) I:tw s~rnpl~r~fy, ~ I I C  n~~rnhcr of niltNA dnci prt~tr~t i  speclcs for cach vlrrrs Iia+ hctv 
arb~trar~ly shown as fuur Srx* text for dcta~l.; 
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DNA Viruses 

'The papovavir~rses, adenovirt~scs, and Iierpesviruses have in one respect the 
ninst straightforward stratcgy of replication, the v~raI DNA berng transcribed 
within the nucleus by cellular DNA-dependent RNA polymerase 11. There are 
two or more cycles of transcripti.on, the various Ir~rrsrrlpfio~l ~ u l i f s  (groups of 
gems  under the conlroI of a single promoter) being transcribed In a given 
temporal sequence. Polycistronic hut subgenomic RNA transcripts (corre- 
sponding to several genes but less than the whole genome) undergo cleavage 
and splicing to produce rnonocistrnnic rnRNAs, introns being removed in the 
process. 

F'oxviruses, which replicate in the cytoplasm, carry their own transcrip- 
base (DNA-dependent RNA polymerase) in the virion. The very large ge- 
nornes nf poxviru.;es encode numerous other enzymes that make them vlr- 
tually independent of the cell nucleus. Monocislronic mRNAs are transcribed 
directly from the viral DNA. 

The ssDNA ol the parvoviruses uses cellular DNA polymerase to synthe- 
size dsDNA, w h ~ c h  is then transcribed in the nucleus by cellular DNA- 
dependent RNA polymerase I1 and the transcripts are processed by splicing 
to produce rnRNAs. 

Hcpddnavirus repJication is unique in that it involves reverse transcrip- 
tion of a n  RNA intermediate to replicate the DNA genome-the mirror image 
of the pnlcess foIlowed by the more extensively studied retroviruses. A super- 
coilcd form of fhe viral DNA is transcribed in the nucleus by celluIar DNA- 
depcndent RNA polymerase IT to produce both subgenomic and fulI-length 
RNA transcripts. The former serve as mRNA; the latter, known as the pro- 
genome, migrates to the cytoplasm where i t  serves as a template for the viral 
reverse transcriptase, and the minus sense DNA strand produced is in turn 
the tcmplatc for synthesis of the dsL)NA by the viral DNA polymerase. 

RNA Viruses 

Pirornavivrrses, Togavirriscs, Flnvivir~lses, Cnliciviruscs 

The pclsllive sense ssRNA viruses rn the families Prcor~rnvirrdae, E~gazvridnc, 
I'llrr~~it~rrdnc, dnd C~rl inorr i~i~u require no transcriptase in the virion, since.t'tie 
virion RNA itself functions as mRNA (see Fig. 3-5). The genome of the picor- 
naviruses and flaviv~ruses, acting a s  a single polycistronic rnRNA, is trans- 
lated directly into a single / I O I ! / ~ ~ ~ O ~ P I + I  wliicl~ is subsequently cleaved to give 
the individual viral polypeptides. One of these proteins is an RNA-dependent 
liN A polpmcra sc, which replicates the viral genome, transcribing viral RNA 
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V~rmn RNA 
Family Genome transcr~ptase transcr~pls Proteins 

Prcornaviridae * - P 

(+) ssR8NA 
Fla viviridae 1 cleaved 

TogavirM'ae 
* - - 

Calcrvrridae (+)ssRNA 1 cleaved 

1 cleaved - ..-- 

1 
Nested set of 
RNA transcripts 

- 4 -  

Paramyxoviridae $ -4-d .....---- 
Rhabdaviridae I-JssRNA 
Filaviridae 

Arenaviridae , , , , + - - - C - - - - + -  -WCt - * -_^Y I  

Bunyaviridae C(-,+)ssRNA 

Reirovindae 0 + -- -- 
P[(+)ssRNAJ ! cleaved 

-- ,.-- 
-d 

dsONA 1 spliced 
-* -* -- I cleaved 

---./. 

Fig. 3-5 Sirnplif~cd diagram s h a w ~ l ~ g  essential featurcs of the repl~ration (31 R N A  viruses The 
wnscn sf each nuclclc and molcrult> i q  indicated hy an arrrrw ( 1- to the rrghl. - to thr. Icft; - , t for 
Are~~n i l~ r r r ln r  and 5rrt1yt~~~trrrlnr Indicates arnbiscnsr RNA In one segnicnl) X, Srgmcnlcd genome, 
2, d ~ p l o ~ d  grnornc nf Rrlrorrrridor' For simplicity, the numbrr nl niIiNA nic~lcculcs and protern 
m~>lecr~les tias been arbltrarlly shown as four, as h a w  rlic number of scgrnerits In viruses \bit11 

scgmentcd gellomcs Sce text for cleta~ls 
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in to a complr)mentary (minus sense) copy, which in turn serves as a template 
for the synthesis of plus strand (viral) RNA. 

Orily about two-thirds of the viral 11NA (the 5' end) of togaviruses is 
translated ?'lie resulting polyptotein is cleaved into nonstructural proteins, 
all of whlch are required for RNA transcriptican and replication. Viral RNA 
polymerase makes a full-length minus strand, from which two species of P I U S  
strands are copied: full-length virion RNA, destined for encapsidation, and a 
one-third length RNA, which is colinear with the 3' terminus of the viral RNA 
and is translated into a polyprotein from which structural proteins are pro- 
duced by cleavage. TFie caliciviruses have not been sn extensively studied but 
also produce both genome-length and subgenomlc mRNA species. 

In~tially, part of the plus sense virion RNA of cnronaviruses is translated 
to produce an  RNA polymerase, which then synthesizes a genome-length 
minus strand From this, a nested scl of overlapping sztbgenomic mRNAs with 
a common 3'-ternilnalion site is transcribed. Only the unique 5'-terminal 
sequence of each successive member of the set of overlapping transcripts is 
tra nsIated. 

I1aramyxoviruses, Rhrrbdavirtrscs, Filouimses 

The minus sense, nonsegmented ssRNA viruses of the families Pnram?fx- 
nvirr~iac, Rlralrdoz~rrrdne, and Filoviriduc carry an RNA-dependent RNA poly- 
merase (transcriptase), which transcribes five or more subgenomic plus sense 
IxNAs, each of which serves as a monoc~stronlc mRNA. In contrast, transcrip- 
tion in the replication mode (by the replicase) produces a fzlll-length plus 
strand which is used as the template for tlie sy~~ll iesis  of new viral 1iNA. 

Orfhom!yxouirusrs,rses, Brmynvirrrses, A renavirrrs~s 

The minus sense RNA viruses of the families Orfjlromyxoz~irid~c~, 31411- 
[jozttrid~~c, and Are~mz~inllrrc have segmented genomes, each segment of which 
is transcribed by a transcriptase carried in the virion to yield an mRNA which 
is translated into one or more proteins. In the case of the orthomyxoviruses, 
most nf the segments encode single proteins. Furthermore, the ssRNA ge- 
nome of arenaviruses and  certain genera of bunyavirr~scs is arnbisense, that 
is, part plus sense and  part minus sense. The replication strategy of ambi- 
scnst RNA viruws, like the sense of their genomes, is mixed, with features of 
both plus sense and minus sense ssRNA viruses 

Rcouirrrses 

Viruses of the family Rco~~irrdne have segmented dsRNA genomes. The 
n i i i l ~~s  strand (>I each segment is separatcIy transcribed in the cytoplasm by a 
virion-associated tra nscriptase to produce rnRNA. These plus sense RNAs 
also serve as templates for repl~cation. l'lae resulting dsRNA in turn serves as  
t l i t  template for furtht~r mRNA tralascription 

Ref ruuirrrscs 

In the retroviruses the viral RNA 1s plus sense, but instead of funckloning 
'3s mRNA it is transcribed by a v~rnl RNA-dependent DNA polymerase (re- 

verse transcriptdse) to produce first an RNA-DNA hybrid mnleculc, which 1s 
in turn ct~nverted to dsDNA (by another activity of the same enzyme) and 
tnserted permanently into cellular DNA This integrated viral DNA (yrovrrtrs) 
is subsequently transcribed by cellular IiNA polymerase 11, followed by splic- 
ing of the RNA transcript as well as clcavage of the result~ng protcrns. Some 
full-length positive sense RNA transcripts assoclatc in pairs to form the di- 
ploid genomes of new virions 

Transcription 

Having outlined the several contrast~ng strategies of expression of the viral 
genome, we are now in a position to describe in more detail the processes of 
transcription, translation, and replication of viral nucleic acid, beginning with 
transcription. The viral RNA of most plus sense ssKNA viruses binds drrectly 
to ribosomes and is translated in full or  in part wilhout the need for any prior 
transcriptional step. For all other clalsses of viral geriomes, mRNA must be 
transcribed in order to begin the process of expression of the infecting viral 
genome. 3n the case of DNA viruses that replicate in the nucleus, the celluIar 
DN A-dependent RNA polymerase I1 perfornls this function. All other viruses 
require a unique and specific transcriptase that is virus-coded and is a11 
integral component of the virion. Cyioplasmic dsDNA viruses carry a 
DNA-dependent RNA polymerase, whereas dsRNA viruses h,ive dsRNA- 
dependent RNA polymerase and minus sense ssRNA viruses carry a ssRNA- 
dependent RNA polymerase. 

Regulation of Transcription from Viral DNA 

In 1978 Fiers and colleagues presented the first complete description of the 
genome of an animal virus (Fig. 3-6). Analysis of the circular dsDNA moIecule 
of the papovavirus SV40 and its transcription program revealed some remark- 
able facts, many of which can be general~zed to other dsDNA viruses. First, 
the early genes and the late genes arc transcribed in opposite directions, from 
different strands of the DNA. Second, certain genes overlap, so that their 
protein products have some amino actd sequences in common. I-hird, some 
regions of the viral DNA may be read in d~fferent r e ad i~~g  frames, so that 
different amino acid sequences are translated from the same nucleotide se- 
quence. Fourth, certain Iong stretches of tlie viral DNA consist of intmns, 
whic l~  are transcribed but not translated into protein because they arc excised 
from the primary RNA transcript. 

For many years it has served us  well to think of a one-to-nne relationship 
between a gene and its gene product (protein) Now that we are aware o l  
overlapping reading frames, posttranscriptional cleavage, multiple splic~ng 
patterns of RNA transcripts, and postlranslational cleavage of polyproteins, i t  

is often too sin-tplistic to designate a particular nucleotide scquencc as a gene 
encoding a particular protein. If is more appropriate to talk in t~rims of tlie 
f rr l .~ lscripl io~~ rrtilf, which is defined as a region nf the gt3norne beginning with 
the transcription initiation site and extending to the Iranscripl~on termination 
site (incJuding all introns and exons in between), the cxprt)ssir.rn of wliich falls 
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Fig. 3-6 Transcr~pt~on map of the D N A  r,f the papovavlru? SV4O The ckrcular &DNA IS on- 
rntccl w ~ t h  tlic LctrRl rrslr~ctlon endotiucleasr rlt.aval;r sltc3 at zrrrr and the arigln of DNA replica- 
t lon  ( r ~ r ~ g ~ n )  a t  ma&, puslti<~n (1 hh Thrd~rrctlon of transcrtphr>n o f  thr early genes ~scounterclock- 
~ n s c  ,111 clnv DNA stland (open arrorvs), and  tha t  of the Fate genes ~.;clr~ckw~rc. on the nth~r strand 
(\t~l~plc.cI a r~c t  .;Iindcd armwq) The t l i ~ r i  11nt.s indicate trglonsrrf thc prrlrnary RNA transcripts that 
arc not ls,l~n~lnted ~nto prrltc~ns, rv111lc the wavy Ilnes rndlcatr rcVgrtrns nf the lranscr~pts that are 
s p l ~ t t d  out (~ntrons) The 3'-lrrrninal pcrly (A) tall of each lnRNA is labt*led A. The cod~ng  rrglons 
(h tlw pllniary transcr~pt arc. shown as large arrows Tlic genes for the early prote~ns small t and 
l a ~ g ~  7 nvrrlap, a s  dn thwc for the late prokllls, VPI, VP2, and  VP3 Large T is cndrd by twrr 
nrlnctsntlgur>us rrglons of DNA The arnlno ac~d  sequence of VP3 corst.spr.rnds w ~ t h  thr C-ter~nl- 
lial hall  of V112. Fl(lwclvtlr, VPl -hares no part of ~ t s  ammo acid sequence wlth VP2 o r  V1'3, even 
thrrugli tlir. VI'l gerw overlaps VP2 and Vl'3, bccaure ~ t s  mliNA 1s transcr~bcd In a dllferelrl 
rc.;ld~ng frame. [Mrlc l~f~ud from W Fl~rs, R. Contrcraq, G Ilaeg~lnann, G. R<rglerc, A Vm de 
Vocrrcio, I I Van I leuvcr.;wyn, J V,ln f lvrrt.wrgllc, G Vcrlckacrl, and M Yst.baerl, NnflrrtS (Lllf~drurl 

under the contrral o f  a particular promoter. "Simple" transcription units may 
be rlefu~~ed as thvse encod~ng only a single prolein, whereas "complex" Kran- 
scription units code for more than one. 

Stt~dies w ~ r h  adenr~viruses have elucidated the nature of the mechan~sms 
that regulate the expression of viral genomes, which operate principally but 
not  exclusively, at the level of transcription. There are several adenovirus 
lranscr~plion units. At dilferent stages of the viral replication cycle, "pre- 
early, " "early," "intermediate," and "late," the various transcription units arc 
Iranscribcd in a given temporal sequence A product of  the early region EIA 
~nduccs  transcription frcm the other early regions including E lB, but follow- 
ing viral DNA rcylicalion there is a 511-foId increase in the rate of transcription 
from the major late promoter rclat~ve to early promoters such as  EIR, and a 

dccrease in E l A  mRNA lcvrls A xccc~nd control opctat ts  at the point of 
t e rm~nat~on of transcription. l 'ran~c~-tpt.; that tcl-m~nntc ,lt ,i 1?,1rtirul~ir po111t 
early In infection are read througli l h ~ s  ter~ninal~on siCc latcr 113 infection to 
produce a range of longer Iranscnpt5 with dithrrci~t polvadcnylation sites 

Regulation of Transcription from Viral RNA 

For RNA viruses, regulation of tr,~nscript~on ts generally not a s  complex as for 
DNA vlruscs In particular, the tcmporal separatlcln ~ n t o  carly gcnes tran- 
scribed before tlie replication of v ~ r a l  nucleic acid, and late genes thereafter, is 
not nearIy so clear. 

Other rnecllanisms of regulation are required fur vlruses wlth nonseg- 
mented minus sense RNA. Once the nucleocapsid is reltased into the cyto- 
plasm, the RNA polymerase inilinlcs transcr~ption from tlie 3' end of tlie 
genome. Because there is only a slnglc promoter, one might imagine that only 
full-length plus strand transcr~pts could be made. While sonie full-length plus 
strands ate made as templates lor RNA replicat~on, niRNAs corresponding to 
each gene are also made, in the foilowing fashion. The several genes in the 
visral RNA are each separated by a consensus sequunce that includes termina- 
tion and start signals a s  well as a sli(~rt sequence ol U residues which enables 
the transcriptase to generate a long pclly(A) laiI for rach mRNA by a process of 
reiterative copying ("stuttering"). The cotnpleted IIIRNA 1s then released, but 
the enzyme continues on  to transcribe the next gene, ancl su C<~rtfi, 

Paramyxovirils transcription alsn vnvolves a process known as "editing." 
The P gene encodes twrl proteins, P and V, which sharv a common N-terminal 
amino acid sequence but differ completely in their C-termlnal sequences be- 
cause of a shift in the reading Iramtl brought about by the insertion o i  un- 
coded G residues into the RNA transcr~pt by tra~iscriytase stuttering. 

Regulatory Genes and Responsive Elements 

In analyzing viral genomes and RNA transcripts derived from them much 
attention has been given to ident~fytng the open reading frames in order to 
derive the amino a c ~ d  sequence of t h e~ r  gene products. More recently interest 
has also turned lo the untranslaled reg~ons nf tlic genome which contain 
numerous conserved (consensus) sequences, somttimes called ~~rotrfs,  wh~cli 
represent responsive elements In the regulatory reglcm arid play crucial roles 
in the expression of tlie genome For example, each transcription unit in h e  
viral genome has near its 3 k n d  an mRNA transcription initlation site (st,~rt 
srte), designated as nucleotidc + 1. Witliin the hundred o r  so nucleoticies 
upstream of the stark s ~ t e  ties the prrrnrclfcr, which up-regulates thc transcrip- 
tion of that gene (or genes). Upstream or downsf ream i rn~n the start slte there 
may also be a lung sequence with several, maybe repeated, clements known 
as an  eftlrar~crr, which enhances transcr~ptiori cvcn further (see Chapter 7). 
Thesc regulatory regions are activated by the binding of viral or ccllular IINA- 
binding prc~teins. Scvural such proteins may bind tcl adjacent responsive cle- 
mcnls in such a way that they also bind to one another c3r otherwise interact, 
to facilitate attachment of the viral KNA polymerase Viral regulatory genes 
that encode such regulatory proteins rnay act in lrnrrs as well as in cis, that IS,  
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I ~ V V  may f tn~rs-act lvat t .  genes residing on n complctcly difCrrt.nt molccule (see 
Ch;iptc~s 7 and 35) 

A dcscriptioti of the role ol one of tFie six rcgulalory gcncs of the human 
immunndr_.ficiency virus (1-IIV) will ~llustrate such regulatory mechan~sms. 
When a DNA copy of the H[Y genome 1s integrated into a chromosome of a 
resting T' cell, it remains latent until a 7-ccll mitogen or a cytnkine induces 
synthesis of the NF-uB family of DNA-brnd~ng proleins NF-KB then binds tr7 
the enhancer present in the integrated I-IJV provirus, thereby triggering tran- 
scription of the six HIV regulatory genes. One of these, f n t ,  encodes a protein 
whicli binds to a responsive element, TAR, which is present in all HIV 
rnRNAs as well as in the proviral DNA. This greatly augments (trf i t~s- 
activates) the transcription of all l l IV genes (including fnt itseIf) and thereby 
establishing a positwe feedback loop that enables the production of large 
nu~nbers  of progeny virions. 

Alth~711gh the control of HlV transcript~on is unusually complex because 
nf ils complicated repiiration cycle and requirement for the establishmel~t of  
latency, 141V contains only nine genes, compared with up to a hundred in the 
cast7 of some DNA viruses Thus it may be anticipated that the regulation of 
expression of other viruses will turn out to be tnuch more complex than had 
been thought 

Posttranscriptional Processing 

Primary RNA transcripts from eukaryotic DNA, and from nucleus-associated 
viral DNA, are subject to a series of posttranscriptional alterations in the 
nucleus, known as jlroccssir~g, prirrr to export to the cytoplasm as mRNA. 
Flrst, a cnp, consisting of 7-methylguanosine (m7Gppp), is added to the 5' 
terrn~nris of  the primary transcript; the cay facilitates the formation of a stable 
complex with the 40 S ribosomal subunit, which is necessary for the in~tiafion 
of translation Second, a sequence of 50-200 adenylate residues is added to 
the 3' ter~nirrus This ~lr~ly(A) fail may act as a recognitinn signal for proressing 
and for transport of mliNA from the nucleus to the cytopIasm, and it may 
~"rabize  m1iNA against degradation in the cytoplasm. Third, a methyl group 
is added  at the 6 position to about 1% of tlie adenylate residues throughout 
Lhe RNA (sncfllylnfion). Fourth, introns are removed from the primary tran- 
script and tlie exrlns are linked tnge:rtlier in a process known as splir~rig. Splic- 
ing is an innportan t mechanism for regulating gene expression in nuclear 
I INA viruses, A givcn RNA transcript can have two or rnore splice sifes and 
hu spliced in several alternative ways to a variety of mRNA species 
codlng fc~r distinct prtrteins; both the prcfcrrcd pt)ly(A) site and the splicing 
pattern may change in a regulated fashion as ~nfcction proceeds. 

Special mention should be made O F  all extracrrdinary phenomenon known 
"cap snatching." The transcriptase of inflluen7,a vlrus, which also carries 

cndonuclease activity, steals the 5' methylated caps from newly synthesized 
cellular RNA transcripts in Ithe nuclcus and uses them as primers for initiating 
transcripticln from the minus sense RNA v~ral genome. 

?'he rate of degradation 05 mRNA provides another poss~ble level of  regu- 
I,ition. Noi only d o  different mKNA species have different half-lives, but the 

half-I~fc (>I a given IIIRNA species nlav changcl a s  thc rt~pfiratlon I-ycIc pro- 
gresses. 

Capped, polyadenylated, and processed rnonncislronic viral ml7NAs bind to 
ribosomes and are translated into proteln in the sanic fashion as crllular 
rnRNAs. The sequence of events has  b e ~ n  closely s t ~ ~ d i e d  fnr reclvirus Each 
monocistrnnic mRNA molecule binds via its capptd 5' terrnlnus to thc 40 S 
ribosomal subunit, which then mtlves along thc mKNA molccrr1e until 
stopped at  the initiation codon The 60 S riboscln~al subunit then bind s, to- 
gether with methinnyl-transfer RNA various in~tiation factors, after which 
translation proceeds. 

In mammalian cells, mRNA molecirlcs are rno~orlstrnn~c (encoding only 
on'c protein), and,  with few exceptions, transla tion commences only at the 5' 
initiation codon. However, with certain viruses polycistronic mRNA can be 
translated directly into its several gene products as a result oi initiation, or 
rernitiatiori, of translation at internal AUG start codons. 

Where initiation of translation at an internal AUG is an option, a frame- 
shif can occur. Another mechanism, known as ribosomal frameshilting, oc- 
curs forluitotrsly when a ribosonae happens to slip one nucleotide forward or 
back along an RNA moIecuIe. This phenomenon is exploited by retroviruses 
to access the reverse franscriptase reading frame within the cyny--y~ol mRNA. 
Thus, considering also the phenomena of RNA splicing and RPSA editing 
described earlier, i t  can be seen that there are soveral mechanisms of expluit- 
ing overlapping reading frames to maximize the usage of the limited ending 
potential of the small genomes of viruses. 

Most viral proteins undergo pnsttranslatinnal modtfications such as phos- 
phorylation (for nucleic acid binding), fatty acid acplation (for membrane in- 
sertion), glycosylation, or  proteolytic cleavage (see below). Newly synthe- 
sized viral proteins must also be transported t'o the various sites in the cell 
where they are needed, for example, hack into the nucleus in the case of 
viruses that replicate there. The sorting signals that dlrcct this traffic are only 
beginning to be understood, as arc the polypept~dc chain binding proteins 
("mdecular chaperones") that regulnke folding, translocation, and assembly 
of oligomers of viral as well as cellular proteins. 

Glycosylation of Envelope Proteins 

Viruses exploit cellular pathways normally used for Llir sy rilhcsls of m e ~ n  brane- 
inserted and exported secretory glycoprnteins (Fig. 3-7) The programmed 
add~tion of sugars occurs seqt~entially as Lhe protein mnvcs In vc~siclrs pro- 
gressively from the rough endoplasnlic ret~culum to thrl Goigi cc)mplr%x and 
then tn the plasma membrane. T1.w sicre chains of viral rnvt.lopc g lycop r (~~c~ns  
are generally a mixture of sin~ple ("hrgh rnanno.se"j and complcx 01 igo- 
saccharides, which are irsilaIly N-linked lo aspraglne hut less commt~nlv 
0-linked to serine or threor~ine. The prtacise cnrnpos~t~cr~l ot the ol~gosac- 
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Golg~ apparatus , 
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orthomyxovirrlses or the fusicm gl\;crjprotc.ln of 1~arC~myxoviruscs 1s essenlinl 
f o r  lht. product~on of ~nfert i t~us iilrlclns 

- 
scent polypepttde Further glvrosylation 

and acy latran 

Classes of Viral Proteins 

R I hosome 
Cytoplasm 

Fig. 3-7 Glycr~sy la t~on c ~ f  wral protein TEie aminn ferl-n~nus of v ~ r a l  er~velope prot~~n. ;  ~ n ~ t ~ a l l l y  

cniilalns a sequerlct. of 15-30 h y d r ~ p h c i b ~ c  amino acids, knorvn as a signal qeqnencr, wh1cl-c 

laci l~tatcs h ~ n d l n g  ot the growing polypeptide clinln (dotted) to a rcceptor sitc nn  the cytoplasm~c 
swie <if tFw rough endnylasmic retrcufum and passage t h r o ~ ~ g h  the llprd bllayer to l l ie  lumlnal 

side Of~gc~sacchar~des are then added I n  N-linkage to rertaln asparag~ne rcsldues of the nascent 

~x ) \ ypep t~de  by  crl r'dts transfer of a ~nanr~ose-r ich "ctwe" of preformed crligo.;accharides, and 
g luc i~se r e s t d ~ ~ t ~ s  arc remilced by  glycosidases ("trlniming") The virat glycoprotcln i.; then trans- 

~ - ' o r t ~ d  from the rough cndorlasmic re t~cu lum to the G o l g ~  cnmplex I-lt*ic the core carbohydrate 
IS furlhur mudihed hy  t l i r  removal of several mannose resodues and  tl-re addrtlnn of further 

N acclylglucnsam~nc, galactc~re. and the tt.rminal sugar, s ~ a l ~ c  a c ~ d  or fucose The completed s ~ d e  
chains are a rn~v lurc  nf s~mp le  ("high nlannose") and complex o l~~osaccha r~des  A coated ves~cle 

then tran+port\ the cornpPctcd glycopmtcin to the cellular membrane fro111 w h ~ c h  h ie  particular 
vlruq buds. 

cliaridcs (glycans) is determined not only by tlie amino acid sequence and 
tertiary structure of the prnteins concerned, but Inore importantly by the 
particular c~ l l~ l l a r  glpcosyltrar-rsfrrases prevalent in the type of cell in which the 
virus happens to be growing at the time. 

Posttranslational Cleavage of Proteins 

In the case of the plus sense picornavirtlses and flaviviruses, the polycistronic 
viral IiNA is translated directly into a single polyprotein which carries pro- 
teinase (protease) activity [-hat cleaves the p~lyprotein at defined recngnition 
sites into smallca proteins. The first cleavage steps are carried out while the 
polyprotein is still associated with the ribosome. Some of tlie larger inter- 
mediates exisl onIy dlcetingly; others are functional ior a short period but are 
subsequently cleaved by additional virus-coded proteases to smaller proteins 
wilh alternative frlnct~uns. 130sttrar.rstationa1 cleavage occurs in several other 
RNA virus families, for example, togaviruses and caliciviruses, in which poly- 
proteins corresponding to large parts of the genome arc cleaved. Some vi- 
ruses encode several different proteases. Most are either trypsin-like (serine 
or cysteine proteases), pepsin-like (asyartyl proteases), or papain-like (thiol 
proteases). 

Cellular proteases, present in particular organelles such as the Gdgi corn- 
plpx or transpork vesicles, are also vital to the maturation and assembly of 
many viruses. For example, cleavage of the hemagglutinin glycoprotein of 

Table 3-3 lists the various classcs oC prolcins e~icrdcd by L I ~  genomcs of 
viruses. In general, the proteins tran.;laled lrclrn Ifir early transcripts of DNA 
viruses include enzymes and other proleins recl~rlred Tclr the repljcation of 
viral nucleic acid, as well as  prnteins lhat suppress host cell RNA and proteln 
synthesis. The large DNA viruses (pr~xv~ruses and  hr_.rptrsv~ruses) also encode 
a number of enzymes involved in nuckotidt mctabollsm. 

The late viral proteins are translated Crnm fate mRNAs, most of which are 
tianscribed from progeny viral nucluic acid molecules Most of the late pro- 
teins are viral structural proteins, and they are often made in considerable 
excess 

Some viral proteins, including some with other important tunctions, 
serve as regulatory proteins, modulating tile lranscr~ption or translation of 
cellular genes or of early viral genes The large DNA viruses also encode 
numerous add~tional proteins, snmetrmes called Z N ' ~ O ~ [ I I P S ,  which do not regu- 
late the viral replication cycle itself but influence the host resptwse to infection 
(see Chapter 7). 

Table 3-3 
Categnrles of Proteins Encoded by Viral Grncinnes 

Structural p ro te~ns  of  the v inont  

Virion-assoc~atcd enzymes, csprcla l ly transcr~ptnse 
Nonslructural prt~tt.rns, rna~nly  enzyme$, rr.c(~~lrc.rl l o r  iransrrrpt~r>n, repllcab~cin of v ~ r a l  nuc l c~ r  

ac~d, and cleavage of  proteinsc 
Regulatory p ro te~ns  rvhlcli control the trmporal srquencc crf exprcshlon of  t l lu viral gt,no~ne" 

Protvrns down-regulat~ng expression ot cellrrlnr genes1 
Oncogene pruducis (r~ncnyrotrln.;) and lnactlvafnrs of r r l lu lar  trrmor qirpprcc6or prchrlnct 

Protcons inf lrrcnc~ng viral virulcncc, host range, tissqlc troplsni, CIC c 

Vlrokincss, w h ~ c h  acl o n  nonirlfccted cells to niodulalc the progress o f  lnfect~on In the body 
as a whole" 

- - 

" Compr is~r ig  r ~ p s t d  and ( lor soniu vlrrcws) core and/or rnvc l r~pc  
'"NA viruses OC plr~.; scnsr and nrrdrar DNA v ~ r t r s c ~ d n  not  carry a trai-rscriptasc 111 thc \rirlon 

V~ r lons  of  srlrnr \ ~ ~ r u s t ~ s ,  g , P U X ~ ~ I ~ ~ I ~ C ~ S ,  also cnntall? scvrral othcr ~ n 7 y t n c s  
c DNA and RNA polymernres, ht.l~ca~t,s. prr~teasrs, clc I3NA vlruws w ~ t h  iargc coniplt~x gc- 

nomrh, nr>L,il)ly ~,louvirurcs and lierpc..;v~~usrs, n81.;r) cncodc niltnciotrs crlLynirs rlct>dc.d for 

nuclrol i t fc syl l thrsls 

I' Sitc-spec~fic DNA-h~ncl ing proteins (transcnl3tlon far-lors) w l i ~ c l i  hind 10 enh~r icer  sec~trrnct-s In 
the v ~ r a i  gentlme, o r  l o  at inthcr t rdnw-~pt~crn factor Somc may act  111 ~ Y R ~ I S  (transasl~\~atr)rs) 

r Usi~al ly  by  ~ n l i i h l l ~ n p  tmnscr~pt~oi-i, s r~rnc l~mcs t rans l r~t~on 
Upgrade ruprrsslon of cr- r la~n ctal lr~lar gent t~ ;  lnay Icad 10 sr l l  11,lnsforrnatron .]nJ cvrntual ly 

carlccr, as rrbc;c,rvt3d w ~ t l i  hcrpcsvirus~s, ,~rlcnrrvrr~~\t.s, papclbavlluscs, and rctrnv~rucrs 
V~ r t l k~nes  have b w n  rcccircltd .;<I Inr malnly I n \  thr n-core complt~rc D N A  vlrus1.s (yoxvirusr.~, 

hcrpc.svirusi~s, a c l ~ ~ ~ ~ r ~ v ~ r u ~ c s )  but may he more w~d(~<p r rad .  

'I V~rr>kinr.; act rnairlly by .;rrhvrrl~ng thr immune rrcpon\tb by 1nI111~iling r-ytc~k~nes, rlclwri- 
rvgulablng MI ICI cxblrc.sslon, hiorking the r o n i p l t ~ n ~ r r a ~  cascade., etc (set. Table 7 2) 
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Replication of Viral Nucleic Acid 

Replication of Viral DNA 

D~ffrrcnt  mechanisms of DNA repl~cation are eniploycd by each family of 
DNA virrrses. Because DNA polyrncrascs cannot in~liatc syrithesis of a new 
DNA strand but only extend synthesis froni a short (RNA) primer, one end of 
the resulting product might be expected to remain single-stranded. Various 
DNA viruses have evolved dlffercnt strateg~es for circumventing this prob- 
lem. Viruses of some families have a circular DNA genome, others have a 
linear genome with complementary termini which serve as primers, while yet 
others have a protein primer covalentIy attached to each 5' terminus. 

Several virus-coded enzyme activities are generally required for replica- 
tion of viral DNA: a l~elicase (with ATPase activity) to unwind the double 
helix, a 11elix-destabilizing protein to keep the two separated strands apart 
until each has been copied, a DNA polymerase to copy each strand from the 
origln of replication in a 5' to 3' direction, an RNase to degrade the RNA 
primer after i l  has served its purpose, and a DNA ligase to join the Okazak~ 
fragments together (see below). Often a single large enzyme carries two or 
more of these activilies. 

The papovavirus genome, with its associated celluIar histones, mor- 
pholog~cally and functionally resembles cellular DNA and utilizes host cell 
enzymes, including DNA polymerase a, for its replication. An early viral 
protein, large T, binds to sites in the regulatory sequence of the viral genome, 
thcr-cby initiating DNA replication. Replication of this circular dsDNA com- 
mences from a unique palindromic sequence and proceeds simultaneously in 
both directions. As in the repIication of mammalian DNA, both continuous 
and niscor~tiriunus DNA synthes~s occurs (of "leading" and "lagging" 
slrands, respectively) at  the two growing larks. l'he discontinuous synthesis 
of [lie lagging strand involves repeated synthesis of short oligoribonucIeotide 
primers, which in turn lnitiate short nascent strands of DNA (Okuzaki fmx- 
rricprrtsj, which are then covalently joined by a DNA ligase to form one of the 
gruwing strands. 

The replication of adenovirus DNA is quite different. Adenovirus DNA is 
linear, the .5' end of each strand being a mirror image of the other (terminally 
repealed inverted sequences), and each strand is covalently linked to a pro- 
tein, Ihe precilrsor of which serves as the primer for adenoviral DNA synthe- 
sis. DNA replication proceeds from both ends, continuously but asynchro- 
nously, In a 5' fa 3' direction, tising a virus-coded DNA pcllymerase. DNA 
replication in  adcnoviruses does not require the synthesis ol Okazaki frag- 
rncnts. 

Herpesviruses encode many or all of the "replication proteins" required 
for DNA replication, including a DNA polymerase, a lielicase, a prmase,  a 
single-stranded DNA-binding protein, and a protein recognizing the origin of 
replication. Ibxviruses, which replicate entirely within the cytoplasm, are 
self-sufficlenl in DNA replication. 1-lepadnaviruses, like the retroviruses, uti- 
lixc sense ssRNA transcripts as  intermediates for the production of DNA 
bv reverse transcription. 7'he ssDNA parvoviruses use 3' palindromic se- 
quences €ha[ form a doublc-strandecl hairpin structlrre as a primer for cellular 
DNA yolymcrasr. 
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Replication of Viral RNA 

l'hc replication of RNA is a plitnorncr~orl ~lniquc to viruses I'ranscs~ption of 
RNA from an RNA template rcquires an RNA-drpcr~dcnt IiNA pnlymerase, n 
virus-codcd enzyme not found in rrninfected CCIIS. l ' l~e repl~ccltinn of v~ral  
l7NA rcquires first the synthesis of ct-)mplenientary RNA, whlcli tlierr serves 
as a template for making more viral PINA. 

Where the viral RNA is of minus scnse (ortl~amyxoviserseri, paramyxo- 
viruses, rliabdoviruses, filoviruses, arcnavirusc.~, and bunyaviruscs), the 
complementary RNA will be of plus sense. Whcreas most transcr~pts from 
such minus sense vlral RNA arc suhgennmic mRNA tnoleculcs, stline full- 
length plus strands are also made, in order to serve as templates for v~ral RNA 
synthesis (replication). For some virrrses tlrcre is evidcncc that the RNA poly- 
merases used for transcription and replication are dist~nct 

In the case of the plus sense RNA vrruses (picnrnaviruses, caliciviruses, 
togaviruses, flaviviruses, and coronaviruses) the complcmenlary RNA is mi- 
nus sense. Several viral RNA molecules can be transcribed simultaneously 
From a single complementary RNA template, each RNA transcript being the 
product of a separatejy bound polymerase molecule. The resulting structure, 
known as the r~yltcnfizre i~r tenn~drnfc ,  is therefore parl~ally double-stranded, 
with single-stranded tails. Initiation of replication of picnrnav~rus and caY- 
icavirus RNA, Iike that of adenovirus DNA, requires a prote~n, rather than an 
~Iignnucleotide, as primer. This small protein is covalently attached to [he 5' 
terminus of nascent plus and minus RNA strands, as well as to viral RNA, but 
not to mRNA. Little is known about what determines whcther a given picor- 
navirus plus sense RNA molecule will be directed (1) to a "replication cum- 
ylex," bound to smooth endoplasmlc reticulum, where it scrves as a template 
for transcription by RNA-dependent RNA polymerase into n i i n ~ ~ s  sense RNA; 
or (2) to a ribosome, where i t  serves as rnRNA for Lrd?islation into protein; or 
(3) to a procapsid, with which i t  associates to form a virion. 

Retroviruses have a genome corisisting, of plus sense ssRNA. Unlike other 
RNA viruses, retroviruses replicate via a DNA intermediate. 7'he vinon- 
associated reverse transcriptase, using L? transfer RNA (tRNA) rnolccule a s  a 
primer, makes a ssDNA copy 'Then, function~ng as a ribonuclease, the same 
enzyme removes the parental RNA molecule from the DNA-RNA hybrid. 
Tlie free minus sense ssDNA strand is then copied 10 furm a linear dsDNA 
n~olecule, which contains an extra copy o h  sequences llecessary for integration 
and expression, known as the l n r l ~  I r n ~ w i n l  rrpent [l,fR), at each end This 
dxVNA then circulanscs and integrates into cellular DNA. Transcription of 
viral RNA occurs froni this integrated (prtwiral) DNA. 

Assembly and Release 

Nonenveloped Viruses 

All nonenvclopcd animal viruses have an icnsahcdral structure The struc- 
tural prvte~ns elf s in~plc icosahudral viruses associate spontaneously to form 
capsotners, which undergo self-assembly to Fnrm capsids into wllich viral 
nuclcic acid is packaged Cnmplelion nC 11111 virmn oftrn involv~s proteolytic 
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cleavagc of onv or  morc spcc~cs (71 cilps~d proL~'t11 The bust s t t ~ d ~ e d  cxample, 
that of pc~liovlrus, is ~ieprcted in Fig. 0-8 - .  1ti.e mechanism of packag~ng vlral nuclcli acid into a preasscrnbled empty 
procapsid has been ~ luc ida tcd  for a d c ~ ~ o v i r u s .  A parliclrlar protein binds to a 
nllcleotlde sequence a t  one  cnd of the viral DNA known as  the ~.racknpr!y 
scqucr!c7c, this cnablcs the DNA to enter the procapsid bound to basic core 
proteins, after which some of thrl caysid p ro te~ns  are cleaved to make the 
mature virion 

Most nonenveloped viruses accumulate within the cytoplasm or nuclells 
and are released only  when the cell eventually Iyses. 

Matusa tion and Release of Enveloped Viruses 

A11 rnarn~nal~an virilses with helical nucleocapsids, a s  well as some of those 
wlth icosahedral ~~uc leocaps ids  (lierpesviruses, retroviruses, flav~viruses, and  
tc~gav~ruses) mature by acquiring an  envelope by budding through cellular 
membranes. 

Most enveloped viruses bud from the plasma membrane. Insertion of the 
viral glycoprotein(s) into the lipid bilayer occurs by lateral clispJacernent of 

protcimer Pentamer pentamer procapsid 

Assembly Cleavage Assembly NCVPla - (NCVPla)5 - (VP0,1,3}5 - [ ( ~ ~ 0 , 1 , 3 ) 5 1 ~ ~  

I 

Virion Provirion 

Cleavage 
(VP1,2,374)60 +RNA * + RNA [VPo, 1,3I 60 

Fig. 3-8 Ovckrrrirw r ? l  thr as~cmbly o f  I ~ ~ ~ I O V I ~ L I S ,  a plcnrliavlrus rile capwmrr precur.;c?r pro- 
tcl~n (NCVI'la) afip"g.ltln5 to [ornm pcntamt*rs; r-nch of  Oat* f~vc NCVl'la molecules IS thcn clravd 
by vlrnl prtiic,l.;e loto VPC), V S I ,  and V P 3  I'cuclve quch pentamcrs ,~ggregafc to form a procapqid 
A f ~ n # l l  prrl!rcilyt~r c>vcnt, w~hich clcavrs rach V I V  rnnlrcule Into VP2 atid VP4, 15 rcqu~rt~d for 
liNA n,iii.orpcrr~t~c>n llir ~ n ~ i t u r c *  vlrlr,n IS a dodc~~lhcdron w ~ t h  h(l capsomcls, each of wlilch 11s 
rnadc. 1117  of r)nra mcllcctrlr rarh of  VI'I, VP?, V1'3, and V1'4 X-ray cr\rstnllogra~fiy .;bows that the 
a5sernbllng units havt. uxtc~ns~orrs th,i t rc~ach acres.; adjaccn t u n ~ f s  tr ,  f~rrrn sccond and tln~rd 
nc.nrt.4 nc>ighhor rrl,~honsliips 

- 
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Fig. 3-9 I\/laturat~nn nf enveloped rrirusc.; (A )  V~ruscs whose vlrton conlams a matrlx prnte~n 
(and some viruses whlcli do not) bud thro~lgh a patch t r f  the plasma anernbran? in  which gly 
coprole~n p~plamcrs have accurnulnted ovcr the patch of mat r~x  protrin (B) Mocl unvc.lol,eci 
viruses w~fhol~t a ma t r~u  prcltcln hut1 Inlo cytoplasni~c vcslcles j1011gh endoplasn~ic rct~c~clum 
(RER) or Golg~l. then pass thrrrugli the cytoplasm In .;mcroth-wal1c.d vesicles a n d  art, rrli7ast.d hy 
cxocytosis FB, Madif~ed from K V tlnlrnrs. r r r  "lic,ld.i Virol(3gy8' ( B  N Freld.;, D M K ~ I ~ ; ,  
R M Chanock, M S SHirscli, 1 C Meln~ck, I' I W t l n a t h ,  and  13 Ro~drnan, vds 1, 2nd Ed , p 847 
Raven. New York, 1990 1 

ccIIular proteins from that patch of mcrnhranc (Fig. 3-9A). The monomeric 
cleaved viral glycoprotein moleci~les assr~ciate into vligomers to forrn the typi- 
cal rod-shaped or club-shaped pcplomer with a hydrophilic d n m a ~ n  prtyectlng 
fmm the external surlace of the membrane, a hydropliobic transmembrane 
anchor domain, and a short hycirophilic domain project~ng slightly into the 
cytoplasm. In the case of icosahedral vlruses (e g., togaviruses) each protein 
molecule of the ni~clencapsid binds directly to the cytc~ylaqmic durn;lin of the 
membrane glycoprotein oligomer, thus mnlding thc envelope aruund Ihe 
nucleocapsid. In the more usual case of viruses with helical nuclcocdpsrds, i t  
is the lnalr~x prntein which attaches to the cytc~plasm~c domain of the glyco- 
protein peplonlcr; in turn the nurleocapsid prt~lcln recognizes the matrix 
protein and  this presi~rnably in~tiales btidding. Rcleasc of each enveloped 
v~rinrl does not breach the integrily of t l ~ c  plasma membrane; hence, thou- 
sands  of virus particles can be shed ovcr a period of several hours or days 
w ~ t h o u t  significant cell dairiagc (FIR 3-10). Mdny hut not all virusts 1IiaI bud 
from the plasma membrane are iio~?cytr>pathogen~c and rnay he assr~ciatccl 
with persistent infections. 

Epithelial cells display ~a1nrrt.y~ 11.lavin~ a n  "apical" s u r f a c ~  facing t l a t  oill- 
side tvorld which IS scparafcd by a tight junction from the "basolateral" sur- 
face. 1-hese surfaces are chemically atid pliys~trlog~c~illy distinct. Viruses that 
arc shed to the exterior, for example, influenza vlrus, tend to bud fronl the 
apical surface, whereas others, such as  C-type rclrov~ruscs, bud through the 
basolateral mcmbranc (see Chapter 5). 
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Fig. 3-10 V~rion~s of lcntiv~ruses buddrng from the plasma mt.nil-rmrie (bars, 100 nm) (A) Trans- 
rnlswon c7lcctrr)n ~n i~c rogr~~p l i  of f ~ l i ~ l t *  ~ln~rnttr~odc~finctic~r VITIIS hudd~iip, tlirough thc plasrna 
rncmbrancs of a Ie l~nc T lymphclcyie Rt*trov~ruses have nrl malr~x protein, thc arrows indlcatc 
,~cctlmulai~rrns of patchc4 of vlral glycoprnlcin pcy7loiners In tlic plasma membranc (R) Scann~ng 
electron rn~crograpli o f  a human immunnttchcrency irlrus budd~r ig frnni the plasrna mrrnbrane of 
,I h~trli,tti 1' lyrnpl~ocytr, from a r t i l t r~re of t19 liilman T lyn1p11r1cptt.s infcctcd IN ~~r!rtj [A, Frclm 
S C' E I,rrc,nd, C Birrli, I' M Lrwcling, A. M,irsIiall. and M J Studdt~ll, Arrst Vet 1 67, 237 
(Ii3Wl), 13, colrrtcSsp Tlr C S Gold5ni1th ] 

Flaviviruses, coronaviruses, and bunyaviruses mature by budding through 
membranes of the Golgi complex or rough endoplasmic reticulum; vesicles 
containing Ithe virus then migrate to the plasma membrane with which they 
fuse, thereby releasing the virions by cxorylosis (Fig. 3-9R) Uniquely, the 
envtdope o f  the laerpesviruses is acquired by b~idd ing  through the inner 
lnrnclla of Zlie nuclear membrane, the enveloped virions then pass direcliy 
f m n ~  thc space between the trvo larnellae ol the nuclear membrane to the 
cxterior o f  Ll~e cell via the cistrrnac of the endoplas~nic rettculurn. 
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Virrrses have a greater genetic diversity than any other group of organisms 
(see 'IBhle 1-2). .I'liis diversity has been by natural selection acting on 
viral genomes that are continuclttsly changing as a result of mutation, recom- 
bination, and reassclrtnient. 

O r ~ r  knowledge of virus genetics was ronsiderably expanded by the de- 
velopment during [lie 1470s of rnnlecular cloning and nucleotide sequencing 
mctliods and the use of monoclonal antlbodtes, followed in the mid-1980s by 
the ir~troduction of the polyinerase chain reaction. A new genetics has 
cmrrged in which tlie old concept of a one-to-one relationship between a 
grnr  and its gene product has heen replaced by the realizat~on that the same 
n~iclci)tidc scquenc-c can be usccl more than once, as a result of a widc variety 
nl prcvlously uncxpccted biochemical phenomena, such as splicing of RNA 
transcripts and translatic~n in d~ffercnt reading frarnes 

Mutation 

In evcry viral inf~ction 01 an animal nr a cell culture, a small number of virus 
parbclcs replicatr, to producc millions crl progeny In such populatiuns. errors 
In copying the nucleic aod  inevitably occur; these arc called nirllofiorts. Many 
mulaticrns are lethal, hecausc Ilic rnutatcd virus is unable tu replicate. WlieLh- 
er a par'ticulnr nonlethal mutation sr~rvivcs in the genotype depends on 
whether the resultant change in tlic gcne prodrrct 1s d~sadvantaget~us,  new 
tral, or affords t h t  mutant virus snrne selective advantage. In the laboralory, 

genctic varranls arc ohlairicd by suhjecl~ng a virus population to somr s e l i ~ -  
tive condif~on and isc~lating a clo~rt~, that IS, a poprilat~on c ~ f  viral partldes 
originating from a s~ngle  virion, usually by growth from a single plaque in a 
cell ~nonolaycr, followed hy scplaquing 

Types of Mutations 

Mutations can be classified either according to the klnd of change in the 
nucleic acid or on the basls of tlieir pl.~c~notypic expression. 

The most common mutations are singIe n~rclentidc substitutions l y ? t ~ r l [  
~niitntions) or delet1t)ns and insert~ons, which niay 11ivolv~ a single nucleotide 
or more commonly small blocks of niicleotides. Earh point mutation has a 
characteristic frequency of reversit~n which can I b t b  accuralcly nicasured. The 
phcnotyplc expression of a mutation 111 one gene rnay be reversed not only by 
a back mutation in the substituled nuclrotide but, alternatively, by a srrppvcssor 
trrtrfcrliorl occurring elsewhere in the same gene, or even in a different gene. 
For example, some temperature-sensi tive mutants of influenza virus devel- 
oped as potential attenuated live-virus vaccines have rcverted to vrrulence by 
virtue of a n  independent suppressor mutation in an apparently unrelated 
gene, which negates the biological cffect of the original mutation. Ddr7llorl 
nrutnrzCs rarely or  never revert, so that nonrevertih~l~ty is used as a diagnostic 
criterion of this kind of mutation AlthougIi not mutat~ons, various other sorts 
of gene rearrangemenls also occur, especially with DNA viruses and rctro- 
viruses, such as dupIications, inversions, and incorporation of foreign viral clr 
cellular nucleic acid sequences by rccombination, wilh trnportant bicllogical 
consequences, as discussed below. 

Defective interfering (DI) mutants have been clrmonstrated to occur natu- 
rally in most families of viruses. The properties that define them are that they 
have a defective genome and thus cannot replicafc alone, but ran in the 
presence of a helper virus (ustially parental wlld-type vlrus), and Ihaf they 
interfere witli the replication of wild-type virus. 

All RNA Dl partlclles that have bctn studied arc deletion mutants En title 
case of influenza virrlscs and reovir~isrs, which have s~gmcnted genomts, 
tlie defective virions lack one or more of the larger seginents and contain 
instead smaller scgrnenls consisting of an incomplele port~cln of that gene(s). 
In tlie case o f  viruscs with a nonsegrnentcd genomtl, L l 1  particles conlain R N A  
which is shortened-as little as one-ll~ird nf tlie original gcnt.)nie may remain 
irk the DI pa rticIcs of  vesicular stoma ti 11s virus. Morphologically, Dl particles 
usually resemble tlie parental virions, but may t7r smallcr. Soqucncing nf the 
liNA rcveals simple deletions and a g r ~ a i  d ~ v ~ r s i l y  of structt~ral rearrange- 
menls. 

Defective interfering particles lncrcase yrcltr~nlially witli serial passage 
at high multiplicity in cultured cells hccause their shortened R N A  genomes 
require less time to be replicate~i, are less c~ltrri divertcd to  serve a5 tc~nplates 
for transcription of mRNA, and l-~avc cnhanccd afffn~ty for the viral rt>pllcnsc, 
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giving them a cninpel~tive aclvant,\gc over thcir i'ull-leng11-r infectious co~rnter- 
parts. Tlir~se fealurt-s also ~xplaui  wliv on passage. tlic Dl particles interfere 
with the replication of full-length l,arcnt,il RNA wit11 progressively greater 
cfficicncy. 

flie generation of dcfectlve gunomes of DNA viruses can occur by any of 
a great variety of mt~des  of DNA rearrangcrn~nt. Fur example, papovavirus Dl 
particles usually contain reiterated copies oE the ge~ioniic origins of replica- 
tlon, which are sumelimes interspersed wit11 DNA of host cell origin. 

Our knc~wledge of Dl p,irticles derives from studies in cultured cells, but 
t l~cy  play a role in same disease condilic~ns By interference, they may attenu- 
ate the lethality of  the parental infect~ous virus, and they may contribute to 
[lie p~athogenesis of  some chronic diseases. However, because their defective 
and variable nature makes therii difficult to detect, much remains to be dis- 
covered aboi~t  tlie~r role in d~scase 

Mutations that allow the production of progeny virions can also be classi- 
fied by their phent~typic expression, such as the type ol plaque they produce 
in a cell monolayer (plaque mutants) or their ri:sistance to neutralization by a 
munoclonal antibody (netrtralization csrirp nrr~fntrls). Mutations affecting anti- 
genrc deterni~nants o f  virion surface proteins may be strongly favored when 
viruses replicate in the presence of antibody, and they are of importance both 
in persistent infections, for example, in AIDS, and ep~demiologically, as in 
influenza Other biologically iniportant n~ut ,~ l ic~ns  are associated with the 
acquis~tion (4 enhanced or reduced virt~lence for particular hnst species. 

Cr>rldrlrorinl It-t1t(71 ~ I I I I J ~ ~ I ~ S  arc produced by a mutation that so aflects a virus 
that it cannot grow under cerlain cond~licrris determined by the experimenter 
but can replicate under other, permissive, conditions. Their Importance is that 
a single selective test can be used to obtain mutants in which the mutation 
may bc present in any one of severr71 different genes. The conditional lethal 
m~rlanls mc>st cornnionly sludied are those whose replication is blocked in 
certain host cells (Itos! rnrqe r ~ t t i f ~ n i s )  or a t a certain defined temperature 
(tt?rttpclmtirru-sc11stft7~r n1ufnr7ls). With the latter, the selective condition used is 
the lemperature of incubation of infectrd cells. A point mutation in the ge- 
riclmp leads to an amino acid s~ibstitwtion in tlie translated polypeptide prod- 
uct, which although fnnctional at  the pcrirlaslz?c fcrt~pcrnlidre cannot mainstain 
its correct conformation when the temperalure is raised by a few degrees. 
?. 
lt~mperature-sensitive mutants, and the somewhat similar cold-ndapled tntrr- 
tf711/s, have been used extensively in attempts to produce attenuated live-virus 
VaCcIIlCS. 

Mutation Rates 

Rates of poink mutation in DNA viruses that replicate in the nucleus are 
probably simililr to those in the DNA of eukaryolic cells, since viral DNA 
repItcatlc_rn is st~bject lo tlie samc "proc>freading" exnn~~clease error carrectlon 
as opc.ratc:s in cells. Errors occur al a rate of 10 H to 10 1 1  per incorporafed 
nlrclec~tide (i e., per base per r~piicatic~n cycle). Point mutations in the third 

nurleotidr of a codon are oftrn s i l t ~ ~ l ,  I l i , i t  i.5, do  not rcsnlt in an altered arnlnn 
acid, because (I( redurlda~icy in the gcnct~c code Somr pcl~nt mutatirms are 
lethal because ttrcy produce nonfunctional gent ~3roduc.t~ or a slop cndon 
which ferminates translation crf the rncssagc Vlnhle iiiutatlrlns that are neutral 
or deleterious in one host may pmvidc. a .sclr.ctrvt' advantage In a different 
host. 

The error rate in the replication of viral RNA is much highcr than tfzat of 
viral or cellular DNA, becailrse thew is ntr cellular pronfr~ading mechanism lor 
RNA. For example, the base substltut~on rate In tlic 11-kb genomc of vesicular 
stomati tis virus is lo -?  to 10 4 per base per replication cycle, so that nearly 
every progeny genome will be different Irvm its parent and from one another 
In at least one base. This rate of bast. substituticln 1s about one million times 
higher than tlie average rate in eukaryotic DNA Of course, most of the base 
srrbstitutions are deleterious and the genomes contain~ng them are lost. Hnw- 
ever, nonlethal lnutatlons in the gcnrlme of RNA viruses accumulate very 
rapidly. For example, sequence analysis of the genome of two isolates of 
hepatitis C virus obtained frtm a chron~cally ~nfcctcd patient at an interval of 
13 years showed that the rnilltatir~n rate was about 2 x 10 base substitutions 
per genome site per year. The nrrclentlde changes were unevenly distributed 
throughout the genome, that is, diffcrcnt geties evolved at diblerent rates. At 
the population Eevel, an outbreak of human poliomyelitis type 1 in 1978-1979 
was traced from the Netherlands to Canada and then to United States. Oli- 
goliucleotide mapping of the RNAs obtained from successive isolaltes of tlie 
virus from different people showed that over a pcnud of 13 monlllis of cp- 
demic transmission there were about 100 base cliangcs in ;I genome of 7441 
bases. 

It is important to recognize that every virus, as defined by its conventinn- 
al phenotypic markers, is a genetically cciiiiplex pclpulation that comprises 
multiple mutants, a minority of wl.11~11 will be dominant under defined condi- 
tions of replication Mutations cimtinue lo accumulate in the viral genome 
during passage in cultured cells, just as they d o  dur~ng repllcatir~n in the 
natural hnst, especially during chronic tnfect~ons, and in the course of se- 
qucntial infection of individuals in a population. Nevertheless, in nature 
some viruses, even some RNA viruses such as measles virus, appear to be 
relatively stable in tlicir virulence and antigcnlcity. This appears to be due io a 
combination of the srnall size of the inocula involved in aerosol transmission 
and thc multiple selective pressures that operate during the spread of viruses 
fhrough the bodies of their natural hosls. 

Mutagenesis 

Spontaneous mutations occur because of chance errors du r~ng  replication. 
Mutation frequency can be enhanced by treatment of virions or isolated viral 
nucfeic arid with phlysical agents such as UV light or X-madialion or with 
chemicals such as nitrous acid or nitrasogrranidinc. Rase anafngs, such as 
5'-fIuorouracil (for RNA viruses) or 5'-bron1odet~xy~1r1di11e (for DNA viruses), 
are mutagenic only when virus 1s grown in llaeir presence hecause they arc 
incorporated into the viral nucleic acid and produce mutations by m~scoding 
during replication. 
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Fig. 4 1 Grnrfic recornhinat~c~l~, pirlypl;c~~dy, phrnotyp~c mixirlg and tran~ca~sldattnn (A) ln- 
tranir~lr7culdr rccornhlnat~c>~~, in .I d.;DNA virus (D)  Rr.assc>rtment of gtknr,mr fragmrnts. a+ In 

rcrrvlruses ancf rjrthnmyxovirtrsc.;. (C) Polyploldy, as wen In unmixed ~nfcctions w ~ t h  pammyx- 
clvlrLl.;cs (13) Flutc~lr,pnlyylr,idy, 3% rn,ly occur 111 mrxccl inlectlons w ~ l h  picramyxor11rusc.q lllld 
0thc.r crrvrlopcd RNA vlruws. (E-G) Phcnofypic mlxlng (E) rnvr lnp~d  vlru.;es, (F) vlruses w ~ t h  
~~trsahc-dral cal,s~rls; (GI exfserne caw  rvf Iranwap~ldat~on o r  gcnclmlc rnnqklng 

R N A  Although the genome of retn)viruses 1s plus sense ssRNA, replication 
docs no! occur uniil [lie genoniic JiNA is transcribed into DNA by the virion- 
assrxiatrd reverse transcl-iptasc and the rcsultant dsDNA integrated into the 
DNA c ~ f  the host cell However, both lnin~ls strand and plus strand rccom- 
binahon ncctrr hetwcen the two DNA cop~cs  of the diploid genome, ds well as  
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between the DNA provisu5 arid cell I ? N A  In tlic l,lttcr rristancc, a rt*trovirus 
may plck up  a ccr/lrr/nr nrrctJgulFr; slrcfl oncoGcnts arc irlctlrptrrntet~ into  [;he viral 
genome to become vrvnl il)rcqyc!rrs, whir11 confer ttir propcrtv uf rapid on- 
cogenicity on the retrovir~rs concerned (scc Chapter 1 1 )  

A variety of recnm'bination called ri7nsstwforr~rf occurs with viruses that have 
segmented genomes, whether these arc ssRNA or dsRNA and cl~nsrst of 2 
(Aret~nzlrr~dnc), 3 (Bwir.yfivlrrdae), 8 (influenza A virus), 10 (Rr(nvrrrs), 11 (Ro- 
tmrirrrs), or 12 (Colfrzlirrrs) segments (Fig. 4-10). In a single cell infected witli 
two related vir~lses witl-nin any of thesc groups, therr is an exchange of seg- 
ments with the prodrtcticln of  various stable reassortants. Reassortment oc- 
curs in nature arrd is an impr~rtant source of genctic var~ab~lity. 

Reactivation 

The term ~nultiplicity r~nsftz~drotr is applied to the production of infectious 
virus by a cell infected with two or mnre vlrus part~clts of €he same strain, 
each of which has suffered a lethal mutation in a different gene. Multiplicity 
reactivation could theoretically lead to the productton of infectious virus i f  
animals were to be inoculated with vaccines produced by UV irradiation or 
treatment with certain chemicals; accordingly these methods nf inactivation 
are not used for vaccine production. Cross-rcocfr71nt10~1 or rirrwker rescrre are 
terms used to describe genetic recomb~natfon between an infectiuus vinrs and 
an  inactivated virus of a related but distinguishable genotype, or a fragment of 
DNA from such a virus; they arc useful techniques for the experimental 
virologist 

Interactions between Viral Gene Products 

All the aforementioned interactions involve physical recombination between 
the nucleic acid of different viruses, resulting in a permanent heritable alter- 
ation in the genomes of the recombinant progeny. In marked contrast, we 
turn to a tolnlly different class of interactions in wliich there is no direct 
association between the parental gcnomes and no clianges ln the genomes of 
the prngeny. 

Complementation 

Cornplernentatinn is the term used to descr~be all casts in which a protein 
encoded by one virus allows a different vlrus t o  replicate 111 doubly infrctcd 
cells, For cxample, two tempera ture-sensitivc (Is)  mutants of the same stram 
of virus, neither of which is capable of replicating at the nonperniissive tem- 
perature, will both replicate in  the samp ccill providing that tlie~r rnulalitrns arc 
situated in dtffrrent genes Thus, as a prclirninary step toward genetic m a p  
ping, a large panel of random fs mutant.; <:an he allocateti to functional Er(xlps 
(correspnnding to separate gcnus) by tcsllng which pairs can complcnient one 
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arlothrr. I t  sht~uld tic noted that, slmce 110 gcnetir rrcnmhination IS involved, 
both pnruits breed trutl-all the prtrgcny rcsernble one p a r ~ t ~ t  or tlie other 
C'rwn~dcrnc~-ttat~nn ran also occlir betwcen unrelated virust:s, for example, 
between an aclennvlrus and adcno-a~socia~ted virus ('1 parvov~rus) or between 
SV40 and nr i  adcnovirus In monkey cclls In butti t l~ese examples the first- 
named serves as a hrlper virus, prclv~ding a gene product tlial the secc3nd 
vrrus reclulres in order to be able tn replicate In a cell type that is otherwise 
nnnpermissive for it. 

Phenotypic Mixing 

Following m~xed ~nfec t~on by two viruses that share certain common features, 
st)me of the progeny may acquire phenotypic characteristics from both paa- 
ents, although lher r genotype remains unchanged. For example, when cells 
are coinfecl& with influenza virus and a pararnyxovirus, the envelopes of 
some of the progeny particles cuntain viral antigens derived from each parent. 
t-lowever, each virion contains thc nudeic acid of only one parent, and hence 
on passage i t  produces only virions rr.sembling that parent (Fig 4-lE,F). Phe- 
nolypic mixlng is an essential part of the life cycle of envelope-defective 
retroviruses, progeny virions k i n g  called jse~rdot;yyes and having the genome 
of the defective parental virus but the envelope glycoproteins of the helper 
retrovjrus, in whose company it  will always be found. 

ExperlmentalIy, and in nature with some plant viruses, phenotypic mix- 
ing of noiier~veloped viruses can take the lorm of trt~nscnps~dutru~~ (Fig. 4-lG), 
in w h ~ c h  there is partial or usually complete exchange of capsids. For exam- 
ple, poliovirus nucleic acid may be enclosed within a coxsackievirus capsid, or 
the adenovirus t y p ~  7 genome may be enclosed within an adenovirus 2 cap- 
sid. Since tlie viral ligands that govern cell attachrncnt reside in the capsid, 
t ranscapsida tinn can change cell tropism. 

Polyplaidy 

With the exception of the retroviruses, which arc diploid, all viruses of verte- 
brates are haploid, lhat is, they contain only a single copy of each gene. Even 
with the retrov~ruses, diploidy is in no  sense comparable to that seen in 
cu karyotic cells, since both copies of the genome are essentially ident~caI and 
derived from the same parental vlrus. Among viruses that mature by budding 
fro111 the plasma n~enibranc, for example, paramyxoviruses, it 1s sometimes 
found that several ni~cleocapsids (and thus genomes) are enclosed within a 
single enwlopc (poI!y~~Enid~t or hc,lemy~~>lyploi~f!/, Fig. 4-lC,I>). 

Mapping Viral Genomes 

'1-he complete sequence of any viral DNA, or of a LPNA copy of any viral RNA, 
can now be accurately determined. Older tc.chniques for partial characteriza- 
t im  of viral DNA o r  EiNA by "mapping" or "'fingergrinling" of oli- 
gcrnuclcotidcs produced by e117,~111atic cleavage are simpler and still useful fmr 
identtllcat~un of viruses w ~ t h  large genomes. 

Oligonucleotide Mapping 

Several liundred bacterial cndonuclt~asr-5, c~llecl! rt,\/t~c./ror~ t ~ ~ r r f o ~ ~ i r r  l ( w s r ~ ,  have 
been identified and purified from v ; i~- ro~~s  hartct 1'1 Each rccngnlzcs n rlnicluP 
short, ~ndrmfvcn~~rr sctqrrPrrcr ol ~luclcot~cir.s (a seclrrrncc that wads 11ic same 
backward as k~rward), u s~~a l l y  four I c r  SIX n~~rlcoticft~ lwlrs Irmg A glveri 
restriction cndonuclease cleaves tlic DNA into a precise nuniber of fragments 
nf precise sites, determined by the locatlcln and I~cclucncy of the part~cul~ir 
pal~ndromic sequence it recognizes. *Tliesc DNA fragments may be separaltd 
by gel electrophoresis. Different vlruscs, even very closely related strains of 
the same virus, yield characleristically dillereiit rcstr~ckion endon~~clcase frag- 
ment patterns, sometimes called Jrr~~r~rprrifis OT reslrict~on fragment Iei~gth 
polyrnorpliisrns (RFLPs). 'l'hese have hecn invaluable for d~stinguisliing bc- 
tween different specres or strains of viruses with large genunies, surti as 
poxviruses or herpesviruses. The order of tlie fragments can be determined lo 
provide a physical map of the genome. Restriction enzymes can also bc tlscd 
to analyze the molec~~larly cloned cDNA copies of genes or genornes from 
RNA viruses, and to locate the spc-cific pt~ysical positions of various genet~c 
markers on the viral chromosome. 

Before restriction er~donuclease mapping and secluencing werc widely 
used, oligonucIeotide fingerprinting techniques using T1 ribonucleasc pro- 
vided a fast and powerful prnced~~re  for differentiating hetween different 
isn1atc.s of RNA viruses Bccarlse 1'1 ribonucleasc cuts IZNA on ttlc 3' side of 
every G residue, very large numbers of short oligonucleotides are produced; 
hence, adequate separation of the products requires electroph.oresis in n n c  
dimension lollowcd by chromatography in the other in order to produce a 
diagnostic fingerprint. 

Recombination Maps 

Among viruses that undergo intram8ulecular recomb~nat~on, the probability of 
recombination occurring between two markers reflects the distance between 
them, and recombination frequencies in adjacent intervals are apprclximately 
additlve. Two-factor crosses are used to deter~ninc rccc~mbination frequencies 
betwren pairs of mutants, and fnr very close or distant markers three-factor 
crosses are used to resolve ambigu~ties 

DNA Sequence Analysis 

Much more information can be obtained by deter~nin~ng the complete se- 
quence of nuclcotides in a vtral genome by clther the Maxa~n-Gilbert method 
or thc dideoxy method of Sanger. C'lycrr rtzfidin'q ~ I . R I ~ I C S  (QRFs) are translatable 
seqilences siartlng with [he codon fnr methinnine (AUG) and uninterrupted 
by stop codons (UAA, UAG, UGA). The functioai of thc predicted protein can 
sornelinres he surmised by the si~nilarlty of its sequcnce to that of a viral or 
cellular protein of known functir~n. SucFi comparisons are carried out by 
search~ng internatio~~al computer databases of nuclcotide and arnlnn acid se- 
quences. It i s  also possible to f ~ n d  characteristic sequences of amino acids, or 
rnntrfs, that ind~cate which domains will have partict~lcrr functions, such as 
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signal sequences for targctrng pro t~ lns  t c ~  the endopla.;mlc rel~cululn or the 
plasma niembranc, transmcml7rn1ic stlqucnces, giyctwvlalicrn sites, and nucle- 
<>tide hlnding s ~ t t s .  Short sequence motifs can also he identifled wh~cll scrve 
as signals in gene exprcssion The particular melhionine codon (AUG) that 
initiates translation at the bcg~nliing ol all open reading frames is usually 
embedded i n  a consensus sequenctr GCCGCCIGCCXUGG. S~ te s  of mRNA 
polyadenylation occur 10-30 bases downstream nf the sequence AAUAAA. 
The stdrt sites for transcription by I iNA polymerase J l  are about 30 base pairs 
downstream from an  A+l-rich sequence, the TATA ITOX. And so on. 

Recombinant DNA Technology 

The discovery of restrirtion endonucleases and the recognition of other en- 
zymes involved in DNA synthesis (poly~nerases, ligases, transferases) 
opencd the possibility of deliberately introducing specific foreign DNA se- 
quences into DNA molecules. When the recombinant molecules replicate, 
thcrc is a corresponding ampltfication of the foreign DNA. The process is 
called ~?iolt?crrlnr r lo~~ir ig .  When the inserted DNA is placed in frame with ap- 
propriate upstream and downstream regulatory sequences it is expressed, 
that is, the polypeptide specified by the foreign DNA is produced. Expression 
is usually achieved by incorporating the foreign DNA into a bacteriophage or 
a bacterial yIasrnid (Fig. 4-2), which serves as a ~lot.rin,q artd exprcssion r ~ e c t o v  

when intrr)duced into the appropr~ate psokaryr~tic or eukaryotic cells. Vectc~rs 
are available that replicate in bacteria, yeasts, insect and animal cells, and in 
intact ar~imals. For animal cells, a variety of  animal viruses are used as vectors, 
notably SV40, bovrnc papilloma virus, retroviruses, and vaccinia virus. The 
cl i~slrr  of techniques used is often called recombinant DNA technology or 
"genetic engineering." 

Uses of Genetic Engineering 

In addition to the great value of genetic engineering for clxperirnental virol- 
ogy, practical applications to animal viruses include [lie dcvcloprnent of nu- 
clcic acid probps for diagnt~sis by nucleic acrd hybridization (see Chapter 12) 
and nrjvel mcthods for Ihc production of vaccines, including thr use of vac- 
cinia or fow1pox v i ~ u s  as vectors (see Chaptrr 13). Combined with the poly- 
rnerasc chain reaction and the availability of simple and fast methods of 
nuclcntidc sequencing, gcnetic engineering has also led to studies of animal 
virus genomes that could not be previously be contemplated. Among the 
achievements so far are Llle fc~llnw~ng. 

1 Complete sequencing of the genome of viruses representing all DNA virus 
fain~lies 

2. Complete sequencing of cDNA corresponding to the entire genome of 
viruses representing aIl RNA virus families 

3. I'rodnction of labeled nucleic acid probes for viral diagnosis 
4 Recclgnilic7n of the copy number and s eq~ence  ot vlral or proviral DNAs 

that are ilitegratetl into the DNA of transformed cells 

Bacler~al plasmld DNA (vector) 111 Fnreiqn ceI( DNA 

Restrlctlon er~donucl~ase curs the DNA a! the s l r r s  
marked 0 to produce fraqrnents with st~cky ends 
T~IOWR &%%A I 

DNA rnolec~les r l t h  111ckv ends adhere to one anofher I 

Stlcky ends are covalently 
joined using DNA Ilgase 

1 
Recornb~nant plasmrds are Introduced Into bacterla 
Each bartcrlum recclves only a rlngle plasm~d. 

Recomb~nant plasrnlds multrply 
wrthin each bacterrum. separately 
from chrmasorne (not shown) 
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(7) Bacter~a contalnlng a parllcular pl'asrn~cl are ~dentrf~ed and allowed to qrow 
1 

J I 
Recornb~nant plasmlds. rnul~lrrlied scvcrdl rn~lllon rtme~. arc "' 
Ireatcd with re t t r~ r t im ~ n d o n u r l e n ~  awd in 12) and 131 

M 

Srveral mill~oti COPICF o f  
fracl*rienls of forelqn DNA 

Fig. 4-2 Steps i n  u h t a ~ n i n g  recombinant DNA Ir\ parallvl, 13NA (gcncrmr. DNA (IF cUNA frr7m 
v l r lon  RNA cir mRNA) I ~ o m  a v i rus  (1) IS cut i n l o  fragments by a sclecicd rc?tr~ctic>n cndonuc l tasr  

(2), a n d  tht, c i r c ~ ~ l a r  DNA m c ~ f r c n l r  of the plaqrnlld v c d n r  15 crlt w ~ l h  t h r  same cndonuc l t~asc  (3) 
T h e  r r ~ r a l  D N A  1s inserted a n d  l igated i n f o  thtv plasrnld 13NA, w l i ~ c l i  IS It1115 c~rcular lrc*d agnl n (4) 
T h r  p l a s r n ~ d  rs t h r n  i n l s n d e ~ r r d  i n t o  thr htlst haclr.rit~rn hy trnn.;forniation (5) Rcplicatron o f  t t i r  
p lasmrd as  an c p ~ s o m c  (6) m a y  p r o d u r e  Inany  r i > p l e ~  p e r  h a c t r r ~ a l  cell ( to r  cmal l  p la \m~i ls ) ,  or 
t h ~ r e  may be on ly  orle r o p y  ( k j r  latge plas~nld.;) I%.\cter~n c r r ~ i t n ~ n ~ n g  the drsrrt-d p l a s m ~ d  arcy 

identrf ied, cloned, and a l l o w r d  lo grow (7) 1 hr pla.;rnidc arc ~ ~ o l d t ~ d  Cro~n t l ~ ~  b a ~ l e r l ~ i  and thv 
viral  DNA in.;rrt is ewcisrd (8) u s i n g  tihe sarnc rrb.;frictlon endonuc l rasr  r m p l o y e d  I n  htr1-w (2) anrl 

(3) I n  t h ~ s  way a s p ~ c i f i r d  gene m a y  bc  r rp l l ca tcd  sevrrat rn i l l~onfo l r l  W i t h  -I~I-~~~IVLI~C ~OI~C.!IC 

eng ineer ing  ~ n c l u d i n g  the use of regu la tc~ry  ancl ferrnrnat~on .;crltrtnncr.i, the ~.rutc,rn p ~ c ~ d t r c t  of 
the  ~ i ~ s c ~ t c d  g c l i r  nnav hc cxpsrssed In prokdryclhc c ~ r  cuknryrbt~c t r t l s  

5. Market rescue by transdection with gene fragments, as a n~ethod c ~ f  gcnc t~c  
mapplng and of site-specific mutagencsis 

h Product~on of proteins coded by spccrfic viral gcncs using bacterial, yeast, 
insect, and animal cell expressirnn syst~nis,  or by cell-frtc translaticln 

7. Synthesis of peptides based on DNA sequence data 
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Genet ic  Analysis of Viruses lhat  Cannot  be Cultured 

Growth in cell culture is nnt cssenl1~11 Ior tlic study of viral nurlcic aclils and 
~'rotclns, since tlic introd~~ction r d  gr-nc cloriivg and then the polyrmerase 
chain reaction (I'CR) has made i t  ~t poss~ble tcr p r o d ~ ~ c c  virlu,illy unlimited 
qii,i~"~ties nf any required nr~cletc acid Ik~narkable prngrcss has been made 
in the gtlneI1c analysis uf sump noncul(~vablc viruses, such as the pa- 
pillornaviruscs, by using DNA exlracted directIy from papillomas. A recent 
milestone 117 thc h~story o f  virology was the molecular clonlng followed by 
d~tcrmination of the cr~mplete nucltotide sequence of the hepatilis C virus 
gt1nr>rnc w~thout  the virus ever hav~ng been seen by electron n1icrosco~7y, let 
,ilcrne cullured (see Chapter 26). 

Transgenic Animals 

Transgenic animals provide a new fool far investigating many problems in 
virology, im~nunology, and biology in general In exper~niental bic~logy trans- 
genic animals have been most comtnonly prtlcl~~ced with mice, either by using 
retrovirus vectors or more commonly by unjecting selected fragments of DNA 
intr~ niw oC the two pronuclei of fertilized eggs, some of wh~ch ,  after replace- 
ment in foster mothers, develop normally into adults to form the basis of a 
colony of transgenic animals that are hornozygous for the transgene. The 
technique has enormous potential for enlarging our understanding of viral 
biology, for if  provides insights into the potential rule in viral palhogenesis 01 
in~l iv~dual  viral gene products in the contcxt of the intact animal. 

Evolution of Viruses 

Viruses have left no fossil record, hence we must rely on scrutiny of exist- 
ing V I ~ U S C S  for clues to viral origrns and evolution. Much can be learned by 
cornparia~g the nuclec~ttde sequences of the tllousands of viral and celIular 
gencs now available in the burgeoning international computer data banks. 
I Inwevcr, i t  mtlst be recognized that we are looking through a tiny window 01 
tinic* in ~ h c  cc-rntext o f  the history of llfe on earth. Although sequpncmg the 
f i c ~ ~ o ~ n c s  of contemporary viruses can shed light on relationships between 
flwm a n d  ccrtain cellular genes, wc are slitl 111 the dark about the origin ol 
viruses Some scientists regard it as axinrnalic that visuses evolved originally 
frtrnb DNA or K N A  already present in a cellular organelle or chrornosume, or 
from sonic form nl intraccllular parasite such as a bacicrium, whereas others 
p ~ t u r c  a pnmcval " I iNA world" in which a fnrm of self-re~7licatlng RNA akin 

modern virnids predated DNA, protcins, and cells. We also have no idea 
whclher all virciscs cvrllved from a single prugcn~tor, although there is evi- 
dcnce that tlie plus sense RNA virt~ses may have. 

A cnniputer search reveals that the gcnomes of virtually all plus sense 
l i N A  viruses, whether of animal or plant or~gin,  contain an RNA-dependent 
RNA pcllynncrase gene w~t l i  certain conserved rnot~fs, suggesting that this 

cswrit~al enxynie may h,we bven tlic earl~csl v~ml  protc~n. Mosl fani111cs of thr 
larger JilNA viruses also carry genes for an [iNA l~c . l~~nsc~ a n d  a k-rrtlltvnasr 
activity, hnlh of whrch clisplay sufficirr~t ~cscmblancc t o  thwr r.cllt~l,ir horno- 
logstto ind~catc tliat they were onginally actluirc*d froin ccllul~ir ~iuclclc c ~ c ~ d  by 
rect~rnh~na tion, or  vicc vprsa Indeed, Ihcrc is much i3vidcnce t t r  s~rggc~st that 
among viruscs genetic rccon~blnation has bccn a 17i(3rc1 1n1po1 tan1 ~ ~ c ~ l u f ~ ~ ) i ~ ; l r y  
mechanis~n than point mutatinn, and has been responslblc for miajor cl~;lngcs 
such a s  tlie produclion of thp yrogcn~tc~rs of all hlgher Jcvel tnxa Tlic theory 
of "modular evolut.rnnW of plus sense RNA vlral grnornrs postulates that, 
once the cluster of genes essential for gcmume replication was 111 place in the 
prototype virus(es), nf her genes enccldirig accessory and structural proteins, 
less vital but advantageous to the viru?, were added to the genome by rcconl- 
bination; subsequrntly these "modules" or "cassettes" have been acqu~red 
from or exchanged with the genome of other, related or ~inrclaled, viruscs by 
genetic recombination or reassortment. M~nor  changes continue to occur at a 
very high frequency as a result of  point rnutatlons or less frequently nucle- 
otide insertion or deletion. Such mutations do not occur at the same rate in all 
genes of anilnal viruses; in influenza A vlrus, for example, they are more 
abundant in surface proteins subject to selection by neutralizing antibodies. 

Because of the importance of serological methods for diagnostic pur- 
poses, clinlcal virologists place great emphasis nn the surface protcins, ~vl7ich 
distinguish viral strains of relatively recent origin from one another. Phylo- 
genetically, however, the key enzymes cc~ncerned with genon-ne r~plicalion, 
as well as gene order, the nature and location nf noncociing regulatory se- 
quences, and key features of the viral replication strategy, arc more srgn~licanl 
in defining a family and iis rt.lationship to other families from which ~t may 
have diverged rntllions of years ago. In the so-called ywl!jthr/tc approach tn 
taxonomy, viruses are grouped into genera tliat share a unique sct of chnsac- 
ters, some but not all of which may bc shared with viruses of otliier gcnora. 
These Laxo~iomicalily useful characters are jess variable 111311 snme of the other 
phenotypic characters that arc uf greater diagnostic, patliogcnet~c, and cyide- 
mioIogic importance. 

S~milar principles and algorithms have been appIlcd to construct cvolu- 
tionary trees o l  other viruses. 'The fam~lies of minus sense KNA viruscs and of 
DNA viruscs are more heterogeneous than those of thc plus sense RNA 
viruses, and may have arisen from a number of disttnct protoviruses .I'lie 
large DNA viruses such a s  poaviruscs and herpesviruses al3pe;lr to have 
captured the gents for numerous cellular enzymes from thcrr host cells at 
some time in the distant past. The retrav~ruses share a comrnnn ge3netrc lea- 
ture, the ' ' ~ n g - p I  repl~c"11" (which encocles a reverse transcriptase) with tlie 
"pararelroviruses" (such as lii.padnaviruses), as well as w ~ t h  tlie varlnus 
classes of nnninfectious "retroc~lerncnts" known as  retrotranspc~sori~, retro- 
posons, ,itid retrons. 

The genetic mechanisms descrlbcd in this chapter, opelaling under [lie 
pressurc of Ilarwinian selection, have bccn clearly ~ncr~rninatcd in scrwral 
reccnl i~npnrtant exarnples of viral cvolut~nri (-lable 4-11, Hcrc we shal l  cnntcnt 
ourselves with a desrriptlon of two viruses that ~llustratc part~cutarly we*ll (fie 
drama tic lrnpacl of evolution, even ovcr a reld tively short lime span. Clnc, 
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Table 4-1 
Exar11plcs crl C;rilclic Mcrha~iicnls Thai I lavr  AICcctc.J Vl~nl tvr!l~~t~crn" 

Eun nil?lc 

1,clIial cl~~c-kcvn jr~fl~rtxn~a duca i r r  a 51ngIr po~nf mutatrcir~ 
Wvstcrn 17qulncb c.nccpl~al~lir rvlru.; produrcd hy 

rccomb~n,ll~rrn hrtwcc.11 rd\tc>rn erlulne r,ncc-plial~t~s 
viru5 ancl a S~nclb~s- l~kr nlptiav~rus 

Rndrrnic Iiu111dn rnflurn~a A s~rbtyprs t12N2 (1917) and 
1-13N2 (1968) 

Cll~anges 117 pnl~nvacc~ne I(lllnw~ng vacc~~iatiun 
Evolullnr~ of subacutth sclcrtr.;rng panenccphal~hs vlrus 

from n~c,asles vlrtrs 
Evnlrrt~cin of rubella vlrus 

Bawd o n  E D Kilbournr, Crtrr O ~ J I ~ I  I~rtrtr~ittol 3, 518 ( l 9 Y I )  
'' M~ssrnsc mlltatinns of M gemc 

Comparccl wlth ttic alphavirus grnume, thc order of Iiellcase and NS M region 1s revvrsed in 
ruhrlla vlrrls 

myxnma virus, hialllights the importance of changes in viral virulence and 
host resistance The ~>tIier, infll~enza A virus, illustrates how effectively vi- 
ruses can evolve to avoid the immune response of the host, 

Genetic Changes in Virus and Host in Myxomatosis 

Myxornatosis, caused by a poxvirus, occurs naturally as a mild ~nfection of 
rabbits in South America and California (Sylvilngus spp.), in which it produces 
a ben~gn fibroma from which virus is transmitted mechdnicaliy by biting 
insects. f-lowever, in laboratory (Eurt,pean) rabbits (Oryrlolngus crrnicwlus), my- 
xnma virus cniises a lethal infection, a finding that led to its use for biological 
cc~~itrol of wild European rabbits In Australia. 

Thr wild European rabbit was introduced into Australia in 1859 for sport- 
Ing purposes and rapidly spread over the southern part of the continent, 
where it became the major animal pest of the agricultural and pastoral indus- 
tries Myxoma virus from South America was successiulJy introduced into the 
rabbit population in 1950; when originally liberated the visus produced case- 
fatality rates of over 99%. This highly virulent virus was readily transmitted 
by nit7squilocs. Farmers undertucik "inoc~~lation campaigns" to rntrcaduce vir- 
ulerit myxnma virus into wild rabbit populations. 

I t  might have been predictmed that the disease and with it the virus would 
disappear at the end of each summer, owing to the greatly diminished num- 
bcrs of susceptible rabbits and the grratly lowered opportunity for transmis- 
slon by mnsquitcres during the winter. This must often have occurred in 
Incalized areas, but ~t did not happen over the conttnent as a whole. Tke 
capacity of virus tw survive the winter conferred a great selective advantage 
on viral mutants of rcduced lethality, since during this period, when mosquito 
nunihcrs were low, rabbits infected by such mutants survived in an infectlous 
condihnn for weeks instead of a few days. Within 3 years such "attunuated" 
ni~~llants became the dominant strains throrfghout Australia. Some inoculation 
campaigns with the vlrulcnt virus produced localized highly lethal outbreaks, 

but ITI general the viruses that spend  thrc~ugli tlie rahbrt pnpul13tions each 
year were tlic "c~ttunuated" stra~ns,  which becausc [if thc prolonged illness in 
tlicir hosks provided a greatcr opport~n11y for T I I O S C [ U ~ ~ O  t r ~ n s m i s ~ i n n .  I'hus 
the original I~ighly letlial virus was prc~gressively repl,~ccd by a heterrIgcnent~s 
collecticsn of strains of lower virulence, brrf most of llicni still virulent enough 
to kill 70-9076 nf genetically unsclccted rabbits. 

Rabbits that recover from myxurnatosis are immune to reinfection. How- 
ever, since most wild rabbits have a llle span of less than l year, herd immu- 
nity is no1 so critically ~mportant in tlie epidemiology of myxomatosis a s  it is 
in infections of longer lived specics. The carly appearance of viral strains of 
lower virulence, which allowed 10% of genetically ~~nselected rabbits to recov- 
er, allowed selection for genelically more resislant an~rnals to occur. In areas 
where repeated outbreaks occurred, !lie genetic resistance of the rabbits In- 
creased steadily such that the casc-fatal~ty rate afler infect~on under labora- 
tory conditions with a particular strain uf virus fell from 90 to 50% within 7 
years. Subsequently, in areas where there were frcrluent outbreaks of myx- 
omatosis, somewhat more virulent strains of myxnma vlrus became dnrni- 
nant, because they produced the kind of disease that was best transniitted in 
populations of genetically resistant rabbits. Thus, the ult~matr  balance struck 
between myxorna virus and Australian rabbits ln~olved adaptat~ons c ~ f  both 
the virus and host populations, reaching a dynamic equilibrium cvliich finds 
rabbits greatly reduced compared with premyxc~rnatosis numbers, but stllf tuu 
numernus for the wishes of farmers and cunservatlonists. 

Genetic Changes in Influenza A Virus 

Human influenza virus was first isolated In 1933 Since that time human 
influenza viruses have been recovercd from all of the world, and their 
antigenic properties have been s tud~~ed in considerable detail, thus providing 
an opportunity for observing continuing evolutionary changes. 

Influenza A virus occurs in liumarls, swine, horses, h~rds,  and aquatic 
mammals. Subtypes arc classified according to the two envelope antigens, the 
hemagglutinin (HA, or H) and neura1niiIidd~e (NA,  or N)  All of the fourteen 
subtypes of the HA molecule have been found in influenza viri~scs from 
birds, three of them also 111 humans, two in pigs, horses, seals, and whales, 
and one in mink. The nine NA subtypes show a sirnilar distr~b~~kinn.  

The outstanding featirre ol inf1uenj.a A virus is the arltlgcnic variability of 
Ihe envelope glycoproleins, HA and NA, which rrndergn two types ot' 
changes, known as ~ir fr~gcr~rc  drift and n~ri~yrrric slrrfl Antigenic drift occurs 
within a subtype and involves a gradual accumufatic~n nf point mutations; 
those affecting neutralizing,opitopl~s prod i~ce  strains cacti antigenically slightly 
different from its predecessnr. In contrast, ant~genic sli~fl involves the sudden 
acquisition of a gene far a completely new HA clr NA, giving rise lo a nclvel 
subtype that spreads rapidly around the world as must o r  all h~trnans /lave n o  
immunity to it. 

Antigenic Shiff 

During the past century there have bcun five pandemics of I.ruman influ- 
enza, namely in 1890, 1900, 1918,1Y57, and 1968 'Thc pandcmic a t  Ihc. cnd of 
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Ilie Lrst World War k~llcd elver 20 niill~on ptople--moi-t Ihon the war ~tselt. In 
1957 thc H l N l  sabfypc was s u d d t ~ i l j ~  rrplaccd by a nrlw s ~ ~ b t y p e ,  H2N2, 
knnwri as "Asia~l FIII" bccausc it o r i~ ina t rd  in Cluna. W~thin a year over 1 
billion people had been itifcctcd, hul fortunately Ihe mortality was much 
lower than in 1918, probably becausc the slr,iin was intrinsically less virulent, 
altliough Ihc ava~labil~ty of antibiotics l o  treat bacter~al superinfection un- 
doubtedly savt~d many lives. In 1968 Iti~s stibtype was in turn replaccd by the 
"Hong Kong flu" (FI3N2). Finally, in 1977 the f-IINT subtype mystcriously 
reappeared, and since then thr two st1 btypes H3N2 and HlNF have cocircu- 
la ted 

The first clear evrdence that clislinct mechanisms are involved in the 
processes of antigenic shift and drift came frcm peptide mapping and partial 
amino acid sequencing of I-iA proteins, which demonstrated relatively close 
I-clat~onsh~ps between strains within each r>f the three human subtypes (131, 
u p  until 1957; H2, 1957-1948; 113, 1968 to the preserlt) but major differences 
bettvcen subtypes, indicating that a sharp discontinuity in the evolutionary 
pattern liaci occurred with the emergence of k-12 in 1957 and H3 in 1968. With 
the advent of nucleic acid sequencing it became feasible to determine the 
cnmplete nucleolide sequence nf all eight genes of many s t ra~ns  nf jnfluenza 
vrruscs isolated from several species of animals and birds. Phylogenetic analy- 
s ~ s  of the data now ind~cates that all of the: influenza viruses of mammals, 
including humans, originated Crc~m the avian influenza gene pool, which itself 
presumably evolved from a common ancestral avian influenza virus. In 1957, 
three of tlie eight gencs (HA, NA, and PBI) of the prevalent human H I M 1  
subtype were replaced by Eurasian avian influenza genes to produce the 
human I F2N2 subtype; then, in 1968 tlic human I-12N2 subtype acquired new 
HA and PLT1 gcn'es from another avian influenza virus of the Eurasian lineage 
lo produce the human Fi3N2 subtype. Moreover, retrospective seroIog~cal 
s t ud~cs  indicate that tlic 1890 human pandemic subtype was fI2N8, the 1900 
subtype H3N8, and the 1918 subtype FIIN1, suggest~ng a pattern of recycling 
of the three lit~man I-IA subtypes ( t l l ,  H2, H3). 

Infli~cnxa A viruscs froin birds grow very poorly in humans, and vice 
versa; indeed, reassortants containing avian internal genes have been tested 
as exprrirnental vaccines because of their avirulence and their ~nability to 
sprc'ad from human tcl h~rmari. However, bolh avian and human influenza 
virus can replicate In pigs, and genetic reassortn~ent between them can be 
demonstrated experimentally t n that host. An  attractive current hypothesis is 
that antigenic shift in nature occurs when thp prevaiIing human strain of 
influcnza A virus and an avian influenza virus concurrently infect a pig, 
w h ~ c l ~  serves as a "mixing vessel"; only a reassorta~it containing mainly genes 
dcrliied Irom the human virus but the H A  gcnp derived from the avian virus is 
able Itu intecl a liun-tan arid possibly to initiate a pandemic. While such a 
comhrnatinn of crrcumstances may not ocrur often, it must be appreciated 
Ihat in rural Soi~theast Asia, the most densely populated area of the world, 
l iundrct~s cri niilli.ons of people live and work in close contact with domesti- 
calcd pigs and dusks. I t  is no ct~incidence that the last two antigenic shifts to 
prclducr Inalor pandenilcs (141 to ti2 In 1957, and H2 lo H3 in 1968) emanated 
frt~rn C' l i i~~a.  

Not all cp~sndcs of ant~genic shift arc aftrihutable to genetic reassorlmcnt 

with a\i~an infl~tenza virus ?'he stra~n of I l lN1 Ih,>t rt.appcsared r i i  1977 closely 
resembled a human I-IlNl strain prcvalcnt a round  1950. Pcoylc o l c i  enough t o  
have had prior experirnctl of the H1 subtype heto~c ~t was rcplaced by 112N2 
in 1957 generally strll displayed a cr?nsiderabl~ tlcgrec of immunity to i t  when 
it reappeared. I low 1 IINJ s u r v ~ v ~ d  during tl-~is long inlerval is a complete 
mystery. It I S  lint inconceivable that ~l may l~avc  escaped from a laboratory in 
which it had been stored frozen since around 1950. Nor IS it clear wliy the tl1 
si~btyye was supplanted by H2 in 1957 (and 112 by F13 in 1968) yet 1-ll N1 and 
ET3N2 have contjnued to cocirculate since 1977. Genetic reassortanls between 
the human H1Nl and H3N2 subfypes have occas~onally been isolated from 
humans since tften. 

Antigenic Drift 

After antigenic shilk introduces a new pandemic subtype of influcnza A 
virus, arifigen~c drift begins. Point meltat~ons occur at random in all segments 
oi the siral genome, a proportion of whlch result in nonlethal amino acid 
changes In the correspnnding protcins Many of Iliese changes will be delete- 
rious or  neutral, but substitutions In antigenic sites on the H A  mnTecuIe will 
offer a survival advantage in the presence of nclltralizing antibody. Thus 
amino acid substitutions accumulate 111 the HA rnolccule oC naturally occur- 
ring isolates at the rate of about 1% per annum. 

Following the derivatior~ sf the tlirec-d~mensional structure of the influ- 
enza HA molecule by X-ray crystailography (Fig. 4-3) ~t became possible to 
map the precise location of ajl the amino acid chaugcs. Most of the cliarugcs in 
field s t ra~ns  arising in nature by an t~gen~c  drift arc situated on pro~ninent 
regions of the exposed surface of tlie t i A  rnnlecule in the general vicin~ty of 
the receptor-bimiding pocket. - .  

When monoclonal antibodies are used experimentally to select rsrnrv r r l r r -  

fn??ts, each mutant is generally found to contain only a sitiglc amino acid substi- 
tution, usualIy involving a change in charge or side-chain length, or sutnelimes 
creating an additional glycosylaticln site. Clearly, f h ~ s  singje substitution is 
sufficient to prevent that particular monoclonal antibody from binding to its 
epitope and neutralitit~g the virion by sterically hindering attachment to the 
hast cell, OF. by other more poorly understood mechanisms However, there 
are duzcns of overlapping epitopcs wliicli 'tend to cluster intr) f~ve major 
antigcnic sites (Fig. 4-3), and most infected liunians producc. ncutrnlizing 
antibodips directed at several or a11 of thcsc s12cs Ilcncc, if J varlant aristng 
z~nder natural circcrmstances in a n  Immune or partially immune human 1s to 
escape neutralization by the sprc tn~m of anti-HA antibodies present in that 
~ndividual, i t  would presumably need t(1 contain mutatinns in more lhan one 
antigcnic site. Such multiple mutations would arise only very rarely in  a given 
individual but could accumuIale scc~i~cnlially in successive individuals. A11 
known nat~tral strains ar~sing within the El3 s u h t y t ~  by antigtn~c drift  be- 
tween 1968 arid 1988 (as defined by lnck of ner.trr,~l~zairon by convalcscent 
ferret ant~sera against previor~s slrains) contained at Icnst four d~ffcrent aminn 
acid changes, located in at least two of Ihc five an t~gcnic siles, always includ- 
ing the irnmunodorninant si tcs A and f3. 

Attempts have beeri made to prcdict fhr direction of antigenic dnfl, in 
order to prepare appmpriate vaccincs 111 advancc. Ccrlain c~mirio acid rcsiducs 
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Fig. 4-3 Dlagrarn of rrne of thc three idctlt~cal mrtnnmers 
111 the Iremagglut~nin mo.leculr nl thc AlF-Jorlg KongllYh8 
(ff3N2) srrb!vlic of 1nfl11vni.a A vnrus, as delermrncd by 
X-ray crystallograplry Thc monomer rs composed (\I two 
glyce~sylatrd pnlypeptrde chains, HA,  and I [A,, the anuncl 
and tarbnxyl term~nl  o f  whlcli are sh~swn  as  N,  (N,) and C ,  
(C,) nrar thr  prnx~mal end of llie molecuJe, whlcll 1s inscr- 
tcd Into tht. viral envclopr. 7hc  receptor-blndir~g pocket 
can be s r r n  in tlie center of tlle d~sfal  tip of the "head" nf 
the  molecule, surrclundcd by the two imrnunodolninanl 
ant igen~c s~tes ,  A and B, and  close to the other antlgen~c 
s~ tc s ,  ,C, D, and  E 1 h c  black dtrts mark the Incatlon nl all 
the ammo a c ~ d  posit~ons that have altered dunng natural 

2 antigenic driCt 111 the 113N2 s u b l y p ~  ovvr the period 196% 
1986 Ctlrtarn amino a c ~ d  pcrsitlon.; in s ~ i r s  A and D havr 
changrd a number of t ~ m c s  during the 19 yearc It cat1 be 
seen ihat most of the suhst~tuticms have nccurred in epl- 
topes sufhrre~itly rlnse to the receptor-b~nding s ~ t e  for 
a hound antibodv molrcule (whlcfi IS approximately the 
same s1Le as HA) In sterically hinder attachment ( ~ f  the HA 
n~olccule tc! 11s recrptrrr on the host cell IFrom J J Skehrl 
and  D C. Wiley, rrr  "RNA Genetics" ( E  Domingc~, 1 j 
Holland, and  P Ahlrluirt, eds  ), Vol 3, p 142 CRC Press. 
Boca Raton, Florida, I V R 8  

tend to change repeatedly in the course of natural antigenic drift, or selection 
by moaiorlnnal antibodies it? zlifrrl, and i t  may be concluded that they are key 
residtlcs within immunodnminant epitopes. However, there is no reproduc- 
ible nrder or direction of the changes; indeed, two separate lineages have 
arisen during natural drift within the H3N2 subtype of influenza A, and two 
within influenza i! 
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Types of Virus-Cell Inierackions 

Table 5-1 
Ijryc.5 of VITLES-CtbJI Inleract~onr 

Cytr>cldal (ly tic) 

The "typical" v~rus-ccll inttractic~n described In Chapter 3 was a ] I ~ O ~ E I C C I Z ! C  
inft*ctitrn of  a / I C ! . I I ~ ~ S S I ~ Y ~  cell by a rylr~crdnl (Illtic) virus, that is, resulting in the 
C)I-o'duction of infectious virit~ns and the dcalh o f  the host cell. I t  is important 
io a l~p~eciafc  that stline rytocidal virus-cull encounters are r lnn l~r t rdur f i - i r e  (al~or- 
frircl) and thaL st)rne pruductive i n f ~ c t ~ o n s  arc nc117cy/acidnl Eflrr~i ly f tc )  (Table 5-1) 

Types of Virus-Cell Interactions 

F"~.st, cvelj whcn an irlfectio~~s virion cnters a susceptible ccII, morc often than 
not the cncourrtcr w ~ f l  be nonproduct~vc-lor reasons not fully understood. 
St-rond, some typt-*s clf  cclls are ~rorr/~r?rlrri..;s~a~c~ for parlicr~lar types of vlrus. The 
viral rcplicalic>li cycle niay be blncked at any point from attachment (owing to 
the abscncc of an apprt~prialc rrccptor) thrn~~y;li to tllc fit-cal stage of assembly 
and ~elcasc. (c.l;., trwing to thil absemcc c ? t  an appropriate cellular protease to 
clc,i\lc a n  cnvclcrpe glycc~protein and thus rcnder tllc progeny virions infec- 
I~ous) I f  thtre is a debcct In the viral genome, abortive replication will occur 
cvvn within a lully plpr~niss~vc cell Two pari~ct~lar  examples, discussed In 
Chapter 4, al-c the dclction rn~~tanfs  known as defective interfering (Dl) mu- 
tants and tlic point mut;lnts knclwn as rt~ndilinnal lethal rnl~tanls Olten a 
w~lcl-type vi1.u~ that rcpl~calcs pcric-ctly wcll iai a paalici~lar type of hosl cell 
Ilnds another cc-I1 Lypr nc~lapi~rrnissivc; In such cases l t  is a moot point whether 

I:ffects OIl ccll 

Morpholtrgical changes in cclls 
(cylopatf~~c effects), inhth~l~trn nf 
prrltcln, I iNA  and DNA ryntFws~s. 
cell death 

No cytopalh~c effect; 1 1 1 1 1 ~  tnet,7hnl1c 
disturbance; cells cnnt~nuc to dlvrdc; 
may bc loss crf thc special funcl~on\ 
of some diffrrent~atcd crlls. 

U5~rally nll 

Alteration In crll mnrphology; cellr 
can be passaged ~ndehnitefv, nlay , 
prnduce tumors whcn transplanled 
to experrniental animals 

-. hzrt virus lnay 
bc ~nducrd*~ 

-, olncogrnlc DNA 
vlruscc 

I - ,  oncogenic 
retrov~ruscc 

Mcaslrr vlrus In 
bra~n 
J'olyornavlruscs, 

ad cnoviruscs 
Mouse, ch~cken 

lcuko51s and 
sarcoma vlruseq 

to allocate the blame to a defect in the cell clr the virus-it is the combination 
that is unsatisfactory. The special cast. of corrd'it~onally defective (satellite) 
viruses (c.g., Iiepatitls D virus) that can replicate only in the presence of a 
helper virus (hepatitis B virus) which supplies an essential gene product was 
also described in Chapter 4. 

Finally, the most important of all nonprt~drrctive virus-cell interactions 
are Ihose particular types of persiste~it ~nfcctions known as  latent infections, 
in which one or more complete or defective DNA copies of the viral genome 
are maintained indefinitely in the cell, either integrated into a host cell chro- 
mosome OT in the form of a cytoplasmic episome, but are not fully expressed. 
The ceIl survives, indeed may divide repeatedly, but no virions are produced 
unless or untiI the cell is induced to do so by an appropriate stimulus (see 
Chapter 10) 

Regardless of whetlier the virus-cell encounter gives rlse to infectious 
progeny, the infection may be lyt~c or nonlytic. Some viruses, such as are- 
naviruses and retroviruses, replicate nnrmafly w~thout k~lling the cell; they do 
not sliut down host cell protein, RNA, ur DNA synthesis, and virions are 
released by budding through the plasma naembrane. Although some of these 
viruses may produce subtle changes in ccrtain funcTtinns of the host cell that 
are not essential Inr its s~arvival ("luxury" functions), the infected ccll may 
continue to divide and new virions continue to be synth~sized indefinitely. 
The extreme case is lr~nsforrnnlio!l by o f ! r f ~ ~ y e ~ r t c  ~lir~rsr~s, here, one or niore 
copies ot the DNA viral genome (or of a cUNA copy of an RNA viral ge~iomc) 
is retained indefinitely inside tlre cell cvliicli is itself not killed but I S  pcrrna- 
ncntly altered (transformed), snmttimes t o  a state of mal~gnancy (cancer). 
Ccrtain oncngenic vlruscs, the relroviruses, cifte~i rrla~nlairi a prixiuctivc non- 
cyt~lcidal infection in malignant cells; with athers, notably [hi. DNA ori- 
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cogrnic viruses, produciive infection I S  incclnipatiblc w~rtll C C I I  S I I ~ V I V ~ T ,  and 
cancer develc~ps in cc.llc; in W I - I I C ~  only rrrtain viral gcncs are expressed (see 
C h a p t c d  I )  

Cytopathic Effects of Virus Jnfecliens 

Cylocidal viruses kill the cclls in which they replicate. When a monolayer of 
cullured cells is infected with a small nurnbcr of virions, their progeny will be 
released frurn the infected cells and will spread through the medium to infect 
distanl (as well a s  adjacent) cells, SO thal eventually all cells in the culture will 
be invt>lved, l'he resulting ctlll damage is known a s  the cyfnp~thic ffccf (CPE) of 
the virus, and the rcsponsible vir~ls  IS said tr, be c!~foy~afJto~qcnrc. The CPE can 
olten be observed by Inw-power light microscopy In unstairicd cell cultures 
(Figs 5-1 and 5-2A-C); fixatlon and stainlng of the cell monolayer may reveal 
f i~rthrr  diagnostic details, notably l~rclusrorr bridles and syncytin The nature and 
speed of development of ihe cytopnthic eflect are characteristic of t h e  particu- 
liar wrus ir-rvolved anil therelore represenl important criteria for the prelirni- 
nary identification of cliiircal isolates (scc Chapter 12). 

Inclusion Bodies 

A characteristic morphological change in cells infected by certain viruses is the 
torn~ation of rriclusio?~ 11(1dii>s (or ~~rclt~sions) which are r e c o g n i z e d  by Iight mi- 
croscopy following fixatinn and staining (Fig. 5-3). Dep~nding  on the virus, 
incluslr~n bodies may be single or  tnultiple, large or small, intranuclear or 
i~itracyloplasrnic, round or irregular in shape, and acidophilic (stained by 
eusin) clr basoyhllic (stained by hernataxylin). 

I77cm most striking viral inclusion bodies are the intracytoylasrnic inch- 
sic~rus found in cells infected with poxviruses, par;lrnyxoviruses, reoviruses, 

Fig. 5-1 Unsta~nc-d ronfli~cnt mnncilay~ts u i  the t h e  maln types uf culturcd cells, as thry 
at7yc.u 1777 101.v-powrr ltglih rnlcrusfilpy, thrnugli thil ~ c n l l  nE: thr glass c1r plastlr vcssrl In which the 
rr - l l s  < a r t n  c-~~llur~d Mngrirf1c~~tli1n rho ( A )  l'r~nvary n1crnki.y k1dnc.y cp~tliel~um n niixcii prjpula- 
Iton of r~ins~nl\ ,  c,prthr*llal cc31s tnkihn frt.shly from thr hodv (D)  D1j7loid strain nl hrrmnn fetal 
Cli~rnhLc15t:, ((:) Continnotl\ I~nr of mnl~sgnarrt cp~tlirlral cc119 (Courtesy 1. Jark ) 

~ ~ b o p a t h i c  Efferts of Virus Infections 77 

Fig. 5-2 Cytnpatliir ~*fferts product~rl by d~lfr.rc*nt virure.; 711r crnll nionnlayrrs art. shown as 
t11t.y w(7ul.d nr!rn?ally bc viewed in the lab<rratory, rrnf~xccf and r ~ ~ ~ s t a ~ r i r r l  Ma~nifrc~ql~crn. xhO (A) 
Fntrro~rrrcrs. rapid n ~ ~ ~ r i d r n g  of rrll\, pro{:rch\slng trr rr)rnplc,lr crll IV\IS (I!) I-lrrpt,.;v~r~~s Inc'il 
arcaz c ~ f  .;wr~llrn rr~undcd rrll5 (C) Parnrnyuov~~cr~ frlca1 arras of c ~ ~ l l s  arcx fr~s~d to f{~rni syncyt~a 
ID) t Iivnad.;orptlon~ erylllrrrrvtrs adsorb tct ~nfectrd cvll\ t l ~ a t  tnrorptrrate Irrtnaggi~rtrnrn lrihn the 
plaqrna n~cmhranc  (Cnul lcsv I Jack ) 
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Fig. 5-3 ryprs of viral inclu.;~on bodles (hrnlaloxyl~n and er,sln stain) Magn~f~c, l t~r~n.  ~ 2 0 0  ( A )  
Intranllclcar ~nc.lusfclrns and syncyhum (herpesvirus) Slnali arrow, nuclcc~lus, large arrow, inclu- 
.;Ion body No(r1 rnarg~nafion ofrondenhcd ntrcl~ar chrtlrnat~n separated from lnclusiun body by a 
h a l o  ( R )  Intracytoyfa~rn~c ~ n c l ~ ~ s i o n s  (n:ov~ru<). Arrows ~ndicate ~n r lus~c )n  bodirs, n ~ a ~ n l y  in 
p r i n ~ l c l r a r  Ii~cnticlnc (C) Iritranr~clcar and ~ntracytoplasn~~c ~nc lus~ons  and syncyt~a (rnrasles 
I~-LIS).  Small almw, in!racytnplasrn~c inclt~sron b ~ d y ,  large arrtrw, l~ilranuclear lncfusion budy. 
(C(7urtvsy I Jack ) 

and rabies virus and the ~nlranuclear inclusion bodies found in cells infected 
with hcrpesviruses, adenovirrrses, and parvoviruses. Some viruses, for exam- 
ple, measles virus and cytornegalovirus, may produce both nuclear and  cyto- 
plasniic inclusion bodies in the same cell. Many inclusions have been shown 
to bc accumulations nl viral structural components; foa example, tlie intra- 
uptr>plasniic inc1itsions in cells infected with rabies virus ur in "incl~~sion body 
encepf lalit is" (subacute sclerosing encephalnpathy, caused by measles virus) 
are rnassps of viral nucleocapsids. The basopl-rilic rntracytoplasmic inclusions 
~nvar~ably  found in cells Enfccted with pnxviruses are sites of viral synthesis 
(vir,il "'factr,riesW) made up of masses of viral protein and nucleic acid. In a few 
jnstanccs, for example, adenoviruses in the nucleus and reoviruses in the 
cytoplasm, inclusion bodies represent crystalline aggregates of virions. Other 
incltrsiota bod~es, such a s  those foi~nd in the nucleus of cells infected with 
hespcsviruses, are the result nf late degenerative changes, as well as conden- 
sat~c-.rn and margination of chromatin; these nilclear inclusions are made more 
n h v i n ~ ~ s  by a clear i~nstained Ilaln which is a shrinkage artifact produced by 
f~xaklori (Fig. 5-3A). 

Effects of Viruses on Plasma Membrane 

I n  tjrc course of their replication, viruses belonging to several famrlies 
cause changes in tlie plasma ~ncmbrane of thc cell by insertion of viral gly: 
coprolt'ins. As discusscd in Chapter 3, viral glycoprntc~ns are not inserted at 
random in thc plasma mrrnbrarre. Viruses Llint mature at the apical surface of 
cp~t twl~al  cells a r t  shed i~iEo the erivir(~i1mcn1, whereas thnse maturing at  the 
hasolateral surfacc Intjve to rrthlcr sites In thc body, sumetimes entering, the 
blocdslrr.arn and cstahlistling systenlic ~nfectinn. i b ~  cxarnple, rabies virus 1s 

shcd from the ap~c;ll surface nC salrvary glnricf c*prihr~Iitrm Into l l~c  .;allva of ,3 

rab~d dog, w h ~ r c a s  rctrov~ruscs bud illrough Ilie t~asc~l~itct-a1 surfact .   rid  lass 
directly from cell to crll or bccoruc d~ssctninatcrl W~lcl-typc Striclai virirs, 
which causes a localized respiratory ~nfvctioti, buds ,ipiually, whclrras n pan- 
trtlpic variant buds bast~latcrally; nnclcotidc sequencing of such pairs should 
shed light on the "post-codes" that dirccl the migration of viral and celltllar 
glycoproleins, which are sorted In the Irans-Colg~ network inlo dislinct trans- 
port vesicles 113r direct del ivrry to tlic a pica1 or hasolateral surtacc. Currtlnt 
work suggests that the mernhrane anchor region represents an important 
targeting signal. 

Cytol.ysis by lmmz~nologic Mecllnnis~~$s 

Virus-coded antigens in the plasma membrane constitute a target for 
specific immune mechanisms, both Elurnoral and cellular, which may result in 
lysis of the cell before s~gnificar~t numbers of new vjrions are prod~iccd, thus 
slc7wing the progress of infection and hastening recovery (see Chapter 8). In 
some cases tlie immune response rnay precipitate immunc~pathologic disease 
,(see Chapter 9). Some viral antigens incorporated in the cell membrane, 
found in cells that are translormed by viruses, behave as turrmr-s~?rc~fic lrnr~s- 
plntrintiorz nt1lilg~r7s (see Chapter 11). 

Cell Fusion 

A conspiceious feature of infecti(~n of cell ninnolayers by lentiviruses, 
paramyxoviruses, scme herpesviruscs and some other viri~svs is the produc- 
tion of s,yncyfin (see Fig. 5-2C and 5-3C), which result from the fusion of the 
infected cell with neighboring infected or uninfected cells. Such multinuclcate 
syncytia may also be seen in the tissues ijf persons inlectcd with these vlruses 
and may represent an important rnecl~anisin ol sprcatl wliicli avoids expc)sure 
of virions to nci~tralizing antibodies and also allows ~nfcction to be transmit- 
ted by subviral entities such as nucleocapsids or even v~ral  nurleic aad.  

At high multiplicity of infection, paramyxnvirtrses may cause rapid fusion 
of cultured cells without any require~nent for replication, simply as a rcsull of 
the actinn of the fusion (F) protein of Input v~rinns aIt,~cIiing to the plasma 
membrane. Cell biologists have used lhis plienonienon to produce functional 
hel~roknrynt~s by fusing different types of cells For example, in the pioneering 
exper~ments by Milstein and Kohler that produced tlic first n~o~~oclonal  anfi- 
bod~es,  parainfluen7.a virus inactlvattd by irradiation witli ultraviolci light 
was used to prodirce I~ybrdnr~rn ccljs by fusron uf ant1body-y7rodi1cing I! lym- 
phocytes with myeloma cells. 

Cells in rnonnlayer culture infected with ortlioniyxoviruses, parnmyxrj- 
vrruses, or togaviruses, all of which bud froni tlie plasma mcrnbrane, acquire 
the ability to adsorb erythrr~cytes. I l l s  phenomenon, knnwn as I r t ~ ~ r ~ o d s o v ~ ~ l i ~ ? ~ ~  
(see Fig. 5-2D), is due  to the ilncorporalion into the plasma membrane (II v~ral  
glycloproteins assembled into peplomers, and it beco~iics dcm~rnstr~~ble quite 
early in ?lie replicatirm cycle of nc~ncytocidal or cytocidal v~ruscs. On the 
envelope of the vision, the same glycoprcrtc~~n peplon~crs arc rcsponsihle I r w  
Irc!rrn~y~yltffz~ln(io~~, that is, agghlination of crytlirocylcs by v~rions. AI.tliough 
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hemadsnrytion and h~ri~agglutlnatic~n are no1 knnwn Lo play a role in [Re 
pallic~grncs~s of v~ral  diseases, buth techn1q1rt.s arc used extensively In their 
laboratory diagr~osis (see Chdpter 12) 

Other MorphologicaI Changes in Virus-Infected Cells 

As seen at the higher resolution provided by the electron microscope, the 
specific and nclnspecific changes in virus-infected cells are dramatic and var- 
ied. Early changes in cell structure often involve proliferation of various cell 
membranes; for example, herpesviruses cause increased synthesis of the nu-  
clear n~embrane, flaviviruses cause proliferation of endoplasmic reticulum, 
picnrnaviruses arid caliciviruses cause a distinctive proliferation of rnicrovesi- 
cles rn the cytoplasm, and many retrc)viruses cause peculiar fusions of cyto- 
plasn-ric membranes. Infection by many viruses also leads to a disruption ol 
cytcrskeletal fiber systems by depolymerization of microfilaments and/or mi- 
crotuhulcs, desp~te  the Fact that the cytoplasmic cytoskeleton and the nuclear 
matrix, wlzrcli provide the physical site for many metabolic activities of the 

. cell, arp also used for the subcellular compartmentalization of viral replicaiive 
processes. Later In the course of infection, many lytic viruses cause nuclear, 
c)rganeIle, and cytoplasniic rarefaction andt r~r  condensation, with terminal 
loss of host cell membrane integrity. In many cases the inevitability of cell 
death is obvious, but in other cases host cell functional loss is subtle and 
cannot he associated easily with particular ultrastructural pathologic changes. 
117 nc)rllytic infections most fur-lctional losses cannot easily be attributed to 
damage that is rnorphologicaliy evident. Specific examples reflecting the 
range ijI host cell changes occurring in virus-infected cclIs are included in 
niany of the chapters in Part 11. 

In addit~on to changes directly attributable to viral replication, most virrls- 
infc>cted cells alst, show nonspecific changes, very much Iikr those induced by 
physical or chpmical insults. The most common early and potc~~tially revers- 
ible change is what pathologists call "cloudy swelling;" this change is associ- 
ated witti ~ncreasing permeability of the plasma membrane. Electron rnicro- 
scopic s t ~ ~ d y  of such cells reveals diffuse swelling bf the nucleus, distention of 
the e~~doplasmic  reticulum and mitochondria, and rarefaction of the cyto- 
plasm Later in the course of many viral infections the nucleus becomes 
cnnclcnsed and shrunken, and cytoplasmic density increases. Cell destruction 
can hc the consequetrce of further loss nf osmotic integrity and leakage of 
lysc~sotnal enzymes into the cytnplasni. 'Pliis prt~gression, overall, is called try 
pv~ih<~logists '"the common t ~ r n ~ i n a l  pathway to cell death." 

Mechanisms of Cell Damage 

Sn many biochemical changes occur In cells infected with cytocidal viruses 
that the death of the cell cannot readily be ascribed to one particular event; 
rather it may be the final result of the cumulative action o l  several biochemical 
i11sult.s. Cell damage can occur even wjthnul replication of the virus, for 
example, when late stages of the expression of the viral genome are blocked 
exyerimontally, or in rerta~n abortive infections. 
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Shutdown of Cellular Protein Synthesis 

Most cytocidat viruses code for profeins that sllitl down the synllicsis of 
cellular proteins. The shr~ldown is particularly rapid and  profound In infec- 
tions of cultured cells by picornaviruses a n d  srrine poxviruses and hcr- 
pesviruscs. With some other viruses (e.g., adennviruses), the shutd(~w11 oc- 
cuss later and is rtlore gradual, wliereas with norlcytocidal viruses such as 
arenavlrusos and retroviruses there is no shutdown and nu cell death. 

The mechanisms are varied, and not all are clearly understood. In cases 
where the inhibition of cellular protein synthesis develops gradually and late 
in the replication cycle, it may pc?ssibly be due  to competition for ribosome 
subunits by the Iarge excess olf viral mRNA. Even when viral mRNA is not in 
excess, the shutdown may provide a selective advantage by atlowing the viral 
message to bind to ribosomes and initiate translation, as has been described 
with reovirus. An adenovirus early protein jnh~bits the transport of processed 
cellular mRNAs from nucleus to cytopilasm, whereas certain lierpesviruses 
bring about selective degradation caf cellular mRNA. A special case is the 
inactivation by a picornavirus pratease of the cellular cap-binding protein that 
is required for the binding of cellular mRNAs tn ribosomes; plcurnavirus RNA 
is peculiar in having no m7Gppp cap and being translated quite satisfactc~rily 
without it. 

Shutdown of Cellular Nucleic Acid Synthesis 

Some viruses reduce transcription of ccllular mRNA, but the mechanisms are 
not well understood. Inhibition of cellular DNA synthesis is common, except 
with those DNA viruses that replicate in the nucleus. This is an inevitable 
consequence of inhibition ol proteirj synthesis, but more specific niechanisrns 
have been described for certain viruses, these rncludc degradatton of cellular 
DNA by a poxvirus DNase and displacement of cellular DNA from its normal 
site of replication, seen with herpesviruses. 

Cytopathic Effects of Viral Profeins 

Large amounts of  various viral components arcumtrlate in the cell late in t h e  
replication cycle. Some of these, particularly certain capsid proteins (e,g 
adenovirus prntnn and fiber proteins), arc toxic tn cells. Fn addit~on, as dis- 
cussed above, v~ral  proteins that are insertcd 111 to the plasma ~ncmbrane may 
cause cell fusion, as well as providing a target for the immune response I ~ F  

7)izvo. Insertinn of viral proteins into thc  plasma mernbrantx can also change 
membrane permeability, leading directly t r )  loss of osrnubc integrily, cell 
swelling, and dealh. 

Noncytocidal Infections 

N(lncytocida1 viruses usually do not kill the cells in which they replicate. 0x1 
.the contrary, they may prodl~ce persisl~nt  infection, in which the rnfected 
cells prnduce arid release virions but ovcrall cellular mctobolism 1s little af- 
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Feclcd, with the tnfectcd cclls conl~n~iinji  to grow and dlviclc. I-Iits lype of 
ccll--vtrus intctsaction i s  l c ~ ~ ~ i d  In cclls infcctcd wit11 s~vera l  kinds of I iNA  
viruses- arrntivir~iscs, rplrcrviruses, and solnc paramyxovlruses, lor example, 
In all ol which vlrlons arc relccised by budding from the plasma membrane. 
Althnugli such v~rus-y~elditlg rclls may grow and divlde in cultrrrc for lor~g 
pcriiods, there are slow, progressive changes that with some cxceplions (c.g., 
some rctrc~viruses) ul timatcly lead t o  cell death. In khe body, cell r tp  lacement 
occurs so  rapidly in ~ntlst organs and lissues that Lhe slow fall-out of cells due 
t o  persistent infecl~on, at Eeast In Llie short term, rnay have no cffecl on overall 
ftrnclion Mnwevcr, persistently infrcted differentiated cells may lose their 
capacity to carry out specializccl functions, and neurons, once destroyed, are 
not replaced. Also, antigenic clianges produced in tlw plasma membrane may 
provoke irrimunc responses which can rapidly ltad to destruction o! the pcr- 
sistrntly infocted cclls and often nearby uninfected cells (see Chapler 9). 

Effects on Functions of Specialized Cells 

Although they d o  not immediately kill cells, infections with noncytocidal 
virr~ses often intcrfcre with the spec~alrzcd functions of different~ated cells. 
For example, lymphncytic clic~riorneningitis (LCM) virus repl~cating in so- 
matotropic cells of the pituriary gland of the persistently infected mouse 
lowers the produckiun of the mRNA for growth hnrmonc in the infected cells, 
thus impeding the gmwth and deveJopmerit of the animal. Similarly, I C M  
virus replicating in p cells of  the ~slets of Langerhans in the pancreas can 
induce hyperglycemia in the rnorrse, not dissimilar to insulin-dependent dia- 
hctcs in humans. p-Adrenergic receptors and opiate receptors are impaired in 
brain rclls persistently infected with measles virrrs, Viruses that ~ndect lym- 
pEicrcytes may iladucc a generalized immunosuppression. Rhinovirus infec- 
ri(117 of the nasal e p ~ t h c l ~ t ~ ~ u  results In cilia1 stasis and later in the destruction 
nf cilia, although thp cells are often not killcd. 'E'his effect can be demonstrated 
in organ culture (Fig. 5-41, and it is important in lowering the resistance ol the 
rcsp~rafol-y tract to secondary bacterial in feclion. 

Interferons 

Viral ir~tcrfert .~~rc~ Is said t o  occur when a virus-in fected cell popillation resists 
swpcr~nfection with the sanlc or a diffrrcnt spccies of virus. The interfering 
virus does not necessarily have to replicntc to induce interference, and the 
ab~lity c ~ f  t l ~ c  challenge virus to replicate may bc completely or only partially 
inhibited. 'Two m~ain mechanisms have been demonstraied. ( 1 )  ~nterference 
mcdratcd by defective interfering mi~tanls, operating only against the homo- 
I(.rgri~ar; virus (scc C l l ap t~ r  4), and (2) interference mediated by rtllc*rfcro)~ 

Properties of Interferons 

i n  1957 Isaacs and L~ndcnrnann reported, tliat cells of the chorioallantois of 
~~nibryonated lien's eggs irifcctcd rvitli influenza virus released into !he medi- 
um n nclnviral protein, "interfcrcln," which protected i~ninfectcd cells against 

Fig. 5-4 Effrcb of rlilnovrrus o n  borr~nr tracheal cllithrl~um grown t r r  w t r c r  as  an cxplant (o,r~an 
culture), as shown by Fcannlng clrcfron rnlcrosn1py (A) N'urmal appearance of c~llatrd cvllq (H) 
SIX day? after rnfcctitln manv cell5 are rnutidcd I I ~  or dt-tachtd [ l , r o ~ ~ i  S F Reccl ,and A Uny~Ic, 
I r r f c c  t ,  Itt~rnlitr 6, 68 (1072) 1 

infection with the same or unrelated viruses. This discovery ralsed hnpcs thdt 
such interferons could be used as safe, nontoxic broad-spectrum antiv~raI 
chemotherapeutic agents. Despite an cnclrnions amount of work on this 
group c ~ f  proteins since then, the ;~vallability of interferon as  a therapeutic 
agent far the treatnwnt of virus diseases rcrnains an rrnf~ili'11led dream. 'l hc 
discovery in the early 1980s thal interferon had anticancer effects stimulated 
further research which sliowed that the interferons tvcre typical members c ~ f  n 
large family of normal celllular regulatory proteins called cytc~kitrrs. We nr,w 
know that these are about 20 human intcrferclns, falling into three chemically 
distinct types, known as interleron n (which occurs as over a dozen sub-  
types), interferon P and interteron y (Table 5-2). 

The last decade has seen the discovery and cloning by recombinant DNA 
technology of the genes for several hunian interferoris, ci~nd the cnrrespond- 
irig proteins have been purified. Interferons J3 and r, but generdlly not inter- 
feron a, arc glycosyFated. Each suhurtit has an M, of abclut 20,1100; interferon a 

Table 5-2 
I'rt~pcrftrs (?I I lu~nnn  Inferfrrons 

Lcu kocytcs 
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is nctlve in monomeric Tor~n, wlit~rc*as intcrft.ron P occurs mainly as a dimer 
anti ~nt t r f r rc~n y as ;I t r t ra~ncr 

Interferons a anil p are not made conslitirtively In signif~cant amounts, 
but therr synthesis 1s induced by virus ~rifectlon-any virus, but especially 
RNA vlruses, multiplying in almost any tvpe nf cell, in any vertebrate specles. 
Interferon y is made only by 7' lymphocytes (and natural killer, or NK, cells), 
and only foll(swlng antigen-specific or mitogenic stimulation; i t  is a !yr?~plro- 
klrlc, with i mniunoregula tory frrnclions. Some interferons, espec~ally /3 and y, 
display a certain degree of hcwt species specif~city; for instance, mouse inter- 
ferons arc ineffective in humans, and vice versa. However, there is little or no 
viral specif~city, in that interferon a, P, or y induced by, say, a pararnyxovir~rs 
is fully effective against a togavirus, although certain cloned interferon sub- 
types may he much rnore effective against some viruses than against others, 
for reasons that will become apparent below 

Antiviral Action of Interferons I 
Fnllo\ving its induction by viral infection, interferon is released from the infec- 
led cclJ and h ~ n d s  t c ~  a specific receplor on the plasma membrane of other 
cells. There appears to be one receptor for interferon cu (which can also be 
utilized by interferon p) and another for interferon y. Binding of interferon tu. 
tn its reccptc~r triggers a tyrosine kinase to phosphorylate three pmteins 
which then assemble to form a large DNA-binding transcription factor, which 
in turn binds to a 14-base pair nucleotide consensits sequence present in the 
Sr-regulatory region of most interferon-inducible genes. This up-regulates the 
expression of over 20 cellular genes. Many of the induced rtr[erfcrori-re~uIat~J 
;w(~lrirrs (IRI'sl directly or indireclly inhibit the replicat~on of virus, each in a 
diffcriwt way. Binding of interferon y lo its receptor triggers the phosphoryla- 
tion clC a different transcription factor which recognizes a dilferent regulatory 
sequence controlling a different set of genes. I t  has recently become apparent 
that, although the interferon-treated cell becomes resistant to most viruses, 
individual interferon-induced protuns are eflectxve only against a limited 
range of viruses. Ihree  well-studied examples will suffice to illustrate the 
divcrsiry oi  biocliemical mechanisms involved in interferon-mediated inter- 
ference 

7hc  PlielF-2cu kinase, which rs made constitutively at Inw levels in un-  I 

treattd cells, is up-regt~laied by interferon 0, P, or y. Following brnding of 
dslZNA, wl~icli is an  internieidiate or  by-product formed in the course of RNA 
v i r ~ ~ s  rel;.rlicaticln, this protein k~nase  phosphorylates ~ t s  own PI subunit, thus 
aclivnting the enzyme to phnsphorylatc the w subunit of the eukaryntic pro- 
fpin synthes~s  inihation factor e1F-2, inactivating i t  Because e1F-2 is required ' 
to irrltlalc synthesis of all pulypeptides, interferon-induced I31ielF-2n kinase 
can inhibit synthesis of all proteitis of any virus. 

kIcrwevrr, many viruses have d~veloped  strateg~es fur c~rcuinventing this 
t~nivt~rs,il antiv~ral defense mechanism For example, adenoviruses encode 
low-A4, RNAs wfi~cli b ~ n d  t r~  I7IieIF-2n kinase, preventing its act~vation by 
dsl<NA. ltcnv~rusus, which might be expccted .to be exceptionally sirsceptible 

Interferons 

tn interferons Laecause they hove a ilsliNh gentme, arc not, bccausc their 
capsid protein tr3  binds m\acli mure strcrngly t o  i t s  clwn dsRNA than dots 
PIleIF-2c~ kinase. Similarly, the dsRN A-binding vacclnla vir~rs-coded protein 
p25 inhibits t h ~ s  krnase. The lnl gene product of tht liu~nan ininiunodefic~en- 
cy virus down-regrrlakes the synthesis uf i71/e1F-2tu klnas~ ,  ~rl iereas pc~l~ovirus 
infection appears to degrade the enzymcJ. Influenza virus infection activates a 
cellular regulator that inhibits induction rlf  the kinase. 

2-5A Synfhe tnse 

The interferon-induced enzyme 2-5A syntlletase, which also requires 
dsRNA Lor its induction, catalyzes the synthesis f r c ~ r n  ArP of an unusual 
family of short-lived ol~gonucleot~des kntrwn as (2'-5')pppA(pA),,, o r  2-5A 
for short. In turn, 2-5A activates a cellular endonuclease, RNasc L, which 
destroys mKNA, thereby inhibiting host cell protein synthesis. Thc 2-5A syn- 
thetaselRNase L system is known to bc effective against picornaviruses, but 
its wider relevance has yet to be establ~shed. 

Mx Protein 

A team of Swiss virologists has conducted elegant studies on a family of 
GTP-binding proteins known as Mx proleins which are Induced by interferon 
rr and fl and determine the susceptibility of mice to influenza virus infectiori. 
Only strains of mice carrying the Mx gene survived challenge with influ'enza 
virus; congenic mice with a deletion mutation in the M x  gene died Dual 
fluorescent antibody staining of infected tissi~es revealed that the circle of 
uninfected cells surrotrnding a zone of virus-infected cells was synthesizing 
large an~ounts  of Mx protein. Interferon itself, in Ihe absence of virus infec- 
tion, similarly induced prcduction of the Mx protein, in r~itm or i i i  slizlo Trans- 
fect~on of cultured Mx- cell lines with Ithe Mx gene converted them perma- 
nently to a state of resistance to influenza virus Finally, transgenic mlce 
produced by transfecting the Mx gene into Mx , influenza-suscept~ble mlcc 
were shown to be resistant to chalIengc with influenza virus (but not other 
viruses} and to make the Mx protern following infection with influenza virus 
or  the administration of interferon 

Thus it can be seen that the degree of sensitivity of any particular virus to 
interferon 1s influenced by a complex interplay o f  factors determined by the 
type of interferon, virtls, and host cell. Some hnst species carry gencs that 
encode an IRP w ~ t h  activity against only one parl~cular species of virus. Fur- 
ther, individual viruses have developed a wide variety 0 6  m~chanisms for 
circumventing the antiviral actions of the many IIiPs, This ~ntricate web uf 
biochemical pathways represents an  instruct~ve illusYratron of the role oC evo- 
lution in the never-ending battle for survival between host and parasite. 

Implicit in this discussion is that inlerfcrc>ns play a significant role in 
recovery from viral infections. Formal proof of this assertion is providcd in 
Chapter 7. 

Interferons as Cytokines 

Interferons were discovered as ant~viral agents, defincd accordingly, and gen- 
erally regarded as such by virolo)gists for many ycars. i-Iowevttr, tt is now 
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recognized that, i n  addition, intcrfrrnns cxcrt a widc range of other effects on 
cclls in Lhoir ~ n l c  as  cyfokines. 'l'lic most  imporl,3nt of thcse acldit~onal ftrnc- 
tion:, is ~~nrnunomodula l i c~n  Inte~fcron y, a lyrnphnkine produced almost 
rxclusively by T lymphocytt.~, is over 100 fimrs more potent that1 interferons 
ru /P  as  an in~nitrnoregr~latory agent and influences tho immune response in a 
wide varicty ol ways (Tilble 5-2). Most importantly, interferon secreted by T 
cells fnllowing exposure to virus-intccted cells activales T lynipliocytes, mac- 
rophages, ancl NK cells In the vrcinrly 'lo develop fherr cytotoxlc potential. The 
c o n t r i b ~ ~ t i o ~ ~ s  of interferons and other c y t ~ ? k ~ n e s  to the immune respnnsc to 
viral iniections is discussed i n  more detail in Chaplw 8 
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To cause infection, virilses, Jike other infectious agents, must gain entry to kile 
body, multiply, and spread,  either locally or systemically, and in generalixcd 
infect~nns localize in the appropriate target organ. To be maintained in nat-urc, 
infectlous v ~ r i o n s  must be shed into tlie environment, nr taken u p  by an 
arthropod vector or a needle, or passed congenifally. 

Routes of Entry 

To infcct its host, a virus must  first attach to and infcct cells of one  of tile body 
surfaces, unless they are bypassed by parenteral inoculation via a wound,  
needle, or bi te o f  an  arthropod or vertebrate. The human body can bc rcpre- 
scnted diagrammatically as  a  svt of surfaces, al each of which a shect of 
epithelial cells separates host tissue from the outside world (Fig. 6-11, I-hc 
outer surfacc proper, the skin, h,rs a relatively impermeable, dry, outcr laycr 
of dead cells In the alimentary canal and In the respiratory tract the surfacc 
lining consisls of O R U  0 1  Inore layers nf livlng cells. il'he urogenital tract, where 
urine and sexual products are secreted and relcased Into the environment, 
constitutes another disrnntrnuity in t l ~ e  protective coveri~rg of skin, and in the 
e y e  the skin is replaced by a transparent layer of living ctlls to form tlic 
conjuncliva 
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Nose and 
Respratory rnaulh 4 , Conlunctwa tract 

1, inlury 

Arthropod 

Fig. 6-1 Surfnce~ nf t h t abdy  In rclaf~on to thccnfty and sli~ddln~of viru5e.j. (Mad~f~ed fron~ C 
A Mtrns and  13 0 White, "V~ra l  Pathogencs~c and IrnmunoIogp" Blackwell, Oxford, 1984.) 

Respiratory Tracl 

Alttiough lined by cells that are susceptible to intection by many viruses, the 
respiratory tract i s  ordinarily prc~tectcd by effective cleansing mechanisms 
(Fig. 6-2). A mucns blanket and ciliated cells line the nasal cavity and most of 
the  lower respilatory tract. Inliaied virus particles deposited on this silrface 
are trapped in mucus. carried by ciliary actton from the nasal cavity and 
airways to the pharynx, and then swallowed or coughed out. I'articles 10 )tm 
nr  Iriore in diameter arc i~suallly deposited on the nasal mucosa over the 
kurbinate bones, which project into the nasal cavity and act as baffle plates. 
1'articlr.s 5-10 pm in diameter may be carried to the trachea and bronchioles, 
whcrc they are usually trapped in the mucus blanket. Particles of 5 Prn or less 
,ire usually Inhaled directly into the lungs, and some may reach the alveoli, 
where virions may ~nfect alvcolar epithelial cells or be destroyed by alveolar 
nincrophages 

Dr.;pite these protective mechanisms, the respiratory tract is, overall, the 
most important eniry s ~ t e  of viruses into the b ~ d y  (Table 6-1). A11 viruses that 
Infect the hust via the  respiratory tract probably do so by attaching to specific 
rcrcptors on epithelial cells. Follnwing respiratory infection, many viruses 
rcrn,iln localized (e  g., rhinoviruses, parainfluenza, and influenza viruses), 
wl~creas others become sys t en~~c  (c.g., measles, chickenpox, and rul?ella vi- 
~ L I  ses). 

Alimentary Tract 

Many  viruses are accpired by ingcsiion. Tiley may either be swaElnwed or 
irifcct cs'lfs in the nropharynx and then be carried to the intestinal tract. 'The 
rsrrpliagus is rarcly infected, prclbably because of its tough stratified squa- 
niclus cpifliclium and the rapid passage of swallowed material over its sur- 

Routes nf Entry 

A 

fig. 6-2 (A) Pathways of ~nfcctlon and rncclian~cal protcctlve mechanism'; III ~ h c  rvsplratrlry 
tract At rrght are llsted ci~nltal syndri~mcs ynvdrrced hs ~nfccFicln at varIou5 Ic.vt.lr, of tflc rrspira- 
tory tract (D) Enlarged secl~on of trrrb~mate.c shnuring thc narrow anci cc~mpl lcated pdlhway 111 

jn5plred alr, and thus Il~e ease w ~ t h  whlcf~ sl~ghl c<*llular swrlllng "blocks tfie nrv,cV " (Froni C A 
Mlms and  D. 0 Wh~tr, " V ~ r a l  Patiiogcnesls and Immunology " I~lnckwcll. Oxfor~i ,  19H4 ) 

Table b-1 
V~rusrs Tllaf In~kiatc. Infr*ction of Clumans vla the Resp~ratory Trart 

W ~ t h  production n f  local respiratory symptoms 

P c r ~ r r i t  Rf~l~ioviruscs, 4 0 1 ~ 1 ~  ~ I I ~ C ~ I I ~ I I I I S C S  

Cor cr~mrrrrrrfu~* Morl lypcs 
r y r i  Paralnflr~r~nza vlruhc-?, rrc;tvralory syncytral v i r ~ ~ s  
Ot t l~cnr~/~r r i~r t~ t ln t .  Ir~fluenfa vlrrls 
Ad~trc*a~rfrlnt~ Most typcs 

Produclr~g gencrali-ird dlseahc, usually withnut inmtral rcslxratory syrnl3lrrms 

blumps, measles viruscs 
Rubclla virus 
Var~ct-lla virus 
Some enterov~ruscs 
Polynrnavtr~tsc~s 
l lanlaan virrrs 
Sc~ufh American hemr~rrhag~r frvtxr vlruscs 
Vnnnln virus (smallpox IS ~~oru ~utrnrt) 
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face. T'he ~nlesflnal tract 1s partially protected by fnucus, wli~cli may contain 
spt~ciCic sccretory antibodies (IgA), but the conslant movr~~i(viL of [lie contents 
pruvides opportunities lor virions to attach 1 0  specific rcceptors Virions niay 
alst~ be taken u p  by specmilized M cclls that overlie Pcyer's palclies in the 
~lcttrn, from wh~cli  they are passed tcr adjaccnt monnnuclenr cclls In which 
they may replicate 

Therc are other protective mechanisms in the intestinal tract; from the 
stomach downward, acid, bile, and protculytlc enzymes may inactlvatp vl- 
ruses. In general, viruses that cause intestinal ~nfcction, such as entero- 
viruses, rotavlruses, and calicivjruses (Table 6-2), are acid- and bile-resistant. 
Rotaviruses and caliclviruses are now recogniz.ed as the major causes of vrral 
diarrhea, whereas the great majority of intestinal infections by enteroviruses 
and adenovirt~ses are asymptomatic. Some of the enteroviruses (e.g. ,  polio- 
viruses), and hepatitis A and E viauses, are important causes of generalized 
inlection but do  not produce signs referable to the intestinal tract. 

The emergelice o l  AIDS has drawn attention to the importance of the 
rectum as a route of inlection with HIV and other sexually transmitted agents 

The skin 1s the largest organ in the body, and since its outer layer consists of 
keratinized cells it provides a tough and usually impermeable barrier to the 
entry nf viruses. However, after entry through minor abrasions or by artificial 
puncture, solme viruses replicate rn the skin to produce local lesions, for 
~xample ,  pa pi llomaviruses and poxviruses (Table 6-3). 

The most efficient way by wliich viruses are introduced through the skin 
is via the bite of an arthropod vector, such as a mosquito, tick, or  sandfIy 
Suc11 insects niay be mechanical vc>ctrrrs (e.g , for tanapox), but most viruses 

Table 6-2 
V1ruse5 That In l t ia tc  I n f e r l i o n  of I f u n i a n s  v la  the A l ~ m c r i t a r y  Tract 

Via mrruth trr c ~ r o p l ~ a r y n x  
1 i 1 1  T lc rprq  s i rnp l rx  vlrus, Ep5tr1n-Aarr vlrus, cytnmcgalrw~ru.;. F-ltfV-h 

VI;~ i r ~ t c . % l ~ n a l  tract 
P r u ~ d r r c ~ n g  ent r r i t l s  

!ZL~~IT~~FI~(~~~ IZolav~ruscs 
C~rfrrrzl~r~f int~ N o r w a l k  a n d  relatcd v l r u \ r s  

1 1 f l  Sr~rnc aclenov1rust~5 

S r o ~ l u c l n g  g r n e r a l i m d  d i ~ e a s e ,  usua l ly  w i t h o u t  alimentary symptoms 

' L I ~ I ~ I J C  M a n y  cntrrov1rtrst1s i n c l u d ~ n g  p n l i o v ~ r r ~ s c s  
f- lcpal i t is A vIr119 

(-nlrctrlrrrilnr I . lcpat~trs E v1ru.i 

Usual ly syinptornlccs 

i Srrrnc adcnovlruser,  

P I  Sornt? t1n t r r o v ~ r u s e s  

lZ~(l711rrt/(1~ Reovl r use5 
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Table 6-3 
VIrLlst7~ rI ia1 Inrt inl t -  Inlc*ct ion r>f I l u m a n s  vra the Shrii, (;c~int,ll Ir;irl, or Cyt. 

Rclirlr I h n i ~ l y  %FCC 1t.5 

Skin 
M r n o r  traunia I ' t?]~~~i~i i i~".r i lo(~ M'iny ~ V F V S  r>l I'~l11llorrrciirrt ,,s 

i ' t ~ ~ i ~ ~ ~ t d t l ~  Mol luscum ~ont~~l:~cr. ;~~rn, r ~rwpox, orf, nn~lkc,rs' norlc..; b~ru%t.\ 
l f (~r j1t ,<~~tr rd i r  I l e r p ~ * w ~ m p l ~ ~ r  ~- irr~hr. \  

t i  i f c *pa l~ t~ .s .  1) virkl\ 

A n t h m p v d  b i te  
M c ~ h a u ~ c a l  l ' ~ t i z ) ~ r i t / ~ r ~  T,innprrxlirrtrs 
Hicrlog~cal ? i t ~ n ~ v r r d t ~ e  AIL q p r ~ 1 c 5  o f  All?E~ni~~rri.; 

I ~ l n i ~ r r ~ ~ r d n r  A l l  S ~ C C I C S  of I'l0i11i.t~ I(? 

R t i r r l p i ~ r r d n ~  Ida Cr r> \~c ,  .;anrlfly ie\it*r. I i l f t  Valley fever vltuses 

Rr'r~irrrri!nc Co lorado tick tcvc*r virus 

An i lna l  b ~ t c  Rlt( tbdr~i~rrr i ln~ Rabies v ~ r ~ l s  
1 l~,rp~-$z~~rrdflc r i r r p "  R v i r u r  

I n  j rct iot i  l I c ~ ~ d r l , ~ n v ~ r r r i n c  f- lcpi l i l is H v i rus  
I Iiri111~111df1c t icpnl l t rs C v ~ r ~ r \  

Ro~r f~ i~ l r ld t l c  1 I1 v, I I I I..\/ 
1-ftbr p7sr~rrt(f(ttp Cyto lnega lov~r  us ,  l : y ~ t e r ~ ~ - H ~ ~ r r  v l ruc  
F~lrlilrrrtfne Ebola VI~LIS 

Gen~ ta l  tract f ~ ~ ~ ~ r ~ r m i ~ i r r t i n e  C r n i t a l  types of / ' l?~lrll(~nrsrl~rtis 

I-EL'rp~sivrldae Hcrpes  s i r n p l ~ x  v l l u w s  
I l c t m a i r r d ~ r  I i I V ,  t LTLV 
Hrpodrrnuvriinr I i e p a t ~ t ~ s  R virus 

l ~ ~ l ~ i ~ ~ ~ z ~ r r r ( / ~ c  f l r t ~ a t ~ l i s  C virus 

C o n j u n c t ~ v a  Arb-r~r~~~~rrtlirt' Scveral Lypw 
Prcor?xn711rt(i11~~ Fnterovlrus 70 

introduced in this way replicate in the vector. Viruses that are tsansniittcd by 
and replicate in arthropod vectc~rs are called t1rl~o7~rrrrses Infection can be ac- 
quired through the bite of an animal, as in rables. F~nally, introduction of a 
virus by skin penetration may be i n l r o ~ c ~ ~ i r ,  that IS, as a result of human 
intervention, such as transmission of hepatitis R and C viruses and HIV by 
contaminated needles or blood transfusion. Generalized infection of the skin, 
producing an  exanthem such as is found in mcasIes, chicke~ipox, rubella, and 
several arbovirus diseases, is due to viral disscmi~lation via the bloodstream. 

Infection by Other Routes 

The genital tract is the route of entry of scveral tmportant pathogens. Herpvs 
simplex viruses and papillomaviruses produce lcs~ons on the genitalia and 
perineum. Many others, for example 111V, tlTLV, and hepa t i l i d  and C vi- 
ruses, do not prodi~ce local Ies~ons hut are scxually tra~~sm~ttt .d.  

'l'he conjunctiva, althaugli much less resistant to viral ~nvasion than the 
skin, is constantly cleansed by the flow oE secrut~on (tears) and is wiped by thc 
eyelids II is a rarc route of entry, fix example, for some adenoviruses and a 
fcw enteroviruscs. 
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Mechanisms of Spread in the Body 

Vlruses may remaln localized to thc bocly surface thmugh wh~ch  they en- 
tered: skln, respiratory tract, intestine, ~en i t a l  tract, or cnnjunctiva. Alter- 
natively, they may cause generalized infcuctions, whicli are usually assrjciated 
with visemia and subsequent localizatioll in particular organs. 

Local Spread on Epithelial Surfaces 

Many viruses replicate in epithelial cells at [he site of entry, produce a lo- 
calized or spreading infection in the epithelium, and are then shed directly 
intn the environment. Infection within the host spreads by sequential infec- 
tion of neighboring cells. Papillomaviruses initiate iitllection in the basal layer 
of the epidermis, but n~aturation of virions occurs only it1 cells that have 
become keratinized as they move toward the skin surface Slnce this is a slorv 
process, taking several weeks, warts have a long incubation period. Many 
poxviruses produce infection via the skin, but in addition to spreading from 
cell to cell, Ehpre is usually also local sub~pilhelial and lymphatic spread. In 
infection with vaccinia virus a few epidermal cells are infected by scarification 
and virus spreads IocaIly from cell to ceI1, primarily in the epidermis, before 
spreading to the local lymph nodes. The poxviruses that cause mollusc~rm 
contagiusum, orf, and tanapox remain localized in t11e skin and produce 
lumps. 

Viruses that enter the body via the intestinal or respiratory tract can 
spread readily in the layer nf fluid that can transport vir~ons over the moist 
epithelial surfaces; consequently, such intect~ons usually have a short incuba- 
tion penod, Atter infections o l  the respiratory tract by pararnyxoviruses and 
influenza virus, or the intestinal tract by rotavin~ses, there is little or no  
invasion bryond the epithelium Although these viruses usiially enter 
lyniphaiics and thus have the potential to spread, they do  not appear to 
replicate in the dceper tissues, possibly because the appropriate virus recep- 
tors or  other permissive cellular factors, such as cleavage-activating proteases, 
are restricted to epithelial cells, or because the lemperature of deeper tissues 
3s higher than the optimal temperature for viral replication. 

Restriction of infection to an epithelial surface cannot be equated with lack 
of scverity of  clinical disease. I..argc areas of intestinal epithelium may be 
d a n ~ a g ~ d  by rntavlruses, tor example, causing severe diarrhea. The severity of 
I(rcal~zed infections of the respiratory tract depends on their location; infec- 
tions trC the upper respiratory tract may produce rhinitis but few other signs; 
infectlor1 of the bronchioles nr alveoli produces more severe respiratory dis- 
Irtss and may predispose to secondary bacterial invasion. 

Subepithelial Invasion and Lymphatic Spread 

Aftcr traversing the epithelium and its basement membrane to reach the 
si~bcpitliclial tissues, virions are immediately exposed tn tissue macrophages 
and can enter the lyrnphntics that form a network heneath the skin and  aII 
rnucnsal epithelia (Fig. 6-3). Virions thak enter lymphatics are carried to IocaI 
lymph nodes. As tifiey enter, they are exposed to macrophages linlng margin- 

Macrophage lymphatic 

Q\~~ssue macrophage 

a@.. 
Infwl,on O Basement membrane 

Y~pitheliurn at a body surface 

Fig. 6-3 SubepithelraE i n v a s ~ n n  and lymphatic spread r)f vlruws (Fmrn C A Mlms and 0 0 
Wlrrte, "Vlral Pathog~nes~s and fmmunolngy." Blackwell, Oxford, 1984 ) 

a1 sinuses and may be engulfed. Virions may he inactivated and processed 
and tlie~r component antigens presented by macrophages and dendritic cells 
to adjacent lymphocytes in such a way that an  immune response is initiated 
(see Chapter 8). Some viruses, however, replicale in cells of the rnonn- 
cyte/macrophage lineage; others infect lyrnphncytes. Some virions may pass 
straight through lymph nodes to enter the bloodstream. Monocytes and lym- 
phocytes circulate through the body, and there is also a constant movement nf 
lymphocytes directly from the blood into the lymph nodes, and in thc oppo- 
site direction. 

There is often a local inflammatory respnnse. the extent of which depends 
on the extent of tissue damage. Local blood vessels arc dilated and rendered 
more permeable, so that monocytes and lymphocytes, lymphnkines, irnmn- 
noglobolins, and co~nplernent componenla can be delivered directly to [he 
site of infection, wilh a consequen! increasr in host resistance. especially after 
the immune response has been initiatrd 

Spread by the Bloodstream: Viremia 

The blood is the musk eflect~ve and rapid vchicle lor the spread of virus 

lhruugh the body. Once a virus has  rcachcd ihr bhxxlstr~arn, i~sually via the 
lymphatic system (Fig. 6-3). it can localize in any part of the body wi th~n 
minutes. l 'he first entry of virus into Ihe blocjd is r a l l~d  ;~rirlln?,y r ~ i n * r l ~ l ~ ~ .  This 
early vircmia may be clinically silent, known trr have taken place only because 
of the invasion of distant organs. Fnrtht-r replication in these sites Jcads tn  thc 
sustained liberaticln of much highcr crlncrntratinns of virus, producing a see= 
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c~rlrlnry uirclvin (Fig. 6-4), which can 111 t u r n  lcnd to  Ll~r ustal~lishmrnt of inicc- 
t l o m  in ycl othckr parts n f  thc body 

In kllc blood, vlrions may be frcc In Lhc plasmd nr !nay hc assr~clak~d with 
Icukocytes, plaielcts, or erytl-rrncytcs. Viruses carr~cd In leukocytes, generally 
lympliocytes or monnc-ytrs, arc not cleareci as readily or 111 the same way as 
viruscs c~rculating frcc 111 tho plasma; being protected frotn an  tibodies and 
other p l a sm ccnmponen~s they can bc carrietf to rhstant lissues Monocytc- 
associaled v~reniia is a ieaturc of nieaslcs and many herpesvirus infect~ons, 
for example. Rarely, as in Rift Valley fever and Colorado tick fever, virions 
may be assoc~atcd with crylhrncytes. Certain mouse leuken~ia viruses infect 
megakaryocytes; tlie c~rculating platelets derived from them are infected but 
do  not appear to be important in the patliogenes~s of viral infecl~ons. Neu- 
Irc~pliils Iiavr a very short life span and powerful antimicrnbial mechanisms; 
they are rarely infected, altliough they may contain phagocytosed virions. 
Flepadnaviruses, logaviruses, flaviviruses, and the entcrovfruses [hat cause 
vire~nia circulate Iree in the plasma. 

Virions c~rculating in the plasma encount~r  many kinds of cclls, but two 
kinds play a special role in determrning their subsequent fate: macrophages 
and vascular endott~elial ceIls. i 

Macrophages are very efficient phagclcytes and are present in all compart- 
ments of tlic body, in alveoli, subepithelial tissues, sinusoids nf the lymph 
nodes, free it1 plasma, and above all ~n the sinusoids of the liver, spleen, and 1 
bone marrow Together with dendritic cells and €3 Yymplincytes, macrophages ! 
are antigen-processing and antigen-presenting cells and therefore play a piv- 1 
utaI rnle in initiation ol the primary Immune response (see Chapter 8). The 
antiviral action of macrophages depends oil [he age and  genetics of thc host 
and the site of their origin in the body; ~ndeed,  even in a given site there are 1 
subpopulntions of macrophages that differ in susceptibility. Their state of I 

act~va tion is alsc~ important. Tlie k ~ n d s  of inferactions that may occur between 1 
macrophagcs and virions are descrrbed in relation to those found in the si- 
nusoids of the liver, the Kupffer cells, in Fig. 6-5. 

Differences in virus-macrophage interactions may account for differences 
in the virulence of virus strains and differences in host resistance. Already 
effic~ent plragocylcs, macrophages have Fc receptors and C, receptors in their 

I 

plasma membrane, which enhance tlleir ability to ingest virions when these r 
are coated witli antlbody or complement. Ii macrophages are susceptible, 
h.clwcver, as wilt1 dengue viruses, this can lead to infection rather than iriac- 
11va tlon, and t lie antibody may enhance ra thcr than prcvent infection. 

Role of Vnsczrlar Endothelial Cells 

The vascular endothelium w ~ t h  its basement membrane and tight cell 
junctions constitutts the blood-tissue interface, and for particles such as vi- 
rions often a barrier. Parenchyma1 invasion by circulat~ng v~rions depends on 
JocaJizalicjn in the  endcrtlielial cells of cap~llarics and venules, where blond 
flow is slnwcst and the barrier is thinnest. Virlons may move ~-rassively bc- 
twecn o r  throug11 endothelial cells and baserrlent membrane, or they may 
~nlect  cndoti~clial cells and "grow" through this barrier. This subject has  been 
mosl. intcnsivcjy stuclied in rclatinn lo vrral invasion of the central nervous 
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Fig. 6-4 Spread of v~rlonc  through thc body in human v~rdl ~nfertlon.;, rndrcaflng .;lies of repll- 
cat i r~n  and ~rnportant roulcs clf shcdtlrng of variorr.; vlru.;es (Modlflc7d from C A M ~ m s  J I I ~  U 10 
Whlte, "V~ra l  Pathogenrs~s and Immul~o!ogy" Ulackwcll, Oxford, 1984 ) 

system (see below), but i t  also applies to secondary invasion of thc skin, 
pulmonary ep~thelium, salivary gland epithelium, intestinal ep~lhelium, kid- 
ney, and placenta. 

Maintenance of Viretnia 

Neurotropic viruses reach the central nervous system only when the VI-  

rernia is of adequate magnitude and duration, something that is also a prereq- 
uisite ~f blood-sucking arthropods are to be infected. Because virions circulat- 
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Growth in Kuplfer cell 

Passage through Kupffer cell 
+_ growth In hepatlc cell 
t b~le duct excretron 
+ ,release lnto blood 

. .' 
Fig. 6-5 Types of interactions between vlrrtses and macropha~cs, exe~npl~l ied by the Kupffcr 
trll.; llnlrrg a s~nusc~id 111 the 11vcr (1) hlacrc1phnge5 may fa11 t o  pliagncyfose v~rinns, for example, 
in Vt.nt*/.urlan equlnr enccphal~tls virus ~nfuction t h 1 5  is an ilnportant factor fawr~ng  p~olonged 
vlrcmla (2) Virlr~ns rnay hc pliagocytosed and dcstmyed. Decaustl the macrophage system IS su 
r f t ic ient,  vlrernla ~ 4 t h  such vIrusvs can he rnalnlalnrd o ~ ~ l y  I F  vrrlolls e n t ~ l  the blood as last as 
khey arv removed. (3) V~rlons rnay be phagocvtoserl and Illen ~assivcly  transferred to adjacent 
cell.; (hcpatorytcs in !he Ilver) If, I~ke Rift Valley fcvcr or hcpatlt~s B viruses, the virus replicates In 
tht9~c cclls i t  can cause clrn~cal h ~ p ~ ~ l ~ t ~ s ,  anrl thc virus p r n d u r r d  111 the l~vcr  can produce a htgh 
1c~vt.l of rrlrcwrnia (4) Vlrlons r n a  y br pl~agr,c~~lnhr.d by ni~ctr~phngcs tind Ihcn rcpl~wtc i n  them 
W ~ t h  sornc* vlruscs, 411~h lactate drhydr~gella4c vim$ In ITIICC', only marrophagcs are lnfccred 
(4A). and propcwy vir~ons enhnntt~ thr virern~a, wlnich rcilchr~ an rxlrenlcly high level More 
1-omrnonly (411.), a.; In vellnw lever. virl~s repl~cates In both rnacroplragvs and hepatlc cells, prt7- 
d u c ~ n g  severc hrpatlf~s, (Mvlodlllrtl f ron~  C A Min~s and 13 0 M'l~~ie.  "Vlral Patht?gencsls and 
Irnmunirl~ig~.'' Blackwell, Oxford, 1984 ) 

i ~ i g  In the blood are continuously remrlved by macrophages, viremia can be 
maintained only i f  there is a continuing introduction of virus into the blood 
frcm infected tissues, or if there is impairment of the macrophages Circulat- 
ing leukocytes can thcmsclvrs constitute a site for viral replication, but vi- 
re~nia is usually maintained by infection of the parenchymal cells of organs 
llke tlte Ilvrr, spleen, lymph nodes, and hone marrow. In some infections the 
viretnia is partly mainta~ncd by infcctinr~ uf endothehal cells. Striated and 
srnc~orh rn~iscIe cclls may be an important site of replication of somc entero- 
viruses, togaviruses, and rhabdoviruses; viricjns are transferred to the blood 
via the lymph. 

Invasion of Skin 

As well as hcing a site o f  initial infection, the skin may be invaded via the 
bloodstrenm, prcrducing erythema and often a gmeralized rash. The individ- 
ual lesions in generalized rashes are described as macules, papules, vesicles, 

or pustrrlcs. A lasting lcrcal ~iilalirm of ,st~bpap~llnry dcrnlal blood vessels pro- 
duces <] mac~~Je ,  wf~ich becomes a p a p ~ ~ I e  ~f Ihrre IS also edema and inf~ltratic~n 
oi cells into the area. Primary i~ivnlvcment of the epidcrn~is oi separ'ttion of 
cpirlermis from dermis by fluid pressure results in vesiculation. Erosion or 
sJuwgliing of the ep~the l~urn  results in ulccration and scabbing, bul prior to 
ulceratioli a vesicle may be ct~nvcrtcd to n puslulc by pc~lymorphonuclear cell 
inliltrat~on. More severe involvement nf the dermal vessels m i y  lead tn pe- 
teclqial or hemorrhagic rashes, alfliough cnagulatiori defects and throm- 
bocytopenia rnay also be important rn the genesis of such lesions. 

lnvasion of the Central Nervous System 

Because of the critical physirrlogic importance of the central nervous system 
and its vulnerability to damage by any process that harms neurons directly or 
via Increased intracranial pressure, viral invasion 0 6  the central nervous sys- 
tem is always a serious matter. Viruses can spread ham the blood to the brain 
either (1) after localizing in blund vessels in meninges and choroid plexus, 
with invasion of the neurons then occurring from the cerebrosp~nal fluid, or 
(2) more directly after localizing in blood vessels of .the brain and spinal cord 
(Fig. 6-6). Although the cerebral capillaries represent a morphological blood- 
brain barrier, most viruses that invade the central nervous system cross these 
vesscls. Some viruses ~nlect  the vascular enrlnthelial cejls prior to infection of 
the cells of t-he brain parenchyma; crthers appear to be fransported across the 
capillary walls witliuut endothelial cell infection Rarely, virus may bp carried 
across capillary walls into the brain parenchyma via infected leukocytes. Sub- 
sequent spread in the central nervous system can take placr vla the cere- 
brospinal fluid or  by sequential infection of neural cells. 

Some enteroviruses which cause meningitis, rather than encephalitis, may 
trav'erse the blood-cerebrospinal fluid ]unction En the meninges or may grow 
in the epithelium of the choroid plexus. In such cases virions are found in the 
cerebrospinal fluid. 

The other important route uf infection of the central nervous system is via 
the peripheral nerves, as seen, for example, in rabies, varicella, and herpes 
simplex. Viruses may pass either (1) centripetaJly from the body surface to the 
sensory ganglia or (2) cc.ntrffugally from the ganglia to the skin, as in the 
reactivation of herpes simplex or varicella (as zoster). 1 lie rat<. of travel is quite 
slow, af up  tic? 18 mm per hour Herpesvirus capsids travel to the central 
nervous system in axon cytoplasm, and while doing so also sequentially 
~nfect the Schwann cells of the nerve sheath. Rabies virus travels tc? the central 
nervous system in axon cytoplasm without infecting cells of the nerve sheath. 
FolJowing an animal bite, the virus enters the axon cytoplasm Irom motor 
axon terminals at neurmnuscular junctions; less commonly, after exposure to 
rabies virus aerosols (as amtrng spelenlcagists in some parts of the world), it 
passes up  the olfactory nerve. 

Lytic infections of neurons, whether due to poliovirus, flaviviruses, 
togaviruses, or  herpesviruses, are characterized by the three histologic hall- 
marks of encephalitis: neuronal necrosis, phagocytosis of neurons by pha- 
gncytic cells (neurc~nnphagia), and perivascrtlar infiltrat~un of rnononuclcar 
cclls (perivascular cuffing), the latter an immune response. The cause of clini- 
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Fig. 6-6 S ~ p p s  IT- thr I ~ r n l ~ t o ~ c n o i r s  sproad i d  virrrs ~ n t o  [l ie cctllral nervous systcm (Frcrm R T 
] r ~ l ~ ~ i w n ,  "Vlral Infect~nns of the N r l v r ~ u s  Systeni " Ravrn, NPW York, 1982 ) 

cal neurologic signs in other central nervous system infections is more ob- 
scure. Rabies virus infection is noncytocidal; i l  evokes little of the inklamma- 
tory reaction or cell necrosis found in other encephalitides, yet i t  is lethal fol 
[most rnarnrnal~an species. l'he e>itensive central nervous system infection of 
mice cvngenitally infected with the noncytolytic lymphocytic choriomenin- 

Mechanisms of Spread in the B~dy 94 

gitis virus, rell$lly demnnstrable by fluorcsccnt antibody staining, has no 
recognizable deleterious effect Characterisllc pathologrc changes are pro- 
dilced by some of the viruses or viri~slike agents (prions) that cause slowly 
progressive diseases of the central nervous system, discussed in Chapter 10. 
In scrapie of sherp, for example, thcre is slow netlronal clegeneratirm and 
vacualir,alinn; in visna (a clironlc lentlvirus it-tfection of sheep), changes in 
glial cell mcnlbranes lead to demyelination 

Postinfectious encephalitis is most commonly seen after measles (about 1 
per 1000 cases), more rarely aftcr rubella and varlcella, and it used to be seen 
in 1-2 per 100,000 primary vacc~natrons against s11ia11pox The pathologic 
picture is predominantly demyelination wlthout neuronal degeneration, 
changes unlike those produced by the direct action of viruses on the central 
nervous system, Allled with the fallure to recover virus from the brain of fatal 
cases, this has led to the view that yostinl~ct~ous encephalitis is probably an 
autoimmune disease. 

Invasion of Other Organs 

Almost any organ may be infected via the bloodstreani with one or another 
kind of virus, but most viruses have well-defined organ and tissue tropisms. 
The clinical importance of infection of various organs and tlssues depends in 
part on \heir role in the economy of the body. I'hus invasion oi  the liver, 
causing severe hepatitis, as in yellow fever and infections with the hepat~tis  
viruses, may be a life-il~reatening situation, with the additional possibility in 
the case of hepatitis B and C of the establishrn~nt of a chronic carrier state that 
may eventually result in hepatocelluIar carcinoma. The critical importance of 
such organs as  the brain, heart, and lung is equally self-evident. 'Ti~us the 
most dangerous viral infections tend to be those that cause encephaIitis, 
pneumonia, carditis, hepatitis, or  hemorrhagic fever. 

Infection of the testis or accessory sexual organs may lead to excretion of 
virus in the semen and the risk of transniission during sexual activities. In like 
manner, localization of virus in the salivary glands (e.g., in mumps), marnma- 
ry glands, kidney tubules, and lungs leads tn excrelinn In the saliva, milk, 
urine, and respiratory secretions. Viral infection of the pancreas appears to be 
one calusr of early onset diabetes. Somr tngaviruscs and coxsackieviruses 
infect muscle cells, while ~nfection of synovial cells by rubella virus or Ross 
River virus produces arthritis 

Infection of the Fetus 

M'rlst viral infections of the mother have rro harmful effect on the fetus, but 
some btood-borne viruses cross thc placelita to reach the fetal circulation, 
sornef mes after establishing foci nf infeclion in the placcnta. Severe cytolytic 
infections of the fetils cause i ~ t a l  death and aborlion, a result that was com- 
mon in smallpox, for example More important, paradoxically, are the ter- 
atvgenic effects of less lethal viruses like rubella virus and cytnrnegafovirus 
(Table 6-4) 

Since Gregg's Initial observatinns in 1941, it has been recognized that 
maternal rubella contracted in the early rnontl~s of pregnancy often leads to 



100 Chapter 6 Mechanisms of infection 

Table 6-4 
Scimc- i ' o n g r n l r a l  V ~ r a l  Ir~fc,c(~on\ 

Syn~lrcrmr V~rus 1;t.t u s  

I,.r.tal dcsath and nhorllcrn Var~n la  vu us (c ' l t~ncl)  H u m a n  
I'arvcrvirus I5151 I-luman 

I nngr.n~tal  dr,frcis Cytrrmrg,~lov~rus 1 l u rnan 
Rubella \ r l r i ~ s  H v r n a n  

Inappar~nt. with lifvlcrrlg L.yniphocvl~c Mousc 
carr lcr slatr c h o r l n m e n ~ n g ~ t ~ r  vitus 

In,ipparrnt, ~ 1 1 1 1  ~nlegratril M r ~ r ~ n e  I c u k e ~ n ~ a  virus M o u s e  
viral gcnnmc Avian l e u k n s ~ s  vlrus Chickcn 

cnngenital abnormalities in the baby A variety of abnormalities occur, of  
whicli the tnost severe are deafness, blindness, and congenital heart and 
brain defects. These defects may not be recognized until after the birth of an  
apparently healthy baby, or they may be associated with severe neonatal 
disease-hepatosplemmegaly, purpura, and jaundice-to comprise the 
"congenital rubella syndrome." Little is known of the pathogenesis of con- 
genital abnormalities in rubella Classic immunologic tolerance does not de- 
velop, children who have contracted rubella in ~ ~ t c r o  display high titers of 
neutralizing antibodies throughout t he~ r  lives, but there may be some dimuni- 
t ~ o n  in celI-tnediated immunity. Rubella virus is relatively noncytocidal; few 
intlanimatnry or necrotic changes are found in infected letuses. The retarded 
growth and developmental abnormalities may be due to slowing of cell divi- 
s ~ o n  leading to the reduced nurnbcrs of cells observed in many nf their or- 
gans. Clones of persistently infected cells might be unaffected by thc maternal 
anl~body that devc?lops during the first weeks after the maternal infection, 
cvcn though such an t~body could limit fetal viremia. 

Cytcrmegalic inclusion disease of the newborn results from infection ac- 
quired cnngenitally from mothers suffering an  inapparent cytomegalovirus 
intcctirm during pregnancy. The important clinical features in neonates in- 
clude hepatosplenomcgaly, thrombocytopenic purpura, hepatitis and jaun- 
dice, microcephaly, and mental retardat~on. 

Apart from infection of the fetus via the placenta, germ-line transmission 
of retroviruses, as integrated prc>virus, occurs commonly in many species of 
ati~mals but rarely in humans More importanl in human medicine because of 
its cpidenilological implications (see Chapter 14) is transovarial transmission 
of arboviruses, notably bunyaviruscs and snme flaviviruses, In mosquitoes 
and  ticks. 

Virus Shedding 

Shedding nf infectious vinons is crucial to the maintenance of infection in 
pnpi~lalions (see Chapter 14). Exit usually occurs from one of the body open- 
ings or surfaces that are involved in the entry of viruses. With localized 
infections Ihe same body openings are ~nvolved in bolh entry and exit (see 
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Fig. 6-1); in generalizcct infectinns a grcatc3r variety o i  modes of shcddrng i s  
rccoli;nlztd (see Fig. 6-41, and snmc vir~lscs arc shcd from mult~plc sites, fnr 
example, hepat~tis B virus, F-IIV, or cytomegalov~rus In semen, cervical secre- 
tions, milk, and saliva. The amounf of virus shed in an excretion or secrelion 
is ~rnportant in rclation lo transrnisslon. Very Iow concentrations may be 
irrelevant irnless very large vulumcs of infected material are transferred; on  
the other hand, some viruses occur 111 such high conccntral~ons that a minute 
quantity of material, for example, less than 5 pf, can transmit ~nfection. 

Respiratory and Oropharyngeal Secretions 

Many different viruses that cause localized disease oT the respiratory tract are 
shed in mucus or saliva expelled from the respiratory tract during coughing, 
sneezing, and talking. Viruses are also shed from the respiratory tract In 
several systemic infections, such as measles, chickenpox, and n~bella. A few 
viruses, for example, the herpesviruses, cytomegalovirus, and EB virus, a re  
shed into the oral cavity, ofYen from infected saEivary glands, or from the lung 
or nasal mucosa, and are transmitted by salivary exchange in kissing and 
other social activities. 

Feces 

Enteric viruses are shed in the feces, and the more voluminous the fluid 
output the greater is the environmental contamination they cause They are in 
gerreral more resistant to inactivation by environmental conditions than are 
the enveloped respiratory vlruses, especially whcn suspended in water, and  
such viruses can persist for some time outside the body. 

Skin 

The skin is an important source of virus in dlseases En which transmission 1s 
by direcl contact via small abrasions, fur example, molluscum contagiosum, 
warts, and genital herpes. Several poxviruses may be spread from animals to 
humans, and sometimes from humans to animals, by contact with skin Ie- 
sions, €or exan~ple, the viruses of coxpox, vaccinia, orf, and pseudocowyox. 
Although skin lesions are produced in several generalized diseases, vlrus is 
not shed from the macc~lopapuIar skin lesions of measles, nor frotn the rashes 
associated with picornavirus, togavirus, or flaviv~rus inlect~ons. l-lerpesvirus 
infections, on  the other hand, produce vesicular Icslons In which virus is 
plentiful in the fluid of the lesions. Even here, however, virus shed in saliva 
and aerosols is much more important, as  far as transmission is concerned, 
than that shcd via the skin lesions. 

Other Routes of Shedding 

Virr~ria is lifelong in arenavirus infections of rodents and constitutes the 
principal mode of contamination of the environment by these viruses. Mow- 
cver, alfhougt~ a number of human viruses, for examplc, mumps virus and 
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cytnrneplov~ruses, replicate in tubular cpit hclirtl CPIIS in the kidney and are 
shed in the urine, this 1s not a niajor mode (7C Lrans~riission frcm human to 
human. 

Milk 

Several specics of virtlses, for example, cytomegalovirus, are excreted in 
milk, which may serve as ;l route of transmission to the newborn infant. 

Genital Secrefions 

Many viruses can be found in semen o r  vaginal secretions. Viruses shed 
f r o ~ n  the gerz~tal tract depend on mucosal ctlntact for successful transmission. 
They include HTV, herpes simplex type 2 virus, and some papiIlumaviruses. 
Sevrral other viruses, such as niher herpesv~ruses, hepat~tis B and C vlruses, 
and H'TLV, are now known to be readily transmissible sexualIy. 

Viremia is a most important vehicle, not only of viral spread within the 
hnsl, but also for transmission between hosts. Blond is the usual source horn 
which arthrr~pods acquire viruses by inserting their prnboscis Into a capillary, 
and  blood may also be the route of transfer of viruses to the ovum or fetus. 
Efepatitrs B, C, and O viruses, HIV, arid HTLV were once commonly spread 
by blood transfusion, and today are often transmitted between intravenous 
drug users via contaminated needles 

No S h e d d i n g  

Many sites of viral replication are a "dead end" from the point of view of 
translnission tn olher hosts, for example, no virus is shed from the brain or 
olhcr organs that d o  not communicate with the outside world. One might 
questioii how this could benefit the long-term survival of the virus in nature, 
but the stepwise augmentatinn ot the titer of virus by replication in cells 
located in internal organs may be an  important prerequisite for shedding from 
another site, or for itifcctic~n of blood-sucking arltEiropods. In animals such as 
mice a n d  chickens, many retrov~ruses are not shed, but are transmitted dircct- 
ly in the germ plasm, or by infection o f  the egg or developing embryo. 
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Infection 1s not synonymous with disease. Many infeclitrl~s are sirPclif~icnI 
I 

(synonyms, nsynrptn)~~allc or irlnp/mrrrll), wliile others produce d~seasc of 
varying degrees of severity. The o~~tcorne oC any v~rus-host encountea is the 
product of the virulence of the infecting virus, on the one hand, and the 
susceptibility of the host, on the nthcr Virus strains may differ greatly in 
fhcir virulence, that is, their capactty t o  prod~lcc disease or death Con- 
versely, within a human population infected with a particular strain of virus 
there are nftcn str ik~ng differences in the levels of rt%sistance of different 
~ndividuals. 

The de.terminants of vim1 virulence are usually rnultigenic, and the deter- 
minants of host susceptibilityiresistarlce arc also rnult~factclrial. Within a sus- 
ceptible species, the resistance of indivldual anlrnals varres not only with Ihc 
genetic crrnsfittrtion of the host (wh~ch map affect, among other things, their 
capacity to moilnt a rapid lmlnilne rcsponse), but also will1 age, nutritional 
statr~s, stress, and many other factors, lbgethcr, these genetic and pliysiologic 
factors determine what IS called the "nonspccific," "natural," or "innate" 
resistance of the host, in contrrlst to acquired, iinm~~nc~lr~gicalIy spccil~c resis- 
tance to ~.e~nfrctinn that results from thc npcration of the immune response, 
as described In the next chapter. 
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Viral Virulence and Host Resistance 

7 hc word zr~rr~l~~rl -r  1s us~.cj in this book as a rncasusv r > C  ~nlhc;qcrti(-iflj, that is, 
tlic ability o l  a vlrus to cause disease in the i~,fcctcd host animal, rather than 
as a measure of infectjo~nsness or transm~ssihilrkq', a d~lferent property that 1s 
discussed In Chapter 14. 'The virulence uf a particular strain uf virus adniinis- 
tered by a particular r o ~ ~ t e  to a particular strain of a laboratory animal can be 
measured by determining the dose of virus required to cause death in 50% of 
animals (median lethal dose, LD,,,). For example, in tlie susceptible BALBlc 
strain nf mouse, the LD,,, of a vir~tler~t  strain elf ectromelia virus was 5 virions, 
cornparecl with 5000 for a moderately attenuated strain and about 1 millinn for 
a highly attenuated strain. 

In nature, virulence may vary over a wide range, from strains of viruses 
that almost always cause inapparent infections to others usually causing dis- 
case, and b~nally those that cclnimonly cause death. MeaningfuI comparison of 
Lhe virulcncc C F ~  viruses requires that other factors such as the infecting dose 
and host resistance are equaI; these conditions are impossible to meet in 
hetcrngenetlus outbred populations such as humans except by randomizatlon 
of large numbers of subjects, hence are usually assayed in inbred strains of 
mlce, which is feasible only for those human v~ruses lhat grow in mice. 

S~~scepi~bil i ty to infection or disease, or its reciprocal, resistance, can be 
measured in experimental animals by keeping the strain of virus constant and 
determining the ratio of the dose that causes infection in 50% ol individuals 
(median intectious dose, ID,,,) to the LD,,. Thus with a virulent strain of  
eclrnmel~a virus tested in highly susceptible BALBlc mice, the ID,,, was 1-2 
virions and tlie LD,,, about 5, whereas for the resistant C57BL strain the IDsn 
was the same btrt the l,D,,, was 1 million. The severity of an rnfection there- 
fore dcpetids on1 the interplay between the virulence of the virus and the 
resistance nl the P I L I S ~ .  One can regard an acute infection as a race between tlie 
abil~ly c d  the virus lo replicate, spread in tlie bndy, and cause disease, versus 
thc ability of the host to curtail and control these events. An individual with a 
high degree of innate resistance may not be seriously affected even by a 
virulent strain nf virus, whereas a relatively avirulent virus can endanger the 
lifc of an immunodeficient host 

Variability i n the response of individuals to infection is regularly observed 
duri12g tp id~ni ics .  For cxample, during an outbreak of influenza some people 
(mainly old persons nr those with preexisting respiratory disease) may die, 
w h ~ l e  otfwrs will suffer a brief attack but quickly recover. Thl- great majority of 
arbovirus and cnterovirus infections are subclinical; for every individual who 
develops encephalitis during an arbovirus epidemic, or  paralytic polinmyelitis 
d u ~ i n g  a poliovirus outbreak, d o ~ c n s  more will have no symptoms, the only 
cvidcnce of infection being a sharp rise in antibody titcr. The dose of infecting 
virus may play a part in determining these differences, but genetic and physi- 
oltlgic factors in the tiost are probably more important. A unique upportunity 
to observe the wide variat~on in  innate resistance of heallhy young adulis of  
tlic same age and sex, rrceiving an itlcntical dose of virus by the snmp route, 
arose in 3942 when more lhan 45,000 U.S. military personnel were inoculated 
with yellonr fcver virus vaccine which, in retrospect, turned out trr have been 
c(,ntarninated with Jive hepatitis B virus. Fortunately only 2% dcveloprd hep- 

atitis, w ~ t h  rncubalion periods varying from 10 to 20 weeks, and tlic discasc 
varied from mild (in 1'K) to severe (in 0.1 'A ). 

Genetic Determinants of Viral Virulence 

Unraveling the genetic basis of virulence has Inng been one of the major goals 
of animal virology, and also one of the most dithcult to acli~cvu, since many 
genes, both viral and host, are involved in the c~utcnme of each infection. With 
advances in molecular genetics it has been possible to dissect the problem In a 
more precise way, using techniques sucli as recombinant DNA technology, 
genetic reassortrnenlt, site-specific mutagenesis, and transgenic animals 

0 1  necessrty, most experimental work has been carried out with labora- 
tory animals. The most detailed studies have been those conducted with 
retroviruses and oncogenic DNA viruses to determlnc the genetic basis of 
ceIlular transformation and oncogenici ty (see Chapter 11). Experiments with 
herpesviruses are beginning to reveal the genetic basis of latency with these 
viruses (see Chapter 10). With viruses causing acute infections, those with 
segmented gennmes have provided a more easily manipulated experilncntal 
model, slnce each segment of the genome of i~ifluenza viruses and reoviruses. 
lor example, is in most cases eqi~ivalrnt to cme gcne, and reassortants can be 
readily obtained. Study of a number of rcassortants ~nvolv~ng diflerent gc- 
nome segments enables the functions that relate to virulence lo be ass ig~~ed tc~  
particular genes. Using a different approach, a detailcd ~~nderstanding of the 
basis of  virulence at. the molecular level has been obtalned w ~ t h  polioviruses, 
where it has been possible to compatc the sequences o l  the genornes of wilcl- 
type viruses with those of avirulenl vaccine strains and then w ~ t h  virulent 
revertants that arise from time to time in vaccinees or their contacts Invcsliga- 
tions with vaccinia virus have revealed thc complex~ty of the armamcntar1u17~ 
of gene products directed against various components of innate or accl~~ircd 
host resistance. Some examples are outlined below to illusLrate how n~olece~l,$r 
biology has opened u p  the new field of rr~oklrlrlr~r ~mtho;ptwrsts 

Most viral genes encode proteins that are essential for viral replicaticln, 
notably those required for viral entry into the princ~pal host cells, rcplicat~on 
of the viral genome, and assemblyirelease of new vir~ons (see Thhle 3-3) 
Additional genes have evolved to maximize tile y~cld of vir~ons by tEowri- 
regulating expression of cellular genes and up-regula ting expression of pnrtic - 
~ 1 a r  viral genes (and sometimes ol particular cellular gcnes) at ap~~roprrafe 
slages of tlie replication cycle Jiecently we have come to rccognlzc a tliird 
category of viral genes, which arc. irrelevant to intraccllular repl~callcm t l f  virlrs 
per se, but which optlrnize tile sprcad and [lie ultimate tilcr nf vlrus in thc 
bndy as  a whole, principally by stlppri3sslng various 'lrms of the inini~rnc 
response These gene products are callcd rwroktrll.5 

Tropism 

All virwses exhibit same degree of host and liss~lc specificrty (troi~rsrrrj. The 
first requlremcnt for infection of a crIl is a correspondrnce butwecn viral 
attachment molecules (ligands) and ccllular receplc~rs (see Ik blc 3-2 and l~c -  
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low). Fr~llowung pcnciration and uncoat~ng, viral replication rnay be depen- 
JeliL on thin actrvity of regulatory c l e m e ~ ~ t ~ ;  In Ihc vlrdl genome enhancers, 
yrc~ti~otcrs, and transcriptic~nal act~vators, as well as I,>ctors that govern the 
~ .~w~miss~ve~iess  of the ccll for complete viral repl~cat~nn (see Chapter 3). Sornc 
of these regulatory ele~nents are restr~cted to certain types of cells or tissues 
and function as-additional important deterlni~iants of viral tropism. 

Viral Enhancers, Promoters, and Transcription Factors 

E111ranccr.s are a class of gene activators which increase the efficiency of tran- 
scription of genes under the control of a particular prclmotcr. Unlike promo- 
ters, which are situated immediately upstream Stom the transcription site for 
a particular cluster of genes and are typically about 100 base pairs in length, 
enhancers can be situated either upstream or downstream lrom the RNA stark 
site, can exist in either orientation in the DNA, are typically 50-100 base pairs 
in length, and are often repeated in tandem. 'These nucleotide sequences 
often contaln, within about I00 nucleotides, a number of motifs representing 
binding sites for different proteins. 'Tl~us, several cellular or viral siie-specrfic 
D N A - h ~ r r d l i i ~  proterns ( f r n n s c r i l ~ f ~ t n  fnctors, sometimes knr~wn as Yransncfi.rwttr~g 
/rmicrrts) may cluster toget Iier along a Gwen enhancer, thereby bringing about, 
in a fashion that is not yet entirely clear, augmer~tation sf binding of DNA- 
dependent RNA pofyrnerase I1 to the promoter. Alternatively, viral or cellular 
proteins can interact not with the enhancer sequence itsell, but with an inac- 
tlve transcription lactor, t h r~s  activating i t .  Since many of the transcription 
factnrs affecting particular enhancer sequences in viral genomes as well as 
cellular gcnomes are restricted to particular cclls, tissues, or host species, they 
can determine I he tropism of viruses. 

Enhancer regions have been dcfrned in the genornes ol retroviruses, sev- 
eral hcrpesviruses, and hepatitis B virus, and in all cases they appear to 
inlluence the tropism of the relevant vi;ruses by regulating the expression of 
viral genes in spccific types of cells. The DNA of a dermatotropic type of 
papillomavirus contains an  enhancer tliat is specificalIy active only in ker- 
atinocytcs, indeed only in a subset of these cells. Further evidence for the 
tissue specificity of papovavirus enhancers comes from studies of transgenic 
mice containung the early gene region of ]C polyumavirus, a common human 
virus wluch very occasionally causes a neurofngic disease, progressive multi- 
frrcal Icukoer~ceylialopatliy; the offspring of transgenic mice bearing early 
genes from the ]C virus develop a neurologic disease characterized patholog- 
ically by dy sfunrtion of myelin-prodt~cing oligodcndroglia, which mimics f he 
naturally occurring disease. 

Virokines 

V i ~ c ~ k ~ n e s  comprise a major new class of virus-coded proteins that are not 
rctluired for viral replication r l r  zrifrn, but influence viral pathogenesis irl zliz)n 

by sabotaging the body's innate resistance or adaptlve immune response to 
infecticln. Many virokines closely mimic nornial cellular rnolpcules that are 
cruc~al ICF the imm~rnc response, S L I C ~  as cytukincs and cytokine receptors. For 
~nslance, tlacre are three virokines encodod by poxviruses which closely re- 
semble soluble forins (lacking the membrane anchor) of the receptors for the 
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cytokines tumor necrosis factor (TNF), interfrrnn y (IFN-y), and intcrlcukln-1 
(ILI) So far, virok~nes sccln to be confrned lo thc largc DNA vlruscs- 
poxvixuses, I~erpusvisuses, adenoviruscs-and lo the rrtrtrv~ruses, but the 
number of  genes invnlved IS cons~dcrablc. More than a quarter of all the 
genes of vacclnia virus can be deleted W I I I ~ O L I L  Impeding its replicatron in cell 
cullures although, as expected, t l~esc deletlon mutants are attenuated 111 71tzv1 

Currently only a minority of thc genes for virokincs have been idcntifiud, 
but their divers~ty already indicales that we may have only scratcl~ed the 
surface in this exciting new area of molecular patl~ogencs~s, lhble 7-1 lists 
some virokines, which can be grouped as fr,lIows: ( I )  inhibitors of T-cell 
cytotoxicity, by binding nascenl class I MWC protein; (2) lnhib~tors of cyto- 
kines, such as IL-1, IFN-y, and TNF; (3)  inhibitors of tile complement cascade, 
(4) inhibitors of antibody-mediated cylulysis; and (5) cytokine mimics, for 
example, 1L-I 0. 

Models of Viral Virulence 

Experiments with infll~enza virus in mice have confirmed the view ad- 
vanced by the pioneer in the field, F. M Burnet, that virulence is multigenlc, 

Table 7-1 
V~rokines 

Ilosl funct~on 
Virus Virtikinc i n h ~ b ~ k d  Mrclian~sm 

Airvirrrl;xc 
Vncc~nia vlrus B15R Cytok~nc I1 - IP  rcBcrptor hcimolo~: h1ricl5 II..-lp 
Vacc~nia virus VCP Complcmrnt f3rrd.i U4b, tnh~b~fing C I ~ S S I C ~ ~ I  patliway 
Vacclnla virus 3XK qerpin Rlcislct coagulation Scrp~n rnli~b~ts scrliic protcs,i.;c 
Vaccin~a vlrus VGF N1l7 i;rc1wtli fartnr st~i?iulatc*s prol~ferat~tr~~ r>f 

.;urro~lnd~ng r~n~nfrctcd crll5 
Cowpox virus crmA Cytok~ne Serpin prvvurlt.; prcilrav rlcavage (if lll-lD 
Myxorna vtrus 7 Cytok~ne I IYN y receptor Iio~iiolog h~nds Il-N-y 
I.lbrorna virus 1 2  Cylokinc 7Nb rrrvptclr Iionioltrg txnrt5 TNI- 

!lrrj~~st~irrd,w 

V I ~ I I S  cytolysl.; rne~c11atc.d r ytolyvs 
klerpes simplex C-l  Corriplemrnf Rind.; (I%, ~ n h i h ~ t ~ n g  allcrric~l~vr~ and rldss~rnl 

V I ~ U S  palhways 
Cytomrgalnvirus UL.38 Cytntoxrc T cells I lr)n~ciIog [PC clas5 I MI IC hind.; 

( I - ~ n ~ r r c ~ ~ l o b u l ~ r ~ ,  prrvcnt~ng t ranr lo~~> l~r~n  tcr 

fhr. cr.ll GLI r fac~ 
ER YIILIS I3CRI:I Cytok~nr, tylolox~c IL-l(l ihu\~~cilog inl-\lh~l\ cytoh~nc .;ynthc\r\, 

7 cell5 ~trl~prv~s1111: T'c cclls anif *Iirnr~lal~iig H tc.lls 
Adc'llcizlrrlt!ne 

Arlriiov~ r11c E3-l9K Cvloxlc 6 cclls f!llld5 Lo cldss I M I  I(., prt,vc.nt~ng Iran\lrit,~t~on 
to ci.11 .iurf<~cc 

Adenovirus 'Thrcr early Cytnkll~c I'rcltrcls ~nfrctcd cc.ll5 f~orn cylolvs~s h y  INf  
prc'lr~ns 

Rt'Iroll~rrr~~p 
HIV p15E Prottu~n kinase C Inlt~hrts q~gnnl tranqd~lct~on 
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that is,  that in gcneral, a n d  f o r  inf1ut.nz.a virus 111 part~cular, n o  orie gene 
rlctcrrn~nes v~rulencc. Reccnt studics .;horv that one essential requ~rc~ncnt  for 
virulence in the ch~cken and neurovlrule17cc in the mcluse is tha t  the heniag- 
glutinln pruicin (HA) must be cleaved. In nonpathogcnic strains of avian 
inllueiixa virus, tlip HA1 and HA2 polypeptide chains of the hen~aggiltltinin 
arc linked by a single arginine, whereas in virulent strains the llnker IS a 
scquPrice of several basic amino acids and is more readily cIeaved by the 
ava~lable cellular protcase(s). V~rulent strains thus contain HA which is ncki- 
vated (cleaved) in a wide spectrum of different types of cells; hence, they can 
replicate and spread throughout the host. Nonpathogenic strains, on the 
ollrer I~ar-td, soon reach a harrier nf cells which lack appropriate HA-cleav~ng 
enzymes. 

Perhaps the  most strik~nf: demonstration of how a minor single nucle- 
otide chattge in the HA gene can make all the difference between relative 
avirulence and high virulence was the finding that a snngle amino ac~d  substi- 
tutlon in the HA protein of influenza A, subtype H5, in 1983 led to a devastat- 
ing outbreak of fowl plague on poultry larms around Pennsylvania that 
caused losscs amounting to over $60,000,000. The point mutation abolished a 
gfycnsylation site, thus exposing to proteolysis the cleavage s ~ t e  previously 
concealed by an olignsaccharidc side chain. I-Iowever, virulence is only partly 
explained by this factor, for when reassortants were made between Iiighly 
virulenf and avirulent strains of avian ~nlluenza virus, exchange of any one of 
the eight RNA segments modified the virulence. Studies with a variety of 
rtassortants sl~owed that, for each reassortant, an optimal combination 
of gcncs (the optimal " g e n ~  cnnstellation") was selected which favnred sur- 
vival In na turc and determined virulence. 

Detailed analyses of the virulence of reoviruses for mice have been carried 
o r~ t  with reassortant viruses The fact that the protein product of each of the 
ten genome segments has been isolated and characterized has allowed deter- 
mination of their fl~nctions and effects on virulence (Table 7-2). 

Four genes (Sl, M2, L2, and 54) encode the four polypeptides that are 
found r111 the outer capsid (Fig. 7-1). Each plays a role in determining viru- 

I;c>nc 1'rrrlc.rn Psopcrllcus 

Sl crl Rc,ov~rtrs 3 bin'tis lo ncn~rr)lrs 
Rtyov~ru.; 1 h~lids to rpcndymal ct.11.; 
U1ncl5 tci T atilt 13 ccll.; 
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Fig. 7-1 Schemat~c djagram nf part oC the rrovlrus outer tap.;ld, qhowrn~  the loraill~n 01 tlw 
polvpcpliiiu~ that play a major mFc in v~rc~lencc Thc ~ r l  ~ r o t c ~ n  is locakd at the vertlccs of the 

~cowliedrnn and coris~stq rrf two ccmyroncnts. ~l(lbular dlrner at the surfacc, rvhrcl~ 1s rrsprm.;l- 
ble for ht~map,glrrtination and cell attarhmcnt, and an cr-liel~cal rejilt>n which anchor5 the hcniag- 
glntln~n hy ~nteract~on with Ihe h2  sp~kc prolcln 7-he polypcpticfcs PIC and rr3 arc as5oc1atcd 
with one another, in the ralin sf cinr mrllerr~lr of p.IC to iwn rnolrcrrlt*~ nl nD, on Ihr qt~rfaccs crl 
the ~cnqaliedral caps~d [ M o d ~ I ~ r d  from L A Sc l~~ l f  and B N Frcld5, rtr  "Fleld~ V~rology" (B  N 
Flclds, D M. Kn~pc, R M Chanock, hi1 S tliisc-11, 1 I, Mclnirk, I. P M(~nath, and fl Ror~lnan, 
eds.), 2nd Ed , p 1277 Rarrcn, Nt'w York, 1990.) 

lenccr. Gene S1 specifies the hernaggl~~tinin (protein rrl), which is Iocafed on 
the vertices of the icosahedron and is responsible for cellular and tissue itrup- 
ism. With reovirus 3, but not reovir~ls I ,  the rrl protein is respons~ble for 
binding to neurons, whose sequential infection leads to fatal encephalitis, and 
it is also responsible for viral spread from footpad to the spinal cord vla 
peripheral nerves. Gene M2 specifies polypeptide PIC, which determines 
sensitivity of the virion to chymotrypsili and hence affects the capacity of the 
virus tn grow in the intestine. Thus plC of reovirus 3 1s prutease sensitive, 
and reovirus 3 is avisulent by mouth; PIC of rcovirus 1 is protease resistant, 
and the v i ~ u s  is infectious by mouth. A reassortant with the M2 gene from 
reovirus 1 and thme SI gene from reovi r~~s  3 was infectious orally and caused 
fatal encephalitis. 

'Gene 1,2 specifies the h2 spike protein, which is primarily a core protein 
but surrounds ul; it is a guanylyltransferase and plays a role in RNA tran- 
scription. The ability of reovirus to reach high titers In the gut and be effi- 
ciently transmitted via feces is associated with the A2 spike protein. Gene 54 
specifies polypeptide m3, which inhibits cellular proteln and liNA synthesis in 
infected cells; miltations in the 54 grnc play a role in establishing persistent 
infection in cultured cells. 

IlDliouirrrs 

The genome ad poliovlrus is a single rnolccule of ssRNA, and the entire 
nucleoticlc sequence of several strains has been determined. Because vaccine 
strains arc required Lo be infectious by mouth but not cause central nervous 
system diseascr, the virrrlencc nf poliovirrrses is narrowly defined as  the ability 
to replicate and cause lesions rrfter introduction into Zhe central nervous sys- 
tem af primates. 

Comparison of the nucleotlde sequence nf the pclliclvirus type 1 vaccine 
strain with that of rile virulent parental strain (Mahoney) from which Sabin 
derived it shows that llirre are 55 suhst~tutions in the 7441 bases, scattcrcd 
along the entire genome. 'Ttvcnty-one nf these st~bstitutlons resulted In amincl 
dcid chang~s ,  involving several of the v~ral proteins. Stirdies with rccombi- 
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tlie I rcgrtln of the I I2 coniplex in thc mnuse and tlic DiDrt: region of the MLA 
con~plcx rn humans. l~l icsc genes encode t he  class TI MFfC proteins on the 
surface of cells of thc macrophnge lineage and D lyniphocytes that are needed 
t c ~  present immunogenic peptldes to the receptors carricd by helper T cells 
which help B cells to nvake antibody (see Chapter 8) Nonrmesponsiveness of a 
given host to a given virus is attr~butablc to lack of any class 11 MHC mnlecules 
cap,ible of binding any of the important epitopes ol that virus with satisfac- 
tory affinity. Even when a viral epilope is satisfactorily presented by antigen- 
presenting cells, there will be no rcspvnse if that host does not contain a clone 
of T cclls with a receptor capable nf recognizing that particular epitope. Such 
"holes" in the T-cell receptor repertoire occur with both MHC class SI- 
restricted CD4-t (helper) T cells and MHC class I-restricted CD8 ' (cytotoxic) T 
rells. 

Susceptibility of mice to infection with some viruses, Lor example, cyfo- 
megaloviruses, retroviruses, and lymphocytic choriomeningitis virus, ltas 
been shown to be linked to particular MHC genotypes. Many reports of such 
associa tinns in humans have appeared in the literature, for example, affecting 
suscepti$ility/resislaince to AIDS or seroconversion following hepatitis B vac- 
cination, but the correlations are generally not as dramatic as in the case ol, 
for example, the association of ankylosing spondyiitis with HLA 827. 

Other Genes Influencing SusceptibilitylResistance 
to Individual Viruses 

Most genes affecting susceptibilityiresistance to particular viruses do not map 
to the MHC region of the genome and presumably operate via any of a wide 
range r>f nonimmunologic mechanisms. For instance, there are now ptece- 
dents for believing that many of the dozens of cellular genes turned on by 
ir-rterfcrons encode proteins that inhibit the replication of particular viruses 
only, such as the influenza virus-speciCic M x  protein (see Chapter 5) In addi- 
tion, the liosl cell must carry genes encod~ng a considerable number of pro- 
teins required for the replication of specific viruses; the most obvious are the 
various receptors needed for entry of different viruses. The capacity to grow 
in ~nacrophages, rather than being destroyed by them, IS a major determinant 
of success far viruses; a single host gene may determine the permissiveness or 
ntl~erwise of macrophages. 

Macrophages 

Macrophages play a central role as delerm~nants of resistance, in part because 
of their role in tlie immune response and in part because of their intrinsic 
susceptibility to infection, which is independent of antibodies or tlie action of 
lyniphokines, although it  is often influenced by those immune factors. Many 
viruses rtqdicate in macrophages, and In stlme diseases they appear to be the 
only susceptible cells. Often viral replication in macrophages is abortive, but 
somet~mes  their apparent Fnsusceptibilily is due to endogenous interferon 
production. 

Many years agn i l  was shown that the susceptibility of different strains of  
mice to rnnusc hepatitis virus was associated with macropliagc susceptibility, 
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111 ~ ~ ~ 7 1 1 1  and r r l  uitm. Other physiologic changes were also secn Pcripl~cral 
blood mononucllear cells from susceptible slrains of mlce showed rapid anct 
str~king pmd i~c t~on  of procoagulant activity follc)w~ng Infection wilh the virus 
that was not seen In cells from resislant strains. Productiun of intt.tleirkln 
inhibitors and other ~mmunosuypressive factors by macrophages is important 
in pathogenesis, and tumor necrosis factor from infected macrophages has 
both antiviral and pathogcnic effects. 

Macrophagesimonocyles play a major role in the pathogenesis of HSV 
infections They appear to be the first cells infected, they are the major reser- 
voirs of the virus during all stages of the infection, and they are probably the 
major vecfor for the spread of  infection to different tissues within the patient 
and, because they are the predominant cell in most bodily fluids, including 
semen and vaginal secretions, between individuals 

I Cellular Receptors 

The presence or absence of receptors on the plasma membrane is a funda- 
mental determinant of  susceptibility (see Table 3-2). In the late 1940s i t  wals 
shown that pretreatment of mice with ncuraminidase (sialidase) intranasalIy 
conferred substantial protection against intranasal challenge with ~nfluenza 
virus, albeit transient because of rapid regeneration of the sjalic acid recep- 
tors. Some 40 years later the three-dimensional structure of the influenza 
FIA-receptor complex was determined by X-ray crystallography-thc first 
ligand-receptor combination to be resolved. Indeed, although the virus map 
be able lo utilize more than one type of cellular glycoprotein or glycolipid as a 
receptor, the conserved pocket near the tip of the HA molecule that consti- 
tutes the ligand engages mainly the terrnlnal sialic acid of an oligosaccharide 
side chain protruding from the receptor. Moreover, although sialic acid can 
occur in numerous combinations with other sugars, h~gh-affinity binding of 
H A  occurs only to sialic acid (SA) in a8(2,6) linkage to galactose (Gal). Passage 
of the virus in the presence of naturally occurring soluble sialyl glycoproteins 
which are inhibitory for the virus selects for a mutant wlth a single amino acid 
substitution at residue 226 of H A  which displays a greater affinity for SAo12,3 
Gal than for SAa2,6 Gal and has acquired an altered host range. 

Polioviruses provide an example of the importance of ccllular receptors at  
the host species level. These viruses ordinarily infect only pr~mates; mice and  
other nonyrjmates are insusceplihle because their cells lack the appropriate 
receptor (a novel member of the immunoglobulin superfamily). Poliovirus 
RNA, when introduced artif~cjally into mouse cells itr aizw or in culture, can 
undergo a single cycle of replication, but since progeny virions encounter 
mouse cells lacking receptors, they are unable to initiate a second cycle of 
replication. Transfection of the gene for the human poliovirus receptnr into 

1 mouse L cells renders them susceptible to infection with poliovirus. Further, 

1 transgenic mice expressing tf-te human receptor in all cells are susceptible, but 
I the fact that viral replication 1s restricted to neurons and muscle reminds us  

that whereas the presence of an appropriate receptor is necessary for inlec- 
! tion, it is not always suflicient-the target cell may be nonpermissive for 

/# 
other reasons. 

l'heort.tically, any normal cellular membrane component coil Id serve a s  
I 
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receptor fm stlrne virus or another. The more conserve'd or r~brq i~~tous  Ihe 
rcceptnr, thc wider the 11~)st range of tlic vlrus that cxploits it; for examplc, 
rahics virus, which uses sialylated gangl~osides as we13 as the dcetylchvline 
rcceptor, has a very wirlc hosl range. 

Now that cDNA encoding viral receptors can be cloned in eukaryotic 
hosts or in transgenic mice, rapid progress can be expected In !his f ~ l d .  
Dr~uhtlless, alternative receptors will be found lor many viruses. These may 
turn out to be situated in different typcs of cells, organs, or host species, so 
accounting for the broad tropism of certain viruscs. Alternatively, two or more 
distinct receptors may serve as optional or even sequential receptors on the 
snme host ceII. This has been reported for at least two iniportani viruscs, 
human ~ m m u n o d e f ~ c i e n c ~  virus (HIV) and herpes simplex virus (WSV). HIV 
uses CD4 receptors preferentially but can also infect types of cells on which 
CB4 cannot bp demonstrated; HSV appears to bind initially to a low-affinity 
rrnceptor, heparan sulfate, which is charged and conspicuously 
from the plasma membrane, then it moves to a second, high-affinity receptor. 
I t  has been postulated that second receptors, which could be glycolipids, are 
closer to  t l a ~  lipid bilayer, facilitating viral entry by fusion. 

1 Physiologic Factors Affecting Resistance 

A great variety sf physiologic factors affect resistance, the most important 
bring the irnmune response, which i s  described in detail in Chapter 8. LittIe IS 

known of many of the nonspecific factors in resistance, but age, nutrition, 
certa~n hormones, and cell differcntiation play roles in a variety of viral d ~ s -  
eascs. 

Vjral infections tend to be most serious at the extremes of life. The high 
s~~sceptibility of newborns to a number of viral infections is of considerable 
concern tu pediatricians. It can also be exploited for the laboratory diagnosis 
of viral diseases. Thus the cnxsack~eviruses were d~scnvered by the inocula- 
tivn of suckling mice with fecal extracts, and infant mice are still useful for the 
isolal~on of arboviruses. 

In laboratory animals the first fcw weeks of life are a period of very rapid 
physiologic change. E;wr example, ditring this time mice pass from a stage of  
inimunolngic nonteactivily (lo many antigens) to immunologic maturity. This 
cliange profoundly affects their reaction to viruses like Eymphocytic cho- 
riomcningitis v i r ~ ~ s ,  which ir-tducus ;I p~rsisient  tolerated infection when inoc- 
ulatcd into newborn mice, but a n  imrnu~ie response in mice infected when 
over 1 week old. In humans, the umbrella of transplacentally acquired mater- 
nal antibody protecls the infant aga~nst  many viruses for the first few months 
of life 'I*he importance o l  this cover is shown by the fact that viruses such as  
herpes sin~plex or varicella virus can cause lethal disease in infants who are 
born without maternal antibodies. S7otaviruses and respiratory syncytial vi- 
ruses are tlie niost striking examples of v i r ~ ~ s e s  that cause severe disease only 
in infants in the first year or so of life. 

Physiologic Factors Affecting Resistance 

Older infant? and cliildren tend to suffer lcss sevcrely from many vtrus 
infections than do premature infanls or ad~rlls. For example, var~cclla virus, 
usually tlie cause of an unct>mplicated disease in cliildrcn, may prc)duce sc- 
vere pneumonia iai adults, and mumps IS complicated by orchitis much rntlre 
often in adults than in children; poliovirus, hcpatitrs virus, and EB virus 
infections are all much more serious in adults. 

Malnutrition 

Mailnutrit~on can interfere with any of tlie mechanisms that act as barriers to 
the repl~cation or progress of viruses through the body. St has been repeatedly 
d~monstrated thaf severe nutritional dcfic~cncies will interfere with the gener- 
ation of antibody and cell-mediated immune responses, with the ac t~v~ ty  of 
pliagocytes, and with the integrity of skin and rnucclus nicmbranes. How- 
ever, often it is impossible to disentangle adverse nutr~tional effects from 
other factors found in deprlved comrnun~ties. Moreover, just as ~nalnutrition 
can exacerbate viral infections, so viral infections can exacerbate malnutrition, 
especially if severe diarrhea is a feature, thus creating a vic~nus cycle 

Children with protein deficiency of the kind found in many parts of Africa 
are highly susceptible fo measles. All the epithelial manifestations of the 
disease are more severe, and secondary bacteria1 ~nfccticrrns cause life- 
threatening disease of the lower respiratory tract as well as otitis media, 
conjunctivitis, and sinusitis. The skin rasli may be assocrated with numerous 
hemorrhages, and there may be extensive intestinal involven~ent with severe 
diarrhea, which exacerbates the nutritir~nal deficicncy. The case-fatality rate is 
commonly 10% and may approach 50% during severe lam~nes. 

Hormones and Pregnancy 

There are few striking differences in the st~sceptibilify of males and females to 
viral infections, except in the obvious instances of viruses with a predilection 
for tissues such as testis, ovaries, or  mammary glands Pregnancy signifi- 
cantly increases the likelihood of severe disease following infection with cer- 
tain virt~ses, an  effect that was very pronounced in smallpox and is also seen 
in infections with hepatitis viruses, especially hepatitis E virus. Latent hcr- 
pesvirus infections are often reactivated during pregnancy, contaminating thc 
birlh canal and leading to infection r)f the ncwborn. 

The therapeutic use of corhicostllrllicls exacerbates many v~ral infections 
and is contraindicated, notably in hcrpcsvirus infections The precise rnecha- 
nism is not understood, but cnrticosterolds rcduce inflam~natory and immune 
responses and depress interferon synlliesis I t  is also clear that adequate 
levels of these hormtwies are vital for the maintenance of normal rcsistance to 
infection. 

Fever 

Alrnost all viral ~nfections ale accomyanicd by fcver. The principal mediator of 
the febrile response a ppeats to be the- cy tokinc ~n terlcuk~n-1 (previousl y 
known as endogenous yyrogen). Interleukin-l is produccd in macrophages 
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and  i s  induccd during immune responses It is f(~und rn riiflammatory exu- 
dates and acts r,n tlic temperature-regulating centcr In the antcr~or hypo- 
I l i~lamus,  l i r  r~ifrrr rxprrirncnts have shown that an tlbody product io~~ and 
'I--ct*ll pnlliferalion lnduced by interlcuk~n-l are greatly increased when cells 
drc c~~l t~ l rec i  at 39OC rather than at 37°C 

Fever prnfoilndly disturbs bnd~ly fr~nctirlns. l'he increased metabolic rate 
augments the metabolic activity of phagorylic cells and the rate at which 
inllammalory responses are induced, both of w111ch might be expected to 
exert al~biviral eflects. Exposing rabbits to high environmental te~nperatures 
greatly diminishes the severity of mgxomatosis, usually a lethal disease; on 
the other hand, l.c>wered environmerltal temperature increases the sever~ty of 
thc disease produced by attenuated strains of myxoma virus. 

Cell Differentiation 

The replication of some viruses is dekrmined by the state of differentiation of 
the cell The warts produced by papillomavlruses pri~vide a classic example. 
Produckive infection is not seen in tlie deeper layers of the epidermal tumor 
but o c c ~ ~ r s  only when the cells become keratinired as they rnrlve to the surface 
layers Basal cells contain 50-200 copies nf viral DNA, but viral antigens and 
finally viral particles are produced only as the cells differentiate a s  they ap- 
proach the surface of the skin Other examples involve cells of the immune 
system For example, measles virus, whicl~ does not replicate in normal (rest- 
ing) peripheral blood lymylincyte cultures, does so after their activation by 
mitogen. HIV, integrated as a provirus in a resting T cell, cannot replicate 
until a cytokinc induces synthesis of the NF-KB family of DNA-binding pro- 
Ycins, acliva bing tlae cell lo a permissive state (see Chapter 3). 

The stage of the mitotic cycle may affect susceptibility. Autonomously 
r~plicating prvoviruses replicate only in cells that are in late S phase Most 
vulnerable arc the rapidly dividing cells of bone marrow, gut, and the devel- 
oping fe tus  Thc human parvovirus B19 produces lytic infection ol dividing 
cells, the most scnsi t ~ v e  target being the erythroid precursor cells. The arrest 
of erythrocyte productinn is not clinically apparent in hematolog~cally normal 
individuals, but in persons with a shnrtened red cell survival lime this arrest 
rcsults in the transient prdound anemia of aplastic crisis. Infrequently, this 
viru+, has also been recovercd from stillborn ~.dernatous fetuses (hydrops 

Role of Interferons in R8ecovery from Viral Infection 

Intrsfcrons arc cellular proteins thal are inducvd in virus-infected cells and 
were firs1 recognized because they interfered with the replication of viruses, 
altlioilgh they are now known to have a variety of other physiologic effects. 
.I'lirir properties and mode of action were described in Chapter 5; here we 
ctrnsicler the. role of interferons in fhe body. 11 is difficult to determine which 
cell types, or  even which tissues and organs, are responsible for most inter- 
fern11 productlan itr ntlm. Extrapolating from findings with cultured cells, one 
can probably assume lhat most cells in the body are capable of  producing 
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inlcrfcrons in response Lo v~ral  infection Ccrtn~iily, ~nlrrftxrons can he found 
i l l  the rntlcus bathing epithelial surfacrts such as Llie resp~~.nkory t~act, and  
interferon is produced by most nr a11 cells o f  rnes~nchymal rlrigin. 1,ymyho- 
cytes, especially 'r cells and NK cells, as well as macropliages, produce large 
amounts of interferon a and y, and i h ~ y  are prc)hably the prlnc~pal source 
of c~rculating inlcrfernli in viral infections rharactcrizcci by a virernic 
stage 

There are data supgorling a central rclle for ~ntcrferc~ns in tlie recovery c > f  
experimental animals and humans following at least some viral infections. 
Telling evidence that interferon can indeed be ~nstrurncai~al In dec~ding tlie 
fate nf the animal following natural viral ~nfectic~n was prnv~ded In the early 
1970s by Gresser and colfeagues, w110 showed that mlce infected w ~ t h  any of 
several nonlethal viruses, or with sublcllial doses of more virulent viruses, 
die i f  anti-interferon sierLrrn is administered. More recent support is given by  
the elegant work on the M x  gene and the susceptib~lity of mice to influenza 
virus described in Chapter 5. Perhaps Llie nzost persuasive evidence, how- 
ever, comes from a more recent study wit 11 transgen~c rnlce. Mice transfected 
with the gene for human interferon p displayed enlianccvd resistance to pseu- 
dorabies virus, in proportion to the resulting cor-ncenttat~nn ~ 7 f  circulating; 
interferon. Serum from the transgenic mice also protected non transgenic mice 

against the unrelated vesicular stomatitis virus, and this protection was abro- 
gated by an ti-in terferon serum. 

Although it IS widely thought that interferons constitute fhe flrst line of 
defense in the process of recovery from viral infeciions, i t  rut~uld bc naive to 
believe that it is the most important factor in recovery. I f  this were so, one 
might expect that a systemic infection with any vlrus, or ~mniun~zation with a 
live vaccine, might protect an individual, for a period at leasl, against clial- 
lenge with an  unrelated virus, yet this cannot be demonstrated. The evidence 
is somewhat stronger thal infection of tlic upper rcspilatory tract with one 
virus will provide temporary and strictly local protectioti against others. Per- 
haps this distinction provides the cIue [hat the ilirect ant~v~ral  cffect of inter- 
ferons is limited in both time and space. The main antiviral role of interferons 
may be to protect cells in the immediate vicinity of fhc in~tial foccls of infection 
fur the crucial first few days. 

Natural Inhibitors of Attachment of Virions to Cells 

Blood, mucus, milk, a n d  other body fluids conlain a wide rangr of sub- 
stances, some of which can coal part ic~~lar  v i r ~ ~ s c s  and irnpedc tlie~r attach- 
nle11t to  cells For example, inflrrei-tza virions can be neutrali~cd by mannose- 
binding lectins (conglutinin and "mannosr-binding prottlin," MB1') found in 
the plasma of a number of animal species iracluding humans, and in the lungs 
as pulmonary surfactant proteins, as well as  by sialylatecl ,qlycoproteins found 
in plasma and respiratory mucus Cyl(arncgalovirus is c~ftroi coaled with 
Pz-microglobulin, as i s  HIV which also hrnds I !I,/\-DR (rc and  P clia~ns) and 
CD4 found in soli~ble form In plasrn~ '1,; well a s  on lyn~pliocytes. Antiviral 
fatty acids drrrvcd from lipids in breast m~ lk  hnvc also bcen described I1 is not  
yet clear whofhcr these observatic~ns relatu to I ~ i o J ~ ~ g ~ ~ a I l y  1rnportd11l phenom- 
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rna I r  !hey do, [hey may r~p r r s cn t  tip o i  an iceburg o l  innate natural 1, Chapter 8 I 
defense mechanisms which could, with the advent of recombinant DNA tech- / 
nology, be exploited for chernotherapewt~c purposes. 1 I 1 

Dual Infections 

Viral ~nfections ol the respiratory tract often lower resistance to bacterial su- 
perinfection, notably in measles and influenza. Experimental studies in mice 
have shown that Stnplrylococcris arrwrrs produces a protease which increases 
the virulence of influenza virus, presumably by cleavage of the HA molecule. 
Rotavirus infection of the murine gut is more severe in the presence of an 
enterotoxigenic strain of Esclrrricr'rin cnli. 

Even more important are the secondary infections that complicate infec- 
tions with ~mmunosuppressive viruses. HIV, for example, so profoundly de- 
pletes the CD4+ cell population and damages cells af the monocyte lineage 
that AIDS patients usually die from any of a number of uncontrollable sec- 
ondary inf~ctions These may be otherwise rare parasites such as Pneutnocysfis 
cnrrirri and Tnxoplnsrnn gondii, or mycobacteria, including atypical mycobacteria 
and Mycol~ncf~rirr~t~ nnirrln Numerous other organisms, inclusding rare fungi, 
the yeasts Chrrdztin nlbical~s and Crypfncnccus neofornmtrs, and herpesviruses, 
papillomaviruses, adennviruses, and hepatitis viruses, are frequently isolated 
froni these unfortunate individuals. 
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In response to the constant threat of invasion by microorganisms and viruses, 
vertebrates have evolved an elaborate set of defensive measures, called, col- 
lectively, the immune system. During the initial encounter with a virus, the 
immune system of the hosf recognizes as foreign cerMin viral macromolect~les 
(proteins, carbohydrates) called nrqltgens, which el~cit several kinds of re- 
sponses t n  eliminate the virus and to prevent reinfection. CelIs of the hrrrtrornl 
itnmltne sys fon (B lymphocytes) respond to an antjgenic stiniu1us by produc- 
ing and secreting specific irnmunoglnbulirrs called nrltihdies; cells of the cell- 
mediated immune system IT lymphocytes) respond by secreting several cylo- 
kines which regulate the immune response by coordinating the activities of the 
various types of cells involved. These lymphocytes bear highly specific rtcep- 
tors tlrat enable them to interface with discrete sites on the virlon or on viral 
pcptides, known as arili+giariic dcferrninnrrts or e;litol~cs This specific recognition 
event triggers a wide range of effector processes that attack and remove the 
invading virus and virus-infected cells. The resulting cascade of cell-cell ~nter -  
actions and cytokine secretion arnplifies the immune response to match the 
scale of the virus infection and, in addition, establishes a long-lived memory 
that enables the immune sysfem to respond more quickly to any reinfeclion 
thar may occur later in life. 

The immune rcspnnse Lerminatcs many viral infections before much dam- 
age has been done, resulling in mild or even subclinical infections. This 
chapter deals wlth the role of the immune response in recovery froni v~ral 
infection and resistance to reinfection. Later chapters address situations 
where the immune system does not function so etlectlvely: whcre the i n -  
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mune response is acttially harr~lful, causing tlssue damage In vital organs 
(C.hapltr 91, or whcre tlic virus cvadcs the immunc systcni and ~stablishes a 
pers~slent lnfcction (C11a yter 10). 

Components of the Immune System 

The i r n rn~~ne  system comprises several kinds of lymphocytes as well as cells 
of the monocyteimacrophage hneage, dendritic celIs, and NK cells. Lympho- 
cytes, with their specific surface receptors, are the key to immunologic speci- 
ficity Any givrn 7 or B lymphocyte possesses receptors with specificity for a 
particular epitope. When T or B lymphocytes bind antigen they respond by 
div~ding to form an expanded clone of cells (clonal expansion) The B lympho- 
cytes differentiate into plasma cells, which secrete specific antibody. The T 
lympliocytes secrete soluble factors known as lyrnpl~okriies or inturlertkins, 
which are representatives of a large farn~ly of hormones, known generically as 
cytokines, that modulate the activities of o t I ~ s  cells involved in the immune 
response. Some of the T and B cells revert to Inng-laved small lymphocytes 
responsible for r~~rtnzt!~rrlo,gic rlrcmo!y. Whereas anlibodies and the receptors on  
B cells recognize epitopes on foreign antigens in their native conformation, 
T-cell receptors recognize short peptides in association with membrane gly- 
coproteins known as MHC profcrirs. 

Antigen-Presenting Cells 

Cells of the dendrltic cell and monocyte/macrophage lineages play a central 
role in the immune response to viruses, nutabIy In antigen processing and 
presrntat~on (Fig. 8-1). As a class, cells with these functions are called flrtli,gen- 
prcxvrfi~i~ crlls (APC). The most efficirnt antigen-presenting cells are MHC 
class Il-r~ch dendritic cells, ~ncluding Langerhans cells of the skin and the 
inicrdigitating dendritic cells of Iprnph nodes, so named because they ~nter-  
digitate with CD4 T cells to which they present antigen. Unlike dendritic 
cclIs, macrophages are phagocytic; they express some class 11 MHC protein 
while resting, but more following activation. After priming and activation, B 
lymphrlcytes also serve as antigen-presen ting cells; they are important during 
the latter stages of the primary response and during the secondary response. 
Tr3 understand the intricacies of antigen processing and presentation one 
must lirst knrlrv something about the s t r uc t~~ re  and intracellular trafficking of 
MFTC proteins. 

The rrrolor Ii~stuc~)r~~pntiI~~IE!.y r o l r ~ ~ ~ l c , ~  (MWC:) is a genetic Iocus encoding 
three MI FC rlass I proteins and at least six MHC class II proteins, each of 
which occurs in one of many alternative allllelic lorms. Class I glycoproteins 
are found in the plasma membrane of most types of cells; class II glycopru- 
teins are cr~nfined principally to antigen-presenting cells. At the distal tip of  
each class of NHC protein there is a grrmve, usually occupied by a sh,ort 
peptide (Fig. 8-2). Ppptides recovered from class I molecules are usually 8 or 9 
arnlnn acids long; peptides binding to class I1 proteins range from 13 to 17 
amino acids. SpcciF~c amino acids lining the grooVC of any particular MHC 
psot-e~n limit and  detcrrnirle the particular range of peptides that can occup); 
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Fig. 8-1 Cells invt)lvrd in antlvlral immune responses V, Vlrus or viral antigen, MIiC r ,  MtIC 
11, MI-IC proteins ul class 1 and [I, respect~vcly. w~th  viral pcptldv bound nn gloove, 7-h, helpel, 
Td, delayed hypersens~twity, Tc, cytotnx~c T lyrnphocyles; NK, natural krller cell, K, k~ller cell 
Antigen-presenhng cells process virus or viral prnlellls via the endnsumsl pathway, and thc 
peptldes assnc~ale w ~ t h  class 11 MHC pmtcins. Somc viral pmte~n rnolc~c~~les produced dur~ng 
vrral rcphcatrun undergo ploleolyais and the resulting peptides assoc~ake w ~ t h  class 1 MI1C 

proteins through the cytclsollc pathway. (Mod~hed from C A Mims and D 0 Wh~te "Vlral 
Rthogenes~s and Immunology " Blackwell, Oxford, 1984 ) 

it. The peptide-MHC complex is in turn recognized, with a considerably 
higher degree of specificity, by the T-cell rcreyifor (TCR) of the appropriate clone 
05 T cells. During ontogeny, positive selectinn of developing T cells in the 
thymus by "seif" MHC molecules results in mature T cells that can recognize 
foreign peptides only if they are in the groove of "self" MHC protein, not 
foreign MHC molecules. This phenwmenon is known as MNC rcsfrrcticln. 

Virus or viral proteins taken up  by antigen-present~ng cells pass pro- 
gressively through early endosomes to late [acidic) endosomes and prelyso- 
somes, where they are degraded by proteolytic enzymes (the rt?daso!~inl gafh- 
7un.y). Certain of the resulting viral peptides are  able to bind to newly 
synthesized class I1 MHC molecules which they encounter in these acidic 
endosomes on their way from the Golgi complex to the plasma menibrane. In 
virus-infected cells, on the other hand, endogenously synthesized viral prn- 
tein molect~les are occasionaily degraded in the cytosol, and the resulting 
pept~des  are transIocated by special transporter molecules into the enclo- 
pIasmic reticulum, where they assemble with class I MHC molecules to form a 
stable complex, which is then exported to the cell surface (the cyfosolic tnfll- 
run!/). Thus, in general, peptides derived from endogenously synthesized viral 
proteins in infected cells associate with MHC class I proteiri and the complex 
is recognized by CD8* T cells, thus eliciting a Tc cell response, wherras 
peptides derived from exogenous viral proteins endocyiosed by antigen- 
presenting cells associate with class I1 MHC protein and the complex is recog- 
nized by CD4-I T cells, leading to a 'Th cell response. 

Although there is extensive polyniorpliism of MHC genes between peo- 
ple, any individual has only a limited n ~ ~ r n b e r  of different MHC proteins, and 
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Antiqen-Presenlinq Cell /, 

Target cell ,./,, -,--. , - / 

A Cylotoxic T cell B Helper T cell 

Fig. 8-2 Mtrdcl lor !lie ~ntur~lc l~orr  bctwcen MFiC p ~ o t r ~ i i s ,  T-ra.ll reccplor, and CD4 or CDP [A )  

CD8 on n cytotoklr T r r l l  h1nd5 tn a class I MtIC prc~tcln on a targt,t c ~ l l  alltl tntrracl.; with a T-cell 

i 
rcccptr*i ( K R )  mtilccute that 15 btlldirlg both Irr the sarnr class I M l l C  protein and to the forc~gn 
{x ' l> t~ l r  it 1% p n ~ c i l l i n g  (t?) C114 c ~ n  a helpt9rT rc l l  L~inrlc tn a class I1 MI-IC prolc,in nn an nntlgrn- 
txc.irntir~g cell and ~mtriarte wrth R TCR mcller.ule that 1s hlndlng both In thr clacs II h4f IC p r o l ~ i n  

and trr the prptldc I I  is prc.rc.nting I he TLR IS 5hown (I i~.nvy 5liad1ng) as a ht>tcrod~mer of lwtr 
pnlyprl.7t1dr cliail~s, n: and p, tach wrth a concfnnt dnnlain sydnnlng tht~mernbra~~c.and a var~ahlc 

region cnntarning thc antlgcn-binding grnrwt., the K R  is assoc~ated w ~ t l i  the accrssnry molctulc 
C 113, a cor~iplex r , t  tftrec* pcdypcprtdrs(y. 6, E) pluq a Ilcimndimcr trf 6 ,  w h ~ c h  1% thought tu serve as 
n s~gnnl transducer lor I ~ L -  TCR, hr.~ng pt~rr~pt~orylatt.d hy Ihe tyroslnf k~nasr pFihlik (st~pplcd), 
which 15 assclr1atc.d with thr  accessory n~rrlrculcs CI14 and CDR (str~prd). The class I MHC protuln 

15 shown a.; a pcllypcplldc chain w ~ t h  t l i rc~  extracrllrrlar domalns, asst~c~ated wltl i  8,-microgln- 
bulin, thv class I1 MI IC cs rlcyrclrd as romprls~ng two po ly~>rp t~de  chalns, each havlc~g lwcl 

cxlrncelbular domains Addilionzll pa~ns ot ctinlplt.nlrnt,~ry adlirslnn rnorecules c ~ f  different types 

(i iol shown) crrnlr~buke lo cslabl~slrlllg and \tabll~i.~ng rlose contact brtween thc T eel[ and 
ant1gc.n-prcsrntl~ig ccI1 (inclnd~n): t3 cclls) IFrnm 1. lZ l'arnes, t r f  "Eticycloped~a clf Fluman Biolo- 
gy" ( I <  I3~1lhctc0, ccl ), Vol 2, p 225 Acaclcmtr- rrcss, Sar~ DIPGO, lL191 I 

any given ant~grnic pcptide hinds only to certain MWC molecules If certain 
pcptidc-MIIC coniplex~s are Important in  eliciting a protective immune re- 
sponse to a serious viral intect~on, persons lacking su~lable M HC prc~teins will 
be genetically Innre susceptiblr to that d ~ s e n s e  Equally crucial is whether the 
71'-cell rcpertuire of that individt~al includes a clone of lymphocytes bear~ng 
recepturs for that particular Mt-1C-peptide complex 

T Lymphocytes I 
There are two principal dcisscs of lymyhrrcytcs: 'l' lymphocytes, so named 
h~*cause of thcir dcpcndcncr on the Ithyn~us for their maturation from pluripo- 
tent 1mrrnc)poictic stern cclls, and El Iyrt~phocytes, derived from the bone mar- 
row .These d~fCcr not only in thcir diffcrcnt antigel1 receptnrs, but also In 
surface markers and function. l;~~~?cti(>nalIy, T lymphocyles are classified into 
four substbts: Ireilrcr- ('1.1,) and st~y~~~~css.s-nr (7:s) lymphocytes arc regulator cells; 
1 ' i d  I 1 r 1 i 1  ( 'M) lymphocytes are effector cells 
(Iablc 8-1). Close cxa~ninallon of T-cell clones indicates that a single cell 
l y p ~  can disclrargc more illan one of' thesc functions and s ~ c r e t ~  a range of 
d~ fk rcn t  lymphokines, but it may recugnlzc a given delerminant only in 
associati:ln w~t l i  a particular class o f  MtiC molecule on the surface of the 
ccl I .  
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Table 8-1 
S~rb5t.l.; r r f  T Lyrnphocytrc 

Suhsct Markvr Mt 1C re\lricllon I-unction 

I ~ c l p m  ( rl1) C n.1 i I L i ~ s  11 111, tnfl,imniat~c~n 

111, hclp Ir)r H rx Tc cclls 
Cp Lntc~xic (Tc] CDH CPass I, U S L I ~ I ~ ~ ~  Cytoly~~.; O C  vlrus-infr~clt~d cclls 
Supprcsscir ITS) CI2H 7 S!~pprr\srcrn nf B. 1'11. or 'rr ct.Ils 

Hrlper T Cells 

The Th cells carry a s~trface markcr known as CD4. They recognize viral 
peptides in association with class lJ ME1C pn~lein, usually on the surfacc' nf a 11 
an tigen-prcsentlng cell. l'laey then secrctc cytoki~~es which activate the Th 
cclls themselves and suhsequcnlly activate other types of lyniphc~cytes, such 
as B cells, helping them to pmduce antibody, or -1'c cells, helping them to 
acquire cytotoxici ty. 

Cyfotoxic T Cells 

The Tc cells carry thc CDR surfacr marker and generally recognize viral 
peptides in assnciatlon with class I MHC inr~lecules. Following activation, 
they lyse cells which have that partirular viral peptide boilrid to that Mt-IC 
class I protcin on their surface, 

Delayed Htfperscnsitivity T Cells 

The Td cells are generally CD4 + (ht~t  may be CD8+) and recognize pep- 
tides tn association will1 class I1 [or sonictirnc~s class I )  MHC protein. The 'l'd 
cells secrete a variety of lymphokines which set u p  an inflammatory ~ r s p o r ~ s e  
and greatly augment the immune response by attracting both mono- 
cytesfmacrophages and other T cells ro the s~ t c ,  and ,ilso activating them to 
proliferate, differentiate, a n d  secrete additlnnal cytoktn~s themselves. Thc Td 
cells are generally considered to be a subpopulation of 'I'h cells. 

Two major classes of CD4' T cclls have hcen described The Thl cells 
("inflammatory" T cells) are defined as typically secrct~ng the cytokines 11,-2, 
IFN-y, and 'TNF-(3 [plus granulocyte-mcropl~age colony-stirnulali~ig factor 
(GM-CSF) and IL-31, mediating delayed I~ypersensitiv~ty (DrI'H) rn vizlo, and 
promoting IgG,, production, whcrcas I ' l l z  ("hclpe~" T cells) arc dcfirled as 
typically secreting IL-4, TL-5, and IL-h (plus GM-CSF and IL-31, provid,ing help 
b ~ ~ t  not D'Tf1, arid promoting a switch to the IgC, ~s t~ type .  However, indtvid~l- 
a1 C D 4 '  T-cell clones vary widely in thc parlicular c~>mtlinaf~ons of cytcrkines 
they produce; the two dorninanl patterns described above tend to emerge in 
chronic persisting infections or aftcr long-lemm culture 

The Ts cells are the least well-character17cd class of 'I' cells Functionally, 
there is no doubt that certain populaticlns of CD4 , CIIH', 1-1 'r cells can bc 
demonstrated to down-regulate olhcr 'l'-ccll- nndinr B-ccll-niediatcd immune 
responses. However, it has prnved d~ff~cult  to clone thc T cells fhat d~splay 
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tliis property, and some ~mmunologists remain skrptical about thc cxislencc 
of a unlquc Ts cell type with a L I I I I L ~ L I ~  supprPssr>l- function. CurrcntTy, i t  
appears likely that 1. cells may, rtndrr part~cular circumstances, surpless vari- 
ous arms of thc irninune response in a variety of ways, for example, (I)  by 
direct cognate interaction w ~ t h  an effector I3 or Tc cell, (2) indirectly, by sup- 
pressit~n of a helpcr T cell, or (3) via antigen-specific soluble factors or antigen- 
~zonspecific cytokines. 

The effector response of T cells is generally transient; for instance, in 
certain acute infections Tc and Td activities p ~ a k  abo~zt 1 week after the onset 
of a viral infection and disappear by 2-3 weeks. It is not yet clear whether this 
is attributable to the destruction of infected cells with conseql~ential removal 
of the antigenic stimrslus, or whether it is a function of Ts cells. 

An entireIy different class of T cells with a different type uf receptor 
composed of polypeplide chains designated y and 6 (rather than Ihe conven- 
tional a and p chains) is found principally in epithelia such as the skin, gut, 
and lungs. The y i 6  T lymphocytes display a relatively limited immunologic 
reperloire, reflecting a highly restricted V (variable) gene usage. There is 
emerging evidence that these T cells are sometimes involved in tlie immune 
response to viral infections, but it is tot] early to general~ze about their role or 

Cytokines 

Cytoki lies are hormones which regulate the proliferation, diIferentialion, 
andlor maturation of nearby cells. Many aTe produced by T lymphocytes 
(lynipliokines) or monocyteslmacrophages (monokines) and serve to regulate 
tlie immune response by coordinating Lhe actlvitie5 of the various cell types 
involved. Thus, although cytokines are not antigen-specific, their prociuction 
and actions are often antigen-driven. 

Cytokines affect cells in the immediate vicinity, particularly at cell-cell 
~nterlaces, where directional secretion may occur and very low concentrations 
may be cffective. Target cells carry receptors for particular cytokines. A single 
cytok~ne may exert a multiplicity of bio1oglcal eflects, often acting on more 
than one  type 01 cell. Moreover, different cytokines may exert similar effects, 
Ihough perhaps via distinct pcsstrnceptor signal transduction pathways, re- 
sultirig in synergism. 

Cytnkines up-regulate or down-regulate the target cell, and different cy- 
fok~ncs can antagonize one another. Typically, a cytokine secreted by a partic- 
ular type of cell activates another type of cell to sccrete a different cytokine or 
la express rcccptors for a particular cytokine, and so on in a sort o f  chain 
rcact iort. Because of the intricacy of the cytokine cascade it is rarely possible to. 
attribute a given biological event in zrizltr to a single cytokine. 

Cytokines (Table 0-2) can influence viral pathogenesis in a number of 
ways: ( I )  augmentat~on of the immune response, for example, of cytotox~c 
cells by turnor necrosis factor or by interferon y which izp-regulates MHC 
expresslon; (2) regulation of the immune response, for example, an t i hdy  
isotype switching hy interleukin-4, -5, -6, or interferon y, (3) suppression of 
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Table 8-2 
Cvtrrkrne., and  Thew Sources, Targels, and E f f ~ c t s ~ ~ ~ ~ ~  

10-ln.0 
IL-2 
11,-3 
11-4 

11,-5 
I L-6 

I L-7 
11,-8 
IL-10 

IL-12 
TNl:-tx, p 

TGF-p 
IFN-e.P 
IFN-y 

CM-CSF 

Mrr1l1)cytrstniacrop1ia~c~ 
7 cells 
1 ct-lls 
I h cr f l~ ,  masf cells 

7'h cclls 
T cells, ~narmphagcs, other 

Bonr marrnw stromal cells 
Various 
T cc-lls, B cells, monc~cy tes 

Macrclpl~agcs, B ct.lls 
Monocytcs, other 

Various 
Leukocytes. othvr 
Tli cells 

Prolrfc.rairot1 of 'r cc l l~ ,  I[.-2 rt-rrptoi rxi,riL.;slon, a n t ~ h o ~ l ~  fcvcr 
I'rolrfciatirrn and d ~f(crct~t~nt~trn of 1 ct.115 

F lcsniatopo~cs~s, ssttn ccxlls and niaqt cells 
I'rt~l~fcration and d~flerrntiai~o~l of B, I, M ,  switch frr~n~ IgM Po 

IgG,, IRE 
Prol~feratrun and difftlrcntialic~n of R, E, sw~tch to IgA 
Prul~feratlnti and dlfferent~afion of l ymphr~cy~~s ,  ~ridurrs 

antibody, fevcr 
Prol~fcratinn trf  pre-6 and pre-T cells 
Chcmolaxts, neutrvphils and T cells 
Imm~rnos~~pprrscic~n, inhrb~tq APC. T cells, and cytoklnc 

productlt>n 
Pndiferailon and drfferenhatlon of T cells 
AntlvlraP, pnllifcrat~nn and J~ffereritiatlon of T, 8, M, N, T;, 

fever. cachexia 
Inl~ib~t+ prol~leration o f  T, R ,  and stern cvlls 
Ant~viral, Cevrr 
Antivira!, act~vatinn of Tc, M, NK, IgM to IgG,, switch; up- 

regulates MHC and Fc reccptnrs 
Hemahopnics~s, granulacy tes, monocytes 

" Cytokilaes are pleltrtrupic in Ilielr actions 
I '  Or~ly certain major act~vitirs of  the best sttrdled cylnklnes are l~strcl in thls condensed summary 

Ahhrcvrations. IL, lnterleukln, TNF, furnor necrnsls factor. TGE, transforming growth factor, IFN, ~nt~rtcron,  
GM-CSF, granulocyte-marrophage cr~lnny-stlmulatlng factor, T, T lyrnphr)cylc, 8, U lymphocyte, M, 
rnonc~cytcirnacrophage, NK, natural krller cell; E, ensinrrph~l, F, fibrublast, AFC, ant~gen-prcsrrltrng ccnll 

the immune response, for example, inhibition of the synthesis of interferon y 
by ~nterleak~n-10; (4) inhibition of viral replication by interferons; and (5) up- 
regi~lation of viral gene expression, for example, TNF-o: and interleukin-ti, 
binding to their receptors on T cells, induce the synthesis of NF-KB, which in 
turn binds to the regulatory region of the integrated HIV provirus and pro- 
motes I-IIV gene transcription. 

B Lymphocytes 

Some of tlie pluripotent hemc~poietic stern cells originating from fetal liver 
and later from bone marrow differentiate into B lymphocytes, which are 
char.icterired by the presence on their surface of specific antigen-binding 
receptors, plus receptors for complement (C3) and receptors for the Fc portion 
of immrrnogfnbulin During ontogeny, cnmplex DNA rearrangements occur 
involving recornbinatinn between hundreds of inherited V (variable) imrnu- 
noglnbulin gene slcgmenfs to yield potentially millions of combinations. Each 
individual B lyinphocyte and ils progeny express only one of these immu- 
noglobulin genes; hence, by the time an animal i s  born there is a vast nrrmber 
of 13 lymphocyles expressing different monomeric IgM molecules as surface 
receptor proteins. Such cells have three possible fates: Ihey may react with a 
self-antigen and usually (but not always) be eliminated; they may react with a 
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foreign anllgcti, undergo clonal expanston, anti sccrete antibody to that ariti- 
gen, or, like othcr short-lived effector cclls, [hey soon d ~ e .  In contrast to those 
c)f T cells, the receptors nf I3 cells are antlbndy-like molecules that recognize 
antigens in their native state, rather than as peptides bound to MIHC protein, 
and hence 8 cells interact directly with virCll prt~teins or virions. When the 
particular clones of B cclls hearing receptors complementary to any nne of  the 
several epitopes of an antigen bind that antigen, they respond, after receiving 
the appropriate signals from Th cells, by division and dillcrentiation into 
antibody-secreting plasma cells 

Each plasma cell secretes antibody of only a single specificity, correspond- 
ing to the particular V (variable) domains of the immunoglobulin (Ig) receptor 
it expresses. Initially this antibody is of the IgM class, but a gene translocation 
then brings about a class switch by associat~lig the V gene segments with a 
different I-[ (heavy) chain constant domain. Various cytokines also play an  
important role in isotype switching (Table 8-21, Thus, after a few days Igb;, 
IgA, and sometimes IgE antibodies ol the same specificity begimi to dominate 
tlie Immune response. Early in the immune response, when large amourlts of  
antigen are present, there is an opportunity for antigen-reaclive B cells to be 
triggered even i f  their receptors fit the ep~tope  with relatively poor ~flir~tty; the 
result is the production of antibody which binds the antigen with Low nz~idity. 
Later on, when unly small amounts ( ~ f  antmgen remain, B cells that have 
evolved by hypermutation in their VII genes to produce receptors that bind 
the antigen with high affinity are selected ( n f i ~ i l y  ~ tm iuvn f~o~ i ) ,  and hence the 
avidrty of the antibody secreted increases correspcmdingly. 

immunologic Memory 

Following priming by antigen and clonal expansion of lymphocytes, a popula- 
tion of long-lived rrreltlor,y cclls arises which persists indefinitely. Memory T 
cells arc characterized by particular surface markers (notably CD45RO) and 
hnniing molecules (rrdllesi~rs) that are associated with a distinct recrrcillation 
pathway. Wl~en  reexposed to the same antigen, even many years later, mem- 
ory T cells respond more rapidly and more vigorously than in the primary 
encnuntcr. Memory 8 cells, on rcexposure to antigen, also display an  nnnmtzes- 
trc (scrondnr.~l) rLvspcvzse, with productann of larger amounts of specific antibody. 

L,ittlc is known about the mechanism of the longevity of inlmunologic 
tnemtary in T or 13 lymphocytes in the absence of demonstrable chronic infec- 
tion Possibly the cells are periodically restimulated by the original antigen 
retained indefinitely as antigen-antibody complexes on follicular dendritic 
cells in lymphoid hollicles, or by surrogate antigen in the form of either fortu- 
itously cross-reactive anligens or anti-idiotypic antibodies. 'There is also evi- 
dence that memory ?' and R lymphocytes may survive for years without 
dividing, until restimulated dollowing reinfection. 

B Cr1i.s rrs Antigen-Prcsentiv Cells 

Mcrnory I31 cells servc as very efficient antigen-presenting cclls. Viral anti- 
gen, or the virion itself, binds to lht specific immunoglobulin receptors on the 
I3 lymp'l~ucyte and is endncytosrd then cleaved into pepfides, which are in 
turn re-presented on the surface of the B ccll. Thcse peptides, which generally 
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represent different epikopes from those recognized (on the samc antigen) hy 
the B cell, associate with class 11 Mi-IC proteins on the 13-ccll plaslna mem- 
brane and are presented l o  the correspondnng CD4' 7' cells, which rcspnnd 
by secreting cytnkines that prov~de help for tlie 13 cell to make antibody Such 
copnie interaction, involv~ng close pliysical association of 1' and B cells, en-  
sures very et'flcient delivery of "helper factors" (cykokines) from the 1'11 cell to 
the relevant primed B cell. 

Antibodies 

The end  result of activation and maturation of B cells is the production of 
antibodies, which react specifically with the epitope identified initially by 
their receptors. Antibodies fall ~ n t o  four main classes: two monomers, IgG 
and IgE, and two polymers, IgM and IgA. AII immunoglobr~lins of a part~cu- 
lar cEass have a similar structure, but they differ widely in the amino acid 
sequences comprising the antigen-b~ndi tag si te, which determines the speci- 
ficity for a given antigenic determinant. 

The commonest immunogPobulin found in serum, IgC, consists of two 
"heavy" and two "light" chains, and each chain consists of a "constant" and a 
"variable" domain. The chains are held together by disulf~de bonds. Papain 
cIeavage separates the rnoleculcs into two identical Fab frn~r~ru~rfs, which con- 
tain the antigen-binding sites, and an  Fc f q w r e t l t ,  which carries the sites for 
various effector functions such as complement fixation, attacliment to pha- 
gocytic cells, and placental transfer. 

The immunologic spec~ficity of an  ankibndy molecule is determined by its 
ability to bind specifically to a particular epitope. The binding site IS located at 
the amino-terminal end of Ihe molecule and is composed of certain hypervari- 
aMe sequences within the "variable" domains of both Iiglit and heavy chains. 
Of the apprnximately 220 aanino acids of the variable domain of a heavy 
chain-light chain pair, between 15 and 30 appear to make up  the binding site. 
Antibody specificity is a function of both the amino acid sequence at these 
sites and their three-dimensional configuratic~n. 

The major class of antibody in the blood is immunogIobulin G (IgC), 
which occurs as IgC,, IgG2, IgG-,, and IgC, subclasses. Following systenlic 
viral infections, IgG continues to be synthesized for many years and is the 
principal mediator of protection against reinfection. 'The subclasses of IgG 
differ in the "constant" region of their heavy cliains and consec-juently in 
biological properties such as complerncnt fixation and binding to phagocytes. 

Immunoglabulin M is a particularly avid class of aritibody, being a pen- 
tamer of 5 IgG equivalents, with 10 Fab fragments and tIicrcfore 10 anligen- 
binding sifes. Because IgM is formed early in tho immune response ~ n d  IS 

later repIaced by JgG, specific antibodies of the IgM class are diagnoshc of 
recent (or chronic) infection. The IgM antibudics are also Ihe first to be found 
in the fetrfs as it develops immunologic competence in thc second half of 
pregnancy. Because IgM does nut cross the placenta from mother to fetus, tlie 
presence of IgM antibodies against a particular virus in a newborn ~nfant  is 
diagnostic of intrauterine infection. 

Immunoglobulin A IS a dimcr, w ~ t h  four Fab fragments. Pass~ng through 
epithelial cells, IgA acquires a "secretory component" tn become srcrcfory IgA 
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(sIsA),  wfilcli is secrctcd f l ~ r o t ~ g h  muct~snc ~ n l o  I l i c  rrspir~tnly, inlest~nal, and 
~ ro l ;~n i l a l  tracts. Secretory IgA is murr r c s i s t m t  In prr-ltcxascs tlaan c?ther im- 
111rrnog1(!1~ul1ns, and i t  is [lit. principal ~rnmunogJohulln on n~uct~sa l  surfaces, 
and in milk and colostrum. Fur t h ~ s  reason JgA nnt~bodies are ~mportant  in 
r e ~ i s l ~ ~ n c e  to infection o f  f hc  respiratory, ~nieslinnl, a n d  urc~gcnital tracts, and 
IgA ailtibody responses are rn~lcli Inure effectively elicited by oral nr respira- 
tclry thrill by systcrnic administration uf antigen, a matter of importance in the 
dcslgn and rn~tte of delivery of some vaccines (see Chapter 13) 

Antibodies directed agalnst certain cpitcryes on the surface of virions 
neutralize infectivity; they may also act as opsnnlns, fac~litating the i~ptakc 
and destruction of virions by nlacrophages In addrtion, antibody may attach 
tn viral antigens on the srarface of infrjcted cells, leading to destruction of 
the cells following activalion of tlie classical nr alternat~ve complemeiit path- 
ways, or by arming and activating I;c receptor-bear~ng cells such as K cells, 
pc~lyrnorpt~anuclear leukocytes, and macrophages (antibody-dependent cell- 
mediated cytotuxicity). 

Complement 

The cnrnplnwc~~t s~ystcrrr consists of a series of serum components which can be 
activated to "complement" the immune response (Fig. 8-3) AS well as the 
clnssrcnl cn?nlllc~rlcrri actr~rnflon pnllznlny, which is dependent on the presence of 
an antigen -antibody complex, there is also an trlic~rrznliz~c nnfibody-irrdr71~)1dc~1I 
j~o"lrr?lvr!f Both are important in viral infections. 

, , 
i:,. 
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ant~body 
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Fig. 8-3 I)~.lgraln o f  lhfx compIclnent actlvallon scqtlcncc* by the classlcai and alternalive path- 

w a y s  ;1nc1 the, an i~v~ra l  actirrn of rrrrntllcrrrent Tllc nrrrnbcrh o f  Il~r comiplcmt*nl cnniponenrs ~irc* 
not \r.qtrcrrt~al bc~ausr they were. ars~gncd beltrrc. lhr scclucnce of acf~rm was elucidatrd. /From C 
/I hl~m.; and U C3 Wllitr "V~ral I'athclgcwrsrs al~ct lmnirrnnlngy " Blackwell, Oxforcl, 1984 ) 
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Activation of cnmplernrnt by tlir classical pat fix^ i v  niay lead to flie de- 
struction of vlrinns or virus-infccted crlls, a..; wt~ll c k <  ' . I l l  ~ ~ ~ i l n a l ~ o n  Vlrlons 
are destroyed as a result of ops t~~t i ta t~cm,  onhnncr , , rri~rrtralizat~on, or  
lysis of the v1ra1 envelope. C o m p l c m c ~ n t  actival~cn~ I , ~ l , i o r ~ - t n g  intcract~nn of 
antibody with viral antigens in tissucs leads t o  inClainmat~on and the accu- 
mulalion of leukocytes. Activation of conlplement via tlie alternative pathway 
a ypeass to occur mainly after infections w ~ t h  eriveloped viruses that mature 
by budding through the plasma membrane; since it does nut require antibody, 
the alternative pathway can he triggered immediately after viral invas~on. 

NaturaI Killer CelIs 

Natural killer (NK) cells are a heterogericous group of CD3-, CD16+, CD56' 
large granular lymphocytes of uncertain lineage whrch have the capacity to 
kill virus-infected cells and tumor cells. The basis for their selectivity lor virus- 
infected cells is not known. They display no immunologic specificity for par- 
tici~lar viral antigens, nu niemory, no MHC restriction, and no dependence o n  
antibody. They may be an important early defense mechanism, since their 
activity is greatly enhanced within 1 or 2 days of viral infect~on. Virus-induced 
activation of NK cells is mediated by interferon, acting synergisticalIy with 
IL-2, and NK cells themselves secrete several cytokines including I F N q  and  
TNF-a. 

Immune Responses to Viral Infection 

The major features of the immune response to a typical acute viral infection 
are illustrated in Fig. 8-4. The large boxes highlight three cruc~ally important 

Fig. 8-4 Ininiunc rrsponws. lo v~ral anlcrt~rm For rxplanation st.<, tcxt (Frorn C A Mlm.; and 
D C) Whitc "V~ral Pathogcneslr and Irnrnunt~logy " Elarkwell, (Ixlord, 1984 ) 
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pliennrnena which contribute to rpcc~v~ry frorn ~nfcctlon. (1)  destruction of i 
infected cells, (2) production of interterm, and (3) neutralization of the infec- 
tivity of vinons. The flowchart illustrates, in a s~inplificd fashion, the interac- 

I 

lions of the various cell types that part~cipate in these events. i 
Shortly after Infection, some virus part~cles are phagocytosed by macro- 

phages. Except in the case of certain viruses that are capable of growing in ! 
macrophages, the engulfed virions are destroyed. Their proteins are cleaved 
into short peptides w h ~ c h  are presented on the surface of the macrophagt in 
assoriatinn wlth class I1 MHC protein. This combination is recognized by the 

I 
appropriate clones of CD4 ' lymphocytes The Td (mainly Th,) lymphocytes 

I 
respond by clonal proliferation and release of lymphokines, which attract 
blood monocytes to {he  site and ind~lce them to proliferate and to differentiate 
into activated macrophages, the basis of the inflammatory response. The Th2 
lymphocytes respond by secreting a different set of lymphokines that assist 
the appropriate clones of B cells, following binding of viral antigen, to divide 
and differentiate into plasma cells. The Tc cells are activated following recog- 
nition of viral peptides in association with MHC class I can the surface of 
infected cells. The Tc response usually peaks at about 1 week after infection, 
compared with the antibody response which peaks Later (2-3 weeks). The NK 
cell activity is maximal by 2 days, and interferon activity peaks in concert with 
the peak titer of virus. 

Antibody synthesis takes place principally in the spleen, lymph nodes, 
gut-associated lymphoid tissues (GALT), and bronchus-associated lymphoid 
tissues (BALT). The spleen and lymph nodes receive viral antigens via the 
blood or lymphatics and synthesize ant~bodies, mainly restricted to the IgM 
class early in the response and IgG s~~bclasses subsequently. On the other 
hand, the submucosal lymphoid tissues of the respiratory and  digestive 
tracts, such as the tonsils and Peyer's patches, receive antigens directly frorn 
ovcrlyrng epithelial cells, and they make antibodies mainly of the IgA class. 

Immune Cytolysis of Virus-Infected Cefls 

Destruction of infected cells is an essential feature of recovery from viral 
infections, and it results from any of four different processes, involving 
cytotoxic T cells, an t~bod y-complement-mediated cytotoxicity, antibody- 
dependent cell-mediated cytotc~xicity, or NK cells. Since some viral proteins, 
or  peptides derived therefrom, appear in the plasma membrane before any 
virrons have been produced, lysis of the cell at this stage brings viral replica- 
lion lo a halt before significant numbers of progeny virions are released. 

Cytolysis by cytotoxic 1' cells occurs by a complex mechanism involving 
the secret~on of perforin, which forms ion channels through the plasma mem- 
brane of the target cell. A~ttilroriy-co?~tple~;~~e~~t-nrerirntrrl cyfofoxicily is readily 
demonstrable rtr vrtrt:, even at very low concentrations of  antibody. The alter- 
native complement activation pathway (see Fig. 8-3) appears lo be particularly 
importank in this phenomenon. A~rtzbndy-depelzd~nt celE-~?wdinfed cy~ofoxicity 
(AiICC) is mediated by leukocytes that carry Fc receptors: macrophages, poly- 
mc~rphonuclear leukncytes, and other kinds of killer (K) cells. The NK cells, 
on the other hand, are activated by interferon, or directly by viral glycopro- 
teins. They demonstrate no immunoIogic specificity but preferentially lpse 
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virus-infccted cells. Fn addition, in the presence o f  antibody, macrophages can 
phagocytose and digest virus-infected cells 

Neutralization of viral Infectivity 

In contrast lo T cells, B cells ancl antibody generalJy recognize epitopes that 
are confontrattor~nl, that is, the crltical residues that make contact with the 
antigen-binding site of the antibody molecule are not necessarily contiguous 
in the primary amino acid sequence but may be brought: rnto close apposition 
as a result of the folding of the polypeptide clhain(s) to produce the native 
conformation. Such B-cell epitopes are generally located on the surface of the 
protein, often on prominent protuberances or loops, and generally represent 
relatively variable regions of the molecule, clilfering between strains of that 
species of virus. 

Although specific antibody of any class can bind to any accessible epitope 
on a surface protein of a virion, only fhose antibodies that bind with reason- 
ably high avidity to particular epitnpes on a particular protein of the outer 
capsid or envelope of the virion ate capdble of neutralizing viral infectivity. 
The key protein is usualIy the one containing the ligand by which the virion 
attaches to receptors on  the host cell. Mutations in critical epitopes on such a 
protein aHow the virus to escape from ~ieutralization by antibody, and the 
gradual emergence of mutatinns in a majority of these epitopes leads to the 
emergence of a novel strain (antigenic drift; see Chapter 4). 

Neutralization is not simply a matter of coating the virion with antibody, 
nor indeed of blocking attachment to the host cell. Except in  the presence of 
such high concentrations of antabudy that most or all accessible antigenic sites 
on the surface of thc virion are saturated, neutralized virions may still attach 
to susceptible celIs. In such caws the neutralizing block occurs at some point 
following adsorption and entry. One hypothesis is that, whereas the virion is 
normally uncoated intracellularly in a controlled way that preserves ~ t s  infec- 
tivity, a virion-antibody complex may be destroyed by lysosomal enzymes. 
For example, in the case of piccprnaviruses, neulrallizing antibody appears to 
distort the capsid, leading to loss of a particular capsid protein and rendering 
the virion vulnerable to cnzymatic attack. With influenza virus, more subtle 
conforma tional changes in the hemagglutinin molecule may prevent the fusion 
event that precedes the release of the nucleocapsid from the viraI envelope. 

Recovery from Viral Infection 

Cell-mediated immunity, antibody, cnmplipment, phagocytes, and interferons 
and other cytokines are all involved in the response to viral infections and 
may alone or in concert be responsible for recovery, depending on the particu- 
lar host-virus combination (see Fig 8-4). 

Role of T Lymphocytes 

E,ymphocytes ancl macrophages normally predominate in the cellular infiltra- 
tion of virus-infected tissues; in contrast to bacterial infections, poly- 
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called into play again, the principal differences on this occasion being that the 1 
dose of infecting virus is reduced by antibody a~itf that preprimed memory T i 
and B lymphocytes generate a more rapid seco~idary response. I 

As a general rule the secretory IRA antibody response rs short-lived com- I 
pared to the serum IgG response. hccnrdingly, resistance to re~nfection will1 1 
respiratory viruses and some enteric viruses tends to be of limited duration. 
For example, reinfection with the same serotype of respiratory syncytial virus 
is not uncnrnmon. Moreover, reinfection at a time of waning immunity favors 
the selcct~on of neutralization-escape mutants, resuIting in the emergence of 
new strains of viruses such as influenza virus or rhinov~ruses by antigenic 
drift. Because there is little or no cross-protection between antigenically 
distinct strains of viruses, repeated attacks of respiratory infections occur 
throughout life. 

The immune response to the first infection with a virus can have a domi- 
nating influence un subsequent immune responses to antigenically related 
viruses, in that the second virus often induces a response that is directed 
ma1nIy against the antigens of the original viral strain. For example, the anti- 
body response to sequential infections with different strains of influenza A 
virus is largely directed to antigens characterizing the particular strain of virus 
with which that individual was first infected. This phenomenon, irreverently 
called "original antigenic sin," is also seen in infections with enteroviruses, 
reoviruses, pararnyxoviruses, and togaviruses. Original antigenic sin has im- 
portant implications for interpretation of seroepidemioIogic data, for under- 
standing immunopathologic phenomena, and particularly for the develop- 
ment of efficacious vaccination strategies. 

Passive Immunity 

There is abundant evidcnce for the efficacy of anlibody in preventing infec- 
tion. For example, artificial ~tcrssiue irnnrrknizalroir (injection of antibodies) tem- 
porarily protects against hepatitis A or B, rabies, measles, varicella, and sev- 
eral other viral infections (see Chapter 13). Furthermore, natural passive 
imrnun~zation protects the newborn for the first few months of life against 
most of the infections that the mother has experienced. In humans this occurs 
In two ways: (1) maternal antibodies of the IgG class cross the placenta and 
protect the fetus and the newborn infant during pregnancy and for several 
months after birth; (2) antibodies of the IRA class are secreted in the mother's 
milk at  a cclncentration of I .5 grams per liter (and considerably higher in the 
early colustrum), conferring protection against enteric infections as long as 
breast-feeding continues. If the infant encounters viruses when maternal im- 
munity is waning, the virus repl~cates to only a limited extent, causing no 
significant disease but stimulating an  immune response; thus the infant a& 
quires active immunity while partially protected by maternal immunity. Ma- 
ternally derived antibody also interferes with active immunization of the new- 
born and n i ~ ~ s t  therefore bc taken into account when designing vaccination 
schedules (see Chapter 13). 
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In the previous four chapters we  have analyzed how viruses affect cells, how 
infcrtion of the body occurs, how viruses spread to various parts of the body, 
and how the infected person responds to infection by immunologic and other 
rnechan~sms. The next three chapters are concerned wit17 the clinical conse- 
quences nf tl.tesr interactions, namely, dlsease. Thls chapter describes the 
way? in which viral replication damages tissues and organs, the ways in 
w h ~ c h  thc body's own responses may cause damage, and the behavior nf 
viruses in immunocompromised persons; the succeeding two chapters de- 
scrihc pcrsistcnt infections and viral oncogenesis,  respective!^. 

Viral Damage to Tissues and Organs 

The rnect~anisms by which virtrses damage cells were discussed at  the cellular 
and s~tbcelluIar levels in Chapter 5. Here we apply these concepls ak the level 
of tisscrcs and organs. The severity nf disease in humans is nut necessarily 
correlated with the degree of cytopathology procIi~ced by the virus rt? uitm. 
h k ~ n y  V ~ ~ L ~ S C S  that are cytocidal in cultured cells generally dc> riot produce 
clinical disease; for example, enteroviruses, which cause severe cytopathic 
eflccis (CPE) in cultured human cells, usually cause mapparent infections. 
Conversely, some viruses, sucti as  rabies virus, are noncytocidal r j r  vitro but 
c a t r s ~  a fcthal disease. In some organs a great deal of cell and tissue damage 
can orcwr without prndt~clng disease; lor exdniplc, a substantial number of 
liver cells can be destroyed without significant clinical signs. When damage to 
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cells does impair the function of an organ or Lissue, this may be of minor 
lniportance in muscle or subcutaneous tissue, but of great impnrtance in key 
organs such as  the heart or the brain. Likewise, tissue cdenaa may be unim- 
portant in most sites in the body but may havc serious cnnsecluences In the 
brain, because of the resulting increase in rntracran~al pressure, or in the lung, 
where it  may interfere with gaseous excf~ange, or In tlie heart, where ~t may 
interfere with conduction. 

Direct Damage by CytocidaI Viruses 

Sometimes the whole pathdogic picture may be explained by the direct dam- 
age to cells caused by a highly cytocidal virus. Mice infected intravenously 
with a large dose of Rift Valley fever virus, For example, developed over- 
whelming hepatic necrosis within 4 hours of injection and dled by 6 hours, 
because the virions passed quickly througli the Kwpffer cells to infect the 
hepatic cells, which were rapidly lysed. In khis experrmental model, the de- 
fense mechanisms of the host were q u ~ t e  unable to cape with the rapid lethal 
damage l o  a vital organ. Similarly, the distribution of paralysis in a patient 
with poliomyelitis is a direct consequence of the distribution of those particu- 
lar motor neurons in the anterior horn of the spinal cord that are destroyed by 
this highly cytocidal virus, leaving the muscles supplied by those motor n e w  
rons nonfunctional. 

Damage to the Epithelium of the Respiratory Tract 

Respiratory viruses initially invade and desfroy just a few epithelial cells, but 
fhey initiate a lesion which can progressively damage the protective layer of 
mucus and lay bare more and more epithelial cells. As viral replication pro- 
gresses, large numbers of progeny virions are budded into the lumen of the 
airway. Early in infection, the beating of cilia, the primary function of which is 
to cleanse the respiratory tract of inhaled particles, may actually help to move 
released progeny virus along the airway, thereby spreading the infection. As 
secretions become more profuse and viscous, the cilia1 beating becomes less 
effective and ceases as epithelial cells are destroyed. 

In studies of influenza virus inlecticln in experimental animals, the spread 
of the infection via contiguous expansion from initial foci often does not stop 
until virtually every columnar epithelial rcll at that airway level 1s infected. 
l'he result is complete denuding of large areas of epithelial surface (Fig. 9-1) 
and the accumulation in the airways of large amounts of transudates, exu- 
dates containing inflammatory cells and necrotic epithelial cell debris. Where 
infection of the epithelium of the nasal passages, trachea, and bronchi pro- 
ceeds to a fatal c~utcomc, there are us11aIly one lor more of three cornpJ~cations: 
bacterial superinfertion (nurtured by the accumulation of lluid and necrotic 
debris in the airways), infection and destruction of the lung parenchyma and 
the alveolar cpithellum, and/or blockage ol airways that are so small in diam- 
eter that mucous plugs cannot be opened by torccd air movenaents Blockage 
of the alnvays is of most significance in the newborn. In all ul  these cornplica- 
tions there is hypoxia and a pathophyslolog~c cascade that leads to acldosis 
and uncontrclllabie fluid exudation into airways. 



138 Chapter 9 Mechanisms of Disease Production 

Fig. 9-1 Scanning clcctrr~n mlcn~graphs shnwlng the adherrnce nf krzriii~tnrrnos arrrrgiwclsn tn the 
rnnuse Irachra (bar, 2 p m )  ( A )  Nurmal muuse trachca, shorulng a slngle bacterium (arrow) on a 
serous cell. ( U )  Mlcrocrllony adhering to de4quamatrng cells in nn rnfluenza virus-~nfertcd tra- 
c t~ca .  IFrnm I7 Rainphal, I' M .  Small, J. W Sfiands, J r  , W. Rschlschwe~ger, and P. A .  Small, J r  
I ~ r f r r l  i r r t t t ~ t t r ~ .  27, 614 (JYXO) Corirkesy Dr P. A Small, J r  ) 

Degeneration of respiratory tract epithelial surfaces during influenza in- 
fection is extremely rapid, but sn is regeneration. In studies of influenza in 
ferrets, for example, it has hcen shown that the development of a complete 
new columnar epithelial surface via hyperplasia of remaining transitional cells 
may be complete in a few days. The transitional epithelium and the newly 
differentiated coIumnar epithelium that arises from tt are resistant lo inlec- 
lion, probably by virtue of interferon production and a lack of virus receptors. 
TIic role of other host defenses, including soluble factors such as mannose- 
binding lectins and lung surfactants, as well as macrophages, NK cells, IgA 
and IgG antibody, and T-cell-mediated immune mechanisms in terminating 
Llie infection was discussed in Chapters 7 and 8. 

Damage 20 the EpitheIium of the Intestinal Tract 

Thc principal agents causing viral diarrhea in children are the rotaviruses; 
clther vlruses that produce diarrhea in children and adults include the cal- 
iciviruscs, astroviruses, certain adenoviruses, and perhaps coronaviruses. In- 
fccfion occurs by ingestion, ,3nd the incubation period is very short. Ro- 
hviruses infect cells at the tip of thc villus and  cause marked shortening and 
nccas~onal f11si011 of adjacent villi (Fig. 9-21, so that the absorptive surface of 
tlie intestine is reduced, resulling in fluid accumulation in the lumen of the 
gut and diarrhea. Infection generally begins in the proximal part of the small 
intestine and sprcbads progressively lo tlie ieiunum and ileum and sometimes . .. , , 
t o  the colon ?lie extent of such'spread depends on the initial dose, the 
virulence of the virus, and  the rmmunologic status of the host. As the infec- 
tion progresses, the absorpt~ve cells are replaced by immature cuboidal 
epi thefial cells whose absorptive capacity and  enzymatic activity a re greatly 
reduced. 'Shese cells are relatively resistant to viral infection, so that the 
d~sease 1s ofLen self-lirnlting if dehydration is not sn severe as to be lethal. The 
ratc nf recovery is rapid, since tlw crypt cells are not damaged. 

Fluid lrlss in viral infections of tEic inlesttnal tract is mainly a loss of 
cxtracclllalar fluid due  t o  impaired absorption, and osmotic loss due primarily 

Viral Damage to Tissues and Organs 

to the presence of undigested lactosc In the lumen (in infants), rather than 
active secretion As virus destroys the absorptive cells there 1s a loss nf thnse 
enzymes rcsponsrhle for tttt digestion of disaccharides, and the loss of difier- 
entiated cells dirnin~shes glt~cose carrier, sodiumn carrier, and Na ',K' -ATPdse 
activities. This leads to a loss of sodium, potassium, ck~loride, bicarbonate, 
and  water, and the development of acidosis. Another cause of acidosis is the 
increased microbial activity associated with the fermentation of   an digest ed 
milk. Acidosis can create a K-t ion exchange across the cellular membrane, 
atfecfing cellular functions that m a ~ n  tain f he normal potassiu~n concentration. 

Fig. 9-2 Scannrng electron and 11gtit m~crograplis of int~sf inal  (rssurs frclrn a g n o t o h ~ s t ~ c  calf 
s ac r~ f~ced  30 m ~ n u t c s  aller o n w t  of rntav~rus diarrhca (A] Proximal slnall ~ n t r s t ~ r l c  with short- 
ened V I I I I  and  a dt-nudcd v~ l lus  tlp (second from rrght) (hcmatnxylln and cosln s t a ~ n ,  magn~frca- 
tlon x 1211) (0;) Appearance nf tliu ~ a m r  levcl of ~ntrs l inc as  in (A)  by stanning clcctron mlcrcisco- 
py, dep~ct ing d ~ n u d e d  v ~ l l ~  [rnagn~flcalloli x 180) (C) D~stal small lntestltic wrlli normal 
vdcunlaled eprlhcllal cells and normal villr (hrmatoxylrn and  r n s ~ n  staln, magniltcatlon x 75) (D) 
Same a r m  as  In (C)  seen by scanning electrcln mlcroscopy Eprthcltal cvlls appear round and 
prntrudlng (niagnif~catlon. x 210) [From C A. Mcbus, I7 G Wyalt, ancl A.  Z. Kaplkran, Vc.f 
I'dkol 14, 271 (19771, and A Z Kaprkian and R G Wyatt, t r z  "Ti*uthortk of Frd~ntrrc Iraft~ctuius 
Dlscases" (R. O Feig~n and J U Cherry, eds ), 3rd Ed., p. hbl Sai~ndors, Phlladclpli~a, Pennsyl- 
vania, 1992 Uot~rtcsy Dr A Z Kayik~an 1 
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dcpnsifcil in small blood vessels and k~clney glomeruli over periods of weeks, 
months, or even years, leading to ~mpairment r-rf glc~merular filtration and 
even tually t o  chronic glornerulnnephr~ tis. 

A classic example 1s lymphocytic chorionieningitis rnfection in mice infec- 
ted i l l  ltfrro or as nconates Vlral an t~gens  arc present in the blood, arid small 
amounts of ncrnneutralizing antibody are fnnned, giving rise to immune coni- 
pkexes which are progressively deposited on renal g lomt~ular  membranes; 
the end resull may be glomerulonephritls, rrremia, and death. Circtilating 
immune complexes may also be deposited in the walls of  the small blood 
vessels in skin, joints, and choroid plexus, where they attract macrophages 
and  activate complement Prodrornal rashes, which are commonly seen in 
exanthematous diseases, are probatlly caused in this way. A more severe 
manifestation of the deposition of antigen-antibody-complement complexes 
in capillaries is ,erythema nodosum (tender red nodules in the skin); when 
srnaIl arteries are involved, as occasionally seen with hepatitis B, periarteritis 
nodosa results. 

In addition to these local effects, by mobilizing soluble mediators 
antigen-antibody complexes may generate systemic reactions, such as  fever, 
malaise, anorexia, and lassitude, that occur in most viral infections. Little is 
known about their causes, but fever can be attributed to interleukin-l and  
tumor necrosis factor (produced by rnacrophages), and possibly lo inter- 
ferons. Thesr and uther solt~ble mediators produced by leukocytes, or re- 
leased from virus-infected cells, may bc responsible for other general svmp- 
toms as well. 

Rarely, systemic immune complex reactions may activate the enzymes of 
the coagulation cascade, leading to histamine release and increased vascular 
permeability. Fibrin is deposited in the kidneys, lungs, adrenals, and pituitary 
gland, causing multiple tl~romboses w ~ t h  infarcts and  scattered hemorrhages, 
a conditron known as dissernrrlnfed rnfmz~nscarlar cong~tlntion. This is seen in the 
hemorrhagic fevers, many of which are xnonoses caused by arenaviruses, 
bunyaviruses, filoviruses, or  flaviviruses; it probably also occurs in other se- 
vere systemic diseases. 

Type IV- Cell-Mediated Hypersensitivity 

Unlike tlic previous types, the type IV "delayed hypersensitivity" reac- 
tions are mediated by cells rather than antibody. They are T-lymphocyte- 
med~ated  i ~ n ~ n u n e  reactions, involving inflammation, Iymphocytic infiltration 
and  macrophage accumulation, and activation by lympliokines secreted by Td 
cells. Such reactinns, involving infected endokhelial rells of small cutaneous 
blood vessels, are largely responsible for the maculopapular rash of measles; 
they also play a role in p rod~~c t i un  of the pustular lesions of smallpox, in 
which extensive viral replication occurs in the cutaneous epithelium. 

-The classic model of death due  to a cell-mediated immune response is 
lytn~~hocytic choriomeningifis (LCM) virus infection after primary infection o f  
adult mice by intracerebral inoculation The virus replicates harmlessly in the 
meninges, epcndyma, and choroid plexus ep~thelium for about a week, until ? .  
a I c-Eymphocy tu-mediated immune response occurs, causing severe men- 
ingitis, cerebral edema, and death Elsewhere than in the central nervous 
system, Tc rells help to control infectinn, but within the rigid confines of the 
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skull these changes are fatal The death of nilce infected In t h ~ s  way can be 
completely prevented by chemical in-tmunnsuppression, by X-irrad~ation, clr 
by antilymphocyte serum. 

Although instructive, ~ntracerebral inoculation of mice with LCM virus is 
a very unnatural exp'erimental system. When mice are infecfed with influvnzrl 
virus by the natural (intranasal) rvute they develop a lethal pneumonia. In 
one study i t  was found that adoptive transfcr of infl~~enza virus-pr~med CD8 
cy totoxic T celIs protects mlce against ill tranasal challenge, but CD4 ' l 'hl cells 
actually accelerate their dem~se .  In general, altlinugh occasio~ially the cause of 
immunnyathology, cell-mediated immune responses a r t  an  important cnm- 
ponent of the process of recovery from viral infections (see Chapter 8), as 
becomes evident if they are abrogated by cytotoxic drugs, or are absent, as in 
some immunodeficiency diseases. 

I Autoimmunity 

Autoantibodies directed against host proteins can be detected quite common- 
ly in viral infections, although usually only transiently and in low titer. In one 
study, 4% of a large panel of monoclr>nal antibodies raised against several 
viruses were found lo react with normal tissues. For example, a monoclonal 
antibody directed against the neutralizing domain of coxsackie B4 vlrus also 
reacts against heart muscle; this virus is known to target muscle, including the 
heart, and to cause rnyocarditis. 

A likely explanatic~n for the w i d ~ s p ~ e a d  cross-reactivity has emerged in 
the course of computer searches of the international data banks that now 
contain complete amino acid sequences of thousands of viral and cellular 
proteins. It transpires that viral proteins share identical or near-identical 
stretches of 6-10 amino acids with cellular proteins far more frequently than 
would he predicted by chance. For instance, there 1s partla1 homology of 
amino acid sequence between myelin basic protein (MBP) and several viral 
proteins, some of which are shown in 'Table 9-1. Such tnc~leculnr t t l i n r ~ ~ r y  may 
be involved in the neurologic disorders associated with the lentivirus infec- 
tions visna and caprine arthritis-encephalitis, and in the rare occurrence of 
postvaccinial encephalitis in humans. Inoculation of a neuritogenic epitope in  

Table 9-1 
Epitope Mimicry between Myclin Basic Prcptcrn and Virt~.;cs Causing Dcmyelinating tliseasesR 

Virus Disr,isc Eplt~~pc rnlrnlcryl> 

Visna Dem yelination Virus TGKIPW I L L P C R  
MBP SC;KVPW--l,KPGR 

Caprine arth~r~tis-cnceplia[it~~ Encephalitis Virus TGK l I'W I I ,  L P G K  
MBP S G K V P W - L K P G R  

Vaccinia Postinfection encephalitis Vlrus S I N R G  F K GVI)C;R 
MBP S A l l K G  F K C V D A Q  

Influenza Gnillaln-Rarri. syndrcrme Virus QLGQK F. E Ii 
P2 K L G Q E F  E E  

From P. R Carne~ie and M A Lawsun, 1 1 ~ h y + 5  L i f ~  S n  3(2), 14 (1991) 
S~ngle letter amino acid code 

I P2, Pn~Zcln r ~ f  per~plieral nrrvcs 
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Table 9-2 
rcll(~ntrn1 Mcr.l~ani~m\ of Intlu~flr~n i l t  Aultr~mrnunc. I)l\uase hy Vtruscs 

- - - - - -- - - - - - - - - - - 

Mcllt~c~~lar rrilrnlrly \ l ~ r . ~ l  prritc~n clrt-11% hurnrrrnl nrrdior cc.ll~rlar Irnlnllnv rr+prrnsi. <YO.;$- 

rcncl~ng w~tli ~dcnt~c-ill crl hlmllar up~tolir f o r t u ~ t ~ i ~ ~ i l y  prt,sc.nt on a crllular pr t~ l e~n  
rcrlyrlorial IS-rcll actrvitt~on f3 I!rmphocytcs translormcd by ~-c.rtaln vlrustas ( e  g , Epstein.Darr 

vlr~rs) sccrctc antlhodieh al:ntnsf n w ~ d r  range of nntlgcn<, ~nc l t td~~ ig  ~lcrrnial cell prt)telns 
Cytnk~nc rndurtlor~ or  M11C an~flgc>ns. \'I1115 I ~ I ~ U C C \  ~>rtrdurt~on of ~ntcrfercrn y and tumor 

nccrosls factor, cvli~rh ~nducc  ccxprt*ssirin ( i f  MIIC cia.;.; I 1  prntc~n o n  hra~n cr,lis that do not 
~ihllafly cxprvss ~t (v g , gl~al  cc-[Is), rnabl~ng t l~cm Lo yr~scnt  ali[rgrtns such as niyelin to T 
ct.lls 

Exposur~ r l t  scqurstcrud cellular prottlin ~ricorp~~rat~on lnlo viral e~~vclope or relrase from 
vjrus-infccted cell (in altered nr precursor form?) 

T-cell dyslunctiori- wral der;tructlon irr down-regr~lnl~on ol r cells that normally suppress 
Immune rcsponsr lo se!f prntclns 

the P2 protein of peripheral nerve myelin will cause the experirne~~tal equiva- 
Icnt of Guillain-Barre syndrome. There is mimicry between this epitope and a 
seq~lence in the influenza virus NS2 protein. Ord~narily, this nonstructural 
pro te~n is removed frorn influenza virus vaccine during its purification; failure 
to do this in some batches of swine inf lue~~za  vaccine used in the crisis pro- 
gram mounted in the United States in 1976-1977 may account for the appar- 
ent  increase in incidence of the Guillain-Barre syndrome at  that time. 

A feature of the postinfectious encephalomyelitis that foliows a few 
weeks after about 1 in every 1000 cases of measles (and somewhat less fre- 
qucntly following varicelia, mumps, rubella, or vaccinia) is that the virus can 
rarely b~ isolated from the brain; however, MBP can be found in the cere- 
brospinal fluid, and, at  least in the case ol measles, anti-MBP antibodies and  T 
cells are detectable in the blood. 'lheoretically, autoimmune damage can con- 
t ~ n u e  long after the virus that triggered i l  has been cleared from the body. 
Once the cross-reactive viral amino acid seqzlence has induced a humoral 
and/or cpflular imniurrc response that brlngs about lysis of normal tissue, 
cellular pro te~n that is normally sequestered will be released. Providing that 
the ce l l~~lar  protein is capable of immune recognition by the host, this may 
precipitate a chain reaction. Implicit in the hypothesis that molecular mimicry 
is responsible for viral induction of autoimmune disease is the notion that 
irnrnunolngic tolerance has somehow been broken, btcaitse the viral epitope 
has been seen as foreign and  has elicited a n  rmlnune response capable of 
cross-reacting with a liost protein. 

I lumans sulfcr from numerous autoimmune diseases, ranging frorn mull- 
t ~p l e  scleros~s to rheumatoid arthritis. All are incurable, many are common, 
and  mnst are of unknown etiology. Viruses are a major sizspect as  triggers fnr  
thcsc diseases; t~owever, definitive proof has yet to be produced, and this 
problem continues to be an important area for research. Current theories for 
wliicli there is some evidence are summarized in vl;?ble 9-2. 

13ecaus~ the imtnune system plays a kcy role in protection against infections, 
vircll damage to it can exacerbate the severity of disease or predispose t@ 

superir-~fection with otlier infectious a g ~ n t s  lntwl cll-amalic eflcct of v~ra l  
suppression of the inirni~ne system occur?; 113 ~nfcctinns wlth the human ini- 
miinodeficiency virus (fHIVj, Ilir agenl that caLrscq the accjulred immunodeli- 
c i ~ n c y  syndrome (AIDS). The virus damages the immune systcm In several 
different ways. It replicates preferentially in OD4'  T lymphocytes and 
in cells of the monocyte!n~acmphage lineage. In thr fatter, cytnpath~c cl- 
Iects are slight, but tlie cell functions c ~ f  pliagocytmis, antigen processtngi 
presentation, and cytokine product~on may be inli~bited. In Th cclls, vlral 
cDNA is integrated into the chroniostjmes, and viral replication occurs 
only following activation of these lymphocytes by certain cytokinrs. Death 
of CD4 T cells can occur by apoptosis, or following fusion with other T cells 
to form syncytia, or by Iysis by CD8' Tc cells. Deletion of CD4 T cells 
leads to profound immunosuppression, which can be measured by any 
of a multitude of indicators of loss of 'Th, (Td) and Th, (helper T) cell func- 
tion, that is, impaired delayed-type hypersensitivity and helper functions, as 
well as diminished cytokine prodtaction. Toward the end of the long incuba- 
tion period (1 to 10 or more years), the CD4 T-cell count drops below 200 per 
cubic millimeter and  the patient falls victim 50 a succession of opportun~stic 
infections with a range of other viruses, bacteria, fungi, and protnzoa, or  to 
cancer. Death follows inexorably, usually within a year of the development of 
AIDS. 

Infections with certain other viruses may temporarily suppress humoral 
and/ r~r  cell-mediated immune responses. Marly viruscs are capable of produc- 
tive or abortive replication in macrophages (see Table 7-3) Cytornegalovirus 
and Epstein-Rarr virus replicate nonpr~~ductively in B cells, f ra nsformirig 
them and altering their functit~n, and several virilses have been shown to 
grow productively or abortively in a c t ~ v a t ~ d  T lymphocytes. A good exanlplc 
of the latter is measles virus, which replicates nonproductively in T lympho- 
cytes. It has been known since the work of von I'irqust in 1908 that measles 
infection depressed skin responses to tuberculin and rcact~vatcd latent tuber- 
cnlosis. Other immunologic abntrrmalilies foil nd d~lring the acute phase of 
measles include spontaneous proliferation of peripheral blood lymphocytes 
and increased plasma inlt.sferon y. The depressed dclayed-f ypc hy persen- 
sitivity response, decreased NK cell activity, increased plasma IRE, and in- 
creased solubfe IL-2 receptor persist for up It? 4 wpeks after the onset of Ilie 
rash. These and other immunologic abnclrrnnlities probably account tor thc 
si~sceptibility to secondary infectinns that causes most of tlie mortality during 
r~utbreaks of measles. 

Viral Infections in Irnmunocompromised Patients 

Whereas some vtral infections induce irnmunosuppressic~n, certain no~i[nfec- 
t i ~ ~ u s  diseases, such as rnallgnancy, or p ~ o c c d ~ ~ r e s  used fnr tl~erapy, including 
chemotherapy, radiation, and rlrgan transplantalion, may adversely affect the 
immune system as18 thus allow enhanced viral replicatl.c~n. Thc jmmu- 

I nucc~mproniisrd state may be due to genetic defects in the imrnunc system, 
I 

i such as  congenital agamrnaglobuli~iemia. Must commonly, howcver, Imnlunt 
dysfu~lction is due  lo strrnc otlier disease, especially tumors Lhal affect tlie 

I lymphatic syslern or ~nfeclion with the human immunodefic~cncy virus, clr to 
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the cliclnothcrapy or radiotherapy employed to treat tumors or to make organ 
transplants possible 

I'atterns of disease in persons with immune dysfunction depend on the 
nature ol. the disorder and the arm ol the immune system that is primariIy 
involved in containing (or sometimes exacerbat~ng) the particular viral inkec- 
tion. 1-hus, many viral infections in irnmu nocompromised subjects follow 
the disease pattern seen In norma1 persons Rarely, if symptoms are largely 
due to the immune response, the disease may actually be milder in mrnuno- 
compromised patients. Usually, however, the irnmunocompromised patient 
suffers more severe disease, and sometimes relatively innocuous viruses can 
prove lethal. For example, measIes in patients with impaired cell-mediated 
immunity may produce giant cell pneumonia, sometimes several months 
after the acute infection, and often with fatal consequences. Immu- 
norompromised individuals are not only threatened by exogenous infecfic~ns 
but suffer reactivation of latent viruses, notably the human herpesviruses, as 
well as adenoviruses and polyomaviruscs. These situations are discussed in 
the chapters dealing with specific viral diseases in Part 11 of this book. 
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Many viruses, especially those that remain localized in the respiratory tract or 
the intestinal tract, cause only acute [self-limited) infections, which result 
rarely in death or more commonly in recovery with elimination of the virus 
from the body, as was discussed in Chapters 6-9. Others have the capacity to 
establish infections that persist for years or even for life Presumably this 
offers such viruses a long-term evolutionary advantage provided they do not 
bring about the demise of the host. Most of the viruses we discuss in this 
chapter have probably satisfied this criterion throughout much of human 
history, but it is pertinent to note that the balance has been altered for the 
worse in recent years with the advent of ATDS and the introduction of a range 
of medical procedures that, on the one hand, rescue congenitally immu- 
nodeficient infants and, on the othea hand, profoundly suppress the immune 
system for the purposes of organ tran~pl~intation or cancer chemotherapy. 
Immunosuppression, whether natural or iatsc~genic, IS the prir~cipal trigger 
for reactivation of normally silent persiste~it infections 

Establishment and maintenance of a persistent lnfectinn implies two vbvi- 
ous prerequisites: avoidance of ellmination by the immunc system and limita- 
tion of expression of the geneme (of cytocidal viruses). In the case of a trut. 
latent infection in which the genome persists in the absence (11 any viral 
reylicafian, there is the further requirement that rcactrvalion of the latent 
genome to instigate a round of viral rcpfication must occur a t  some timc 
during the life of the host. Certain other features are not essential to viral 
persistence. Whether persistence leads tw disease is obviously of crucial im- 
portance to us, the hosts, but may be of little relevance to the virus whose 
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future in the long haul of evolution d c p ~ n d s  more critically on shedding into 
the environment and consequent spread to clfher hosts. 

Persistent viral infections are important for several reasons. (1) They are 
clftcn of epidemiologic imp01 tance, since the carriers of the virus serve as a 
source of infection for other persons, thereby enabling such viruses to persist 
in small populalions, even if their infectivity is low (2) They may be reacti- 
vafcd and cause acute episodes of disease. (3) They may lead to immu- 
nopatholagic disease. (4) They are sometimes associated with neoplasms. (5) 
They may become established even in vaccinated persons unless the vaccine 
has elicited a strong memory T-cell response. (6) They cannot be eradicated by 
antiviral chemotherapy because the Eatent genome is not susceptible to anti- 
viral agents when not replicating. 

Categories of Persistent Infections 

There are several alternative routes to persistence. For convenience, persis- 
tent infections may be subdivided into Lour categories: 

1. Acute infections with late complications 
2.  LElfent infecfions, in which infectious virus is not demonstsahle except when 

reactivation occurs, and disease is usually absent except perhaps during 
some or all of such r'ecarrences (see Table 10-1) 

3. Chror~ic ~nfcctii~ns, in which infectious virus is always demonstrable and 
often shed, and disease may he absent or chronic, or may develop late, 
oiten with an immunopa thologic or neoplastic basis (we Tables 70-2 and 
1 0-3) 

4. 5lnc.o ~r~fectinns, in which infe~ti~ous virus gradually increases during a very 
lorag preclinical phase, leading to a slowly progressive lethal disease (see 
'PBble 10-4) 

The key distinctions between the four groups of persistent infections are 
illustrated diagrammatically in Fig. 10-1. It  may be noted that these categolies 
are defined primarily in terms of the extent and continuity of viral replication 
in the body during the long period of persistence; the presence or absence of 
shedding and of disease are secondary issues as far as this categorization is 
concrrned. Some persistent inhectlons in all ca tegories are associated with ' 
diseaser some are not, but the cnruier status of all such persons makes them a 
potential source of infection for others. 

I t  is important to recognize that some persistent infections possess fea- 
tures of more than one of these categories, under different circumstances, at 
difirrcnt times, or in different cell types. AIDS, for example, presents features 
c ~ f  latent, chranic, and slow infections; the viral genome is latent in some cells, 
while simultaneously being fully expressed in others, and the disease devel- 
ops only after a very long incubation period. Nevertheless, it is useful to 
rcitnin the terms so as to focus attention on the vital question, namely, what is 
the virus doing during its lifelong sojourn in the body? 
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I Acute infection, rare late cornpl~cat~on I 

I Latent lnfectron Ivaricella-zoster) 1 

Chronic infection thepatltts B). 

Chronic infection: late disease 1neglastlc-leukemra. 
~mmunolog~cal-Aleut~an d~seaset 

Slow ~nfect~on iscrapiel 

Fig. 10-1 Diagram depicting acute r;elt-limited tnfccti~rn and various kinds of persistent infec- 
tion, as exemplified by the diseases indicated. The tlme scale 15 notional and the duration of 
vanous events apprxlmate. Hatching ind~catcs presence of infcct~ous vlrus, solid I~ne, dcsrnon- 
strable ~nfertious wms; dashcd h e ,  virus not readily dernonstrablc; stippled box, disease epl- 
sode 

Acute Infections with Rare Late Complications 

Subacute Sclerosing Panencephalitis 

The paradigm of persistent infection characterized by an  acute infection with 
rare late complications is subacute sclerasing panencephalitis (SSPE), an in- 
variably fatal complication occurring 1-10 years after recovery from measles 
(Table 101-1). It occurs in only 1 in 300,000 cases and has become very rare 
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indeed following the reduction in measles itself by widespread immunization 
of children. Neve~tl~eless, it remains of great interest because rjl the light it 
sheds 011 the pathogenesis of persistent infections in the brain. 

Patients with SSrE reveal very little measles virus in the brain but excep- 
tionally high titers of neutralizing antibodies in cerebrospinal fluid. The RNA 
viral genome is detectable in neurons by nucleic acid hybridization, and nu- 
cleocapsids are demonstrable by electron microscopy and immunofluores- 
cence. Studies on infected neurons in culture indicate that, in the presence of 
high-titer neutralizing antibody, antigenic modulation brings about a pro- 
nounced inhibit~on of transcription from the viral genome. Even in the ab- 
sence sf antibody it is clear that there is something peculiar to neurons, 
andlor their state of differentiation, which down-regulates transcription from 
the measles viral RNA. Transcription from paramyxovirus gcnomes character- 
rstically displays polarity, that is, a progressive decline in efficiency of tran- 
scription as the polymerase progresses from the 3' to the 5' end of the ge- 
nome. This gradient is much steeper in neurons infected with measles virus, 
with the result that the production of the envelope proteins, M, F, and H, is 
reduced and the L protein is hardly made at all. Thus, virtually n o  infectious 
virions are assembled, but there is sufficient transcription of the 3' "house- 
keeping" genes, N and PIC, to permit viral RNA replication and transfer of 
nucleocapsids at a very slow rate from cell to cell. Further, during the long 
incubation period of SSPE, numerous mutations accumulate, seen particularly 
in the M gene transcripts. All in alI, SSPE illustrates beautifully how pecu- 
Iiarities of particular viruses and their host cells may conspire to pravide 
conditions enabling the viral genome to persist-in this case, to the detriment 
of the host. 

Latent Infections 
9 
.it All six human herpesviruses are common and important pathogens which 

j' establish llifelong latency and may be reactivated at any time. When the trig- 
ger is profound immunosuppression, for example, in AIDS or organ trans- 
plantation, reactivation of a latent herpesvirus infection may be lethal. Para- 
doxically, although all herpesviruses share lthe common lifestyle of latency, 
they have evt~lved divergent strategies for achieving that end A key distinc- 
tion is that herpes simplex and varicella-zoster viruses persist in neurons, 
which are nondividing but bng-lived cells, whereas cytomegalovirus, EB vi- 
rus, and human herpesvirus 6 persist in lymphocytes, which are dividing but 
short-lived (Table 10-1). 

The state of the geno'me is a central c'onsideration in latency. With some 

1 species of viruses the genome must become integrated into a cellular chromo- 
some, whereas for others it survives satisfactorily as a free plasmid (episome) 
in the cytoplasm or nucleus. Of course, it is essential that any latent viral 
genome, whatever its physical state or location, be complete if it is ever to be 
able lo program the replication of viable virus following subsequent reactjva- 
tion (in contrast with the oncogenic potential of many defective viral genomes 
which may induce cancer folIowing integration even though incapable of 
further replication). However, the expression of the latent genome is, by defi- 
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i t  IS better described as a chronic in fcct~on with continuous low-level virus 
production (see bclow). 

Progressive Mu1 ti focal Leu koencephalopa thy 

Progressiv~ rnultifocal leukoencephalopathy (PML) is a rare, lethal manifesta- 
tion of reactivation of an almost universal latent infection with human JC 
polyomavirus. The acute infection generally occurs in childhood and is usu- 
ally subclinical, or there may be mild respiratory disease. The virus then 
persists for life in the kidneys, and perhaps also in the brain or elsewhere, 
and is shed in urine from time to time, especially during pregnancy or immu- 
nosuppression. Almost nothing is known of the mechanism of establishment 
and maintenance of latency. The PML condition is a demyelinating disease of 
the brain {see Fig. 18-4), seen onIy in severely immunocompromised individ- 
uals, especially AIDS patients, organ transplant recipients, and those with 
advanced disseminated lymphoid malignancies. The target cell is the oligo- 
dendrocyte, not the neuron. 

Chronic Infections 

In domestic animals a large number and variety of viral infections fall into the 
category of chronic persistent infections, which is marked by continuous 
virus production. Culture of cells from various animal tissues, especially 
monkey kidney cells, has revealed many such viruses, usually after explanta- 
tion or by cocultivation with permissive cell lines. There are fewer siuch infec- 
tions in humans, But those that do occur cause serious d~seases (Tables 10-2 
and 10-3). 

Hepatitis B 

Hepatitis B is the most important chronic viral infection of humans, especially 
in Asia and Africa, where there are some 250 million carriers. During acute 
infections the virus replicates in the Iives and circulates in the plasma, usually 
in associa tion with a great excess of smaller particles composed of viral surface 
antiger ( H k A g )  In most infected individuals HBsAg and virions are cleared 
from the circulation, but in 5-lo%, including over 90% of those infected 
during infancy, a persistent infection is established which can extend for 
many years, often for life. The carrier state is characterized by continuous 
production of HBsAg and usually infectious particles, which are plentiful in 
the bloodstream and less so in semen and saliva, hence the danger of such 
persons as blood donors and sexual partners. Some carriers develop chronic 
hepatitis and cirrhosis, and hepatitis B virus (HBV) is an important cause of 
primary hepatocellular carcinoma. 

In acute hepatitis B and in the ''high replicative phase" of the chronic 
carrier state the viral DNA genome exists in hepatacytes as an unintegrated 
clnscd circle, and numerous inllectious virions are produced. In the subse- 
qirent 'Vow replicative phase" of the chronic carrier state the genome is more 
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Table 10-2 
Examples sf Chnmic Infectl~)ns Virus Demonqtrable for Long Per~ods, Scimet~rnes No D~seact. 

Virus Site of infrctinn Vrr~rs shcdding Dv;ease 

Hvpnf~t~s B vlrus L ~ v t l r  In plasmao, genital I-icpatitis, orrho41s, 

wcrutions, sal~va ht~pa~orcllular rarclnoma 
I-lepafitis C virus Llver In pIasmarr, gen~tal Ilrpatitis, c~rrhos~s, c,lrcinornn 

secrohons, saljva 
Rubella vlrwsr' Many organs Urine, saliva, tears of Congenital rubella syndrome, 

neonate teratogenic effects 
- - 

" Much higher titer in plasma, hencc h1ghc.r probability nC trnnsmlssion by transfusion of (un- 
screened) blood or blond pniducks and needlr sharing among inlccting drug users 

I' Congen~bal infection of fetus dur~ng firs! 16 wceks nf pregnancy 

commonly integrated into the chromosomes of the hepatucyte. Transcripfjon 
from this integrated DNA is restricted largely to subgenomic mRNA, and the 
major protein translated is HBsAg. No full-length RNA transcripts are pro- 
duced from the integrated genome, and therefore it cannot replicate a s  it 
requires faithful complete RNA copies for the viral reverse transcriptase to 
utilize as template. 

The fact that the number oC circulating noninfectious HBsAg particles 
exceeds the number of virions by a factor of up to 105 suggests that this may 
have evolved as a survival strategy whereby the abundant HBsAg serves as a 
decoy by absorbing most or all of the neutralizing antibody. Certainly, no free 
antibody against HBsAg can be detected throughout the many years of the 
chronic carrier state, but extensive deposition of antigen-antibody complexes 
in kidneys and arterioles commonly causes "immune complex disease." Cyt o- 
toxic CD8+ T lymphocytes, which are principally responsible for clearance o f  
the acute intectien by cytolysis of infected hepatocytes, recognize class I MFJC 
associated peptides derived from the two core antigens HBcAg and HBcAg; 
however, in the low replicative phase of the chronic carrier state, integrated 
HBV DNA generally produces no RNA transcripts encoding these two anti- 
gens, and further, only productively infected hepatocytes express substantia1 
aanounts of MHC class I protein. In addition, there is some evidence that 
chronic carriers display a degree of HBV-specific immunosuppression, medi- 
ated by suppressor T cells and/or Colerizatiun of B cells. 

Hepatitis C 

With the decline in incidence of posttransfusion hepatitis B following effective 
screening of donated blood, hepatitis C emerged as the commonest cause of 
post-transfusion jaundice in Western countries. I t  is also particularly preva- 
lent in injecting drug users. Although clinically milder than hepatitis B, hepa- 
titis C more frequently prngresses to chronic hepatitis and vies with alcohol- 
ism as the most important cause of liver cirrhosis. Antibody-antigen 
complexes may circulate in the blood for many years before the virus is 
even ttrally eliminated. Little is known of the pathogenetic mechanisms un - 
derlying persistence. 
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uf virus that has remained laten! since an attack of varicella, typically many 
years earlier (see Fig. 10-2) Tht~ latency of VZV is more tightly maintained 
than that of HSV, as indicated by (1) lack of evidence of asymptomatic shed- 
ding of vlrus between attacks, (2) the fact that reactivation is triggered only by 
declining i n ~ m u n ~ t y  to the virus, not by fever, ultraviolet light, etc., and (3) 
the fact that most latent VZV infections never reactivate, and in the remaining 
15% only a single recurrence (herpes zoster) occurs and this is largely con- 
fined to the elderIy. On the other hand, herpes zoster typically involves a 
whole derrna tome, with much more extensive lesions than generally occur 
with recurrent herpes simplex, and much greater pain, sometimes including 
protracted neuralgia. 

These clinical observations are consistent with the following findings aris- 
ing lrorn limited investigations of sensory ganglia taken from asymptomatic 
humans at autopsy. Viral replication cannot be reactivated by explantation or 
cocultivation of neurons as it can with HSV, nor have neurons been demon- 
strated to contain the viral genome or any RNA transcripts. However, a tiny 
proportion of the satellite celis (endothelial and fibroblastic cells resembling 
glia) which surround the neurons in the ganglion do contain the viral genome 
as well as several species of RNA transcripts, but no equivalent of the HSV 
LAPIS. In contrast, during VZV reactivation, the relevant ganglia of humans or 
experimental animaIs display hemorrhagic necrotizing lesions. This has led to 
the following tentative model. The VZV genome is latent in nonneuronal cells 
within sensory ganglia. Suppression of T-cell-mediated immunity activates 
replicat~on of virus which then spreads to involve many of the satellite cells as 
well as neurons throughout the ganglion, causing severe pain, and Lesions in 
peripheral epidermal cells sometimes covering the whole of the correspond- 
ing dermatome. 

Epstein-Barr Virus  

The mechanism of Epstein-Barr virus (EBV) persistence is completely differ- 
ent. Evolution of the facility for long-term latency of the EBV genome in 
lymphocytes, which unlike neurons are short-lived divid~ng cells, has in- 
volved the development of two special capabilities: (1) stimulation of the 
lymphocyte to d~vide and (2) maintenance of the genome in the form of an 
~ p i s o ~ n c  (plasmid) while also controlling the viral genome copy number in 
synchrony with the increase in cell number. 

In the Third World most infants acquire a subclinical infection with EBV 
by salivary spread from the mother. In Western countries infection may first 
occur as a result of amorous interchanges in adolescence, when it may take 
the form of glandular fever, otherwise known as infectious mononucleosis. 
This is characterized by a striking proliferation of B lymphocytes which is 
usually quickly contained by a T-cell-mediated immune response. However, if 
the patient suffers from any severe underlying congenital or acquired T-cell 
immunodeficiency, various types of severe EBV-induced progressive lympho- 
proliferative diseases rnay prove lethal. Moreover, in certain parts of the 
world EBV infection in childhood may lead decades later to death from can- 
cer, either a H-cell rnaljgnancy known as Burkilt's lymphoma, or nasopharyn- 
geal carcinoma (see Chapter 11). 
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Virions of EBV replicate prodluctavcly in epithelial cells of the nasopllar- 
ynx and salivary glands, but B lymphocytes arc generally nonpermissive and 
constitute the repository for long-term latent ~nfection. The availability of 
EBV-transformed lyrnphoblastoid cell lines for biochemical analysis has great- 
ly extended our understanding of the mechanism of EBV latency, in B cells at 
least. The entire EBV genome persists in the nucleus a s  multiple copies of a 
supercoiled covalently closed circular DNA molecule. Only a very small part 
of the large viral genome is transcribed. A number of the RNA transcripts 
have unknown function, but others are trailslated to produce a family of six 
"Epstein-Barr nuclear antigens" [EBNA-1 to ERMA-6) and a "latent membrane 
protein" (LMP). EBNA-1 acts on a specific origin of DNA replication, oriP 
(distinct froin the origin used for productive infection), and is absoluteiy 
required for replication of the EBV plasmid and maintenance of the copy 
number. EBNA-2 is required for R cell ~mmorfnlrzntron, that is, induction and 
malintenance of proliferation, which is a key feature of both acute infectious 
montjnucleosis and chronic EBV lymphoproliferative diseases. On the other 
hand, the membrane protein LMP appears to be implicated in the further step 
of Irnnsform~~fion, that is, tumorigenicity resulting from loss of contact inhibi- 
tion and of response to differentiation signals; this may contribute to the 
induction of nasopharyngeal carcinoma by EBV. Burkitt's lymphoma cells 
evade Tc-ceI1-media ted immune cytolysis by down-regula tiun of expression 
of the cell adhesion molecules ICAM-1 and LFA-3 which normally serve as 
ligands to engage the complementary receptors LFA-1 and CD2 on T cells. 

Less is known about reactivation of EBV from the latent state. The switch 
to replication appears to be triggered by a transactivator known as Zta which 
transactivates other EBV regulatory genes; this viral gene is presumably re- 
pressed during Ba tency. 

Cytomegalovirus 

Infections with cytornegalovirus (CMV) and EBV are characterized by initial 
prolonged excretion of virus followmed by a state of latency. The CMV infec- 
tions are normally subclinical, brut severe disease occurs in patients with some 
kind of immunodeficiency, either from AFDS, lymphoretlcular disease, or 
immunosuppression for organ or tissue transplantation. In such patients gen- 
eralized cytomegalovirus infection may result from reactivation of an endoge- 
nous IaYent infection, or from an exogenous primary infectiun resulting from 
the organ graft or from a blood transfusion, reflecting the widespread occur- 
rence of symptom-free carriers in the general population. Indeed, surveys 
show that at any time about 10% of children under the age of 5 years are 
excreting CMV in their urine. Transplacental infection of the fetus when a 
primary CMV inf'ection or reactivation of a latent infection occurs ducing 
pregnancy rnay induce devastating congen~tal abnormalities in the neon,ate. 

Cytomegalovirus establishes latent infection in salivary glands and kid- 
neys, as well as in monocytes andlor lymphocytes. Virus is shed, intermit- 
tently or continuotlsly, particularly int'o the oropharynx, from which it may be 
transmitted via saliva, and also into the urine. However, i t  remains to be 
proved which cell type@) comprises the principal reservoir of the viral ge- 
nome, and whether this persistent infection is one of true Latency or whether 
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nition, repressed, wholiy or partially. Generally, only a restricted range of 
viral genes is kranscribed during latency, but of course all are derepressed 
during reactivation. Often the particular genes that are expressed during 
la,tency fulfill a vital role in the maintenance of latency, in a lascinating variety 
of ways. 

Herpes Simplex 

Primary infections with herpes simplex virus type 1 [HSV-2) may be subclini- 
cal or may produce an acute stomatitis in early childhood or ton- 
sillitis/ phahyngitls in adolescence. At intervals of months or years after recov- 
ery from the primary infection, the characteristic vesicular lesions reappear, 
usually on the lips. Herpes simplex virus type 2 (and sometimes type 1) 
causes comparable initial and recurrent lesions on the male and female geni- 
talia (see Figs. 20-5 and 20-6). During primary infection of the host with 
herpes simplex virus, viral nucleocapsids are translocated by retrograde axo- 
nal flow to the cranial or spinal sensory ganglia, where the viral genome 
thcreaf ter per sisl s indefinitely. Periodically, reactivation of these latent infec- 
lions can be triggered by a variety of stimuli, such as "stress," ultraviolet light, 
fever, nerve injury, or immunosuppression (Fig. 10-2). Clues regarding the 
mechanism of establishment and maintenance of latency, and of subsequent 
reactivation, have begun to accumulate. 

Following replication in epidermal cells of skin or mucous membrane, 
some virions access the peripheral nervous system via sensory nerve endings, 
and the nucleocapsids ascend axons to reach the nucleus of a small minority 
of the neurons in the correspand~ng sensory ganglion in the brain stem (e g., 
trigeminal gangl~on following oral infection) or spinal cord (sacral ganglion 
following genital infection). Productive injection Beads to the destruction of 
some neurons, but most survive. Studies in mice suggest that these infected 
neurons are protected by antrviral cytokines secreted by CD8+ T cells that 
have been activated by exposure to viral peptides presented on the surround- 
ing capsuIar cells (analogous to microglia) but that cannot lyse infected neu- 
rons because neurons do not express significant amounts of MHC class E or I1 
gl ycoproteins Interferons reduce expression of HSV "immediate-early" (or) 
gene9, which are absolutely required for the expression of all other HSV 
genes. Surviving neurons harbor 10-100 copies of the viral genome indefi- 
mltely, in the form of nonintegrated, circular, extended concatemers. No vir- 
ions are made because none of the standard mRNAs are transcribed, hence no 
viral proteins are synthesized. tiowever, each latently infected neuron pro- 
duces fhousands of molecules of a family of unusual overlapping non- 
polyadenylated antisense RNA transcripts known as LATs (latency-associated 
transcripts). The 2-kb LAT is partially complementary in sequence to the 
mRNA for a kcy regulatory protein, which is required for the Smtrsactivation 
of all Pater HSV genes. 

FoIlow~ng reactivation by immunosuppression or perhaps by hormonal 
influences not yet understood, replication of virus is induced in a proportion 
of t.he latently infected neurons. Virus is transported down the axon to the 
peripI-ret-y where i t  tiplies once again in epithelial cells in the same general 
locality as those infected originally. A CD4 ' Th, ceI1-mediafed inflammatory 
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Fig. 10-2 Mechanisms nf latency in herpes simplex and zoslcr Primary infection occurs in 
childhood 01 adolescenc~; lalent vims is located in the cerebral or spinal gangl~a. Reactivation o f  
thp herpes simplex virus causes recurrent herpes simplex; react~vat~on of varicella virus causes 
zoster. (Fmm C. A.  Mims and D. 0 White, "Vl~al Pathogenes~s and Immunology" Blackwell, 
Sc~entific, Oxford, 1984.) 

response, perhaps supported by a CD8+ Tc response, quickly leads to the 
elimination of infected epithelial cells, and preexisting antibody mops up any 
free virions to bring the recurrence of disease to a halt. 

At first glance it may appear improbable that neurons, being nondividing 
cells, cou18d present any long-berm survival advantage to a viral genome. 
However, neurons do offer certain unique advantages: (1) because they ex- 
press no MHC antigens they are shielded from lysis by cytotoxic 1' lympho- 
cytes, and because the latent viral genome expresses no protein they are also a 
safe haven from lysis by antibody plus complement, or ADCC; (2) because the 
neuron does not divide there is correspondingly no need for the viral genome 
to divide to maintain a fixed number of copies per celI; (3) the axon of a 
sensory neuron, many centimeters long, provides a direct pathway to the 
periphery, where productive replication in susceptible epidermal cells, even 
decades later, ensures dissemination of infectious virus to other susceptible 
hosts. 

Herpes Zoster 

Herpes zoster, familiarly known as shingles, is characterized by a rash that is 
usually limited largely to an area of skin innervated by a single sensory 
ganglion (see Fig. 20-7). It occurs in older people, who have had varicella in 
childhood. Epidemiologic evidence, supported by serological and virologic 
studies, including analysis of the genome of virus from both diseases, show 
that zostcr and varicella are two clinical manifestations of the activity of a 
single virus, variceIla-zoster virus (VZV). Zoster results from the reactivation 
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Table 10-3 
t:.xaniplcs of Chronbc Infections, wit11 Virus Always Demr~nstrahlc., and with Latc Cmmunt~patliolc~g~c 

VirusfCenus f lost infcct~c~n Late d1scasefl 

Ly rnphocyt~c Mouse Widespread Glomeralonephritrs 

chnriomen~ngitis virus 
(An.>rr7zurlts) 

Aleutian disease virtls (Pnr7wllrrrrs) Mink Mar rc~phages Iiyperglobt~linemia, arker~t~s, 
glomer ulonephritls 

Equiw inft.ctio~ts anemia virus Horse Macrophages Anemia, va,sculltis, 

( L ~ r r f r z l ~ r ~ r s )  glomeruloncphntls 
tiriman irnmunr,deficit.ncy vlrus Idurnan Macrophagcs Oppnrtun~stic infections due to 

(Lctttrrlrrrrs) Lymphocytes profound ~rnmunndeficiency 

Avran leukosis v~rus" (Rctrtrrr~r~rs) Ch~cken Widespread Occasinnally Icukem~a 

Despite yrc+cnce of high titers o f  antibody which fad to elrminate the virus 
1, Also occurs as  latent infection with integrated prov~rus, transmitted congenitallry and not causing disease 

Chronic Infections with Late Disease 

A number of interesting diseases of animals fall into the category of chronic 
infections with late disease. Space does not allow discussion in this book, but 
some are listed in Table 10-3. In some respects human immunodeficiency 
virus could be also considered to fit this category, but we have chosen t'o 
discuss it as a slow iniection, (below). 

Slow Infections 

The term sloa~ infecfions was originally used to describe slowly progressive 
retroviral diseases found in sheep in Iceland. The term is now used to categor- 
ize several viral infections that have a very long preclinical phase (incubation 
period) leading on to a slowly progressive, invariably lethal disease. The 
infectious agenf can be recovered from infected animals during the preclinical 
phase as well as after clinical signs have appeared. There are two groups of 
slow infrctions (Table 10-41, caused by the lentiviruses and by unclassified 
agents called prioris which are postulated to cause the subacute spongiforrn 
encephalopathies. 

Human Immunodeficiency ViruseslAIDS 

Acquired immunodeficiency syndrome (AIDS) is the quintessential persistent 
infection. It is also the most enigmatic, for it displays features of latent, 
chronic, and slow infections. At any time far more cells carry the viral genome 
silently (latency) than are producing new virions. Yet, at all times some cells 
are manufacturing virus, and this is continuously shed (chronicily). albeit 
sometimes in small amounts, not only into the bloodstream but also Cn vari- 
ous bodily secretions. And one can hardly deny that a disease with a mean 
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incubation period (or preclinical stage) of up to a drcadc is, by definition, a 
slorv infection! 

Although first described in 1981 among gay males in the United States, it 
is now clear that AIDS has been present in Africa for decades and that its 
customary mode of spread is by convcn tional heterosexual intercourse. Once 
infected via genital secretions or blood, the host mounts an immune response 
but fails to eliminate the virus. A lifelong persistent infection IS established in 
lymphoid organs and the brain, with the virus replicating slowly, principally 
in CD4' T lymphocytes (helper T cells) and in macrophages. Small amounts 
of virus are present continuously or intermittently in the blood and genital 
secretions; hence, carriers transmit infection to sexual contacts. Throughout a 
prolonged asymptomatic phase averaging about 10 years, there is a steady 
decline in the number of CD4+ cells. The patient becomes progressively sus- 
ceptible to infection with a succession of viruses, bacteria, and fungi, which 
themselves place heavy demands on the weakened immune system. Cancer 
may also develop. The cumulative effect of these debilitating opportunistic 
infections is accompanied by an escalating decline in the CD4+ T cells, and 
death inevitably follcrws (see Figs. 35-9 and 35-10). 

The human immunodeficiency virus (HIV) belongs to the genus Lenftnirus 
(hs t i ,  slow) of the family Relroviridae. The replication of HIV, like that of all 
retroviruses (see Chapters 11 and 351, requlres reverse transcription of its 
RNA genome to produce a dsDNA copy (cDNA) which becomes integrated 
permanenkly into a chromosome of the host cell as provirus. During the long 
preclinical phase of HIV infection an increasing proportion of the CD4+ T cells 
carry HIV cDNA, either inkegrated or unintegsated, which remains latent 
until the T cdl becomes activated by an appropriate cytokine or by transac- 
tivation by another virus (see Chapter 35). Such latently infected T cells ex- 
press no viral protein and therefore are not susceptible to immune elimina- 
tion. Moreover, productively infected T cells and macrophages are able to 
transfer infection to nearby uninfected cells by fusion, involving interaction of 
the HIV envelope protein with the receptor (CD4) on lymphocytes and macro- 
phages, thus evading neutralizing antibody In addition, during its long so- 

Table 110-4 
Slow Infrctions: Long PrecJin~cal Phase, Slowly Progressive Fatal Disease 

- 
Grnus or group Virus or agent tirast Sites of infect~on Disuasc 

Lerrtrc~lrirs Visnaimacdi virus Sheep Macrophages, brain Slowly progrrssrve 

and lung pneumonia or 
enrcphalit~s 

Caprine arthritis- Goat Macrr~phages, brain Arthr~tts, encephalitis 
encephalitis virus and jn~nEs 

Fluman irnrnuno- Humans CD4+ T rclls. Acqu~red immune 
defic~ency vimscs macrophages, dcfic~ency syndrome , , 

brain (AIDS) 
Scrapic agenl 5het.p CNS and lymphold Slowly progressive 
Kuru agent Humans tissue cncephalopathy 
CrrutzfeEdt-Jakob agent l-Iumans 
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jnurn in the body, tllV undergoes an unparalleled degree of genetic drift. The 
reverse transcriptasc is notoriously error-psonc, so numerous nucleotide sub- 
stilutions accumulate in the genome as the years go by. From these mutants 
two phenotypes tend to he selected. First, escapc mutants with amino acid 
changes in key antigenic det~rminants recognized by antibody or by T cells 
(antigenic drift) progressively evade thr immune response. Second, there is 
progressive selectiollfor more virulent mutants with a predilection for CD4' 
T cells. 

Thus, I-IIV possesses a remarkable array of weapons that combine to 
assure its survival in the host: (1) by inducing the formation of syncytia it can 
spread from cell to cell: without encountering antibody; (2) viral cDNA can 
persist indefinitely intraceIl~rlarly as a latent infection to be reactivated later; 
(3) by virtue of the low fidelity of reverse transcription, an inexhaustible 
supply ah different HIV mutants is produced, enabIing the virus to alter its 
cellular trodsm, gain in virulence, and evade neutralization by the prevailing r .,, 
antibodies; and most telling of all, (4) the principal pathologic efiect of the 
virus is to suppress the immune system of the hust by destruction of helper 
T cells and macrophages. 

Subacute Spongif orm Encephalopa thies 

The term subacute spongiform encephalopathy is used as a generic name for 
several lethal neurodegenerative diseases that have strikingly similar clin- 
icopath~~logic features and causative agents, namely, scrapie of sheep and 
g'oats, bovine spongiform encephalopathy, mink and feiine encephalopathy, 
wasting disease of deer and elk, and kuru, Creutzfeldt-Jakob disease, 
Gerstmann-Straussler-Scheinker syndrome, and fatal familial insomnia in 
humans, 'The basic lesion is a progressive vacrmolation in neurons and, to a 
lesser extent, in astrocytes and oligodendrocytes, an extensive astroglial hy- 
pertrophy and proliferation, and finally a spongiform change in the gray 
mattcr (Fig. 10-3). 

The prototype of this group, scrapie, is an infection of sheep, usually 
transmitted lrorn ewe to lamb, 'The preclinical phase (incubation period) is 
very long, up to 3 years, and once signs have appeared the disease progresses 
slowly but inevitably to paralysis and death. In 1987 an alarming outbreak of a 
disease very s~rnilar to scrapie, bovine spongiform encephalopathy (BSE), 
emergcd in cattle in Great Britain. It is now clear that BSE (cnlloquiaBly known 
as "mad cow disease") was due to infection of cattle with scrapie virus via 
feed that contamed bonemeal from sheep carcasses that had been treated in a 
fashion that failed to destroy the infectivity of the scrapie agent. The use of 
such cattle feed was prohibited in 1988. 

Meanwhile, a number uf unusual human diseases meeting the clinical 
criteria of subacute transmissible spongiform encephalopathy were discov- 
ered. The most exc~tic is kuru (Fig. 10-4). Firs1 described in 1957, it was con- 
fine'd to a parti'cular tribe in the remote New Guinea highlands, the women 
and children of which practiced ritualistic cannibalism of their own deceased 
relatives. For a time the majority of all deaths in the women of the region were 
due to kuru Following the abandonment of this macabre custom, the disease 
steadily declined in incidence but, because of the exceptionally long incuba- 

Fig. 10-3 Scrapie. (A) Section of braln of a normal sheep. (R) Sect~on of hraln of a sheep that 
died of scrapie Mote extensive spongifnm changes, but noev~dence of inflammatory or immune 
response (hematoxylin and ctpsin stain, rnagnlllcation. x420) ([C, D) Electron mlcrographs of 
extensively pariltied p r i m  protein rods from a case 06 Creutsft~ldt-Jakoh d~seaw,  negat~vely 
stained w ~ t h  wranyl forrnate (bar, 100 nm) (A, B, Courte~y Dr. J. O. Foster; C ,  D, courtesy Dr 
S B Prusiner.) 

tion period of the disease, occasional cases are still being seen. Gajdusek was 
able to demonstrate an infectious etiology by serial passage of the agent in 
chimpanzees, which after a long incubation period died with a disease indis- 
tinguishable from the human counterpart. 

The importance of Gajdusek's discovery was enhanced when it was dem- 
onstrated that a similar or identical agent causes the more widespread sporad- 
ic human presenile dementia, Creutzfeldt-Jaknb disease (CJD), and that both 
agents bear a striking resemblance to that of scrapie of sheep. In all human 
populations that have been adequately studied CJD occurs with a frequency 
of one in a million persons per year; these sporadic cases do not appear to 
have been due to infection, although a number of cases of iatrogenic transmis- 
sion of CJD have been traced to neurosurgery (e.g., dura mater grafts or 
implantation ol cerebral electrodes), corneal transplants, and more recently, 
administration of human growth hormone derived from pituitary glands. 
Gerstrnann-SCrSussler-Sche~nker syndrome and fatal familial insomnia are 
two familial forms of CJD, due to autrrsomal dominant genes. 

Research on this fascinating new group of agents was accelerated by tlle 
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Fig. 10-4 Kuru. Chilid from the Forc region of the New Guinea highland5 showing a disorder of 
ga~t due tn ~rreversible cerebellar degeneration (Courtesy of thu late Sir Macfarlane Burnet ) 

discovery that mice and hamsters could be infected with the scrapie agent, 
producing an identical disease hut with an incubation period of less than 1 
year. Using the mouse model it was shown that scrapie cuuld be transmitted 
sequentially from animal to animal. Early l i l  tratinn studies suggested that the 
causative agmt was the size of a very small virus. Purification from scrapie- 
infected brain tissue by density gradient centrifugation revealed that infec- 
tivity was associated with filamentous rods called scrpie-assminted fibrils or 
p r a ) ~  rods (Fig. 10-3). These appear to be artifacts of the purification protocol, 
alkhough they contain large amounts of infectious scrapie prions. However, 
the infectious agent is not a conventional virus. Not only do the prion pro- 
teins lack nucleic acid, but infectivity is very resistant to inactivation by a 
variety of physical and chemical trcat~nents that inactivate viruses, including 
~~ucleases, UV-irradiation, formalin, nlild proteolysls, and even boiling! More- 
over, the agent fails to elicit an immune response in the host. 

Until recently there have been three theories about the etiologic agents of 
the subacute spongiform encephalopathies. Some workcrs believed that the 
cause was a conventional virus, yet to be discovered. A second view was that 
the causal agent might be a ztrrino, defined as an ~nfectious agent containing 
nucleic acid insufficient to encode any functional protein but sufficient to 
serve some regulatory function. The third and now widely accepted hypothe- 
sis is that infectivity resides in a prioll, drf~ned as a small proteinaceows infec- 
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t~ous  particIe. FJefrjre speculating on how such an agent could replicate and be 
infectious, we need la pmvide mare data on the protein ~tself. 

['rions recovered From scrapie brains are oligomers composed of a 33-35 
kDa protein designate'd PrPSc, standing for the scrapie isoform of the prinn 
protein. This protein has the same amino acid squence as a protein (EF) - 
found in the membrane of normal neurons of the host concerned, but differs 
in conformation. 'The genes h r  the prjlon proteins of humans reside on ihe 
short arm of chromosome 20, and of the monise on the homologous region of 
chromosome 2. The genes for the infectinus prion proteins of all the subacute 
spongiforrn encephalopathies and tlie~r laboratory derivatives (from mice and 
hamsters) have now been sequenced. Changes of host range that in viruses 
would be ascribed to mulations appear to be due to posttranslational configu- 
rational changes in the precursor protein uf the new host, with preservation 
of its amino acid sequence. 

CJD can be thought of as the equivalent of a rare somatic mutation, due 
not to a change in the nucleoitide sequence of the prion protein, but to the 
sponlaneous generation of the PrPSc isoform from the host PrPc by a rare 
stochastic event, with an incidence of one per million persons per year. k-lu- 
mans suffering from the rare autnsomal dominant inherited disease 
Gerstmann-Strausskr-Scheinker syndrome (GSS) have a single amino acid 
substitution in the normal cellular prion protein, PrPC, due to a mutation in 
codon 102, which increases the likelihood of the production of PrP", and 
therefore of subacute spongiform encephalopathy, about one millionfold. If 
this point mutation is introduced into the murine PrPC- gene and this modified 
gene is used to produce transgenic mice, the mice spontaneously develop the 
typical neurologic dysfunction and pathognomonic neuropathology of GSS 
and scrapie. 

If prions are an abnormal isoform of a normal cellular protein, by what 
mechanism could they reproduce themselves? One hypothesis is that the 
abnormal prion isoforrn PrPSr forms a heterodimmer with the normal cellular 
PrPC, serving as a template which alters the folding of the latter to that of 
PrPsc, which in contrast fo PrPC is highly resistant to proteolysis. The process 
would then cascade exponentially, with the conformationally altered cellular 
molecule in turn serving as a template for modifying the folding of further 
PrPc molecules as they are produced; these abnormal isoforms accumulate 
because of their resistance to digestion. In such a fashion a protein molecule 
might he capable of autocatalytic replication, enabling it to behave like an in- 
fectious agent. In the case of the hereditary diseases such as GSS it is assumed 
that the inherited point mutation itself causes the abnormal conformatic~n 
which faciIi tatesdimerization to produce the molecule which does the damage. 

Strong support for the hypothesis that the causative agent of the subacute 
spongiform enccphalopathies is in fact the scrapie prion protein comes from 
experiments with transgenic mice in which both copies of the PrP" gene were 
disrupted. When these homozygous "prion gene knockout" mice were inocu- 
lated with mouse scrapie prions the agent lailed to replicate (because the 
mice did not produce PrPC), no pathology was demonstrable, and no disease 
developed. However, if hamster PrPC genes were inltroduced into these mice 
so they produced hamster PrPC, they were fully susceptible to infection with 
scrapie prions of hamster origin, but not with those of mouse origin. 
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Pathogenesis of Persistent Infections 

The term persistent infections embraces such a wide variety ol different con- 
drtions [hat it is not surprising to find that there are several mechanisms 
whereby the causative viruses bypass the host defenses that eliminate virus in 
acute infections. The mechanisms include factors related primarily to the virus 
on the one hand and to the host defenses on the other, allthough the two 
kinds of factors interact in some instances (Table 10-5). i 
Abrogation of the Cytocidal: Capacity of the Virus 

Restricted Expression of Viral Genes I 
Obviously a virus cannot persist in a cell it  destroys. Therefore, long-term 

persistence of a potentiaIly cytocidal virus can occur only if the viral genome 
remains fully or partially silent. Accordingly, latency is maintained only as 
long as no viral gene with the capacity to kill the cell is expressed. As a rule 
the few early genes that are transcribed are actually instrumentalt in the main- 
tenance of latency. Latency is eventually overridden, perhaps following im- 
munosuppression and/or by the action of a cy tokine or hormone that de- 
represses transcription of the whole viral genome, leading to reactivation of 
viral synthesis. This paradigm is best illustrated by the herpesviruses. 

Latency in ATo~pemzissive, Resting, or Undifewmtiated Cells I 
A particular species of virus may undergo productive replication in one 

cell type but nonproductive latent infection of another. For example, El3 virus 
may replicate producfiveiy in a mucosal epithelial cell but assume the latent 
sia te in B lymphocytes; hence, one cell type may serve as a repository which, 
fnl!owing reactivation, may seed the other. Even in a given cell type, permis- 
siveness may be determined by the skate of cellular differentiation or activa- 
tion. For instance, papillomaviruses replicate only in huIly differentiated 
epithelial cells. Again, HIV replicates in CD4+ T cells activated by an appro- 
priate cytokine but remains latent in resting CD4' T cells. Moreover, HIV 
enjoys a quite different type of association with ceIls of the monocytel 
macrophage lineage, and monocyte-tropic variants tend to be replaced by 
lympliocyte-tropic variants in the same patient as the years go by. 

Arenaviruses and retroviruses are two excellent examples of noncytocidal 
viruses that establish chronic infections in their rodent hosts without killing 
the cells in which they repl~icate and causing little or no damage until certain 
compllications may develop later in life. 

Evasion of the Immune Response J 
I 

Evasion of Neutralization by  Antibody I 
Pvions are composed of what is basically a normal cellular protein con- 

taining just one or a few amino acid substitutions. Accordingly, they are nnn- 
immunogenic, eliciting neither antibody nor a cellular response; they do not 
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indr~ce interferon production and are not susceptible to its inhibitory effects. 
This represents tlie extreme examplo of ~rnrnunologic tolerance due to mo- 
lecular mimicry There seems to be no mechanism whereby the host can 
restrict the replication and pathologic effects of these agents. 

True virt~ses are, of course, immunogenic. Some have evolved strategies 
for evading neutralization by the antibody they elicit. 

Ccil Frrsion Lentiviruses (e.g., HIV), pa~arnyxoviruses (e.g., measles vi- 
rus), and herpesviruses (e.g., cytomegalovirus) cause adjacent cells to fuse 
together, enabling the viral genome to spread cont~guuusly from cell to cell 
without ever being exposed to antibody. 

Blocking by  Nonnesrtmlizing Antibodies Very high titers of antibody are 
characteristic of many chronic viral infections, so much so that virus-antibody 
and antigen-antibod y complexes accumulate at the basement membranes of 
renal glomeruli and other sites, causing a variety of immune complex dis- 
eases. Yet the virus is not eliminated. Much of this antibody may be directed 
against vlral proteins or epitopes that are not relevant to neutralization; by 
binding to the virion nonneutralizing antibodies can block the attachment of 
neutralizing antibody, by steric hindrance. 

Anfigen Decoy The chronic carrier state in hepatitis B is marked by the 
production of a huge excess of noninfectious particles of HBsAg, which may 
serve a s  a decoy to mop up neutralizing antibody. Perhaps other chronic 
infections are also sustained by this strategy. 

I~nmunosuypressive Epitopes The HIV envelope glycoprotein, and the 
equivalent in other retroviruses, contains a sequence that illhibits T-cell prolif- 
eration in response to antigen. 

Antigenic Drift Mutations emerge with unusual frequency in re tro- 
viruses because their reverse transcriptase is error-prone. During the pro- 
longed incubation period of the slow infections characteristic of lentiviruses 
sucli as equine ~nfectious anemia, visnalmaedi in sheep, and HlV in humans, 
there is ample time far antigenic drift to occur in the presence of neutralizing 
antibody. 

Reduced Display of Antigen on Plasma Membrane 

An equally dazzling variety of strategies help viruses to persist by dimin- 
ishing thc display of antigen on the cell surface, as seen by T lymphocytes or 
by antibody. 

Limitation of Viral Gene Expression As discussed above, latency is char- 
acterized by the production of very few viral proteins, and hence the cell 
membrane contains little of interest to passing T cells or antibodies. For exam- 
ple, in HSV latency the neuron displays no viral antigen at all. This protects 
the cell not only againsl cytotoxic T cells but also against lysis by antibody- 
conipltrnent or by antibody-dependent cell-mediated cytotoxicily. 
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Anfibody-Induced Rcmoval of Antigen from Plasma Membrnne An- 
tibody, being at ileast divalcnt, can bridge antigen ~nolecules in membranes, 
bringing about "capping" folIowed by endocytosis or shedding of the antigen. 
The phenomenon is readily demonstrable in a~rl-vo on "carrrer cultures" of cells 
persistently infected with budding viruses and has been postulated to play a 
role in SSPE, in which antibody also down-regulates transcription of the 
measles visa! genome. 

Down-regulation of MHC Arrtigetr Expression Because CDai- T cells see 
viral peptides bound to MIHC class B antigen (and CD4+ T cells see them in the 
context of MHC class IT), viral persistence is presumably favored by reduction 
of the concentration of MHC molecules on the cell surface. Adenoviruses 
encode an early protein that binds to newIy synthesized MHC class I antigen, 
preventing its normal processing thus reducing its cell surface expression. 

Down-regulafion of Cell Adhesion Molecrtles As discussed above, 
Burkitt's lymphoma cells, which carry tlie EB virus genome, display reduced 
amounts ol tlie adhesion molecules FCAM-I and LFA-3, and therefore bind T 
cells with lower affinity. 

Immunosuppression by i ~ f e c f i o n  of Ejljec f or Cells 

Many viruses can replicate productively or abortively in celIs of the reti- 
culoendothelial system, and if is noteworthy that these cells are often impli- 
cated in persistent infections. Lympfiocytes and rnonocytes/macrophages 
repr'esent tempting targets for any virus, in that they move readiIy through- 
out the body and can seed virus to any organ, as well as being the key players 
in the immune response. To render them impotent would ensure persistence. 
The extreme example of destruction of the body's immune system is provided 
by HIV, which replicates in CD4+ T lymphocytes and cells of the mono- 
cyte/macrophage series. Virtual elimination of helper T celIs from the body 
results in such profound depression of the immune response that the patient 
dies from in tercurrent infections with other ompportunistic pathogens, or from 
cancer. 

Abrogation of Lyzphocyfe Function Numerous other viruses tempo- 
rarily induce generalized immunosuppression by abrogating the functrlrpn of 
one particular arm of the immune response. For example, measles virus sup- 
presses Th, cells (DTH). Epstein-Barr virus induces polyclonal activation of B 
cells which diverts Lhe immune system to irrelevant activity. And so on. 

Abrogafion of Macrophage Fnrncfion In many chronic viral infections tlie 
virus grows mainly in reticuloendothelial tissue, especially in rnacrephages. 
This may impair several key immunologic functions, notably phagocytosis, 
antigen processing, and presentation to T cells. 

Evasion of Cytokines 

Interfernns are induced by infection with viruses and display a wide range 
of antiviral as well as immunomodulatory activities (described in Chapters 
5 and 7). However, at Ieast some viruses have evolved genes that in one way 
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or ant~ther sabotage the specif~c antiviral action sf the key effector mnlecules 
known as interferon-regulated proteins (see Chapter 51, whereas others can 
counter other antiviral cytokines (e.g., a n  adenovirus gene product partially 
prntects infected cells against: tumor necrosis factor). 

Indrr ction of I~amunologic Tolcrnnce 

The probabilily of an acute infection progressing to chronicity is strongly 
age-related. In particular, congenitaI transmission to the neonate, whether 
transplacental or perinatal, gr'eatly enhances the likelihood. Prolonged chro- 
nicity is the rule rather than the exception following congenital infections 
with hepatitis B virus, rubella virus, cytorn~ga~lovirus, parvovirlus BT9, HTLV- 
1, or HIV. Presumably this reflects imrnuncllogic imrnaturity/nonresponsive- 
ness. No 6-celI tolerance is demonstrable, but there is often a degree of T-cell 
~lnresponsfveness to the virus. In the well-studied lymphocytic choriornenit-r- 
gitis (LCM) virus infection of mice, infant mice infected naturalty in ufero do 
not mount a T-cell-mediated immune response to the virus; the fact that this is 
reversible indicates that it is due not the deletion of ICM virus-reactive T-cell 
clones during embryonic life, but rather to clonal anergy or production of 
suppressor T cells. 

Seqtrestrafion in Sanctuaries 

A striking proportion of persistent infections involve the central nervous 
system. The brain is insulated from the immune system to some degree by the 
blood-brain barrier and, further, neurons express very little MH'C antigen on 
their surface, thereby conferring some protection against Eysis by cytotoxic T 
lymphocytes. I-lerpesviratses, pnlyomaviruses, and lentiviruses are good ex- 
amples HIV is relatively protected not only in the brain but also in the 
epididymis. Certain other viruses grow in epithelial cells on IuminaP surfaces, 

Table 1 0 4  
Examples of Rcact~vation of Persistent Viral Infections In Humans 

Circurnslances V ~ r u s  Ratures  Clinical severity 

Old age  Vai~cella virus Rash of shingles 
Pregnancy Polyomavirus JC, RK Viruria 

Cytorncpiltivirus Rt2pOicatton ~n cervix 
Herpes simplex virus 2 Replicatian In remix Danger to newborn 

Imniunosuppress~on Herpes simplex v ~ r u s  1, 2 Vesicular rash Sometimes severe 
by cytntoxic drugs Varicclla virus C'es~cular rash 

(chlckenpnx o r  shingles) 
Cytornegalovirn~s Fever, hepatit~s, pnerrrnonitn Sometimes severe 
Epstc~n-Rarr virus lncreascd shedding from throat - 
Polyurnav~rus BK, jC Virrrr~a very common - 
Hepat~t is  B virus Vircrnia - 

Lymphold f~rrnnurs Vancelia virus Shingles cnmmorv + 

Cy tomegalovirus Ret~nitos, colitis. pneumonit~s  t 
Polyornav~ruc JC I'rogressive multifncal t +  

leu koencephalopa thy 

flascd on C A Mims and D O White, "Viral Patliugencsis and Ionnlunolagy," RlackweBI, Qxfoad, 1984. 
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for example, cytomegaluvirus in kidney, salivary gland, or mammary gland, 
and are shed more or less continuously in the corresponding secretions. Most 
sllch viruses arc not acutely cytopathic, and perhaps because they are re- 
leased on the lurninal borders of cells they avoid ceIlular immune or inflam- 
matory reactionls. Secretory EgA, which is present in the secretions at such 
sites, does not activate complement, and hencc complement-mediated cyto- 
lysis or virolysis does not occur. An extreme case of inaccessibility to the 
immune system is the skin wart, the papillomavirus replicates only in the 
outer, fulIy differentiated layers of the dry keratinized lesion. 

Reactivation of Persistenl Infections 

Table 10 -6 lists examples of conditions caused by reactivation of persistent 
viral infections in humans. Further details are given in relevant chapters in 
Part I1 oh this book. 
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Since rhc rnid-3980s there has becn a revnlution in cell molecular biology 
which is beginning kc, shed light 011 the mechanisms of regulation nf cell 
growlh and differentiation, and the disorders of these processes that are 
cxp r~s sed  as  cancer. Although a great cleal remains tcl be ]learned, we can now 
say that tumors are initialed by alterations In thc exp1-ession of one [,a more 
genes that regulate cell grcrwtl~ and/or difforcntiation. 'The genetic alteratinns 
ni,ly bc caused by clwmical or physical agents or  by particular viruses, and 
thcy appear Iln involve certa~n cclmmon intraccllular molecular pathways. 
Study of the infcctiorls caused by onct)gcnic viruses, which are currently 
known1 11.1 he  e2iologically involvr.cl in about 15% of human cancers, has pro- 
virli~cl Iziajr,r insights into 1h1c nature of these pathways, the elucidaiinn nf 
wli~cla is unc nC the most acl~ve fields in v~rology. 

First wc must ClcCirie a few cnnimc~nly used terms. O I ~ C O ~ O , ~ ~ /  is the study nf 
l ~ ~ m o r s .  A bcvrlpr ilrwrtw is a growth produced by abno'rrnal cell prolifelaition 
nrla~ch rcniairls localized and docs not invade adjacent tissi~~c; a r ~ r n l l p i n l r l  

Il~frrtlr, in contrast, is ustrally locally ~ J J Z ~ ~ S I ~ ~ P  and may also bc !ntyfrrslrjlir-, that IS, 
sl7acad by lyrnyliaticnnri 1.1Iood vessrls to othtr  parts of the body. Such malig- 
nan t  turners arc oftcn rcferl-rd to as ~ - ~ ~ ~ ~ i - c r s .  MaBignn~lt tumors of cpithclial cell 
01 igan are kr~own as c n r c - l ~ l o l ~ ~ o s ,  those  rising from cells ~ 7 f  m i ~ s e ~ ~ c h y n ~ a l  ori- 
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Table 11-1 
Virusvs rlssc~r~nlcd w ~ i  h Fvlal~gnar" trr~rnclr\ In F lurri,rn\ 

-- - 

V~rus I n ~ n ~ l y  Spc.cucs rlf 1 1rtr5 litlid of tumo~ 

R ~ * ~ I ( F z ~ I F  triw I ITI..V-1 ~ I ~ I I \  Actrtlt T-c(tII Icukt.nii;r 
r'1~~lclirrz1trrrkIr t-lunidn pa~.r~llornav~ruws 5 ,  8" S L ~ U ~ N ~ I S  crll cnrcmnmnl' 

I Iuman ppillomav~rvst~s Ih, 18" G[.nital mrcuici~nn.i 
I k7~wdr~ni~~r.rrlnc.  I Tel~at~t~s tl vireos l lt~paf~~cellular carcinoma 
IC-r{hv~;7~trwior E p t e ~ n  lnarr v~rus f3urk1ft's lyrnyhorn,~ 

Na.;ciph.~ry ngeal rarcinumn 
R-ctnll lymph~rmac8 

Slni~ri11rrifnr Hcpatit~s C virus IHc~p~fr~ccllulnr carc~nonia?,~ 

And scvoral othcl I IPV bvpes le-s ccini~nonly. 
'' Usually a? n~nl~gnant chatagc in the s k ~ n  conditinn ep~dcrmodysplas~a verrllclform~s 

In irnmr~nocornpri~misrd ~ndlvidtlal'i 
In  ~ r n m u n r t s u p p r i ~ ~ '  ~ndividical\ 
Ellologic rrlle and naechanism not yc3t firmly eqta~hlishcd 

gin as snr.ct)frras, and thosc from Ieukocytes as 1Iy1qdrnrrrns (if solid tumors) or 
Icrrkc!via (if circulating cells are involved). The process of development of 
tulnors is termed O ~ I C O ~ C I ~ C S ~ S ,  synonyms fsnr which are frnnorqiwesrs and cnrri- 
~ z i ~ ~ c n c s i s .  The capacilty to study oncogenesis at a molecular level was greatly 
facilitated when it became possible to induce the essential genetic changes in 
cultured cells, a process called cell frrr~rsfrrrlrrnfion. 

The discoveries of  the viral etiology of avian leukemia by Ellerrnan and 
Bang and of avian sarcoma by Rous in 1908 and 1911, respcctivcly, were long 
regarded a s  curiosities unlikely to be of any lfundamental significance. H'ow- 
ever, study of these avian viruses and rclated retroviruses of mice has greatly 
expanded our understanding of oncogenesis, as we11 as paving the way for 
scientists to sequence the genome and unravel the replication cycle of the 
human imrnunodeflciency virus with unprecedented speed following its dis- 
covery in 2983 (see Chapter 35). Many retroviruses produce tumors in domes- 
tic animals, and one has been implicated as a cause of human leukemia. 
Hepatitis B virus, the herpesvirus Epstein-Barr virus, and several pa- 
pillnmaviruses are also implicated in cancers of humans (Table 11-1). It is 
notewt~rth~y that thc list, i f  extended to include virus-induced cancers of other 
animaIs, embraces four Families nf DNA viruses but only one karnily of R N A  
viruses, namely, the Rr~Cnli.~iridoe, wl~icli require an integrated DNA in terrnedi- 
ate for their replication. 

Oncogenes and Tumor Suppressor Genes 

An important elcmcnt in our present undcrstanrding of oncogenesis has come 
From the discovery of rPrrctvcllcxs, which were originally lound in retmviruscs, 
where thcy are cullcctivcly referred It? as v-n~rr  genes. For each of the more 
than 60 v-o!18r. gencs so far identified thrrc is a cc~rresponding nc~rmal cellular 
gcnc, which is rcfcrrcd to as  a c- t rm gcnc, or as a ~irntonr~co~ycrlc, a tern1 which 
suggcsts the origin of thc v - o ~ r c  gcncs of retrovir~~scs. 'The term nncogerie is 
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now npplwd brclaclly tr-1 any gcnctic olc~i~r.nt c~ssor~ilted with cancer induction, 
inc l~ id~~ig  some tcllular Scncs not kriowra [ ( I  havc n viral Fit.rniolog a n d  rtrrlrlvant 
gv~ies td the c~ncogcnic DNA viruses whir% rlr) not have n crllular homolog. In 
the normal cell, c-ofti- gcncs are invol1~~~1 in cclluias grcrwlh control. The pro- 
Ycrns fhey cncndc caln bc assigned t o  C~r~lr malclr clnsscs: grorvth factors, 
gr{~wlh fr~ctor receptors, intracrllulaa signal transdrrcers, and nuclear tran- 
scriplir~n factors (see 'Ikbie 11 -43. 

I n  1989 a crlmpletcly different category of cellzllar genes called lurrror 
srr;vlwfisot Xrnes was disctlvered which als'o play an essenlial regulatory rnIe in 
normal cells. Their protein products are involved in negative regulation of 
growth. 'This regulatory role may be ablated by mutation in the tumor sup- 
pr~ssorgene. FJc~wever, because mutations in genes exerting a negative effect 
are recessive, both copies must be inactivated for excessive activity of a c-ntrc 
gene to occur, leading to cancer. Although it  currently appears that at least 
half of a11 cancers may be associated with altered tumor suppressor genes, 
these genes may be only indirectly involved in most cancers caused by vi- 
ruses, at a late stage in the multistep process that leads to full-blown rnalig- 
na ncy. 

Cell Transformation 

Thc capacity to study oncogencsis at a mc~lccular Icvel was greatly facilitated 
when it  became possible to induce the essential genetic changes in cultured 
cclls, a process called cell trotrsfornwfiorr, wh~ch is the in oitm equivalent of 
ta~mnr forrnatic~n. Transformaticl~l by DNA viruses is usrially nonproductive. 
(i.c., the transfrjrmeil cells do not yield infectious progeny virus); transforrna- 
tion by retroviruses 1s uften produclive. Viral (or pvozjirol) DNA in trans- 
formed cells is integrated into the cell DNA, except in the case of pa- 
pillornavirus and herpesvirus DNAs, which usually remain episornal. 

'Transfclrrned cells differ in many ways from normal cells (TabIe 11-2). 

Table 11-2 
Cliaractrrist~cs of  Cclls Translorrnrd I r r  Vrfrrl hv V~ruses 

I. Vlr,iF I3NA scqrlencrs prcsturut, intcgratrrf rnlo crllular L3NA o r  as chprsnmus 
2 (,rc.licr ~ r o w l h  potrnl lnf it? rrrlru 

n I:~~rniabnr-rn of Ihrrt7-dirnr~lsec~nal colonies (II r,and(~nily or~entcd ct,fls i n  rnnno lay~r  culture, 
usually d t ~ c  to loss of cnntacl ~tihibi! ion 

h Capacity to rlltvrde indc f~n i t r l y  III serial cir l lurr 
c I . ( l ~ h c r  clf~c,~cncy of clonrng 
cl C ay,~rlt!l to  g r t w  in  suspcnsrcln trr rn srmnscll~d ag,ir (anrhor,lgc ~ndepondrnre)  
I. Rrduced scrtrrn rcquin.ment for growlh 

3 Altered cc.11 morphr*logy 
4 A l t r r ~ d  cell mriabolism and r n ~ ~ m i ~ ~ a n e  cl~anges 
5 C:lirtrmo\on~al ah normal it it.^ 
h Vlrnls-spt'cifnrd lun111r-ashociakd anligcn+ 

a. Somc ,if ( e l l  s t ~ r f ~ ~ c e  heha-rlr as t~~nror-spcrihc lran.;plniital~on n n t i p n s  
tl N r w  ~ntracel ln ln~ nnttgens ( 4 .  g , r anltgt.n+) 

7 I:aparrty I r r  p r r ~ r f u c ~  rnalrgnani nc.oplasnls whcn ~nr~ctalattd into ~snlogr,uq or  severely mmw- 
nrvsupprcsst,d an~mals 
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Fig. 13-1 Transformaticln of ;I r ~ t  fibmblaslt ctpII I1nt8 t7y d ~ f f c r e n ~  v~ra l  oncrjgcncs (a) Normal 
FI 1 I ic.ils (b) Cells tsanslorrmcd by Rous sarcnma wrus. (c) Ct.115 transfornird by tIarvrg mulint. 
sarccvni~i v i r u ~  ((4) C:c*lf\ transformt,d by Ahr ls t i r~ It,uik<.rnla vlrus (e) Cells imna;fcrrmcd by ninusc. 
ycllyr1rna virul; (I) I?rllynnia vir~rs-tran+focmrd r-cxlls ill srrfl agar (K) Cell.; transf~rrmt~cl hy SV40 
(h) Cclls ~rnnslormcd by ~rnir~ln aclcnovirus. 7 [l'rclnl I Rc.nj<ini!n and P. K Vogt, 1 1 ,  "l;iclcls 
V~rr>lr>gy" I f +  N f-rrlds, 13 M Knfpe, R h.E I:hanclck. M ti Fiirsch, J L Mulntck, T P Mrmath, 
and [% Rni~rnan, vtfs ), 2nd Ed., p 322 Ravcn, New York, 1990 Courtesy D r  l: l$cn)an~rn 1 

One of the changes is a loss of control of cell growth (Fig. 11-1); trans- 
formed cells acquire a capacity to divide unrestrictedly, which can be demon- 
stratcd in a var~ety of ways, includi~~g thr? capcity fo produce tumc~rs in 
atliyrnic mice, which have defective 7'-rell immunity  bc~t do not s~~ppor t  the 
growth ell  17ormal Cureign cells. More rccenlly lransge~l~c mice have been used 
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to confirm in whole animals some of the r~bservalions of the transformation of 
cultured cells by clonecl genes, either o f  cc.llr11ar or viral origin. 

Malignant tumors and transformed cells express distinctive antigens, 
called frrrnor-nssocinfed anti(yars. Cells transformed by nondefective retroviruses 
alsn express the full range of viral proteins, and new virions bud from their 
plasma membranes, In contrast, transformation by DNA viruses usually oc- 
curs in cells undergoing nonproductive infection; nevertheless, certain virus- 
speclfic anligens are generally demonstrable Some tumor-associated antigens 
are located in the plasma membrane, where they constitute potential targets 
for immunologic attack and are sometimes referred to as fumnr-specific fmns -  
plnrritafion arrt(ycrls. 

Tumor Induction by Retroviruses 

Although retroviruses of five genera cause leukemias, Lymphomas, andlor 
sarcomas in many different species of animals, in humans only one sefro- 
virus, HTLV-1, has been unequivocally incriminated in oncogenesis, as the 
cause of a particular form of leukemia. Nevertheless, it is necessary to de- 
scribe tumor inductio'n by retroviruses in some detail, because such studies 
are of great importance in understanding mechanisms of oncogenesis. 

Categories of Oncogenic Retroviruses I1 
Oncogenic retroviruses are subdivided two ways: according to whether they 
are replication-competent or replication-detective, and whether they are en- 
dogenous or exogenous. 

Acp!icfifI-ion-Comlreten f and Replication-Defective Retroviruses 

The genome of a typical replication-competent retrovirus (Fig. 11-2A) 
consists of two identical copies ol a positive sense ssRNA molecule, each of 
which has three genes: Xng, encoding the four core proteins, pol, encoding the 
reverse transcriptase, and er.rzs encoding the two envelope glycoproteins. A 
second kind of rapidly oncogenic exogenous retrovirus carries a viral on- 
cogene, generically called v-orlc, which is responsible for the rapid malignant 
cl-uange nC the infected cell. Because the oncogene is usually incorporated into 
the vital RNA in place of part of one or more normal viral genes (Fig. 11-ZC), 
such viruses are usually defective, dependent on nondefective helper retro- 
viruses for their replicafion. However, Picaus sarcoma virus is atypical in that 
jlls genome contains a vlral oncogene (v-src) in addition to complete copies of 
the retrovlrus genes pol, and env (Fig. 11-2D), so that it is replication- 
corn petmen t. 

End8ogcno~s and Exogenorrs Retrovin~scs 

A complete DNA copy of the genorne (known as the ~ ~ r o u i r u s )  of one, or 
sornctimes more than one, of many retroviruses may be transmitted in the 
germ-line DNA from parent to offspring and may thus be perpetuated in the 
DNA of every cell of every individual of certain vertebrate species. Proviral 
genornes are under the control of ccllular regulatory genes and are normally 
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Fig. 11-2 S i m p l ~ f ~ e d  d ~ a g r a m s  of the structure of retrov~rus grnornes and integrated provlrus, 
in A, C, and D only one o f  the two mdentmcal RNA rnoleculus ts shown (A) Genome of a 
repliratjon comprtcnl slowly transforming retrovirus Tke m a j o ~  coding regions gng, rml, and  Flrrr  

encode the viral proteons The 5' trrmmnus is capped and [lie 3Verminus IS polyadmylated. A 
short sequence, R, IS repeated ak both ends of the molrcule, whilc un~que  sequences, U5 and  U3, 
arc located near the 5' and 3' termini, irnmedial~ly prox~mal lto R There IS a 16- to 18-nucleot~de 
sequence adjacent to US, the primer b ind~ng  site, which 1s cnmplementary tu the 3' t e rm~nus  o f  a 
tRNA, which binds to it and acts a s  a pnmer f o ~  reverse transcriptase (B) Provirus, a dsDNA, IS 

integrated into cellular DNA. The genome i.; Ranked at each terminus by addttlonal sequences to  
form the long terminal repeat (LTR). Each LTR cornprlsec; LJ3. R,  and US plus short Inverted 
repeat sequences (IR) at t he  distal end U3 contains thr  promoter (P)and enhancer (E) sequences, 
a s  well as  several other sequences with important functions (C)  Genome of a repIication- 
detective r ap~d ly  transforrntng retrovlrus. A v-out gene (wavy line) has replaced all of the pol and  
part of thegag a n d  anz) genes (D) Genome of Rous sarcoma virus, a repl~cation-competent rapidly 
transfnrming retrovtrus A WMC gene (v-src) 1s yrcsent in addition to complete gag, pol, and rrlrr 
genes 

totally silent in normal animals. Such retroviruses are said to be cndpyenozls 
(Table 11-3). However, expression oT proviruses can be induced by various 
factors such as irradiation, exposure fn mutagenic or carcinogenic chemicals, 
and hormonal or immunologic stimuli, so that virions are synthesized. In 
contrast, other retroviruses behave as more typical infectious agents, spread- 
ing horizontally to contacts, and are said to be cxo<Tenous. 

Mnst endogenous retroviruses never produce disease, cannot transform 
cultured cells, and contain no oncogene in the genome. Most exogenous 
refroviruses, on the other hand, are oncogenic; some characteristically induce 
leukemia or lymphoma, others sarcclrna, and yet others carcinoma, usually 
displaying a predilection for a particular type of target cell. Exogenous retro- 
viruses can be further subdivided into rapidly oncogenic and slowly on- 
cogenic viruses (Table 11-3). The rapidly o~icogenic sarcoma viruses, like Rous 
sarcoma virus, are the most rapidly acting carcinogens known, causing d'eath 
in as short a time as 2 weeks after infection in certain host species and rapidly 
transforming cultured cells i r r  vifro. Tlnese properties are attr~butable to the 
v-onc gene which they carry as part of the genome. There are over 60 known 
v-onc genes, the characters of some of which are shown in Table 11-5; most 
exogenous retroviruses carry only one particular type oi v-o~c gene, for exarn- 
ple, v-src in the c-asc of Rous sarcoma virus The genomes of weakly oncogenic 
("slowly transforming") viruses contain no v-nr~c gene, but they can induce 



176 Chapter 11 Mechanisms of Vi~at  Oncogenesis 

Table 11-3 
Con~p;ir~\on of I lndo~eno i~s  and Exogentrus Rctrorr~rrrsr~s 

Endogcnou.; retrovirrl.;es or crs-actrng retrovirus or tmnsducing retrovirus 

Vcrl~caP (germ linc) t Iori~nntnl 
Usilally not, but induc~ble Yes 
CnnipPcte Complctr 
Prnduct~ve f roductivc 
No  N n 
Nil, or  rarely lrukemia L e u k ~ s n ~ a  aftt-r long 

incubalion pcrtod 

I-lorizr~ntal 
Yes 
Dctectivc" 
Requires ht.lpcrr 
Yes 
Sarcoma, leukemia, or 

carcinoma, after short 
Incubation prrnod 

Yes 

44 Exccpt for Rouc sarcoma virus 

B-cell, T-cell, or myeloid leukemia with low efficiency and after a much longer 
incubation period. 

Replication of ~ ~ ' Q v ~ I ' u s ~ s  

The complete replication cycle c ~ f  retroviruses is described in! Chapter 35, but 
certain aspects associated with the integration of the DNA copy of the RNA 
genome into the cellular DNA need to be described here in order to explain 
viral oncr~genesis. When reIeased in the cytoplasm, the ssRNA genome is 
converted to d s ~ h ~  which is integrated into the chromosomal DNA as provi- 
rlls (Fig 11-2A,B). The expression of mRNA from the provirus is under the 
control of the viral transcriptional regulla tory sequences, which include pro- 
moter and enhancer elements, both of which are Fncated in the l o ~ g  Icrnrinal 
rc]7r~t (LTR) in other ways the proviral DNA behaves as do other chrornosom- 
al genes, segregating like other markers and being transmitted via the germ 
line. The strong promoter in the LI'R influences the expression of genes in the 
vicinity of the insertion site, such that i t  may increase the expression of 
downstream cellular genes. Sometimes a ceIlular gene may be inactivated as a 
consequence of disruption a t  the point of insertion of the provirus, and the 
provirus may also acquire and transduce celIular genes. 

Mechanisms of Tumor Production by Retroviruses 

Retroviruses produce tumors in one of three ways: (1) the tra.nnsducin,g refro- 
tririisc..; introduce a v-am gene, which is controlled by viral regulat'ory se- 
quences present in the LTR of the viral genome, into a chromosome of a 
normal cell; (23 ris-ncfiudiwg uctroarrusrs, which lack a v-onc gene, transform 
cclIs by integrating close to a c-n11c gene and thus usurping normal cellular 
regulation of this gme; and (3) frnns-rrctivnfl~r~p refrouiruscs contain a gene that 
cc~des for a regulatory protein which may either increase transcription from 
the viral LTR or interfere with the transcriptional control of specific cellular 
genes. 
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Since most transducing retroviruses hlavc lost part c ~ f  th't-ir genomP in the 
course nf the original recornbinatlr~n cvcnt that Icd to the  acqu~s~tion of a c-rrtrr 
gene (now a v-cl!zc gene), they arc replicalinn-dcfcctivc and rely for the~r 
replication on a helper retrovirus which i s  always foulid wifh them in  the 
animal and In most instances is their progenitor. T'rai~sd~~cing retroviruses 
tsanslorm cells rapidly both irr zliCrc7 and i ~ i  Z P F ~ J C I .  Wliereas cls-activating retro- 
viruses are replicatirrn-competent, induce tumors more slr~wly, and do nut 
transform cells in culture, fvnrrs-activating rrtroviruses either have no on- 
cogenic acfivi ty or induce tumors very late, by affecting cellular transcription. 

Modes of Action of Transduced Retroviral Oncogenes 

The "oncoprotein" products of alI retraviral oncogenes appear to act either by 
interfering with sicgtral trnnsdrlcfio?t, that is, the transfer of signals from the 
membrane to the cell interior, or directly wifh the regulation of cellular genes. 
Although [he complete pathway via which any given oncoprotein stimulates 
cell growth is not yet completely curnprehended, there is some information 
on where they fit into the overall picture of growth control of the cell (Fig. 
11-3, Table 11-4). 

Growth Factors 

Only one example of an oncogene encoding a growth factor analog is 
known, v-sis, which codes for one of the two polypeptide chains c ~ f  platelet- 
derived growth factor (PDGF). This retroviral v-olrc gene, under the control of 
the powerful enhancerlpromoter complex in the LTR, induces fibroblasts to 
manufacture growth factor, which they do not normally express, leading to 
immortalization of fibroblasis in culture and possibly the induction of malig- 
nant tumors. 

Growth fador (1) - * r 
r, Growth factor receptor (11) 

J 
Second messengers 'ntracei'u'ar 

(phosphorylated proteins) receptors 'I" 
1 / 

Fig. 11-3 Cellular growth control involves four ~ypt-s r,f prorcins, thc genrs for whoc,h ran give 

nse to oncoge1it.s They arc (1) growth factc~os, ( 11 )  receptors, (ill) intraccllular Iransducers, and 
(1V) intranuclrar fach~rs See Tabfr 11-4 for  cxamplrs and Icxt lor cxpilanatlon. (Modillrd from j E. 
LDarncll, [ I  Lwdish, and D. Balltimore, "Mrrlecular Cell Biolngy," 2nd Ed , p 985 Sc~cntif~c. 
Amcrlcan Books, NPW York, 1990.) 
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Grozuth Sa8ctor Recepfors aand Homrone Receptors 

In the normal cell, growth factc~r receptors bind a particular growth factor 
and then the receptor sends a growth signal to the cell. For example, the 
v-erbB oncogene product is a truncated epidermal growth factor (ECF) recep- 
tor, which lacks most of the extracellular Eigand-binding domain but retains 
the cytoplasmic moiety which possesses tyrosfne kinase activity. In the nor- 
mal cell, this protein kinase becomes activated only after a contarmational 
change in the molecule which dollows binding of EGF to its receptor. In the 
case sf the V-erbB oncoprotein, however, the enzyme is permanently activated 
and available to phosphuryllate any intracytoplasmic proteins in the vicinity, 
so initiating the cascade of evenils culminating in transmission of the appro- 
priate message to the nucleus. 

The product of the v-erbA gene mimics the intracellular receptor for thy- 
roid hormone, which normally acts by transforming that receptor into a tran- 
scription factor. The viral oncoprotein ErbA competes with the natural recep- 
for far the hormone, causing growth without control. En the avian 
erylhroblastosis virus v-erhA and v-erhB act synergistically to maximize on- 
cogenici ty. 

infracelblar Transducers 

The Largest class of oncogenes is derived from genes encoding proteins 
that act as intracel2ular transducers, that is, proteins that transmit signals from 
a receptor to a cellular target, The best understood are the Ha-rns and Ki-ms 
oncogenes; their cellular equivalents were the first nonviral oncogenes to be 
recognized. Most Ras molecules exist in an inactive state in the resting cell, 
where they bind guanosine diphosphate (CDP). When they receive a physi- 
ologic stimulus from a transmembrane receptor they are temporarily acti- 
vated, leading to th~e synthesis of guanosine tripho'sphate (GTP). The rns 
genes acquire transforming properties by mutational changes, mostly paint 
mutations at specific sites, which may stabilize Ras proteins in their active 
state. This may cause a continuous flow of signal transduction, leading to 
malignant transforma tion. 

Many oncogenes in this class encc~de a plrot'cin- tyrosine kina se, which 
differs from the products of the class of oncogenes encoding membrane re- 
ceptors in that they are cytoplasmic or nudear proteins, lacking any trans- 
membrane or extracePlular domain. Oncogene-encoded kinases recognize and 
phosphorylate a broad range of target proteins, one or more of which may be 
crucial to the transformed state. 

Nuclear Tmnscription Factors 

By one mechanism or another, the activity of any oncogene must eventu- 
ally result in a change in the cell nucleus. H'nwever, oncogenes of the nuclear 
transcription factor class encode proteins that directly affect transcription or 
bind to DNA. The v-jtrn oncoprotein is closely homologous to AP-1, an impor- 
tant transcription factor, and il can bind lightly to another nuclear oncopro- 
tein, Fos. The growth factors and oncoproteins that can induce jun are compo- 
nents ot mitcltic s~gnal chains, and there is evidence that j t i r l  induces cancer 
through its role as a transcriptional regulator. 

The phosphoplrotein genes, of which I I I ~ C ,  myb, andfos are the best known 
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examples, can transactivate other genes and can stimulate DNA replication 
directly or indirectly. After having been activated by structu~al and/or regu- 
latory changes, these genes may contribute to tumor development ar  pro- 
gression. 

Activati'on of Cellular Oncogenes 

There is evidence that c-orlc genes may themsel~~es be responsible for some 
transformations. It is not difficult to imagine a tumor arising from overexpres- 
sion of a c-orzc gene, or inappropriate expression, for example, in the wrong 
cell or at the wrong time. Such arbnormal c-onc transcription may occur in a 
variety of ways, in several of which oncogenic viruses play a role. 

Insertional M~irzgenesis 

The presence upstream from a c-onc gene of an integrated provirus, with 
its strong promoter and enhancer elements, may greatly amplify the expres- 
sion of that c-ottr gene. Th,is is the Likely mechanism whereby the weakly 
oncogenic avian leukosis viruses, which lack a v-onc gene, produce tum'ors. 
When avian leukosis viruses cause malignancy, the viral genome is generally 
found to be integrated at a particular location, immediately upstream from a 
c -onc gene. Integrated avian leukosis provirus increases the synthesis of the 
normal c-myc oncogene product 30- to 100-told. Experimentally, only the LTR 
need be integrated, and furthermore, by such a mechanism c-nryc may be 
expressed fn  cells in which it is not normally expressed. In some instances a 
quantitative rather than a qualitative difference in  the c-orlc gene product may 
be sufficient for oncogenicity. 

Transposition 

Transposition of c-otrc genes may result in enhanced expression by bring- 

7 ing them under the control of strong promoter and enhancer elements. For 
instance, the 8:14 chromosomal translocation that characterizes Burkitt's lym- 

I phoma (a tumor of African children associated with Epstein-Barr herpesvirus , 
infection) brings the c-myc gene into position just downstream of the strong, 
immunoglobulin promoter. Perhaps v-om genes may sometimes be trans- 
posed from their initial site of integration in a similar way. 

Gene AmpIifica tion 

Amplification of oncogenes is a feature of many tumors; for example, a 
30-fold increase in the number of c-rns gene copies is found in one human 
cancer cell line, and the c-MI~C gene is amplified in several human tumors. The 
increase in gene copy number leads lo a corresponding increase in the 
amount of oncogene product, thus producing cancer. 

Msrtafion 

Mutation in a c-orsc gene, for example, c-ms, may alter the function of the 
corrcspunding oncoprotein. Such mutations can occur either in silu, as a 
result uf chemical or physical mutagenesis, or in the course of recombination 
with retroviral DNA. Given the high error rate of reverse transcription, v-onc 
gene homologs of c-onc genes will always carry mutations, and the strongly 
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promoted production of the viral oncoprotein will readily exceed that of the 
cellular oncoprotein. 

Human T-cell Leukemia 'Viruses 

In 3980 the first human retrovirus was discovered and named the human 
T-cell lyrnphotropic virus, type 1 (HTLV-1) Its geographic distribution in Ja- 
pan, the Caribbean, and central Africa was found to correspond with that of 
an otherwise uncommon adult T-cell leukemia-lymphoma (ATLL). It is now 
clear that HTLV-I is an ancient virus that has been maintained successfully in 
isolated, relatively inbred racial groups in various parts of the world, being 
transmitted from mother to baby across the placenta and through breast milk, 
and between aduEls by sexual intercourse. Virions are not abundant, being 
mainly cell-associated, and the efficiency of transmission was apparently too 
low for long-term survival of the virus in any but such closely knit commu- 
nities. In modern times, however, its spread has been greatly augmented by 
sexual promiscuity, blood transfusion, and needle sharing by drug abusers. 
The virus persists for life, generally causing no disease. However, after a 
remarkably long incubation period (20-40 years) a very small minority of 
carriers develop ATLL. 

In ATLL, T cells from the tumor carry the HTLV-1 provirus, integrated in a 
monoclonal fashion, that is, into a particular site within a particular chromo- 
some in every tumor cell within that individual but at a completely different 
site within every cell of the T lymphoma of another individua1. The virus can 
aPso be demonstrated to infect and immortalize CD4+ T cells r r ~  vifro The 
mechanism of oncogenesis is of great interest. HTLV-1 fits the definition of a 
replication-competent exogenous retrovirus, in that it is not geneticalIy in- 
herited in the germ-line DNA but is spread horizontally as a typical infec- 
tious agent. Yet its genome carries no oncogene, nor does it transform Iyrn- 
phocyres by insertional mutagenesis, that is, by cis-activation of a nearby c-onc 
gene. 

The modi.ts operandi of HTLV-1 is that of a tmns-activating retrovirus. In 
addition to the standard three retroviral genes, p g ,  {d, and env, HTLV-I 
carries two different regulatory genes known as fax and rex. Both genes are 
essential for viral replicaltion, but fnx also plays a crucial role in transformation 
of the cell. The product of fax is a transcriptional activator protein, which 
promotes transcription not only from the proviral LTR but also from the 
regulatory sequences of cellular genes. By acting on the enhancer for the gene 
encoding the T-cell growth factor interleukin-2 (IL-Z), and also on that for the 
IL-2 receptor gene, the Tax protein establishes an autocrine loop promoting 
lymphocyte proliferation. The Tax protein also up-regulates two cellular on- 
cogenes, Jos and PDGF, thereby initiating a cascade elfect. Mice transgenic for 
fox develop tumors. In a sense, tax resembles a viral oncogene. It certainly 
initiates a chain of events that can lead to cancer. One key question yet to be 
adequatety answered is why, khen, does it lake up to 40 years for malignancy 
to become manifest in v i m ,  and why in such a small proportion of those 
known to be carrying the virus? Is irnmunosurveiIlance so effective, or is there 
an unknown cofactor required for the full flowering r ~ f  malignancy? 
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Tumor Induction by DNA Viruses 

Although rekrovlruses are the most important oncogenic viruses in animals, 
certain DNA viruses (see Table 11-11 are more important as known causes of 
cancers in humans. DNA tumor viruses interact with cells in one of two ways: 
(1) productive infection, in which the virus completes its replication cycle, 
resulting in cell lysis, or (2) nonproductive infection, in which the virus trans- 
forms the cell without completing its replication cycle. During such non- 
productive infection, the viral genome or a truncated version of it is inte- 
grated u1to the cellular DNA, or alternatively the complete genome persists as 
an autonomously replicating plasmid (episome). The genome continues to 
express early gene functions The molecular basis of oncogenesis by DNA 
viruses is best understood for poIyomaviruses, papilEomaviruses, and ade- 
noviruses, aJI of which contain genes that behave as oncogenes (Table 11-5). 
These oncogenes appear to act by mechanisms similar to those described for 
retrovirus oncogenes, primarily in the nucleus, where they alter patterns of 
gene expression and regulation of cell growth. In every case the relevant 
genes encode early proteins having a dual role in viral replication and cell 
transformation. With a few possible exceptions, the oncogenes of DNA vi- 
ruses have no hornologs or direct ancestors (c-olzc genes) among cellular genes 
of the host. 

The protein products of DNA virus oncogenes are multifunctional, with 
particular functions related to particular domains of the folded protein, which 
mimic functions of normal cellular proteins. They interact with host cell pro- 
teins at the plasma membrane or within the cytoplasm or nucleus. Polyoma I 

middle T protein (Py-mT), for example, interacts with c-src, resulting in in- 
creased levels of the protein kinase activity of the Src protein. 

Polyomaviruses and Adenovimses 

During the 1960s and 1970s two members of the genus P~iyornavirus, mouse 
polyomavirus and simian virus 40 (SV40), as well as certain human ade- 
noviruses (types 12, 18, and 31), were found to induce malignant tumors 
foIlowing ~noculation into baby hamsters and other rodents. Although, with 
the exception of mouse polyomavirus, none of the viruses induces cancer 
under natural conditions in its natural host, they transform cultured cells of 
certain other species (see Fig. 11-1) and provide good experimental models for 
analysis of the biochemical events in cell transformation. 

The polyomavirus- or adenovirws-transformed cell does not produce 
virus. Viral DNA is integrated at multiple sites on the chromosomes of the 
cell. Most of the integrated viral genomes are complete in the case of the 
golyomaviruses, but defective in the case of the adenoviruses. Only certain 
early viral genes are transcribed, albeit at an unusually high rate. By analogy 
with retrovirus genes, they are called oncogenes (see Table 11-5). Their prod- 
ucts, demonstrable by immunofluorescence, used to be known as turflor (TI 
nrzlrgerls. A great deal is now known about the role of these proteins in trans- 
forma tion. For example, Py-mT of polyoma virus (like the product of lthe v-ras 
gene or retrov~ruses) seems to bring about the change in cell morphology, and 
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Table 11-5 
Oncogenes of Adenov~ruses and Papnvav~ruscs and Tlicir Products 

Virus Oncogene 

Adenoviruses ElA 
E I B  

Papillomav~ruses E5 
E6 
E7 

Mouse polyomavims Py-t 
Py-mT 

Py-t 
Simian virus 40 SV-Y 

SV-T 

Product 

Func Lion Location 

Regulates lranscriptlnn 
7 

Signaling 
'Ttanscr~ptionlrcpI~cation 
Transcr~ptinniscplica t~on 
Regulalles phosphafe activity 
B~nds and regulates product 

of c-src and related klnases 
?ranscripY~onlrepllcat~on 
Regdates phosphatase 

activity 
Inttlates DNA synthesis, 

regdates transcription 

Nuclcus 
NucT~us, membranes 
Nwclcar, membrane 
Nucleils, cytoplasm 
Nuclrus, cytoplasm 
Cytoplasm (nnclcus) 
Plasma mernhrant~ 

Nucleus 
Cytoplasm, nucleus 

Plasma membrane, 
nucleus 

enables the cells to grow in suspension in semisolid agar medium as well as 
on solid substrates (anchorage independence), whereas Py-T, like the product 
of the v-myc gene of retroviruses, is responsible for the reduction in depen- 
dence of the cells on serum and enhances their life span in culture. 

Virus can be rescued from pdyornavirus-transformed ceIls, that is, in- 
duced to replicate, by irradiation, treatment with certain mutagenic chemi- 
cals, or cocultivation with certain types of permissive cells. This cannot he 
achieved with adenovirus-transformed cells, as the integrated adenoviral 
DNA contains substantial deletions. 

If should be stressed that integration of viral DNA does not necessarily 
lead to transformation. Many or most ep~sodes of integration of papovavirus 
or adenovirus DNA have no recognized biological consequence. Transforma- 
tion by these viruses in experimental systems is a rare event, requiring that 
the viral transforming genes be integrated in the location and orientation 
needed for their expression. Even then, many transformed cells revert (nlwr- 
five fr~nsforn~afion). Furthermore, cells displaying the characteristics of trans- 
formation (see Table 11-2) do not necessarily produce tumors. This capacity 
needs to be demonstrated independently by transplantation of cells into athy- 
mic or syngeneic mice. Further, certain ostensibly normal cell lines commonly 
used for in vifro transforma tion assays, such as 3T3 cells, are in (act "premalig- 
nant"; moreover, transformation of normal cells to the fully malignant state 
may require the cooperation of more than a single oncogene, for example, 
either pollyoma Py-T, adenovirus EIA, or retrovirus v-myc together with at 
least one other. 

On the other hand, integration of the viral genome is not necessary for 
transformation. As seen below, herpesvirus grnomes generally persist as 
nonintegrated closed circular plasrnids, and in the case of the oncogenic her- 

%: pesvirus EBV, limited transcription from this cpfsomal DNA suffices to trans- 
form the cell to the malignant state. 
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Papillomaviruses 

Most human papillomaviruses (HPV) produce benign papillomas (warts) on 
the skin and mucous membranes which eventually regress spontaneously. 
However, certain types of [IPV initiate changes that may lead to cancer. 

There is strong evidence for an etiologic association of human pa- 
pillnrnaviauses with carcinoma of the cervix, which is the commonest cancer 
in women in the developing world and is responsible for about half a million 
new cases every year, EpidemiologicalIy, cervical carcinoma is strongly corre- 
lated with number of different sexual partners; it has almost never been 
recorded in virgins. Certain genital HPV types, notably 36 and 18, induce 
cervical dysplasia which may progress to invasive carcinoma. 

The vira~l genome in the form of an unintegrated, autonomously replicat- 
ing episome is regularly found in the nuclei of the premalignant cells in 
cervical dysplasia. In c~ntr~ast,  invasive cervical cancers reveal chromosomalBy 
integrated HPV-16 or HPV-18 DNA. Each cell carries at least one, and some- 
times up  to hundreds, of rnonoclonaI incomplete copies of the HPV gen'orne. 
Integration disrupts one of the early viral genes, E2, and other genes may be 
deleted, but the vir,al oncogenes E6 and E7 remain intact and are expressed 
efficiently. Transfection of cultured cells with just the HPV-16 E6/E7 genes 
immortalizes them; cotransfection with the ras oncogene allows full expres- 
sion of malignancy. Further, the proteins encoded by the Es6/E7 genes Prom 
the highly oncogenic HPV types 16 and 18, but not from nononcogenic MPV 
types, have been demonstrated to bind to the protein products of the human 
tumor suppressor genes p53 and Rb. Interestingly, it has also been reported 
recently that HPV-negative cervical cancers reveal a genetic mutation in the 
p53 gene. Thus it appears that E6IE7-mediated inactivation of a tumor sup- 
pressor gene product may represent an important event, but probably not the 
only one required for thc full expression of malignancy in HPV-induced geni- 
tal cancer. 

Most cutaneous types of HPV cause benign skin warts which do not turn 
malignant. However, there is a rare hereditary condition known as epiden- 
modysplasia verruciformis in which the child becomes infected with one or 
more unusual HPV types which produce multiple disseminated red scaly 
patches on the skin; later, some of Uhe lesions tend to undergo malignant 
change. These squamous cell carcinomas, but generally not those found in 
imrnun~ocompekent persons, are often found to carry, in episomal form, the 
gcnome of HPV type 5 or 8, the E6 gene of which displays greater transform- 
ing activity than that of other derrnatotropic types. The fact that malignant 
change occurs much more commonly in warts on exposed areas of skin 
strongly suggests that ultraviolet light is a cocarcinogen in a succession of 
events culminating in malignancy. 

Hepadnaviruses 

AII three mammalian hepadnaviruses are strongly associated with naturally 
occurring hepatocellular carcinoma (HCC) in their native hosts; for example, 
clirt~nically infected woodchucks almost inevitably develop cancer within 2-3 
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years. Although primary liver cancer of hum'ans is relatively rare in most 
developed countries, it ranks as one of the commonest cancers in Eastern Asia 
and sub-Saharan Africa, where 5-20s of the population are carriers of hepati- 
tis B virus (HBV) and periaratal transmission to offspring ensures perpetua- 
tion of the pool of chlronic carriers, now totaling 250-300 million. Prospective 
studies have demonstrated that HCC arises about 100 times more commonly 
in HBV carriers than in controls. An estimated 250,000 people develop HCC 
each year, typically those who became infected with HBV early in life and 
developed chronic hepatitis leading to cirrhosis of the liver and eventually to 
liver cancer 20-50 years postinfection. Hepatitis B virus is second only to 
tobacco among the known human carcinogens. 

In over 80% of cases of HCC, part of the MBV genome is found to be 
integrated into cellular chromosomes. Integraltion generally first occurs dur- 
ing chronic infection, decades before cancer becomes apparent. As HBV en- 
codes no infegrase, cellular enzymes such as to poisomerase I are presumably 
involved in this "illegitimate" recombination. It is not restricted to any partic- 
ular chromosomal location, such as might up-regulate expression of a particu- 
lar protooncogene. The integrated DNA usually contains deletions, duplica- 
tions, inversions, and mutations. La tes, further recombinative events occur, 
producing inverted duplications of flanking cellular sequences, often accorn- 
panied by further deletion of viral sequences. This suggests that HBV integra- 
tion somehow promotes genetic instability in the cell. 

The hepadnavirus genome contains no oncogene. However, the on- 
cogenic mammalian hepadnaviruses (but not the nononcogenic avian hepad- 
navirus) contain a gene, X, which encodes a transactivating proteln. Most 
integrated HBV sequences, although truncated, retain at least past of the X 
gene, including the X promoter and the viral enhancer. It has been postulated 
that this could deregulate expression of nearby cellular oncogenes. Certain 
studies of early monoclonaE tumors have demonstrated HBV integration with- 

! in previously unrecogni~e~d protooncogenes, encoding cyclin A and retinoic 
I acid receptor b, both of which play important roles in cellular proliferation 

and differentiation. Moreover, in a minority of HCC cases in woodchucks the 
I 

i viral enhancer is integrated close to a myc protooncogene, inducing its overex- 
pression. However, in mast human hepatocellular cancers there is no evi- 
dence of dysregulation of any celIuEar oncogene. ! It is now recognized that chronic infection with hepatitis C virus (HCV), 

i an RNA virus with no DNA intermediate in its life cycle and no evidence of 
integration, is at least as important a precursor to WCC as is hepatitis B virus 
in certain countries, notably Japan. This discovery has reinforced the view 
that the role of both viruses in carcinogenesis is indirect. Currently there is no 
unifying hypothesis other than that the cellular proliferation which enables 

i ihle liver to regenerate remarkably folllcawing destruction of hepatocytes maxi- 
mizes opportunities for ~e~quential de~eloprn~ent of chromosomal abnor- 

1 mallties that lead to cancer; this sequence may be initiated andlor promoted 
by genetic abnormalities arising from long-standing chronic infection with 

1 
HBV or HCV, and may be aggravated by alcoholism, environmental carcino- 
gens such as afla toxins, or mutagenic oxidants generated by phagocytic and 

i other cells during chronic inflammation. 
Definitive proof of an etiologic role for HBV in liver cancer may have to 
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await the results of Irjng-term vaccin~ trials which commenced in Africa and 
Asia in tlie early 1980s. The potential for preventing up to 250,000 deaths from 
cancer every year, as well as millions more deaths from cirrhosis and liver 
failure, is ample justification for universal childhood immunization against 
hepatitis B 

Herpesviruses 

Herpesviruses of the subfamily Gamrrrnherpsvirirme are the etiologic agents of 
lymphmomas or carcinomas in hosts ranging from amphibia, through birds, to 
primates including humans. Marek's disease virus, formerly considered a 
gammaherpesvirus but now classified as an alphaherpesvirus, transforms T 
lymphocytes, causing them to proliferate to produce a generalized lympho- 
matosis in chickens. This widespread lethal disease, which inflicts major 
losses in the poultry industry, is preventable by vaccination with live attenu- 
ated vaccines. A recent finding of great interest, yet to be fully evaluated, is 
that the genome of tumor-inducing Marek's disease virus, but not that of 
relaif ed vaccine sf rains, contains retrovirus sequences. 

Burkitt's Lymphoma 

Burkitt's lymphoma (Fig. 11-4) is a malignant B-cell lymphoma of high preva- 
lence in chiidren in tropical Africa at elevations below 1500 meters where 
malaria is endemic. Epstein and colleagues succeeded in isolating from cul- 
tured tumor cells the herpesvirus now known as Epstein-Barr virus (EBV), 
which more commonly causes infectious mononucleosis (glandular fever) in 
the developed world. 

The regular association between EBV and Burkitt's lymphoma suggested 
a cause-and-effect relationship. However, EBV is not associated with most of 
the sporadic cases of Burkitt's lymphoma found outside Africa or New Guin- 
ea, while in the areas of high prevalence it is a ubiquitous virus infecting most 
children subclinically; hence, it was conceivable that the association is fortu- 
itous. However, a long- term prospective seroepidemiol~ogic survey in Uganda 
firmly established that severe EBV infection acquired very early in life predis- 
poses to Burkitt's lymphoma. In particular, a high antibody titer against the 
EBV capsid antigen VCA, arising early in childhood, indicates a high risk of 
subsequently contracting Burkitt's lymphoma. 

The EBV genomic DNA is present in multiple copies in each cell of most 
African Burkitt's lymphomas, in the form of closed circles of the cornpl~ete 
viral DNA molecule, found free as auXonurnousEy replicating episornes, but 
the celfs do not produce virus unless induced tc) do so €allowing cultivation in 
z ~ i l r c l .  All the cells express the EBV nuclear antigen, EBNA-1, and most also 
express the early antigen (EA), the viral capsid antigen (VCA), and the rnem- 
brane antigen (MA). On the other hand, the two major antigens seen by 
cytotoxic T cells on the surface of cells acutely infected with EBV, namely, 
ETJNA-2 and an integral membrane protein (LMP), are suppressed in Burkitt's 
lynlpho~na cells, thus facilitating escape from immunologic surveillance. Un- 
like asymptomatic carriers of this ubiquitous virus, children with Burkitt's 

Fig. 11-4 Characteristic facial tumor in a child [rum Papua New Guinea with Burktlt's lympho- 
ma. (Courtesy Dr. J. Biddulph.) 

lymphoma make antibodies to EA and MA, as well as unusually high titers of 
antibodies against VCA. 

The malignant cells also contain a characteristic 8: 14 chromosomal trans- 
location. The human c-myc oncogene, located on chromosome 8, is trans- 
posed to one of three chromosomes that contain genes for immunoglobuQin 
(usually chromosome 14, sometimes 2 or 22), leading 'to enhanced transcrip- 
tion of c-myc. Transgenic mice with the rearranged c-myc locus also develop 
B-cell lymphomas. Some Burkitf's lymphomas also have mutations in the 
cellular tumor suppressor gene ~7.53. Although the details are unclear, Bur- 
kitt's Iymphcama may develop as a consequence of differentiation arrest due 
fo the translocation, and subsequent growth stimulation resulting from 
c-myc deregulation. In pa~.alllel, host defense mechanisms may be weakened 
by suppression of EBV membrane antigcn expression and by blocking pro- 
grammed cell death mediated by tumor necrosis factor. 

Klein proposed that Burkitt's lymphoma develops in three stages: (1) EBV 
infection arrests B-cell differention and stimula tes div~sion, thereby enhanc- 
ing the probability of chromosoma8 damage; (2) an environmental cofactor, 
pustulated to be infection with the malaria parasite Plnsrr~ndr~rm JaEciprum, 
impairs the capacity of Tc cells to control this proliferation of EBV-immortal- 
ized B cells; (3) chromosomal translocation leads to constitutive activation of 
the c-myc oncogene, resulting in Burkitt's lymphoma. 

Bm-Cell Lymphomas 

B-cell lymphomas in irnrnunocompromised patients, rather different from 
Burkittfs lymphloma, sometimes follow EBV primary infection or reactivation, 
for example, in AIDS patients or in children with a particular congenital 
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immunodeficiency. Though the moBecular pathogenesis of this connection 
has not been so comprehensively analyzed, the strong direct link with ERV 
circumstantially strengthens the postulated causality in the case of Burkitt's 

1 lymphoma. 

I Nasopharyngeal Carcinoma 

Nasopharyngeal carcinoma (NPC), while uncommon generally, is the com- 
monest cancer in the densely populated regions of southern China and in 
Cantonese populations who have settled in other parts of the world, as well 
as in Arctic Inuits (Eskimos) and in East and North Africa. This anaplastic 
NPC (but not ihe well-differentiated type more commonly seen in other parts 
of the world) contains multiple copies of EBV DNA, in episomal form, in 
every cell. As in the case of Burkitt's lymphoma, the malignant epithelial cells 
do not synthesize virus except on transplantation into athymic mice or co- 
cultivation in zpifro with B lymphocytes. Interestingly, EBV normally fails to 
repljcate in or transform cultured epithelial cells, which seem to lack receptors 
for the virus, but can if EBV or EBV DNA is introduced into epithelial cells 
artificially. It has been postulated that EBV produced by 0 lymphocytes traf- 
ficking through the copious lymphoid tissue in the pharynx binds to secretov 
IgA antibody to infect mucosal epithelial cells via the IgA transport pathway. 
The EBV NPC cells produce EBNA-1 antigen consistently. There is evidence 
that ~nappropriate expression of LMP in an undifferentiated epithelial cell 
may be important in the development of NPC. 

The age of primary infection with EBV does not seem to be so  critical in 
NPC, and the interval between infection and development of NPC can range 
up to 40 years. Reactivation of a latent EBV infection in the nasopharynx, with 
a consequent rise in anti-VCA antibodies of the igA class, frequently heralds 
the development of the tumor. l 'he striking ethnic restriction af EBV NPC, 
which is retained when Cantonese people emigrate, suggests either a genetic 
predisposition or a cultural (e.g., dietary) cofactor. 

I Multistep Oncogenesis 

-- ~ The development of full malignancy requires multiple steps. A potentially 
neoplastic clone of cells must bypass apoptosis (programmed death), circurn- 
vent the need for growth signals from other cells, escape from immunologic 
surveillance, organize its own blood supply, and possibly metastasize. Thus 
tumors other than those induced by rapidly transforming retroviruses like 
Rous sarcoma virus generally do not arise as the result of a single event, but 
rather by a series of steps leading to progressively greater loss of regulation of 
cell division. Significantly, the genome of some retroviruses (e.g., avian 
erythroblastosis virus) carries two different oncogenes (and ihaf of polyorna- 
virus, three), and two or more distinct oncogenes are activated in certain 
human tumors (e.g., Burkitt's lymphoma). Cotransfection of normal rat em- 
bryo fibroblasts with a mutated c-rr~s gene plus the polyomavirus large PyT 
gene, or with c-rgs plus the ElA early gene of oncogenic adennviruses, or 
with v-ms plus v-m,yc, converts them to tumor cells. It should be noted that, 
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whereas v-ms and v-myc are typical v-om genes, originally of c-onc origin, the 
other two had been assumed to be lypical viraI genes. Furthermore, a chemi- 
cal carcinogen can substitute for one of the two v - a r  genes; following imrnor- 
talization of cells i~ uifro by treatment with the carcinogen, transfeclion of a 
cloned oncogene converts the cloned continuous cell line to a tumor cell line. 
To achieve full malignancy, mutations in tumor suppressor genes may also be 
needed. 

Such experiments resurrect earlier unifying theories of cancer causa tion 
that viewed viruses as analogous to other mutagenic carcinogens, bath being 
capable of initiating a chain of two or more events leading eventually to 
malignancy. If viruses or oncogenes are considered as cocarcinogens in a 
chain of genetic events culminating in a tumor, it may be important tn deter- 
mine whether their role is that of initiator or promoter, or either. The most 
plausible hypothesis may be that ( I )  c-snc genes represent targets for carcino- 
gens '(chemicals, radiation, and tumor viruses), and (2) the full expression of 
malignancy may generally require the mutation or enhanced expression of 
more than one class of oncogenes, and perhaps also mutations in both copies 
of critical tumor suppressor genes. 
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Rational Use of the Laboratory 

Why bother tu establish a definitive laboratory diagnosis ol a viral infection 
when few effective chemotherapeutic agents are available and many viral 
diseases are clinically obvious or trivial? This is a valid question. The majority 
of viral infections can be handled without recourse to the laboratory, How- 
ever, there are several important types of situations where a laboratory d ~ a g -  
nosis is needed. These include the SoIlowing: 

1. Diseases may be caused by viruses for which antiviral riwmothrrn~ny is in 
fact already available, such as herpesviruses. Momre importantly, rapid ad- 
vances in the develnpment of new antrviral agents will surely expand the 
range of viral diseases for which a precise diagnosis will become ~~ecessary. 
This will be so especially if the new antiviral agents are relatively specific in 
their antiviral spectra. Furthermnre, the rmergence of drug-resistant mutants 
will necessitate drug, sensitivity tests following virus isolaticm. 

2. In other diseases the lilntlngrmetrl of tlrr pnlbrf or the prognosis is jnllu- 
enced by the diagnosis. Specific treatment does not always comprise chem'o- 
therapy. For example, the fatal disease rabies is completely preventable by 
postexyosure immunization. Abortion is recornmended i f  rubella is diag- 
nosed in the first trimester nf pregnancy. Cesarean section may be the pru- 
dent course of action if a woman has primary genital herpes aE the time of 
delivery. Special care and education are required for a baby with congenital 
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defects attributable to aubelIa nr cytomegalovirus. Irnmunizat~on at birth is 
mandatory for a baby of an HBsAg' tnother, and so forth. Moret~ver, estah- 
lishment of a viral etiology may confer a favorable progmiosis and obviate the 
need for continued antibacterial chemotherapy, for example, in meningitis. 

3. Infections may demand public Iiedflr nrcQ!nsurcs tn prevent spread to 08th- 
ers. For instance, blood banks routinely screen f'or HIV and hepatitis B and 6: 
viruses which may be present in blond donated by symptomless carriers. 
Herpes simplex type 2 is readily transmissible to sexual partners. NosocomiaQ 
infections (e.g., varicella or measles), often in epidemic form, may create 
havoc En a leukemia ward of a children's hospital, unless hyperimmune PgG is 
promptly administered to potential contacts lollowing diagnosis of the sen- 
tinel case. Documentation of a novel strain of influenza virus may herald the 
start of a major epidemic against which vulnerable older members of the 
cnmmunity should be immunized. Positive identification of a particular arbo- 
virus in a case of encephalitis enables the authorities to promulgate warnings 
and initiate appropriate antimosquito control measures. introduction of a 
dangerous exotic disease demands coi~tainment and srarveiIlance, and so on. 

4. S;~rveilla~rcc of viral infections may determine their significance, natural 
history, and prevalence in the community, with a view to establishing priori- 
ties and means of control, and monitoring and evaluating immunization pro- 
grams. 

5. Continuous surveillance of the community may provide evidence of 
new epidemics, nmt dlscascs, new virrcses, or new virus-disease associations. New 
viruses and new virus-disease associations continue to be discovered vir- 
tually every year. We need only make the point that over 90% of all the human 
viruses known today were completely unknown at the end of World War II. 
Opportunities are legion for astute clinicians as well as virologists and epi- 
demiologists to be instrumental in such discoveries. 

The traditional approaches to laboratory diagnosis of viral infections have 
been (1) isubtion of fllw zurus in cultured cells, followed by identification of the 
isolate, and (2) detection and measurement of antibody in the patient's serum 
(scrt~Eugy). Although still widely used, both are unacceptably slow to provide 
an answer; the diagnosis usuallly arrives too late to exert any influence on 
treatment, and the attending physician loses faith in  the relevance of the 
laboratory. Therefore, the thrust of devellopments in diagnostic virology over 
thc uast several vears has been toward ravhd methods that provide a defini- 
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five answer in less than 24 hours. 
The best methods of diagnosis fulfil the five prerequisites of a truly satis- 

factory diagnostic assay: $peed, $implicity, $ensitivity, Specificity, and co$t. 
Standardized diagnostic reagents of good quality are now commercially avail- 
able, assays have been miniaturized to conserve reagents, and instruments 
have been developed to automate the dispensing of solutions into rnultiwell 
plastic trays, as well as diluting and rinsing, reading the tests, and computer- 
ized analysis and printout of the results. Moseovem; a veritable cascade of do- 
it-yourself kits has flouded onto the market. In the main, these are tests for 
viral antigen which provide a diagnosis from a single specimen taken dir'ectly 
from the patient during the acute phase of the illness. Soiid-phase et.n.z?jrrre 
rrrra~u~~oassn?ys ( E M S ) ,  in particular, have revolutionized diagnostic virology and 
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are now the method of cho~ce. More recently, the ~~al!~rncv~sc choir? rencfiorr 
(PCR) is being widely exploited to amplify the number of copies of the viral 
genome in a clinical specimen to allow them to be identified by hybridization 
to a labeled t~uciclc ncld prolx. 

Collection, Packaging, and Transport of Specimens 

The chance nf IsoEating a virus depends critically on the attention given by the 
attending physician to the collection of the specimen. Clearly, such a speci- 
men must be taken from the right place at the right time. The right time is as 
soon as possible after the patient first presents, because virus is usually pre- 
sent in maximum concentration at about the time symptoms first develop, 
the11 falls away during the ensuing days. Specimens taken as a last resort 
when days or weeks sf empirically chosen antibacterial chemotherapy have 
failed are almost invariably useless. 

The site from which the specimen is collected will be influenced by the 
clinical symptoms and signs, together with a knowledge of the pathogenesis 
of the suspected disease. As a general rul'e the epithelial surface that consti- 
tutes the portal of entry and the primary site of viral replication should be 
sampled (Table 12-1). The most important specimen, routine in respiralory 
infections as well as in many generalized infections, is a nasal or throat swab, 
or in the case of a young child a nasopharyngeal aspirate in which mucus is 
drawn from the back of the nose and throat into a mucus trap using a vacuum 
pump (Fig. 12-1). The second important specimen, routine in entcric and 
many generalized infections, is feces. 

Swabs may be taken frorn the genital tract, frorn the eye, or from vesicular 
skin lesions. Some viruses responsible for systemic infections can be isolated 
from blood leukocytes. Cerebrospinal fluid (CSF) may yield virus in cases of 
meningitis. Biopsy or autopsy specimens may be taken by needle or knife 
from any part of the body for virus isolation, or snap-frozen fsrr immu- 
nofluorescenee. Obviously, tissue taken at autopsy or biopsy for thc purpose 
of virus isolation must not be placed jn formalin or any other fixative. In the 

Table 12-1 
Specimens Appropriate for Labralory Diagnos~s of Various Clinical Syndmmes 
- pp - -- - - - -- - - 

Syndrome Spccimcn 

Resp~ra tory Nasal or throat swab, nasnpharyng~al asplralc, sputum 
Enlesic Fectls 
Ccnital Genital swab 
Eye Conjunct~vaI (and/or corneal) swab 
Skin Ves~cle cwablscrapinq, Elr~psy s t ~ l ~ d  luq~on 
Ccnt~al nelvous system Ccrebrt~spinal flu~d 
Generalized Thrnal swab;  kcesl', blond Eeukr~cytrs0 
Autopsy iblopsy Rclevant organ 
Any B l ~ d  for SP~O!U&Y" 

Dep~nding on known or presumcd pathogenps~s 
fi Blood alrowed to clot then sern~m kept for acsay nf antibody 
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Fig. 12-1 Bas~c equ~pment for collection of speclrnens for virus tsolatlon. (A) Sterile swab. (B) 
Bc~ttlv ctrntaining a few rnil11llters of transport medtum (buffered isotonlc balanced salt solwtion 
plus gclatln and antib~otics) (C) Plastic insullatcd container. (D) Refr~gcrant r n  flexible pack to be 
wrappcd nrrwnd speclmen and placed in flask (E) Appa~atus for aspirat~ng nasoyhawngeal 
mucus hy huct~on. (F) Slides for fixation of aspirated cells. (G) Via1 containing anticoagulant for 
rr~llrctio~l rrf blnod lor virus isolahon from lieukocytes and antthody deterlninatlon on pla,sma (H) 
Ri*rlu~sit~on form (Courtesy I Jack ) 

case of many generalized viral diseases it may not be obvious what specimen 
to take. As a rough working rule it can be said that at a sufficiently early stage 
in the disease, virus can usually be isolated from a throat swab, or feces, or 
leukocytes from blood. 

Because of the lability of many viruses, specimens intended far virus 
isolation must always be kept cold and moist. Immediately after collection the 
swab should be swirled around in a small screw-capped bottle contain~ng 
virus transport medium. This medium consists of a buffered balanced salt 
solution, to which has been added protein (e.g., gelatin or albumin) to protect 
the virus against inaciivation, and antibiotics to prevent the multiplication of 
bacteria and fungi (If it is at all probable that the specimen will also be used 
for attempted isolation of bacteria, rickettsiae, chlamydiae, or rnycoplasmas, 
thc collection medium must not contain antibiotics-the portion used for 
virus isolation can be treated with antibiotics later.) The swab stick is then 
broken off aseptically into the fluid, the cap is tightly fastened and secured 
with adl~crcnt tape to prevent leakage, and the 'bottle is labeled with the 
patient's name, date of collection, and nature of specimen, then dispatched 
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immediately to the laboratory, accompanied by a properly completed lahora- 
tory submission form which includes an informative clinical history, a provi- 
sional diagnos~s, and request for a partict~lar test. 

If a transit time of more than an hour or so is anticipated the container 
should be sent refrigerated (but not frozen), with "cold packs" (4°C) or ice in a 
thermos flask or styrofoam box (Fig. 12-1). International or transcontinental 
transport of important specimens, particularly in hot weather, generally re- 
quires that the container be packed in dry ice (solid CO,) to maintain the virus 
in a frozen state. Governmental and International Air Transport Association 
(IATA) regulations relating to the transport ot biologica1 materials require 
such precautions as double-walled containers with absorbent padding in case 
of breakage. Permits must he obtained from the appropriate authorities for 
interstate and international transportation. 

Direct Identification of Virus, Viral Antigen, or Viral Genome 

The last two decades have witnessed the development of an impressive vari- 
ety of rapid diagnostic rnetl~ods based on the detection of virus, viral anti- 
gens, or viral nucleic acid in specimens taken directly from the patient without 
augmentation by cultivation in vitro. By and large, these are tests of high 
sensitivity, capable of detecting the very small concentrations of virus tound 
in patients' feces or throats even at the height of excretion. 

Direct Detection of Virions by Electron Microscopy 

Perhaps the most obvious method of virus identification is direct visualization 
of the vision itself. The morphology of most viruses is sufficiently characteris- 
tic to assign them to the correct family. Moreover, viruses that have never 
been cultured may nevertheless be recognized by electron microscopy (EM). 
During the 1970s EM was the means to the discovery in feces of several new 
groups of previously noncluItivable viruses. The human rotaviruses, cal- 
iciviruses, astroviruses, hepatitis A, and previously unknown types of ade- 
noviruses and coronaviruses were all lirst identified in this way. 

The bmiggest limitation of EM as a diagnostic tool is its low sensitivity. 
Because of the time required for even a skilled microsccapist, occupying a very 
expensive machine, to scan the grid adequately, specimens need to contain at 
least lo7 virions per milliliter to be satisfactory. Such levels are often surpassed 
in feces and vesicle fluid, but not in respiratory mucus. Feces are first clarified 
by low-speed centrifugation; the supernatant is then subjected lo ultra- 
centrifugation to deposit the virions. Alternatively, salts and water can be 
removed from a drop of virus suspension hanging from a carbon-coated 
plastic support film by diflusion into agar, Leaving the concentrated virions on 
the film. 'The specimen is then negatively stained with phosphotungstate, or 
sometimes uranyl acetate, and scanned by EM. 

Inrmunoelcc~ron Microscopy 

Definitive identification (and further c'oncen tration) of virions may be 
achieved by adding specific antibody to the specimen before depositing the 
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virus-antibody complexes by centrilugatlon, and negative staining; the vjr- 
ions are observed to be aggregalted (Fig. 12-2). To improve visualization, the 
antibrldy may be labeled with gold. Solid-phase immunoelectron microscopy 
([EM) techniques have been devel~ped in which virus-specific antibody is first 
bound to the plastic supporting film on the copper grid. Sensitivity can be 
enhanced by a double layering procedure, whereby staphylococcal prlotein A 
 which binds the Fc moiety of IgG) is first bound to the film, then virus- 
specific antibody, then the sample. It should now be practicable to ex'tend 
solid-phase IEM to specimens other than feces, urine, serum, and vesicle 
fluid. 

Detection of Antigen by Enzyme Imrnunoassay 

Enzyme irnmunoassay (EIA), often known affectionately as ELISA (for enzyme- 
linked immunosorbent assay), has revolutionilzed diagnostic virology. The 
EIAs can be designed in different formats to detect antigen or antibody. The 
exquisite sensitivity o'f the method enables Iess than 1 ng of viral antigen per 
milliliter to be dctected in specimens taken directly from the patient. 

The methodvlogic configurations are almost limitless: a wide variety of 
direct, indirect, and reversed assays has been described. Most are solid-phase 
EIAs; the "capture" antibody is attached (by simple adsorption or by covalent 
bonding) to a solid substrate, typically the wells of polystyrene or polyvinyl 
microtiter plates, so facilitating washing steps. The simplest format is the 

F ~ E .  12-2 Emmunorlectrnn microscopy Norwalk agent from the feces of a patient with gaqtro . , 
cn\eritls, aggregation with cnnvalrsccn! serum cnn;alning a low (A) or high (B and  C) Gtcr of 
anlobody aga~nst thc vnrws Bas, 100 nm. ([Courtesy Dr. A Z Kayikian ) 
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direct EIA (Fig. 12-3, left). Virus and soluble viral antigens from the specin~ell 
are ailowed to adsorb to the capture antibody. After ~ ~ n b o u n d  antigen has 
been washed away, an enzyme-labeled antiviral antibody (the "detector" anti- 
body) is added. (Various enzymes can be linked to ant~body; horseradish 
peroxidase and alkaline phclsphatase are the most commonly used.) After a 
final washing step, readout is based on the coIor change that follows addition 
of an appropriate organic substrate for the particular enzyme. The colored 
product of the action of the enzyme on the substrate should be clearly recag- 
nimble by eye. The lest can be made qalantitative by serially diluting the 
antigen to obtain an end point, or by using spectrophotometry to measure the 
amount of enzyme-conjugated antibody bound to the captured antigen. 

A further refinemenlt takes advantage of the extraordinarily high binding 
affinity of avidin for biotin. The antibody is conjugated to biotin, a reagent of 
low M, which gives reproducible labeling and does not alter antigen-binding 
capacity. The antigen-antibody complex is recognized with high sensitivity 
simply by adding avidin-labeled enzyme, then substrate (Fig. 12-3, right). 
Subsequent modifications of EIAs have been aimed at increasing sensitivity 
even further. High-energy substrates are available which release fluorescent, 
chemiluminescent, or radioactive products that can be identified in very small 
amounts. 

Indirect immunoassays are widely used because of their somewhat great- 
er sensitivity and avoidance of the need to label each antiviral antibody in the 
laboratory repertoire. Here, the detector antibody is unlabeled, and a further 
Iayec, Iabeled (species-specific) anti-irnmunoglobuIin, is added as the "indica- 
tor" antibody (Fig. 12-4, right); of course, the antiviral antibodies constituting 
the capture and detector antibodies must be raised in different animal species. 
Alternatively, labeled staphylococcal protein A, which binds to the Fc moiety 

Substrate o " * .  O a 0 ,  o 

Enz~rne-labeled 
an tivirus 
antibody 

Specimen 
(virus) 

0 0  0 

. a .  Substrate 

Enzy me-labeled 
avid~n 

W Biotin-labeled 
antibody 

0 Specimen 
(virus) 

Ant~virus Anttvirus 
antibody antibody 

Fig. 12-3 Eruzymc Irnrntrnr)ass?ys (EIA or ELISA) for dctrction of vlrus nndior viral antigun 
Left Dirrct R ~ g l r f .  Avidin-biut~n 
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Sp~cirnen 0 0 Specimen 
fv~rusl (virus) 

Guinea pig 
Antrvirus ant~virus 

antibody Y Y Y Y anttbody 

Fig. 12-4 Radioimnlunoassays for detection of: vlrus andlor viral antigen kft :  Direct. Rl~ lr f :  
Indirect. 

of IgG of most mammalian species, can be used as the indicator in indirect 
fmrnunoassays. 

Increasingly, mNonocIonal antiviral antibodies (MAbs) are being used as 
capture andlor detector antibodies in immunoassays. Their obvious advan- 
tages are that they represent well-characterized, highly pure, monospecific 
antibody of a defined class, recognizing only a single epitope, are free of 
"natural" and other extraneous antibodies against host antigens or adven- 
titious agents con~urr~enfly infecting the animal, and can be made avaiIablie in 
large amounts as reference reagents. It is important to select MAbs of high 
affinity, but not of such high specificity that some strains of the virus sought 
might be missed in the assay. Indeed, the specificity of the assay can be 
predetermined by selecting a MAb directed at an epitope that is either con- 
fined to a particular viral serotype or common to all serotypes within a given 
species or genus. 

Radioimmunoassay and Time-Resolved Fluoroimmunoassay 

Radioimmunoassay (RIA) predates EIA but is progressively being superseded 
by it. The only significant difference is that Ihe label is not an enzyme but a 
radioactive isotope such as 1251, and the bound antibody is measured in a 
gamma counter (Fig. 12-43. The RIA is a highly sensitive and reliable assay 
that lends itself weli to automation, but the cost of the equipment and the 
health hazard of working with radioisotopes argue against its use in srnaIl 
Iabora tories. 

Time-resolved fluorescence immunoassay (TR-FIA) is a nonisotopic im- 
munoassay, in which the indicator antibody is labeled with a fluorophore (a 
europium chelate). Following excitation by light, the fluorophore emits fluo- 
rescence of a different wavelength which is measured in a time-lapse fluo- 
rtlmeter. The method is as sensitive as RIA and has the advantage of a stable 
label, but it requires costly equipment that can be contemplated only by 
laboratories with a large throughput of specimens. 
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Latex Particle Agglutination 

Perhaps the simplest of all imrnunoassays is the agglutination by antigen of 
small latex beads previously coated with antiviral ant~body The test can be 
read by eye within minutes. Not surprisingly, diagnostic kits based on this 
method have become popular with small laboratories and with medical practi- 
tioners. However, they currently suffer from low sensitivity and low specific- 
ity. Thus, false negatives occur unless large numbers of virions are present, 
and therefore this assay for antigen tends to be restricted to examination of 
feces. False positives, on the other hand, occur quite commonly with fecal 
specimens in particular. If these problems can be overcome, latex agglutina- 
tion may develop a better reputation for reliability. 

If antibody is Iabeled with a fluorochrome, the antigen-antibody complex, 
when excited by light of short wavelength, emits light of a particular longer 
wavelength, which can be visualized as fluorescence in an ordinary micro- 
scope when light of all other wavejengths is filtered out. The sensitivity of the 
method is generally too low to detect cnmpIexes of fluorescent antibody with 
virions or soluble antigen; hence, the antigen in the test typically takes the 
form of virus-infected cells. 'There are two main variants of the technique. 

Direct Immunofluorescence 

Direct immunofluorescence is conducted as folIows. A frozen tissue sec- 
tion, or an acetone-fixed cell smear or monolayer on a coverslip, is exposed to 
fluorescein-tagged antiviral antibody (Fig. 12-5, left). Unbound antibody is 
then washed away, and the cells are inspected by light microscopy using a 
powerful ultravioletlblue light source. The apple-green light emitted from the 
specimen is revealed (against a black backgr'omnd) by incorporating filters in 
the eyepieces that absorb all the blue and ultraviolet incident light (Fig. 12-6). 

Indirect Immunofluorescence 

Indirect ("sandwich"] immunofluorescence differs in that the antivira1 
antibody is untagged, but fills the role of the meat in the sandwich. It binds to 
antigen and is itself recognized by fluorescein-conjugated anti-immuno- 
globulin (Fig. 12-5, right). The high affinity of avidin for biotin can also be 
exploited in immunoflunrescence, by coupling biotin to antibody and fluores- 
cein to avidin. 

Though technically demanding, immunofluorescence has proved to be of 
great value in the early identification of viral antigens In infected cells taken 

Fluoresce~n-labeled 
ant~virus antibody 

Fluoresce~n-tabeled 
goat anti-rahb~t 
antibody 

Antlv~rus 
antibody (rabbit) 

V ~ r a l  antlgen Afm 
1 U . . 1 Viral antlgen 

~n tixed cells inf~xedcells 

Fig. 12-5 Jrnmunofluor~scencr I ~ f t .  Direct Rcyhf .  Indirect. 
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Fig. 12-6 Immunr~fluorescencr for the diagnosis of animals ~nfected with rabies vlrus. Tissue 
Impresstons are made by lightly tnuchrng the brain of the suspecYanimal onto a microscope s l ~ d e  
Following air-drylnp, and acetone fixahon the tissue IS sta~ned with flunrescein-canju~ated anti- . . 
rahles virus glohralin, washed, mounkd, and exarn~ned by ultravioletfblue light'&croscopy. 
Rab~es virus antigen, present in cy tclplasrnic inclusions, is identified as apple-green fluorescence 
aga~nst a black background (Courtesy Dr F. A.  Murphy.) 

from patients with diseases known to have a relatively small number of p s i -  
bie etiological agents. There is no difficulty in removing partly detached infec- 
ted cells from the mucous membrane of the upper respiratory tract, genital 
tract, eye, or from the skin, simply by swabbing or scraping the infected area 
with reasomiable firmness. Cells are also present in mucus aspirated from the 
nasopharynx; aspirated cells must he extensively washed by centrifugation to 
remove mucus before fixaiion and staining. Respiratory infections with para- 
rnyxoviruses, orthornyxoviruses, adenoviruses, and herpesviruses are partic- 
ularly amenable to rapid diagnosis by imrnunofluorescence. Immunofluores- 
cence can also be applied to infected tissue, for example, brain biopsies for the 
diagnosis of such lethal diseases as herpes simplex encephalitis or measles 
SSI'E, or at necropsy, for the verification of rabies in the brain of animals 
captured after biting humans (Hg. 12-6). 

Immranoperoxidase Staining 

An aIternative method of locating and rdentifying vnral antigen in infected 
cells IS to use antibody coupled to horseradish peroxidase; subsequent addi- 
tion o l  hydrogen peroxide together with a benzidine derivative forms a col- 
nrcd insoluble precipitate. The advantages of the meihod are that the prepa- 
ratinns are permanent and only an ordinary light microscope is needed. The 
pnnc~pal Afi~3rrlvantagc is that endogenous peroxldase, present in a number of 
tissues, parlt~cularly Icukocytes, produces false posmtrves, but thns problem can 
be circ~~rnvented by meticulous technique and adequate controls. 

Nucleic Acid Hybridization and Gene Amplification 

The prirrcj plr of nucleic acid hybridization is that single-stranded DNA will 
hybridiz'e by hydrogen-bonded base pairing to another single strand of DNA 
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(or RNA) nl complementary base sequence. Thus the two strands of the target 
DNA mo1ecule are f rst separated by boiling, then, following cooling, allowed 
to hybridize with a labeled single-stranded DNA or RNA probe present in 
excess. The reaction can be accomplished in solution, which is useful for 
determining the kinetics of annealing or the sboichiometry of the reaction, 
from which can be cal~ul~ated the perc'entage homology (similarity) between 
the two sequences. The conditions set for annealing, especially temperature 
and ionic strength, determine the degree of discrimination of the test. Under 
conditions of low sfringe~lcy a number of mismatched base pairs are tolera bed, 
whereas at high stringency such a heteroduplex is unstable. 

The other major factor determining the specificity of the test is, of course, 
the nature ot the probe itsell. This may correspond in length with the whole 
vrraI genome, or a single gene, or a much shorter nucleotide sequence deliber- 
ately chosen to repres'ent either a variable or a conserved region of the ge- 
nome, depending on whether it is intended that the probe be type-specific or 
more versatile, dor example, a probe able to bind to the DNA of any type of 
human papillomavirus. The oJigonucIeotide sequence intended as a probe is 
produced by chemical synthesis or by genetic cloning in a bacterial plasmid or 
phage. 

Traditionally, radioactive isotopes such as 3 P  and 15S have been used to 
label nucleic acids or oligclnucleotides intend'ed as probes for hybrid~zation 
tests, with the signal being read by counting in a spectrometer or by auto- 
radiography. The trend is now toward nonradioactive labels. Some of these 
(e.g., fluoresc'ein or peroxidase) produce a signal directly, whereas others 
(e.g., biotin or digoxigenin) act indirectly by binding to another labeled com- 
pound which then emits the signal. Bioiinylate'd probes can be combined with 
various types of readouts, for example, an avidin-based EIA. Chemilumines- 
cent subslrates, such as lurninol, are also being widely exploited. Indeed, the 
1990s are witnessing a proliferation af diagnostic kits for vari'ous diseases, 
many of them based on novel labels andlor methods of readout. 

Dof-Blot Hybridizatiotl 

Most of the methods favored tod8ay are two-phase systems, generically 
known as filter hyhridizr~tion. In its simplest format, dufof (Dlof) ltybrrdizntio}~, DNA 
or RNA extracted from virus or infected cells i s  denatured, then spotted 
directly onto a charged nylon or nitrocellulose membrane filter to which it 
binds tightly on baking. The single-stranded 'DNA or RNA probe is then 
hybridized to the target nucleic acid i r a  sitti on the membrane, and unbound 
probe is washed away. The signal generated by the bound probe is measured 
by autoradiography if the probe is radioactive, olr by the formation of a colored 
precipilate if an enzyme label is used. By choosing RNA as a probe, sensitivity 
can be improved and the incidence csC false positives reduced by treating the 
filters with RNAse before coun king. 

In Si tu Hybridization 

I n  sitrr hybridization has been widely used by pathologists to screen pa- 
tients with persistent infections or viral cancers for evidence of int'egrated or 
nonintegrated copies of the viral genome. Frozen sections on slides are 
probed, much as described above, and the intracellular location of viral se- 
quences is revealed by autoradrography or imrnunoyeroxidase cytochemistry. 
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Sotrtlrern Blot Hybvidizntion 

'The intri~ducfion of Southern blotting (Fig. 12-7) elevated the technology 
tcr a -higher Ievel of suphistication. Restriction end~nucleases are used to 
cleave the DNA into shorter oligonucleotides whir11 are then separated by 
electrophoresis on an agarose or acrylamide gel. After staining with ethidium 
bromide to reveal the position of the fragments, the gel is treated successively 
with acidic and basic soEufions to depurinate and denature the DNA, which is 
then transferred by electrophoresis, diffusion, or other means ("blotting") 
onto a nylon or nitrocellulose membrane lilfer. Individual bands are revealed 
by hybridization of a labeled DNA or RNA probe foIlowed by autoradiogra- 
phy or a color developmeni process. "Northern" blotting 0 6  RNA follows 
similar principles but is generaEly not so sensitive. 

Polymerase Chain Reaction 

The polymerase chain reaction (PCR) (Fig. 12-8) constitutes the greatest 
advance in molecular biology since the advenl of recombinant DNA technolo- 
gy. It enables a single copy of any gene sequence to be amplified in ultra at 
least a mitlionfold within a few hours. Thus viral DNA extracted from a very 
small number of virions or infected cells can bc amplified to the point where i t  

* - 2.3- Fig. 12-7 Southern bIot I l iybr~d~zat ion o f  D N A  extrac- 

2.0- m a  ted from a waatlike s k ~ n  lesion The DNA was first 
d~gcsted w ~ t h  restrichon enzymes 88111 (lane A), EroRl 
(lane D), Psfl (lane C), P7lttll (lane D), and Rnnrl i I  (lanc 
E), and then the fragments were separated o n  the basis 
sf size b y  agarose gel electrophoresis Alter l tansfer to  

1 a ny lon  membrane, the blot wds hybridized at high 
stringency to a probe colasisting of lip-labeled hrlman 
pap~llomavinus type 8 (F-IPV-8) DNA, then washed and  
exposed fo X-ray f ~ l m  The strong hybr~drzat ion and  
the pattern o f  restrictton fragments ident i fy  i h c  virus 

as type SC (IWV types 5 and  8 are close rc la l~ves and arc usually associated w i th  skin lesions of  
p rny le  suffering from epidt*rmodysplasia vur~uc i form~s) .  The TiPV genome 1s normal ly  fnund i n  
cd ls  a5 a crrrular plasmid of about R kbp, but i t  I S  easier to vstlmatc DNA size by gel electro- 
phoresis when  ~t ns linear e , after d~gest ion of the plasmid w i l h  rt~strrctinn enzymes). In lane D 
( I 1 i * r t l l  digesl), the plasmid is cut on l y  once (to produce the full-length linear fnrm), whereas the 
clthrr en7ymes cut two o r  more t i r n ~ s  The tolal size of the type 51: genome i s  7 7 kb, and  us ing 
the molcct~ lnr  s lzr  m a r k ~ r s  at left and adding the fragments oleach digest, ~t is clear that the tot& 
$ 1 7 ~  15 tht, sn l~ ie  for each lanc (Courtesy Drs. H E. Trowell and M. L. Dyal l -Sm~th. )  
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DNA reglon to be arnpl l f~ed 

I 

A seauence 

B sequence 

Denature a t  >90y  
Add primers 0 and - in excess 
Cool to  SO-60 '~  to allow pnmer b ~ n d ~ n g  

I Add thermostable DNA polymerase and 
deoxy nucleot ides 
Incubate 70-75P for DNA synthesis by 
primer extension 

Repeat cycle of denaturat~on,  prtrner bind~ng,  
DNA synthesrs in automated t h e r m c y c l e r  

1 Repeat for approx. 30 cycles 

Fig. 12-8 Amplificaticrn of par t  uf a D N A  sequence3 by the polymerase chain reaction (PCR) 
Oligonucleotide primers must first be mad? according to the scqttences at either end of the 
pclrtlon o f  DNA to be an~p l~ f i ud .  After thc D N A  ha4 been denatured b y  heat~ng, the prlmers r a n  
hyb r i d~ze  to the conipJementary sequences on the oppnsite strand In the prusvncc ol heat- 
resistant D N A  polymerase and  der)xynucl~ot!dc triphosphates, t w o  ncw cop~cs of the desired 
region are p rod t~c t~d .  Thc cyclcs of mcltrng, annearrng, and extension arc repeated rapidly, each 
time, the amo1111t 01 target DNA scyuence doubles Aflec the flrst few cycles v ~ ~ t u a l l y  all the 
templates consist of just the short rcgmn rhost.n for arnpl~ftcatlon Aftrlr 31 cycles, taklng about 3 
hours, the region boundted by  the chosen prlmcrs has been amplibed many mi l l~r ln fn ld  (Cnurte- 
sy Drs. I H. t-lolrnes and R Strugncl l  ) 
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can readily be ldrntitied using IabcIed probes in a hpbriclization assay. More- 
over, the PCR can be modified for the detection of viral RNA, by incorporait- 
ing a preliminary step in wh~ch revcrse transcriptase is used to convert the 
INA to DNA. I t  is not necessary or usual to amplify the whole genome, but if  
is necessary tso know at Jeast part o'f the nucleotide sequence, in order to 
synthesize two o~igonucleotide primers representing the extremities of the 
region one chooses to amplify. 

There are three steps in the process: (1) melting the target DNA at. 95"C, 
(2) cooling to SO0-60°C to allow binding of two oligonucleotide primers, corre- 
sponding with short sequences (on opposite strands of the template DNA) 
which flank the segment ol DNA that is to be amplified, and (3) extension 
from the oligonucleotide primers by DNA polymerase to form two DNA 
strands lhal am complementary copies of the original (plus and minus) target 
strands, that is, the DNA located between and including the two primers. The 
cycle of melting, primer binding, and primer extension is repeated many 
times, and the number of DNA copies increases exponentially. Thus after 30 
cycles the number of DNA copies, beginning with a single copy of the target 
sequence, is over one million. Thirty cycles can be completed within 4 hours 
uslng a suitable autamate,d thermal cycling devlcse, By using the heat-stable 
DNA polymerase [Tnq) of Tl~~rnlus  ~qrmticris, an organism naturally fauprd in 
hot springs, it is not necessary to replenish the enzyme between cycles. The 
amplified DNA may be detected by agarose gel electrophoresis or by hybrid- 
ization with labeled DNA or RNA probes culminating in any of a wide variety 
of readout systems (Fig. 12-9). 

Selection of the most suitable pair of primers is a matter of central impor- 
tance. They may be chosen to be highly specific lor a particular virus strain or, 
alternatively, to represent consensus sequences within a gene that is con- 
served within a given family or genus. By probing for a conserved gene such 
as that for RNA polymerase it is even possible to discover a previously un- 
known agent. Reactions must be carried nut under very carefully controlled 
c~nnditions of ionic strength, temperature, primer concentration, and wucle- 
otide concentration. Deviations can result in nonspecific amplification. The 
problem of contamination of samples with extraneous DNA has delayed the 
trans! tion of PCR from research fool to routine diagnostic method, and great 
care is required to avosid such contamination. However, a, number of technical 
refinements have been introduced, meticulous attention to which has made 
PCR a reliable methodology in experienced laboratories. 

IsofSrcnnnl nrnpljJicafinn is a new technique that does not require the tem- 
perature cycling and accompanying equipment of PCR. Three enzymes in- 
volv'ed in the r8cpPication of retroviruses are simply mixed with either a DNA 
or RNA template and DNA primers at a constant temperature, and million- 
fold arnplihcation is rapidly achieved. 

These several developments have so dramatically enhanced the sensi- 
tivity and versatility of nurleic acid hybridization that probing for the viral 
genome may overtake probing for antigen as the diagnostic method of choice 
in many laboratories. The procedure is invaluable when dealing with (1) 
viruses that cannot be cultured satisfactorily, (23 specimens that contain pre- 
dominantly inactivated virus, as a result of pr'olonged storage or transport, or 
(3)  latent infectic~ns in which the viral genome lies dormant and virus is not 
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Fig. 12-9 Detection of PCR products using a biotinylated RNA probe and a n  enzyme lrnmu- 
noassay readout based on  capture of labeled DNA-RNA hybnd rnolccule~ by antrbtobn ant~body. 
[Rcprc~duced with permission from R. kI, Yolken, Inlorkd 1 Mirrol~ml. Dzcllcclrnc~l. 7, 150 (1991) ] 

being made. However, the added sensitivity provided by gene amplification 
can actually create new and unexpeclted problems. For example, some studies 
have reported DNA of carcinogenic types of papillomavirus in such a high 
proportion of healthy women, the vast majority of whom will never de- 
velop carcinoma of the cervix, that the medicaI relevance of the data is 
called into question. Quantitative PCR, currentIy in its infancy, is required to 
determine the viral load, or at least the genome copy number prior lo gene 
amplifica ti,on. 

Virus Isolation 

Despite the explosion of new t8echrtimques for same-day diagnosis of visa1 dis- 
ease by demonstration of virus, viral antigen, or viral nucleic acid in speci- 
mens taken directly from the patient, it is still true to say that few techniques 
achieve quite the sensitivity of vims isolation in cell culture. Theoretically at 
least, a single viable virion present in a specimen can be grown in cultured 
cells, thus expanding the numbers of virions many millionfold to produce 
enough material to be characterized antigenicalIy. Virus isolation rernalns the 
"gold standard" against which n'ewer m'ethods must be compared. Moreover, 
it is the only technique that can detect the unexpected, that IS, identify a 
totally unf'oreseen virus, or even discover an entirely new agent. Accordingly, 
even those laboratories well equipped for rapid diagnosis sometimes also 
inoculate cell cultures in an attempt to isolate the virus. Culture is the only 
method of producing a supply of live virus for further examination, such as  
drug sensitivity testing. Research and reference Iaboratories, in particular, are 
always on the lookout for new viruses, wh~ch require comprehensive charac- 
terization. Moreover, large quantities of virus must be grown up imi cultured 
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cells to prndt~ce diagnostic antigens and monoclonal antibodies lor distribu- 
tion t c~  other Jabr,ratories. 

Preparation of Specimens 

On arrival In the laboratory the specimen is refrigerated then processed as 
soon as possible. Before inoculation into cell culture, material is shaken from 
the swab, or feces are dispersed, using a vortex mixer. Tissue specimens are 
homogenized in a high-speed blender. Cell debris and bacteria are deposited 
by low-speed centrifugation, after which the supernatant from particularly 
"'dirty" specirn~ns like feces may be passed through a 0.45-pm syringe-top 
membrane filter. Some of the original sample and some of the filtrate should 
be retained at 4°C or frozen (-7U°C), at Ieast until the isolation attempt is 
completed. The remainder of the filtrate is inoculated into cell cultures, 
andlor rarely into chick embryos or newborn mice. 

Inaculation and Maintenance of Cultures 

The choice of the most suitable host cell system will depend on the virus one 
expects to find, in the light of the clinical history of the patient and the source 
of the specimen. The precise routine differs from one laboratory to another. 
Primary cultures, established directly from tissue (e.g., primary monkey or 
human kidney ceIls), contain a variety of types oh differentiated cells, hence 
support the growth of a broad spectrum of viruses. However, most species of 
monkeys are now profected and in any case may harbor silent simian viruses, 
whereas human embryonic tissue has become less readily available in many 
countries as a result of changes In the law or in the frequency or surgical 
techrriques of abortion. Furtl~er, most of the cell types in primary cultures do 
not survive more t h a ~ ~  2 or 3 passages i r . ~  vitro, making primary cultures so 
expensive and inconvenient that their use in diagnostic virology has dimin- 
ished greatly in recent years. 

On the other hand, continuous heteroploid cell lines, such as NEp-2 or 
HeLa derived from human cancers, or Vero, LLC-MK2, or BSC-I from normal 
monkey kidney, have the great advantage of immortality, hence can be pas- 
saged indefinitely in vitra (and/or stored frozen in liquid nitrogen for years). 
Any given cell line is generally capable of supporting the growth of only a 
Iimited range of viruses but may represent the ideal in  ztitro host system for a 
particular virus. Diploid lines (strains) of human embryonic fibroblasts 
(known as HEF, or HDF for human diploid fibroblasts) offer a useful compro- 
mise, in ithat they can be successfuEly passaged for a year or so in vitro (or 
stored frozen indedinitely) yet are susceptible to a wide range of different 
human viruses. 

7b cover themselves against most contingencies some laboratories have a 
policy of inoculating a given specimen simultaneously into one type of prima- 
ry culturc, one diploid strain of human tibrablasts, and perhaps, in the case of 
respiratory specimens, one malignant cell line. However, most laboratories 
today would tend to rely almost entirely on HEF (HDF) for routine isolations 
and rcserve other cells far particularly fastidious viruses only For example, 
primary monkey kidney (PMK) cells are suitable for paramyxoviruses, nrtho- 
myxovirrrses, and enteroviruses; the RD line of human rhabdomyosarcoma 

Virus Isolation 

for coxsackie A and echoviruses; Vero or baby hamster kidney (01-1K-21) cells 
for arboviruses; RK-13 or Vero cells lor rubella virus; and so on. 

Munolayer ciiitures Lor viral diagnostic purruses are gentraIly grown In 
screw-capped glass tubes or vials, snrnptimes contain~ng a removable cover- 
slip for subsequent staining. Microtiter plates are very convenient for neutral- 
ization tests, where large nunlbcrs c)f culturus are required and economy of 
medium, equipment, and space is important. but the risk rrf cross-contaminn- 
tion argues against them for virus isolation The inoculated cultures are held 
at the temperature and pH of the human body (3PC, pH 7.41, except in the 
case of viruses of the upper respiratory tract such as influenza viruses, rhino- 
viruses, and coronaviruses, which grow best at 33"C, the temperature en- 
countered in the nasal mucosa. Cultures may be slowly rotated on a roller 
drum, or kept stationary. The cultures are inspected two or three times a week 
for lt he development of cytopathic effects (CPE). 

Recognition of Viral Growth 

Although rapidly growing viruses such as poliovirus or herpes simplex virus 
can be relied on to produce detectable CPE within a day or two, some of the 
notoriously slow agents such as cyltrmegalovirus, rubella virus, and some 
adenoviruses may not produce obvious CPE for 1-4 weeks. By this time, the 
uninoculated control cultures will often be showing nonspecific degenera- 
tion, so robbing the virologist of an appropriate standard of comparison. In 
such cases it may be necessary to subinoculate the cells and supernatant fluid 
from the infected culture into fresh rnonc-~layers ("bIind passage"), alter which 
clear-cut CPE usually appear promptly. 

When, at any stage, degenerative changes suggestive of viral multiplica- 
tion become evident, the virologist has a number of courses open. The CPE is 
often sufficiently characteristic, even in the living unstained culture viewed itt 
sifu (see Fig. 5-2). for the trained observer to he able to tender a provisional 
diagnosis to the physician immediately. Alternatively, it may be instructive to 
fix and stain the infected monolayer to identify the CPE. lnclusion bodies and 
rnultinucleate giant cells (syncytia) can be identified by staining with hema- 
toxylin and eosin or Giemsa stain, if present, these changes are usually suffi- 
ciently characteristic to enable the virolc>gist to place the isolate at least within 
the correct viral family (see Fig. 5-3) CoverslJp cultures can also be stained 
with fluorescent antibody for positive identification. If none of these histo- 
logic methods proves to be diagnostic, virus must be extracted from the cul- 
ture for further examination. 

Some viruses are relatively noncytocidal for cultured cells (see Chapter 5 
and Table 5-1). Their grclwth in montdayer cllllure may sometimes be recog- 
nized by means of hemadsorption. Most viruses that hemagglutinate will be 
amenable to test by hemadsorption; the growth of paramyxoviruses or orlho- 
rnyxoviruses, for example, is routinely recognized in this way (see Fig. 5-2D), 

I 

Animals and Chick Embryos 

Many viruses will grow satisfactorily in chick embryos or newborn mice, hut 
neither animal is nrlw commonly used in the diagnostic laboratory because 
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cell culture is generally the simpler option The use of mice can be lim~ited to 
tlw iscllatinn of arboviruses, rabies virus, and some of the group A cox- 
sackieviruses, for which suckling mice JESS than 24 hours old arc injected 
intracerebrally and/or intraperitoneally, then observed for up to 2 weeks for 
the development vf pathognomonic signs before sacrificing for histollogic ex- 
amination of affected organs (see Fig. 23-5). Chick embryos are still used, 
together with primate kidney cell cultures, for the isolation of influenza A 
viruses from humans. Three to four days after amniotic and ailantoic inocula- 
tion of 10-day-old embryonated hen's eggs, the fluids are tested for hemag- 
gIutEnati80n {see Chapter 31 tor det.ails). 

Larger animals are virtually never used for routine isolation of human 
viruses. Primates, especially chimpanzees, are employed by a small number 

' I  

of well-endowed research iaboratbries for attempted-isolation of human vi- 
ruses not yet cultivable in any other nonhuman host, for example, hepatitis 
viruses (Chapters 22, 23, 24, 261, b l l V  (Chapter 351, and various agents re- 
sponsible for slow infections of the human brain (Chapter lo1), as well as for 
experimental studies of viral pathogenesis and immunity, and for testing new 
viral vac'cines (Chapter 13). 

Identification of Viral Isolates 

A newly isolated virus can usually be provisionally ailmated to a particu- 
lar family an the basis of the clinical findings, the particular type of cell culture 
yielding the isolate, and the visible result of viral growth (CPE, hemadsorp- 
tion, etc.). Definitive identification, however, resis on antigenic characteriza- 
tinn. By using the new isolate as antigen against a panel of antisera, for 
example, in an EIA, the virus can first be placed into its correct family or 
genus. If it is considered important to do so, one can then go on to identify 
the species or serotype by moving to MAbs, or to one of the more discriminat- 
ing serologic procedures, such as  neutralization or hemagglutination inhibi- 
tion. This sequential approach is applicable only to families that share a con- 
mcln family antigen and hence is of no help with picornaviruses, for example. 
The range of available immunologic techniques is now almost embarrassingly 
wide. Some are best suited to particular families of viruses. Each laboratory 
makes its own choice of favored procedures, based on considerations of sensi- 
kivihy, specificity, reproducibility, speed, convenience, and cost. 

The simplest way of identifying a newly isolated virus is by fluarescent 
antibody staining of the infected cell monolayer itself (see Fig. 12-6). Ihis  can 
provide an answer within an hour or so of recognizing the earliest suggestion 
ell  CPE. Immunofluorescence is best suited to the identification of viruses 
with no close relatives, or in epidemic situations when a particular virus is 
suspected; otherwise replicate culltures must be screened with a range of 
antisern. Most other ~rnmunologic approaches are applied to identification of 
virions and soluble antigen present in t h e  cell culture supernatant. Today, the 
EIA technique is probably the most commonly used, though neutralization 
remains the goId standard for defining and distinguishing serotypes (Fig. 
12-10). 

Virus lsola tion 

Fig. 12-10 V ~ r w  neuhralization test. A child developed mening~tis during a summer epldem~c 
nf coxsack~evirus R2 An enternvirus was ~solated from the feces One hundred TCID,, unlts of 
lht- virus was incubated at 37°C for hO m~nutes w ~ t h  a sutlahle dilution of "!nacttvatedV (5hPC, 30 
minutes) anti-coxsack~ev~rus B2 serum (a reference serum prev~~)usly ra~sed in a rabbit) The 
mixture was inoculated onto a monolayea of monkpy kldney cell? In a well of a m~crocwlture tray 
(A)  Virus similarly incubated with normal rabbrt serum was ~noculeted into wvll B The cultures 
were incubated at 3TC for several days and inspected dally for CPE Unsta~ncd, magn~ficat~on. 
X23,  lntrrpretation The Infectivity of the virus isolate has been neutralized by anti-coxsack~e- 
vims 82 serum (no CPE), the contrd culture (R) s l ~ o w s  typical CPE. (Courtesy I Jack.) 

Characferlza tion of .$he Viral Genarne 

For most routine diagnostic purposes it is often not necessary to "type" 
the isolate antigenicafly. On the other hand, there are certain situations when 
epidemiologic information of importance to the public health can be obtained 
by going even further to characterize very subtle differences between vari- 
ants, strains, e r  subtypes within a given serotype. Short of determining the 
complete nucleotide sequence of the viral genome, there are several simpler 
methods for deriving sufficient information about the sequence to identify 
such variants. (1) The PCR, using strategically chosen primers, can be used to 
amplify a diagnostic region within the genome for partial nucleotide sequenc- 
ing. (2) A labeled nucleic acid probe, corresponding to the whole genome or  a 
variable part of the genome, may be employed in a hybridization test, under 
predetermined conditions of stringency, to measure the degree of homology 
with the isolate. (3) ApproprialeEy chosen restriction endonucleases may be 
used to cut viral DNA into Lragrnents that can then be separated by agarose 
gel electrophoresis and stained with ethidium bromide ur silver to produce a 
diagnostic '"restriction map." (4) Ribonuclease TI may be used to cut labeled 
viral RNA into fragments which can be separated by two-dimensional electro- 
phoresis to yield a unique "oligonucleotide fingerprint" revealed by auto- 
radiography. 

Minor degrees of genetic drift, often too subtle to be reflected in antigenic 
differences, can be picked up in these ways. Reference to a library of known 
fingerprints enables the investigator to trace the epidemiologic origin of indi- 
vidual isolates with respect to time, geography, and even potentially to a 
particular person. For example, i f  is possible to trace the origin of a given 
strain of herpes simplex virus type 2 in a newborn baby to the nursery of the 
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maternity hospital, ur of I-ISV-2 in an adult to a sexual contact. Other striking 
examples of the power of thcse techniques in  tracking the  origin and course of 
outbreaks of poIiomyelitis are discussed further in Chapter 23. 

TIie isolation and identificatic~n of a particular virus from a patient with a 
glven disease are not necessarily meaningful in themselves. Concurrent sub- 
clinical infectlon with a virus unrelated to the illness in question is not uncnm- 
mon. Moch's postulates are as relevant here as in any other rnicrobioQogical 
context, but are not always easy to fulfill. In attempting to interpret the 
significance of any virus isolation one must be guided by the following con- 
siderations. First, the site from which the virus was isolated is important. For 
example, one would be quite confident about the etiologic significance of 
rubella virus isolated from any organ of a congenitally affected infant, or of 
mumps virus isolated from the CSE of a patient with meningitis, because 
thcse sites are usually sterile, that is, they have no normal bacteria1 or viral 
flora. On the other hand, recovery of an echavirus from the feces, or herpes 
simplex virus from the throat, may not necessarily be significant, because 
such viruses are often associated with inapparent infections. Second, inter- 
pretation of the significance of the isolation in such instances will be facilitated 
by isolation of the same v~rus  from several cases of the same illness during an 
epidemic. Third, knowledge that the virus and the disease in question are 
often causally associated engenders confidence that the isolate is significant. 

Measurement of Serum Antibodies 

We have discussed identilication of. viruses or their antigens, using panels of 
antihodi'es ot known specificity. Serological techniques may also be employed 
Ihe other way around, to identify antibody using panels of known antigens. 
"Paired sera" are taken from the patient, the "acute-phase" serum sample as 
early as possibIe in the illness and the "convalescent-phase" sample a t  least 2 
wceks later. Blood is collected in the absence of anticoagulants and given time 
to clot, then the serum is separated. Acute and convalescent serum samples 
sl~ould he tested simultaneously. For certain tests that measure inhibition of 
some bicrlngical function of virus, for example, virus neutraIization or hemag- 
glutination inhibition, the sera must first be "inactivated" by heating at 5VC 
for 30 minutes and sometimes treated by additional methods, to destroy 
various types of nonspecific inhibitors of infectivity or hernagglutination, re- 
spectively. Prior treatment of the serunr is riot generaIly rcquired for assays 
that simply measure antigen-antibody binding, such as EIA, RIA, Westem 
blot, latex agglutination, imrnunofluorescence, or irnmzrnodiffusion. The 
paired sera are then titrated for antibodies using any of a wide range of 
available serologic techniques. Space does not perm~t detailed description of 
all of tl~esc. techniques. The basic principles of those most widely used trlday 
are set out in %ble 12-2; threc of thmese are illustrated in detail in Figs. 12-11 
lhrcrugh 12-13. 

For the safety of laboratory workers it is imperative to inactivate the 

Measurement of Serum Antibodies 

Table 12-2 
Scrolngical Procedures Used In Virology 

Tcrhniquc P r~nc~p l r  

Enzyme ~mrnunnassay Antibody binds lo anhgrn,  cnrymr-lal7clt.d anti-Eg b ~ n d s  tcr 
ant~body,  substrate changes color 

Radio~rnrnunoassay Antrbody btnds to nnt~gen, radlulabclcd anti-Ig h ~ n d s  to 
antrbody 

Western blot V ~ r u s  d~s rup ted ,  proteins separated by gel clectrclphoresos 
and  transferred (blotted) onto nylon mc.mhranc, anlt~rerurn 
b ~ n d s  to viral yroteltis; labeled ant]-Ig blnds to particular 
bands; revealed by EIA or autoradlogra pli y 

Latex part~cle agglutinak~on Antibody agglul inat~s antlgrn-matccl latcx particles 
Virus neutralizat~on Anhbody neutralizes ~nfect~vi ty  of vlrlon, CPE tnhihit~on, 

p l aq~ le  reduction, trr protect~on of an~rnals 
Hernagglutlnation ~nhibition Antibody inhiblts viral hcmagglutinat~c~n 
Imniunoffuorescence Antlbod y hinds to intraccl1ular ant~gen, fluuresce~n-labelccl 

arrtl-lg b~nds ;  fluaresccs by UV niicmst opy 
Irnrnunod~ffus~on Antibodies and srtlublc a n t ~ g r n s  producr. vts~h le  lines of 

precipi ta t~ in a gel 
Complement fixation Antigen -antibody complcx binds complement, which 1s 

thereafter unava~lable for lysis of shecp RBC In p r t w n t c  of 
antibody to RRC 

infectivity of any particularly dangerous viruses employed as antigens in 
serological tests other than neutralization (e.g., arenaviruses, rhabdoviruses, 
togaviruses, or flaviviruses). This can be done, without destroying anti- 
genicity, by y-irradiation, or by photodynamic inactivation with ultraviolet 
light in the presence of psoralen. Increasingly, viral proteins producecl by 
recombinant DNA technology are be~ng  empIoyed instead of whole virus as 
antigen in serological tests. 

Sensitivity and Specificity 

The two most important parameters of any diagnostic assay are specificity 
and sensitivity. It is vital to understand the difference. The se~tsit~z~ity of a 
given test is a measure of the percentage of those with the disease (or infec- 
tion) in question wbo are identified as positive by that test. For example, a 
particular EIA used to screen a populatimon f'or HIV antibody may display a 
sensitivity of 98%, that is, of every 100 infected people, 98 will be correctly 
diagnosed and 2 will be missed (the folse-nc,ynfiuc rate equals 2 % ) .  In contrast, 
the speclficjty of a test is a measure of the percenlage of those without t h e  
disease (or infection) who yield a negative result. For example, the same EIA 
for HIV antibody may have a specificity of 97c%, that is, of every 100 uninfec- 
ted people, 97 will be correctly diagnosed as clear but 3 will be incorr~cily 
scored as infected (the false-l)osrtrve rate equals 3%). 

Whercas sensitivity and specificity are fixed percentages intrinsic to the 
particular diagnostic assay, the predrctirre vnlue nf an assay is greatly affected by 
the prevalence of the disease (or infection) involved. Thus, i f  this EIA is ~ ~ s e d  
to screen a high-risk population with a known HIV prevalence of 50% the 
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prc.dictivc value of the assay will br  high; howt.ver, ~f it is used tso screen blood 
donors with a known HIV prevalence of U I % ,  the great ~najority of the 3.1% 
whrl register as positive will in facl be false positives and will require fo~llow- 
u p  with a confirmatory test of much higher specificity. This striking illustra- 
tion draws attention to the importance of selecting diagnost~c assays with a 
partici~laa objective in mind. A lest with high sensitivity is required when the 
aim is to screen for a serious infection, the diagnosis of which must not be 
rn~ssed; a test with high specificity is required for confirmation that the diag- 
nosis is correct. 

The sensitivity of a given immunr~assay is really a measure of its ability to 
pick up small amounts of antibody (or antigen). For instance, EIA, RIA, and 
neutralization assays generally display substantially higher sensitivity than 
IEM, imrnunofluorescence, cornplemenrt fixation, or immunodiffusion. Im- 
provements in sensitivity are achieved by miniaturization of assays and use of 
purified reagents and sensitive instrumentation. On the other hand, the spec- 
ificity of an immunoassay is a measure oh its ability to discriminate, thus is 
influenced mainIy by the purity of the key reagent, that is, antigen (when 
testing for antibody) or antibody (when testing for antigen}. 

Quite apart from the problem of fortuitous cross-reactions caused by the 
use of impure reagents, it is crucial to understand that the specificity of any 
assay can be manipulated to match one's particular objective. For example, 
because of the presence of antigenic determinants common to several or all 
serntypes within a given viral genus, the serum of a patient will contain a 
wide range of antibodies cross-reactive with visions of any one of the se- 
rotypes used as antigen in an EIA. To render the test more specific it would be 
necessary to use genetically cIoned type-specific antigen, or even a synthetic 
peptide corresponding to an epi8h)pe known to be unique to a particular 
semtype. Alternatively, one can select an iminunoassay which registers only 
thost. particular antibodies that bind to type-specifjc epitopes on the virus; 
virus neutralization (Fig. 12-10) and hemagglutination inhibition (Fig. 12-1 1) 
are specific because they measure only those antibodies that inhibit infection 
or hemagglutination, by binding to type-specific epitopes on the particular 
protein that mediates attachment of the virion to the cell and has therefore 
been most subject to antigenic change. 

lrnmunoblotting (Western Blotting) 

Perhaps the ultimate refinement is to tsest simultaneousPy but independently 
for antibodies against all of the proteins present in a particular virus. There 
are three key steps to Western blotting (Fig. 12-12). First, purified virus is 
snlubilized with the anionic detergent sodium dodecyl sulfate (SDS) and the 
constituent proteins separated into discrete 'bands according to M, by poly- 
acrylamidr gel electrophoresis (SDS-PAGE). Second, the separated proteins 
are electrophoretically transferred ("blotted") onto a nitrocelll~l~ose membrane 
to immobilize them. Finally, the test serum is allowed to bind to the viral 
proteins on the membrane, and th'eir presence is demonstrated using a radio- 
labeled or enzyme-labeled anti-species antibody. 'Thus, imrnuncsblotting per- 
niifs demonstration of antibodies to some or all of the proteins of any given 
virus and can be used not only to discriminate between infection with closely 
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Fig. 12-12 fiemagglutination inhibition test, used for litrating ant~hndies to the v~ral  hemag- 
glutrnin Titers are expressed as rec~paocals of d~Iutions. In the example ~llustrated, an ind~vldual 
was ~mrnunized against the prevalent strain of knfruenza virus Serum samylcs S-1, S-2, 5-3, and 
5-4 were taken, respect~vely, before immunization, 1 week and 4 weeks after the first  do^ of 
vaccine, and 4 weeks after the second. The sera were treated wrth perlodate and heated at 5h"C 
for 3(1 minutes to inactivate nonspecific inhib~tors of hemagglutlnation, then drluted In twofold 
steps from 1/10 to 111280. Each cup rece~ved four hcmagglutin~ting (HA) rtn~ts of thc rclcv~nt 
stram of influenza virus, and a drop of red blood cells Whcre enough antibody 1s prcsrnt to coat 
the vorions, hemagglutination has been inhib~ted, hence the erylhrorytes sctrle to form a button 
on the bottom of the cup O n  the other hand, where ~nsufftcicnl anttbody IS prescnt, erythrocytes 
are agglutinated by virus and form a shield. The virus assay (boutom line) rndicates that I11e viral 
hemagglut~nin used gave partial agglutination (the cnd point) whcn d~luted 114 1nterprt.tation. 
The patient origtnally had no hemagglutin~n-inhibiting antrbudlcs against th~s part~cuiar strain of 
influenza virus. One injection nf vaccine produced sornc antibody; the scccind lnj~ctlon prtlvrded 
a useful bonster response. [C~urtcsy I. jack ) 

related viruses sharing certain antigens, but also to monitor the presence of 
antibodies to different antigens at different stages of infection. 

Applications of Serology 

A significant (conventionally, fourfold or greater) rise in antibody titer be- 
tween serum samples is indicative of recent infection. Because of the neces- 
sary interval between the two specimens a diagnosis is provided only in 
retrospecl. Nevertheless, there are two particular situations when serology is 
still the diagnostic method sf chonce despite the delay involved in waiting for 
a rising titer to make itself apparent. The first is when ~t is not practicable to 
attempt cuItivation of viruses that are notoriously djfficul t to isolate, far exam- 
ple, some togaviruses and bunyaviruscs. 'Thc second is whcn the manage- 
ment of the case is not urgent; for example, in n women with a rash during the 
first 4 months of pregnancy a clear de~nr~nstrait~on of a rlsing antibody titer 
against rubella virus constitufes a strong indication for abort~on. 

There are also a number of situations wlaen finding antibody in a single 
specimen of serum can be diagnostic. The first and most important is wlie~i 
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Table 12-3 
Advaniage5 and Dl%advanlagc~, of Various Dla~nnshc  ~ e l h r v b s  

Direct observation by electron 
mlcrrlsropy 

Serc~logica! idenlificat~on of virus 
o r  nnhgcn, e g , EIA 

Nuclc~c acid probes (with o r  
without gen r  alnplicatlon by 
PCR) 

Anttbcdy cC?nvcrsLc)n (acute a n d  
cunvale.went sera), 

IgM serology 

Rrmit.; lu~bhvr ~ t u d y  of agent 
Usually I i~g l~ ly  s ~ n ~ i [ t v e  
R ~ ~ ~ d l l y  ava~lable 

R a p d  
Detects vlruscs that cannot be 

isolated 
Detects nonviable virus 
Rapid and sensitive 
Pmvides informat~on on 

serotypes 
RradiFy avatlablc, often as 

dlagnost~c- kits 
R a p d  
Very sensitive (especially after 

PCR) 
Potentially applrcable to all 

viruses 
Lfselul In relating cases to a 

disease outbreak 
Rapid 

Slow, tlrne-consum~ng, can bc 
diff~cult 

Useless f o ~  nonviable VITUS 

Selection of cell type, r tc  , may 
be crit~call 

Relatively insens~tive 
Limited to a few viral ~nfections 

Not applicab[c to ail viruses 
lnterpretat~on may be difficult 

May not be readily available 
Risk of DNA contamtnation in 
PCR 

Sfow, late (reloospcctive) 
Interpreta~tinn may be d~fficult 
False positives may occur 

to measure specific antiviral antibodies of the IgA, JgE, or IgC class, or of any 
given IgG subclass. 

A summary o f  the major strengths and limitations of th'e several alterma- 
tlve approaches to the diagnosis of viral infections is given in Table 12-3. 

Laboratory Safely 

Although it has truihfulIy been observed that virology is one of the less 
hazardous human occupations, compared with building, mining, or driving a 
car, ~t is also true fhat many cases of serious illness and several hundred 
deaths horn laboratory-acquired infection have been recorded over the years, 
parbicularly from togaviruses, flaviviruses, arenaviruses, fi loviruses, and oth- 
er Biosafety Level 4 pathogens. Potentially hazardous procedures are set out 
in Table 12-4. In addition to specimens taken fur detection of virus or antigen, 
"nnormaP" serum, which may contain HIV or hepartrtis B or C virus, has to be 
treated with caution at all times. The safest procedure is to regard all speci- 
mens as pcjfenlially infectiuus 

Precautions to avoid laboratory hazards consist essentially of good labora- 
tory technique. Rigorous aseptic technique must be practiced. Mouth pipet- 
ting is banned. Laboratnry coats musk be worn at all times, and gloves must 
be used for handling potentially infectious materials including patient speci- 
mcns. Various classes of biolog~cal safety cab~nefs providing increasing levels 
of containment are available for procedures of various degrees of biohazard. 

Further Reading 

Table 12-4 
Laboratory Flazards 

- 

t iazard Cause 

k e rosol Homrngeni~aiitrn [c.g , of X~ssur In blender) 
Cen t r~luga tlon 
Ultrason~c vibratitm 
Broken glassware 
PipettE~lg 

Ingestion Mouth pipetting 
Ealing o r  smokmg In laRwratory 
Inadequate washing/dtsinfectir,n of hands 

Skin penetration NeedSe stick 
Hand cut by broken g'tassware 
Leaking container contaminatrng hands 
PasthoIogist handling infected organs 
Splash into eye 
Animal bite 

Biosafety Level 4 viruses can be handled only in maximum-containment labo- 
ratories (see Fig. 32-2). Careful attention must be given to sterilization, where 
possible by autoclaving, of all potentially infectious waste as well as equip- 
ment. Special arrangements for the disposal of "sharps" are essential. Spills 
are cleaned up with an appropriate chemical disinfectant. Personnel should 
be immunized against such diseases as hepatitis E and poliomyelitis (as well: 
as against exotic agents in the special laboratories handling them). Limitations 
should be placed on the type of work undertaken by pregnant or irnmunosup- 
pressed employees. The U.S. Centers For Disease Control In conjunction with 
the National Institutes of Health have issued detailed guidelines on appropri- 
ate laboratory procedures and containment facilities for working with viruses 
('and other microorganisms), classified according to the level of hazard each 
presents. 
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Immunization is the most generally applicable way of preventing infectious 
disease. The control of so many important viral dvseases by immunization is 
arguably the outstanding medical achievement of the twentieth century, rec- 
ognized by the award of several Nobel prizes. 

Traditionally, there have been two major strategies for the production of 
viral vaccines, one employing live avirulent virus and the other ~mploying 
chemically inactivated virus. Recombinant DNA technology has naw opened 
up an exciting range of additional options (Table 13-1). 

Live-Virus Vaccines 

The most successful viral vaccines are live avirulent mutants They have been 
instrumental in dramakically reducing the incidence of several important dis- 
eases of childhood (see Fig. 15-1) and for eraclicating smallpox (see Chapter 
15). The key to their success is the fact that the live virus muItiplies in the 
recipient, eliciting a lasting immune response but causing little or no disease. 
In effect, a live vaccine prraduces a subclinical infection, nature's own way of 
immunizing. 
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Table 13-1 
Approaches to D c ~ ~ g n l n g  Viral Vaccines 

- - - - - - - - 

he-v~rnrs  vaccines 
Vlrws atlt-nunted in v~rulence by seaial passage In cuEturtld cells 
Cold-adapted mutants and reassort.~nts 
Virrrs attcnt~alfd by gene deleltilm or site-directcd mulagenesis 
Ant~gens expressed vla rccornb~nant l ~ v c  v~ral nr bactprial vectors 

Nonrcpl~cating anhgcns 
Inactivated virions 
Pur~fied proletns 
Proteins from gencs clnncd in prokaryotlc car e ~ ~ k a t y l l c  cells 
Synthetic peptidcs 

Others 
Anti-ld~otyp~c antlhodies 
Viral DNA 

Attenuated Live-Virus Vaccines 

Most of the live-virus vaccines in common usage today have been derived 
empirically by serial passage in cultured cells. Adaptation of virus to more 
vigorous growth in cultured cells is fortuitously accompanied-by progressive 
loss of virulence for the natural host. Avirulence is demonstrated initially in a 
convenient laboratory model, often a mouse, then a primate, before being 
confirmed by clinical trials in human volunteers. Because of the requirement 
that the vaccine must not be so attenuated that it fails to replicate satisfactorily 
r l l  z,ir~o, it is sometimes necessary to compromise with a strain that does in fact 
induce trivial symptoms in a few of the recipients. 

During dozens af passages in cultured cells these host range mutants 
accramulate numerous point mutations; it is generally not known which of 
these are responsible for attenuation. For most viruses, several genes contrib- 
ute to virulence in different ways. Moreover, the avirulence of attenuated 
vaccines has generally not yet been characterized in terms of their patho- 
genesis in the vaccinee. In the case of some experimental vaccines adminis- 
tered by the respiratory route, multiplication of the attenuated virus is se- 
verely restricted and confined to the upper respiratory tract. On the other 
hand, the oral poliovaccine replicates in intestinal cells but has Post the capaci- 
ty tc? infect the critical target cells in the spinaI cord. 

Despite the outstanding success sf empirically derived live vaccines, a 
vigorous program of research is aimed at replacing what some see as "genetic 
roulette" with a more calculated approach to the design of live viruses of 
reduced virulence. These approaches, which have already yielded several 
promiqing experimental vaccines, are discussed below 

Temperature-Sensitive and Cold-Adapted Mutants 

5 he observation that tenrpcraf we-ser~sifizw (Is1 rnuln~.rfs (unable to replicate sa tis- 
factorily at temperatures much higher than normal, e.g., 40°C) generally dis- 
play reduced viru lpnce suggested that they might make satisfactory live vac- 
cines. Un fort~zna tmely, even vaccines cc~ntaining more than one fs mutation 
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displayed a disturbing tendency to revert toward virulence during replication 
in humans. 

Attention then moved to cold-ndsrpfed fm) nrrrtanfs, derived by adaptation of 
virus to grow at suboptima1 temperatures The rationale is that such a mutant 
mlght provide a safer vaccine for intranasal admin~stration, in that it would 
replicate we11 at the lower temperature of the nose (33°C) but not at the 
temperature of the more vwInerable lung. Cold-adapted influenza vaccines 
containing mutations in almost every gene do not revert to virulence. They 
are used as "master strains" into which genes for novel hemagglutinin (HA) 
and/or neuraminidase (NA) proteins can be introduced by reassortment, but 
they are not as immunogenic as had been hoped. 

DeIelion Mutants and Site-Directed Mutagenesis 

The problem of back mutation could be circumvented by deleting nonessen- 
tial genes that contribut'e to virulence. The large DNA viruses, in particular, 
carry a certain amount of genetic information that is not absolutely essential, 
at least for replication in cultured cells. Genetic surgery has been used to 
construct deletion mutants of certain herpesviruses, one of which (pseu- 
dorabies of swine) is now in use in veterinary praclice. 

Site-directed mutagenesis now permits the introduction of prescribed nu- 
cleoridc s~bs~titutions at  will (see Chapter 4). When more becomes known 
about particular genes influential in virulence it will be possible nof only to 
delete or modify these genes but also to construct vaccines with any desig- 
nated nucleotide sequence. Indeed, the day may come when licensing author- 
ilties demand that new vaccines be fully defined geneticaIly, that is, that the 
complete nuclleotide sequence of the vaccine virus be known and perhaps 
even stipulated. 

Live Recombinant Viruses or Bacteria as Antiviral Vaccines 

It is ironic that, no sooner had the World Health Organization (WHO) secom- 
mended the abandonment of vaccination following the eradication of small- 
pox, than an  exciting new use was discovered for vaccin~a virus. Recombinant 
DNA technology has opened a novel approach to vaccination which cnuld 
prove to be of widespread applicability. The concept is to insert the gene for 
the protective surface protein of any chosen virus into the genome OF an 
avirulent virus, which can then be administered as a live vaccine. Cells in 
which the vector virus replicates in vivo will produce this foreign protein and 
the body will rnryunt both a humoral and a T-cell-mediated immune response 
to it. 

In the original construct the hepatitis B surtace antigen (HBsAg) gene, 
flanked by the nonessential vaccinia gene for thymidine kinase (TK) and its 
promoter, was inserted into a bacterial plasrnld (Fig E3-I). Mammalian cells 
infected with vaccinia virus were then transfected with [his chimeric plasmid. 
Recombination occurred between the vaccinia DNA and the plasmid DNA. 
Selection Lor virus with a TK- phenotype enabled vaccinia virions containjng 
the HBsAg gene to be recovered. This construct and analogous vaccinia re- 
combinants incorporating genes from a range of other viruses have been 
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Fig. 13-1 Mcthrrd of construction ol a recombinant vacclnra viruq carrylng a selected gene from 
an~~t l i r r  trims 'I K, Thymidinc klnagc gene of vaccln~a virus; BlrdR, hrornndeoxyubidrne (fflurtc- 
sy 13r. R. Moss ) 

demonstrated te protect animals against the diseases they cause. For example, 
a vaccinia-rabies reconbr nan t protects foxes and raccoons against rabies 
when incorporated in bait dropped from the air. Hecause the large vaccinia 
genome can accommodate at least a dozen foreigla genes and still be packaged 
satisfactorily within the virion, it would theoretically be possible to construct a 
single recornbinani virus as a vaccine capable of protecting against most of th~e 
common viral (and nonviral) infectious diseases of childhood. The potential 
benefits, particularly to the Third World, are self-evident. 

DNA viruses of the families A~xzlruidne, Hcry~esz~iridrre, and Ad8cnoviridae can 
all be used as vectors, but vaccinia virus offers obvious advantages (Table 
13-2). The major problem with vaccinia virus is that with unmodified smallpox 
vaccine there were always minor side effects, and in about 1 in 100,000 per- 
snns there were severe complications, with a substantially higher incidence in 
severely immunocompromised individuals. This problem has in principle 
been overcome by making dejetion mutants of vaccinia virus that produce 
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Table 13-2 
L ~ v r  b'acclnia Virus as Vectrlr ftlr Cloned Viral Genes 

Advan tagtls 
Large genome can accnmmodatt. sevvral foreign ~nsrrts 
Procluctinn ~nexpensive 
Rclal~vely stable, even In tropics 
Derivery (multipTr puncture) by norumedlcal personnel 
Cell-mediated immun,ity also elicited 

D~sadvantages 
Rare senous slde effects with regular vaccin~a vlrus vacclnelr 
Rcvacclnat~on with vacc~nia vector w~thin 5 years may be unrel~able 

" Attenuated vcctnrs are now available, most have no1 yct been tested In 
earge numbers of people, to determ~ne the posstble occurence of rare 
severe complications 

trivial lesions but still satisfactorily express incorporated foreign genes. I t  has 
also been found that birdpox viruses, which undergo restricted replication in 
mammalian cells, can express foreign genes effectively In both systems, the 
incorporation of genes encoding certain cytokines may greatly enhance the 
immune response. Recombinant poxviruses produced by these approaches 
are currently undergoing clinical trials. 

Live Bacteria as Expression Vectors 
- -- - 

Recombinant DNA technology also allows the expression of a viral epi- 
tope on the surface of a bacterium. The general approach is to insert the DNA 
encoding a protecltive viral epitope into a region of the genome of a bacterium 
that encr~des a prominent surface domain on a protein normally situated on 
the exterior of the organism. Provided that the added loop protruding from 
the resultant hybrid protein does not seriously interfere with its transport, 
packaging, stability, or function, that organism will present the passenger 
epitope to the immune system of the host. Enteric bacteria which multiply 
naturally in the gut would seem to be ideal: expression vectors for presenting 
protective epitopes of virulent enteric viruses to the gut-associated lymphoid 
tissue. The main candidates currently under development as potential vehi- 
cles are attenuated (vaccine) strains of Snlrllo~lclln fyplri,  S typhtmrrrirrrn, Es- 
cherirlria ctlli, and BCC, the world's most widely used live bacterial vaccine. 

Inact ivated Virus and Y irus Subunit Vxcines 

I Inactivated Virus Vaccines 

Inactivated ("killed"') vaccines are made from virulent virus by chemically 
destroying its infectivity while retaining its immunogenicity. The tradit~onal 
inactivating agent was formaldehyde, but this is being supplanted by 
P-yropiolactone and ethylenirnines; one of the advantages of P-propiolactone 
is that it is cumpletely hydrolyzed within hours to nontoxic products Being 
noninfectious, such vaccines are generally safe but need to be injected in large 
amounts to elicit an antibody response commensurate with that attainable ;by 
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a much smaller dose of live-virus vaccine Normally, even the primary course 
comprises two or three injections, and further ("booster") doses may be rc- 
quired at intervals over the succeeding years to revive waning immunity. 

Purified Protein Vaccines 

Large doses of inactivated visions often produce a lebrile response as well as 
local reaction at the injection site, especially in young children. It seems 
Iogical to remove all nonessential components of the virion and inoculate only 
the relevanf imrnunogen, namely, the particular surface (envelope or outer 
capsid) protein against which neutralizing antibodies are directed (Table 13-3). 
For example, the HA and NA glycoproteins can be extracted from influenza 
virions with detergent and used as a subunit vaccine. 

Viral Proteins from Cloned Genes 

To produce viral proteins more inexpensively on an industrial scale, recombi- 
nant DNA technology is now being widely exploited to clone the appropriate 
genes in prokaryotic or eukaryotic cells. Particular advantages of this ap- 
proach are that safe, noninfeclious vaccines can be made against viruses 
which cannot be cultured satisfactorily frt uitro, for example, HIY or hepatitis 
B, or for which it has proved difficult to develop safe, effective live-virus 
vaccines. 

Once the critical structural protein conferring protection has been identi- 
fied, its gene (or, in the case of an RNA virus, a cDNA copy of the gene) may 
be cloned in bacteria, yeasts, insect cells, or mammalian cells. Thme yield of 
functional viral protein from bacteria is often poor, far a variety of reasons. 
Yeast cells have some capacity to glycosylate and secrete proteins, and the 
industrial technology for the large-scale cultivaiion of yeasts is well devel- 
oped. The current hepatitis B vaccine, produced in Snccharomyces cerevisiae, 

Table 13-3 
Dct~ncd  A n  ligen Vaccines 

Approaches 
P t ~ r ~ f t e d  protein 
P rn te~n  "cloned" by recombinant DNA tect.rno\ofiy (in yeasts, insect, or mammalian 

rclls) 
Synthetic p ~ p t ~ d e  

Ad vantages 
Grodl~ctiuo and quakty control simple 
Nontoxic, nonaJlvrgenic 
Feasiblr w r n  i f  virus cannot bc cultured 
Ssfcr  ~f vlrus is highly vnrultrnt (e g , HIV), persistent (c g . Iiergesvirus), or carcinogenic 

(p.8 , h e p a t ~ t ~ s  8 virus) 
Disadvantages 

I>FSS imnlunclgcnic than whole virus 
Rcrli~ircs adjuvant 
Rrqulres bnostvr injecttons 
May Gall to eltcit cell-mediated ~rnmunity 

I synthetic Vaccines 

was the first genetically engineered vaccine to be licensed for use m humans. 
Mammalian celIs present advantages over cells from lower eukaryotes in that 
they possess the machinery for posttranslational processing of mammalian 
viral proteins including glycosylation and secretion. A wide variety of mam- 
malian DNA virus vectors have been cons'lrucfed to facilitate or prevent viral 
replication as desired, or to regulate gene expression. A fascinating alterna- 
tive is the use of insect viruses of the baculovirus family growing in cultured 
moth cells (or caterpillars!). The promoter far the gene encodlng the nones- 
sential viral polyhedrin protein is so strong that the product of a foreign gene 
inserted within the polyhedrin gene may comprise up  to half of all the protein 
the infected cells make. 

Synthetic Vaccines 

Techniques have been developed for locating and defining epitopes on viral 
proteins, and it is possible to synthesize peptides corresponding to these 
antigenic domains (Table 13-4). Such synthetic peptides have been shown to 
elicit neutralizing antibodies against HIV and a few other viruses, but in 
general have been disappointing. The main reason for this IS that, in the 
native antigen, most of the epitopes recognized by antibodies are not continu- 
ous but assembled, that is, not a linear array of contiguous amino acids but an 
assemblage of amino acids which, although separated in the primary se- 
quence, are brought into close apposition by the folding of the polypeptide 
chainls). In contrast, the epitapes recognized by T lymphocytes are short, 
linear peptides (bound to MHC protein). Further, some of these "T-cell epi- 
lopes" are conserved between strains of viruses and therefore elicit a cross- 
reactive T-cell: response. Thus, attention is moving toward the conslruction 
of artificial heteropolymeas of T-cell epifopes and 13-cell epitapes, perhaps 
coupled to a peptide facilitating fusion with cell membranes to enhance up- 
take. Such constructs might prime T cells to respond more vigorously when 
boosted with an  inactivated whole-virus vaccine, or on natural challenge. 

Table 13-4 
Syn the t~c  Peptides a s  Potential Vaccines 

hdvantagcs 
Short del'lned amino acid seq~uencc represcnhng prr)tectivt7 eptlope 
Safe, nnrutnx~c, stable 
T-cell epttopes are naturally presented In the form nf pept1dt.s 
Art~ficial constructs may he engineered to  contain B-cell and T-cell cp~ topes ,  or cpitnpes oI 

o n e  o r  more proteins 
Dusadvan tages 

PourEy immunogen~c;  adjuvant, liposome, Iscorn, or polymer needed 
Most B-cell epi t o p s  are assembled (disccln tinunus) 
May bc too speclfic, not protecttng agatnst natural varlanfq 
S~ngle-epitope vmccrne will readily sclcc! mutants 
No response in thnsr lacking apprnpriate class I1 MHC anhgen 
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DNA Vaccines 

An even more revolutionary technique for vaccination may be rn the wings. 
Ti.> the surprise of immunologists, i t  has been found that intramuscular inlec- 
kivn of cloned viral DNA, In a plasm~d w~th  su~table promoters, can produce 
long-lasting antibody and cell-mediated immune responses to the protein($) 
encoded by that DNA. Likewise, the immunomodulatory effects of various 
cytokines can be produced by the intramuscular injection of the relevant 
DNA. Tlie potential of this technique as a method of vaccination is being 
vigorously explored by pharmaceutical companies, although all concerned 
realize that much research and development lie ahead if it is ever to become a 
practical proposition. 

It will be necessary, for example, to obtain detailed information on such 
critical aspects as flie location (especially elsewhere than in muscle cells) and 
fate of the injected plasmids, their persistence, the mechanism of expression, 
including the processing of peptides through cytosolic and endosomal path- 
ways and presentation via class I and I1 MHC antigens to Tc and Th lympho- 
cytes, the continuity of priming of various classes of memory Tcells, the mecha- 
nism of protection I I T  V ~ U O  in the short and long term, the mass of DNA required 
in humans as opposed to mice, and the optimum methods of presentation 
(packaging) and protection of the injected DNA. Above all, licensing authori- 
ties will need to be convinced that there is no realistic possibility of integration 
of the foreign nucleic acid into the host genume which might lead to cancer. 

Anti-Idiotypic Antibodies 

The antigen-binding site of the antibody produced by each B-cell clone con- 
tains a unique amino acid sequence known as its idioiyjic determi~zant or id- 
iofyf?c (Id). Antibodies can be raised against this idiotype; they are known as 
171zh-i~iiufyj~11i~ fl?ltit?od1t2s (nnti-ldl. Because the original antigen binds ttr the same 
variable region of the antibody molecule as does anti-id, they might be ex- 
pected to have similar conformations. If so, anti-Id could be employed as a 
surrogate antigen, that is, as a vaccine to eIicit an antiviral immune response. 

T'hese are now a number ol examples of anti-idiotypic antibodies that 
elicit specific antiviral B-cell and/or T-cell responses. Jt is still uncertain 
whether this points 1P1r way to a novel vaccine strategy. 

Methods for Enhancing lmrnunogenicity 

'The imnaunogcnicity ot inactivated vaccines, and especially of purified pro- 
trin vaccines and synthetic peptides, usually needs to be enhanced in some 
way. ?'his may be achieved by mixing the antigen with an adjuvant or incor- 
porating i t  into Iipnso!nrs or into an i ~ ! ? n r ~ ~ t s o s t i r n r r l n i f i ~ ~ ~  cwrnplex (iscoml 

Adjuvants 

Adjuvants are substances that, when rnixed with vaccines, potentiate the 
immune response, humoraI and/or cellular, so that a lesser quantilty of anti- 
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gen and/or fewer doses will suffice, Adjuvants differ greatly In ihcir cheniis- 
try and in their modes of action, which may include the following (1) pro- 
longation of release of antigen; (2) activation of macrophages, leadrng to 
secretion of cytokincs and atiracliun uf lynrphvcyles, (3) niltogen~clty for lym- 
phocytes. Alum is the only adjuvant currently Picensed lor use in  humans, 
and has been widely used for years, but ~t is not particuIarly effective. Mineral 
oil adjuvants are used in animals but are too reactogenic Lo he acceptable in 
humans. There is a clear requirement for better adjuvants, preferably chem- 
icalIy defined and of known mode of action. For instance, there are now a 
number of experimental fo~mulations based on rnuramyl dipept~de, which 
can also be chemically coupled to synthetic antigens or incorporated into 
liposomes. 

Lipossmes and Iscoms 

Liposomes consist of artificial lipid membrane spheres into which proteins 
can be incorporated. When purified viraI envelope proteins are used, the 
resulting "virosomes" (or "immunosomes") somewhat resemble the original 
envelope of the virion. This enables one not only to reconstitute virus 
envelope-like structures lacking nucleic acid and other viral components, but 
also to select nonpyrogenic lipids and to incnrporate substances with adju- 
vant activity. Although Iiposomes have not fully lived up to expectations as 
immunogens, other types ol membrane-bound rnicelles (i.e., aggregates of 
protein rnoIecuEes) can fully restore the imml~nogen~city lost when viral gly- 
coprotein is removed from its original milieu. 

When viral envelope glycoproteins or synthetic peptides are mixed with 
cholesterol plus a glycoside known as Quil A, a spherical cagelike structure 40 
nm in diameter is formed. These iscanrs (irnrnunostimulating complexes) have 
been shown experimentally to display significantly enhanced immunogenic- 
ity but have not ye1 been developed ccrrnmerdally as vaccines. 

Comparison of Different Classes of Vaccines 

The relative advantages and disadvantages of live-virus vaccines compared 
with inactivated or subunit vaccines are summarized in Table 13-5 and dis- 
cussed below 

lmrnlanologic Considerations 

Na turallly acquired immunity to reinfection is virtually lifelong in the case of 
most of the viruses that reach their target organ(s) via systemic (viremic) 
spread. This solid immunity is attributable to antibody of the IgG class, which 
successfully neutralizes the incoming challenge virus, Immunity to those res- 
piratory and enteric viruses whose pathogenic effects are manifested mainly 
at the site of entry is attributable mainly to antibodies of the IgA class and 
tends to be of shorter duration. Thus the principal objective of artificial immu- 
nization by vaccine is to elicit a high titer of neutralizing antibodies O F  the 
appropriate class, directed against the relevant epitopes on the surface of the 
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Table 13-5 
Advantages and L~m~t.lk~on.; of L i v ~  anci Inact~vatrcl Vacr~ncs 

- - 

Ginpcrty L.IVC lnnct~va ted 

Rclvtc nf admin~strahon Natural or i n j c c t ~ i n  Inlcctinn 
Drw of V I ~ U S ,  cost Low HlgR 
Number of doses S~ngYc, gcnerafly Multiple 
Need for adli~vant Ncr Yes 
Duration of immunity Many years Generally less than l ~ v e  vaccines 
An ti body response IgG, IRA (mucosal route) I& 
Cell-mcdi,~ted respunsc Gr~od Uncertain 
Heat labll~ty Yes No 
I~itrrference Oral policrvacc~n~ only No 
Side cffccts Occas~onal, mrld Occasional, local 
Rcversia~n to virulence Rarely; oral poliovaccine only N o  

virion, in the hope of preventing inltiaition of infection by neudralization of the 
challenge virus. 

This ideal is not always realizable, but it may not matter if the progress of 
the infection can be curtailed sufficiently to allow time for the emergence of 
the quite different set of immunologic mechanisms that contribute to recovery 
from viral infection. Provided that enough memory T and B cells are still 
present at the time of challenge, anarnnesfic T-cell- and B-cell-mediated re- 
sponses wiPl be mounted without undue delay. In particular, recovery will be 
accelerated by cytotoxic T-cell-mediated cytolysis of infected cells. Such 
"memory-dependent immunity" may be particularly important in diseases 
with a relatively long incubation period. 

I t  has proved difficult to produce effective vaccines against .three classes 
of viral diseases: respiratory infections, sexually transmitted diseases, and 
persistent infections. MucosaZ immunity, mediated by IgA, is important in 
both respiratory and sexually transmitted diseases; there is evidence that 
vaccination by the convenient oral route may generate salisfactory mucosal 
imlnuniily in the respiratory and genital tracts, as well as in the intestinal tract, 
as a result of lymphocyte trafficking between different compartments of the 
"common mucosal pathway. " Antigenic drift and shift pose yet an'other prob- 
lem, circumvention of which requires constant revision of the antigenic corn- 
position of vaccines such as those used to control influenza. Special diffi- 
culties also attend vacci~iation against viruses known to establish persistent 
infections, such as herpesviruses an'd retroviruses; a vaccine must be out- 
standingly efkctive if it is to prevent not only the primary disease but also the 
establishment of lifelong latency. 

Subclinical infection is, by and large, extremely effective, inducing life- 
long immunity following systemic infection. Live avirulent vaccines, prefera- 
bly but not necessarily delivered via the ~ a t u r a l  rotate, are obviously the 
nearest- approach to this ideal. The track record of live vaccines against major 
human diseases such as smallpox, yellow fever, poliomyelitis, and measles is 
clearly superior to that of most of the inactivated vaccines devised so far. Why 
is this so? 
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First, one must consider the quantitative advantage of a live immunogen 
which replicates rnany milaionfold following delivery. Second, whether deliv- 
ered via the natural route or not, live virus will be presented to the various 
arms of the immune system in a natural way. Not only will virions be pro- 
cessed and presented via the endosomal pathway to MHC class 11 restricted 
helper T cells, but peptides derived from newly synthesized viral proteins in 
infected cells will be presemted via the cytosolic pathway to class I restricted 
cyiotoxic T cells. Thus live vaccines are generally found to be much more 
effective in eliciting cell-mediated immunity. Furthermore, live vaccines may 
elicit a broader immunologic response, because rnany cytotoxic and helper T 
cells are directed to conserved epitopes on internal or nonstructural proteins 
that are shared between different strains of virus. There is also the possibility 
that live vaccine virus persists in some form for years or that larger amounts of 
relevant antigens are sequestered, on follicular dendritic cells or elsewhere, 
for longer than with other types of vaccines. I t  does appear that memory ,T 
and B lymphocytes are more effectively recruited by live than by inactivated 
vaccines, though very little is known about the optimal conditions of antigen 
presentation for eliciting 8- or T-cell memory. 

I 
i 

The efficacy of an immunogen depends nst only on the dose of protein ' 

delivered but also on the form in which that protein is presented to the 
immune system. For exampIe, irnmunogen in certain forms may elicit a stron- 
ger response in some classes of T cells than others, and it may be crucial to 
avoid, say, a suppressor T-cell response at the expense of a helper or cytotoxic 
response. An excessive DTM response or IgE response might also be detri- , 

mental under some circumstances. There have been some unforeseen immu- 
nopathologic consequences of immunization with certain inactivated respira- 
t'ory vaccines, for example. 

Special problems attend the choice of submolecular immunogens such as 
synthetic peptides. Because each individual in an outbred population carries a 
unique set of MHC molecules, any particular T-ccll epitope is unlikely to be 
recognized by all humans. Therefore, if synthetic peptides or other sub- 
molecular constructs are to be used as vaccines, it will be necessary to ensure. 
that they include at least one T-cell epifope recognized by a class I molecule 
and one recognized by a class II molecule present in most people, ass well as at 
least one B-cell epiknpe that is imrnunodnminanl in a large majority of the 
population and that elicits a protective antibody response. 

Vac'cine Safety and Efficacy 

Ts be acceptable, a vaccine must be both safe and efficacious. Licensing au- 
thorities have become extremely vigilant and have insisted on rigc-)rous safety 
tests since residua! Piwe virulcnt virus in cerJain batches of inactivated vaccines 
caused a number of tragedies in pioneering days. Live attenuated vaccines 
present a different set of challenges that must be met before any particular 
product is released onto the market; these are discussed below. 

Confantina tiwg Viruses 

Because vaccine viruses are grown in cells derived from humans o r  ani- 
mals, there is always a possibility that a vaccine will be contaminated with 
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another virus, derived from those culls or from the medium (especially the 
srrum) in which the cells are cultured. For example, primary monkey kidney 
cell cultures, once widely alsc for the nianufacture of poliovaccines, have, at 
nne time or another, yielded over 75 simian viruses, some oh which are patho- 
genic for humans. This danger has led to a swing away from primary cell 
cultures toward well-characterized continuous cell lines which can be sub- 
jected to comprehensive screening for endogenous agents before being certi- 
fied as safe, then stored frozen for Inany years as seed lots. 

Some excellent human viral vaccines in routine use, such as rubella and 
measles vaccines, produce some symptoms-in effect, a very mild case of the 
disease-in a minority of recipients. Attempts to attenuate virulence further 
by additional passages in cultured cells have been accompanied by a decline 
in the capacity of the virus to repllicate in humans, with a corresponmding loss 
of irnrnunngenicity. Such trivial side effects as do occur with current human 
viral vaccines are of no real consequence and do not prove to be a significant 
disincentive to immunization, provided that parents of vaccinated children 
are adequately informed in advance. 

A different problem occurs in the case of vaccine strains with an inherent 
tendency to revert toward virulence during replication in the recipient. The 
only example in a human vaccine in general usage is oral poliovaccine (OPV). 
Exceedingly rarely (less than once in every million vaccinees), "vaccine- 
associated" poliomyelitis is seen, either in  a congenitally immunodeficient 
haby or, even more rarely, in an unvaccinated parent to whom the virulent 
revertant has spread. For this reason, inactivated paliovaccine is preferred in 
known immunocomprnmised individuals. 

Hca t Lability 

Live vaccines are vulnerable to inactivation by high ambient tempera- 
tures, which presents a particular problem in the tropics. Because most tropi- 
cal countries also have underdeveloped health services, difficulties are en- 
countered in maintaining the "cold chain" horn manufacturer to the point of 
delivery, namely, the child in some remote ruraI village. To some extent the 
problem has been alleviated by the addrlion of stabilizing agents to the vac- 
cines, and by packaging them in freeze-dri'ed form for recc~nstitution imme- 
diately before administration. In other cases simple portable refrigerators 
have been developed and placed in the field. 

Live vaccines cielivered by mouth or nose depend for their efficacy on 
replication in thle enteric and respiratory tract, respectively. Interference can 
occur between different live viruses contained in vaccines delivered via the 
natura) route (e.g., be tw~en  the tliree serotypes of poliovirus in OPV if their 
concentrations are not appropria4iely balanced), or between the vaccine virus 
and itinerant cntcric or respiratory viruses that happen to be growing in the 
vaccinee a t  the time. The latter is the season why OPV is rou'tinelv adminis- 

Further Reading 

Table 13-6 
V16a1 Vaccinps Recommended for Human Use" '' 

Vacclne strain Cell substraf~ Altun~railon 

Yellow fever 
polinmy elilis 
McasIes 
Ru betla 
Mumps 
Rab~es 
influenza 

Hepatihs A 
Hepatitis B 

17D 
Sabin 1,  2, 3 
Schwartz 
U 2 7 / 3  
Jeryl Lynn 
Pastewr 
A/H3N2, B, 

AlHINl 
HM175 
Hepat~tis B 

Chtck embryo -1 

t-IEF. + 
CEF + 
t4EF t 
CEF + 
MEF - 

Ch~ck embryo - 

NEF - 
- - 

Inactivation Routc 

- SuP?c~rtancc~us 
- Oral 
- Subcutaneous 
- Subcut~ncous 
- Subcutantwus 
BPL Intoaniuscular 
RFL or tnrmalin lntramusctrlar 

or HANA" subunits 
Formalrn Intramuscular 
Cloned I-IBsAg Intramuscular 

-- - 

$5 the selection listed A wIse variety of  different viral strams and cell substrates are used in different countnt., 
is not comprehensive. 

h BPL, p-Propinlactone, CEF, chick embryo fibroblast cultures, HEF, d ~ p l o ~ d  stratn of human embryonic fi- 
broblasts; HANA, hemagglutininlneuram~niclase. 
Hepatitis B surface antrgen purified after gene cloning In yeaqt 

tered on three occasions, separated by at least 2 months. Interference is not a 
problem with systemically administered polyvalent vaccines, for example, the 
live measles-mumps-rubella (MMR) vacci ne. 

Characteristics of the major human viral vaccines in general usage around 
the world are set out in Table 13-6. Others are in use against viruses of 
reslricled geographic distribution, such as Japanese encephalitis. There are 
many more vaccines in various stages of development or clinical trial, for 
example, against rotavirus, HIV, several herpesviruses, several respiratory 
viruses, and so on. 

The subjects of vaccinatton policy, passive immunization, and eradication 
of diseases by vacc~nation are discussed in Chapter 15 together with a typical 
schcdule for immunization of infants against common viral diseases (Table 
15-1). Detailed discussion of current immunization practices and/or vaccine 
development prospects for individual viral diseases is provided in  each chap- 
ter of Part I1 of this book. 
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Epidemiology is the study of the determinants, dynamics, and distribution of 
diseases in populations. The risk of jnfection andlor disease in a human 
population is determined by characferistics of the virus, of individual hosts, 
and of the host population, such as innate and acquired resistance, and be- 
havioral, environmental, and ecologic factors that affect virus transmission 
from one person tu another. Epidemiology, which is part of the science of 
population biology, attempts to meld these factors into a unified whole. 

By introducing quantitative measurements of disease trends, epidemiol- 
ogy has come to have a major role in irnprilving our understanding of the 
nature of diseases and in alerting and directing disease control activities. 
Epidemiologic study is also effective in clarifying the role of viruses in the 
etiology of diseases, understanding the interaction of viruses with environ- 
mental determ~nants of disease, determ~ning factors affecting host suscep- 
tibility, unraveling modes of transmission, and testing of vaccines and drugs 
on a large scale. 

Computations and Data Used by Epidemiologists 

Calculations of Rates 

The comparison of disease exp~rience in different populations is expressed 
in the form of rates, the purpose of the multiplier (101~ = 1000, 100,000, 
2,000,000, etc.) being to produce a rate that is a managcable whole number. 
Two rates are widely used: the rn~id~rrrc  rate and the ~ I W U R ~ L ' I I C C  rate; another 
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statistic of importance is the death rate In all cases the denominator (total 
r-rumbcr of persons at risk) may be as  general a s  the total population in a state 
or country or a s  specific as the pop~~lation known to be susceptible or at risk 
(e.g , the number of persons in a spec~fied population who lack an~libodies to 
the virus of interest) In each situation it is imperative to be clear about the 
nature of the denominator-indeed, epjderniology has been called "the sci- 
ence of the denominator.'' AII these rates may be affected by various attributes 
that distinguish one person fro~n another: age, sex, genetic constitution, im- 
mune status, nutrition, and various behavioral parameters. The most widely 
applicable attribute is age, which may encompass, and can therefol-e be con- 
founded by, immune status as well as various physiologic variables. 

The incidence, sr atfnck rate, is a measure of frequency over time, for 
example, monthly or annual incidence, and is especially useful for acute dis- 
eases of short duration. For acute infections three parameters determine the 
incidence of infection (or disease): [he proportion of susceptible persons, the 

Incidence rate = 
Number of cases x 10" 

population at risk in a specified period of time 

proportion of susceptibles that are infected, and the proportion of infected 
persons who suffer disease. The proportion susceptible to a specific virus 
reflects their past history of exposure to that virus and the duration of immu- 
nity The proportion infected during a year or a season may vary considerably, 
depending on factors such as ~urnbea and densily season, and far arbovfrus 
infections the vector population. Of those infected, only some develop overt 
disease. The ratio of clinical to subclinical (inapparent) infections varies great- 
ly with different viruses (see Table 14-1). For exahple, in measles almost 100% 
of infections are clinically apparent, whereas less than 1% of those infected 
with an encephalitogenic arbovirus or with poliovirus develop encephalitis or 
poliomyelitis, respectively. 

The sccondav.y n tfnrk ratr, applied to corn parable relatively closed groups 
like households or classrooms, is a useful measure of the "infectiousness" of 
viruses transmitted by aerosol or droplet spread. It is defined as the number 
rrt persons in contact with 'the primary or i ~ ~ d e x  case who become infected or ill 
within the maximum incubation period, as a percentage of the total number 
c ~ f  susceptible persons exposed to infection. 

I t  is difficult to measure Yhe incidence of chronic diseases, especially 
where the onset is insidious, and for such diseases it  is customary to deter- 
niine the prevalence, that is, the ratio, at a particular point in time, of the 
number of cases currently present in a population divided by the population. 
Prevalence is a snapshot of tlie frequency that prevails at a given time, and it 

Prevalence rate = 
Number of cases Y. 10" at a particular time 

population at risk 

Computations and Data Used by Epidemiologists 235 

is thus a funct~on of both rncidence and duration of the disease. Sr~rq7r~~z~~lcrrct 
relates to the occurrence of antibody to a particular virus in a population, and 
because neutralizing antibodies often last for many years, or even for I~fe, 
seroprevalence rates usually represent the cumulative experience of a popu- 
lation. 

DenEh Rates 

Deaths from a disease can be categorized in two ways: the c~:~ltse-syeri~tc 
mortnlify m f e  (the number of deaths from the disease in a given year, divided 
by the total population at midyear), usually expr'essed per 100,000; or t h e  rasc- 
fatnlity rafe [the percentage of persons with a particular disease who die from 
the disease). 

Terms Used in Epidemiology 

An infectious diskase is characterized as rndentic when there are multiple or 
continuous chains of transmission resulting In continuous occurrence of dis- 
ease in the popuIation of a limited region. Eyidentics arc peaks in disease 
incidence that exceed the endemic baseline or expected rate st disease (Fig. 
14-1). The size of the peak required to constitute an epidemic is arbitrary and 
is related to the background endemic rate, the morbidity rate (frequency of 
illness), and the anxiety that the disease arouses because of its severity; for 
example, a few cases of encephaiitis are regarded as an epidemic, whereas a 
few cases of influenza are not. A pm?dc~.?trc is a worldwide epidemic, such as 
the pandemics caused by the Asian and Hong Kong strains of influenza A 
virus in 1957 and 1968. 

The inrubation period is the interval between infection and the onset of 
symptoms. In many diseases, such as measles and chickenpox, persons be- 
come infectious for others a day or so before lhey become sick themselves. 
Infected persons shed virus and remain infectious for a variable peric~d, the 
period of i?lfectiviSy, which tends to be relatively short in acute infections and i 

much longer in chronic or slow infections, in which virus may be shed in 

Fig. 14-1 Ep~dernic occurrence of respisatrlry syncyt~al v i r ~ ~ s  infections, as .;(%en in the data on 
mtlnthly adrnls3ions to Fa~rfield I-luspitaf for Inf~ct tous Diseases, Melbourne, Australia, ~~~~~~en 
1961 and 1983 Eyidemrrs of varying ~nagnitalde clccur cacl~ w~nte r  (funr lo August), w1tl-r slgn~h- 
canf disease occ~rrrlng mainly in ~nfarits [Data cnurtrsy A A t:urrrs. I: I.rurrs, N I,rhmann, and 
I D Cll5t.J 
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small amounts, even from asymptomatic carrters. for years. Table 14-1 sets out 
tfiese parameters for some ctlrnmcln hu~nan viral diseases. 

Sources of Data 

The collection of accurate data about the occurrence of disease is more difficult 
than the computation of the rates just described. Data on the denominator 
(population) are readily available, but it. is difficult to obtain accurate informa- 
tion on the number of cases. Where such intormation is regarded as essential 
for public health purposes, infectious diseases are made "notifiable" by law, 
so that all cases sh80uld be reported to the relevant public health authority. In 
practice, physicians tend not to be sufficiently conscientious about reporting, 
and in some cases are not even consulted by the patient, To help overcome 
this problem, many public health authorities enlist the assistance of selected 
general practitioners to establish a network of "sentinel practices," and of 
hospital and public health diagnostic laboratories to provide integrated infor- 

Table 14-1 
Ep~demiolog~c Features of Common Human Viral Diseases 

--  

Incubak~on 
Mode of &nodR Period of Clin1caI:sukfinica1 

Diseasc transmission (days) ~nfectivity'' ra tiot 

In f lur~ l~a  Respiratoryd 1-2 Shnrt Moderate 
Common cold Rcsprratory'f 1-3 Short Moderate 
Rrc,nchlolikis Resplratoryd 3-5 Short Moderate 
Dt:ng~~c Mosquito bite 5-8 Shnrt Moderate 
Hcrpcs s~mplex Saliva, sexual 5-8 L.nng Moderate 
Entrroviruses Enter~c, resprratory 6- 12 Long Low 
Folinmyt-l~bs Enteric 5-20 Long Low 
Measlleq Resprratoryd 9-12 Moderate Nigh 
Smallpox Resp~ratory" 12-14 Moderate High 
Chrckt.npox Respiratory" 13-17 Moderate Moderate 
Mumps Respiratorytt, saliva 16-20 Nuderate Moderate 
Rubella Respiratory, congenital 17-20 Moderate Moderate 
Monnnucfcns~s Saliva, parentera! 30-50 Long Low 
f-Pcpatttis A Enteric 15-40 Long Ltrw" 
tJrpaIitts t3 Parcnteral, sexual, 50-150 Very lung Lowr 

perinatall 
Rab~rs Animal bite 30-100 Nil High 
Warts Ct~ntacl, scx~ral 50-150 Long I l ~ g h  
AIDS Scxoal, p r e n  teral, 1-10 years Very long High1 

crrngen~tal 
- - - - - - - 

*' Urit~l hrst appcalancc of prcrdrrsmal symptoms Diagnostrc signs, e . g  , rash or paralysis, may 
not appear until 2-4 days later 
1' Most viral drseascs are highly transmtss~bl~ for a f ew days before symptoms appear, as well as  
aftcr Long, r 1 0  davs; short, < 5  days. 

I-i~gh, >90%, low, <10'%. 
" Arso by contact 
I In l'lirrd World, but moderate in ~ndustrializeti countr~es, where infection usually occurs at  a 
latrr age 
r Eventually, after a lclng ~nrubaton pcnrtd 
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rnation about clinical cases, virus idtntilicatinns, and serology. To disseminate 
information and maintain the interest oh {he practitioners and the labnrato- 
ries, local data on infectious diseases and reports on interesting tindings 
elsewhere in the world are distributed in the form of newsletters, such as the 
Morbidiiy and Mnrfali ty Wcckly Report (MMWR) in the United States, a n d  the 
Weekly Eprdernlologicnl Record of the World Wealth Organization. 

Special arrangements for surveilIance are used in focused campaigns, 
such as those designed to eradicate diseases (see Chapter IS), and public 
healtll authorities, such as the Centers for Disease Control in the United 
States, respond promptly to the occurrence of an unusual outbreak of disease 
by setting up a special "task force" of appropriately experienced epidemiolo- 
gists and micrnbiologists to investigate the problem. In a number of instances 
the first rec'ognition of a new disease or the isolation of a previously unknown 
virus has resulted from such investigations, for example, the disease AIDS 
and Lassa, Marburg, and Norwalk viruses, and in 1993, the pulmonary syn- 
drome hantavirus in the United States. 

Traditional surveillance is based on the reporting of clinical disease. How- 
ever, examination of sera for antibodies gives a more accurate index of the 
prevalence of a particular virus. By defecting antibodies In particular viruses 
in various age groups it is possible to determine how effectively viruses have 
spread, or how long it has been since the last appearance of nonendemic 
viruses. Correlation sf serological tests with clintcal observations also makes it  
possible to determine the ratio of clinical to subclinical infections. 

Seroepideniology is extremely useful in public health operations and 
research. Because of the expense of collecting and properly storing sera, ad- 
vantage is taken of a wide range of sources, such as planned popuiation 
surveys, entrance examinations lor military and other personnel, blood 
banks, hospitals, and public health laboratories. Such sera can be used to 
determine the prevalence of particular infectians, to evaluate eradication and 
immunization programs, and to assess the impact, dynamics, and geographic 
distribution of new, emerging, and reemerging viruses. For example, serologi- 
cal surveys were used to determine the prevalence and geographic distribu- 
tion of hepatitis B and C viruses, Lassa virus, Ebala virus, and the human 
immunodeficiency viruses and, using stored sera, to estimate how long they 
had been present in various populations. It is regrettable that exaggerated 
concerns about the possibility of breaches of privacy have led to the imposi- 
tion of constraints on the use of anonymous stored sera as an epidemiologic 
research resource. 

Molecular Epi8dcrniolopj 

The term molecular epidemiology has been applied to the use of molecu- 
lar biological methods for the epidemiologic investigation of viral diseases. 
Many of the techniques described in Chapter 12 can be used. With DNA 
viruses (e,g., herpes simplex virus), restriction endonuclease mapping can be 
used for the identification of field isolates with a precision that surpasses 
serological methods, whereas oligonucleotide fingerprinting of ribnnuclease 
digests is similarly useful for characterizing RNA viruses. With viruses that 
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have segmented genomes, sucli as rotaviruses, polyacrylarnide gel electro- 
phoresis of genomic l3NA provides vnluab1e supplementati~on to serological 
typing. 'The polymerase chain reaction can be used to amplify very Iow copy 
ne~rnbers of a particular viral DNA or RNA in diagnostic samples prior to 
detection by nucleic acid hybridization. Nucleotide sequencing is used to 
distinguish vaccine strains horn wild strains nf poliovirus and also to deter- 
mine the getjgraphic origins of wild strains of polioviruses and of dengue 
viruses. 

A sc>phisticated application of molecular biology to epidemiology was that 
developed by the Centers for Disease Control to monitor polioviruses in the 
United Skates and subsequently in the project of the Pan American Health 
Organization to eradicate poliomyelitis from the Americas. Kew and col- 
leagues seiecfed a region of the viral genome, involving part of the VP1 open 
readlng frame, which displays numerous differences between the three polio- 
virus serotypes, and then sequenced this region in hundreds of field isolates. 
In this way they were able to deline, within each of the three serotypes, a 
number of "genotypes," arbitrariiy defined as '"a group of polioviruses having 
no more than 15% genomic divergence within the VP1/2A region." 

Like other RNA viruses, polioviruses mutate with high frequency during 
their replication, alth'ough many of the nucleotide subst~tutions are silent 
because they occur in the third base of a codon and are translated into an 
unchanged amino acid. These and other mutations that do  not decrease the 
"fitness" of the genotype accumulate in the genome leading to a process 05 
genetic drift, altowing chains of transmission to be deduced. UnIike the situa- 
tion with influenza viruses, where novel antigenic strains resulting from anti- 
genic drift rapidly spread around the world, genetic drift among polioviruses 
(which is not accompanied by antigenic drift) tends to remain localized to 
particular endemic regions. M'ence the origin uf outbreaks of poliovirus in 
nonendemic countries can be inferred by a study of their gen'otypes. As might 
be expecled, m'ost introductions into Europe in recent years have come from 
the eastern Mediterranean region, whereas every type 1 poliovirus isolated in 
the United States since 1970 was introduced from Mexico (until 1979) or 
Central America (until 1989) However, it  came as  a surprise to find that ihe 
1980- 1981 outbreak among the Palestinian populat~on of the Gaza Strip and 
thc West Bank was traced to a probable importation from the Andean region 
o f  South America. 

Types of Epidemiologic Investigations 

Invesligation of Causation 

Cross-Secf ionnl, Case-Control, and Coho& Strrdies 

Epidemiologic methods used to determine the incidence and prevalence 
of infectious diseases, the relationships between cause and effect, and the 
evaluatic~n of risk factors include the cross-sectioanl stlrdy, the case-corrlrol shtdy, 
and the cdtort sftidy. A cross-sectjonal study can be carried out relatively 
quickly and provides data on the prevalence of particular diseases in the 
population. A case-control study, the most common kind of investigation, 
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starts after the disease has occurred and attempts to icPentify thc cause; i t  is 
thus a rc fr~)s~~ecf i z rc  sfrtdy, going back in time to determine causative evonts. 
AlthougEi i t  does not require the cre,ltion of new data c~r records, a cnse- 
control study does require careful selection of [lie control group, matched to 
the test group so as to avoid bias. The advantages of thc retrospective study 
are that it lends itself to quick analysis, is  relatively inexpensive to carry out, 
and is the only practicable method od irnvestigat~ng rare occurrences. 

In cohort studies, also called pros/~ecl~vtj ~; l f rd ics ,  investigation starts with a 
presumed cause, and a population exposed to the causative virus is followed 
into the future to identify correlated resulting effects This type of study 
requires the creation of new data and records, and careful selection of the 
control group to be as similar as possible tu the exposed group, except for the 
absence of contact with the presumed causative virus. I t  does not lend itself to 
quick results as groups must be followed until disease is observed, which 
makes such studies expensive. However, when cohort studies are successful, 
proof of the cause-effect reEationship is often incnntrovertible. 

Tlie discovery of the causation of congenital defects by rubella virus pro- 
vides examples of both retrospective and prospect~ve studies. Dr. N. M. 
Gliegg, an ophthalmoIogist working in Sydney, Australia, was struck by the 
large number of cases of congenital cataract he saw in 1940-1941, and by 
the fact that many of the children also had cardiac defects. By interviewing the 
mothers he found that the great majority of them had experienced rubella 
early in the related pregnancy. His hypothesis that there was a causative 
relation between maternal rubella and congenital defects quickEy received 
support from other retrospective studies, and prospective studies were then 
organized. Groups of pregnant women were sought who had experienced an 
acute exanthematous disease during pregnancy, and the si~bsequent occur- 
rence of congenital defeclts in their children was compared with that in worn- 
en who had not experienced such infections. Gregg's predictions were con- 
firmed and the parameters defined more precisely. 

Human Volunteer Studies 

Epidemiologic aspects of several specifically human diseases that have 
not been reproduced in other animals have been studied in human volun- 
teers; for example, early work with yellow fever, hepatitis viruses, rhino- 
viruses, and a range of other respiratory viruses involved human volunteer 
studies. Many major discoveries that have led to the control of viral diseases 
were possible only with the use of human volunteers. An absolute requite- 
men€ is that the investigators obtain infc,rmed consent from the subjects or, in 
the case of minors, from their parents. It is essential in such work that careful 
consideration be given to any short- or long-term risks that may be involved, 
including the possibility of transferrin~ other agents that may be present in 
the inoculum as contaminants. 

Proving a Causal Relationship b e h v e ~ n  Virus and Disease 

One of the great landmarks in the scientific study of infectious diseases 
was the development of the Henle-Koch pnstulates of causation. Tliey were 
originally drawn up with bacteria and prvtozaa in mind, not viruses, and 
were revised in 1937 by Rivers, who developed another set ol criteria to cover 
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viruses. With the advent of tissue c111turc for viral diagnosis many new vi- 
ruses were discovered-"viruses in search of djsease"-and Huebner further 
revised the Koch and Rivers postulates. Later the problem arose of determin- 
ing whether viruses were causally involved in various chronic diseases and in 
cancers, a question that is still of major concern to medical virologists. Be- 
cause the relevant disease cannot be reproduced by inoculation of experimen- 
tal animals, scientists have to evaluate the probability of "guilt by associa- 
tion," a difficult procedure that relies on an epidemiologic approach. Two 
tools that are of central importance in assisting the epidemiologist are immu- 
nologic investigations and demonstration of the presence of the viral genome 
in tumor cells by the use of nucleic acid probes or the polymerase chain 
reaction. 

The immunoEogic criteria were first formulated by Evans in an assessment 
of the relationship of Epstein-Barr (EB) virus to infectious mononucleosis, at a 
time when there was no method of isolation of the virus. Subsequently the 
same approach was applied to investigating the role of EB virus in Burkitt's 
lymphoma. A large prospective study carried out on 45,000 children in an 
area of high incidence of Burkitt's lymphoma in Africa showed that (I) EB 
virus inkction preceded development of the tumors by 7-54 months; (2) 
exceptionally high EB virus antibody titers often preceded the appearance of 
tumors; and (3) antibody titers to other viruses were not elevated. In addition, 
it was demonstrated that the EB virus genome is always present in the cells of 
Burkitt's lymphomas in African children, and that a malignant lymphoma can 
be induced in certain primates with EB virus or EB virus-infected lymphocytes 
(see Chapter 11). There is thus a very strong causal association between EB 
virus and Burkitt's lymphoma in African children. 

Vaccine and Drug Trials 

The immunogenicity, potency, safety, and efficacy of vaccines are first studied 
in laboratory animals, followed by small-scale closed trials in normal adults to 
determine safety (Phase 1 trials) and the immune response (Phase 2 trials), 
followed by large-scale field trials in a place where efficacy can be tested 
(Phase 3 trials). Sometimes these trials can be combined. The Phase 3 trials 
employ epidemiologic methods to analyze the results, rather like those of the 
cohort stizdy just described. Perhaps the best-known vaccine trial was the 
famous "Francis field trial" of the Salk inactivated pollovirus vaccine, carried 
out in 1954, but similar trials were necessary for live-virus poliovirus vaccines, 
for yellow fever vaccines before this, and for measles, mumps, and rubella 
vaccines since. There is no alternative way to evaluate new vaccines, and the 
design of field trials has now been developed so that they yield maximum 
information with minimum risk and cost. Even with this system, however, a 
serir>rls problem may be recognized only after a vaccine has passed into com- 
mercial use. Similar consideraticlns apply to trials of new antiviral chemo- 
therapeutic agents (see Chapter 16). 

Another kind of epidemiologic investigation that can provide etiologic 
information and data on the value of vaccines or therapeutic agents is the 
long-term study of a closed population, such as "Junior Village" in Washing- 
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ton, or the long-term family studies that have been carried out in several cities 
in the United States. Because of the present advanced state of diagnostic 
virology, such studies now yield a much greater array of valuable data than 
was possible a few years ago, but they arc very expensive and require long- 
term dedication of both personnel and money. Conducted with careful atten- 
tion to the efhical problems involved, these studies have greatly augmented 
our understanding of viral infections and accelerated progress toward the 
control of several of them. When used for the estimation of the value of 
vaccines or therapeutic agents, long-term population studies have the excep- 
tional advantage that they include aII of the variables occurring in a natural 
population. 

Population studies may also be used for the early detection of the first 
appearance of virus in a region. Such s e ~ t f i ~ r e l  sfudies are widely used fur 
assessing the seasonal prevalence of arbovirus infections; for example, sen- 
tinel chickens are used for the early defection of eastern equine encephalitis 
and St. Louis encephalitis viruses in the southern United States and for the 
detection of Murray Valley encephalitis virus in Australia. 

Mathematical Modeling 

From the time of William Farr, who studied infeclious diseases in the 1 8 4 0 ~ ~  
mathematicians have been interested in "epidemic curves" and secular trends 
in the incidence of infectious diseases. W~th  the development of mathematical 
modeling using the computer there has been a resurgence of interest in the 
dynamics of infectious diseases within populations. Since modeling involves 
predictions about future occurrences of diseases, models carry a degree of 
uncertainty; it is sometimes said that "for every model there is an equal and 
opposite model." However, models are being developed to predict patterns of 
disease transmission, critical population sizes required to support the conlin- 
uous transmission of viruses with short and long incubation periods, the 
dynamics of endemicity oh viruses that establish persistent infection, and the 
important variables in age-dependent v~rai pathogenicity. 

Computer modeling has provided useful insights into ihe effects of differ- 
ent vaccination regimes and different levels of acceptance of vaccination 
against rubella and measles on important crrrnplications of these two diseases, 
 onge genital mbella and subacute sclerosing panencephalitis, respectively. One 
effect of vaccination programs is to raise the average age at which i~nim- 
nunized individuals contract the infectirrns against which that vaccine pro- 
tects. Up to a certain level, increasing herd immunity may actually increase 
the risk in especially vulnerable (older) individuals, by increasing the age of 
first exposure to the virus. Thus, unless the acceptance rate is high, vaccina- 
tion of infants against rubella may paradoxically increase the risk of fh.e most 
important complication of the natural disease, namely, congenital r~~bella. A 
second conclusion from these studies is that because of the cyclic incidence of 
the viral exanthemata, wf Eh intervals between peaks that increase as vaccina- 
tion coverage improves, the evaluation nf vaccination programs that stop 
short of countrywide elimination must be carried out over a prolonged period 
of time. 
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Table 14-2 
Nnn-Arthropod-Hr~rnr. V~ral  Zrlnnoses 

Virus lieservc~~r host M c d ~  ( o f  tran>mrss~on to humans 

fic.rprs B Monkey Anrrnal bile 
Crv.vnrlx Rodents, cats, cattle \ 
M c ~ n  key pox 
Wcudocowpox 
OrC 
Ra b16.s 
Vesicular stornattt~s 
Ehola, Marburg 
Influenza A< 
J-lantaan 
Lymphmytic rhoriomeningitis, 

Junin, Machupr,, Lassa 

Squ~rwl ,  mrrnkcys 1 Contact. through abrasions 
Cattle 
sheep,  gclats J 
Varlous mammals An~mal  bite, scratch, respiratory 
Cattle Contact wrth s e r r e t ~ v n s ~  
7Monkeys Contact; iatrogenic ( inj~ct ion)~ '  
Brrds, prg'i Respiratory 
Rodents Contact with rtdtxnt urine ' 
Rodents Contact wlth rodent urine 

" May also be arthropod-borne 
I' AIso human-to-human spread. 

Usually rnalntalncd by human-to-human spread; zoonottc infections occur only rarely, but reassortants 
bcturcrn human a n d  avlan influenza vlrilses (perhaps a r~s ing  durlng c o t n f ~ c t ~ n n  of plgs) may result in human 
pandemics due  to ant~genjc  shift. 

Vertical Transmission 

The term vertical transmission is usually used to describe infection that is 
transferred from mother to embryc?/fetus/newborn prior to, during, or shortly 
alter parturition, although some authorities prefer to restrict the term to situa- 
t~ons  where infection occurs before birth. Certain retroviruses of birds and 
mammals are vertically transmitted via the integration of proviral DNA direcl- 
Iy into the DNA of the germ line of the fertilized egg. RubelIa virus and 
cytumegalovirus are transmitted to the fetus via the placenta, whereas others, 
such as hcrpes simplex type 2 virus, are transmitted during passage through 
th'e birth canal. Yet others, sucla as hepatitis B virus, may be transmitted 
perinatally or postnatally via saliva, milk, or other secretions. Vertical trans- 
mission of a virus may be lethal to the fetus, and the cause of abortion, or it 
inay be associated with congenital disease or cause congenital abnormalities. 

Mechanisms of Survival of Viruses in Nature 

P~rpetuatinn of a virus in nature depends on the maintenance of serial infec- 
tions, that is, a chain of transmission; the occurrence of disease is neither 
rtquired nor 11ecessariIy advantageous. Indeed, although clinical cases may 
he somewhat more prc~drrctive sources of infectious virus than inapparent 
infecti'ons, the latter are generally more numerous and do not restrict the 
movement of infectious individuals, and thus provide a major mechanism of 
viral dissemination. As our knowledge of the different features of the patho- 
genesis, species susceptibility, rrlutes of transmission, and resistance of vi- 
ruses to the environment has increased, epidemiologists have been able to 
recognize tour different mechanisms (or cycles) by which viruses maintain 
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serial transmission in their host(s): acr~te self-limiting infect~nns, persisterit 
infections, verticaI transmission, and artl~supod transmission. 

Most viruses have a principal mechanism for survival, but i f  this mecha- 
nism is interrupted, for example, by a sudden decline in population of the 
host species due to another disease or a short-term climate change, other 
mechanisms, previously less apparent, may emerge. This should be remem- 
bered when relating the epidemiology of a specific disease to particular rnech- 
anisms of survivaI, as proposed in Table 14-3. 

An appreciation of the mechanisms for viral perpetuation is valuable in 
designing and implementing control programs. For example, knowledge that 
variola virus caused an acute self-limiting infection in which the vast majority 
produced clinical disease, and that it had no animal host, was important in 
the successful eradication of smallpox. 

Acute Self-Limiting Infections 

The majority of human viral infections fall into the category of acute self- 
limiting infections. They lack the survival advantages of persistence, vertical 
transmission, or multiple host species, with or without arthropod transmis- 
sion. Although optimum transmissiibility is crucial, the perpetuation of vi- 
ruses that cause systemic infections with liielong immunity is possible only in 

Table 14-3 
Factors influencing Survival of Viruses in Naturen 

Virus family 

IJnnrouirrdac 
Pnprmnirrdne 
Aderzozrirrdar 
l brpcsvrridae 
Pnxilr rmae 
Plcr~rtlauirirlaf 
Ca1iriz)lrrrine 
E>,ynn~ ridnc 

Example Surv~val  factor 

Human parvovirus Largr population, virus stable 
Human pap~llornaviruses Persistent in ch ron~c  It%ions, vrrrts stahlr 
Human adenoviruses Pers~stent infvction; vlrus stable 
Herpes simplex vjrus Rrsistent infection; recurrent infectlvrty 
Molluscurn contagiosurn virus Persistent in chmnrc lesions, virus stable 
Human enterovir;ses 
Nnrwalk virus 
Rnss Rivrr virus 
Rubulla wrus  

Dengue vtruses 
Human coronaviruses 
Mumps virus 
~ a b i e s  v ~ r u s  
Influsenza A virus 
Rift Valley fever vrrus 
Hantaan vlrus 

Large populat~on; ?an hgentc d r~ f t  
Large populat~on; virus stahle 
Zoonosis; arthropod-borne 
Lirgp population, virus pers~stent aftrr rcrngenrtal 

intcctton 
Large populatlcm", arthropod-borne 
Largo population 
Large population 
Zoonosls, dead-end inlccticoli in l~urnans 
Largt. p ~ j p u l a t ~ r ~ n ,  ant lgcn~c drift and shift 
Zrlorrusis; a1 thri~pcd-horne 
Zoonosis; perststrnt In rodrnts 

Lyrnphocytic chorinmeningitis virus Zocmosts, pcrsi.;knt in mdcnt.; 
Human rotaviru.;cs L.argc population, Tant~genic shift 
Human  nmmunodeficiency virus Persistent, r~gur rcn t  infect~vity; vcrt~cal 

t ra~~smission 

" Unless they produce persistent ~n fec t~ons ,  all nonzoonohc vrruscs rcquirr. Idrgc. R~irnan populatron.i, ptvf,rt- 
"atl(5n is also f,~vnrcd by heat stablility of the vlrron 
" In rural ACtrica, may alstr persist in small human populntlons, as  a ronnotlc drsraw, w ~ l h  mclnkeys as  
reservoir hocts 
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large, relatively dense populations. Viruses that cause superficial rnucosal 
infections with shcart-lived immunity may survive in somewhat smaller popu- 
lations, and  their capacity tr-, survive may be enhanced by antigenic drift (see 
below). 

Several factors contribute tn optimal transmission of viruses. Same relate 
to properties of the virion ifself, others to the extent and nature of shedding 
from thc body, and others to social interactions. Enveloped viruses infecting 
rnucosal surfaces bud from the apical surface of epithelial cells to maximize 
shedding into the outside world. Obviausly, human-to-human transmission 
wilJ be enhanced by shedding of high liters of virus containing a high propor- 
tion of infectious virions. Respiratory viruses tend to be shed over a relatively 
brief period (a few days) ibut are expelIed in high concentration as an aerosol 
generated by explosive sneezing or coughing, thus ensuring transmission to 
close contacts. Entcric viruses are also shed in large numbers but usually for a 
longer period [a week or more) in teces, which may contaminate hands, 
fomites, food, and water. Enveloped respiratory viruses are relatively labile, 
especially during summer or in the tropics year-round. In contrast, most 
enteric viruses are non~nveloped and may survive for several days or weeks 
in water or dust, or on fomites, as may poxviruses, adenoviruses, papilloma- 
viruses, and hepatitis viruses. 

-- 
Seasonality 

Many viral infections show pronounced seasonal variations in incidence. 
In temperate climates, arbovirus infections transmitted by mosquitoes or 
sandflies occur ma~nly during the summer months, when vectors are most 
numerous and active. Infections transmitted by ticks occur most commonly 
during the spring and early summer months. More interesting, but also more 
difficult tc~ explain, are the varia~tions in seasonal incidence of infections in 
which humans are the only host animals. 

7able 14-4 shows the season of maximal incidence of several human respi- 
ratory, enteric, and generalized infections. In temperate climates most respi- 
ratory infections are most prevalent in winter or to a lesser extent in spring or 
autumn.  Annual winter outbreaks of severe respiratory syncytial virus inliec- 
ticrns In infants are a feature of conlnrunlties in temperate climates, the major 
111ipact of each epidemic lasting for only 2 or 3 months (see Fig. 14-1); tpidem- 
ics of inflzrenza also occur almost exclusively in the winter, but they vary 
greatly in extent from year to year (see Fig. 31-23. Many of the exanthernata of 
childhood transniitted by the respiratory route peak in the spring. Among 
enteric vlruses, infections with enteroviruses (like most enteric bacterial infec- 
tions) are maximal in the summer, but caPiciviauses show no regular seasonal 
patterns, rotaviruses tend to be more prevalent In winter. Infections w ~ t h  the 
hcrpesviruses I--ISV, cytornegalovirus, and EB vlrus, which are transmitted by 
inlimate ccmtact with saliva and other bodily secretions, show no  seasonal 
vaolakions in ~ncidence, nor do other sexually transmitted diseases. The pat- 
t e r ~ ~ ~  shown in 'Table 14-4 are found in both the northern and southern hemi- 
spheres Different factors prubably affect seasonality in the tropics, where wet 
and dry sc<Jst,ns tend to replace summer and winter. The peak incidence of 
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Table 14-4 
Season of Maximal 1ncidt.nce of S~eclhcally Human V u a l  Infectionc 111 Tempcmtr Climat~s" 

Nonc In 
Type 01 infection Winter Spring Summer Autumn parhcular 

Respiratory 
Actenc)viruses 
Rhin~1v~ruses 
Influenza 
Coronaviruses t 
R~spiratory syncyt~al virus + 
Para~nfluenza 1 and 2 
Parainfluenza 3 

En teric 
Enternviruses 
Rotaviruses 
Clal~clviruses 

Generabed 
Rubclla 
Measles 
Mumps 
Valicella 
Hepatitis 0 
Herpes simplex 1 and 2 
Cytr)megalovtrus 
Epstein-Barr virus 

* Seasonal~ty is often different in tropical climate?, whre there is l~ttle ttymperature fluctuation 
between summer and winter, but the occurrence of some ~nfecltious discascs 1s influenced by 
"wet" and "dry" seasons. 

measles and chickenpox is late in the dry season, with an abrupt fall when the 
rainy season begins, whereas influenza and rhinovirus infections reach a peak 
during the rainy season. 

Both biological and sociological factors may play a role in these seasonal 
variations. Measles, influenza, and vaccinia viruses survive in air better a t  low 
rather than high humidity, whereas polioviruses, rhinoviruses, and ade- 
noviruses survive better at high humidity A11 survive better, in aerosols, at 
lower temperatures. These situations correspond with conditions prevalent 
during the seasons when infections due to these viruses are most prevalent. It 
has also been suggested that there n a y  be seasonal changes in the suscep- 
tibility of the host, perhaps associated with changes in nasal and oro- 
pharyngeal mucous membranes, such as drying as a result of smoke, central 
heating, or air conditioning. 

SeasonaE differences in social activities may also markedly influence the 
opgortilnities for transmission of viruses, especially by the respiratory route. 
Although experience in the Arctic and Antarctic show that cold weather alone 
is not enough to cause "colds" and other respiratory infections, the crowding 
into restricted areas and ill-ventilated vehicles and buildings that occurs in 
temperate climates in winter promotes the exchange of respiratory vil-uses. In 
places subject to monsoonal rains, the onset of the rains early in summer is 
accompanied by greatly reduced movement of people, both in daily affairs 
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and  to lairs and festivals. Whife this may rerlr~ce the opportunity for exchange 
of viruses with those from other vilPagcs, confinement to smoke-filled huts 
maximizes the opportunity for transfer of respiratory viruses within family 
groups. 

Critical Contmunit?y Size 

l'clc3pulation size and density play a role in perpetuation that depends in 
the main on whether the virus produces acute self-limiting or persistent infec- 
tions. In general, survival of viruses that produce acute self-limiting infections 
requires that the susceptible host population should be large and relatively 
dense. Such viruses may disappear from a population because they exhausl 
the potential supply of susceptible hosts as they acquire immunity to reinfec- 
tion. Persistent viruses, on the other hand, may survive in very small popula- 
tions, solnetimes by spanning generations. Depending on the duration of 
immun~ty and the pattern of virus shedding, the curfrcai rornrnunity size varies 
considerably with different viruses. The principle can be exemplified by two 
common infections of children, measles and chickenpox. 

Measles is a cosrnopditan disease that is characteristic in this respect of 
the generalized viral infections of childhood, like rubella, mumps, and polio- 
rnvel~tis. Persistence of the virus in a community depends on a continuous 
supply of susceptible subjects. With an incubation period of aboul 12 days, 
maximum viral excretion for the next 6 days, and solid immunity to reinfec- 
tion, between 20 and 30 susceptible individuals would need to be infected in 
series to maintain transmission COT a year. Because, for a variety of reasons, 
nothing like such precise one-to-one transmission occurs, many more than 30 
susceptible persons are needed to maintain endemicity. Analyses of the inci- 
dence of measles in large cities and in island communities have shown that a 
population of about 500,000 persons is needed to ensure a large enough 
annual input of new susceptibles, provided by the annual incidence of births, 
to marntain measles indefinitely as an endemic disease. 

Because infection depends on close contact, the duration of epidemics of 
measles is correlated inversely with population density. If a population is 
dispersed over a large area, the rate of spread is reduced and the epidemic 
will last longer, so that the number of susceptible persons needed to maintain 
endemicity is reduced. On the other hand, in such a situation a break in the 
transrn~ssinn cycle is much more likely. If a large proportion of the population 
IS initi,~lly susceptible, the intensity of the epidemic builds very quickly. At- 
tack rates were almost 100% in an epidemic of measJes in southern Greenland 
in 1951, which ran through the entire population in about 40 days before 
r t ~  nning out of susceptnbles and disappearing completely. Such vrrgin-sail ~ p t -  
drrrlrrs In isolated con~munities may have devastating consequences, due rath- 
er to lack of medical care and the disruption of social: life than to a higher level 
of genetic susceptibility or abnormal virulence of the virus. 

The peak age incidence of measles depends o n  local conditions of poguIa- 
tion density and the chance of exposure. In large urban communities, before 
the days of vaccination, epidemics occurred every 2-3 years, exhausting most 
of t l ~ c  currently available s~~sceptihle persons, and epidemics on a cojltinenita] 
scale usrd to occur annually in the United States. Although newborns pro- 
v ~ d e  the input nf susccptibles each year, the age distribution of cases in unvac- 
cinated communities is primarily that ol children just entering school, with a 
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peak of secondary cases (family contacts) ahjut 2 years old The cyclic nature 
of measles outbreaks is determined by several variables, including the build- 
up of sirsceptibles, inlroduction of the virus, and environmental conditions 
that promote viral spread. Both the seasonal~ty of infectivity (Table 14-4 and 
the occurrence of school holidays affect the epidemic pattern. Following the 
widespread introduction of immunization programs the epidrrniology of 
measles has changed dramatically (see Chapter 28). 

Although chickenpox is also an acute exanthema in which infection is 
followed by lifelong immunity to reinfection, il requires a dramatically smaller 
critical community size for indefinite persistence of the disease: less than 
1000, compared with 500.000 for measles. 7his is explained by the fact that 
varicella virus, after being latent for decades, may be reactivated and cause 
zosier (see Chapter 10). Although roster is not as infectious as chickenpox 
itself (secondary attack rates of IS%, compared with 70% for varicella), it can, 
in turn, produce chickenpox in susceptible children and grandchildren. 

Effects of Immunity 

Immunity acquired from prior infection or from vaccination plays a vital 
role in the epidemiology of viral diseases. In most generalized infections, 
acquired immunity, attributable largely to circulating IgG antibody, appears to 
be lifelong. This occurs even in the absence of repeated subclinical infections, 
as evidenced by studies of measles and poliomyelitis in isolated populations. 
In a paper on measles in the Faroe Islands written in 2847, Panurn demon- 
strated that the attack rate was almost 100% among exposed susceptibles, but 
that immunity conferred by an attack of measles experienced during an epi- 
demic 65 years earlier remained solid in spite of no further introduction of the 
virus to the islands in the interim. 

The situation is different with viral infections that are localized to mucosal 
surfaces such as the respiratory tract, slnce mucosal immunity is relatively 
short-lived. A large number of serotypes of rhinoviruses and a few serotypes 
of coronaviruses and enteroviruses can produce srrperficial infections of the 
mucous membrane of the upper respiratory tract. The seemingly endless 
succession of common colds suffered by urban communities reflects a series 
of minor epidemics, each caused by a different serotype of one of these 
viruses. Protection against reinfection is due mainly l o  antibodies in the nasal 
secretions, primarily JgA. Although short-lived type-specific immunity dues 
occur, ithere is no intertypic cross-immunity, hence the convalescent individu- 
al is still susceptible to all other rhinovirusrs and coronaviruses Most persons 
contract between two and four colds each year. 

In urban communities young children appear to be particularly important 
as the persons who introduce rhinoviruses into families, mainly because they 
bring back viruses from school and from n~ighbors' children and partly be- 
cause they often shed larger amounts ot virus than adults. A feature of rhino- 
virus infection that had nnt been observed previously emerged from family 
studies, namely, prolG nged shedding of virus for u p  to 3 weeks, long after the 
acute symptoms have subsided. The epideminlogy of corclnavlruses, another 
important cause of colds, is rather similar; however, there are only a few 
serotypes, and they tend to produce colds in winter, and in adults rather than 
children. 

Epidemiologic observations on isolated human corn mu nlties illustrate tl?c 
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need for a constant supply nf susct~ptlble subjects or antigenically novel viral 
serotypes to maintain respiratory diseases in nature, and the importance of 
repeated (often subclinical) infections in n~aintaining herd immunity. Ex- 
plorers, for example, are notably free of respiratory illness during their so- 
journ in the Arct~c and Antarctica, despite the freezing weakher, hut invariably 
contract severe colds when they again establish contact with other humans. 

Antipi t ic  Drift and Shift 

In influenza, respiratory tract immunity due to JgA selects for mutants 
displaying alntigenlc variation in the hernagglutinin (antigenic drift), leading 
to the emergence o f  new strains thab can infect individuals immune to infec- 
tion with previous strains of that subtype. as discussed in Chapter 4. Anti- 
genic drift may also account for the evolution of the numerous antigenic types 
of rhin'oviruses, enteroviruses, and other viruses that cause s~rperficial infec- 
tions confined largely to mucosal surfaces. 

The more radicaI changes known as antigenic shift, and attributable to 
genetic reassortment in influenza A virus, occur much less frequently but 
constitute a major antigenic change that may cause widespread epidemics in a 
world population with no immunity (Chapters 4 and 31). As genetic reassort- 
ment can also occur in rotaviruses and there are rotaviruses affecting several 
animal hosts, antigen~c shift may also occur with these viruses, although this 
has yet to be demonstrated under naturaI conditions. 

7 Persistent infections 

Persistent viral infections (see Chapter 101, whether or not associated with 
episodes of clinical disease, play an important role in the perpetuation of 
many viruses. infection with members of certain viral families is characteris- 
tically associated with conlinuous or intermittent shedding (Table 14-5). In the 
extreme case, shedding by a persistently infected person can reintroduce 

Table 14-5 
V~ral Infections of Humans Associated with Pers~stent Viral Excretion 

I.!2rn1Iy Specles Comments 

l-l1,rpcc71trtrlnc Epstein-Earr vlrtbs, Intrrmittenl shedd~ng in saliva, g t ~ i t a l  
c-ytom~galov~rus, sccret~r~ns, milk 
tlHV6 

Herpes simplex virkls Recurrent excretion ?n saliva, genital 

types  1 and 2 sec~etions, for years 

Varlcella vlrus Recurs as xustea many years later 

Ado~at~rr~dnr  All adcnoviruscs Inkerm~ttent excrrt~on from thrtwt andlnr feces 
I'nl~~zvzi~rr~dnr BK, JC polyomavirusrs Excreted in urine 
F+tll~d~~li~frrd~a~, I lepat~t~s B vlrus Pvrsistcrut viremra, may occur ~n semen, d i v a  

A t r  A01 arenaviruses In rodents, inlcrmittent sliedd~ng in urine 

Ti~,y~~~trttlnc. Rubella virus Persistent only in cc~ngmitally ~ntected 
children; ~ x c r ~ t e d  In urine 

1 1 r i  t i r p a t ~ t ~ s  C virus Pcrs~stent virem~a; may rjccur in srrnen 

t i  IEuman ~~nrnunttdcficlency Prrsistent viremia, excrettun in genital 
vlruscs sccrctions [or years 
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virus into a population in wflich all members have been burn since the last 
clinically apparent episode of disease (an imm~~nolng~cally naive population.). 
This transrni~si~c~n pattern i s  important for the survival of herpesviruses in 
small populations (see above for varicelJa-zoster). 

Persistence of infection, production r ~ f  dtsease, and transmission of virus 
are not necessarily lmked. Thus persistent arenavirus infect-ions have little 
adverse effects on their rodent reservoir hosts but are transmitted very effi- 
ciently. On the other hand, the persistence of viruses in the central nervous 
system, as with measles virus in subacute sclercssil~g panencephalitis, is of no 
epidemiologic signihcance, since no infectious virus is shed, but the infection 
is ultimately lethal. It is reasonable to postulate that viruses nf families such as 
the M~rpcsuiridne and ReSrovirdae, so well adapted to lifelong persistence and 
transmission within small isolated populations, were among the important 
specifically human viruses found in our horninid ancestors and man the 
hunter-gatherer. 

I Vertical Transmission 
1 

Transmission nf virus from the mother to the embryo, feius, or newborn, as 
described above, can be important in virus survival in nature; all are- 
naviruses, several herpesviruses and retroviruses, and some togaviruses may 
be transmitted in this way (see Table 6-4). Indeed, when the consequence of 
vertical transmission is lifelong persistent infection with continuing or recur- 
rent shedding, as in the case of arenavirus infection of rodents, the long-term 
survival of the virus is assured on both counts. Transmission in the perinatal 
period is also an important mode of transmission for some viruses, notably 
hepatitis B virus, several herpesviruses, and the retroviruses HTLV and HIV. 
Vertical transmission in arthropod vectors is an important mode of perpetua- 
tion of some arthropod-borne viruses. 

Arthropod Transmission 

Arthropod transmission is ecologicaIly the msost complex of the four modes b y  
which viruses are perpetuated. Several arthropod-borne diseases are dis- 
cussed in apprnpriate chapters of Part IF, but it is useful to consider here some 
common features useful in understanding their epidemiology and control. 
Over 500 arboviruses are known, nf which around 80 are capable of infecting 
humans, although only some 20 of thest. cause important diseases (Table 
14-6). A few of the human-pathogenic arboviruses are tick-borne, but most are 
transmitted by insects, mainly mosquitcres and some sand flies (P!~leh~E~)~wits 
spp.) and midges (Culicoidcs spp.). 

Arthropod transmission involves replication of the virus in the arthropod 
vecto'r, which acquires virus by feeding on ithe blood ol a viremic animal or 
person Replication of the ingested virus, initially in the insect gut, and its 
spread to the salivary gland take several days ~(lthe extrirrsrc r~icubatio)? p7riocl); 
the interval vari'es with different viruses and is influenced by ambient tem- 
perature. (The lalri~lsrr. it~culirrliotr ~r~criod is the incubation period in the verte- 
brate host.) Virions In the salivary secretions of the vector are injected Ento 
new vertebrate hosts during blood meals. 
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Nowhere in medicine is the adage "Prevention is better than cure" more 
appcoprrate than in viral diseases, for there IS no effective treatment for mosl 
viral infections whereas there are several methods ltha t may be applicable to 
their prevention or  contaol. The ultimate step, which eliminates the need For 
control, 1s global eradication, which was achieved for smallpox in 1977. With- 
in any cnuntry, control measures operate at various levels. Exotic diseases 
may be excluded by quarantine, a procedure that has more relevance nowa- 
days in veterinary than in human medicine. Hygiene and sanitation are im- 
portant methods of controlling enteric infectinns, and vector control may bc 
usc.ful fur arb-bovirus diseases. However, the most generally useful control 
measure is vaccination. 

Quaran tine 

Originally introduced in the fifteenth century for the control of plague, quar- 
antine nf shipping was used by the English colonists in Nvrth America in 1.647 
to fry to prevent the entry of yellow fever and smallpox. Quarantine proved 
very effective in keeping Australia free of endemic smallpox, and in delaying 
the entry nf pandcmic influenza lnto that country in 1919. However, with the 
onsct o f  air travel and the consequent arrival of passengers before the end of 
the incubation period, quarantine became much less effective. Tt was re- 
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placed, for smallpox, by the widespread requirement that international trav- 
elers had to have a valid certificate of smallpox vacc~nation, but this is no 
longer necessary. Currently, a similar provision operates for travelers who 
come hrom or pass through countries where yellow fever is endern~c. 

Hygiene and Sanitation 

Hygiene and sanitation have had a profound effect on the incidence of enteric 
infections, both viral and bacterial. Viruses that infect the intestinal tract are 
shed in feces, and in many human communities recycling of feces back into 
the mouth following fecal contamination of food or water is common. A more 
voluminous and more fluid output (diarrhea) increases the environmental 
contamination. Hands contaminated at the time of defecation and inade- 
quately washed may transfer viruses directly or indirectly to food, which is a 
particular problem if it occurs among those responsible for the preparation of 
meals to be eaten by others. In many densely populated parts of the world 
there are no reticulated sewerage systems, and sewage may seep into wells, 
streams, or other drinking water supplies, particularly after heavy rains. Ex- 
plosive outbreaks of hepatitis E, poliomyelitis, or gastroenterifis occur from 
time to time even in sewered areas when sewerage mains burst or overflow to 
contaminate drinking water supplies. 

Raw sewage contains lo3-106 infectious virus particles per liter (typically 
103-104 per liter in Western countries), mostly enteroviruses, caficiviruses, 
adenoviruses, and rotaviruses. Titers drop 100-fold (typically to 10-100 pfri 
per liter) following treatment in a modern activated sludge plant, because 
virions adsorb to the solid waste which sediments as sludge. The primary 
sludge is generally subjected to anaerobic digestion, which reduces the titer of 
virus significantly. Some countries require that the treated sludge be inacti- 
vated by pasteurization prior to being discharged into rivers and lakes or 
being utilized as land fill or fertilizer in agriculture. 

In countries where wastewater has to be recycled for drinking and other 
domestic purposes, the treated effluent is further treated by coagulation w ~ t h  
alum or fernc chloride, adsorption with activated carbon, and finally chlorina- 
tion. Evidence that by-products of chlorination are toxic to fish and may be 
carcinogenic for humans has encouraged several countries to turn instead to 
ozonation. Ozone is a very effective oxidative disinfectant, for viruses as well 
as bacteria, provided that most of the organic mattes, to which viruses adsorb, 
is removed first. 

There is also a good case for chemical disinfection of recycled wastewater 
used for nondrinking purposes, such as agricultural irrigation by sprinklers, 
public fountains, and industrial cooling towers, because such procedures dis- 
seminate viruses in aerosols and contaminate vegetables. However, the la- 
bility of viruses to heat, desiccation, and ultraviolet light ensures that the 
virions remaining in wastewater from which most of the solids have been 
removed will be inactivated without intervention within a few weeks or 
months, depending on environmental conditions. Even during a cold ~ ~ o r f h -  
ern winter, the number of viable enternviruses in standing water drops by 
about 1 log per month; during a hot dry summer the rate of decay is as high as 
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indefinitely in a state of peacelul coexistence with vertebrate and invertebrate 
hosts. 

Dlsease occurs when unusual veriebrate hosts become involved. When 
humans live in regions where a particular arbovirus is enzootic they are 
vulnerable to infection, and a proportion of those infected may suffer severe, 
even lethal, disease. Visitors such as tourists, soldit-rs, or forest workers are 
even more vuInerable as, unlike the andigenous population, they wilI not 
have acquired immunity from subclinical infection in childhood. In tropical 
countries where the arthropod v'ector is plentiful year-round, the risk is al- 
ways present and human disease is endemic (e g., jungle yellow fever). In 
regions subject to monsoonal rains, epidemics of mosquito-borne diseases 
may occur toward the end of the wet season, for example, Japanese encepha- 
Iitis in parts of Southeast Asia. In some temperate countries, and particularly 
in arid areas, human epidemics of mosquito-borne arbovirus disease occur 
dollr~wing peri'ods of exceptionally heavy rain 

When arthropods are active, arho~irus~es replicat'e alternately in verte- 
brate and invertebrate hosts. A puzzle that 11as ~on~cerhaed many investigators 
has been to understand what happens to the viruses during the winter 
months in temperate climates, when the arthropod vectors are inactive. An 
impurtant mechanism for overwintering is Ira!zsounrial frunsn2ission from one 
generation of arthropods to the next. With arthropods such as ticks that have 
several larval stages, this is necessarily associated with tmassfadml tvansmis- 
S E B I I .  Transovarial infection occurs in most tick-borne arbovirus infections and 
is often sufficient to ensure survival of the virus independently of a cycle in 
vertebrates; as far as virus survival is concerned, vertebrate infection is only 
important in amplifying the population of infected ticks. 

Transovarial transmission also occurs with some mosquito-borne bun- 
yaviruses and flaviviruses. For example, some bunyaviruses are found in 
high northern latitudes where the mosquito breeding season is too short to 
all180w vrrus s~lrvival by horizontal transmission cycles alone; many of the first 
mosq~~itoes to emerge each summer carry virus as a result of transovarial 
transmission, and the pool of virus 1s rapidly amplified by horizontal trans- 
mission in mosquito-mammal-mosquito cycles. 

Vertical transmission in arthropclds may not explain all atbovirus aver- 
wintering, but other possibilities are still unproved or speculative. For exam- 
ple, hibernating verfebratcs have been thought to play a role in oveminter- 
ing. En coId climates, bats and some small rodents, as well as snakes and 
frogs, hibernate during the winter months. Their Pow body temperature has 
been thought to favor persistent infection, with recrudescent viremia occrar- 
ring when normal body temperature returns in the spring. Although demon- 
strated in the laboratory, this mechanism has nev'pr been proved Yo occur in 
nature. 

Examples of the complexity of the life cycfes of arboviruses are given in 
Chaplmers 25, 26, an'd 33. Many ecologic changes produced by human activitimes 
disturb natural arbr~virus life cycIes and have been incr~minated in the geo- 
graphic spread or increased pre~allenc~e of [he diseases they cause: (1)  popula- 
tion movements and human intrusion into new arthropod habitats, notably 
tropical forests; (2) deforestation, with development of new forest-farmland 
margins and exposure of humdns tc l  new arthropods; (3) irrigation, especially 
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primitive irrigation syslerns, which pay ntl attention to arthropod control; (4) 
uncontrolled urbantzation, with vector populations breeding in accumula- 
tions of water and sewage; (5) increased long-distance air travel, with poten- 
tial for carriage of arthropod vectors and of persons incubating diseases such 
as dengue and yellow fever; (6) new routing of long-distance bird migrati'ons 
brought about 'by new man-made water impoundments. 
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Arthropod transmission provides a way for a virus to cross species bar- 
riers, since the same arthropod may bite birds, reptiles, and mammals that 
rarely or never come into close contact in nature. Vertebrate reservoir hosts 
are usually wild mammals or birds which generally sustain subclinical infec- 
tions. I-Iumans are rarely involved in primary iransmission cycles, although 
urban yellow fever and dengue provide important exceptions to this general- 
ization. 

Transmission of some arbnviruses from one vertebrate host to another can 
also occur by mechanisms not involving an  arthropod at all. Thus, in central 
Europe a variety of small rodents and ticks are reservoir hosts of tick-borne 
encephalitis virus. Goats, cows, and sheep are incidental hosts and are sub- 
clinically infected by tick bites; however, they excrete virus in their milk, and 
newborn animals may be infected by drlnking infected milk. Humans may be 
infected either by being bitten by a tick or by drinking milk from an infected 
goat (Fig. 14-3). 

Although some arboviruses can be maintained by transovarial transmis- 
sion in arthropods, vertebrates represent important amplifier hosts, and the 
typical ~nnrnfenance cycle (enzoofic cycle) of an arbovirus is based on regular 
alternation between the invertebrate and vertebrate hosts. 111 contrast to the 
arthropod, which carries the virus throughout its short life, infected verte- 
brates usually recover rapidly, eliminate the virus, and develop a lasting 
immunity to reinkction. To be an efficient reservoir host, the vertebrate must 
be abundant and have a rapid turnover rate, and after infection it must rnain- 
tain a high level of viremia for an  adequate period. In turn, the invertebrate, 
to be an efficient vector, must have a sufficiently low threshold of infection by 
that virus, must then carry and shed the virus in salivary secretions for life, 
and not be adversely affected by it, and must have a distribution, flight range, 
longevity, and biting habits well adapted to the habits and habitat of its 
principal vertebrate host. Under these circumstances, the virus flourishes 

- -  - -- 

Tick 

I MAN 

Fig. 14-3 Central European tlck-borne flavrvtrus infection Congenital fransmiss~c~n in the tlck 
occurs on a scalp cuffic~ent ta malntaln the vlsus in nature The v~slus IS Iransmittvd by t~cks ko 
many nlhec animals, including cows, goats, and humans f-lurnans can also bccame infected by 
drinking milk from an infected gnat 
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2 logs per week. Hence sforage of the final effluent in a n  oxidative lagoon for 
1 - 2 months is an inexpensive and effeclive way of inactivating viruses. 

Ijygienic measures obviously have less effect on the incidence of respira- 
tory infections, although washing of hands contaminated with respiratory 
secreiinns from a nose or handkerchief is important in minimizing the risk of 
transler of many respiratory viruses. Attempts to achieve "air sanitation" by 
filtration andlor ultraviolet irradiation in public buildings have proved to have 
only a marginal effect, although these measures are an important feature of 
the biosafety cabinets that are widely used in virus laboratories. Respiratory 
viral infections are probably more common now than they have ever been, 
because of growing populations and the constant and extensive movement of 
people witl~ln cities, from rural to urban areas, and internationally. For hu- 
man respiratory viruses, the population ol the worId now consti tiutes a single 
ecosystem, although seasonal differences between the northern and southern 
hemispheres affect the incidence of particular diseases, Iike influenza, at any 
particular firne. 

Vector Con fro1 

Because the control of their vertebrate reservoir liosts is usually difficutt to 
achieve, control of arbovirus infections may be approached by attacking the 
arthropod vectors, minimizing the opportunities for exposure to them, or 
enhancing human resistance by vaccinafion. Approaches to vector control are 
well illustrated by examining the methods advocated by the World Health 
Organization (WHO) with respect to mosquitoes, namely, eIimination of 
breeding sites and destruction of mosquitoes or their larvae. The flight range 
of many vector mosquitoes is so limited that much can be achieved by concen- 
trating on the immediate vicinity of human settlements, particularly in the 
case of anthropophilhc species such as Aedes aegypki. Any still water constitutes 
a potential breeding site. Swamps and ditches can be drained, and water- 
collecting refuse such as discarded tires, tin cans, and plastic containers 
should be destroyed. Larvicidal chemicals are placed in domestic water jars, 
and kerosene or diesel oil layered on the surface of nonpotable water. Biolog- 
ical control nf mosquito larvae by fish or microorganisms, such as certain 
bacterial spares, is likely to be more widely exploited in the future. However, 
the growth of cities in the developing countries, Iargely by the growth of 
irrban slums, has greatly accentuated the difficulties of control of domesti- 
cated Arrics rnosqr~iltoes, which is now less effective than it was 30 years ago. 
For arbovirus infections other than urban dengue and yellow fever the vectors 
breed over too wide a geographic area to make vector control feasible except 
on a local scale, usually in the face of a threatened epidemic. 

'The use of insecticides is a controversial issue, because there are environ- 
mental obj~ctions and mosquitoes eventuaIly develop resistance. Policy 
shc~uld be decided on the basis of a risk-benefit analysis on a situation-by- 
situation basis. Some countries have based the~r  arbovims control programs 
on aerial insecticide spraying, but most retain thts approach for emergency 
control in the w e n t  of an epidemic, aimed at rapid reduction of the adult 
female mosquittr population. Organophosphorus insecticides such as mal- 

Immunization 

athion or Ienitro'Chion are delivered as an ultra-low-volume (short-acting). 
aerosol generat'ed by spray machines mounted on backpacks, trucks, or low- 
flying aircraft. Spraying of the luggage bays and passenger cabins of aircraft 
with insecticides reduces the chances of intercontinental transfer of exotic 
arthropods, whether infected or noninfected. 

Avoidance of exposure to the bite of arthropods is another obvfous pre- 
cautionary measure. Personal protection against mosquito bites can be 
achieved by the use of screens on doors and windows, nets over beds, protec- 
tive clothing, especially at dusk, and repellants. 

Change of Lifestyle 

Certain Iifestyles that have become common in Western countries during the 
last few decades, such as the sharing of needles during the intravenous ad- 
ministration of addictive drugs and promiscuous male homosexuality, are 
associated with increased risks of infection with a variety of agents, notably 
hepatitis B and C viruses and HIV. Observations on the incidence of gonor- 
rhea in developed countries suggest that fear of AIDS has increased the use of 
condoms and somewhat reduced the incidence of promiscuous male homo- 
sexual practices, but in general changes in l~lestyle designed to reduce the 
incidence oh disease are difficult to achieve, as is evident with cigarette smok- 
ing and alcoholism. 

Each of the foregoing methods of control of viral diseases is focused on reduc- 
ing the chances of infecti'on. The most generally effective method ot ccmtrol, 
immunization, is directed primarily at making the individual resistant to in- 
fection, although by reducing the incidence of cases it can also substantially 
reduce the chances of infection. linmunization may be active, that is, induc- 
tion of an immune response by administration of antigen (vaccine), or pas- 
sive, that is, administration of antibody (immune serum or immunoglobulin). 

As outlined in Chapter 13 and discussed at length in the chapters of Part 
11, there are now effective vaccines for many common viral diseases. They are 
especially effective in diseases with a virernic phase, such as poliomyelitis, 
yelluw fever, and th'e acute exanthernata. It hss proved much more difficult to 
immunize effectively against infections of the alimentary or respiratory tracts. 
The dramatic success of vaccination programs in reduanp; the Incidence of 
poliomyelitis, measles, mumps, and rubella in the United States over the 
period 1950 to 1980 is iIlustrated in Rg. 15-3. 

Vaccination Policy 

The principal aim ol vaccination is t c ~  protect the vaccinated individual, all- 
though vaccination on a wide enough scale will also enhance Iierd irrtmrrwi!.y to 
such an extent that transmission can be rcskricted, or even arrested altogether, 
in a given community or country. Even in the case of a dreaded disease such 
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Fig. 15-1 Fall in the incidence of pollomyelit~s, measles, rubella, and mumps  in the United 
States folInw~ng the ~ntroductlon of vaccination against the diseases (arrows). Inactivated pol- 
lnvirrrs vaccine was  rntroduced in 1954, live vaccines In 1963 The other three, far measles 
I~nlroduced ~n 19631, mumps  (1967), and  rubella (1969), are aTl live vaccinrs (Compiled from data 
kindly s;rrpplled by the U.S. Centers for D~sease  Control.) 

as pofiomyeiitis, it is difficult to maintain enthusiasm for a program of univer- 
sal immunization after the disease has become very rare. Consequent compla- 
cency has resulted in a degree of resurgence of poliomyelitis and measles in a 
number of countries with strong immuniza'tion programs. Continuation of 
rout~ne vaccination after the threat of the disease has almost vanished is 
doubly essential because the absence of wild virus in the population has left 
unvaccinated people uniquely susceptible, by removing the protective effect 
of subclinjlcal infections. For these reasons it is essential for all countries to 
niain Bin highly organized and resolute health services, which need to pay 
particular attention to unirnmunized pockets, such as urban ghettos, immi- 
grants, and certain religious minorities. 

Acceptability of a vaccine by a community is governed by a complex 
equation, balancing efficacy against safety, fear of disease against fear of nee- 
dles and side effects, and complacency and inertia against the persuasive 
powers of the health services. If the disease is lethal or debilitating, both the 
people and the vaccine-licensing authorities will accept a risk of even quite 
serious consequences of vaccination in a tiny minority of recipients. If, on the 
other hand, the disease is perceived as trivial, no side effects will be counte- 
nanced. Where more than one satisfactory vaccine is available, considerations 
sucli as cost and ease of administration tip the balance. 

A significant impediment to comprehensive vaccine coverage of the com- 

munity is the unnecessarily complicated jmrnunization schedules officiaIly 
recommended by some government health authorities. Most of the currentIy 
available vaccines, bacterial and viral, are aimed at preventing diseases the 
risks of which are greatest in infancy; hence, these are g1vt.n during the first 6 
months of life for oral poliovaccine {and f n a  diphtheria, pertussis, and tuber- 
culosis) or after maternal antibody has disappeared in the case of the live 
vaccines f'or measles, mumps, and rubella (Table 15-1). Polyvalent vaccines, 
such as that available for measles-mumps-rubella (MMR vaccine), have a 
major practical advantage in minimizing the number of visits that the mother 
must make to the clinic. Characteristics of the major human viral vaccines in 
common use are shown in Table 15-2. Many more are in various stages of de- 
velopment or clinical trial, or are used only in the particular geographic loca- 
tions where such diseases occur (e.g., various arboviral diseases). The vaccines 
used in particular diseases are discussed in the relevant chapters of Part 11. 

Passive Immunization 

Instead of actively immunizing with viral vaccines it is possible to confer 
short-term protection by the intramuscular inoculation of antibody, either as 
immune serum or as immune (serum) globulin. Human immunoglobulin is 

Table 15-1 
Schedules for lmmuni t a t~on  against Human Viral Diseases* 

Live vacclnes 
Follomyelit~s 
Measles 
Rubella 
Mumps  
Yellow fever 

Inactivated vaccines 
Influenza 
Rabies 

Hepatitis A 
Hepatitis B 

Primary roursp 

2, 4, and 15 months'' 
12-15 mon ths  d 

12-15 months" 
12-15 months '  
Before travel to endemic area 

Autumn annually' 
Preexposure: 0, 7, 28 daysf 
Postexposure: 0, 3, 7, 14, 28, 90 daysh 
3 doses bcfore travel to endemic area 
When at risk,' then 1 and 6 months laterf 

Subseauen t doses 

School entry (5 years) 
4-6 years or 11-32 ycars 
1 1  -12 ycars 
11-12 yc3ars 
Boo5ter after 10 years 

Annuaf booster 
Every 2 ycarsv 

Booster aftcr 10 years 
Boostcr aftcr 110 years 

Schedules vary from country to country. T h ~ s  tahlc i s  tn be taktln only as  a g u ~ d r  
1' Two o r  three doses spaced two months apart, ctlmmcsncrng between 2 and 6 months of agtr, 
convenienltIy tnmed to  coincide w ~ t h  dtphtheria-pertussis-tetanus (DPT) vaccine The third dose 
i s  perhaps better delayed to 15 months, a t  thc tlmc of MMR vacclnt-. 

Given shortIy after f ~ r s t  birthday in milst developed countries, .but a t  9 month4 In dcveloplng 
countries where measles death rate is high in the second 6 month4 of 11fc. 

Ustlally a s  c n r n b ~ n ~ d  measles-mumps-rub& (MMA) vaccine 
*' Vulnerable groups nnJy, especially [he aged and clirnnic card~opulmr~nary ~ n v a l ~ d s  
f Vcterinarians, an~rnal  hancile~s, etc 
s I f  in rabies-t*ndemic country or at high risk. 

Plus rabies immune globul~n 
I Currently, vuInerable groups onily, e.g., famlly contact.; and babies of carriers, staff of hcrnrj- 
cdialys~ss unrts, blood banks, labnratnries, hosprbals, instttutir~ns for mcnfally rctnrrird, ctc., Imnlu- 
nnsuppressed persons, drug addicts; hut eventlaalFy all infant..; worldw~dc 

in countrlcs with a high f-iUsAg carrier rate all ~rlf'lnts should he vacc~n,~trd 
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Table 15-2 
V~ral Vaccines Aecornmendrd for Use In HurnansT4 1' 

V~seast. Vaccrnc. stralr~ 

Yellow fcver 17D 
Pcllinrnyeltl~s Sab~n I ,  2, 3 
Measles Schwarz 
Ruhr4la R A2 713 
M u m p  Jcryl L,ynn 
Rabi~s Pastewr 
lnfluenxa A/HINI,  

AIW3N2, B 
tlepatrtis B 

Cell substrate Atfunuallon lnarElvation 

Ch~ck embryo + - 

FIEF t - 

CEF + - 
FIEF + - 
CEF + - 

WEF - BPL 
Chick embryo - EPL, formalin, or 

HANA subun~ts 
Recombindnt DNA in - Nil, IdBsAg 

yeast 

Route 

Subcutaneous 
Oral 
Subcutaneous 
Subcutaneous 
Subcutaneous 
Pn tramuscular 

" A wldc variety of d~fferent v~ra l  strams and rell substrates are used in driferent countries; the selectinn Insted 
is noY comprehcnsjve 
" BPL, 0-Propiolactone; CEF, chlck embryo fibroblast cultureq; HEF, diploid strain an  human embryo fi-  
brr)blasts, HBsAg, hepatitis B surface antigen pubifled after gene cloning in yeast; HANA, mixture of purrficd 
hemagglutinin and nuuramln~dase spikes. 

preferred, because heterologous protein may provoke serum sickness or an- 
aphylaxis. Pooled normal human immunoglobulin contains reasonably high 
titers of an tibody against all the common viruses that cause systemic diseases 
in humans, but specific high-titer immunogIobulin can also be collected from 
individuals known to have recently recovered from a particular infection, for 
example, herpes zoster. Passive immunization should be regarded as an 
emergency procedure for the protection of unirnmunized individcnak exposed 
to special risk; it is an important prophylactic measure against hepatitis A (in 
travelers to developing countries), hepatitis B (in newborn babies of infected 
mothers or in unimmunized laboratory or health workers following a needle 
slick or comparable accident), rabies (folPowing a bite from a potentially rabid 
animal), measles (in uninrnunized close contacts of a patient), om: varicella (to 
protect newborn babies of mothers with chickenpox at the Lime of delivery). 

Specific antibody can aIso occasionally be used as therapy lor an  estab- 
lished viral disease; for example, immune plasma reduc'es the mortality from 
Lassa fever. A wider role for antibody in treatment and postexgosure pro- 
phylaxis is being reexamined in the light of the availability of monoclonal 
antibodies of high specificity and high titer. 

The Expanded lrnrnunizatioru Programme 

In the industrialized countries immunization is carried out reasonably effec- 
tively by the public health authorities and private medical: practitioners. How- 
ever, in Third World countries immunization used to he available only to the 
small wealthy elite; there were neither the health services, the pclEiticaQ will, 
nor the funds to provide for the poor majority. To capitalize on the health 
infrastructure lthat had been developed in Third World countries to support 
the Intensified Smallpox Eradication Programme, the World Health Organiza- 
tion In 2977 establishl~d the Expanded Programme on Immunization (EPI), 
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with the s~ecific ~ n a l  of irnrnunizin~ the world's children a~ainsl  six diseases " " 
for which there were satisfactory vaccines aE that time: diphtheria, measles, 
poliomyelitis, tetanus, tuberculosis, and whooping cough. In 1985 the WHO 
program was greatly strengthened by the participation of the United Nations 
Children's Fund (UNICEF) as the provider of vaccines and augmentation of the 
funding. In 1990 the United Nations organized a World Summit for Children 
which endorsed the goals of the EPI and established the Children's Vaccine 
Inttiative. As well as improving coverage with the present EPI vaccines, which 
is now about 880% overall, it is envisaged that over the next decade several 
additional vaccines may be added to the Programme, in certain cases onIy in 
countries where there is a special risk. These are vaccines tor yellow fever, 
hepatitis A, hepatitis B, and Japanese encephalitis (lor which satisfactory 
vaccines have already been licensed), and rotavirus, respiratory syncytial virus, 
and dengue (for which vaccines are under development), plus the bacterial 
vaccines for pneumococcus, meningococcus, and Naenropkilrrs ~r$'uenzae 8. 

Eradication 

Control, whether by vaccination alone or by vaccination plus the various 
other methods aimed at lessening the chances of infection, is an ongoing 
process, which must be maintained indefinitely. If a disease could be eradi- 
cated, so that the causative agent was n0  longer present anywhere in the 
world, except possibly in microbiological Iy and militarily secure laboratories, 
control of that disease would no Ionger be required. The term eliminatiol-r is 
used for the interruption of transmission within a country or region, a situa- 
tion that does not exclude the importation of infection from outside; erndica- 
tion means elimination from the world. 

So far, global eradication has been achieved for only one disease, small- 
pox, the last naturally occurring case of which was reported in Somalia in 
October 1977. Smallpox eradication was achieved by an intensive effort that 
involved a high level of international cooperation and utiIized a potent and 
very stable vaccine that was easy to administer. However, mass vaccination 
alone could not have achieved eradication of the disease from the densely 
populated tropical countries where it remained endemic in the 19711s, because 
i t  was impossible to achieve the necessary very high level of vaccine coverage. 
The effective strategy was to combine vaccination with surzledlance and confnztr- 
nrelrf, by which cases were actively sought out, isolated, and their contacts 
vaccinated, first in the household and then at increasing d~stances from the 
index case. 

The global smalFpox eradication campaign was a highly cost-effective op- 
eration. The expenditure by the World Health Organization between 1967 and 
1979 was $81 million, to which could be added aboul $32 million in bilateral 
aid conlributions and some $200 million in expenditures by the endemic coun- 
tries involved in the campaign. Against this expenditure of about $313 million 
nver the 11 years of the campaign could be set an nnnual global expenditure of 
about $1000 million for vaccination, airport inspections, etc., made necessary 
by the existence of smallpox. This equation takes no account of the deal hs, 
misery, and costs of smallpox itself, or of the complications of vaccination. 
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-1'Iie achlevemen t of global eradication of smallpox gave rrse to discz~ssions 
as  Lo w h e t h ~ r  any other diseases could be eradicated wc~rldwide. Internation- 
al conferences were hcId to discuss two other v~ral diseases, namely, measles 
and poliomyelitis. The biologicah characteristics of the three diseases that 
affect the ease of eradication are set out in Table 15-3. These diseases share 
several essential characteristics: (I) no animal reservoir, (2) lack of recurrent 
infectivity, (3) one or few stahIe serotypes, and (4) an effective vaccine. How- 
ever, some features that were very important in the eradication of smallpox 
from tsi~pical countries, notably the lack of infectivity in the prodromal stage, 
which made surveillance and containment possible, are lacking in measles, 
whereas I he preponderan'ce of subclinical infections in poliomyelitis renders 
its eradication more difficult. In addition to the biological properties of small- 
pox being particularly favorable, there were strong financial incentives lor the 
industrialized countries to promote the global eradication ot smallpox, be- 
cause of the costs associated with vaccination of international travelers, port 

- inspections, etc. However, in contrast to their limited participation in the 
smallpox eradication campaign, UNICEF and other major sources of intema- 
lional funds have not only provided solid financial support for the EPI since 
1985, but, heartened by the excellent results obtained with the reduction of 
poliomyelitis, have expressed great interest in the eradication of this disease. 

In 1988 the WHO, UNICEF, and some other organizations agreed on joint 
activlty to facilitate immunization against poliomyelitis, and in May 1988 the 
World Health Assembly voted to commit the W H O  to global eradication of 

Table 15-3 
Coniparison of Fiaatur~s Inf luencing the Raslbilihy of Eradication of Mrasles and Pnliornyclitis, 
Cumpared wrth Smallpox, in W h ~ c h  All Fealures Were Favorable 

Smallpox Measles 

Bic~lng'ncal fratures 
Kescrvoir host In w ~ l d l i f e  
rers ls t rn t  infectinn occurs 
N u m b e r  of ~e ro t ypes  
An bgen~cal ly  st,~ble 
Vacc~nr  

Ef fcctrve 
Colcl c l ~ n ~ n  necrssary 

N o  N o  
No Yes" 
1 1 
Yes Yes 

Yes Yesi' 
N o  Yes 

N u ~ n b c r  of doses I 2 
1nft.c-trvity I n  prodromar stage hlo Yes 
Suhrlrnrcal cases (KCLET No No 
F,arly contarnment pnssihle Yes No 

Srrc~nprrl~t ical features 
C o u n t r y - w i ~ i e  clsminatron achieved Yes1 N o  
I.inxncia1 rricenlrvc for assrstance Strong Wca k 
Ri*cords of vaccination mqui red No-scar Yr s 

Pollomyelli tis 

N o  
N o  
3 
Yes 

Yes 
Yes 
4 
Yes 
Yea 
N 0 

Yes" 
Wea kt 
Yes 

AS slrbacute sc1ert)slng pan<.ncephalitis, but  smre  n o  shedding occurs rn this dismse rb rs 
ep~drrn i r~ lag l i ra l ly  rrrclevant 
'' V,3ccination is ineffective i n  the presence, nf m a t ~ r n a l  antibndy 

DrCc)rr. t h r  Intensified Smallpcfx Eradication Frogramme commenced, i n  many  cr~t~nt r ies .  
,' Brfort- global cradical ion prnposed, i n  sevcral countneq 
I But since 1985 consrdcrable he lp  p r o v ~ d e d  by UNICEF, the Wcvrld Bank, and others. 
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poliomyeIitis by the year 21000. Regional off~ces of thc WI-113) have declared 
their aims to reach this goal in their regions eaalicr than th14: the Pan Ameri- 
can Health Organization (PAHO) for the A111ericas by 1990 and the Western 
Pacific Region by 1995. The PAHO program has progressed very well, utilizing 
novel techniques for surveillance (flaccid paralysis notification) and for vac- 
cination (national vaccination days, mopping u p  vaccination around recog- 
nized cases). As this book goes to print, in March 1994, no cases of paralytic 
poliomyelitis due to a wild poliovirus had been ~epolted in the Americas since 
August 1991. 

Because cases become infectious before the subject becomes ill, it is not 
possible to control measles by vaccination supplemented by surveillance and 
containment, but rather only by attaining very high levels of effective irnmu- 
nization, estimated to be 96% in the United States. Such a IeveI is very difli- 
cult to achieve, because it is almost impossible to reach this proportion of the 
population with a vaccine that is Invariably potent. In addition, maternal 
antibody inhibies infection by the standard Schwarz vaccine until some timc 
between 9 and 12 months after birth; hence, vaccination is not recommended 
before the infant is 12 months old. However, in developing countries where 
measles is still a common disease, many infections occur in children aged 9- 
12 months old. I t  has also become apparent that in the United States (and 
presumably in other countries where the basic immunity provided by vaccina- 
tion is not being boosted by later svbclinicaI infections), vaccination in in fancy 
does not provide certain protection throughout Fife. It is therefore recom- 
mended that there should be a booster ~noculation ol vaccine at school entry. 
Elimination of measles could be achieved in countries with a good health 
service and the political will lo do it, but global eradication appears to be a 
distant and, in the face of the increasing world population and the increasing 
poverty of many developing countries, prc~bably an unattainable goal. 
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The hundreds of antibiotics now available to fight bacteria have no activity 
against viruses. The only circumstances in which it may be appropriate to 
prescribe an tibacterial antibiotics in viral infections are as foPlows: (1 3 to prevent 
nr treat serious superinfection of a viral disease (e.g., bacterial pneumonia 
complicating influenza, or Pnrrarrorysfis cnritril in AIDS); car (2) to play safe 
pending the laboratory identification of the etiologicagent in the case of serious 
illnesses where there is real possibility of a bacterial cause, as  in meningitis or 
p~reumonia. Fn general, however, the widespread practice of prescribing anti- 
biotics as a knee-jerk response to any infection is bad medicine. 

Why I~as  our hunt for antiviral agents yielded such a meagre harvest so 
far? The explanation is not Iiard to find. Being obligate intracelluEar parasites, 
viruses are absolutely dependent on the metabolic pathways of the host cell 
fo r  their replication. Hence, most agents that block the replication of viruses 
arp lethal to the cell. In recent years, howsever, we have come to know much 
more about the biochemistry of viral r8ep1icatlon. This has led to a more aatio- 
na2 approach to the search for antiviral chemotherapeutic agents. Two devel- 
opments, the discovery of acyclovir and the production of interferon by re- 
combinant DNA technology, provided the pharmaceutical industry with a 

great boost. The HIV pandemic has accelerated and diversified research in 
an tiviral chemotherapy, and a t  least some an tiviral agents have become stan- 
dard weapons in the armamentarium of clinical practice. 

Strategy for Development of Antiviral Agents 

We now recognize a considerable number of steps in the viral replication cycle 
that represent potential targets for selective attack. Any process that is more 
essential to the replication of the virus than to the survival of the cell is 
theoretically vulnerable. Examples include the following: (1) attachment of 
the virion to its cellular receptor followed by its entry and uncoating; (2) 
transcription by the viral transcriptase from the viral genome to produce viral 
mRNA (or cDNA, in the case of the retroviruses); (3) regulation of the viral 
transcription program by viral regulatory genes; (4) translation of viral mRNA 
in to protein; (5) pos ttranslational cleavage of proteins by virus coded pro- 
teases; (6) replication of viral DNA or RNA by a virus-coded DNA polymerase 
or RNA-dependent RNA polymerase; (7) assernblylmaturation of the virion. 
Table 16-1 provides examples of classes of antiviral agents known to target 
these key steps in the viral replication cycle. Many of the agents are still 
experimental, some still at the stage of laboratory investigation, and others 
are undergoing clinical trial. 

A logical approach to the discovery of new antivira1 chemotherapeut~c 
agents is to isolate or synthesize substances that might be predicted to serve 
as a substrate or as an  inhibitor of a known virus-coded enzyme, such as a 
transcriptase, replicase, or protease. A further refinement of this approach is 
well illustrated by the nucleoside analog acycloguanosine (acyclovir), an in- 
hibitor of the herpesvirus DNA polymerase required for replication of viral 
DNA. Acyclovir is in fact an inactive prodrug which requires another 

Table 16-1 
Targets for Antiviral Chemotherapy 

Process Target 

Attachmentluncoatlng 
Transcriptron o f  vlra! genome 

Ligand nn virton 
Viral transcriptase 

Reverse transcrrptlon 

Rcgzila~tion of transcription 
Processrng of RNA transcr~pts 
Translat~on 

P~)sttranslation~al cleavage 
Replication of DNA 

Replication of RNA 
Assembly of the vir~on 

Rt,verse transcrlptase (RT) 

Regulatory proterns o r  their binding sites 

Viral protease 
Viral DNA poiyrnerase 

V~ral replicase 
Membrane protein (ion channel) 

Agent 

Receptor analogs, dlsoxaril 
Transcriptase inh~bitors, 

antisense olrgonucleotrdes 
Zidovudine," 

nonnuclcosrde RT rnhlbrtors 
FiIV bat lnhrbitors 
Rlbavlrinfl 
Interferons," 

antisense olrgoruuclt~otidcs 
Prot~ase rnhlbitor.; 
Acy~lovir ,~ 

other nucleus~de anaiol;so 
Rcpllcase ~n hrbiltors 
Rimantadine," 

protrase rnhlbrh>rs 

" Already licenstd for human use. 
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herpesvirus-coded enzyme, thymidinc kinase, to phosphorylalte it to its active 
form. Because the viral enzyme occurs only in infected cclls, such prodrugs 
are nontoxic for uninfected ceIls. 

I-lav~ng found an agent which, in its native state or following rnodif~cation 
by a virus-coded enzyme, displays a degree of specificity for a viral enzyme, 
synthet~c pathway, or any other pmcess integral to the viral replication cycle, 
analogs (congeners) of the prototype are then synthesized with a view to 
enhancing activity andlor seIectivily. Now that any viral gene can be cioned 
and expressed by recombinant DNA technology, purified viral enzymes such 
as the reverse transcriptase and the protease of H1V can be assayed directly in 
vitro, in the presence and absence of cnrnpeti tive inhibitors. Techniques such 
as cryoenzymology, X-ray crystallography, and nuclear magnetic resonance 
can be harnessed. to elucidate structure-function relationships. 

X-ray crystalllography has opened up a major new approach to the search 
for antiviral agents. NOW that the ihree-dimensional structure of the whole 
surface of isometric virlons such as picornat7iruses is knawn (see frontispiece), 
it is feasible to characterize the receptor-binding site (the ligand) on the critical 
capsid protein in atomic detail. Complexes of viral proteins with purified cell 
receptors or receptor mimics can be crystallized and examined directly. The 
receptor-binding sit'e on the virion has generally turned out to be a "canyon," 
cleft, or depression on the external surface of the protein. The next step is to 
anaIyze the structure of the viral protein when bound to a compound known 
to neutralize infectivity, thereby confi-wing the identity of the receptor- 
binding site and siippIj%gvital information on the nature of the interaction 
between the two. Further data are provided by mapping the position of the 
particular amino acid residues found to be substituted in resistant mutants of 
virus seIected by growth in the presence of the antiviral compound, or by 
using site-specific mutagenesis to identify which residues are crucial. This 
information can then be exploited to design better synthetic drugs, using 
computer modeling to optimize the lit and the binding energy of the drug- 
virus ~nteraction. Clearly, this exciting new approach lends itself best to the 
development of drugs that act by binding directly to the capsid (or envel'ope) 
of the virion itself, thereby blocking the early steps in the replication cycle, 
namely, attachment, penetration, or uncoafing. 

Another approach has recently emerged from the discovery of regulatory 
gencs in the genome of F-IIV and other viruses. Potentially, the replication of 
such viruses cc~uld be blocked by agents that bind either to the protein prod- 
u'ct caf such a regulatory gene or to the recognition site in the regulatory region 
of lEie viral genome with which that protein normalFy inleracts, su'ch as the 
TAR region to which the product of the HIV Int gene binds. 

T ~ P  critical test of any putative cl~emofherapeufc agent is, of course, 
inhibition of viral replication. In the presence of diluticms of the agent, the 
muItiplication oh suitable indicator viruses in cultured cells is measured by 
reduction in the yield of virions or of some convenient viral marker. Toxicity 
o f  the drug for human celPs may be measured crudely by the cytopathic effect 
(in the absence of virus) or, more sensitively, by reduction in cell plating 
efficiency or cell doubling time. The therapeutic index may be defined as the 
ratio of the minimum cell-toxic dose to min~mum virus-inhibitory dose. In 
general, only those agents displaying a therapeutic index of at least 10 and 
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preferably 100-1000 are worth pursuing furl?,  l r r *  l~terature IS cluttered 
with worthless reports of "antiviral" agents thdt are lethal for cells. Indeed, 
many agents that look promising in cell culture also fall by the wayside at the 
next hurdle, namely, the expertmental animal. 

Before embarking on human clinical trials, the pharmacology and toxicol- 
ogy of the drug must be thoromughly investigaled in experimental animals, 
including primates. Ideally, the drug should be wa ter-soluble, chemically and 
metabolically stable, moderately apolaz, and taken into cells satisfactorily. 
Pharmacokinetic studies, first in animals and then in humans, address such 
questions as the mechanism and rate of absorption following various routes of 
administration, tissue distribution, metabolism, detoxification, and excretion 
of the drug. Tests For acute toxici ty encompass comprehensive clinical surveil- 
lance of all the body systems, biochemical tests (e.g., for liver and kidney 
function), hematol'ogic examination, tests for immunosuppression, and so on. 
Longer term investigations screen for chronic toxicity, allergenicity, muta- 
genicit y, carcinogenicity, and tera togenicity. 

Clinical Application 

Methods of Delivery 

The route of administration of an antiviral agent is a prime consideration in 
assessing its general acceptability. The oral route is naturally by far the most 
convenient for the patient. Nasal drops nr sprays may be acceptable for upper 
respiratory infections but can be irritating, whereas continuous delivery of 
aerosoIs through a face mask or oxygen tent is generally appropriate only for 
very sick hospitalized patients. Topicai preparations (creams, ointments, etc.) 
are satisfactory for superficial infections oh skin, genitalia, or eye, provided 
they are relatively localized; penetration of drugs through the skin can be 
enhanced by mixing with substances such as polyethylene glycol. Parenteral 
administration is the only option in the case of some drugs and may, In any 
case, be required for serious systemic infections; intravenous infus~on of 
course necessitates hospitalization. 

Currently, many experimental drugs have to be used in very high, poten- 
tially toxic concentrations because of poor solubility or poor penetration into 
cells. Delivery of antiviral concentrations of compounds into cells can some- 
iilnes be achieved by incorporating the drug into lipusomes or by conjugating 
it to a hydrophobic membrane anchor. Sophisticated chemistry may also be 
required to modify poterntial antivirals, such as synthetic peptides or oli- 
gonucleotides, which are otherwise rapidly degiraded intra- or extracellularly. 
Jn the future we may also see antiviral drugs conjugated to antiviral antibody, 
or incorporated into liposomes coated with such antibody, to direct them to 
virus-infected cells. 

Strategies to Minimize Emergence of Drug-Resistani Mutants 

It. is already clear that mutants resistant to many of the available antiviral 
drugs readily emerge ZIT aifrt~ and in ruzlcr, especially during long-term therapy 
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of chronic infections and in irnmvnocompromised patients. Often, resistance 
is the resulf of a single point mutation in I l~e  gene encoding the particular viral 
protein that is the target of the drug. Stepwise increases in the degree of 
resistance may occur as further nucleotide substitutions accumulate, often in a 
particular order. Clinical isolates may be tested for drug sensitivily by growth 
in cultured cells in the presence of serial dilutions of the agent. For virus/drug 
combinations where resistance is regularly associated wlth particular muta- 
tions, it may be feasible to develop a PCR that differentiates resistant from 
sensitive isolates without the need for culture; for example, in cases of HIV 
infections treated with zidovudine (AZT), only the criticaI region of the re- 
verse transcriptase gene needs to be sequenced. 

To minimize the emergence of drug-resistant viral mutants we need to 
cap~tafize on the lessons learned in handling the problem of antibisofic resis- 
tance in bacteria. Antiviral agents should be used only when absolutely neces- 
sary, but administered in adequate dosage. Certain lifesaving drugs may need 
to be retained for designated diseases only, and/or as replacement therapy 
following the emergence of resistance to the standard drug. Combined thera- 
py, preferably using agents with disiinct modes of action, minimizes the 
probability of emergence of resistant mutants. Furthermore, by allowing one 
or both drugs to be given in lower dosage, combined therapy can reduce the 
incidence of toxic side effects. In certain instances, particular drug combina- 
tions display synergism, as has been observed when interferon a is combined 
with acyclovir or zidovudine, for example. 

CIinicaI Priorities 

Diseases against which no satisfactory vaccine is available, including those 
with a large number of different etiologic agents, are prime targets f'or anti- 
viral chemotherapy. The common cold is an admirable example on both 
counts, but there are so many serotypes that chemotherapeutic agents, to be 
sufficiently broad spectrum, will need to be directed at molecules (or ligands) 
that am conserved across the genus Rhitzovirus. Other respiratory infections, 
gastroenteritis, hepatitis, and infectious mononucleosis must also be high on 
the list of priorities. Effective chemotherapy is also needed to treat reactiva- 
tion of latent infections such as herpes simplex and zosfer, even though the 
la tent infection itself will not be eliminated. Reactivation of herpesvirus infec- 
tions is a particular problem in irnmunocompromised individuals, su~ch as 
AIDS patients or transplant recipienis. Chronic infections, for example, hepa- 
titis B and C, AIDS, congenital rubella, or cytomegalovints infections, may be 
particularly amenable to antiviral chemotherapy, as might some other Eong 
drawn out diseases of currently unknown etioIogy such as certain cancers, 
autoinimune diseases, and degenerative conditions of the brain, should any 
of these turn out to be of viraI causation. Finally, we must not forget less 
common but lethal viral diseases, such as encephalitis, rabies, and €he hemor- 
rhagic fevers, for which successful chemotherapy would be lifesaving. 

Chernoprophylaxis may also have a role, not onIy in the prevention of 
complications, such as orchitis or meningoencephalitis in mumps, but also in 
limiting the spread of diseases like hepatitis, mononucleosis, influenza,'rnea- 
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sles, or rubella Lo unfnirnunized family co~~tacts.  A speclal case is AIDS, wl~ich 
has such a long incubation period that development of the disease might be 
delayed, or conceivably prevented, by long-term chen~ol~rophylaxis in indi- 
viduals Sound to have seroconverted to F-IIV. 

Interferons 
Ever since their discovery in 1957, the interferons seemed to offer advantages 
that would ensure their future as ideal antiviral agents. They are natural 
cellular products of viral infection and display a broad spectrum of activity 
against essentially all viruses (see Chapters 5, 7, and 8). Early clinical trials 
were conducted with inadequate amounts of semipurified interferons which 
had been produced by treating cultured human leukocytes or fibroblasts with 
a paramyxovirus or with a synthetic double-stranded RNA. However, in 1980 
a major breakthrough was achieved when the gene for a human interferon a 
(IFN-a) was cloned and expressed in Escherichra coli. Since then, the genes for 
all known subtypes of human IFN-a as well as IFN-P and IFN-y have been 
cloned in prokaryotic and/or eukaryofic cells. The yields so obtained are 
vastly greater than those from leukocyte, lymphoblastoid, or fibroblast cul- 
tures, and the cost of production has declined substantially. 

Interferons are not effective by mouth, therefore are injected. IFN-or is 
much more active in vim than IFN-/.3 or IFN-y, probably because the latter do 
not achieve or maintain the required blood levels after intramuscular admlnis- 
tration. Toxic side effects are regularly observed and may be marked with 
doses in excess of 107 units per day, even when highly purified cloned IFN 
subtypes are employed. Fever regularly occurs at high dosage hut lasts only a 
day or so. Severe fatigue is the most debilitating symptom and may be accom- 
panied by malaise, anorexia, rnyalgia, headache, nausea, vomiting, weight 
loss, erythlema and tenderness at the injection site, partial alopecia (revers- 
ible), dry mouth, reversible peripheral sensory neuropathy, or signs referable 
to the central nervous system. Various indicators of myelosuppression (gran- 
wlocytopenia, thrombocytopenia, and Ieukopenia) and abnormal liver func- 
tion tests, both reversible on cessation of therapy, are regularly observed i f  
high-dose interferon administration is prolonged. 

Although the advent of less expensive interferons produced by recombi- 
nant DNA technology made it possible to treat patients with the sort of 
dosage that is required to produce clinically beneficial effects, it must be said 
that the successes are still rather modest. For example, some hrpatitis C 
carriers respond to prolonged treatment with interferon a, but most relapse 
following withdrawal of the drug (Chapter 26). Genital warts have been suc- 
cessfully treated, and juvenile laryngeal papiIlomatosis, a severe condition 
calling for repeated surgical removal following recurrences, can be arreslt~d by 
local injection of inferfemn; however, the tumors reappear when therapy is 
withdrawn (Chapter 18). 

Its the late 1970s reports of the partial regression of several types of can- 
cers foIlowing interferon treatment precipitated a flurry of exci temenf, not 
only In cancer circles, but even on Wall Street, where the stocks of the newly 
emerging recombinant DNA based bintechnology companies skyrocketed 
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overnight. Huwever, subs~quen t nmre carefully controlled trials have given 
much less encouraging results. Only a mir-mority af patients with only certain 
types of cancers, such as hairy cell leukemia and chronic myelocytic leukemia, 
respond favorably to vigorous interferon therapy, with lernpotary remission 
or partial regression. In these situations interfe~ons may be acting not as 
antivirals but as cytokines exerting imrnunomodrrlatory effects. The euphoria 
of the late 1970s has been supplanted by a more cautious, balanced belief that 
interferons, while no panacea, may nevertheless come to occupy a limited 
place in both antiviral and anticancer chemotherapy. The future may lie in 
synergistic combinations of interferons with other types of antiviral or anti- 
cancer agents. 

Inhibitors of Viral DNA Polymerase 

Many of the successful antiviral agents described to date are nucleoside ana- 
logs, most of which are restricted in their antiviral activity to €he herpesviruses. 
The early prototypes, such as adenine arabinoside, were rlelativelly undis- 
crirnlnating inhibitors of both cellular and viral DNA synthesis which pro- 
duced toxic side effects, directed especialIy at dividing cells in the bone mar- 
row and gastrointestinal tract. 

Acycloguanosine IA~ycPovir) and Homologs 

A major breakthrough in antiviral chemotherapy occurred in 1977 when Elion 
and coIleagues developed a prodrug that depends on a viral enzyme to con- 
vert it to its active form. Acycloguanosine, now commonly known as acy- 
clovir, 1s a guanine derivative with an acyclic side chain, the full chemical 
name being 9-(2-hydroxyethoxyrnethy1)guanine (Fig. 16-1). Its unique advan- 
tage over earlier nucleoside derivatives IS that the herpesvirus-encaded en- 
zyme, thymidine kinase (TK), which has broader specificity than cellular TK, 
is required to phosphorylate acycloguanosine intraccllularly to acycloguano- 
sine monophosphate (ACG-P); a cellular GMP kinase then completes the 
phosphorylation to the active agent, acycloguannsine triphospha te (ACG- 
PPP) (Fig. 16-2) Further, ACG-PPP inhibits the herpesvirus-encoded DNA 
polymerase at least 10 times more effectively than it does cellular DNA poly- 
mcraqe a .  It acts as both inhibitor and substrate of the vjral enzyme, cnmpet- 
ing with GTP and being incorporated into DNA, leading to chain termination 
because acyclovir lacks the 3'-hydroxyl group required for chain elongation. 
Since activation of the prodrug needs the viral TK, acyclovir is essentially non- 
toxic to uninfected cells but is powerfully inhibitory lo viral DNA synthesis in 
infected cells, giving it much greater selectivity than the earlier nucleoside 
analogs. 

Herpes simplex viruses types 1 and 2 ([HSV-1 and -2) are both very suscep- 
tible to acyclovir; varicella-zosker virus (VZV) is susceptible at somewhat 
higher concentrations of the drug. Other human herpesviruses, which do not 
possess a gene coding for TK, are susceptible to acycloguanosine only at 
much greater doses; this results from limited production of ACG-P by ceIlular 
GMP kinase The relative sensitivity of different herpesviruses seems to de- 
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Fig. 16-1 Some antiviral chcmt~therapeutic a g ~ n t s  

pend on a rather cornpIex interpnay of at least three variables: (1) the efficiency 
of the virus-coded TK (if any) in converting acyclovir to ACG-P; (2) the efti- 
ciency of cellular killvases in converting this intermediate to ACG-PPP; and (3) 
the susceptibility of the viral DNA polymerase to ACG-PPP. The use of acy- 
clovir for treatment of various herpesvirus diseases is discussed in Chay- 
ter 20. 

Acyclovir (Zovirax) may be delivered orally, by slow in travennus inhsion, 
or top~cally as an aqueous cream. As anticipated from 111 vtfrn studies, the 
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ACYCCCGlJANOSlNE ("ACYCLOVIR) 
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lnh~bits viral DNA polymerase thus blocks synthes~s ol vlral DNA 

Fig. 16-2 Mcclian~sm of inhibition of herpesvirus replication by arycloguanosine. 

drug is essentially nontoxic Acyclovir levels must be carefulIy monitored in 
patients with dmehydration or renal impairment, as the drug, which is excreted 
unchanged tl~rough the kidneys, is rather insoluble, and crystalluria may 
occur. 

Acyclovir-resistant mutants of HSV can be recovered in vivo and in cell 
culture. The mutation is usually located in the gene coding for the viral thy- 
midine kinase, but more rarely is seen In the DNA polymerase gene. There 
are two kinds of TK mutants: (1) those failing to produce appreciable levels of 
TK and (2) those in which the enzyme is produced but has an altered sub- 
strate specificity such that it can no longer satisfactorily phosphorylate 
acyclovir. The former [TK- mutants), the most common, may contain a muta- 
tion, deletion, or insertion leading to premature termination of translation or 
the production of a nonfunctional enzyme, whereas the latter (TKa mutants) 
restllt from a point mutation causing a more subtle alteration in substrate 
specificity so  that the enzyme no longer phosphorylates acyclovir. The TK- 
mutants, while able to establish latent infection of ganglia, have a reduced 
ability to reactivate but can still induce severe disease in immunocompro- 
mised hosts. 

Certain derivatives of acyclovir display greater activity againsl vaci,cella- 
zoster andlor herpes simplex virus, in cultured cells and mice. Clinical inves- 
tigations have begun on a number of such analogs. For example, valaciclovir 
is better absorbed oralIy than is acyclovir, and is rapidly converted to acyclovir 
in  viva. The TK- mutants resistant to acycIovir often dispIay cross-resistance 
to related nucleoside analogs. 

G a  nciclovir 

A derivative of acyclovir, 9-(1,3-dihydroxy-2-propoxy)methyl~anine (DHPG), 
known as ganciclovir (Fig. 16-11, is the first drug to offer satisfactory therapy 
for cytomegalovirus (CMV) infections. CMV encodes an enzyme, not yet 
characterized, which phosphorylates ganciclovir to the monophosphate; fur- 
ther phosphorylation by cellular kinases yields the active friphosphate, which 
inhibits the viral DNA polymerase. Resistance in some mutants maps to the 
phosphorylation gene, in others to the DNA polymerase gene. 

Ganciclovir has been used principally to treat severe CMV infections such 
as refinitis, colitis, and pneumonia in AIDS patients and in transplanl P .tip- 
ients. It is noit effective hy mouth. Given intravenously for some weeks, gan- 
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ciclovir may produce a temporary remission in a proportion o f  cases, but 
unfortunately the condition generally recurs following ~ t s  withdrawal. The 
drug is very toxic, severe neutropenia and ~hrornbocytoponia being common 
side effects, so this compound should be rcscrved for life-threatening CMV 
infections in immunocompr~mised ~nd~viduals.  

I Ri bavirin 

A rather different nucleoside analog, 1-P-a-ribofuranosyl-I,2,4-triaznle-3- 
carboxamide, known as ribavirin (Fig. 16-1)" was first synthesized in 3972. 
Despite extensive investigation, E L  has still not been licensed for general use in 
many countries because of unpersuasive evidence of antiviral activity in h u -  
mans as well as indications of toxicity. At first sigh t, the drug would appear to 
have potentia1, as it inhibits the growth of a wide spectrrlm of RNA and DNA 
viruses in cultured cells and experimental animals, by what appears to be a 
multipoint mechanism of action. However, this early promise has not been 
matched by a comparable degree of efficacy in humans. Further, following 
oral administration at the usual dosage of about 1 gram per day, a substantial 
minority of recipients develop a reversible anemia with increased reticulocyte 
numbers and elevated serum bilirubin levels, while immunosuppressive and 
teratogenic effects have been demonstrated ia i  animals. The fact that ribavirin 
monophosphate inhibits the cellular enzyme JIMP dehydrogenase, decreasing 
the pod of GTP, as well as inhibiting guanylyltrans4erase-mediated 5'-cap- 
ping of mRNA, suggest that it may be acting on cellular pathways that are 
somewhat more critical to the virus than to the cel1. 

Oral or intravenous ribavirin has been claimed to reduce mortality from 

~ infections with the exotic Lassa and Hantaan viruses. Ribavirin has also found 
a niche in the treatment of severe respiratory syncytial viral infections in 
Infants when delivered as an aerosol; a nebulizer is required to generate a 
small-particle aerosol which is then administered via a mask or oxygen tent 
for 3-6 days. The value of ribavirin aerosol in the management of severe 
influenza and parainfluensa infections has yet to be establ~shed. 

I Trisodium Phosphonoformate IPFA, FoscarnetD 

The search for inhibitors of enzymes that catalyze the transcription or replica- 
tion of viral DNA or RNA need not be restricted to the nucleoside analogs. FOP. 
example, txisodium phosphonoformate, known also as phosph~noformi~c acid 
(PFA) or foscarnet (Fig. 26-I), inhibits the DNA polymerase of herpesviruses 
and hepatitis €3, as well as the reverse transcriptase of HIV, by blocking the 
pyrophosphate binding site on the enzyme. Resistance maps to the DNA 
polymerase gene. Foscarnet in the form a cream has been claimed to acceler- 
ate healing of recurrent facial or genital herpes lesions, and given systemically 
it can halt the progression of cytornegalovirus infections in irnmu- 
nocornpromised patients. The drug also displays some activity against hepati- 
tis B and HIV it1 viz~o. 

Although foscarnet displays some selectivity in that it inhibits cellular 
DNA polymerase (Y only at higher concentrations than required to inhibit viral 
DNA polymerase, it accumulates in bone and is too toxic for the kidneys to be 
advocated for infections that are n'ot life-threatening. 
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Inhibitors of Reverse Transcriptase 

Zidovudine and Homologs 

The advent of AlDS and of human cancers caused by other retroviruses quick- 
ened interest in the search for ~nhibitclrs uf the crucial retroviral enzyme, 
reverse transcriptase (RT). Reverse transcriptase 1s a complex molecule carry- 
ing at least Four different enzyme artivlties: reverse transcriptase, DNA poly- 
merase, ribonuclease H, and ribonuclease D. The first compound to display 
slrff~cient antiviral activity in rlizm to be licensed for human use was 
3'-azido-2',3'-dideoxythymid~ne, ofhenvise known as azidothymidine, AZT, 
or zidovudine (Fig. 26-1). 

AZT is phosphorylated by cellular kinases to AZT triphosphate (AZT- 
PPP), which exerts its antiviral eftect against HIV by the follrawimg mecha- 
nisms. AZT-PIT inhibits HIV reverse transcriptase, being accepted by the 

- enzyme in preference to TTP. AZT-PPP binds to RT approximately 100 times 
more efficiently than it does lo the cellular DNA polymerase or. AZT-PPP is 
incorporated into the growing HIV DNA cham, Leading to premature chain 
termination. Jn addition, AZT monophosphate (AZT-P) competes suc- 
cessfully for the enzyme thymidylate Rinase, resulting in depletion ot the 
intracellular p o d  of TTF. Clearly, since the MIV provirus persists indefinitely 
in nundividing cells, it cannot possibly be expected that zidovudine adminis- 
tered to already infected people could do more than suppress replication; it 
could never eliminate the viral genome from the body. 

Zidovudine is rapidly absorbed following oral administration and rather 
rapidly metabolized by hepatic gllucuronldation (half-life about 1 hour) so that 
the drug needs to be given 2 or 3 times daily. Very ill hospitalized patients 
may be treated by continuous intravenous infusion. Side effects of zidovudine 
are frequent. The n~ost  important result lrom the toxicity of the drug for bone 
marrow, namely, macrocytic anemia (often requiring red cell transfusions) 
and granuEocytopenia (neutropenia). Headache, nausea, and insomnia are 
common, and many patients develop a myopathy resulting in (reversible) 
wasting of proximal muscle groups. Severe side effects may demand suspen- 
sion of treatment, reduction in the daily dosage, combined therapy with 
another nucleoside analog or interferon a or another cytokine displaying 
synergism, or replacement or alternation with another drug. 

Early clinical trials in 1986 indicated that after several weeks of treatment 
with zidovudine advanced AIDS patients survived longer, experienced fewer 
and less severe opportunistic infections, temporarily regained helper T cells 
and DTH capability, displayed reduced levels of HIV core antigen (p24) in the 
blood, and generally deEt better, as measured on the Karnofsky scale of well- 
being. However, progress of the disease is not arrested, and life expectancy is 
gencrally extended for only a year or two. The tendency now is to institute 
therapy much earlier, even prophylactically in seropositive individuals before 
symptoms become apparent, with a view to continuing medication for life. 
This raises maj~lr probIcms of (1) long-term toxicity and (2) emergence af 
drug-resistan t mutants. 

Resistance to zidovud ine arises regardless of the regime employed. Muta- 
kiorrs tend to occur in particular codons af the R'T gene, resistance increasing 
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as mutations accumulate over many months. Following withdrawal of the 
drug, AZT-resistant mutants tend to be replaced by susceptible virr~s. Cloned 
wild-type and mutant RT can be used to measure the bindlng affinity of 
various drugs, whiIe the recent elucidation ol the structure of RT by X-ray 
crystallography should enable further inhibitors to be designed Io act not only 
against the RT domain but also against the ribonuclease H and other domains 
of the enzyrne complex 

Other dideoxynucleosides, such as dideoxycytldine (ddC) and dideox- 
yinosine (ddI), do not show cross-resistance with AZT, nor do several differ- 
ent types of nonnucleoside inhibitors, such as the "TIBO" compounds that 
block WTV RT activities in different ways. Hence, the probability of emergence 
of drug resistance can be minimized by (1) combined chemotherapy or (2) 
alternating courses of different drugs, for example, AZT with ddC or inter- 
feron a. This regimen also alleviates the problem that the principal serious 
side effect of prolonged AZT usage is bone marrow toxicity, whereas ddI and 
ddC tend rather to cause peripheral neuropathy. Further details about the 
chernoprophylaxis and chemotherapy of AlDS with AZT and other drugs are 
given in Chapter 35. 

Ion Channel Blockers 

Some 30 years ago a simple three-ringed symmetrical amine known as T-arni- 
noadamantane hydrochloride, or more commonly as amantadine, was syn- 
thesized and shown to inhibit the replication of influenza A viruses. The 
principal target of amantadine is now recognized fo be the protein M2, which 
is a minor component of the influenza viral envelope that is thought to play a 
key role in stabilizing the viral hemagglutinin (HA). M2 forms a tetrameric 
transrnernbrane ion channel which serves to reduce the transmembrane pH 
gradient in acidic endosomes. Such endosomes are involved both in the un- 
coating of the incoming virion and in the transport of newly synthesized HA 
from the trans-GoPgi cisternae to the plasma membrane. Amantadine acts at 
these two distinct steps in the replication cycle as an ion channel blocker. 
First, by raising the pH of the endosr>me, amantadine prevents the pH 5-me- 
diated canformational change in the HA molecule required for fusion of viral 
envelope with endosomal membrane to rtlease lhe ribonucleoprotein of the 
infecting virion. Later in the replication cycle, by disturbing the ionic environ- 
ment within the exocytic pathway, amantadine prevents the assumption of 
tlie correct conformation of newly synthesized HA destined for incorporation 
into the envelope of budding virions. 

Therapeutically, amanladine is only marginally elfective against influenza 
A virus (and not at all against influenza B), but it has been reported to reduce 
Ihe severity of symptoms in about 5070 of cases i f  given early. Administered 
prnphylactically, however, it can reduce the incidence of clinicaI influenza 
quite significantly (50-90% in various trials). Because, in practice, this cle- 
mands the ingestion of 200 nag daily for 1-2 months from the commencement 
of an  influenza epidemic in the commi~njty, it 13 important to consider the 
pclssible complications of such a prolonged che~noyrr)phylactic regime. 

Sidc effects commonly occur with amantadine. They rclate mainly to the  
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central nervous system (loss of concentration, insomnia, nervousness, light- 
headcdness, drowsiness, anxiety, confusion') but are generally reversible and 
mild, unless the recommended dose is exceeded or the patient has a history of 
mental iIiness or renal disease. 

Rirnaxitadlne, or cc-methyl-I-adamantane-methylamine hydrochloride (Eig. 
16-I), is a very similar drug which has been extensively used in Russia for 
several years. Because side effects are less frequent and less severe than with 
amantadine and efficacy IS at least as good, rimantadine appears to be the 
drug of choice. Like arnantadine, rimantadine is given orally, but either drug 
can be delivered to hospitalized patients by aerosol spray, perhaps in conjunc- 
tion with ribavirin. A major potential problem is that resistant mutants arise 
rapidly to amantadine and rimantadine and are transmissible to contacts. As 
expected the mutants contain amino acid substitutions in M2. 

Although these compounds a re relatively specific for influenza A virus, 
tliey may represent the prototype of a class of compounds that may be found 
to act as ion channel blockers against many other viruses with similar Eow M, 
I-tydrophobic transmembrane proteins, such as the vpu protein of HIV, the 1A 
protein of respiratory syncytial virus, or the LMP protein of Epstein-Barr 
virus. 

Blocking Attachment or Uncoating of Virion 

One theoretical option for antiviral therapy is to inhibit the very first step in 
the viral repIication cycle, namely, attachment of the virion to its specific 
receptor on the plasma membrane of the host cell. This could be accomplished 
by strbstances designed to mimic either the celI receptor or the viral ligand. 
For example, attachment of HIV to its receptor (CQ4) can be blocked by 
st~luble CU4 (which binds to the virion) or by a synt'helic peptide correspond- 
ing to the ligand on the MIV envelope glycoprotein gp120 (which binds to the 
cell receptor). A major problem with ligand mimics is that, by saturating the 
cell receptor, they will presumably interfere with the normal physiologic func- 
tion of that membrane glycoprotein. Receptor mimics may be safe but would 
need to be demonstrated not to elicit an autoimmune response. 

X-Ray crystallography has provided detailed information on the binding 
site of a wide range of an tiviral agents that block uncoating of picornaviruses. 
Man): of the studies to date have used human rhinovirus type 14 (HRV-14) as 
a model. Most of the drugs, in spite of their diversity of chemical structure, 
bind to the same site on IJRV-14, namely, a hydrophobic pocket which lies 
immediately beneath the floor of the canyon that comprises the ligand 
(receptor-binding site) on the viral capsid protein VP1. Hydrophobic interac- 
tions result in deformation of the canyon floor which may inhibmt attachment 
of the virion to its cell receptor but, more importantly, inhibits uncoating of 
the virion. This is thought to occur by locking VPL into a position that pre- 
vents the disassembly of the virion which normally occurs in the acidic envi- 
runrnent of the endosome. When administered prophylactically, but not ther- 
apeutically, some such antivlrals have been claimed to reduce the symptoms 
of the common colds induced by certain sensitive rhinovirus serofypes but 
no1 others. While this is just a start, it does engender some optimism that this 
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new approach to antiviral drug design may eventually provide us with an 
answer tu the question most commonly addressed to virologists, namely, 
"when will you produce a cure for the common coId?" 

Similar research based on a combination of X-ray crystallography and 
computer modeling is currently being directed at the influenza viruses. The 
three-dimensjonal structure of both envelope glycoproteins is known. 
Sialyloligosaccharides mimicking the receptor for the viral hernagglutinin 
might be expected to block attachment of virion lo host cell, whereas com- 
pounds binding the enzyme active site of the viral neuraminidase might in- 
hibit release of new virions from intected cells. 

Inhibitors of Viral Proteases 

Cleavage of viral proteins by proteinases (proteases) is required at several 
stages in the viral replication cycle: activation of some viral enzymes, post- 
translational cleavage ot the polyprotein product of polyci~troni~c mRNA, acti- 
vation of envelope fusion glycoproteins, and maturation of the virion. As 
many of the proteases ape virus-coded, it should be possible to find or devise 
agents \hat specifically inhibit the viral protea.se without interfering with es- 
sential cellular proteases. The three-dimensional structure of the HlV aspartyl 
protease has been solved by X-ray crystallography, and several pharrnaceuti- 
cal companies are competing to produce different types of protease inhibitors, 
some of which are already undergoing clinical trials. One approach has been 
to synthesize pep1 ides corresponding to the sequence nn the pg-pol polypro- 
tein that represents the cleavage site for the WIV protease; such peptides, or 
close analogs of the native sequence, bmind to the active site of the enzyme and 
inhibit its activity. Unfortunately, they are often of low solubility, have low 
oral bioavailabitity, and are rapidly degraded in serum. Henc,e, following the 
precedent of the very effective class of oral antihypertensive drugs that inhibit 
the protease, angiotensin-converting enzyme, attempts are being made to 
produce a stable molecule that mimics the conformation of the peptide but 
without amide bonds, 

Virus-Specific Oligonucleotides 

Theoretically, short synthetic "antisense" oligodeoxynucleotides, comgle- 
mlentary in sequence to viral mRNA, might be able to inhibit viral gene ex- 
pression. For example, hybridization to viral mRNA might prevent the spl~c- 
ing, transport, or translation of that mRNA, or render it susceptible to 
degradation by RNase W. On the ofhes hand, hybridization to viral DNA or 
cDNA might. block transcription or repiication, or block the attachment of 
DNA-binding regulatory proteins. Short single-stranded DNA sequences of 
this sort have displayed antiviral activity against HIV, HSV, and influenza 
viruses in cultured cells, but there are major problems with the specificity, 
stability, and uplake of oligodeoxynucleotides. Statistically, the genome of the 
average human contains nn sequence precisely complementary to any ran- 
dom olfgoni~cleotide of 18 or more bases. In practice, however, significant 
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binding occurs even i f  there are  one or two mismatches, a n d  nt~nspecific 
binding in proteins has also been dcrnor~sfrated. Moaenver, oligr~nucleotides 
are rapidly degraded by e~trac~ellular and intaacellular nucleases unless the 
backbone of the molecule is modified to circumvent this prcrblem. Third, the 
i~ptake of oligonucleotides into cells is very in'efficient; attempts are 'beins 
made Yo facilitate entry, for example, by coupling to a hydrophobic peptidt or 
lipid. 

An avant-garde variation on this theme is to produce transgenic plants or 
animals that constiYutively make antisense RNA nr a ribozyme (RNA with 
.RNase activity specific far a particular nucleotide sequence). Some such trans- 
genic plants and animals dispIay resistance to the virus in question. Clearly, 
transgenic humans are a fantasy, but the current commercial interest in creat- 
ing plants a n d  animals that are resistant to microbial disease may well benedit 
research on antisense oligonuclentides as antiviral agents in humans. 

Inhibitors of Regulatory Proteins 

The majority nf the genes of HJV are regulatory genes, the sole or principal 
function of which is to cnntruE the expression of other genes. For example, the 
protein product of the fnf gene binds tu a specific responsive element called 
TAR which is present in both the integrated HIV cDNA and all HJV mRNAs. 
This results in augmentation of the expression of all the HIV genes, including 
Snf itself, thereby constitoting a positive feedback loop that enables production 
nf large numbers of progeny virions. Clearly, an agent capable of binding 
either tn the Tat protein or to €he TAW nucleotide sequence would be expected 
tu be a most effective inhibitor of HIV replication. Several such agents have 
been dtmlonstrated to reduce HIV production fr'orn chronically infected cells 
in culturc~, and the least toxic of them seem likely to undergo clinical triais in 
the near future. On the reasonable assumption that many or most other 
viruses will be found to carry regviatory genes, this novel approach to anti- 
viral chemotherapy has considerable appeal. 
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The smallest of all human viruses, the Pnrzlc~r~irrdnt. contain so little genet~c  
information in their unique single-stranded DNA molecule that they are able 
tc~  replicate only in dividing cells (or, an the case of members of the Tlcylc*tr -  
dnoirus genus, in the presence of a helper virus). This requirement for divid- 
ing cells accc.runls for their pr~di~ec t ion  for bone marrow, gut, and the devcl- 
oping fetus. hrvoviruses of cats, dogs, and mink cause panlruknpcnia and 
enteritis, whilc a rat parvovirus causes congen~tal malformation of the fetus. 
The human parvuvirus B f  9, originally discovered fortuotously in the serum of 
asymptomatic blood donors, has swbsrrluently turned out to be asst.rciated not 
only with a very common exanthen~atous disease of ch~ldren, but also with 
aplastic crises in patients with chronic hemolytic ancmia, as well a s  with 
hydrops fetnlis. Another human parvovirus has been reported to cause gas- 
troenteritis. 

I Properties of Parvoviridae 

OnJy 20-25 nm in diameter, the Pt;.rr.r~o?~ridfli~ ('Sable 17-1) consist of a smple  
irtrsahedral shell surrounding a linear single-strancled DNA molecule of very 
limited coding potential (5 kb for human parvovirus B l 9  and 4.7 kb for human 
dependovirustrs). The [hi-ce-d~rnens~onal 'ilo~nic stri~cturc c>f canine par- 
vvvirus has bcen solved by X-ray crystallography, revealing a capsid com- 
posed of one major and two minor polypeptides arranged to form 60 prot'ein 
subunits. The virus is very stable, rosistinf; 6EI"'C for some hours and  ~~ariat ion 
from pll  3 to 9. 

Tlac ssDNA parvovirus genome is of negative polarity, but some virions 
(up In 5UX8 of them in the case o f  the genus f lr l~cndozltrt~s) package a pnsit~vc. 
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T h r c ~  rnammal~an gtvnera P n r ; ~ n z r ~ ~ r t a ,  L'rytlrroi~trrrs. and Ilr'ls.rirfol11trrs 
1cosahcdr;ll virir~n, 20-25 nm, caps144 compr~scd elf 60 prr>leln subunlts 
!.incar munus srnst. ssDNA Kcnume, 5 kb, pal~ndrr>m~c hatrplnc at each cnd 
Unique mrchan~sm of DNA rcpl~mtion 
Rrpllcabc in nucleus of cycling cclls, uslng cellular enzymes 
Rclattvely stable to heat (6D"C) and pf1 (3-9) 
~),llr~fthl~lr!rs us~aally requires helper virus; ptsrslsts by int~gratitln 

strand instead. The genornes of seveaal human and animal parvoviruses have 
been sequenced, and all display long terminal palindromlc sequences en- 
abling each end of title molecule to fold back on itself to form a hairpin struc- 
ture 

There are two genera of parvoviruses that contain viruses of humans. The 
a Ives, genus Dc/~ctrdoz~irlrs was so named because the only known represent t' 

the human "adeno-associated viruses" (AAV), are usually found in associa- 
tion with an adenovirus which serves as a helper in their replication (Fig. 
17-IA). The dependovir~~ses were, therefore, assumed to be defective and to 
be absolutely dependent on a helper adenovirus (or herpesvirus) for their 
replica tion, but this is now recognized tn be not entirely true (see below). The 
genus IJgnlorinis (Fig. 17-I&) contains several viruses of animals and some 
that may cause diarrhea in humans; parvc~virus B19 has now been allocated to 
a separate genus, Eryfl~rovtvfirs. 

Viral Rcydicaf ion 

Unlike those double-stranded DNA viruses (e .g., polyomavirus) that in- 
duce resting host cells t'o enter the S phase, the tiny ssDNA parvoviruses lack 
this capacity and hence can replicate only in div~ding cells Farvoviruses repli- 
cate in the nucleus; transcription and repIication of the genome occur there, 
the nonstructural proteins accumulate there, and virions assemble thew. 
?'licre are no enzymes in the v~rion itself; a cellular DNA polymerase is used 
to transcribe the viral ssl3NA into dsDNA, which then selves as the template 
for transcription of mRNA by cellular DNA-dependent RNA polymerase 11. 
Nc~nstructural prateins are encoded by the left side of the genome and struc- 
turd proteins by the right. Alternative splicing patterns give rise to several 
mIINA species which are translated into a greater number of different pro- 
teins than the limited coding potential of the short genome might suggest. 
The spl~cing program differs from one parvovirus fn another. Certain nun- 
struclusal proteins serve to Ilnrlsactivate the viral prornclter(s) and tu down- 
aegrflate transcription from certain cellular promoters. 

'The mechanism of replication of the genome is extraordinary. The pal- 
indro'mic 3'-terminal sequence serves as a self-primer for initiation of synthe- 
sis o l  a plus sense DNA strand to give a dcauble-stranded replicative inter- 
mediate from which progeny minus strands are in turn transcribed, again 
ioslng lhe hairpin structure as a primer. 'The detection in infected bone mar- 
rtlw cells of a dimeric farm of the replicativr intermediate, in which each of 

Properties of Pnnrrnniridrrc 

Fig. 17-1 Prrr-trtrrrrbinc. Negatively stained preparations (A)  E-lrrman Dcyu.nd(~crrrrrs (adrno- 
nssnciated virus] particles togehivr urrlli helper aclcnovirus. (B) krra~ilrrrrs Bars, 100 nm 
(A, Courtrsy DI  t I  D. Mayor; H ,  ~(aurtrsy Dr. E: L. Palrncr ) 

the two hydrogen-bonded strands ccmsists 0F.a cornpleite plus strand and a 
complete minus strand covalently linked tic~gether to form a concatemer, has 
led to a model posltula~thnp; that the Rmwing'k~rand replicates back on itself to 
produce a itetrameric form from wlii~ch two ct~mplete plus strands and two 
complete ~ninus strands are generated Iby endonuclease cleavage (Fig. 17-2). 

Monomer ss DNA C - 3 
4 

----.-L * t duplex DNA C-------- 

/ Dimer duplex DNA + 

,. ----  ------- --------- 
'v - - - - - - - - - I - 

1 Endonuclease 
cleavage 

r. 4 r' --, 
G----- - - 'v----- - -  4 Fig. 17-2 Ilarvt~v~rc~s L3NA rcpl~t.ll~r~n Set, Icbxt lrrr ~ l c b -  

P- ,r - 3 lrils 111 tht* p c l ~ ~ u l . ~ ~ r d  mcrha~itrrn IMtd~f lcd  f n ~ m  K L - - - - - - -  J 

Ufawa, C Kirr17~~1~1r1. N Mlung, S ( I ( ' I I ~ ~ ~  233, HX7 
1 1c18h3. 1 
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Parvovirus B19 

A ~~ar 'vovirus designated B19, now allocatrd lo thc genus E ~ J / ~ I I ~ [ I z ~ I I . I E s ,  and 
originally isolated from the blood of healthy donors, lias tnrned out to be the 
causc nT a t ange of quite distinct clinical syndromes (Table 17-2). The common- 
csl, erythema infcctiosum, is a mild self-limited condition seen iaz normal 
children and adults. The rarer but more serious manifestations of infection 
occur only in patients with ( I )  an underlying congenital or  acquired immu- 
nodeficiency, or (2) A requirement fna accelerated erythropoiesis, for example, 
in chronic hcmolytic anemia, or (3) pregnancy, in which bolh (1 )  and (2) also 
apply to some degree. 

Pathogenesis and Immunity 

Our l~nderstanding of the pathogenesis of parvovirus €319 infection was illu- 
min;ited by a study in human volunteers-something that can be contem- 
plated with equanimity only in the case of a relatively harmless virus such as 
this (Fig. 17-3). Just over a week after inttanasal inoculation o f  seronegative 
volunteers, a short-lived but high-level v~rernla reached its peak and virus was 
shed for a few days from the throat. By about the tenth day, no erythroid 
precursors could be det'ected in bone marrow, nor reticulocytes in the bIood; 
hemoglobin declined only very slightly, and there were no  symptoms of 
anemia;. Clinically, the volunteers displayed a biphasic illness. The first epi- 
sode comprised fever, malaise, rnyalgia, and chills occurring around days 8- 
11, corresponding with the peak leveIs of virus in the blorndstream and the 
destruction of crythroblasts in the bone marr'aw. In contrast, the rash and 
arthralgia occurred between days 17 and 24, that is, after the viremia had 
disappeared but at  a time when IgM antibodies had peaked and 1gG had 
begun to rlse, consistent with the hypothesis that the rash and  ar th~i t i s  are 
rnediatcd by in~lrnunc complexes, as in the case o l  Aleutian mink disease, 
anothtbr parvovirus infection. 

I'hese cr>~-nclusions arc supported by laboratory studies on chronic hemo- 
lytic anemia patlents undergoing a naturally occurring parvovirtrs B19- 
induced transient aplast~c crisis. ErythrobBasts then reticulocytes vanish just a 
ftxw days after viremia reaches its peak. In these patients, however, the aplas- 
tic csists is profound because the average life of their circulating red cells is 
only 15-210 days (compared with 320 days in a normal individual) and,  despite 
the olfc-rrls of the bonc marrow to corn pensale with increased esythrocy te 
production, the l~ernoglobin level is already low. 

Table 17-2 
I iurnan [nfectrt~ns Assr~critrd utlli i  I'6~rilcrrtrrfrh<~ 

-- - 

C;en~~s Virus U~sease 

I r1/1l11 ovrt 11s H I  9 Erythcma ~nfect~osu~n (fiflh ~ l ~ s e i l w )  
ArlOir~l~s (cspcc~ally in young wcrrne~7) 
Apk~stic crmsis In chronoc hrniolytic ancrnia 
Chron~c anemla rn ~mmunodrf~c~c~ncy .iyndrnrnrs 
Ffyclrops felal i~ 

~ r ~ l ~ ( ~ t r r i ~ r r  A AV ( 1  -5) NII 

Parvovirus 819 

lnoculal~on 

changes Leukocytes 

n 
Normal values 

Hemoglobin 

mm wlnlmmm 
ihlon-speclflc Rash and arthralgra 
symptoms 

Cllnlcal 
illness 

Fig. 17-3 Schernat~c representation nl the vlr(dnglc, hrmatc~lng~c, and cl~ntral rvrnts  In p r -  
vrPwrLas H I 9  i~ilcctlon (From A.  J Zuckrrrnnn, J k Banalval;~, anif J R PClttlson, etls , "rr~nclplcs 
and Practice of Cl~nical Vimdogy," 2nd Ed Wllcy, Chichestcr, 1990 ) 

The selectivity of 819 for erythrocyte progenitors has been demonstrated 
directly in cultures of bone marrow cells; the formation ol erythroid but not 
myeloid calonies is inhibited. The basis of  the transient thrornbocyfopenia. 
lyrnphupenia, and neutropenia seen in some patients has yet to be estab- 
lished. However, there is ev id~ncc  of inhihition of megakaryocyte colony 
formation ifr vitro without virus ~eplicaticln but with expression of a nonstruc- 
tural viral protein which may be cytotoxic. 

The immunologic basis of viral prrsislcnce and d~sease progression in 
chmnic arthritis, and in chronic ane~nia in thc immunocornpromised as well 
as in hydrops fetalis, merits further investigation. It is also possible that other 
types of cells are permissive or semipermissive for parvclvirus infection. 

Clinical Features 

Erythema Injcctiosum 

Erythema infectiosum, once known as "fifth disease," is an innocunus 
contagious exanfhern of childhood which has been well known to pediatri- 



290 Chapter 17 Parvoviridae 

cians for over a century though its cause remaint-d a mystery until tlw 1980s. 
An erylhcm,~torrs ruhelEa-Jike rash on Yhc face gives the child strikingly flushed 
cheeks. The rash, which also invcllvcs the limbs and trunk, fades rapidly 
within a day or two to develop the appearance oE fine lace (Rg. 17-4). l'hough 
fleeting, lhe rash may reappear dulrlng the next few weeks or months follow- 
ing such stimuli as bathing or exposure lo sunlight. As with rub~lla, arthralgia 
is sevn occasionalEy in ch~Jdren and is a regular feature in adults, especia1ly 
women, with a predilect~on for the peripheral joints oh the hands, wrists, 
knees, and ank l~s .  Indeed, polyarthralgia, sometimes witlliout a rash, is often 
the dominant feature and may smolder on for weeks nr months. Approx- 
irnately 25-50'70 of infections are asymptomatic 

Transicnf Apias t ic Crisis 

Transient aplasf ic crisis is a temporary but polentially life-threatening 
complication of various forms of chronjc hemolytic anemia, such as sickle cell 
anemia, fhalassemia, or hereditary spherocytosis. It is now clear that the great 
majority sf these episodes are directly attributable to infection with par- 
vovirus B19. The patient presents with the palllor, weakness, and lethargy 
characteristic of severe anemia and is found to have suffered a sudden drop in 
hemoglcabin associated with almost total disappearance of erythrocyte precur- 
sors from the bone marrow and of reticulocytes from the blood. There is 
usually no rash. Recovery generalIy occurs spontaneously within a week but 
is expedited by blood transfusion, which is sometimes Zifesaving. 

Chroltic s~re~nin rn inrmnndcficic~~i palienls has been observed when par- 
vovirus 819 infects patients with acute leukemia on chemotherapy, AID5 
patients, bone marrow transplant recipients, or children with congenital im- 
mune deficiency states. Mydropsfefaiis is marked by generalized edema, which 
is presumed to result from severe anemia and congestive cardiac failure in the 
fetus Current evidence suggests that a proportion of fetuses dying from this 
rather rare condition are d'elivered by women who became infected with 
parvovirus B19 a few weeks beforehand. 

Fig. 17-4 Lacy appearance of the rash of erythema rnfecttosurn, due to infection with par- 
\trviuwc E319 (CLICIT~PSJJ Dr M Rcrccns.) 

Parvovirus B19 has been cultured in cells from human bone marrow or 
fetal liver in the presence of eryihropoietin and interleukin-3, but the system 
is not yet practicable for everyday diagnostic use. The virus has also heen 
grown in a human megakaryocytic leukemia cell line, MB-02, in the presence 
of the cytokine GM-CSF, following erythrotd differentiation as a result of 
treatment with erythropoictin. 

Currently, the cornerstone of diagnosis of acute parvovirus infections is 
the demonstration of antibodies of the EgM class (or of a significant rise in IgG 
antibodies) by enzyme immunoassay {EIA) or radio immunoassay (RIA), us- 
ing antigen produced by molecular cloning in mammalian or insect cells. The 
best way to detect virus is by nucleic acid hybridization or PCR for viraI DNA, 
or EIA for viral antigen, in acute-phase seaurn, especially in aplastic crisis. 

Histologically, giant pronormoblasts are found in bone marrow cells. The 
infected erythroid precursor cells display characteristic large eosinophiIic in- 
tranuclear inclusions with surrounding margination of the nuclear chromatin. 
Electron micrclscopy reveals crystalline arrays of virions in the nucleus. In srtu 
hybridization using cloned parvovirus DNA is useful for demonstrating the 
presence of the genome in acute or chmnic infections (including hydrops 
fetalis). 

Epidemiology 

Parvovirus I319 is ubiquitous, common, and highly contagious. It is present 
year-sound with a tendency to produce spring epidemics among school- 
children 4-10 years old Because parvovirus B29 is readily transmitted by 
respiratory secretions and close contact, attack rates among susceptible indi- 
viduals during such epidemics within day-care centers and schools are about 
W%, and may reach 50% in household contacts. Over 50% of adults are 
seropositive and immune. Transmission probably occurs during the incuba- 
tion period of erythema infectiosum, the patient being no longer infectious by 
the time the rash appears (Fig. 17-3). In contrast, chronic hemolytic anernla 
patients are infectious for up to 1 week after onset of an aplastic crisis, and 
irnmunocomprnclmised patients with chronic B19 anemia may excrete virus for 
months or years. 

A second route of transmission is transplacental. About 30% of primary 
maternal infections lead to infection of the fetus, but they usually do no l~arrn. 
J3rospective studies suggest that less than 10% of primary maternal infections 
cause fetaI death and rarely if ever congenital malformations. Transmission 
can also occur via blood transfusion, but so rarely that routme screening of 
bIuod is not justified. Factor VlII administered to hemophiliacs is a greater 
problem as the virus is sufficiently heat-stable to survive in clotting factor 
concentrates. 

Treatment and Control 

Erythema infectiosurn requires no treatment, but aplastic crises in! chronic 
hemolytic anemia can be life-threatening, often requiring supportive care and 
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sometimes blood transfusion. tntravenoi~s administration of normal human 
immunuglobulin has been shown to be beneficial in the treatment oh severe 
persistent anemia in immunocomproniised pntienls. 

'There is a substantial risk of tran,sm~ssion of parvovi~us 019 to susceptible 
children or staff in schools and day-care centers, or hospitals during nosoco- 
mia1 outbreaks or nursing 4)f chronic hemolytic anemia patients with an aplas- 
tic crisis. Hence, pregnant nonirnmune women, immunocornpmrnised indi- 
viduals, or those with chronic hemolytic anemia should be appraised of the 
potential risks. 

Enteric Parvtlviruses 

A confusing variety of "small round viruses" have been visualized by electron 
microscopy in feces from normal and ill people. Among those resembling 
parvovirus, some were from people with gastroenteritis acquired in a 
common-source outbreak, such as consumption of raw shellfish. None of 
these "fecal" garvoviruses has been shown to bear any seaologicaI relation- 
ship to B19 (or AAV), although nucleotide sequencing of their DNA reveals 
striking homology with 019, particularly in the left side of the genome which 
encodes the nonsfructuraI proteins. The relationship between the two and the 
clinical importance of fecal parvovisuses need to be established. 

The five serotypes of adeno-associated virus (AAV) found in humans were so 
namcd because they were firs1 isolated from the throat or feces of humans 
cc~ncurrently infected with an adenovirus (Fig. 17-1 A). It  was bellevecl that 
AAV were defective viruses requiring an adenovirus as a helper virus, hence 
the generic name Depe~~dovirus indeed it was clearly demonstrated that, in 
the absence of i t s  helper, a tandemly repeated double-stranded form of the 
AAV genome becomes integrated into the cellular genome where it persists 
indefinitely until rescued by subsequent superinfection with adenovirus; 
moreover, various aidenovirus (or herpesvirus} "early" proteins transactivate 
AAV gene expression and provide other functions that facilitate the replica- 
tion of AAV by modifying certain cellular activities. Very probably, this IS how 
AAV, despite its genetic limitations, survives in nature. 

Now, however, it is apparent thal the so-called dependoviruses are not 
exclusively dependent on a helper virus, in that they are also capable of 
replicating autonomously in cells treated with any one of several types of 
chemical agents which either synchronize cell division or otherwise provide 
suitable conditions for the growth of these extremely fastidious agents. Thus, 
the dependoviruses may not be as different from the "autonomous" par- 
voviruses as used to be thoughl. 

There is no ev~dence that the dependoviruses cause any disease. They 
have, however, approached the ultimate in successful parasitism. 
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The main interest in papovaviruses lies in the probability tha~t they cause 
cancer in humans, as  certain members certainly do in other animal species. 11 
has lung been known that viruses of the genus Pnprllr~?rrazrir;las cause skin 
warts. More recently, however, it has become clear that papillomaviruses are a 
frecluenf cause ol sexually transmitted disease and  are skrongly linked to 
carcinoma of the cervix, trne of the cummnnest cancers of women. Certain 
rncmbcrs of the genus Po/,yornnvirus, on ttmc other hand, infect most people 
subclinically, persist for life, and are Freqi~ently reactivailed by imrnunosup- 
prvssion. 

Properties of Pupovaviridae 

7 lie family Plrpovnnirrdm contains two genera, Pnpillullln7lirrr..:r and A1l!40nlnz,ir1ts, 
Ithc former having a larger vilrion and a larger genome (see 'rable 18-1). 'The 
virion is a small naked icosala~dr~rln ( P i d y o ~ ~ ? n v ~ ~ r i s ,  45 nm; Porr/ril!ontm~ivrrs, 55 
f ~ m )  with 72 capsomers (Fig. 18-3). 'il'lir gennme consists of a covalently dosed 
supcrcoiled circular dsDNA rnc~lmec~~lt of 5 kbp ( I ' t~ iyo~nnuirrrs)  or 8 kbp ( 1 ' ~ -  
p~/ltl~rrnirir~rs), shown in Fag. 18-2. 

Host species-spccilir papillrrmaviruses have heen f o ~ ~ n d  in many animals and  I 
blrds. Mr.rs;t cause benign p,apillo~aaas in  the skin UT rni~cvus membranes. There 1 

arcb Iiumerous human papillomaviruses (HPV), most displaying a predilection I 
f o r  a particular site in  L E I C  btldy. Scrrnc hnvt oncogcnic potential. 1 

Fig. 18-1 P~~p~zlnrlrrrdnr ( A )  P~~nftortmtvrrts  (R)  P i ~ I ~ c r r ~ w ~ ~ r r r r ~  (C) l ' t ~ l y o ~ ~ m ~ ~ ~ r r t s ,  enlpty vir~ons 
Bar, 100 nnl. [Courtesy Dr E. A Follctl ) 

Fig. 18-2 I)NA nialccules rxtrnctccR from the paptwavlirus SVlEP (bar, 0 5 pm) Molecules r ~ f  
SVJO chxist In two major fuum~. W h ~ n  the DNA is ~snlnlcd fstlni thr- vlrus particlt*~, most occurs in 
Ihc c~nnf~guralicin shown in ( A )  as di~ublc-stranded cl~sed-c~rco!ar molecules containing super- 
hel~cal t w ~ s t s  I f  CIIIC of thr DNA strands is bloken, Ihe superhelical tw~sts are relieved amid thc 
moftxt~lc n w t r n c s  a rclaxcd circular cclnfiguratlon (8). (Cc~urtrsy UI P. Sharp) 
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Properties of Papillomaviruses 

Patadnxically, we already know a great deal about the DNA of pa- 
pillomaviruses despite our inability to grow them in conventional cell cul- 
tures. The small circular dsDNA genome readily lends itself to cloning, thus 
ample quantities are available for sequencing, for de~elopmellt of diagnostic 
probes, and f'or exploration of the putative role of papillomaviruses as carcino- 
gens. Incidentally, papillomavirus DNA itself is proving to be a cloning vector 
of great potential (see Chapter 4); bovine papillomavirus type 1 (BPV-I) DNA 
in particular has been exploited as a ecrkaryolic cloning vector for the manu- 
faclure of products such as interferons. The genomes of several human pa- 
pillomaviruses have been sequenced and found to contain three distinct re- 
gions: (1 )  an upstream regulatory region that controls transcription and 
replication; (2) at least seven early genes encoding proteins required for tran- 
scription, DNA replication, and cell transformation; and (3) two late genes 
encoding the major and minor capsid proteins. Ail the open reading frames 
are situated cln one strand. 

Classification 
As human papillomaviruses have been grown in cultured cells only re- 

cently and with great difficulty, neutralization tests have been unavailable, 
hence classification is currentIy based on differences in the genome itselk the 
types so defined are "genotypes" rather than serotypes. Convent ionally, an 
HPV strain has been accepted as a new type if its DNA shows Less than 50% 
duplex,~forniation with all known types in a liquid reassociation kinetics reac- 
tion under stringent conditions. Progressively, however, lthis is likely to be 
replaced by comparison of complete nucleotide sequences. At the time of 
writing over 60 types of HPV are recognize'd, and the total is rising rapidly. 
These !ypes have been assigned to about a dozen groups reflecting the degree 
of I~nrnc~logy of their nucleotide sequences. 

Viral Replication 
Following entry and uncoating, the viral genome migrates to the nucleus 

where transcription, DNA replication, and virion assembly occur. The early 
genes are copied from a single promoter and the transcripts subjected to 
differential splicing to generate the mRNAs tor the seven early proteins. 
'These include regulatory proteins, some with !rrn~sact.ivating properties 
which derepress the genes for certain cellular enzymes and stirnula te cellular 
DNA synthesis. Replication ol the viral gentme is initiated by binding od 
nonsttuctural proteins E l  and E2 to the unique origin of replication on the 
viral DNA. In the replicating c ~ l l s  comprising the basal layer of epidermis, 
only early HPV genes are expressed, but this suffices to augment cellular 
proliferation (hyperplasia); the viral genome replicates only very slowly as an 
autonomous plasmid in lhe nuclei of these cells. However, in the terminally 
d~fferentiated cells that comprise the outer layers of the epilhelium, full ex- 
~wcssion of the viral genome and vegetative DNA syntl~esis occur. Late genes 
are transcribed from a second promoter; these encode the structural proteins, 
[,I and L2, which, after various posttranslational modifications, are directed 
to lhc nucleus via their nuclear localization signals, to he assembled into 
virions ('Ihble 18-1). 

Table 18-1 
I 'ropert~~)~ ~f IJ(~~~o~rn~~trr~kfl' 

T~vtr genera. Po/ytrtir~n~rrtr:: and ~ h ~ ~ l / / l ~ i l ~ ? ' l r l l 5 ,  polr7flttally onrogrnlr 
Nclncnvcloprd vcosal~edral vlrlrm, 45" nr 5Sf7 nrn IFI rllanrctrr 
C~rru la~  supercc>~ilrd dsDNA gcnclrnc, 5'> o r  81' kbp 
Transcr~ptiun c y t  nvcrlapping open reading frarn~s, 5plic1ng, DNA replicaton 

all occur In nucleus, using cclfula~r enzymes; early gene p~r)ducts ~ n d u c e  
ce[lular enzymes and ltransform cc.31, pap~llomavirus late (capsld) protclns 
made only in term~nally different~ated cpitlielbal ct.lls 

Genome persrsts, integrateda or as rplsomet' 

Pathogenesis and Immunity 

Papillomaviruses are not only host species-specific but also greatly restricted 
in their tissue tropism, multiplying only in epithelial cells of the skin or 
certain mucous membranes, with different HPV types displaying preferences 
for different sites in the body. Broadly speaking, they fall into two groups: 
cutaneous types (infecting skin) and mucosal types (infecting the genital tract 
and sometimes the respiratory tract, oral cavity, or conjunctiva). Furthermore, 
production of virions is absolutely dependent on the state of differentiation in 
the various layers of squamous epithelium. 

Warts have a long incubation period of up to 2 years. Virus penetrates the 
skin through an abrasion and infects the basal cell layer. in these relatively 
undifferentiated replicating cells, only early viral genes are expressed and 
limited viral DNA replication maintains the genome as a stable nudear plas- 
mid (episome). Expression of early viral genes stimulates proliferation of the 
basal cells; the resulting hyperplasia leads to acanthosis (thickening) and gen- 
erally to a protruding papilloma, after an incubation period of severaI 
months. Capsid proteins are synthesized and virions produced only in the 
terminally differentiated keratinocytes in the outer layers of the epitheIium 
which are producing keratin but no longer dividing. Hyperkeratosis is a 
prominent feature of skin warts. HistologicaIly, the stratum granuIosum is 
characterized by the presence of koilocytes: large cells with cytoplasmic vac- 
uolation and nuclear distortion. 

Warts tend to disappear, iustrally synchronously, within a couple of years 
This sudden regression is not determined by antibody titer and is generaIly 
ascribed to the T-cell-mediated immune response, but it is not clear what 
triggers it or, conversely, what delays it for so long. 

Although th'e papillomas induced by HPV on the external genitalia are 
fundarnenlally similar to those described above, cervical lesions display some 
important differences. The virus enters during sexual intercourse, possibly 
via a minor abrasic~n in the vicinity of the squamocolumnar border, where 
cells are proliferating. After an incubation period of one or more (average 3) 
months a flat condyloma develops. Infl~ctinns with certain HPV types may 
progrvss over a period of ycais through the various stages of cervical intra- 
epitheIial neoplasia (CJN) to invasive squamous carcinoma. Papanicolaou 
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smears of ccrvical dysplasin reveal tht~ characlcrlstic koilocytes. The HPV 
gcnorne may persist for years, a s  a nr~niritegra ted nuclear episorne, not only 
within the lcsion but also in histologically normal mucous membrane for u p  tc-, 
a few centimeters around it. In contrast, cervical carcinomas harbor the ge- 
ncynle of HPV, mnst commonly type 16, 118, 31, 33, or 35, in the foam of 
incomplete copies of the viral DNA integra tcd at randum sites within host cell 
chromosomes. 

Because HPV cannot. yet be grown in conventional milnolayer cell cul- 
tures our knowledge clt: the mechanism of carcinogenesis has been acquired 
principally from tn zvifru transformation of cells transfected with moIecuParly 
cloned H13V DNA, or from studies in aehymic or fransgenlc mice. The on- 
cogenicity of lhe high-risk genenital HPV types 16 and 18 has been ascribed to 
oncogenes E6 and E7 which are expressed from integrated defective HPV 
DNA in over 90% of all cervical carcinomas and encode proteins that bind to 
normal cellular tumor suppressor gene products. Full expression of rnalignan- 
cy may require the subsequent activation of ceFlular oncogenes as a result of 
destabilization of the host DNA. This along with the relationship of dcr- 
ma totropic types 5 and 8 to sqiuamous cell carcinomas of skin is discussed in 
Chapter 11. 

Clinical Features 

Certain HPV types display a predilection for the skin and others tor mucous 
membranes, and this is a convenient way of classifying the several clinical 
presentations nf indection (Table 18-2). Certain lesions caused by particular 
types have the potential to progress to cancer, especially in the cervix. 

Gcnrtd Infections 

Many infections of the genital tract are subclinicall, but there are several 
i mpnrta n t clinical presents ti&. Contiyloma ncuminafunr, nnogenr'lnl zunrts, and 
emph?yfir ularfs are the names given to the large moist pedunculaked excres- 

Table 18-2 
r3iseasr.i C auscd by Human Papillomaviruses 

S I ~ C ,  Crinical prcscntation TypesG 

C;~n~!al  trarl Cimdylnma acurnlnalurn 6, 11, 42, 43, 44, 55, and others 
Genital malignancies 16, 18, 51, 33, 35, 39, 45, 51, 52. 56 

Rrhpiratorv tract Rrspiratc~ry papillomas 6, 11 
Mouth 17rlcal rp~thclial hyptlrplas~a 13, 32 

Oral papillomas; 6, 7, 11, 16, 32 
Skin Planfar war! 1, 2, 4 

Crmrnon wart 2, 4, and c*tliers 
Flat wart 3, 10, 28, 41 
Elt~tchers' warts 7 
Epidrrrnodysplasia verrwciFnrnnisr' 5, 8, 9, 12, 14, 15, 17, 19-25, Rh, 46, 47 

" Grmlnon Lyb~rs in bold type 
'' Types 5, 8, and lcss cornrnctnTy 17, 211, and 47 arc the principal types so far associated with 

nlal~gmanlt change In ~pideumidysplasjn v c r r u c i f ~ r r n ~ ~  

cences of soft papillomas found nn the external gcn~tal~a, perineum, vaginal 
introltus, penis, or anus, caused comn-ionly hy HPV types 6 and 11 (Fig. 18-3). 
Condyio~no ylnnunr (fFnf rsmrl) is the mnre us~ral presentation in the cervix, with 
types 6 and 2 1  again he~ng  the commonest. Crrzlicnl mrcrrzn~nn may develop 
20-50 years after infection with certain mucosal HPV types. There is a slow 
progression through three stages of lesions variously called ccrvirnl dysylnsia 
or rt*rzricnl i~lrne;rrit~1dia1 ne~plnstn (CIN). The f lat  condyloma is sometimes clas- 
sified as CEN-I; CIN-3 f s  often designated cnrcinonm ru situ. The fully malig- 
nant, invasive carclnluma is insrnally but not always of the squamous type. 
Over 90% of all cancers of the cervix contain HPV DNA, usllally of type 16 or 
18. The same types are associated with carcinomas of the vulva, vagina, 
penis, and anus 

Much m'ore rarely the genital FIPV types infect the respiratory tract, usu- 
ally in young children bul also sometimes in young adults. Classically, the 
lesions begin in the larynx, but they grow copiously, obstructing the airway, 
and tend to spread also Y O  other parts ol the respiratory tract. Malignant 
change occurred occasionally in the days when children with laryngeal pa- 
pillomatosis were treated with isradiaticln. PapiIlornas caused by these genital 
types are also seen occasionally on the conjunctiva. 

Oral Infections 

Foml ey~ifhplinl lr,yperplaila, associated almost exclusively with HPV types 13 
and 32, is a condition characterized by multiple nodular lesions in the mouth 
and is particularly prevalent in Eskimos and in South and Central American 
Indians. Oral pnpillolrtas of the mare conventional kind can be caused by the I 

1 Fig. 18-3 Genital warts (condylrrrna acurndnata) (Cclurtesy Dr D. Bradford ) 

I 
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sexually transm~tttd types 6, 11, and Ih. Common warts on the 11ps are 
ilsually type 2 HPY-I6 13NA has alsca bcen reported rn a rn~nor~ty of oral 
carcino~nas. 

Perhaps 10% of all schoolchiIdren and young adults experience a crap of 
warts on the skin, probably acquired in the course of body-contact recreation- 
aE activities. Generally, warts regress within 2 years. Cornrnnn zoarts, seen on 
prominent regions subject to abrasion such as hands and knees, are raised 
pap~llomas with a rough surface, often caused by type 2 or 4. Type 7 is the 
agent of "butchers' warts," a n  occupational disease of meat-handlers. FloC 
runrfs, sometimes called tdntre 7c?orts, are smaller, flatter, smoother, and more 
numerous, seen especially on the arms, face, and knees of youngsters. Types 
3 and 10 are often involved. Pln~ltnr aonrts are painful deep endophyfic warts 
found on thse weight-bearing regions oi the heel and sole of the foot; palmar 
warts are similar. Type 1 is the maEor etiolc~gical agent. 

Ej~idrrtrrodysp1asia verntci)rorr?ris is a rare condition seen in people with a 
particular autosornal recessive hereditary cell-media ted ~rnmunodeficiency 
which has not yet been fully defined. The infection, acquired in childhood but 
persisting for life, is characterized by numerous warts wideIy disseminated 
over the skin. The lesions are of two varieties: (1) llat warts, commonly 
caused by types 3 and 10, as in normal children and (2)  reddish-brown macu- 
lar scaly patches from which can be isolated any of nearly 20 rare HPV types 
found almost exclusively in these patients (presumably they must cause sub- 
clinical infecfions in normal people). Squnmous cell cnrci~orna (SCC) arises sn 
about one-thlrd of all cpidermodysplasfa verruciformis patients, after many 
years, in one or often several of the macular lesions situated on areas of the 
skin exposed to sunlight, which is obviously therefore a criticaI codactor in the 
genesis of this malignancy. 'The tumors, usually carrying the genome of HPV 
type 5 or 8, are often slow-growing in sift1 carcinomas but may be ~nvasive 
SCCs which metastasize. HPV-5 or HPV-8 DNA has also been detected in 
SCCs on exposed areas of the skin of a small number of chronically irnmu- 
nosuppressed recipients of renal allografts as well as from some apparently 
imrnunocompetent individuals, but a n  etioIogic association has yet to be 
y roved. 

Laboratory Diagnosis 

Clinically, the diagnosis of skin warts and condyloma acuminata on the exter- 
nal genitalia generally poses no great problems, but histology is required 
whenevcr malignancy is a possibility, Cervical condylomas, visualized by 
colposcopy, are often flat and indistinguishable from cervical intaaepithetial 
neoplas~a The Papanicolaou smear is widely used for routine screening'of 
wornm for prcmalignant and malignant changes in the cervix. 

Although human papiPlomavirus has recently been successfully grown in 
organ cuitures of floating rafts of infected skin treated with the photboll ester 
Tl'A lo increase Reratinocyte differentiation, isolation of virus is not an appro- 
priate approach to labnralory diagnosis of papillomavirus infections. Because 
only terminally differentiated nonreplicating cells of squamous epithelium are 

ftrlly permisswe for viral replication, virions and capsid proteins are demon- 
strabIe only in the outer keratinized layers of skin warts. IJnwever, the W P V  
genomc can persisl for years in basal cells, as  an epison~e in benign pa- 
pillomas or prernal~gnar~t cervical dysplas~a, or integrated in cancer celJs 
Thus, to be confident of not overlooking HI'V ~nfertions, the c.rnly generally 
applicable diagnostic approach is to probe for viral DNA or for particlllar viral 
genes (see Chapter 12 for detailed discussion). Nucleic dcid hybridization is 
currently employed mainly for the invesfigatinn o( condyloma and cervical 
cascinclma. 

Nrrcleic Acid Hybridization 

The DNAs of most HPV types have been cloned and can be labeled with a 
radioactive isotope, such as "P, >5S, or 7H, or with a nonradioact~ve label such 
as biotin. Furthermore, exon-speafic probes can be constructed to search for 
individual HPV genes or for the corresponding rnRNAs, for example, DNA 
probes specific for the L1 ORF (encoding the major capsid protein) of the 
common HPV types, or for the oncogenes E6 and E7. Oftrtn, the first ap- 
proach will be to screen for conserved papillomavirus DNA sequences by 
using as a probe either a single type or an appropriate ,cocktail of a few 
distantly rela ted types, under "relaxed" ('low stringency) conditions. Detcr- 
mination of the type requires the use of particular HPV probes, at high 
stringency. 

Sorrtllern blot hybridrznfion has served as the gold standard for identificaticm 
of HPV DNA in human tissue; i t  offers the advantages of high specificity and 
high sensitivity, being capable of detecting one copy of the HPV genome 
per cell under conditions of high stringency (see Fig. 12-7). Dot-ihf hyln-~cl- 
izntiov is simpler, but its sensitivity is lower. 1,1 srttr Irybridrzotion has hcen 
widely employed by pathologists to screen numbers of gynecologic speci- 
mens, including cervical "touch smears,"frozen sections, or even formalin- 
fixed sections, on dides; sensitivity is low, but the method presents the 
advantage that [he autoradiograph ['or immunopernxidase cytochemistry) re- 
veals the topographic location of the viral genome in particular layers of the 
epidermis or the tumor. 

G ~ n e  amplificafio~~ by the polymerase chain reaction (PCR) has emerged as 
by far the most sensitive method of detecting low numbers of genome copies 
and can detect low-level latent infection in clinically and histolngically normal 
tissue, as well as the larger copy numbers present in papillomas, dysplasias, 
and ~arcin~ornas, with a sensitivity several c~rders of magnitude higher than 
Soutl~ern blotting. However, false positives resulting from contamination rtr 
the use of unsuitable primers pIagued many ol the early PCR studies ot 
genikai HPV infections, flooding the literature with misleading results. The 
PCR amplification should be conducted by experts and interpnlted with cau- 
tian. We need to discover the implications 01 asymptomatic persistence of 
HPV DNA in low copy number in healthy tissue. Although identification of a 
carcinogenic WPV type has prognostic value, it is important to remrmber that 
the great majority of women infected with IIPV types I6 or 18 will never 
develop cervical cancer. Telltale hlstoIogic change in a Papanicolaou smear is 
still a better indicator of impending malignant change khan is idtntificatlon of 
a highly oncogenic type of t-TPV. 
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'Transmission of skin warts occurs mainly in school-age children via direct 
contact through abrasions, with the possibility trf s~rbsequeli t spread by 
scratching (autoinocuPation) Iyantar warts arc readily picked up frorn the wet 
Clonrs of public swimminlg pools and  bathrooms. Genital warts, on the nther 
hanld, are spread by sexual intercourse; not surprisingly their incidence sky- 
rocketed in parallel with the sexual revolution of the late 19630s and 1970s. 
Some cases of c~ral or respiratory papil180rnatosis may also be sexual in origin, 
but most such infections in young children are assumed to he acquired during 
passage of the baby through an infected birth canal. Fortunately, the efficien- 
cy nf transmission in this manner must be very low, considering the rarity of 
laryngeal papilIomatosis vis-a-vis the high frequency of cervical infection. 

Treatment and Prevention 

The fact that skin warts regress spontanleously encourages the perpetuation of 
mythical cures ranging hrrm hypnosis to Tom Sawyer's infallible dead-ca t-in- 
the-cemetery-at-midnight cure. A comparable rate of success can be assured 
by letting nature take [ts course. However, skin warts can be removmed by 
cryotherapy or caustic chemicals, laryngeal papillomas by laser, external geni- 
tal warts by cryotherapy, godophyllin, lase& or diathermy, and cervical dys- 
plasia by iaser or diathermy; invasive carcin'oma requires surgery. As dis- 
cussed in Chapter 16, it has been reported that interferon a or fi injected 
intrarnuscula~rly andlor into the lesion itself, may be effective in causing geni- 
tal or laryngeal papillomas to regress temporarily, but recent studies d~o not 
suppo~rt these claims. 

Experimental vaccines have been produced by recombinant DNA technol- 
ogy. Frlr example, infection with live vaccinia recombinants incorporatin,g the 
genes for the F-IPV-16 capsid proteins LI and L2 yields particles resembling 
empty WPV capsids, which might be expected to induce synthesis of neu- 
tralizing antibodies. Similax vaccinia recombinants incorporating the HPV-I6 
EhIE7 genes are undergoing human trials in the hope that they may be used 
therapeutically to boost the cytotoxic T-cell response to E61E7 peptides pre- 
sentrd on the surlace of cervical intraepitheliaI ncoplasia or invasive carcino- 
ma cclls. 

Pol yomaviruses 

The prototype after which the genus Po3olynnmvinis was named is th~e polyoma 
vlrus of mice. Though causing only harmless inapparent infections in mice 
when spread by natural routes, the virus induces many different types of 
malignant tumors ("polyomas") when artificially injerked into infant rodents, 
such as hamsters. Another Polyon?a~!iurts, simian virus 40 (SVQO), infects mon- 
keys subclinically b~ut also induces tumors after inoculation into baby rodents. 
During the 1960s and 1970s these two viruses became the principal models lor 
thc biochemical investigation of virus-induced malignancy. The newly discov- 
ered tcchnlques nf molecular biology were brought l o  bear on the expression 
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of the integrated viral genome and assoclaled cellular changes In culturrrt 
fibroblasts transformed by these viruses i r l  rrifro (sec Chaptcrs 3 and 11, and 
Figs. 3-6 and 11-1). SubsequentPy two human polyornavirusrs, dtsignatcd DK 
and JC, were discovered. BK virus was recovered from thc u r iw  1-4 a renal 
transplant recipient, and J'C virus frorn the brain of a patient I .  v t h  a rare 
dernyelinating condition, progressive multifocal Ieukoencephal~pathy (PML). 
Like SV40, BK and JC are oncogenic in newborn hamsters and transform 
mammalian cells irr vitro, but there is no evidence that they cause human 
cancer. Both are ubiquitous in humans, producing inapparent infections that 
persist for many years in the urinary tract, and may be reactivated by immu- 
nosuppression. 

BK virus infects most children before the age of 110, often subclinically but 
sometimes associated with miPd upper respiratory symptoms, suggesting that 
transmission may occur via the respiratory route. The viral genome persists 
for life in the kidney without any apparent ill effects. Reactivation occurs 
during ihe last trimester of about 3% ccaf pregnancies, causing asymptomatic 
shedding of virus intermittently in urine. Following immunosuppression, for 
example, in kidney transplantation, reactivation is demonstrable in about a 
third of all patients, and urinary shedding continues for days to months, with 
no detectable loss of renal function. 

JC Pol yomavirus 

JC virus has a similar natural history, althr~ugh primary infer.tion may occur 
somewhat later in childho~d and only about 75% of the population has anti- 
body. Again, lifelong persistence is established in the kidney, and virus is 
shed in urine sporadically throughout life and more frequently during preg- 
nancy or immunosuppression. Unlike BK virus, however, JC virus causes a 
lethal disease, progressive multifocal lei~koencephalopathy (PML). PML is 
a rare subacute demyelinating disease of the CNS which is seen mainly as a 
complication of advanced disseminated malignant conditions such as tlodga 
kin's disease or chronic lymphocytic leukemia, but also in primary or second- 
ary immunodeficiency syndromes, esptcially AIDS, or foIlowing imrnu- 
nnsuppression for organ transplantation (Fig. 18-4). The target cell is the 
oligodendrocyte, in which the virus undr~rgoes a Iydic productwe infection; 
taeumns are unatfected. Histologically, the disease is characterized by multi- 
gle foci of demyelination in the brain, accompanied by proliferation of giant 
bizarre astmcytes. The surrounding oligodendrocytes are enlarged, with 
swollen nuclei occupied by a prominent inclusiorr body, wh~ch in Cact contains 
a crystalline aggregate of thousands of virions. 

The disease PML represents a reactivatinn of long-standing persistent 
~nfecfion of the kidney, and perhaps also of El~e brain I'rcvic)usly rare and 
confined largely tn the elderly, it is now secn principally In AIDS patients. 
Indeed, the HJV-1 Tit protcin has been shown to fm~~sactlvate transcription o f  
the late JC viral genes. 

Two types of JC virus have recently been defined. JC vlrtls isolated from 
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Fig. 18-4 Magnetic resonance lmlagc scan showln;~:  lesions of progressive rnultifocal letakoen- 
ccphalopathy (PML) in the frontal Tnks of a patient 4~1th AI13S (Co111rtesy of Dr. R L Doherty, 
Fairflcld I3rispmtal for Infrctinus I)islriuscs, Melbourne.) 

the brain of PML patients usually differs from the "anchefype" found in the 
urine of asymptnmalic carriers by extensive deletions anm$ dupl~cations in the 
nuckoltide sequences with~n the promntcr/enhancer region of the genome. 

Labmora tory Diagnosis 

RK virus can be isolated from urine in cultured human diploid fibroblasts, or 
JC virus From urine nr brain in human fetal giial ceIls, rand the two v i~uscs  can 
be distinguished by hernagglutinatioln inhibition. Much simpler, however, is 
dirccl detection of anligen in urine by enzyme imrnunoassay, or direct detec- 
tion o l  the viral gcnomc by I'CR ancl nucleicacjd hybridizatiu~r (e.g., Southern 
blotting). Fa'lJclwit7g brain biopsy or autopsy, JC virnl DNA can be dernon- 
stratcd by irz srltr hybridization, JC antigcns by inimunafluorcsce~ic~, and 
virions by elcctron microscc~py. 
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in 1953 Rowe a n d  calfeagwes, having observed that certain explant cultures of 
human adennids spontaneously degenerated, isolated a new infectious agent 
wJ~ich became kno~wn as "adenovirus." Before long, i t  became evident not 
only that adcnoviruses may persist for years as  latent infections of lymphoid 
l i ssu~s ,  but also that they are a significant cause of diseas'e in the respiratory 
tract and  rhe cye. Subsequently, certain serotypes were found to infect the 
gcnilnurinary tract, whereas more recently discnv~red adenrlviruses have 
been associated with gastroenteritis or with infections of imrnunocolrnpro- 
mised pahents (e.g., in AIDS). 

Following the disccrvery that certain human adenoviruses pradilece rnalig- 
nant tumtjrs in baby rodenls, some of t l ~ e  warid's most capable molecular 
biologists turned their attention tn the bic~chemistry of adenovirus replicat.ion 
ancl oncogenesis, Afthnugh i t  Eater became clear that adenoviruses play no 
rrdc in human cancer, the spin-cllf from this research ha'd a majc~r impact nn 
our  understanding of the expression of mamrnaljan as  well as viral genus. To 
c ~ t e  just three cxampfes, adenc~virolngists disc~rvered the phenomenon of 
splicing nf RNA transcripts, were lhc first to describe the role of proteins as 
primers Tor initiation of DNA replimtinn~, and p inne~red  techniques for elu- 
ridaling thc. ~cgulati~rm uf trdlnscription programs in mammalian cells. 

Properties of Adenovin'dae 

'The farn~iy Ad~lrlc)~v'r~tlnc is defined by the propertics listcd in Table 19-1. The 
virion is a yerfecl ic~rsahedrirn (Fig. 19-1 R and 1-1 A). ?'he n u t ~ ~ r  capsid, about 

(;~11113 ~ ' ~ ( ~ ~ f t ? l ! r ' ~ l ~ l i ~ f r r l ~  illlRF7TISPS rill 47 hillf l l~ll  ~ ~ T [ l t ) " ~ l t ' 5  
Icosalieriral virion, HO-WI rum, 252 cap\omt,rk, 1 2  fibr~rs at \/rrticc\, 12 str~rcturai prtrte~lis 
Linear, dsUNA grnrimc, 36-38 khp, 1nvcr1t.d t i . r rn~~~, i l  reppals, ~.?rotutn pr~lncral  carh 5' tcrrn~nu? 
Complrx progr.Ini o l  transcr~pt~rln Crmm seven c-arly, rlalcrmrcf~atr, and latr p~c~~no\cr.i ,  spllc~ng 
Transcription, DNA rt>pllcalicln, and vir~oti aswmbly rrccur In nrrtlcus 

80 nrn in diamettbr, is composed of two main types of capsomers 240 "hex- 
ons" make up the 20 triangular faces of the icosahedron, while 12 "peentons" 
form the 12 vertic'es (Fig. I-2A). From each penion protrudes a "fiber;" giving 
the virion tlie appearallce o f  a comrnunica tions sateIlitc (Fig. 19-1 A). 7%rp 
genome, which is associated with an inner protein core, consists of a single 
linear molecule of dsDNA, 36-38 kbp in size lor mammalian adenoviruses, 

Fig. 19-1 Adc*r f f t i t~ r td~ .  (A,  BE Ncgatlvtly L;talnt*cl prc~'arat~c)r~~ (A) Vlr~c,n s h o w t n ~  f i h r s  pro- 
jc'rtrng from ihu V C T ~ ~ G L ~ S  (B) Vir~oi i  5Ji11wing ictlsahcdrnl arlny r l f  capqomrrs C-'ipsorncr< a t  [tic 
verl~ccs (pcnton5) ,nrc surro~rndcd hy fivc nearrst nc.ighbnrs, a11 flit* o~1ic~r.i (hcxons) by slx. (C) 
Scrhnn chnwnng crystalf~rw array of niaturtb vir~ons 111 tli~r, ntrcfcus rjf ,I h u r n ~ n  Cihroblasf cell Ilar, 
IMFnm [ A  and H ,  Fronr R. C 'y"Y'tlrnl~~nc and kil C; Pcrir.ra. I Mol Rro1 13, 13 (1965); C, ccruslrsy 
Dr h K. I larrp.;c~n 1 
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with invcrtcd tcrniinal i t .p t> i i i i r )~~s.  i 'he  DNA, in assoctatlon with a 55K pro- 
tcln which is covalently linked to each 5' tcrmlnus, 1 4  rrifcctious when trans- 
fected into susceptiL7le cells. 

Classification 

Mammalian and avian adenoviruses comprise two dlstinct genera, designated 
Mnsl't~dcrrozrivrrs and A77indenoztrr1is res:?ectively. In turn, the genus Mns- 
tndcrrovrrlts comprises numerous adenovirus serotypes specific for particular 
mammalian species. Currently, 47 seri~types of human ade~~ov i ru s  (some- 
times designat'ed h-Ad1 to 11-Ad47) are recognized They are assigned ito six 
subgenera (A-F) on the basis o f  various binchemical and serological criteria 
which generally match up quite well with previous assignments on the basis 
of certaln biological characteristics, notably oncogenicity and hemagglutina- 
tinn (Table 19-2) Members of subgenus A were found to be highly cpncogenlc 
for baby rodents and  subgenus B less so, and the six subgenera are also 
compatible with the earlier si~bdivision based on agglutination of rat or  mon- 
key red cel!s and with the degree of homology of the genomes. 

Designation as a distinct serotype is based on a serological difference (of 
BIB-fold) in reciprocal neutralization assays. The fiber protein is responsibIe 
for hernagglutination and is type-specific, whereas the hexon protein carries 
genus-specific, subgenus-specific, intertype-specific, and  type-speciCic epi- 
topes and, like the fiber, elicits neutralizing antibodies. Numerous isolates 
from AIDS patients have proved difiicult to type, as they share epitopes with 
the fiber and/or hexon proteins of one or more distinct serotypes. Nucleic acid 
sequencing should reveal whether Vhese so-called intermediate strains have 
ariscn by mutation or by ~ecombinatjon. 

Viral Replication 

Adenoviruses bind in the host cell receptor via the fiber and enter the cell by 
endocytosis. The outer capsid is then removed, and  the core comprising the 
viral genome with its associated histones enters the nucleus where m W A  
transcription, viral DNA replication, and assembly of virions occur. In the 
nucleus the genome is transcribed by cellular RNA polymerase 11 according to 
a ccmplcx program involving both DNA strands (see Chapter 3). Products of 
the E l  A region are required to up-regulate transcription of other regions of 

Table 19-2 
C la.; .i~f~cat~on o f  Flumian Adrnov~~us;cs 

Properties of Adc~rozririiine 309 

the genome, incBwding rrcgahng the inhibit1011 of viral prvmotcrs hy ct1lul;lr 
reyresstws. R N A  transcr~bcd in ;I preciscly coiatrcdled t tn~poral  ordtt  fronl 
nine separate promoters is spliced in scvcral alterriative ways, again acct~rd- 
ing to a complex but ordered program. About a dozen r-znnstructural early 
proteins are translated before the genome can be ~epl~ca tcd .  Viral DNA repli- 
cation, using a viral protein as primes, a virus-coded DNA polymerase and 
DNA-binding protein, pIus cellular factors, proceeds Crorn both ends by a 
strand displacement mechanism described in Chapter 3.  Fiallowir~g DNA rep- 
lication, late transcription units arc expressed, giving rise to structural pro- 
teins, which are made in considerable excess. Virions arc assembled in the 
nucleus, where they form crystalline aggregates (Fig. 19-1C). Shutdown of 
cellular DNA synthesis occurs relatively earIy in the viral replication cycle, 
whereas cellular RNA and psc~tein synthesis decline progressively during the 
second half of the cycle. 

Pathogenesis and Immunity 

Adenoviruses multiply initially in the pharynx, conjunctiva, or small intes- 
tine, and they generally do not spread beyond the draining cervical, pre- 
auricular, or mesenteric lymph nodes. As the disease process remains rela- 
tively localized, the incubation period is short (5-8 days). Most of the enteric 
infections and  some of the respiratory infections are subcl~n~cal. Generalized 
infections are occasionally seen, especially in immwnocompromised patients, 
and deaths d o  occur, particularly from type 7 which is the most pathogenic 
human adenovirus. At autopsy, lungs, brain, kidney, liver, and other organs 
reveal the characteristic basophilic nuclear inclusions. 

Infection with the common endemic types 1 ,2 ,  and 5 persists asymptom- 
atically for years in the tonsils and adenoids of a child, and vlrus is shed 
continuously in the feces for many months after the initial infection, then 
intermittently for years thereafter. The mechanism nf this persistence is un- 
certain; perhaps viral replication is held in check by the antibody synthesized 
by these lymphoid organs. Fluctuation in  shedding indicates that latent ade- 
novirus infections can be reactivated. For example, infeckion with Rt~delrlln 
j?crfussis can d o  so, and measles can actualJy be followed by adenovirus pnerr- 
monia. Subgenus R viruses are frequently shed in the urine of immu- 
nocompromised persons; types 34 and 35 were bolh originally isolated from 
renal transplant recipients and can be recovered quite commonly from Ali WS 
patients. In addit~on,  a wide variety of othcr serotypes, particularly from 
subgenus D, have been recovered from the feces of AIDS patients Many of 
these serotypes are new andlor rare, and some appear to he genetic recombi- 
nants. Presumably these ncavel serotypes atid in termcdiatc strains arose in 
this cohort as a result of a combination of factc)rs, principally sexual prornis- 
cuity, fecal-oral spread, and  irnmunosi~ppressica~i. Thc cwmmon serotypes of 
subgenus C, which are ~haract~erfzcd by prr~longed lalency in lymphoid tis- 
sue, can also be reactivated In AIDS patients and are not uncomnionly recov- 
ered from the blood. Indeed, as a general rule an  isnlate of an  adenovirus 
from an AIDS paticnt is likely tcl be subgenus B i f  it comes from urine, C from 
blond, a11d D from feces (Table 19-31. 
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Y I E  contrast to    no st respiratory viral inF~clic~ns, aclcnovirus infections lead 
to lastirig ~rnniunity to reinfection with thi. sarnc stlrt>typc, perhaps because of 
tlic extcrit of involvement ~ 1 1 t h  lymphoid cclls in the alimentary tract and the 
reg~onal lynipii nodcs Mdtcrnd antibody ge~ierallp protects infants under the 
age of 6 mnntlis against scvere lower rcspisatory disease. 

Recent research has revealed that sevcral adenovirus genes encode pro- 
teins that diminish the htlsf response t(3 inlectlon. For example, one small pro- 
tein cncoded by a gene within the E3  transcription unit binds to the nascent 
heavy chain of the class 1 MHC antigen, preventing its transport to the cell 
surface and thereby minimizing the presentation of adenovirus peptides to 
cytotox~c T lymphocytes. A second E3 gene product protects infected cells 
against lysis by tumor necrosis factor, whereas a third binds to the epidermal 
growth f'lc-lor receptor, causing its internalization and degradation. Doubtless 
additional gene products that ~nodulafe the host response toinfection in a wide 
variety of unexpected ways will be discovered in the near future. 

Clinical Syndromes 

Only about half of the known serotypes of human adenoviruses have been 
causally linked to disease (Table 19-3). Adenoviruses 1-8 are by far the com- 
monest species worldwide and are responsible for most cases of adenovirus- 
induced disease. Some 5% o f  acute respiratory illnesses in children under the 
age of 5 years (but < I %  of those in adults) have been ascribed to ade- 
noviruses. The recently cultivated enteric serotypes 40 and 41 have been 
claimed to cause u p  to EO%> of infantiIe gastroenteritis. Several o l  the lower 
numbered serotypes as well as types 8, 19, and 37 are major causes of eye 
infections, whereas types 19 and 37 also cause genital infections. 

Respiratory Infections 

Fharyngitis is seen part~culariy in young children. The infant presents with a 
cough, nasal congestion, and fever, the throat is inflamed, and  there is often 
an  exudative tonsillitis or  rarely a pertussis-like illness. Adcnoviruses 1-7 are 
~rsually rcspolisible for these common sporadic infections, which are rela- 
tivcly trivial except when otitis media or pneumonia supervenes. 

Acute respiraiory disease (ARD) is the name given to a syndrome charac- 
tcrized by fever, pharyngitis, cervical adenitis, cough, and malaise which 
occurs in epidemic form when military recruits assembIe in camps. Types 4 
and 7 arc mosf oft~en responsible. 

Pneumonia, often severe and occasionally fatal, may develop in young 
ch~ldren  irifecled with any of the commrln serotypes, but particularly types 7 
and 3. In some of the ctlIder parts of itht world, such a s  northern China. or 
Canada, adenoviruses are an  important cause of pneumonia in infants under 
ttic age of 2 ypars. l 'hc case-fatality rate can be quite high, and long-term 
impairment of pulmonary function caia accompany the deveIopment of obli t- 
crativc bronchiolitis or  bronchiectasis. AlitC) in military recruits also ~ccas ion-  
ally progresses tu a pneumonitis. Of increasing importance in this era of  
organ transplantation and AIDS are the severe infections, including pneu- 
~nonia,  seen in i m m u ~ ~ o s ~ p p r e s s e d  patients. 

Clinical Syndromes 

Table 19-3 
D~sfnscs Ca~.fsed by t Iuman At l cnov~ruse~  

Con1 lnon h la jo r  

D~scase Age scrot y pt9vJ suhgtv>u\ M;11or \r rurcc- 

Re.;piratnrp infcctlons 
Phary ng i t~s  Yrjung chiltlren 1, 2, 3, 5 ,  6 ,  7 B, C Tliroat 
Ac~rtc respiratory d ~ s r a s ~  Mil~tary rccrurts 3, 4, 7, 14,  21 B, E Throat 
Pnt7umoli~a Young c h ~ l d r m  1 , 2 , 3 , 4 , 5 . 7 , 2 1  R ,C Throat 

M111tnr)r recrurts 4, 7 H,F: r h ~ n a t  
Ocular ~nfec t~r lns  

Pharyngncon~i~ncl~vat  fever Children 1, 2, 3,4, 6, 7 U, C, E Throat, cye 
Epidemic kcratocnnjunc- Any age 8, 19, 37 D Eyv 

tivil~s 
Genitourinary inf~ct ions 

Cervic~t~s,  urcthritls Adults 19. 37 D Genital sccretlcms 
Hemorrhagic cyshtls Young children 12,21 R Urlne 

Enteric ~n fec t~ons  
G a s t r o e n t ~ r ~ t ~ s  Young cli~ldrc-n 31, 40, 41 A , F  Fecrs 

Infections in Immunucnrn- 
prom~sed ~ndivrduals 

Encephalit~s, pneumonia, Any age, includtng 7, 11, 34, 35 B Urlne, lung 
AIDS paticnts 

Castroententis AIDS patients Manmy D tnclud- TI Feces 
 in^ 43-47 

General~zed AIDS patients 2, 5 C Blood 

" Only the cnrnmclnly occurring serotypes arc listed, those most rclmrnclnly associated w ~ t h  part~cular syn-  
dromes are in bold type 

Ocular Infections 

Pharyngoronjunctival fever tends to occur in outbreaks, for example, at chil- 
dren's summer camps where "swimming pool cnnjunctivitis" may occur with 
or  without pharyngitis, fever, and malaise. Adenoviruses 3, 4, and 7 are 
commonly resptansible. Type 4 has caused a number of nosocomia1 outbreaks 
of conjunctivitis or pharyng&onjunctival fever a~nong  hospital staff. 

Epidemic keratoconjunctivitis is a more severe eye ~nfection, commenc- 
ing as a follicwlar conjunctiviitis and progressing to involve the cornea (ker- 
atitis). Originally reported in industrial uwrkcrs exposed to dusl and trauma, 
the disease was once known as "shipyard eye." Highly contagious and often 
occurring in epidemic form, the infection is caused hy members of subgenus 
D. Vpe 8 was the principal agent until 1973 when type 19 temporarily took 
ovcr until, in 1976, type 37 suddenly appeared, spread worldwide, and today 
remains (with type 8) fhc preduminant cause of epdemic keratr~ron- 
jranctivitis. During epidemics, nosocomial spread can readily occur in eye 
clinics. 

Genitourinary Infections 

Cervicitis and urethritis are cornmttn man~feslations of I~enereal infection with 
type 37, which was first idcntifred in gro~litut~es. Cystitis, scrn mainly in 
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young boys, IS caused hy type 1 I ,ind more rawly by type 21. In its acute 
Iit.morrliagrc form cystitls is cl~aracter~zcd hy hcn~att~rra as well as dysuria and 
frc>rluency of m~ctnritirln. Adenovituscs crjmmrrnly eslal-rl~sh asymptomatic 
pcrsistcrit infection of the ktdney and may be shed In the urine for months or 
years. This is observed particularly in imrnunoromprom~sed tndividuals, 
such as renal transplant recipients. 

Enteric Infections 

Gastroenteritis in infants is commonly caused by two recently discovered 
aclenovirus serotypes, 40 and 41. These enteric adenoviruses, previously vi- 
sualized by electron ~nicroscopy in  feces but regarded as  uncultivable, can 
now be grown in cultured cells. l'heir recovery from outbreaks of gastroen- 
teritis, including in day-care centers, and  significantly more frequently from 
symptomatic patients than from controls, confirms that they d o  indeed cause 
the disease. However, many other adenoviruses that replicate in the ~ntest ine 
or in the throat are excreted asymptornatically in the feces for weeks or 
months, hence carefully controlIed studies are required before assigning them 
an  etiologic role in gastroenteritis. 

Infections in Imrnunocompromised Patients 

Adenoviruses may cause life-threatening infections in at least three groups of 
imm~~nocompromised patients. In cliiJdren with severe combined immune 
deficiency disease the common serotypes of subgenera A, B, and  C can cause 
serious conditions such as  pneumonia or rneningoencephalitis. Kidney, liver, 
or bonc marrow transplant recipients, and  patzents with AIDS, oflen shed 
subgcni~s  B serc~types such a s  11,34, or 35 in urine for prolonged periods, and  
AIDS yaf~ents also excrete the recently described subgenus D serotypes (43- 
47) in feces. 

Laboratory Diagnosis 

Depending on the clinical presentation, apprupriate specimens for diagnosis 
include feces; pharyngeal swab, nastlpharyngeali aspirate, transtracheal aspi- 
rate, or  bronchial lavage; conjunctival swab, corneal scraping, or teats; genital 
secretions; urlne; and tissues from biopsy (e.g., of liver or spleen) or autupsy 
(e.g., lung or brain). 

Enzyme immunoassay (EJA) is emerging as the diagnostic method of 
choice for thc detcct~on of suluble viral antigen in feces or nasopharyngeal 
secretions A monoclonal: antibody (MAb) to a hcxon epitope common to all 
adcnovirr~s s e r t~ tv t -~ s  (or polvclonal serum) suffices to identifv the family; 

2 1  I L I 

lh8cn, if desired, a type-specific MAb can be used to identify the particular 
adcnov~rus  concerned. Reliable rt-lagents are now available cc.amrnercial8y, and  
!lit EIA s11oulrl give 90-95% specificity and 70-90% sensitivity compared with 
the mtme laborious process of isolation of the virus in cultured cells. Even the 
so-called noncilltivable adenoviruses can be identified by this method, or  by 
immunoelectron microscopy. 
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lmmunofluorescence can be employed to clemanstrate rtdc~ioviral snti- 
gen in cells lrom the respiratory tract, eye, urine, or biopsy or autopsy mate- 
rial, following low-speed centrifugation of the syeci~nen and then f~xn t ion  of 
the pelleled cells. 

Virus isolation is slill tlie approach of most diagnostic and reference 
labora tones. Propagation 0 5  adenoviruses in c itPtured cells is time-consuming 
because many serotypes are very slow-growing. Human malignant cell lines 
such as HeLa, HEp-2, KB, or A-549 cells, or diploid human embryonic f i -  
broblasts (HDF) derived, for example, from lung or tons~l, are the substrates 
of choice. The fastidious cnteric adenoviruses 40 and 41 have only recently 
been cultivated i r ~  z~ilro and require special cell lines such as Graham-293 nr 
special conditions (e.g., low-serum medium). The common adenoviruses 
(types 1-7) generally produce cytopathic effects (CPE) within 1-2 weeks; the 
cells become swollen, rounded, and refractile, cluster together Iik'e a bunch of 
grapes, and reveal characteristic basophilic Enlranuclear inclusions after stain- 
ing (Fig. 19-2). Other serotypes, however, especially those of subgenera A and 
D, grow very slowly, and  CPE, often nt~nclassical, may not become evident 
for a month. Confirmation of tlie isolate as an adenovirus can be made by 
immunofluorescence on  tlie (fixed) cell monolayer. Appropriate type-specific 
antisera, or MAbs directed to type-specific epitopes on the fiber, can then be 
chosen to type the isolate by liemagglutination inhibition andlor neutraliza- 
tion. 

Fig. 19-2 Cylr~pathic effects induced by adcnov~rusrs (hrmatouyl~n and twstn .;tarti, magn~f~ca- 
t ~ o n  ~400) .  (A)  Normal monolayrr r l l  11Ep-2 c ~ l l s  1 Ior~zo~lilal arrrw marks ct.11 In rn~to.;~s and tlic 
vert~cal arrow marks phagocvtosc.d cell debr~s, not 10 br cc~nfuwd rvltl~ v ~ r ~ l l  inclu.;lraol hrd1c5. (f3)  
Cytopathlc ~~~~~~ts illcluccd by adenoviru.; In t1Ep-2 ct.lls Notc dlstvndcd ct.lls ctmla~nin): 
basophtl~c intranuclrar lncl~~slons (arrows), wli~cli ctjnslst of  massrs of vlrlons (w3c h:lg 19-1C') 
Thrrads of chrrrmar~n somt~t~rnr.; rad~atc Ircrrn tFir nuclrar 1ncluvon5 tcl t l ~ r  pt*rlgli~c,rv ol ehc 
nr~clcus (C(~wrtrs)r I Jack ) 
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Epidemiology 

Altho~igh mainly as rx ia ted  with diset3sr of ihe rcsplratirry tratyl and eye, and 
c>itrn transinltteci by respiratory droplvts or ctrntact, adenoviruses probably 
sprrad principally via the entcric (fecal-oral) n)o le  Lnng-tern1 family studies 
11ave demonstrated that, fnllowing infection of young children, vmery large 
numbers uf adcnovirus particles are shed in feces (10' virions per gram) over 
a ptxriod uf several months and s u c c ~ ~ d  in infecting about half of all suscepti- 
ble rncmbers of the same family. Doubtless this explains the endemicity of the 
common members of subgenus C (1, 2, 5) and the fact that most children 
acquire one  or more of these viruses by the age r)f 2 years. About half of  such 
infections are subclinical, the others presenting as pharyngitis or pharygocon- 
junctival fever. The enteric adenoviruses of subgenus A and many of those of 
subgenus D are generally isolated from feces, whereas those of subgenus F 
may spread exclusively via the fecal-oral route Adenovir~lses 40 and 41 have 
heen clearly demonstrated to cause gastroenteritis in children year-round, 
wit11 occasional outbreaks, for example, in schools nr hospitals. Adenaviruses 
may be responsible for about 10% of cases of gastroenteritis in children 

Respirabrry spread, via droplets or contact, occurs particularly in the case 
of the so-cslled epidemic serutypes of subgenera B and  E, which are responsi- 
ble for outbreaks of pharyngoconjunctival fever in children (types 3, 4, 7) or 
ARI) in military recruits (4, 7) in late winter and spring. Altogether ade- 
noviruses have been calculated to cause 5- 10% elf respiratory viral infections. 

Eye infeclions may he acquired in several ways, including transfer of 
respiratory secretions on fingers following intcction via the respiratory or 
alimentary routes. However, two important direct routes ol entry to Me eye 
are well established. Outbreaks of "swimming pool conjunctivitis" (with or 
without pharyngocr)njunct~val fever) often crcur in children during the sum- 
mer. In atidition, a number of major outbreaks of epidemic keratocon- 
jrlnctivit~s have been traced to the surgeries of particular ophthalmologists or 
hospitals rvhose aseptic technique leaves something trr be desired. These 
ic~trogenic infections are attributable to contaminated towels, r)phthalmic solu- 
tions, and inslruments such as ttlnometers. f-land-to-eye transfer is also qar- 
titularly important. 

Adenoviruses of subgenus B are also commonly excreted in urine, where- 
as  suhgcnusD types 19 and  37 can presumably be transmitted venereally (as 
well as by contact, in eye infections) becittlse they caose genital infections of 
males and females. 

Overall, fewer than half of the 47 types of adenoviruses currently known 
have been unequivocally demonstrated to cause any disease. This applies 
particularly to the 29 members of subgenus D Serotypes I-8 comprise about 
90'X of isolates wtlsldwide 

Control 

Fecal- oral spread of adenoviruses within families can be reduced by personal 
h y g i r n ~  Chlorination of swimming pwds, drinking water, and  wastewater 

Further Reading 

largely removes the risk of o~~ tb reaks  from these cc>mmunal sonrces. Prevcn- 
tion of contact spread of eye infechons by ophthalmologists and nurses in eye 
clinics demands that special attenhon he paid t i )  early idenfificalion and seg- 
regation of epidemic keratoconjunctivitis patients, hand washing, separate 
p iper  towels and ophthalmic si~lutions, and adcqilate disinfection of equip- 
ment. Similar precautions should also be taken to minimize the poss~bility of 
nosocornial outbreaks in wards where a patient with a severe adenovirus 
infection is being nursed. 

Vaccine 

The regularity of outbreaks of  ARD in U.S. military recruits prompted the 
development in the 1960s of a vaccine for protection of this particular popula- 
tion. The approach was novel. Live virulent virus is enclosed in a gelatin- 
coated capsule and given by mouth. In  this way the virus bypasses the throat, 
in which it would normally cause disease, but is released in the intestine, 
where it grows without producing disease. Because of lymphocyte recircula- 
tion, such vaccines induce mucosal immunity in the respiratory tract as well 
as in the  intestinal tract. When the two important serotypes, 4 and 7, cultured 
in human fibroblasts, are combined in such a live vaccine, they grow in the 
gut with little or  no  mutual interference and produce highly effective immu- 
nity to challenge. This experience has led to intensive research on the possible 
use of recombinant adenoviruses for protection against a range of infections 
in which rnucnsal immunity plays an important role. 
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All herpesviruses have the capacity to persist in their hosts indefinitely, in the 
form nf an episome in the nucleus of thc cells that harbor them. Virtually 
every vertebrate species that has been carefully searched is found to support 
at least one host-specific herpesvirus which has evolved with that host spe- 
cies for millennia. Sometimes, as in humans, host-specific herpesvirt~ses of 
different submfarnilies occupy distinct ecolog~c niches, noncompetitively, In 
particular types of cells within a given individual (Table 20-6). Varicella (chick- 
enpox) and herpes simplex viruses establish latent infections in neurons. O n  
reactivation, the varicelIa virus precipitates an attack of herpes zoster (shin- 
gles), whereas herpes simplex type 1 typically causes recurrent attacks of 
labial herpes; herpes simplex type 2 is mainly respclnsible for genital herpes. 
Cytornegalcnvirus, Epstein-Barr (EB) virus, and human herpesvirus 6 (HHV-6) 
persisi in Iymphocytes. With the control of rubella by immunization, cyto- 
megalovirus is now the major infectious cause of mental retardation and other 
congenital defects. EB virus is the etie~lvgic agent o'f infectious mononucleosis 
and is associated with two types 06 human cancer, a carcinoma and a lympho- 
ma .  HI JV-6 causes a cornmim exanthem in chilrlrcn. 

The importance of these six human pafhogens is increasing as a result of 
developments in modern medicine and  changing sexual practices. Her- 
pesviruses are frequently reactivated in AlDS and following immunosuppres- 
s i v t  therapy for organ transplantation or cancer. Under these circumstances, 
or  in infections of the fetus or newborn infant, lethal disseminated disease 
may uccur. Although most herpesviruses pose unsolved problems for vaccine 
development, some of them are amenable tn antiviral chemotherapy. 
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Table 20-1 
t lc.rprsv~ru<rs of t lumans 

Ofhclal name 

t luri~nn Iicrpcsv~~rus I 
I lr~man Ilrrpcsv~rus 2 
Ili~rcopitlicc~ric 

licrpcsv~rus 1 
t lumnn herpcsvrrus 3 

f lcrpes siniylcx vlru.; 1 
tlrrpcs srn-rplcx v~rn.; 2 
Sirnian 1it.rpc.; 1.1 vrrus I 
Var~cclla-ao<lt3r vrrus I 

Epstcrn-Hnrr (EB) virus 

Uiologtcal propcrlics 

Fa;lst-grow~ng, cytoly tic 
Latcnl In neurons 

Slow-growing, cy tt)rnegal~c 
Latent In sal~vary glands, kldneys 
Lntcnt rn macrophages, 
lyrnplincytes 

Lymphoprol~ferativc 
Latent In B lymphtuylr.; 

Properties of Herpesviridae 

The hcrpesvirus virion comprises four concentric layers: an inner core, sur- 
rounded by an icosahedral cnpsld, then an  amorphous fecyigumcnf, and finally an 
err71i*lope (Table 20-2). The DNA genome is wound like a ball of wool and is 
associated with a core &li the shape of a torus or doughnut whtch 
appears to be suspended by fibriIs anchored to the inner side oC the surround- 
ing capsid. The capsid is an icosa hedrun, 100 nrn in diameter, composed of 
162 hollow capsorners 150 hexarners and 12 pentamers (Fig. 20-IR). Sur- 
rounding the capsid is a layer of globular material, known as the tegument, 
which is enclosed by a typical lipoprotein envelope with numerous small 
glycoprotein peplomers (Fig. 20-1A). The envelope is fragile and the virion 
somewhat pleomorphic, ranging in diameter from 120 to 200 nm. 

Splirv~~tal cnvelopcd vlrlons, 120-200 nrn (11suaF1y about 150 nm) in drarneter 
Icosahrdral caps~~l, IN)-I Ill nm, with I62 capsoiners; surroundrd by amorphous tcgumcnt, 

thcn lrpid ~.nvt-lope containing numcrmr~ cfiffrrent glyroprott.lns, some form~ng peplomcrs 
I,rnmr dsVNA ps lwmr  wrth rc~tcratcd srqrrtbnces characlr*rrsfic of thr gt,nrls, 125-229 kbp, as- 

<octated will1 lorrrrd pac~leln corc 
Ilt.pl~cn!t~s i r l  nurlru.;, will1 ~ c c ~ u r n l ~ a l  tr;lnsrrtpt~on and ts,~nhl,~l~rm of ~rnmccliate rarly (n), car- 

ly (v), arid lntc (y) gent+ prcrcl~rc~ng u,  0 ,  and y prr~trrns, rc~spcclivc*ly, the earlicr o f  which 
ti-grrlattv transrrrptic~n from [attar gcncs 

1-)NA rcplicnt~on and cncay~\irfat~c)n rrrcur In nuclrrls, rnvrlopr 15 acquired hy buddtng 
ilirotrgli nurlc,ar nirmbri~nr 

Produrt~\.e rnfc,ct~ori in pcrmissivc crlls Fs rylocidal, intrantrclrar rncfus~ons, sclrnel~~mt~s cylu- 
n?r.gd~c ctglls ol syncytta 

l~stablrsh Intcnt rnfcctlons, with grnome persistlng I" Ihc nuclrr!s of nrurcms o r  lympl~oryles, 
only a small s~~l>zc*t r ~ f  gcbnrs IS c.xprt.ssed; rcbncl~val~rrn tr~ggt~rs r t~p l~ra f~on and rvcurrcnt or 
conlintroc15 shc.ddiri~ of ~nfertio~rs vlrtls 

Fig. 20-1 Ncrpcsvrndnc. Negtively stained preparations of the prototype herpesvirus, herpes 
s~mplex virus type 1 (A) Enveloped particles. {B) Icnsahcdral capsids with 162 capsorners Bar, 
100 nm. (Co~rtcsy Dr. E. L. Palmer.) 

The virion contains over 30 proteins, of which about 6 are present in 
the nucleocapsid, 10-20 in the tegument, and 10 in the envelope; a smaIler 
number are associate'd with the DNA in the core. The envelope proteins are 
mainly glycoproteins, most but not all of which project as peplomers. Anti- 
gcni'c relationships are complex There are some shared antigens within the 
family, but different species have distinct envelope glycoproteins. 

The herpesvirus genome consists of a linear dsDNA molecule which is 
infectious under appropriate experimental conditions. There is a remarkable .. 
degree of variation in the composition, size, and structure of herpesvirus 
DNAs. Physi'cal maps based on ordering of restriction endonuclease frag- 
men ts of viral DNA (restriction maps) are useful for epidemiologic analysis. 
The genomes of most of th'e human herpesviruses have been sequenced, an  
impressive achievement since these, together with those of the poxviruses, 
arc by far the largest human viral genomes, encoding from about 70 to around 
200 proteins. The genomes of the alphaherpesviruses appear to be colinear, 
that is, the presence and order of the individual genes are similar. Herpcs- 
viruses genomes display some unusual features (Fig. 20-2). Reiterated DNA 
sequences generally occur at  both ends and in some viruses also internally, 
dividing the genome into  two u~iiquc sequences, designatcd large (UL) and 
small (Us). When these reiterated sequences are inverted in their orient n t '  ion, 
the unique I, and S components can invert, relative to one another, during 
replication, giving rise to two or four different isomers of the genome, present 
in equimc~lar proportions. Further, intragenomic and intergenomic recorn- 
binational events can alter the number of any particular reiterate'd sequence, 
creating pc~i.yrnorphism. 
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u L IR, Us TRs 
VZV v * C 

125 kbp 

us 
EBV w M  U L  u 
'86 k b ~  TRL 

UL 
~ R L  IRs U, JRs 

HCMV , . . . B - p  . . . . . . . . . . . . . . 
q - 

229 kbp 

HHV-6 
162 kbp 

Fig. 20-2 Genome struclure of human herpesv~ruses Most hunian hrrpesvtrus genomes com- 
prcst, t ~ ~ o  nbginns des~grua t~d  long (L) and short ( 5 )  Tcrrn~ndl reptlat (TR) and lntcrna! repeal ( IK) 
S ~ ~ C ~ L I V R C C S  may bracket unique sequctlcrs ( U , ,  Us) of both Land  S (HSV) or only S regions (VZV). 
Rept-at sctluencvs are  shown as  boxesand are jnvcrtcd a s  Indicated by Ihc direction o l  the arrows 
l'hc repeat st,quencrs allow the DNA they brackcbt to invert relatlve to the rvst of thcgenom8e such 
that rvhrrc Iwth U, end U, are bracketed by repeat srquenccs, four Isomers are made and 
packaged In rqrrimular amounts into virlnns WIlrrc only S 1s breckeied by repeat sequences 
(VZV) twcl equlmolar isomcrs are made The genome 111 Epstein-Barr v ~ r u s  con ta~ns  termma1 
rtSpcdt and  majrlr intern.ll repcat (MIR) sequences rn a varrahlc nunilwr of c o p ~ e s  Uniquc W- 

qucnrcs (U, and  U,) are demarcated hy thesc rcpeat falrvil~es Nrar thr  extremrt~es tlf U, are two 
regions, DM and D, ,  whose sequences are almost identical. The  genome of human cyti,- 
mugal<~virus has a structure simrlar to that (,I HSV In the layout of  repcats and trnlcjuP sequenct.?; 
~t rirturs in four Isomers but IS much larger. The gcnomc 01  titlV-6 IS gtil8 being Investigated bul 
a p p + ' a ~ s  to  consist of a single unlque sequcncc ffar~ked by a pair of large d~rcc t  rept-ats. [Based on  
I) J McGcoch, S$,r~ltr~ I,'rrrrl 3, 402 (1992).] 

Classification 

Subdivision nf the family into three subfamilies was originally based on bio- 
logical properties (see Table 20-1). The subfamily Alphnkerjesvfrinnc includes 
herpes sirnplex virus types 1 and 2 and vaaicella-zoster virus. They all grow 
rapidly, Fyse infected ceIls, and establish latent infections in sensory nerve 
ganglia. 'The subfamily Hcfnlrzr/?csz~irrfzne i n c l~~des  human cytomegalovirus and 
FIHV-6. Their replicatic~n cycle is sInw and prclduces large, often rnultinucle- 
ate c ~ l l s  (cytomegalia). l 'he viral genome remains latent in lyrnphoreticular 
tissnt., sccrctr,ry glands, kidneys, and other tissues. 'l'he subfamily G ~ ~ ~ ) r l n l . t e r -  
I J L W I ~ I I I ~ C  contains the Epstein-Rarr virus. I t  replicates in lymphoid cells and 
may aEs;tr bc cytncidal for epithelial cells. Latency is frequently demonstrable 
in 1 y ITI phoid tissue. As the gennlnes of an increasing number of herpesviruses 
arc sequenced ,' herpesvirus laxonumy will progressively be based on the 
conscrvirtinn of particular genes and gcne clusters, the gene order, and  tlie 
a r rangc~~ient  of tlie terminal sequences involvcd in packaging of the genome. 

Viral Replication 

t i c rpc sv i r~~s  replication has heen most lpxtensively studied with herpes 
slrnplcx virus (HSV); betahrrpcsviruscs and gammaherpesviruses replicate 
niol-e slowly a11d cxhlbit certain signilicclnt oiiffrrences but gcn'erallly follow a 
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similar pattern. Unllke cert.nin other DNA virusos such as pnpovavlruscs ar-td 
parvoviruses which st~rnillatc tlie cellular DNA synthrtlc machinery, her- 
pesviruses Ihernselves encode most nf the enzymes they rcqulre to increase 
tlie pr~ol of deoxynuclccltides and to repl~cnte viral DNA. This lac111ty is vital 
for viral replication in restirag cells such as neurons, which throughout most of 
the life of the host never make DNA and do not divide. Interestingly, about 
half of the 73 genes of herpes simplex virus arc not essential for viral replica- 
tion in cultured cells, and it is likely that a s~milat  ratio applies in otlier 
herpesviruses; pr~surnably many of these additional genes encode regulatory 
proteins and virc~kines which oplimizc growth, diss~rnlnation, and patho- 
genicity in vtvo by such devices as extend~ng tissue trop~sm, establishing and 
maintaining latency, and suppressing [he Iiost immune response. 

The HSV virion attaches via its envelopth glycoprotein gC to the heparan 
sulfate moiety of cellular proteoglycans, then may form a firmer association 
between its gD glycoprotein and  a second, unknown celIular receptor. Entry 
into the cytoplasm requires viral glycoprr~tcins gB, gD, and gH and occurs by 
pH-independent l u s~on  of fhe virion envelope with the plasma membrane. 
Tegument proteins are released, r ~ n e  of which shuts down cellular protein 
synthesis, and the capsid is transported along Ihe cytcwkeleton tta a nuclear 
pore, where viral DNA is released, enters thc nucleus, and circular~zes. 

Viral gene expression is tightly regulated, with three classes of mRNA, a, 
p, and y, being transcribed in strictly ordered sequence by the cellular R N A  
polymerase II (Fig. 20-3). Another of the released tegument proteins transacti- 
vates transcription of the five "immediate early" (a )  genes. This viral protein 
associates with two cellular proteins to form a multiprotein complex that 
specifically recognizes a nucleotide sequence in the promoter region of the 
viral DNA, triggering transcription by the cellular polymerase. The u mRNAs 
are transported to the cytoplasm and translated to the several a proteins, 

tmrnediate ear~ty /.;.;\ f;a;\ 

dl. Ptaeins R Proteins v PrntniqS 
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m,--./-- (PA) m, - (PA) (PA) 

Transcnptron, 
post.lranscnphonal f mRNAs \ i "wAsA m ~ "  Tm~8~~s 

L 

Nucleus 
1 J/ -------- 

DNA replication I 
Fig. XI-3 D~agrdm reprrscnhng transcription, translation, and DNA rcpllcation of hrrpes  
s~rnplcx virus ( w e  tcxl) l'rarlscrlption and posttranscr~ptional processing occur In lhc nucltw4, 
and translatton in thc cytopEasm Somr r ~ t  tlie n and P protrrns are involv~cl in frirtlicr tmnsc r~p  
t~ori, and sumc p prc>telnh paal~cip~ltc In D N A  replicalicin (Corrrtesy L>r I3 Ro~zman ) 
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which arc regulatory protPins (hat rontrnl thc expression of all later genes. 
One a protcin in~tiates transcription of the "ea~ly" (P) genes. l 'he P proteins 
are enzymes required to increase the pool of nucleotides ( e . ~ . ,  thymidine 
kinase, ribonucleotide reductase) and others needed for viral DNA replication 
(e g., a DNA polymerase, paimase-hellcase, topolsomerase, single-strand 
and d~ulble-sfrand DNA-binding proteins). 

The viral genome probably replicates by a rolling circle mechanism. Fol- 
lowing DNA replication, certain P proteins induce the program of transcrip- 
t~on  to switch again, and the resulting "late" (y) rnRNAs are translated into 
the y proteins, most of which are structural proteins required for mor- 
yhogenesis of the virion. Capsid proteins assemble to form empty capsids in 
the nucleus. Unit-length viral DNA cieaved from newZy synthesized DNA 
conca temers is packaged to produce nucleocapsids, which then associate with 
patches of nuclear membrane 2 0  which tegument and glycosylaled envelope 
protef ns have bound. This triggers envelopment by budding through the 
nuclear membrane. Enveloped virions accumulate in endoplasmic reticulum, 
and the mature virions are released by exocytosis. Virus-specific proteins are 
also found in the plasma membrane, where they are involved in cell fusion, 
may act as Fc receptors, and are presumed to be targets for immune cytolysis. 

Fig. 20-4 Cytoyathic effects induced by herpcsviruses (A)  t Ierpes s~mplex vlru.; in 11Ep-2 cells 
sliuw~ng early focal cytrrpathr~Tngy (hematoxylin and cosln sta~n, magnihcation. x4Q) (0) Var- 
lrrlla virus in human k~dney cells (hcmatoxyl~n and txosln stam; magnification x ]SO), showing 
mult~nucleated giant cpll cnnlainrng acidnph~lic intranuclcaa inclusions (arrow) (C) Human cyto- 
rt~rgalov~rus in human f~hmblasrs (unstainrd, rnagn~flcat~rln x25), showing two foci of slowly 
devrloping cyfopathnlogy. (D) tiurnan rytc~mrgalovirws in human f~broblasts (hernatorylin and 
eosirl stain, magnification x 150), show~ng multinucleate g~ant  cells with acidoph~lic tnclusionq In 
Illc ni~clr i  (small arrow) and cytoplasm (large arrow), the I a t t ~ r  being characteristically large and 
round (Courtc-sy I Jack ) 
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Such productive infectrons (as opposed to latent ~nfect~c>ns) are lytic, as a 
result ol v~rus-induced sliuXdtrwn of host protein and nucleic acid synthesis. 
Major changes are obvitws microscopically, notably margination and pulver- 
ization of chromatin and the formation of large eosinophilic intranuclear in- 
clusion bodies, which are characteristic of herpesvirus infections and can 
usually be found both in herpesvirus-infected tissues and in appropriately 
stained cell cultures (Fig. 20-4). 

Herpes Simplex Viruses 

Pathogenesis and Immunity 

Although preexisting neutralizing antibody directed against envelope gly- 
I coproteins, notably gB and gD, may successfulEy prevent primary infection 

and limit spread of herpes simplex virus from epithelial cells to nerve end- 
ings, cell-mediated immunity is the key to recovery from primary infection 
and maintenance of latency. At the site of epidermal infection viral antigens 
are presented on dendritic cells and macrophages l o  CD4+ Th, lymphocytes, 
which initiate viral clearance by secreting cytokines such as interferon y 
(IFN-y) that recruit and activate macrophages and natural killer (NK) cells. 
CD4+ and CD8 + T cells, as well as NK cells and antibody-dependent cell- 
mediated cytotoxicity (ADCC), ly se infected cells. The overt epithelial infec- 
tion is cleared, but some virus ascends the local sensory neurons by retro- 
grade axonal transport and establishes lifelong latency in the corresponding 
spinal or cerebral ganglion (see Figs. 10-1 and 10-2) The mechanism of estab- 
lishment, maintenance, and reactivation of latency was discussed in Chapter 
10. Experimental studies in animal models, as well as  the clinical observation 
that immunocompromised humans are much more prone to severe HSV in- 
fections and to reactivation, make it clear that CD8+ T-cell-mediat'ed immu- 
nity is the key to recovery from primary infection. HSV-specific CD8 + T cells 
may also suppress the full expression of HSV DNA during the establishment 
of latency in sensory ganglia. We do not yet understand what is the common 
link between the apparently disparate events known to trigger reactivation 
(immunosuppsession, "stress," trauma, ultravioIet irradiation, fever, etc.). 

Recurrences of disease are typically less severe lhan primary disease, and 
the frequency and severily dtminish with time. The two HSV types display a 
degree of selectivity in their tissue tropism. HSV-2 replicates to a higher tiler 
than does HSV-1 in genital mucosa, is more likely to lead to encephalitis and 
severe mental impairment in neonates, is twice as likely as HSV-1 to establish 
reactivatable latent infection, and IS subiect to recur almost 10 times as fre- 
quently; the converse applies to orolnbiil infections, where HSV-1 predorni- 
nates. There is also evidence of extraganglionic latency at the site of primary 
infection, for example, genital tract or cornea, but the nature and biological 
significance of this are unknown. The severity of primary HSV infection is 
influenced by three major factors: (1) age, premature inlants being partic- 
ularly vulnerable, (2) site, systemic and brain infections being much more 
serious than infections confined to epithelial surfaces, and (3) imrnunt)compe- 
tence, T-cell-mediated immunity being crucial in the control of infection. 
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Two of the t1SV gIyc(~.prciteiris, gI, and gl, form a rcceptor lor the Fc 
dr~lnarn (31 IgG 71'liis I-c receptcir is found on the surface of both virions < ~ n d  
infcctcd cells and can protecl both against ~rnmunologic attack, by steric hin- 
drance resillling from binding of  nor~iiill IgG, o r  from "bipolar bridging" of 
FISV antibody wf~ich can attach to gEigl by its Fc end and simultaneously to 
another I iSV glycoyrotcrn vla one Fab arm Moret~ver, gC is a r~ceptnr  for the 
C3b coniponent of cclmplcmcnt and may protect infected celIs from anlibody- 
cotnplenient-mediated cytolysis. 

Clinical Features 

In ccmsiclcring the several clinical presentations i t  is important to distinguish 
between p ~ w n v ! y  and rccirrrcni infections (Table 20-3) Primary infections with 
t-ISV are generally inapparent, but when clinically manifest they tend lo be 
more severe than are recurrences in the same dermatome. Since immunity tn 
exogenous reinfection is long-lasting, nearly all second infections with the 
same HSV type are reactivations of an  endogenous latent infection. However, 
because cross-immunity is only partial, reinfection with the heterologous se- 
rotype can occur ( e . ~ . ,  genital herpes caused by HSV-2 in an  HSV-1 immune 
person); such cases are called "initial disease, nonprimary infection" and are 
usually mild. 

Qrophntyngenl Herpas Simplex 

Primary infection with HSV-I most commonly involves the mouth andlor 
throat (Fig. 20-5A,C). In young children the classic clinical presentation i s  
p;ingivclstomatitis. The mouth and gums become covered with vesrcles which 
soon rupture to form ulcers. Though febrile, irritable, and in obvious pain 
wrth bleeding guns, the child recovers uneventfully. In adults, primary infcc- 
tion more commonly presents as a ylnaryngit~s or tonsillitis. 

Following recovery from primary oropharyngeal infection the individual 

Table 20-3 
I)i.;c*d.;t.s r'rcd~lccd hy Flcrpt~s S~~nplex Viruses 

I'r~mary (I') rlr 
rrcuarent (R)  

1' 
P 
R 
I', R 
I', R 
I', R 
r, R 
r 
I: R 

hgc F:rcsquency 

Y~HUII~ ~Iiildr(~11 Common 
Adulls Cr~~nnion 
Any L'c~rnmo~t  

15 yrnr5 Ct?rnmo~i 
Any Ctrmrncln 
Any Rare 
A n y  Rare 
Newborn Rarr 

Any Rarv 

Severity 

M ~ l d  
MI IJ  
Mild 
M~ld/modr.ratc 
M~ldlmt~dcratc 
M~ldimodcra tc. 
Sevr re, 
Sevurcc 
Sevcrec 

Inclcrdnn): hcrpt,.; sirrrplc.x virus ~nfcttion tlf hurns, ccxrnia herpc-tiruni, rlc. 
'' S k ~ n  ;~btrr.r wa~sl, 1 '. 2, bclow wa~st, 2 :- 1,  arm.;, t31thcr I or 2 

Otlr~i i  fatal 
'' f ISV-2 In ncrinatcq 

Fig. 20-5 fierpes strnplex Note vestcle~, wh~cf i  rupturr to h ~ c o ~ n e  ulcers, nn (A) Rums, (R) bps, 
(C) tc~ngue, and (D) eye. (Courtesy Dr 1. Forhrs 3 

retains H'SV DNA in the trigeminal ganglicln for life and has at least a 50'% 
chance of suffering recurrent attacks of herpes labialis (otherw~sc known as 
herpes facialis, herpes simplex, fever blisters, or cold snres) frim t ~ m e  to tirne 
throughout the remainder of life. A brief prt,dromal pcriaiP c ~ f  hyperesthesin 
heralds the development of a cluster rrf vesicles, generally around the mu- 
coc~lt~ineous junction on  the lips (Fig. 20-50). 

About 80% of primary genital herpes is caused by 1-ISV-2, but an increas- 
ing minority is attributable to EJSV-1, possibly as a result of orogenital scxual 
practices. A s  a sexually transmitted disease i t  is sccn mainly in young ad111 ts, 
but it is occasionally encountered followin,g accidental inuculation at any 
or in young girls who have been victims of sexual abuse. Though the majority 
of prrrnary infections are subclinical, disease oft'cn occurs and 1s occasionally 
severe, particularly in females. Ulcerating vesicular lesions develop on the 
vulva, vagina, cervix, urethra, and/or perineum in thc female, penis En the 
male (Fig. 20-6), or rectum and perianal region in male hornost*xuals. Local 
manifest,ltions are !,am, itching, redness, swelling, discharge, dysuria, arid 
inguinal lymphadenopathy; systemlc symptoms, notably fever and rnalnisc., 
are often quite marked, especially in fe~nalrs. Spread niay occur to the cerztral 
nervous system, causing mild meningrtis in ahout 10'83 o i  all cases, ltailial 
discasc is less severe in Ithose with immt~nity resulting from previous ~nfcc- 
tion with FISV-1 or previous subclinical infFchtrn with 11SV-2. 

The vast majority of recwrrt5nt genital hcryes is cartscd by I1SV-2; recur- 
renccs are also more freqrlent than ft)llr>wing orop haryngeal IdSV-1 infcct~c~n. 
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Fig. 20-6 Herpes simplex. HSV-2 genital herpes in the male (A) and female (8). (C) Dendrltir 
ulcers on the cornea of the eye, caused by IISV-I (stained wlth fluorescein) (A,  0, Courtesy Dr 
D Bradford; C, courtesy Dr. H MarLean ) 

Although recurrences are less severe than was the primary attack, the resul- 
tant pain, sexual frustration, and sense of guilt can have psychological as weIl 
as sexual consequences. I- 

Kcra toconjunctivifis 

Primary infection of the eye (Figs. 20-5D and 20-6C) may occur de rrouo or 
may result from auloinocu1ation. hivolvement rrf the cornea (keratitis) often 
leads to a characferlstic "dendritic uIcer" which may progress to involve the 
stroma beneath. ImmunopathoEogic mechanisms including autoimmunity are 
thought to be involved. The corneal scarring that results from repeated HSV 
infections may lead to blindness; such recurrences are usually unilateral. 

Skin Infecfions 

I'rimary and recurrent HSV infections may also involve any region of the 
skin. Rarely this occurs by direct traumatic contact, for example, in wrestlers 
nr rugby players-"herpes gladiatorurn"! An occupational hazard Lor dentists 
and nurses is herpetic paronychia ("whitlow"). Much more dangerous, dis- 
sem~nated skin infections with HSV can complicate burns or eczema. 

Although encephalitis is a rare manifestation of HSV infection, this virus 
is nevel-theless the commonest sporadic Inonepidemic) cause of this disease. 
The virus may spread to the brain during primary or recurrent WSV infection, 
but vesicles are usually not present on the body surface. HSV-1 is usually 
responsible except in the case of neonates. The temporal lobes are principally 
involved. Untreated, the case-fatality rate IS 70%, and the major~ty of sur- 
vivors s ~ ~ f f e r  permanent neurologic sequelae. HSV is also a significant cause 
of meningitis and has more rarely been associated with a range of other 
r-reurologic conditions. 
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Herpes neonatorurn is a serious disease acquired by babies, usually from 
their mothers during delivery. The majority are HSV-2 infections acquired 
during passage through an infected birth canal, but some may be acquired 
postnatally~, and a very few prenatally by vi~emic transmission across the 
placenta or by ascending infection from the cervix. If virus is present in the 
maternal genital tract at the time of delivery the risk of neonatal herpes ranges 
from 3-4% in  recurrent infection to 30-40% in primary infection, neonatal 
herpes simplex infection occurs in 1 in 5000-10,000 live births. 

Neonatal herpes may present as ( I )  disseminated disease, with a case- 
fatality rate of 80%, most of the survivors being left with permanent neuro- 
logic or ocular sequelae; (2) encephalitis, with high mortality; or (3) disease 
localized to rnucocutaneous surfaces such as skin, eye, and mouth (which 
may, however, progress to disseminated disease if not treated promptly). 

Disseminated Herpes in Compromised Hosts 

Patients particularly at risk of potentially lethal disseminated HSV infec- 
tions are those who are already compromised by (1) congenital immunodefi- 
ciency disorders or malignancy, (2) immunosuppression (e.g., for organ 
transplantation), (3) severe malnutrition with or without concomitant mea- 
sles, or (4) severe burns, eczema, or certain other skin conditions. 

Laboratory Diagnosis 

Some of the clinical presentations of HSV, such as recurrent herpes labialis, 
are so characteristic that laboratory confirmation is not required. Others are 
not nearly so clear-cut, for example, if the lesions are atypical or if vesicles are 
not visible at all, as in encephalitis, keratoconjunctivitis, or herpes genitalis 
infections that are confined to the cervix. Specimens include vesicle fluid, 
cerebrospinal fluid (CSF), or swabs or scrapings from the genital tract, throat, 
eye, or skin, as appropriate. Rising concern about herpes genitalis has Ied to a 
situation where genital swabs are now the most common specimen received 
by many virus diagnostic laboratories. Isolation in cell culture is the method 
of choice, providing that the specimen is taken early, placed in an appropriate 
transport medium, kept on ice, and transferred lo the laboratory without 
dclay. Human fibroblasts or Vero cells ore both very sensitive, hut HSV repli- 
cates rapidly in any mammalian cell line. Distinctive loci of swollen, rounded 
cells appear within 1-5 days (Fig. 20-4A). The diagnosis can be confirmed 
wiltliin 24 hours by irnmunofluorescent staining of the in fected cell culture. 
Differentiation of HSV-I from HSV-2 is not usually relevant to the rnanagc- 
rnent of the case but may be required f o r  epidemiologic studies; it simply 
involves selection of appropriate monoclonal antibodies (MAbs) that distin- 
guish the two. 

Speed is important in situations where the patient would benefit from 
early commencement of antiviral therapy. Currently the mtlst reliable of the 
more rapid diagnostic alternatives is demonstration of F-ISV antigen in cells 
scraped from lesions, genital tract, throat, or cornea, or brain biopsy, by 
irnmurrofluorescence or immunoperoxidase staining (using type-specific 
MAbs if  desired). Enzyme immunoassays (EIAs) on CSF or detergent- 
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sol~rh~lired cellsirnuc~~s offer an alternative. R,tpid diagnosis of cnccphalilis is 
particularly difficult, yet irriportant ~f apprt~priate chtmotherapy is to be corn- 
m ~ n c e d  promptly. [+rain biopsy has bccn used in itlie past bul is unnecessarily 
invasivc. The polymerase cliain reacllon (I'CR) is now the method of choice 
for detection of HSV DNA in CSF. EIA or radioimm~~r-tossay (RIA) can also be 
used to demonstrate anti-HSV IgM in CSF, as  well as an  abnornmally high ratio 
of total HSV antibody In CSF to antibody in serum. In most other 1-ISV 
infccticlns, howcvcr, serology 1s not widely used, except for epidemiologic 
studies. Most HSV antibodies react with both sercltypes, but type-specific 
antigens (e g., bacuIovirus-cloned externaI domain of the gG glycoprotcins o f  
EJSV-I and HSV-2) are now available for EIA or "imrnunodot" screening as- 
says. 

Epidemiology 

flerpes simplex viruses spread principally by close person-to-person contact 
with lesions or muccwal secretions. HSV-1 is shed principally in saliva, which 
may be communicated to others directly, for example, by kissing, or indi- 
rectly, via ctrntarni na ted hands, eating utensils, etc. Autoinoculatian by fin- 
gers may occasionally spread virus to the eye or genital tract. HSV-2, on  the 
other hand, is transmitted mainly, but not excl~~sively, by sexual intercourse. 
Neonates can be infected during passage tl~rough an infected birth canal, or 
rarely transplacentally. 

The probability and age of acquisition of MSV are closely linked to socio- 
economic circumstances. In the developing world and in the poorer cornrnu- 
nl ties within developed nations, most children first become infected with 
f lSV-1 within a few years after losing the "umbrella" of maternal antibody, 
and over 80% are sernpositive by adolescence. Doubtless this reflects the 
influence of such factors as overcrowding, poor hygiene, and  patterns of 
human cnntact including social mores. En contrast, the majority of children in 
more affluent commun~ties escape infection until adolescence, when there is a 
second peak of infection a s  a result of saIivasy exchange via kissing; the 
prevalence in this cohort may never climb beyond 40-50%. A similar situation 
obtains with HSV-2; in the United States about one in every four adults IS 

seropositive, but tlie prevalence is four times higher In blacks than in whites. 
13cc;lusc almost all t.hc transmission of HSV-2 is sexual, most initial HSV-2 
~nfections in blacks are subclinical, as  they occur in adolescents and  young 
adults with preexisting antlbody against HSV-1, whereas those in whites tend 
to be more severe and to recur more frequently thereafter. Shedding in genital 
secretions (typically MSV-2) or saliva {typically HSV-1) occurs sporadically 
and  is not limited to recurrences with overt symptoms; fur example, stitdies 
~ndtcate that HSV-1 can be isolated from the saliva of u p  to 20% of children 
and 1-5% of adults at any given time. At least 20% i/rf people suffer from 
rccurrcnt herpes Iablalis and perliap.; 5% from recurrent genital herpes. 

Control 

Tlic very substantial risk of contracting genital herpes from a partner who is a 
known carrier ci>ll he reduced by diligent use of condoms irrcspect~vc nf 
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whether lesions are present. rl'he risk of hel-petic yaronyclria In clcntists, and 
in nurses handling oral catheters, can be cl~minated by wcnring glc~ves I'a- 
tients with active herpes simplex virus infcctions, pal ticuIarly heavy sheddcrs 
such as  babies with neonatal herpes or eczema herpel~curn, should be isolatetl 
from patients with immunosuppressive disorders. 

The strategy of risk assessment in pregnant women and the place of 
I 

delivery by cesarean section in the prevetltinn of neclnata! htryrs arc b ~ t h  
controversial. Until recently many ccri~ntries arlvocated a series of culturcs of 

I 
i genital specimens taken at least weekly tliruugh the flnal4-6 weeks of gcsta- 

lion from "high risk7' women, usually def~ned as  thcbse with a clinical history 
I 
I of genital herpes. However, this costly procedure lias been shown to be a 

poor predictor of viral shedding at the time of l a h r  arid therefore of fetal risk, 
I 

and it  is no  longer advocated except when primary genilal herpes is diag- 
nosed or suspected. Currently, tlie pref~r red  policy is to await the onset of  
labor, then carefully examine the cervlx and vulva and collect swabs fnr test- 
ing Cuitutc shoul j  be undertaken, as the most reliable indicator of infectious 
virus Sensitive rapid diagnostic rnetho~is cannot he recommended for gener- 
al application until they becnme more reliable, readily available, and cnst- 
effective. If genital lesions are present at labor, fE~e baby should be delivered 
by cesarean section as soon as possible and not marc than 4 hours after the 
membranes have ruptured, because of the risk to the fetus of ascendi~ag 
infection. If no lesions are present vaginal delivery is appropriate; however, 
should the vaginal swabs subsequently prove t c ~  be WSV positive, evidrtice of 
neonatal infection should be sought by taking samples from the baby's eycs, 
nose, throat, umbilicus, and  anus. 

Chemotherapy 

The drug  of choice for treatment of alphaherpesvirus infections is acycloguan- 
osine (acyclovir), the mechanism of action of which w;ls discussed in Chapter 
16. Acyclovir in an  ointment formulation is used topically for the treatment of 
ophthalmic herpes simplex. Intravenous acyclovir (10 mglkg 3 limes daily) 
shouId be  commenced promptly and continued for 2-3 wceks in the case r>t 
the life-threatening F1SV diseases, encephalitis, neonatal herpes, and dissem- 
inated infection in immunocompromiscd patients. Oral acyck~v~r (2(W) mg 5 Li1nt.s 
daily for In days) is appropriate trealment for primary llerpcs genitalis and  
may be of some value for unusually severe primary orofacial herpes. Any 
benefilt of treating recurrent herpes genitalis or herpes labialis is marginal. 
Acyclovir has been used cautiously during pregnancy for maternal inlcction 
and III selected cases late in pregnancy when it is unlikely to carry any risk nt 
fetal damage. To date, fetal abnormality has not bepn nssociatcd wifh tlic use 
of acyclovir during pregnancy, though a throret~caI risk rematns. 

A case can be made far prolonged oral prophylaxis (200 n ~ g  2 or 3 times 
daily) to suppress recurrences in patitrats with a history of unusually sevcrc 
andloa frequent attacks of herpes genitalis. Hecause this strategy invites Ehc 
etnergence of  drug-resisfant mutants, thcasc on long-lerm prophylaxis should 
b~ ~n~onitored for this, as  well as fur r~d[tccd creatininc clearance as an ir~dcx 
of impaired kidney function. Chemoprophylaxis 1s also justified in pniionts 
rpceiving an organ transplant, or in immunocornpromised patients with any 
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clinically apparent mucocutaneous I ISV inlcct~nn, or fur the prevention of 
neonatal hrrpes in a baby r.felivered vaginally from a mothcl- w ~ t h  proven 
prin~ary herpes genitalis at Ihe time of delivery. In none of these situations is 
acyclovir a panacea, and it does not prevenl the establishment of latency; at 
best tt can be claimed that early administration of tht. drug will restrict the 
progression of the disease and ameliorate symptoms. 

Sorne of the newer nucleoside anaJogs now undergoing clinical trials may 
prove to be superior to acycIoguanosine. Older antiviral agents such as ade- 
nine arabinoside (vidarabine) and phosphonoformate (foscarnet) are too toxic 
to be recommended for general use, but the latter can be used to treat 
acycIovir-resistant life-threatening HSV infections, for example, in AIDS pa- 
tients (see Chapter 16). 

Vaccines 

The development of herpesvirus vaccines has proved to be difficult. Preven- 
tion of the primary mucocutaneous infection will require a strong T-cell mem- 
ory response and perhaps also a high titer of type-specific mucosal IgA anti- 
body. Prevention of establishment of latency may be impossible because virus 
gains access to nerve ganglia not by viremic spread but by retrograde axonal 
transport. Nevertheless, research is proceeding on a number of fronts, partic- 
ularly with a view to the prevention of genital and neonatal herpes; delivery 
of such a vaccine could be delayed until puberty, when a significant propor- 
tion ol recipients would already have been primed by natural infection with 
HSV-1. Various WSV glycopmteins elicit neutralizing antibodies, but the most 
important appears to be gD. Several of the experimental HSV vaccines at 
various stages of development or testing consist of genetically cloned gD (or 
gD plus gS) associated with an adjuvant, whereas others are live vaccinia/ 
HSV-gU recombinants, or live attenuated HSV mutants, genetically engl- 
neered by deletion of particular genes to be nonneurovirulent or replication- 
defective mutants. 

Varicella-Zoster Virus 

A single herpesvirus known as varicella-zoster virus (VZV) is responsible for 
two almost universal human diseases: variceIla (chickenpox), one of the exan- 
themata of childhood, and herpes z ~ s t e r  (shingles), a disabling disease of 
aged persons and immunocompromised patients. 

Pathogenesis and Immunity 

Varicella virus enters by inhalation; and replicates initially in the mucosa of the 
respiratory tract and oropharynx. Its progression during [he 10 to 20-day 
incubation period (typicalIy 14 days) is presumed 'to be comparable to that 
seen in other generalized exanthemata. Dissemination occurs via lymphatics 
and the blrwdstream, and virus mrultiplies in mononuclear leukocytes and 
capillary endsthelial cells. Eventually the sash results from multiplication of 
virus In epithelral cells of the skin, prickle cells show balPooning and intra- 
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nuclear inclusions, and virus is  plpnlif~rl 111 the cl-inrartcristlc vesicles. At  this 
time, virus is presumed to ascend thc axons of vallous sensory nerves to 
localize in sensory ganglia, where i t  bcconles latent f o r  life unt~l reactivated by 
immunosuppression, as discussed in Chnptcr 10. The primary infection is 
generally rapidly controlled by T-cell-mediated immunity. Varicella usually 
induces proIonged immunity, but sttbcIin~cal reinfectinns may occur more 
frequently than once thought, and mild d~sease is sc?metimes seen, partic- 
ularly in immunocompromised individuals. 

Herpes zoster occurs when varicella virus in a sensory ganglion is react[- 
vated and descends the sensory nerve within the axon. In contrast with 
herpes simplex, VZV latency is tight; herpes zoster occurs in only 10-20% of 
those previously infected with VZV, it is mainly conhned to the elderly, and 
more than a single attack is exceptional. Zoster annually affects about 1% of 
persons aged 50-60 years, with the incidence cllmbing rapidly thereafter to 
the point where most 80 year olds have suffered an attack. The condition is 
particularly common in patients suffering from Hodgkin's disease, lymphatic 
leukemia, or other malignancies, or following treatment wlth immunosup- 
pressive drugs or irradiation of or injury to the spine. A decline in the level of 
cell-mediated immunity is thought to precipitate the attack of herpes zoster, 
and the protracted course of the disease in older or immunocompromised 
patients is presumably due to their weaker cell-mediated immune response. 

Clinical Features 

Varicella 

The rash of chickenpox appears suddenly, with or without prodromal 
fever and malaise. Erupting first on the trunk, then spreading centrifugally to 
the head and Irmbs, crops of vesicles progress successively to p,ustules then 
scabs. Though painless, the lesions are very it'chy, tempting the chlld to 
scratch, which may lead to secondary bacterial infection and permanent scar- 
ring. Painful ulcerating vesicles also occur on mucous membranes such as the 
mouth and vulva. The disease fends to be more severe in adults, in whom 
poten tially life- threa tening varicella pneumonia occurs quite commonly (see 
Fig. 36-38). 

Neurologic cc~mplications are uncommon but potentially serious. In about 
1 case in 1000, encephalitis develops a few days after the appearance of the 
rash; this can bc lethal, particularly in adults. Rarer neurologic developments 
include the Guillain-Barr4 syndrome and Reye's syndrome (see Chapter 36). 

Vaaicellla is a particularly dangerous disease in irnrnunncornpromised per- 
sons or in nonimrnune neonates. Children with deficient cell-mediated immu- 
nity, whether congenital sr  induced by malignancy (e.g., leukemia), anticancer 
therapy, or steroid therapy, are especiaIly v~ln~erable. Not only may the skin 
manifestations be necrotizing and hemorrhagic, but the disease becomes dis- 
seminated, involving many organs including the lungs, liver, and brain. 

If women have n'ot been infected as children, varicella tends to be more 
serious in pregnancy and may  affect thv fetus Infecticsns occurring in the few 
days immediately before or after parturitii~n in a nunimmune woman can be 
pirticularly dangerous, since the baby has nn maternal antibody to protect it 
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and may die. from d~sscminatcd varicclla. Very rarely, mat~rna l  infcct~on in 
thc lirst half of pregnancy has been asst~c,iatcd with congcn~tal malformations 
In the fetus (cutaneotrs scarring, limb hypoplasia, and eyc abnormalities). 

FJeryes znstcr results from r'eactivation of virus wh~ch  has remained latent 
in onc or niore sensory ganglia following an attack of chrckenpox many years 
earlier. Vesicles are generally unilateral and confined to the area of skin inner- 
vated by a part~cular sensory ganglion (zosfer, girdle), usually on the trunk or 
on the face involving the eye (Fig. 20-7); scattered lesions nutside the der- 
matome primarily affected may alsr~ occur. The accompanying pain is otten 
very severe for u p  to a few weeks, but postherpetic neuralgia, which occurs in 
I~alf nf all patients over 60 years of age, may pers~st  for marly months. Motor 
paralysis and cncephalnmyelitis are rare complications Disseminated (vis- 
ceral) zoster is sometimes sren in cancer patients or  those otherwise imrnu- 
nocom prc~mised. 

Fig. 20-7 t icrpcs ~ostcr Notv unrlatrral di5tr1buttoii r~f the les1~3ns on the rdc*rrnatrmc. suyptird 
hy thc c>phthnlrn~r d ~ r r ~ s ~ o n  of thc* l r lgcm~na[  ncrvc In  add~tirrn there arc stattcrcd Icsions clse- 
w l ~ c r c  on tile sktn (drssem~natcd zoster), not an irnctmmcln ca~mpltcaticln of thr  dise.3~~ (Cour- 
tesy Dr J fsorhcs ) 
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Laboratory Diagnosis 

The clinicC~l picture of bo t l~  varicella and herpes zc~sler is so tlisiinclivc tha i the 
laboratory is rarely called on fur assistance S~nears  from the basc of carly skin 
lesions, or  scctiorls from organs taken a1 autopsy, Inay be f~xed and s t a~ncd  to 
reveal the cliaraclcristic intranuclear inclus~ons w~thin multin~~cleatcd giant 
cells, but positive identification using monoclnnal fluorrscent antibody is the 
rapid diagnostic lccl~niq~rc of choice. Alternatjvely, EIA can be used to ciem- 
onstrate VZV antigens in vesicle fluid F~nally, PCR can bc uscd to aniptily 
DNA extracted from virions in vesicle flitid, for detection by nucleic acid 
hybridizat iun. 

The virus can be isnlateci from early vesicle fluid in crllt~ires of human 
embryonic lung fibroblasts, however, virus tends to remain cell-associa led, 
w r y  little being released, and hence the r-ytnpnthic effect (CPE) duvelops 
slowly in distinct foci over a period of 2 or more weeks (Fig 20-4B). VZV 
antigen can be demonstrated in nuclear inc l~~s ions  by immunofluoresce~ice 
before the end of the first week. 

Recent infection can also be confirmed by detecting a rising t~ ter  of anti- 
body, or by lgM serulogy preferably using EIA.  l r n m u n  status; for example, 
of potentially vulnerable leukemic children following contact, can be deter- 
mined rapldly uslng a latex agglutination test. Specific tests for cell-mediated 
immunity are also used research purposes and vaccine assessment. 

Epidemiology and Control 

VaricelEa occurs throughout the year but is most prevalent during late winter 
and spring Epidemics occur among groups of susceptible clilldren, for e x a n -  
ple, in schools or  children's hospitals. Most children become inlected during 
their first years at  school. Spread probnbly occurs via airborne respiratory 
droplets generated from vesicles on ornpharyngeal murosa, as well as by 
contact with skin lesions or fomites. Childrcn are highly contagious and  
should be excluded from school for as long a5 moist vesicles are present on 
the skin; 1 week is normally sufficient. 

Passive immunization with zostcr immune globulin (ZlG), obtaincd origi- 
nally from convalescent zoster patients, has an  important place in the preven- 
tion of varicella. The ZIG should be adrn~n~stered  to nonirnmune pregnant 
wonien who have come into close contacl with r7 case of varicella wi th~n the  
prcceding3 days but is ineffectual if furthcar delayed. If a pregnant woman has 
actually contracted var~cella within the few days before (or very soon after) 
delivery, the probability of disseminated disease in the baby may be reduccci 
by injecting both the mother (immediately) a n d  thc baby (at birth) with ZIC 
Administration of ZIC is also indicated for imniunncnmpromised patients 
who become exposed ti, the risk of inlect~on, a typcal crisis situation wnuld 
be tlae occurrence of a case of varicella in thc Iet~kemia ward of a chilcfreri's 
hospital. 

Chernofherapy 

Vaaicclla in the normal child can gencraily be managed by prevention of 
itching, scratching, and secondary barlcrial infection. However, varictlla 
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have been isolated mainly from arl~~lts,  whereas most exanthem subitum 
isolates have been group B. 

Pa thogenesis 

The principal target cell of HHV-6 appears tu (14 the dividing CD4 T lympho- 
cyte. Infected T cells show ballooning, often with more than one nucleus and 
nuclear and/or cytoplasmic inclusions, before eventually dying. Macrophages 
are persistently infected and may comprise an important reservoir. Trans- 
formed R lympliocytes, NK cells, megakaryocytes, glial cells, fibroblasts, and 
epithelial cells have also been reported to support productive replication of 
certain HHV-6 strains in culture. 

The virus persists in the body, but the mechanism of latency is not 
known. IfI-iV-6A is readily demonstrable by l r t  srlu hybridization and immu- 
nofluorescence in salivary glands, and is regularly isolated from saliva, sug- 
gesting that salivary glands may represent a major reservoir and saliva the 
main route of transmission. Reactivation is precipitated by immunosuppres- - - - - 
sion, as used for bone marrow or organ transplantation, or in AIDS patients. 
This has been demonstrated mainly by a rise in anti-HHV-6 IgG liter, indica- 
tive of either exogenows infection or reactivation of an endogenous latent 
infection; reactivation has not been correlated with any particular symptoms 
or w ~ t h  renal graft rejection even though HMV-6 is often found in the kidney 
and in urine of asymptomatic immunocompetent people. There is evidence 
that 1IfiV-6 up-regulates HIV expression in CD4 T cells. 

Clinical Features 

A recent large U.S. prospective study found that a remarkable 14% of febrile 
infants under 2 yeam of age yielded HHV-6 from their blood, although most 
did not show the classic rash of exanthem subitum {rosenla). The commonest 
presentation was a high fever, with irritability and malaise, lymphadenopa- 
thy (particularly involving swbocc~pital nodes), and mild injection of the phar- 
ynx and tympanic membranes; a rash was seen in about 10% of the infants. 
Encephalopathy may rarely occur, and there have been isolated reports of 
othcr possible clinicaI associations, such as hepatitis; however, causal rela- 
tions hips have not been demonstrated except with exanthem subitum. 

Laboratory Diagnosis 

Virrrs can be isulated from peripheral blood mononuclear cells of roseola 
patients in the early febrile stage of the illness, or from saliva of adults inter- 
mittently throughout life, by centrifugation-enhanced infection of phytohe- 
maggluf~nin-activated peripheral blood leukocytes or of T-cell lines. HHV-6 
<lntigen can he identified in infected cells by immunofluorescence using an 
appropriate MAb. EIA and immunoblot assay have been successfully applied 
t r ~  detection of both antigen and antibodies. The PCR is also available for 
deicction of thc' grnome in productive or latent inlection. 
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Epidemiology and Control 

Serological surveys indicate that almost a11 children have becol-ne infected by 
2-3 years of age, strungly suggesting inlrafamilial spread, probably from the 
mother shortly after maternal antibcxiies have declined In the infant ?'he high 
incidence of  shedding of virus in saliva points to this as the Ilkely, but not 
necessarily the only, nafural route of transmission. 

Chemotherapy 

As expected from its similarity to CMV, HPIV-6 is susceptible to gan- 
ciclovir and loscarnet but relatively resistant to acyclovir. 

Epstein-Ban Virus 

Pathogenesis 

Epstein-Barr virus (EBV) replicates in epithelial cells of the nasopharynx 
and saiivary glands, especially the parotid, lysing them and releasing infec- 
tious virions into saliva. The B lymphocytes infiltrating the lymphatic tissue of 
the infected oropharyngeal mucosa map in turn become infected but are gen- 
erally not permissive for vinzs production. EBV binds via its envelope gly- 
coprotein gp3501gp220 to the CR2 complement receptor, CD21, and enters 
the €3 cell, where i t  normally falls to replicate but establishes lifelong latency 
(see Chapter 10 for detailed des~r i~t io~;) .  The genome persists as a plasmid, 
relatively few genes ot which are expressed, but at Ieast one of the viral gene 
products, ERNA-2, immortalizes the 8 cell. Each resulting B-cell clone pro- 
duces B-ceil growth factor and secretes its own characteristic monoclonal 
antibody. The 'heterophile" antibodies that result from this polyclonal B-cell 
activation represent just one manifestation of the immunologic chaos that 
characterizes the acute phase of infecticrus mononucleosis. There is also a 
general depression of cell-mediated immunity with an incrcase in suppressor 
T celIs. MeanwhiIe, clones of CD8 + cytotoxic T lymphocytes that recognize 
class 1 MHC bound peptides derived from EESV proteins EDNA-2 to EBNA-6 
and latent membrane protein (LMP) become activated to prrrliferatt. and  lysc B 
cells and oropharyngeal epithelial cells expressing that prcateln on thcir SLIP 

face. It  is these cytotoxic T lymphoblasts, not the infected B cells, that com- 
prise the pathognomonic "atypical 1ymphc)cytcs" that characterize infectious 
mononucleosis [Fig. 20-88). In individuals with congenital or  acquired T-cell 
imrnunodelic~encies, the virus fails to be cleared and B-ceII lymphclrnas or 
other lethal conditions overwhelm the patient. 

Strains uf EBV fall into two classes, based mainly on differences in se- 
gtrcnce of the EBNA-2 gene. q p c  A, which is the mosk common in Europc 
and the United Slates, is regularly isolated from B lymnphocykcs, whercas type 
0 is only recovered from B cells of irnmunocornpromised individuals and 
otherw~se appears to be confined to mucosal ~~pithelia and .;ccret~uns thrrc- 
from. 
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Transplacental infectic~n with CMV is  now Ilic comrnrrncsl viral cause of 
prcnatal damagc to the fttus App~~xin ia lc ly  l 'ji, 01,711 habrcs beconic ~nfected 
I ! ?  ~ ~ f r ~ r o  Whereas the malority 01 ~natornal infect~ons  arc endogcvr)us sccur- 
rences (reactivatic~i) and arcB generally unevcntlul, most casrs of overt cyto- 
n~egalic inclusion disease resuit from primary ~nfections occ~irring during fhc 
first 6 months of pregnancy. l-lencc this syndrome tends tcl be a disease of 
affluence, as  over  50'70 of wonicn in  developed countrits, compared with less 
than 10% in 'Third World countries, are still seronegative as they enter the 
clitld-bearing years. I'rimary infection iluring thy firsf 6 months of pregnancy 
carries a 30-40% risk of prenatal infection and 10-15% risk of cIinical abnor- 
malities in tlie neonate. The risk of fetal infection following recurrent CMV 
iniectic~n during pregnancy is 0.5-1%, with a low risk of abnormality. Higher 
titers of virus arc transmitted to babies from mothcm w ~ t h  primary than with 
recurrent infection The preexisting immunity preseni in the latter confers 
cclnsiderable protection against disease in tlie fetus, and major deficits other 
than unilateral deafness are rare in babies infected prenatally as a result of 
reactavation t.rE maternal CMV. 

A minority of babies with clinical abnormalities at dtlivery are stillborn or 
die shortly aRer birth, Autopsy may reveal fibrosis and takification in the 
brain and liver. Typical cytomegalic cells may be found in numerous organs; 
indeed, they may be found in salivary glands or renal Xubules of many normal 
children (Fig 20-8A). Progressive damage may occur not only throughout 
pregnancy but also after birth. The affected infant synthesizes specific IgM, 
and immune complexes arc plenliful, but CMV-specific and nonspecific cell- 
mediated imlnune responses are markedly depressed. 

['nstnalal or  natal (intraparturn) infection is commoner than prenatal in- 
fection and  may occur via a t  least three different routes. Because most matcr- 
nal ~~-rfections occz~rrjng at this time are not primary but reactivated infections, 
the neonale is at least partially protected by preexisting maternal IgG anti- 
bodies and therefore only rarely develops disease. Approximately 10% or 
more i 3 f  wumen shed CMV from the cervix at the time of delivery; some of the 
babies who become infected subclinically may acquire the infection during 
delivery. Second, 10-20% of nursing mothers shed CMV in their milk, and  
their infants have a SOf% chance of beconling inkcfed via breast-feeding; such 
infccticms are subcli~iical and  perhaps the most common mode ot taansrnis- 
sion c>f CMV in the neonatal period. Laler, oropl~asyngeal secretions are be- 
licvcd to constitute the principal vehicle of transmission, ntlt onIy in child- 
hood but again in adolescence, via direct corltalct or contamination of hands, 
eating utensils, etc. Kissing and sexual contact no doubt account for the sud- 
den increase in CMV seropositivity from 10-15%, to 30-50% between the ages 
r-rf 15 and 30 in countries such as the United States, though it is difficult to 
determine unequivocally lhe reIative importance of f h e s ~  two routes. CMV is 
alsr~ shed inlern~ittently in cervical secretions and in semen, hence sexual 
transmission may be significant; for example, CMV infection is almost univer- 
sal among promiscuous male homosexuals. 

The two remaining mcchanisrns oT acquiring CMV, blood transfusion and 
clrgan transylantntaon, constiti~te special cases of iatri~genic infection. Almost 
all tliosc who receive rnt~lliple transfusions of large volumes of blood develop 
CMY infcctiori at  some stage. Most such episodes are subclinical, but the 
~~innone~cPtosis syndrt)mr is no1 .cfnconnmon Morc serious rnanih~statio~is o f  

Fig. 20-8 Histopathology of some d~seases  callred hy herpc~viruses (A) Cytornegalic inclusion 
disease. S~ction of kldnry (herna.toxy11n and eosln stain, niagn~fication x250). Arrow rndlcatrs 
one oE several "cytorncga~ic" cells in.iide a renal t~rbulo The typical cytomegallc rcll IS greatEy 
swollen, with'an ,enlarged nuclcus distended by a hug? inclu.;ir,n whlch IS separated by a nnn- 
s t a ~ n ~ n g  halo from the nuctoar ~iembranc,  g i v ~ n g  the ccll the appearance rrf an owl's eyc (8) 
Infpct~ous mononucleosis (glandrrlar fever) Smcar r ~ l f  peripheral blood (Lrishman staln, nlagnlC1- 
cat~on. x4M) Note Large "atypical lymphocytes" (arrows). (Courtesy I lack ) 

primary infection may occur following transfusion of seropositive (infected) 
blood into seroncgatlve premature infants, pregnant women, or immu- 
nocompromised patients. CMV infcction of recipients of kidney, heart, liver, 
or bone marrow transplants may also be of exogenous origin, introduced via 
the donated organ or  via accompanying blood transfusions. Such an exog- 
enous infection may be primary or may be a reinfection with a different CMV 
strain. On  the other hand, tlie profound immunosuppress~on demanded for 
organ transplantation, or indeed for other purposes such as far cancer thera- 
py, is quite sufficient to reactivate previous infection. Primary CMV infec- 
tions, in particular, are serious and uften lethal in imm~~nocompromised pa- 
tients. They are also often associated with rejection of the organ graf t  for  
example, glomerulnyathy in a transplanted kidney. Reactivation of latent 
CMV is also one of the c ~ m m ~ o n e s t  opportunistic infections leading to death 
in AIDS patients. 

The telat~onship between the circumstances of transmission of CMV and 
the comrntlner clinical outcomes is summarized in Table 20-4. 

Clinical Features 

Iprcr~nfnS lnfccfion (Cyfontcgafic Inclarsion Disease) 

Cytomegalov~rus infection during pregnancy is now the major viral cause 
of cimgenital abnormalities in the newborn. Approximately 0.5-270 of babies 
arc born with asymptomatic CMV infection, and 1 in 2000 has signs of cyto- 
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pn~umclnitis reqrlirrs vigorous trcatmcn t with in triiven~tils acyclovir ( J  0 
~ngikg 3 times dally for 7-11) days), as docs herpes zrrster when i t  involves the 
eve. Acyclovir may be given orally (ROO mg 5 times daily for 7 days) b scceler- 
ale healing in other severe cases of zoster, provided i t  is commenced 
promptly. 

Vaccine 

Japanese and American workers have produced a live attenuated vaccine 
from the Oka strain oI VZV, derived by serial passage in cultured human and 
guinea pig fibroblasts. A single injection protects about 90% of recipients for 
several years at least. Protection is somewhat lower in immunocornpromised 
children, who constitute the principal target group for such a vaccine. The 
vaccine induces fever and a few skin papules, occasionally in normal children 
but much more frequently in immunocompromised children For instance, a 
significant minority of children with leukemia, or on steroid therapy (e.g., for 
nephrotic syndrome), developed mild varicella following vaccination. The 
attenuated vaccine often establishes latent infection in dorsal ganglia and may 
lead to zoster in the years ahead, but there is evidence that such reactivation 
may occur less frequently than following natural varicella infection. At the 
time of writing, the Oka vaccine is licensed for general use in normal children 
in Japan and for use in immunocompromised children in several other coun- 
tries. 

Cytomegalovirus 

Thmoghout much of the world cytnmegalovirus (CMV) infection is acquired 
subclinjcally during childhood, but in some of the more affluent communities 
it tends to be delayed until an age when i t  is capable of doing considerably 
more damage In particular, primary infections during pregnancy can lead to 
severe congenital abnormalities in the fetus. fatrogenlc infections may follow 
blood transfusion, or immunosuppression, for example, for organ transplan- 
tation, and CMV is a major cause of blindness or death in AIDS patients. Of 
all the herpesviruses, CMV is the one responsible hrr most morbidty and 
mortality in ~mrnunocornpromised hosts. 

Pathogenesis, Immunity, and Epidemiology 

Once infected with CMV, an individual carries the virus for life and may shed 
it intermittently in saliva, urine, semen, cervical secretions, and/or breast 
milk Up to 10% uf people may be found to be shedding virus at any time, 
especially young children. The intermiltent nature of CMV shedding and the 
fjuctuations ubserved in antibody levels suggest that asymptomatic cxacerba- 
lions occur on  several occasions throughout life. For example, reactivation 
occurs during pregnancy, rising markedly as term approaches. tIorrnonal 
fartnrs may be at  work here, but immunosuppression is generally the most 
powerit11 trigger. CMV is one of the commonest causes of death inkAIDS 
patients as well as in recipients of grafts, especially following bone marrow 
transplantation. The virus can be isolated from over 90% of patients pro- 

Cytomegalovirus 

iuundly immunosuppressed fur organ or tissue transplantation Such ~n frc- 
Lions generally involve reactivation of a latent (or low-lrvcl chronic) infection 
that has been lying dormant in cells cli clther the donc~r or Ihr recipient rtf thc 
graft. 

Relatively little is known about the pathogenesis of CMV infcct~cm and the 
mechanism of latency. During the viremia observed in acute infectiun, wheth- 
er primary or reactivated, virus can be recovered irom monocytes, poly- 
morphs, and to a lesser extent 7 lymphocytes. That these and other cells are 
potentially permissive has been confirmed by in vzlro cultivation of CMV in 
monocytes, endothelial cells, vascular smooth muscle cells, and some CDH 
T cells, but not 0 cells. flowever, if  is almost impossible to reactivate CMV by 
cocuItivation of leukocytes from healthy carriers with suscephble fibroblasts 
z l r  vitm. I'CR or it1 sifu hybridization studies reveal that onny about 1% of 
peripheral blood mononuclear cells from carriers contain the viral genome 
and that only the major immediate-early gene (!El) is transcribed and trans- 
lated. There is evidence that the viral genome may persist principally In 
endotheliaI cells, stromal cells, andfor ductal epithelial cells in salivary glands 
and renal tubules, from which vlrus is shed inlo saliva and urine, respec- 
tively. In summary, it is not yet clear which cell types constitr~te the principal 
reservoir of the viral genome, nor whether persistence is maintained by a 
continuous low-level chronic productive infection or by true lalency in which 
episorne copy numbers are maintained but expression of most genes is re- 
stricted until derepressed by immunosuppression. 

Cell-media ted irnmuni ty appears to he princ~pally responsible for control- 
ling C M V  Studies of rnurine CMV in mice and of human CMV in humans 
have shown that NK cells are important early in infect~on, and that CU8' I' 
lymphocytes directed at the major immed~ate-early pn~tcin, IEI, crrnfer pro- 
tection. Neutralizing antibodies directed mainly against the envelope gl y- 
coprotein $0, and to a lesser extent gH, may contribute lo priltertion, but 
exogenous reinfection can occur. i t  is uncertain whether t h ~ s  is generally with 
a different strain; more than one strain has been isolated conc~lrrently from a 
single individual. 

Although CMV infection e11cits a CMV-specific cell-rncdiated immune 
response, it can also be generally immunosuppressive, thereby predisposing 
to secondary infection with bacterial or fungal agen ts. It is unclear whether 
this should be ascribed to functiulnal impairment of antigen-presenting cells 
or of T cells as a result of prr~ductive or abortive replication. 

A number of characteristics of infection by CMV may contribute to its 
ability to persisk in the body by evading the in~miine system First, the virus 
multiplies extremely slowly and can spread cunt~goo~~sly  from cell to cell hy 
fus~on, so escaping neutralization by antibody. Second, CMV infection rt-  
duccs cell surface expressinn of class I Mf1C proteins, thus perhaps protectln): 
infccted cells to some degree from lys~s  by cytotox~c lyrnpl~ocytes. A CMV 
protein, ULIR, which displays homology will1 ihc hravy ch'lin of MHC class I 
proteins, can interact with p,-microgl(~hr~lin, thcrchy not only interfering with 
T-cell recognition but also coating the free vlrinn and proti.cting it from anti- 
body. Further, like other h~rpesviruses, CMV encodes a protein with the 
functional characteristi'cs of an Fc receptor, which prc,tects the plasma mtm- 
brane of the infected cell against immune attack, as described above for f ISV 
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sprr.;~cl c~ccurring mainly to adjacent crlls; hence Ci'E map not b ~ c o m c  cvident 
tor u p  t o  a month, but foci rrf swol1t.n rcCrclctilc cclls will1 cytoplasmic granules 
are dtrtectahle (Fig. 20-412). When s t a~n rd ,  tlicsc cells arc fo~rnd ((7 cuntain a 
n i~ rn l~e r  of nuclei with patliognnrnonic Iargc ainphophil~c "skcinlike" nuclear 
inclusions and srnooth roiind atidophilio cyloplasmic masses (Fig. 20-4D). As 
early a s  24-36 hours after inoculation the monolayer can be stained by the 
~~n~nunof l r~orcscence  (IF) or i~nmunoperoxidasc techniques, uslng a moncl- 
clonal antibc~dy against an immediate-early nuclear antigen; obviously this 
expedites the d~agnosis  but is not as sensitive as awaiting the developmrnt of 
CPE. 'There is only a single serotype of human CMV, but different strains 
call be distinguished by kinetic neutralization or restriction endonucIease 
Inapplng. The latter technique can be employed to identify the source of 
virus. 

Aniplification assays involving the FCR have been developed tor the 
deteckion ol CMV DNA and are at least as sensitive as virus culture, but much 
faster. The readout can be anything from simple ethid~urn bromide staining of 
the product following separation by electrophores~s on an  agarose gel, to dot- 
blot or (Ither appropriate methods of DNA hybridization (see Chapter 12). If 
meticulously conducted, PCR prornlses to be more reproducible than detec- 
tion of antigenemia by immunofluorescence or immunoperclxidase staining o'f 
pe r~p l~e ra l  blood leukocytes with mt~noclonal ant~body. 

Discrimination of primary infection from endogenous reactivation is not 
easy in the absence of a recent negative prebleed. CMV-specific IgM is the 
only available indicator and can be detected by ElA using genetically cloned 
matrix phusphoprolein pp150 as antigen. As IgM does not cross the placenta, 
finding CMV-specific IgM in a newborn baby is diagnostic of prenatal infec- 
tion. 

Rlood and  organ donors can be screened for latent CMV infection, and  
intcwdcrl recipients screcnerl for sirsceptibiltty, by testing for antibody against 
[he ~mmunodomina~i t  pp150 antigen, using a rapid latex agglutination test or 
a more rcliable EIA. 

Control 

1,jtrogenic infection via transfus~on or organ transplantation can be reduced 
by scrcrr~irig d o ~ i o r  and recipient for evidence of CMV infection. The pres- 
ence o f  antibody in the i n t e n d ~ d  recipient indicates a significant d'cgree ol 
~mrnunify, whereas antibody in the donor pmvides a warning that virus, or  
reactivatablc viral cpisomes, may he Iran~mitte~d to the recipient. The poten- 
tially dangcrous combinatic>n is avertid if seronegative recipients arc given 
organs or blood taken only from serorlegative donors. The amount of testing 
involved is not cost-cffecttv~ for routine blood transfusions but sl~csuld be 
crmsidesed when the recipicnts are yreniati~se infants, pregnant women, clr 
i~nrnunc>cnrnprorn~sed individuals. Removal of the Ieukocytes by filtralicln c?f 
cfnnor blood effcctivrly prevents t~ansrnissitrn of CMV. 

Followirtg laboratory diagaiosis nf primary CMV infection in pregnancy, i l  
is possible to d~agnose  prenatal CMV infection in the fetus by amniocentesis 
lollowcd by PCR andlor isolation of virus from amniotic fluid. 
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Chemotherapy 

Canciclnvir (sce Chapter 16 for details) is the drug nf cho~cc for the kreatrnent 
of severe CMV infections such as pncunlonla, chorioretinitis, c l r  colitis in 
AIDS pa t i~n t s  and  recipients nf organ grafts. It may also be used prophylac- 
tically, for example, prclrnptly fol1owing dctecllon of virus in the blooci or i n  
bronchnalveoliar lavage flurd of bone rnarrtw transplant recipients Whcn 
administered intravenously for up  tmo 3 months ganciclovir ottcn displays 
hematologic toxicity, and resistant mutants can emerge. Foscarnet 1s even 
more toxic but is a useful second-l~nc drug when CMV devclops resistance to 
ganciclnvir (see Chapter 16). 

Vaccines 

Live attenuated CMV vaccine sfrains have been clcveloped by serial passage 
in human fetal fibroblasts. Although the vaccines appear to confer some pro- 
tection against disease they d o  not protect against ~nfeclion, and therefore 
presuniably latent infection can still develop T'hc question of the safety of live 
CMV vaccines must also be addressed, particularly III relation to adequacy of 
atlenuation, establishment of persistence, subsequent reacf ivation, and possi- 
ble oncogenicity. Alternative products that have proved to be at least partially 
protective in mice challenged with rnurine CMV include genetically cloned 
vaccines comprising the gB envelope glycoprotein, which elicits neutralizing 
antibody, and llve vaccinia virus incorporating the nucleotide sequencc en- 
coding an epitope from the immediate-early prolein IEl,  which elicits CI cyto- 
toxic T-cell response; neither is close to hrlman ayplicalion. 

Human Herpesvirus 6 

Human herpesvirus 6 (HHV-6) was discovered in human lymphocytes in 
1986. Since then it has been shown to be ubiquitous, infecting most children 
worldwide in the first year or two of life. The virus causes a generally liarm- 
less febrile illness sometimes associated w ~ t h  a rash which has btwn known 
since the early twentieth century as exanthcm subiturn, rr~seola infanturn, o r  
sixth disease. 

Properties of Human Herpesvirus 6 

The t~iological properties of PiHV-h rescmble those of CMV, and sequencing ' 
of the genome (Fig. 20-2) has confirmed a Itaxonom~c relationship. The gr- 
nome occurs as a single isomlt*r consisting ot a uniquc 142-kb segmcnt flankcd 
by a direct repeat sequence of 111-13 kh in single copy a! each end. FiHV-6 is 
IIOW classi tied as a species within a newly dehincd genus, liosc~olo.r~r?rrs, within 
the subfamily Reln/r~?~~~esilirtrrne. There arc two variants of lii-ilV-6, HI IV-6A 
and I fHV-hR, disting~aishable of restriction endonuclt~ast. mapping anri rtmac- 
tivity with subsets t ~ f  virus-specific monoclonal antibodies. Croup A strc~ins 
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Table 20-4 
f -\rlornr~g,~lrn Irtl5 11ift.c t~crn.: 

Agc r r l  

Irnfriu ticiccl~nt~(~t(*~ic~~ KIILI!~, 

Prc.n,ltar T~allsplnr(.nt,~l 

rrtrcr~.itnl Ccrvical sccrct~ons, 

I~renst mllk, \allva 
Blood triinsfusltrn 

Any age Sal~va or sexual ~ n -  
terc o t ~  rse 

Dlood t rarusf uslon 
J r n ~ n ~ r n ~ c ~ n i \ ~ r o ~ n ~ s e d ~ ~  Saliva, sex, o r p n  

graft 

I ) I$~>, I~V cau.;tbcl by prlnlarv infrcllon 

E.n~c tbpli,vl~tls, h( .pat~t l~,  !hrrltn- 
hocyttipc.ri~a, Icing tcrm st.cluclac ~ n -  
cludr hr'iln d n m a ~ c ,  ncrvt- dcafnt%sh, 
rct~nopalliy 

NII 

Pncumon~tis, d~sseminalcd d~srasc 
Mononrrrlcc~s~s, m ~ l d  Iirpaht~s 

Mono~~~lclcosls 
['nt.umonian, hepatitis, retlnitis. enceplia- 

II~IS, myelitis, gastrointest111aF d~seasc 
- - 

" Plscpases shown (IccLIr less commonly alter reacl~val~rrn of  ;l latcnt lnfechon 

megidic inc1us1on disease tCID) (Fig. 20-9). The classic syndrome is not always 
seen in its entirety. The infant is usually small, with petechial hemorrhages, 
jaundice, hepatosplenomegaly, microcephaly, encephalitis, and sometimes 
choriorentinitis and/or inguinal hernia. The abnormaiities of the brain and 
eyes are associated with mental retardation, cerebral palsy, impairment of 
hcaring, and  rarely impairment of sight. Many of these infants require special 
care Cor life. Socially and educat~onally important inleJlectwal or  perceptual 
dcficils such as  hearing loss, subnormal IQ, epilepsy, and  behavioral prob- 
lems n-tay not become apparent until as  late as 2-4 years after birth. 

Mclsi infections acquired after birth, by whatever route, are subclinicaI. 
Not uncommonly, however, a syndrome resembling EB virr~s mononucleosis 
but mildcr IS seen, particularly in young adults and In recip~ents of blood 
Iransfusions. Typically, the patient presents with prolonged fever and  on 
exanii~~aiion is found to have splenornegaly, abnormal liver function tests, 
ancj lyrnphocytosis, often with "atypical lyrnphocyt~s" such as  those ob- 
served with EB virus infect~ons (see below). In contrast to El3 virus mono- 
nucle~~sis,  however, pharyngitis and lynphadcnopathy are uncommon, and  
hcterophiJe antibody is absent. 

Cytomegalovirus infections may be widely disseminlated and  may present 
in a wide variety olt more serxrjus forms, particularly in immunocompromised 
patients (c.g., AIDS patients or recipients of orgaii transplants) or in prema- 
turc infdnts foll(~wing blood transfusion. Almost any organ may be seriously 
nffcclecl. The most important presenkations are interstitial pneumonia, hepa- 
tltls, chorir~retinilis, arthnltis, carditis, chronic gl~strointestinal ~nfectinn, and  
various CNS diseases, espec~ally encephalitis, Guillain-Barre syndrome, arid 
lransverse Fnyt'l~tis. 

Fig. 203 Congenital cytomegalic inclus~on disrase Fcalures are retardatlcrn of growth, niicro- 
crphaly, thronihcytopenia, and liepatosylent~megaly Thr edge c ~ f  thr 11ver has been marked 
(Courtesy 01 K Hayes.) 

Laboratory Diagnosis 

Laboratory confirmation of cytomegalic inclusion disease (ClD) in a newborn 
infant is of great importance as it affects the medical and educational manage- 
ment of the child and facilitates parental counseling. Further, life-threatening 
CMV infections in immunocornpromised perscans are becoming increasingly 
common, and early diagnosis is needed to instigate appropriate antiviral ther- 
apy. ]In particular clinical circumstances it may be important not only to detect 
CMV but to discern whether the patient is undergoing an active acute infec- 
tion rather than a latent or chronic Tow-grade infection, and i f  so, whether that 
acute episode is a primary infection of exogenous origin or an endogenous 
reactivation of a persistent infection in that individual. Because virus can be 
detected intermittently in urine or salrva of asymptomatic carriers, these spec- 
imens are suitable only for epidemiologic surveys nr for detection of vlrus (or 
viral DNA or viral antigen) in newborn infants with suspected ClD. The more 
arlevant specimen in other clinical situations is blood Ieukocytcs, becaus~  cell- 
associated virernia, especially if high-titer, correlates with invaslve disease. 
Quantitative assays for virus load are likely to be developed and used to 
assess the need for prompt antiviral therapy. Other specimens appropriate to 
particular clinical presentations include bronchoalveoJar lavage and various 
organs taken at biopsy or autopsy. 

Cytomegalovirus is isolated in cultured human fibroblasts; sensitivrty can 
be increased by sedimenting thc specimen onto the cells hy low-speed centrif- 
ugation. The virus replicates very slowly, a single cycle having a latcnt per~od 
uf 34-48 I2ours. Moreover, new virus tends to remaln cell-associated, with 
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Clinical Features 

I~rfrcfiarts Morrorriiclcosis (Glr~ndtrlnr Si1i7c7r) 

In young children E13V infections arc asyrnptomatlc or  very mild. 1Iuw- 
cwr ,  when infect1011 is dclayed u n t ~ l  adulescence, as happens in develnprd 
cuur~trics, t l i c *  rcsult i s  often rnfcctious mt~nor?ucleos~s. Following a long inc11- 
ba tion pcriod (4-7 weeks), thc disease begins insldiclusl y with headache, 
nialaisc, and fatigue. l'he clinical prcsentation i s  protean, but three regillar 
features arc fever, pharyngltis, and generalized Iympl~adenoyaihy. The fever 
IS h ~ g h  and fl~rctuating, and  the pharyngitis is characterized by a white or grey 
malodorous exudate covering the tonsils and may occasinnally be so severe a s  
to obstruct respiration. The spleen 1s often enIarged and liver function tests 
abnorn~al .  Occasionally a rash may appear, especially following tscatment 
wit11 ampicillin; tlie reason for this strange association is unknown. The dis- 
casc usr~ally lasts for 2-3 weeks, but convalescence may be very protracted. 

An extraordinary range of further developments can occasionally occur. 
Neurologic complications include the Guillain-Barre syndrome, Bell's palsy, 
mcningocncephalitis, and transverse myelitis. Other complications include 
hemolytic ,inernia, thrombocytoyenia, card~tis, nephritis, or pneumonia. 

Infection in Immnnoconryromised Hosfs 
A variety of syndromes associated with uncontrolled progression of infec- 

tion occur in individuals with congenital or acqarlred inability to mount an  
adequate immune response to EBV. For example, a rare fatal polyclonal B-cell 
pr~>liferative syndrome caused by EBV ~nfection nccurs in families with an  
X-linked recessive irnrni~tiodeficiency associated with a reduced ability lo s y ~  
tlics~ze in tcrferon y tX-l~irkcrl l y ~ ~ r j ~ l r o ~ n ~ c ~ l z f e 1 1 ; 1 I i 7 1 ~ ~  53jGdTijf i f)T There is an inexor- 
able cxpns ion  c ~ f  virus-infected B cells and suppression of normal bone mar- 
row cclls, and about half of Lhc boys die within a month fronr sepsis or  
hcrnorrhrrgc; the remainder develop dysgammaglobulinemia or die from ma- 
lignant U-cell lympfio~nas. 

Much more common is jrri~~qrrssiz)e I!/i~~~~ho~~rol~frrnI~z~~~drscnsc, seen in krans- 
plant recipients, immunodefic~ent children, trr AIDS patients. In these immu- 
~ioconiprt~nised individuals, the absence of cell-mediated immunity permits 
~ tn r c s l r~~ ined  replication of EBV, acqa~ired exr~genously or reaclivated from the 
latcnf state. Some ol the inlectirms present as mononuclet?sis, but others are 
alypical, presenting, for example, as p~ieunionitis or hepatitis, Infants with 
AIDS d ~ * v ~ l r ~ p  a Iymyhocytic interstitial pneumonitis; adults with AIDS may 
dcvch~p  EBV-associatccl lyrnphoprt~lifcratirre conditions of various kinds. 

Btrrkift's L!yntphnma nnd Nnsophizryrrgcnl Cnvcfrrortta 
-fEie reader is rcferred to Chapter 11 for a discussion of the highly malig- 

nant neoplasms Burkif t's lymphoma and nasopharyngeal carcinoma and their 
rclatirrnship to EBV. 

Laboratory Diagnosis 
- .  I tic.  clrnical picture of Erifectic>us mononucleosis is so variable that laboratory 
cunfirrnattan is required. This rests on / 1) ciiffcrcntial white blood cell counts; 
(2) I~c t~ roph i l e  antibodies, and (3) EBV-speclfic antibodies. By the secund 
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week 12t the illness, white blond cells total lO,000-211,UClO per cubic niillimetcr 
or even higher. Lyrnphocytcs plus monocytcs account fur 60-80'%j of i his 
number. Of these, at least IO%, a n d  generally more lharl 257,, are "atypical 
lyrnphocyt~s" (large p l~ornorph~c  blasts w ~ t h  deeply basophilic vacuol~tcd 
cytoplasm and lobulate~d nuclei, Fig 20-881, which persist for 2 wucks t o  
several nionths. 

Many years ago Paul and Bunnell made llle elnpirical observation that 
sera from glandular fever patients agglutinate sheep erylhrocytcs. I t  IS now 
clear that tlie agglutinins are just one of the heteroph~l 1gM antibodies elicited 
by ERV infection. The Paul-Bunnell test is still a valid diagnostic aid, however. 
Sera are first absorbed with guinea pig kidney cells to remove Forssman 
antibudy (and serum-sickness antibodies, which are rare these days) Cum- 
mercially available horse erythrocyte slide agglutination kits are co~ivenicnt, 
although heterophjle antibodies are made i r t  ;criz)r~ For only a month, results are 
often negatrve in children, and neither sensitivity nor specihcity is high. 
Another assay for heteri)phile ant~bodies is the ox red cell hemolysin test, 
which requires no serum absorption and  is specific but remains positive for 
only a month or two. 

The EBV-specific antibodies offer a more reliable indicator of ~nfection 
now that ElAs have become available to rcplace the cumbersome immu- 
nofluorescence readout that was previously employed. IgM antibody against 
the EBV capsid antigen VCA develops tc) high titer early in the illness and 
declines rapidly over the next 3 months or so; it therefore represents a good 
index of primary infection. However, because IgM assays tend to be plagued 
by false positives and negatives, the trend is toward using a panel of genet- 
ically cloned EBV antigens to screen for IgG antibodies and considering the 
resulting profile. Because antibodies to ERNA first appear a month nr more 
after onset of disease and then persist, a rising titer is diagnostic. (It sho~ild be 
noted, however, that antibody to EBNA-1 ts specifically missing from many 
irnrnunocompromised patients with severe chronic active infcction.) On the 
other hand,  antibodies against the early antigen EA-D are diagnostic of acute, 
reactivated, or chronic active infection, as they decline rapidly and are not 
detectable in asy~nptc~matic carriers. IgG (or total) antibodies against VCA 
represent the most convenient measure of past infection and immune status. 

Isolation of virus is rarely used as  a diagnostic procedure because no 
known cefl line is fully permissive for EBV Tile trnly method for "growing" 
EBV iiz z~rCro is to int~culate infected orupliaryngeal secretions or peripheral 
blood leukocytes onto umbilical curd lym yhocytes and to demonstrate the 
irnmo8rtaIization of the latter to produce a Fymphoblastoid cell line that can be 
stained successfully with fluc~resceinated mono~l~onal  antibody aga~nst  
EBNA. The other problem with virus isc)lation [nr use of I'CR to dctect 
viral DNA in infected cells) for routine diagnt~sis oh ERV-induced disease is 
that such a high proportion of asy~nptnrnatic individuals carry the latent 
genome andlor shed virus for life. 

Following an  attack of mononucleosis, virus is found in saliva for several 
months, and more sensitive assays reveal that most EBV-seropositive people 
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secrete the virus in Iowcr titcr tliereaCtcr, ct~nt~nuc>~lsly or  intermittently, prob- 
ably for life Chronic shedding is highest In less develnped cc~untries, in 
young children, in early pregnancy, and in rmmunocornpromiscd patients 
EBV is ubiquitous In mt~st  developing countries. Al~nost  all infants become 
infected in thc first year or two of Ilfc, probably by salivary exchange, contam- 
ination of eating ilttnsils, and perhaps also by respiratory aerostlls. At this age 
almost all infections are subclinical; glandular fever is virtually unknown in 
the Third World. By way of contrast, in countries with higher standards of 
living many persons reach adolescence before first encountering the virus. 
The intimate osculatory contact involved in kissing is the principal means of 
transmission; hence, mononucleosis is a disease of 15-25 year olds. Some 
80% of people eventually acquire infection and  are permanently immune. 

As wifh CMV, conventional respiratory transmission of EBV by droplets 
does not appear to be significant. For example, casual roommates of mono- 
nucleosis pahenls arc not at increased risk; closer contact seems to be re- 
quired. By analogy with CMV it may be reasonable to speculate that EBV can 
also be transmitted by sexual intercourse. Male homosexuals have a very high 
rate of seropnsitivity. Blood transfnsiclns can also rarely transmit the virus. 

Control 

Unfortl~nately none of the present armory of nucleoside analogs has been 
unequivocally shown to have any effect on  EBV ~nfections 

I f  a successful vaccine could be developed against EBV i t  may be feasible 
to prevent not only mononucIeosis hut also nasnpharyngeal carcinoma (see 
Ol.iat'tcr 11) However, formidable barriers will delay pmgress. A convention- 
al live or inactivated vaccine is a long way off since the virus has yet to be 
grown satisfactorily in cultured cells. Research has commenced on "subunit" 
and  recombinant vaccines based on the major membrane glycoprotein com- 
plex gp3SOigp220, and live vaccinia or attenuated varicella virus constructs 
containing thC corresponding gene. 

Herpes B Virus 

Macaqrae monkeys suffer from infectinn with an  alphaherpesvirus known 
variorrsly as  herpes B virus, herpesvirus sirniae, or cercopikhecine herpesvirus 
1 .  Its natural Ilistory is very like that of HSV-1 infection in humans. A number 
of fatal cases of ascending paralysis and encephalitis in animal handlers have 
followed the bite of a monkey, and herpes 0 virus IS a continuing risk to 
personnel working with primates, as  in zoos or laboraiories. 
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The Iamrly Poxo~ridnc is divided into Iwn subfamilies, Clrordoyosz*irinne (pox- 
virusrs o f  vertebrates) and Ir;'ritonroj~cr.uz~iri~rne (pc~xviruses of insects); only the 
former are of irnpc~rtance in medicine. The subfamily Clrordq~oxztlri~lnc con- 
tains eiglat genera, distinguished o n  the basis of grnetic, antigenic, and mor- 
phologic differences. Several poxvirusrs causes diseases in humans: smallpox 
(now cxlinct), vaccinia (including a strain called buffalopox virus), nion- 
keypox, rnolli~scum contagitrsum, cowpox, milker's nodes, orf, and  tanapox 
(l'able 21-1). Smallpox and niollu~cwrn contagiosum are specifically human 
diseases; the others are zoonoses. 

All diseases caused by poxviruses are associated with skin lesions, which 
may hc localized nr may be part of a generalized rasli, as  in smal8pox and  
hitman rnnnkeypox. Smallpox, once one of the great plagues of mankind, 
w81icll has pIayed a n  important rolc in human hislory and a central rolt. In tlic 
dtlvelrjpmenl of virology, was eradicated from the world in 1477 (see Chapter 
151 and is 17ot further discussed. 

Properties of Poxviridae I 
Th'c poxviruses are Ilic largest and most cornplcx of all viruses. Figure 
21 - I  A,C,U illustrates the structure of the brick-shaped virion of vaccinia virus, 
which is characteristic of that of all the poxviruscs affecting humans except 
those bclonjyng to t f ~ e  genus P ( ~ r ~ p n r r ~ ~ r . ~ r s ,  shown in Fig. 21-113. There i s  n o  
nuclcocaps~d conforming to either of the two types o f  symmetry found in  

Table 21-1 
13israscs I'roducrd In Humans by Poxvlruscs 

-- - -- - 

Ctpnus Dtwasc Clin~cal fcaiurt-5 

1 Sn-tallpox ( n t w  cxt~nct) 
Var~ola ~naltjr C;t~ncralr7~d infect~on w ~ t h  pustular rash; casc- 

fatalllv ralc ID-25% 
Variola m~nor Gtvwrat~n-d tnfcction with pustular rash, caw- 

fat,~lity rat<. - ]'%, 

Vaccination (vaccinia) I.oral pu\tulr, ~ I ight  rnalaisr 
rompl~cdionq (rarc) Postvacrrn~al c.nccplialitis, high mortality 

I1rt>grc.sstve vacctnia; h ~ g h  mortal~ty 
Ec~cmn vaccinalum; low niortal~ty 
Artlninoculat~on and ger~rral~zecf vacrlnla, 

nonletl~al 

Monkeypox Gencral~zcc~ w ~ t h  puSt11lar rash, casc-famtalily 
rate 15% 

Cowpox t o c a l ~ ~ r d  i t lcerat~n~ inlrctinn nf sk~n, usually 
acc1uirt.d from crws clr rats 

P o r l a ~ ~ r ~ x z ~ ~ ~  11s Milkcr's nndes Trlv~al Incal~/td nodular rnfrctlon of hands 
acclu~rvd from cows 

Orf Loca11~c.d pnpulovesic-ular lcsion of skin ac- 
quiwd frnrn sheep 

Ncill~rsc-r~xt17~1rtis M~l l~tscurn ccmtag~os~lrn M~11(1);71c hrnign nodules in 5k1n 
Yntopirstlirrr~ Ya ba pox Loml~/cd ~ k ~ n  t~tmorc acrlil~rcd froln monkey5 

(rarc) 
Tanapox Lotal17cd skin lesaons probably frrarn artli~o- 

pl)d bite.;; common In p i i r t s  of A h ~ c a  

most other viruses; hence, the virion is sometin~es called a "complex" virion. 
An outer membrane of tubular-shaped lipoprr~tein subunits, arranged rather 
irregularly, encloses a dumbbell-shaped c'ore and two "latcral bodies" of un- 
known nature. 'The core contains the vtral DNA and associated proteins. 
Especially in particles released naturally lrnnl ct.lls, rather than by cellular 
disruption, there is an envelnpe (Fig. 21-1 D) which cnnta~ns cellular lipids and 
several virus-specified polypeptides. 

The nucleic acid is dsDNA (Table 21-2), varying In slze from 130 kbp Tor 
parapoxviruses lo 220 kbp for cowpox virus; the DNA of vacc~nia virus 
(191,636 bp) and  variola virus (186, 102bp) have been complcteIy sequenced. 
Rt>sYriclion cndonuclcasc maps of the genomc provide the definitive cr~terinn 
for tlie a!locatir>n of strains to a particular species of the genus C7rIlrnposz~1rrrs 
(,c.g., cowpox virus, which may infect many different species oC arlimals); 
species r7f Pnrn~~nx~~rrrrs  cannot be so readily grouped in [his way. 

There are over 100 different polypeptides in the virion. The core proteins 
inclltde a transcriptase and several other enzymes, and numerous antigens 
arc recognizable by iminunodiffusion. The I~poprt~tein outer membrane of thr 
viric~n is synthesized rlc rrrrzrcl, not derived by budcl~ng from cellular mem- 
branes; the envelope, when present, i s  dcrivcd from nicmbranes of the GoOgi 
apparatus but contains severcil virus -specirk pc~lypeptides. Most of the pro- 
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Fig. 21-1 Poxvrrtdnr (A) Negatively s ta~ned vacc~nia virion, showing surface structure of rodlets 

or  I u h ~ l l ~ s  characteristic o f  the outer mcmbranc nl tlie gcnera Urtlrc9jm.~zjtrus, Mollttscrpwr~rr~rs, and 
f i z t o ~ ~ l ~ r l , r ~ " ~ - .  (R) Wrgat~vely  stained orf v i r~nn,  s h o w ~ n g  charactcrisf~c surface structure of thc 
outer nwmbrane of the g rnus  Pompoxzl~rrrs [C) Thin spct~on of vaccin~a vrrlon I n  lts narrow aspect. 
showing Ilisc. biconcave core (r) and thc two latrral bodrcs Ob) (ID) Thin section r.rf mature extra- 
cellular vnccln~la vlrmon l y i r ~ g  hctwcen two cplls TIIV V I ~ ~ O R  i5 CIICIOSC~ b y  arl envelopcl c~riginating 
From altc.rcd Golg1 mrnlbranr..i. bar lot) n m  IA,  D, From S Dalt-s, UcsI1 Rrol 18. 51 (1963); 8, frtam 

Nag~ngton,  A A .  Nc.wt(,n, and R W P lornr., I/~r.olcr,y~/ 23,461 (1964); C, from B C T. Pc>go and 
S D.~lr~s, I'nrt M r f l  And SI-n L I  S A 63, 820 (1969) 1 

teins are common to all members of any one genus, although each species is 
charactt.ri7,t.d by certain specific polypeptides, whereas a few others appear to 
be shared by all poxviruses of vertebrates. There is extensive cross- 
ncrrtralizatinn and  cross-protection between viruses belonging to the same 
genus, but none between virlises of dl fferent gcnera. Genetlc recombinaticyn 

Table 21-2 
I'ropcrtrc~s of Pouvirrrstbs 01 Vertrbratcs 

r ~ g h t  KC*I-IV~.I, rnrnikht.r5 of gt7nrra 01~l11r~10.~~~rr1t~, fJrrrrr~rorrtir~r.;, ' i n fn j v~ t l~ r t t~ ,  a n d  Mt1l(lf<t.!li1i,tt11'r1rs 

111 l t~  1 hunl,ins 

Mrlst gvlivra v ~ r ~ u n  hrrck-shaptvl w ~ t l i  roundchd cornrls, 251) x 200 x 200 nm, ~ r r ~ g u l n r  arrange- 
~nc*nl crf fuhul(.h rrrl crutcr rnrmhranr, fil,nlror~lr~tt.; vlrrcrn ovo~cl ,  260 x 160 nm, wi th  r rgu lar  
%plr<il ,rrrar,gemt-rll oC tuhulr. crn ilritcs n i rn lbrnnr  

C 'crm~~l r~x sfructtrrt* L\,I~IP (-<rrC, I ~ ~ c T J I I  hodirtl;, o ~ i t t * ~  rncvnhmne, and somrhmes ~ n v r l o p c  
I .inv<lr d517NA, 131) kbih ( P t ~ r r ~ ~ ~ ~ r x ~ ~ w r t s ) ,  170-250 kbp (Ortlrr~/~turlrrrf.;) 
Irar~qcrapfaw, t r ansc r~p t~on  fartor, pofy(A) ~ar>lyrn(.~asc, capprrlg rr17yrnc.. n i c thp la t~ng  enfymcs 

111 VITII I l l  
C y t o l ~ l c i s m ~ r  rcp l~mtton,  t.nvelr,pcd parficlc.5 rt.lcasrd by rxt,cyicr';is, ncrnc.nrrclol>ed pa~rticles re- 

lt.;~\c.rl bv rc.ll Ivsi.; 

occurs readily betwccn viruses of ttie samc genus, but rarely betwccn those of 
different genera. 

Pc~xviruses arc resistant to ambient temperallares and may survive Inany 
years in dried scabs. Orthopoxviruses are ether-resrskant, but parapoxviruses 
are ether-sen6 tive. 

Viral Replication 

Replication of poxviruses occurs in the cytoplasm and can be demonstrated in 
enucleate cells. Tb achieve this total independence from the cell nucleus, 
poxviruses, unlike othrr DNA viruses, have evolved to encode dozens of 
enzymes required for transcription and  repl~cation of the viral genome, sev- 
eral of which must be carried in the virion itself. Alter fusion of the virion 
with the plasma membrane or via endocytosis, the viral core is released into 
the cytoplasm (Fig. 21-2). 

Transcription is initiated by the viral transcriptase, and a transcription 
factor, capping and methylating enzymes, and a poly(A) polymerase also 
carried in the core of the virion enable functional capped and polyadenylafed 
mRNAs to be produced, without splicing, within minutes after infection. The 
polypeptides produced by translation of these mRNAs complete the uncoat- 
ing Of the core, and transcription of about 100 "early" &nes, distributed 
throughout the genome, occurs before viral DNA synthesis begins. Early 
proteins include DNA polymerase, thymidine kinase, and several other en- 
zymes required for replication of the genome. Poxvi r~~s  DNA replication in- 
volves the psoductian of concaterneric forms as intermediates, but details of 
the mechanism are still unknown. 

With the onset of DNA replication there is a dramatic shift in gene expres- 
sion. 'rranscript~on of "intermediate" and "late" genes is controlled by Kind- 
ing of specific viral proteins to characteristic promoter sequences. Virion as- 
sembly occurs in circun~scribed areas of the cytoplasm ("viral factories"). 

Fig. 21-2 Diagram ~l lust ra t ing ihr rcpl~catlon r yc i r  crt v,~cclnta vlrLls Scu tcxt for cjctarls I);rtt~a7 
R Moss, .Sc.tr.trc ct 252, l h62 (199 1) J 
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Spherical immature particlcs can be visual~zed by electron microscopy; the 
cwtcr bilayer bccurnes the outer membrane of the virion, and the core and 
lateral bodies differentiate within if. This uutcr membrane is not derived by 
budding from cellular membrane but is synthesized dr  nozro. Some of the 
mature particles move tcl the vicinity of the Golgi complex, acquire an enve- 
lope, and are released from the cell by exocytosis. However, most particles ar t  
nclt envploped a n d  are released later by cell disruption. Both enveloped and 
nunenveloped particles are infectious, but enveloped particles are more rap- 
idly taken u p  by cells and appear to be important in the spread of virions 
Zlarougli the body. 

Several poxvirus genes code for proteins that are secreted from infected 
cells and affect the response sf the host to infection. Amang these virokines is 
a homolog of epidermal growth factor, a complement regulatory protein, 
proteins conferring resistance to interferon, and yet others suppressing the 
immune response by inhibiting certarn cytokines (see Table 7-1). Now that the 
complete sequence of vaccinia virus is known, we can anticipate the discovery 
of many additional genes affecting the host response to infection. 

Pathogenesis and Immunity 

All poxvirus infections are associated with lesions of the skin, which may be 
localized or generalized. The lesions associated with many diseases are pustu- 
lar, but les~ons due to molluscum contagiosum virus, parapoxvirus, and 
yatapi~xvirus are proliferalive. Generalized poxvirus infections have a stage of 
leukocyte-associated viremia, which leads to localization in the skin and to a 
lesser extent in internal organs. Immunity to such infections is prolonged. 
I-lowever, in some localized poxvirus infections, notably those produced by 
pa rapoxviruses, immunity is short-lived and reinfection is common. 

Laboratory Diagnosis 

The morpholrlgy of the virions is sn characteristic that electron microscopy is 
used to identify them in negatively stained vesicle f luid or biopsy material 
taken directly from skin lesions. All orthopoxvirus virions have the same 
appearance, which is shared by the virions of molluscum contagiosum and 
tanapox; niilkcr's nodes and clrf viruses can he distinguished by the Aistinc- 
tive appearance of the parapclxvirus virion. 

Thc usual method of  sola at ion nf orthopoxviruses is by inoculation of 
vesicle fluid or biopsy material on the c1iorioallanSoic membrane (CAM) of 
chick embryos, where discrete lesions known as pocks become visible within 
a few days. Cowpox virus produces much more hemorrhagic lesions on the 
CAM than does vaccinia virus. The parapnxviruses, molluscum contagioszrrn 
virus, and tanapox virus do not grow nn the CAM. Orthopoxviruses grow 
w ~ l l  in cell culte~re, pal-apoxviruses and t,inapox virus less readily, and mol- 
Ii~sctlm cr~n taglclsum virlrs has not yet been satisfactorily cultivated. 

Identification of the particular species of orthopoxvirus, for example, dif- 
ferentiation between variola and monkeypclx viruses or between vaccinia and 
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cowpox vlruses, can be made by animal inoculation metliods, of which the 
C A M  and rabbit skin systems are the most useful. Each species of ort hopox- 
virus has a d~stinctive D N A  map demonstrable by digestion with restriction 
endonudeases. 

I Human Infections with Orthopoxviruses 
r 
I Vaccinia 

The origin of vaccinia virus is obscure, but it probably evolved from cowpox or 
smal1pc)x virus. For smaIlpox vaccination, the virus was innculated into the 
superficial layers of the skin of the upper arm by a "multiple puncture" 
technique. Severe complications occasionally occurred in children with ecze- 
ma who were mistakenly vaccinated or were infected by contact. Eczema 
vaccinatum was rarely fatal, especialIy if treated with vaccinia-immune hu- 
man gammaglobulin. Other very rare but more serious complications were 
progressive vaccinia, which occurred only in persons with defective cell- 
mediated immunity, and postvaccinial encephalitis. 

With the eradication of smallpox, routine vaccination of the general public 
with vaccinia virus ceased to be necessary, and  the requirement that interna- 
tional travelers should have a valid vaccination certificate was abolished. Vac- 
cination of miiitary personnel has also ceased in most countries. However, 
strains of recombinant vaccinia virus as vectors incorporating genes for pro- 
tective antigens for several different pathogens are being developed for the 
production of vaccines against several diseases (see Chapter 13), although 
none is yet in use. Much less virulent strains of vaccinia virus than those used 
for smallpox vaccination are being developed for use as vectors, and the 
strains used will be much less likely to produce serious complications than 
those previously used for smallpox vaccination. 

Buffal opox 

Buffalopox has occurred in water buffaloes (Bubnlis bzrh711s) in Egypt, the 
Indian subcontinent, and Indonesia and still occurs in India. By restriction 
mapping, the causative virus has been shown to be vaccinia vrrus, although 
most strains differ from laboratory strains of vaccinia virus (and those used for 
smallpox vaccination in India) in some biolcrgical properties. The disease is 
characterized by pustular lesions on the teats arid udders of milking buffaloes; 
occasionally, especialIy in calves, a generalized disease 1s seen. Human ~nfec- 
tions produce lesions on the hands and face of milkers, who are no longer 
protected by vaccination against smallpox. The epidemiology is illustrated in 
Fig. 21-4B. 

Human Monkeypox 

Human infections with monkeypox virus, a species of Ortho~mxornrs, were 
discnvered in West and Central Africa in the early 1970s, after smallpox had 
been eradicated from the reglon The signs and sym ptnms are very Iike those 
of smallpox, with a generalized pustular rash, fever, and toxemia (Fig. 21-3). 
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Fig. 21-3 Iturnan monkt.ypc>x. Fronk and war vaews of a 7-ycar-old Zaircan girl w ~ t h  mon- 
ktljrpox, on thc eighth day aftrr the appearance of the rash, wh~ch IS ~ndisttnguishaM~ i n  its 
t.vcll~.tl~on, appearance, and drstribution from the rash of smallpox. 'Thv gross enlargement of fhe 

supcd~lc~al lymph nodrs seen In human monkeypox was not st-en on smallpox [From J G. 
Urcman, Kdlisn Ra~ti, M Y. Steniowska, E Zanotto, A. I. Gromyko, and I Ar~ta, Human mon- 
k(ypo '~ .  19711 79 RtrEl W110 58, 165 ( 1  980). 1 

tjurnan monkeypax occurs a s  a rare zoonosis in villages in tropical rain for- 
ests in, West and Central Africa, espec~ally in Zaire. I t  is prababmly acquired by 
direct contact with wild animals killed for fond, especially squirrels and men- 
k'eys A few cases of person-to-person transmisston occur, but the secondary 
attack rate is loo low for the disease to become established as an  endemic 
h r ~ m n ~ n  infection. Up to December 1986, when inttbnsive surveillance ceased, 
cmlv 400 cases had becn diagnosed. Vaccination with smallpox vaccine (vac- 
cinla virus) immunizes against mon krypox but is not justified, since the dis- 
ease is srl rare. 

Cowpox 

I luni;l~is can acquire three different poxvirus infections from cows, usually as 
lesions on  lhc hands after milk~ng,  vaccinia (in the days of smallpox vaccina- 
tion), cc~wyox (caused by a n  Ortltop~~xr~rnrs), and milker's nodes (caused by a 
i'nrqfi1~7~trrrs). Desl-rite the name, the reservoir hosls of cowpox virus are ro- 
dt.~its, from w81icii it occasionalIy spreads ta cats, cows, humans, and  zoo 
an i rnds ,  including large cats and  elephants (Fig. 21-4A). 
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,, vaccinat ion) 

Fig. 21-4 Diagram il1ustratlng the epldem~ology of cowpnx (A) and buffalopox (8) Solid lmes 

dcnote known paths of transm~ssion, broken linc.; prt-sumcd LTr pohsible paths of transm~ssi(~n 
(A) Therr arc probably several dlffcrcnt wild rt~denl 11r)sts c~f cnwpow virus in Elurope and adja- 
cent parts of Asia, from whjch cnwpcrx virus entcrs the other animals lndlcated .Natural hosts 
~nc ludr  gerbils and susliks in  Turkmcn~a, R n l l ~ i ~  ~,rnrrtc~,~~crts in Russia, and probably volts and fi~ald 
mice i,n Brltaln. "Outbreak in  Ihc Moscow Zno (B) In thc days of smallpox vaccination, vaccinated 
humans somet~mes lnfectrd rows and water buffaloes w ~ t h  vaccrnta vlrus RuffaEopr>x, causcd by  
vaccinia virus, appears to have remarried enzootic In several states In Ind~a, and ~t constitutes a 
cuntinu~nl; source sf lnCect~on of humans, whrl In turn may rc~niect buffaloes Hy analogy w ~ t h  
cowpox, it ts possible that the true reservoir lioct of buff,illopox (vaccln~a) virus IS some spt*ctcs trt 
wild rodent, but i f  so t l~ is  has not betw rdcntificd 

Fig. 21-5 L.ocalizec1 zoonotic tnfcctions with poxvirusrs Lesions on hands acquired by lnilking 

~nfectcd cows: (A) crjwpcjx, causrtf by an or~hotw~xvirus, and (R)  m11kt.r'~ nodes, causc.il by a 
par,ipoxv~rus. (C) 061, a parapoxvirus fcsion acqr~irrtl by handling sheep o r  goats qufkrtng from 
cnntagitrt~s pu.;lvlar dcrrnaht~s (D) ranapox, [rslon (In arm ol a c111ld In Zaire, probably transmit- 
ted mr.chanicafly by mr~squitncs from an animal r~sorvt>ir host (A, B, Courtcsy Dr 11 nnxby; C,  
courtc.sy Dr. J Nagington, 11, cclurt~sy Ur Z. J r ~ e k . )  
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- - Co~wpox  virus has been found only in Europe and adjacent parts of the 
former Soviet Unmn It produces ~rlccrs on the feats and the contig~lr~us parts of 
the udder of cows, and it is spread through herds by the process of milking. 
Currently, infect~on with cowpox virus is more commonly seen among do- 
mestic cats, from which i t  is occasionally transmitted to humans. The lesions 
in humans usually appear on the hands and develop just like primary vaccinia 
(Fig. 21-5A), although fever and constitutional symptoms can be more severe. 

Human Infections with Parapoxviruses 

Milker's Nodes 

Milker's nodes (Fig. 21-5B) also occur on the hands of humans, derived from 
lesions on cows' teats. Unlike cowpox, it is primarily a disease of cattle and 
occurs worldwide. In humans the lesions are small nonulcerating nodules. 
Immunity folIowing infection of humans does not last long, and second at- 
tacks may occur at intervals of a few years. The disease is trivial, and no 
measures for prevention or treatment are warranted. 

Oxf 

Orf is an old Saxon term applied to the infection of humans with the virus of 
contagious pustular dermatitis ("scabby m o u t h )  of sheep and goats. The 
disease of sheep, which occurs all over the world, is found particularly in 
lanibs during spring and summer and consists of a papulovesicular eruption 
that is usually confined to the lips and surrounding skin. Infection of humans 
occurs as a single lesion on the Rand or forearm (Fig. 21-5C) or occasionally on 
the face; a slowly developing papule becomes a flat vesicle and eventuaIly 
heals without scarring. Orf is an occupational disease associated with handling 
of sheep or goats. 

Molluscum Contagiosum 

T ~ P  specificalEy human disease molIuscum contagiosum, caused by the only 
virus in the genus MolIusci~~o.u.~ivus, consists of multiple discrete modules 2-5 
mm in diameter, limited to Ihe epidermis, and occurring anywhere on the 
body except on the soles and palms. The nodules are pearly white or pink in 
color and are painless. At the top of each lesion there is an opening through 
which a small white core can be seen. The disease may last for several months 
before recovery occurs. Cells in the nodule are greatly hypertrophied and 
contain large hyaline acidophilic cytoplasmic masses called molluscum bod- 
ies. These consisi of a spongy matrix divided into cavities in each of which are 
clustered masses of viral particles Yhal have the same general structure as 
those of vaccinia virus. 

The incubation period in human volunteers varies between 14 and 
days, Attempts to transmit the infection to experimental animals have failed, 
and reported growth in cuItured human cells has been hard to reproduce. The 
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disease is most commonly seen i f i  children and occurs worldwide, but it  is 
much more common in some localities, for example, parts of Zaire and Papua 
New Guinea. The virus is transmitted by direct contact, perhaps through 
minor abrasions and sexuaIly in adults. In developed countries communal 
swimming pools and gymnasiums may be a source of infection. 

Yabapox and Tanapox 

Two members of the genus Y~tcrpoxuirtis occur naturally only in tropical Africa. 
1 1  n tumors in Yabapoxvirus was discovered because it  pr'oduced large ben'g 

Asian monkeys kept in a laboratory in West Africa. Subsequently, cases oc- 
curred in primate colonies in the United States. Similar lesions have occurred 
after accidental inoculation of a laboratory atlendant handling affected mon- 
keys and in human volunteers. 

Tanapox is a relatively common skin infection of humans in parts of Africa 
extending from eastern Kenya to Zaire. It appears to be spread mechanically 
by insect bites from a reservoir in wild animals of some unknown species. The 
skin lesion starts as a papule and progresses to an urnbilicated vesicIe (Fig. 
21-5D), but pustulation never occurs. Occasionally multiple lesions occur. 
There is usually a febrile illness lasting 3-4 days, somelimes with severe 
headache, backache, and prostration. 
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In 1963 Blumherg, a geneticist investigating hereditary factors in the sera of 
isolated racial groups, discovered an antigen in the serum of an Australian 
aborigine that reacted with sera from multiply transfused American hemo- 
philiacs. In due course the antigen was demonstrated to be present on the 
si~rface of particles with three different morphologic furms (Fig. 22-1) and to 
he assoriafed with the disease serum hepatitis, now known as hepatitis 8.  
Thc 22 nrn particles of "Australia antigen," subsequently renamed HBsAg, for 
htp t i t i s  B surface antigen, were found to be noninfectious, but the 42 nm 
particles were shown to be infectious virions capable of transmitting hepatitis 
to chimpanzees. The unique characteristics of these viruses led to their classi- 
fica tion within a new family, named Hcpndrln-r~irirfnp to reflect the associa tion 
with hepatitis and the DNA gcnvmc. The very small genome replicates via a 
unique rncchanism. 

Ftrpakitis B is one of the world's major unconquered diseases. Some 300 
million people are chronic carrlers of the v i r ~ ~ s ,  and a significant minority go 
0 1 1  to devrlop cirrhosis or cancer of Iht. liver from which over 1 rnillioit die 
evrry vear. Although hepatitis B virus (HBV) has yet to be cultivated repro- 
ducihly ur vili.o, reliable diagnostic procedures and a much-needed vaccine arc 
available. 

Properties of H~padnauiridn~ 359 

Fig. 22-1 H ~ ~ m d ~ t ~ v ~ r ~ d n r .  Negatively s ta lntd prcparatlon of hepat~tis B virions (large arrow) and 
accompanying HBsAg part~cles  (small arrows) Bar, 100 nm. (Courtesy of Dr. 1 D. Gust  and  
J.  Marshall.) 

Properties of Hepadnaviridae 

The family Hepadnaviridne contains hepatitis viruses specific for humans, 
woodchucks, ground squirrels, ducks, and herons. We are concerned here 
only with the agent of human hepalitis 0 (Table 22-1). 

The virion possesses two shells (Fig. 22-I), a 27 nm icosahedral nucleocap- 
sid (core) constructed from 180 capsomers, surrounded by a closely fitting 
envelope. The virion is relatively heat-stable but labile to acid and to lipid 
solvents. The genome consists of a 3.2 kbp molecule of circular dsDNA of 
most unusual structure {Fig. 22-2). The plus strand is incomplete, leaving 15- 
50% of the molecule single-stranded; tbe minus strand is complete but con- 
tains a discontinuity ("nick") at  a unique site. The 5' termini of the plus and 
minus strands overlap by about 240 nlucleotides and include short direct re- 
peats, DR1 and DR2, producing "cohesive" ends that base-paw to maintain 
the chromosome in a relaxed circular configuration. A "terminal protein" is 

Table 22-1 
Properties of I l c p a t ~ t ~ s  B Virus 

Sphcr~ca l  cnvclnped vir~oll, 42 nln, ~nc los ing  Inner ~cosahcdral 27 nni nvcleocnps~d (con') 
Envclopr contams glycoprolc~n,  IiBsAg; core contains phosphoyrotcl~~,  I-IRcAg, plus pnlymcrasr 

with three cnt.yme a i t ~ v ~ t i e s  reversc3 transcriptaw, DNA polyrnerasc, RNasc 11 
Circular clsDNA genomc, 3 2 kh, cohec;ive 5' r l ~ d s ;  nlonu.; ctsand n~cked,  5' Irrrninal protc~ra, plu5 

strand ~ncomplelc ,  5' RNA primer 
Four nvcrlayping upt.n reading frames 5, C, P, and  X 
Cunome  converted to s u p r r c r ~ ~ l c ~ d  covalently clored circular form and tran.;critlrd ill n ~ i c l r u s  to 

producr  full-[rngth prcgenomc RNA and subgc.nomlc mRNAs 
IiNA prcgvnumc In cytol~lasmic core pirticlc5 revcars(, trnn.;eribcd to dsDNA, some ro t~ l rn  tn 

irucieus fn augment pool of v ~ r a l  suycrco~lcd DNA 
Cores bud through cncioplasm~c rt.t~ct~lum, acq~ l i r~ng  l ip~d  menlbranc. ctlntnin~ng IiHsAg, non- 

cytocidaT 
Subtyl.>rs differ In a l lc l~r  pairs of F IBsAg dct t -sm~nants  (ii rlr y, r trr I ( ! )  
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covalently attached to the 5' end of the minus strand, whereas a 5'-capped 
oligoribonucleotide primer is attached to the 5' end of the pius strand. 

The minus strand contains tour open reading frames: prr-SIS, prr-CIC, P 
(or PCIL), and X (Fig. 22-2). The P gene, which compromises 80% of the 
genome and overlaps all the other genes, encodes a polymerase with three 
distinct enzymatic functions (DNA polymerase, reverse transcriptase, and 
RNase H) and also encodes the terminal protein primer. Gene X, spanning 
the cohesive ends of the genome, encodes a transactivating protein that up- 
regulates transcription from all the viral and some cellular promoters. The C 
gene has two iniliation sites that divide it into a yre-C and a C region, produc- 
ing two distinct proteins, HBeAg and HBcAg, respectively. The pre-SIS gene 
encodes the envelope protein, S, which occurs in three forms: a large (L) 
protein, translated from the first of the three in-phase initiation codons, is a 
single polypeptide encoded by the pre-51, gre-SZ, plus S regions of the ge- 
nome and occurs in the envelope of infectious virions; a middle-sized (M) 
protein comprises the product of yre-52 plus S; and finally, the most abundant 
product is the S protein, the basic constibent of noninfectious HBsAg parti- 
cles, comprising only the product of the 5 ORF. All three forms are glycosy- 
lated, and the yre-S1 product is myristylated. 

Fig. 22-2 I-1UV genome Wavy l~nes dennte wral transcripts; boxes? viral open reading frames 
(ORFs); arrows, dircct~on of transcription and translaticrn; innermost circles, structure of virinn 
DNA, DRI, DR2, pnsit~ons of direct rrpeat sequences invoIved in the priming steps in viral DNA 
synthrs~s [From 13 Ganem and I I .  E Varrnus, Arr~irr Rcr? Rlorlrcln 56, 651 (1987).1 

properties of Hcpndn.lnnviridae 

There are a number of subtypes of hepatitis B virus, defined by various 
combinations of an tigenic determinants prescn t on the HBsAg. All have the 
samse group-specific determinant, n, but there are four major subtype-specific 
determinants, certain pairs of which (d and y; r ancl 711) tend to behave as 
alleles, that is, as  rnuti~ally exclusive alternatives. The determinant displays 
considerable heterogeneity. Hence we have subtypes designated ayw ny~v,, 
ay7o,, nynl,, nyr, odar4, ndr, and so on. There are also some more unusual 
combinations, and additional determinants such as q and x or ,q have been 
described, as well as some variants with mutations in any of the deterrni- 
nants. Different subtypes tend to show characteristic geographical distribu- 
tions, though they often overlap. 

Viral Replication 

In the absence of a conventional cell culture system for HBV much of our 
current understanding of the replica tion of hepadnaviruses comes frnm stud- 
ies of woodchuck, ground squirrel, or duck hepatitis viruses, or from the 
growth of HBV in human hepatocytes cither ~n zjivo or in primary culture, or 
following transfection of hepatoma cell lines by various HBV DNA constructs. 

The WBV genome is remarkably compact and makes use of overlapping 
reading frames to produce seven primary translation products from only four 
QRFs ["genes"): S ,  C, P, and X. Transcription and translation are tightly 
regulated via the four separate promoters and at least Iwo enhancers plus a 
glucocorticoid-responsive element. Transcrig tion occurs in the nucleus, 
whereas replication of the genome takes place in the cytoplasm, inside pro- 
tein cores that represent intermediates in the morphogenests of the virion. 
Replication of the dsDNA genome occurs via a unique mechanism involving 
the reverse transcription of DNA from an RNA intermediate. Thus hepad- 
naviruses are sometimes categorized as "retraid" viruses because of the sim- 
ilarity in replication strategy to the retroviruses, although in a sense the two 
strategies are mirror images of one another. The key difference is that, in the 
case of the retroviruses, the plus sense ssRNA is packaged as the genome of 
the virion, whereas in the case of the hepadnaviruses, the ssRNA is the 
intraceIlular intermediate in khe replication of the dsDNA genome (Fig. 22-3). 

The virion attaches to the hepatocyte via a sequence in Ithe pre-S1 protein 
and enters by receptoa-mediated endocytdsis. Following removal of the enve- 
lope, the nucleocapsid is translocated to the nucleus and the viral genome 
released. Tlle short (plus) strand of v~ral  DNA is then completed to produce a 
full-length relaxed crrcldar CRC) dsDNA molecuIe. This in turn is converted to a 
cnuale~rl'ly r-losed circulnr (CCQ furm by removal of the protein primer from the 
minus strand and ol the 01igurEbonucJeotide primer from the plus strand, 
elimination of the terminal redundancy from the minus strand, and ligation of 
the two ends of the DNA. This closed circular foam becomes twisted to yield 
what is known as sllp~rcilil~d CSC) DNA, which is the template for transcription 
by cellular RNA polymerase 11. The "minus" strand only is transcribed to give 
rnRNAs of 2.1 and 2.4 kb, plus a 3.4 kb RNA transcript known as the peg- 
enur?lc that is actually longer than the genome itself because it contains terini- 
nally redundant sequences. FoFlowing transport to the cytoplasm, the 3.4 kb 
species is translated to yield the C (corc) antigens and the pulymerase, while 
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Fig. 22-38 Replication cycle of hept~t is  B v~rus. See text for details [Modified from G.  C~vrtico, 
Y Y Wang, C tuscornbc., N. Bishop, G Ta,chedjian, I Gust, and S. Cocarnin~, j Melf Virol 31, 90 
(1990) Courfesy Dr S 1,ocarnini ] 

the 2.1 and 2.4 kb transcripts are translated from three different initiation 
codons to yield the three forms of S (surface) antigens. 

Replication of the viral genome occurs via a mechanism absolutely distincl 
from that r ~ f  any other DNA virus. The RNA pregenome associates with the 
polymerase and core protein Lo form an immature core particle in the ryto- 
plasm. Within this structure the reverse transcriptase, primed by the virus- 
coded terminal protein, transcribes a complementary (minus) strand of DNA. 
Meanwhile, the RNase H progressively degrades the RNA template from its 
3' end, leaving only a short 5' oligoribonucleotide which, following transposi- 
tion to base-pair with a complementary site on the newly synthesized minus 
strand, serves as  the primer for the DNA polymerase to transcribe a DNA 
plus strand. Some i ~ f  the core particles, containing newly synthesized viral 
DNA, are recycled back in to the nucleus to amplify the pool ol HBV genomes 
available for transcription. The remainder are assembled into virions before 
the plus strand of the genome has been completed. The cores bud through 
thosc areas of endoplasrnic r~ticulum into which the L, M, and S antigens 
have been msrrted, thereby acquiring an  HBsAg-containing lipid envelope. 
Vesicles transport t h ~  vir~ons lo the exterior without cell lysis. 

Clinical Feahres of Hepatitis B 

Most HBV infections are subclinical, particularly during childhood, but about 
one-third of adult infectic~ns arc icteric. The course of acute viral hepatitis is 
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conventic~nally divided into lhree phases: (I) prc~ctrric, (2) icteric, and (3) 
convalescent. F~llowjlng a long incubation period of 6-26 weeks in the case of 
hepatitis €5, the yrcicfcric (pradro??ml) phase commences with malaise, lethargy, 
anorexia, and commonly nausea, vomiting, and pain in the right upper ab- 
dominal quandrant. A minority of pafients develop at this time a type of 
serum sickness characterized by mild fever, urticaria1 rash, and polyarthritis, 
resembling a benign, fleeting form of acute rheumatoid arthritis. Any time 
from 2 days to 2 weeks after the prodromal phase begins, the irfcric phase 
commences, heralded by dark urine (bilirubinnr~a) closely followed by pale 
siools and jaundice. The corrvalesc~nt phase may be Iong and drawn out, with 
malaise and fatigue lasting for weeks. 

There are a number of possible outcomes (Fig. 22-4). Less than 1% of the 
icteric cases die of fulrninan t hepatitis. Most recover uneventfuIly following 
complete regeneration of the damaged liver within 2-3 rnnntlis, but some 
progress to chronic infection. This may take the form of an asymptomatic 
carrier state, defined as MBs antigenemfa persisting for at least 6 months, or of 
chronic persistent hepatitis or chronic actwe hepatitis causing progressive 
liver damage, which may lead eventually to cirrhosis andlor to primary hepa- 
tocellular carcinoma. A proportion of fhnse with chronic persistent or chronic 
active hepatitis develop manifestations of immune-complex disease, systemic 
necrotizing vasculitis (pr~lyarteritis nodosa) and membranoproli ferative 
glomerulonephritis being the two most common. 

The typical course of the hepatitis 0 carrier can be divided into high and 
low replicalive phases. In the hi'pllr rcplicntiw pl~osc (or pr[dlrcfirle yhnsu), the 
liver is supporting a large amount of viral replication; WBsAg, viral DNA, and 
HBeAg are found to very high titer in the peripheral c~rnpartm~ent. In con- 
trast, the Ioscr reylicativ~ phase [or rest-ricted ppltat;e) is characterized by much lower 
titers of HBsAg, extremely low IeveSs of viral DNA, absence of IIBeAg, but 
the presence of ant i -Hk.  This switch from HBeAg to anti-HBe, usually asso- 
ciated with a hepatitic flare, is known as the seroconz~crsion tlfllcss. In a number 
of carriers, this hepatitic flare is not associated with HBeAg clearance and 
seroconversion to anti-HBe, and is referred to as a n  nbortirs sarc~-on7~crsio!l. 

HBV INFECTION 

/--- 

ACUTE [NFECTION 

hepat~tis hepatitis persistent hepatitis actlve hep~t~tis 

4 
Cirrhos~s 

1 
Hepatocellular 
carcinoma 

Pig. 22-4 Clinical c~utcames of hcparitis B virus infcction 
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Sonc chronic carriers of hepatitis B virus can have a number o f  such abortive 
seroco~iversions in a lifetime, resulting in thc development uf quite severe 
liver disease. Chronic infectinn with HBV can result in the development of 
chronic liver disease characterized by chronic pers~stent hepatitis, chronic 
active hepatitis, and cirrhosis. Some carriers have a very poor prognosis, 
developing rapidly progressive Liver disease, whereas other carriers have a 
much more benign prognosis. 

Pathogenesis and Immunity 

The tropism of HBV for hepatocytes appears to be determined, in part at 
least, by CIS-acting regulatory elements in the HBV genome. The state of 
differentiation of the liver cells may also be important, and certain viral en- 
hancer elements are inducible by hormones. There is evidence of at least 
limited viral replication atso in bile duct epithelium, pancreatic acinar cells, B 
lymphocytes, and monocytes. Liver biopsy at the height of acute hepatitis 
reveals necrosis of liver parenchyma and the accompanying histopathology 
shown in Fig. 22-5. 

By irnmunofluorescence or imrnuncwlectron microscopy flBcAg is de- 
monstrable in the cytoplasm and nucIeus of infected hepatocytes in acute or 
chronlc active hepatitis, whereas HBsAg is seen only in the cytoplasm. By 
autoradiography, HBV DNA is found in the cytoplasm of productively infec- 
ted cells hut integrated into the chromosomes of chronically infected carriers 
in the low replicative phase. HBsAg and HBeAg (but not HBcAg), as well as 
virions, viral DNA, and viral DNA polymerase, are found free in the serum of 
patients with acute or chronic active hepatitis. In chronic infection, including 
thc symptom-free carrimer state, 22 nm I-IBsAg particles continue to be synthe- 
sized and are found in concentrations u p  to 10" per milliliter in serum for 
years or even for life; in contrast, infectious virions rarely exceed 1O"er ml, 
even in acute infection. 

The mechanism of hepatic cytopathology is not fully understood. Viral 
replication per se is generally noncytocida1 for hepatocytes, though transfec- 
tion experiments in cultured cell lines and transgenic mice indicate that accu- 
mulation of unnatural concentrations of HBcAg or pre-S1 protein can be toxic. 
It is widely assumed that the damage in natural infection is mediated irnmu- 
nolc7gicaIly, principally by class I restricted CD8 ' cylotoxic T Iymphocytes 
which predominate in the mononuclear cell infiltration of the liver. Hepato- 
cytes express relatively little class I antigen, but the interferon induced by 
tIOV infection up-regulates class I MHC expression, as weil as activating Tc 
and NK cells and interfering directly with viral replication. 

Recovery from HBV infection is attributed principally to CD8+ cytotoxic T 
I ymphocytes recognizing pep tides derived from HBcAg and HBe Ag. Immu- 
nity to reinfection is due to neutralizing antibodies directed exclusively at 
I-JBsAg, jncluding the pre-S regions, which are particularly immunogenic and 
also carry determinants recognized by CD4 + helper T cells. Cross-immunity, 
arising principally from antibodies directed against the shared n determinant, 
confers protection against helerologous subtypes. 

The determinants of persistence (see Chapter 20) are not defined, in spite 

Fig. 2 - 5  Viral hepatitis. (A) Liver biopsy 2 weeks after onset of acute hepatitis (hematoxylin 
and ensin stain, magn~fication, x125) Note focal nccrosis within [iver lobulc with character~stic 
tPalIooning of hepatocytes (bottom left), b~liary stasis (center right), and inflammatory cell infiltra- 
tion around a widen~d portal tract (top left). (0) 1,ivtr at autopsy ol a patlent who died 25 days 
after the onset of viral hepatitis (hematraxylin and eosin stan;  magn~fication: xI2). Note massive 
necrusis of livcr parenchyma and subsequent collapse leaving portal tracks with proliferating 
ductules and nrrdufes of regenerating l~ver cells (Co'llrtesy Dr P. S Bliathal and I Jack ) 

of many hypotheses. lrnmernocornpetence and age of acquisition of infection 
are the most obvious parameters. Infants acquiring HBV perinatally from a 
carrier mother have a greater than 90% probability of themselves becoming a 
cl-rronic carrier, whereas people €irst infected as adults have only a 1-5% 
chance. Although it is not certain that this striking difference relates to immu- 
nologic immaturity, rather than dose or route of infection, it is noteworthy 
that most immunocornpromised individuals become carriers, regardless of 
age. 

Recycling of multiple copies of newIy synthesized dsDNA gcnomes from 
€he cytoplasm back into the nucleus is a feature of persistent HBV infection 
during the high replicative phase, and integration of the TIBV genome into 
hepatocyte chromosomes is observed in chronic carriers, mainly in the low 
replicative phase. Transcription from integrated DNA is restricted to sub- 
genomic mRNA, with HBsAg being the principal protein produced in long- 
standing carriers, and even that diminishing with the passing years. The 
strategy of secreting into the bloodsltream up  to 100,000 times more antigen in 
the form of noninfectious 22 nrn HBsAg particles than of infectious viriclns 
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may servc as a decoy lo m r ~ p  up neutralizing antibody, which is generally not 
demonstrable by standard assays in the presence of HBqAg. 

Immune complexes are associated wzth both the serum sickness oftera 
seen during the prodrorne of the acute illness and with the polyarteritis 
nodosa or glr~merulonephritis sometimes encountered in chronic hepatitis, 
and thcre is evidence that an tigen-antibody complexes may induce mem- 
branous glomerulonephritis, especially in  children. Moreover, the tact that 
HBs Ag carriers fail to respond to vaccination with HRsAg suggests either that 
thcir H cells are tnlerized or that suppressor T cells are responsible for the 
inability of chron~cally infected individuals to mount an  immune response 
capable of rejecting the virus. Furthermore, hepatocytes harboring the viraI 
genome may not present sufficient or appropriate viral peptide to class I 
restricted Tc cells to render them accessible to elimination by immune cyto- 
lysis. Tn chronic HRV carriers, class I MMC expression on hepatocytes and 
inCil tration of both CD8+ Tc cells and CD4 + Th cells are all lower than during 
acute infection. 

Variants of HBV have been isolaled from Mediterranean and Asian pa- 
tients with chronic liver disease. "Pre-S" mutants with point mutations or 
deletions in the prr-S2 region produce higher v~rernia than is seen with wild- 
type virus. "Pre-core" mutants, which make no HBeAg, display enhanced 
aggressiveness and are commonly found in patients with severe chronic ac- 
tive hepatitis or cirrhosis, and even fulminant hepatitis. These cases are char- 
acterized by very high levels of HRcAg in hepatocyte nuclei and cytoplasm, 
unrelenting fibrosis, and a poor prognosis. 

The reader is referred to Chapter 11 for a discussion of the pathogenesis 
and epidemiology of primary hepatocellular carcinoma and its relationship to 
the Iicpatitis B carrier state. 
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diagnosl~c importance: liKsAg, HBV DNA, IiDcAg, antibody to HBsAg (antr- 
f-I13s), anti-HBt, and anti-HHc. 

Acufc infection w ~ t h  hepatitis B virus (Fig. 22-6A) is characterized by the 
appearan'ce of HBsAg in the blood a month or two after infection, rising to a 
peak shortly before symptoms develop, then gradually disappearing coinci- 

/. 
Anti HBc Anti-HBs / 

-- 
Months after erporure 

Laboratory Diagnosis 

Routine biochemical tests of liver function distinguish viral hepatitis from the 
many nonviral, for exampie, obstructive or toxic, causes of jaundice. Charac- 
teristically, levels of serum transaminases (arn~notransferases) are elevated 
markedly (5- to 100-fold} in  acute symptomatic viral hepa titis, whether due to 
hepatitis A, 8, C, D, or E. ALanine aminotransferase (ALT) and aspartate 
aminotransferasc (AST) rise together late in the incubation period to peak 
about the time jaundice appears; Ithey gradually revert to normal over the 
ensuing 2 months in an uncomplicated case. Serum bilirubin may rise any- 
thing up t o  25-fdd, depending on the severity of the case, and may of course 
be close to normal in anicteric viral hepatitis. 

To date, HBV has been reproducibly isoIated in chimpanzees and certain 
other simian species, and irreproducibly in organ cultures or primary cultures 
of human hepakocytes, which are impracticable for routine diagnostic use. 
Serology forms the basis of the diagnosis of hepatitis €3 and of the differentia- 
tion of the variolas clinical forms o'f hepatitis B from clne another. Although 
many types of immi~noassays have been successfulPy applied to WBV, the 
mosf widely used and most sensitive have been radioimmunoassay (RIA) and 
enzyrnc imrnunoassay (EM) .  Six markers, all found in serum, are of particular 

HBV DNA & HBeAg 

0 1 2 3 4 5 6  1 2 3 4 5  6 7 8 9 7 0  

Months Years 

T ~ m e  after exposure 

Fig* 22-6 Srrological cvents associated with the typlcal course of acute type B hepatitis (A) and 
the devrloprn~nt of the chrrjn~c hepahiis R vlrus carrier state (R) I-1RsAg, hepat~lis I3 surface ant ] -  
ge:cn, f.IF3eAg, h e p a t ~ t ~ s  'B e ant~grn,  ALT, alanine am~nc~transferase, anti-CIBs, antlbody to tIFjsAg, 
anti-3iBc, antibody to hepatlt~s B core antrgen; anti- [We, ant~hody to HBeAg. [Modifled from J .  
I " # .  Hoofnagle, A~rrtzr. Rcrj Mcd. 32, 1 (1981) Copyright 1981 by Annual Reviews Inc.] 
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dentally with the fall in transaminase levels over Yhe next few months. Viral 
DNA and MBeAg appear at about the same time as HBsAg but disappear 
more abrnpdy when symptoms and enzyme levels peak. The first antibody 
detected is anti-HRc; it usually appears before symptoms develop, rises rap- 
idly tn high liter, and persists indefinitely. Anti-I-IDs, on the other hand, does 
not become detectable until HBsAg has been cleared and recovery is complete 
(usually within a year); indeed, there is sometimes a window in time during 
which neither HBsAg nor anti-HRs is demonstrable, and anti-HBc is the only 
positive marker of infection. 

Cllrorlic hepatitis B infection (Fig. 22-68) is characterized by the persistence 
of HBsAg for at least 6 months, but often for years or even for life. As long as 
HBs antigenemia persists anti-HBs antibody is usuaIly nut found free, but in 
about 10% of carriers i t  is complexed in low amounts with HBsAg. Anti-HBc 
rises to very high titer and persists tor life in the normal way. This is the 
picture with the HBsAg carrier s fn le .  

Clrrclrric nctir?u hepatitis is distinguished from the asymptomatic carrier 
state by progression of liver damage, as indicated by continuing elevation of 
serum transaminase levels and histologic evidence on liver biopsy. Per- 
sistence of HBV DNA, viral polymerase, HBeAg, and virions impIies active 
viral multiplication, high infectivity, and progressive liver damage, the hall- 
marks of the high replicative phase. In contrast, anti-HBe, which develops 
only after HBeAg disappears and enzyme levels have declined, indicates a 
longer standing carrier state characteristic of the LOW replicative phase. 

Table 22-2 summarizes the patterns of serological markers that character- 
ize the various outcomes of hepatitis 8 infeclion. Note that the key markers 
are HBsAg, anti-HBs, anti-HBc, and HBV DNA; the pattern of these can 
distinguish most of the important silualicji~s, Note also that ( 1 )  the single most 
reliable marker of past or present HBV infecfion is anti-H8c; (2) persistence of 
HRV DNA in chronic active hepatitis portends an unfavorable outcome in the 
long run; and (3) anti-HBs, which is the neutralizing antibody, appears only 
after HBsAg has vanished, hence is a reliable indicator of recovery and of 
immunity to reinfection. 

Table 22-2 
Serolugtcal Markvrs r>f Hepatitis B Infection 

S~rr~logical markcrfl 

Total IgM V ~ r a l  
Cl~nicnl condill~un HBsAg Anti-WRs antl-IJUc anti-1fBc tIISeAgI1 Anti-HBe DNA 

Acute hepatlkis + + ++  +4 - - -4+ t 
- Chron~c nct iv~  I~epatit~s + - + t + -t 

Asymptomat~c cnrslcr state +' - t _ , I  - + - ,  

Past ~nfcctiori ~rnrnun~ty t t 
- - +-+- 

- I'a~t ~rnrnunl~ation - +- - - - 
- 

Arrow means transition in  due course frc~m nne state to thc other 
1' I f  ~nFccted wtth w~ld-type f-ERV, not with prc-cc~re mutant 
# Persisting for rncrrc than b months 

LOW t~trr. 
Vpry low t~tt,r 
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Epidemiology 

Although hepatitis B first came to the attention of the Western world as an 
iatrogenic disease transmitted accidentally by ~noculaticm of cnntamina ted 
blood ("serum hepatiltis"), it is self-evident that this is not the natural mode of  
spread. In the poplulous areas nt the developing world of high HBV endeml- 
city (Southeast Asia including China, Indonesia, Philippines, and the I'acific 
islands, the Middle East, Africa, and the Amazon basin), where the majority 
of people are seropositive and 8-15% are chronic carriers, most become infec- 
ted at birth or in early childhood. Some 5 4 2 %  of parturient women are 
HBsAg positive, of whom nearly half are also HBV DNA positive, resulting in 
efficient perinatal transmission with a 70-90% probability of the infant itself 
becoming a carrier. As 1he infant generally becomes HBsAg positive only 1-3 
months after birth, it is considered that most perinatal infections result from 
contamination of the baby with blood during parturition, rather than trans- 
placentally; breast milk or malernal saliva are probably responsible occasion- 
ally. However, up  to half of all cllildren in medium to high prevalence com- 
munities who become carriers acquire the infection from intrafamilial contact 
with chronically infected sibiings or parents secreting virus tn oozing skin 
sores, blood, or saliva; between 1 and 5 years of age the probability of becom- 
ing a chronic carrier following infecfion is of the order of 25%. In adoIescenls 
and adults transmission is principally by sexual intercourse; only 1-5% of 
primary infections acquired at this age progress to chronicity. 

The picture is quite different in the developed world, where the carrier 
rate is generally less than 1% except in ethnic minorities (e.g., Asian immi- 
grants) and in injecting drug users. Perinatal spread is ~~orrespondingly less 
common, and sexual (including homosexual) transmission among adoles- 
cents and adults is a significant risk. Percutaneous transmission by iatrogenic 
invasive procedures represents the most common identifiable mode of 
spread, with injecting drug users constituting the largest cohort of carriers. 
Posttransfusion hepatitis B and infection of hemophiliacs by contaminated 
factor VIIT have now almost disappeared as a result of routine screening of 
blood and organ donors, but hepatitis €3 can represent a major occupational 
risk for laboratory workers who are vulnerable to accidental infecfion by blood 
spill or needle-stick injury. Less than 1 P I  of blood contaminating a syringe or 
needle can readily transmit hepatitis B from one individual to another. Proles- 
sionals occupationally at risk include dentists, surgeons, pathologisis, mortu- 
ary attendants, and technicians and scientists working in serology, hernatol- 
ogy, biochemistry, and microbiology laboratories in hospitals or public health 
insiitutions, blood banks, or hemodialysis units. However, the availability of 
an effective vaccine has greatly reduced this lnccupational risk. Tattooing, 
acupuncture, and ear-piercing without rigorous sterilization of equipment 
constitute other potential routes of transmission, as do certain body-contact 
sports such as wresthe; and rugby football. 

1 Control 

Blood banks today routinely screen donors for HBsAg using a sensitive en- 
zyme imrnunoassay or radioirnrnunoassay. This has almost eliminated post- 
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transfusion hepatitis 0. Intravenous drug uscss s h o ~ ~ l d  be thc target of educa- 
tioaial campaigns to reduce the extreme risk of transmission that accompanies 
needle sharing. Some coun trres such as AustraIia have established programs 
for free distribution of disposable sterile syrlnges and needles to registered 
drug users. Sexual transmission is obviousIy difficult to address, of her than 
by general education advocating modera tinn, monogamy, screening of sexual 
partners for HBsAg, and so on. Partners of known carriers should be vacci- 
nated and encouraged to avoid contact with the carrier's blood or other secre- 
tions, for example, by using condoms, covering skrn sores or abrasions, and 
eschewing the sharing of toothbrushes, razors, eating utensils, etc. Perinatal 
transmission to newborn infants of carrier mothers can be minimized by 
~noculation at birth with both hepatitis B vaccine and hepatitis B immune 
globulin. 

Prevention of infection in health care workers and their patients is based 
on vaccination and universal precautions in the ward, theater, and laboratory 
founded on the presumption that any patient may be infectious. Barrier tech- 
niques include wearing of gioves, gowns, masks, and eyeglasses to prevent 
exposure to blood in high-risk situations, such as during invasive procedures, 
avoidance of mouth-pipetting and of eating or smoking while working, metic- 
ulous hand washing routines, careful attention to the disposal of blood and 
body fluids and to cleaning up  blood spills with appropriate chemical disin- 
fectants [such as 210 glutaraldehyde, 0.5% (50019 ppm available chlorine) sodi- 
um hypochlorite, or 1-5% dormalinl, special precautions in disposal of used 
needles, the use of disposable equrpment wherever possible, and appropriate 
procedures for the sterilization of reusable equipment. These approaches to 
aseptic technique and sterilization of equipment should apply equally to den- 
tists, acupuncturists, tattooists, etc. 

Passive Immunization 

Hepatitis B immune globulin, obtained by plasmapheresis of subjects with 
htgh titers of anti-HBs, is effective for postexposure prophylaxis of hepatitis 
B, for example, in unvaccinated people who have been recently exposed to 
infection with HBsAg positive blood in needle-stick accidents or in newborn 
infants born to MBsAg positive naothers. However, it is most efficacfous when 
used in conjunction with vaccination (active-passive prophylaxis). 

Vaccines 

Paradoxically, an effective vaccine against hepatitis B was produced and li- 
censed in 1981 even though the virus has not yet been reliably cultured ill 

7ritrt1. Such high concentrations of HRsAg can be found in the sera of human 
carriers that this prototype vaccine was prepared simply by purifying 22 nm 
f-JRsAg particles directly from this source, followed by chemical treatment to 
inactivate any accompanying HBV or other contaminating virus. This 
"plasma-derived" vaccine is still being produced and is widely used, partic- 
irlarly in developing countries where the need is greatest, but ilt Elas pro- 
gressively been replaced by the world's first genetically engineered human 
vaccine. 
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In the mid-1980s the HHsAg gene, cloned into a plasmid, was user1 lo 
transfect the yeast Sncchnro~~r.yc~s ccrrzsszn~~, and the nonglycosylatcd form oi 
HBsAg particle prodl~ced was extracted and purified for use as a vaccine. Like 
the plasma-derived vaccine, the reambinant vaccine is adsorbed with tlie 
adjuvant aluminum hydroxide, stored cold but not froztn, and administered 
by intramuscular injection into the deltoid in a corlrse of three doses, sepa- 
rated by 3 month then 5 months, respectively. There are no side effects other 
than an occasional (5-20%) sore arm, and protective levels of neutralizing 
antibody are elicited in over 90% of recipients (9510 of neonates). Of the 
nonresponders, only haIf seroconvert following a second full course, suggest- 
ing the absence of an appropriate immune response gene. Renal dialysis 
patients and immunodeficient or elderly recipients also respond subop- 
timally. Frolection studies demonstrate that immunity in irnmunocompetent 
vaccinees remains solid for a decade or so, and that those who do  become 
infected during this period generally develop an anamnestic anti-HBs re- 
sponse as well as an anti-HBc response and do not progress to chronicity. 
NevertheIess, longer term studies may reveal that a booster dose of vaccine is 
desirable a fe r  about 10 years. 

Recombinant MBsAg vaccines are continually being refined. First, inclu- 
sion of the nucleotide sequence encoding pre-S1 and pre-S2 in the cloned 
gene construct enhances the immunogenicity of the resultant protein parti- 
cles. Second, HBsAg produced by mammalian cell lines such as CHO are 
glycosylated normally and thus more closely resemble the natural human 
product. Third, encapsulation of HBsAg in a polyglycan or other matrix may 
enhance immunogenicity by creating a depot from which antigen is released 
slowly or in pulses. Finally, the HBsAg gene has been incorpc~rated into live 
vaccinia virus or adenovirus recombinants and demonstrated to confer pro- 
tection. 

Vaccination strategies differ from country to country. In populous areas of 
the world where the HBsAg carrier rate is high the top priority must be to 
interrupt the chain of perinatal and early horizontal transmission hy vaccinat- 
ing all infants at birth. For convenience, the course of injections should be 
synchronized with those for diphtherial pertussisltetanus and/or with oral 
poliovaccine, and should become an integral part of the Expanded Pro- 
gramme of Immunization (EPI), Pilot programs have been conducted in  scv- 
era1 developing countries since the late 1980s. Finance is the majclr impedi- 
ment to implementation on a world scale. 

The strategy of universal immunization of newborn infants should be the 
aim of all countries, but current policy in most of the developed world where 
the HBsAg carrier rate is less than 1% is to target only high-risk groups in the 
community (Table 22-3). Several of these cohorts are notoriously difficult to 
access, and the experience in the United States has been that the ~ncidence of 
HBV has actually increased in spite ol strenuous efforts to implement thts 
policy. Morecwer, the cost of locating and testing for MBsAg carriage ap- 
proaches that of the vaccine. As a result, health authoriiies in the United 
States and elsewhere have recently been lobbying tor funding to support a 
policy of universal vaccination of all chiIdren. A number of manufacturers are 
developing "pentavalent" vaccines against diphtheria, pertussis, tetanus, 
H ~ P I I I L I / ~ ~ ~ ) ~ ~ ~ . s  ~ ~ I ~ ~ ~ E P I I Z ~ C  type B, and hepatitis 0, for adrn~nistration to in fan ts at 
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Table 22-3 
Prrrlr~ty I';lnd~rl;ilrs for 1 I e p a t ~ t i ~  U Vacc~nt. In Ut~vt~lopc~i JIo~rnlr~r.\" 

- - 

Nr.wbclrn h,~h~c.; brrrri o f t  II15Ag prls~t~vc nitrthcr~~',r~iJ of rnalnl~rarlts from cour~trlcs of h i ~ l ~  IdUV 
prcvalc*ncc~~ 

St-xr~al aricl closc Ii~it~st~l-told confaci< o f  I l B V  carrncr.; 
Nerdlr-stick Inlurres frolii ITI1V carrlcrs 
ParrnteraI drug ahuscrs 
I l~r~urr~cxually ac tlve llieri 
f lctcrr~sexually promiscuous persons includ~ng yrostrtute$ and those with sexually transmitted 

disease 
Hcmoph~l~acs, hemod~alysts pahents, or othcrc requtrlng frrlqurnt transfus~ans or blood prtducts 
Clrrnts and ctatf of homes for th? dt~velopn~entall~ d~sabled and other custodial insl~tuf~uns, such 

a.; ~ ~ I S ( I I I ~  

tiealth care and P L I ~ ~ I C  safety wt)rkcrs pott8ntially exposed to human blood" 
I~nmigrants and ethnrc rn~norit~es from countrirs of high FIDV prevalencei 
Infcrnational travelvrc to HBV cndrmrc arcas who anticlpatt. close or sexual contact with the local 

populatron 

Rased on Recommendations of the Imrnun17ation Practices Adv~sory Committee, Centers for 
D~seaso Contrc~l (1990) I'rotc>ction agarnst wral hepat~tis Mor111d111/ Morfnlijy Wet?+ Rr/gc~rt 39, 
R R-2 

Identilled hy scrrcning of pregnant womcn 
I Irnrn~grants and refugtbcs from East Asia, Africa, etc., sh(luld idrally be screened for HBY 
markcrs, ~f an IqBV ca~rirr IS detectctll, all members of the family (as wrll as all subsequent 
newborn infants) should bc vaccinated 
' J  Vacctnatc students undergoing professir~nal training. 

birth, 1-2 months, and 6-18 months oE age, in lieu of the currently popular 
DPT schedule of 2, 4, 6, and 15 months. 

Chemotherapy 

Theoretically, any of the several enzymatic functions of the HBV polymerase 
offer tempting targets for chemotherapeutic attack. In practice, however, in- 
hibilors of reverse transcriptase (such as AZT) have proved to be ineffective, 
as have inhibitors of DNA polymerase (such as  acyclovir and adenine ar- 
abinoside), with the exception of ganciclovir, especially in combination with 
phosphnnoformate (foscarnet), which has recently been reported to reduce 
1-IBV replication in chronic carriers hollowing liver transplantation. The newer 
nucleoside analogs penciclovir and its oral form, famciclovir, have also been 
reported to inhibit HBV DNA replication In r7itro and i~ viuo. An alternative 
approach is to inhibit the generation and processing of the main transcription- 
al template, the viral supercoiled DNA, using compounds known to interfere 
with DNA topology. The DNA gyrase inhibitor nalidixic acid, a well-charac- 
temized oral antibacterial antibiotic, blocks vrral replication at this level and has 
displayed efficacy against duck hepatitis virus in vitro and in uivo. 

Interferons (see Chapter 16) have an established place in the treatment of 
chronic hepatitis B but have been generally disappointing. l'heis efficacy 
seems to be largely limited to a parlicular cohort of patients with chronic 
activc I~epatitis in the window between the high and low replicative phases. 
In this subset, which represents only a small rntnority of the HBV carriers 
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worldwide, a 6-month coursc of in terf~ron cr, 5 - I O  niillion units injectcd three 
times a week, brings about a response in up to 511% of cases, hut there is often 
a relapse after cessation of  therapy. The naturally clccnrring human inimu- 
nomodulatory thymic hormone and intel-krnn inducer thyrnosin a-1 appears 
to have a similar effect and is belng tested for synergism with other anti-H0V 
chemotherapeutic agents. 

Deltavirus (Hepatitis D) 

In 1977 a young Italian physician, Rizzetto, detected a novel antigen, which 
he called 6 (delta), in the nuclei of hepatocytes from particularly severe cases 
of hepatitis B Delta antigen was also found inside 36 nm viruslike particles, 
the "delta agent," the outer coat of which was serologica lly indistinguishable 
from HBsAg. It transpired that the 6 agent, now known as hepatitis D virus 
(HDV), is a defective snhllik virus, found only in association with its helper 
virus, HBV. The tiny RNA genome of HDV, smaller than that of any known 
animal virus, encodes its own nucleuprotein (the delta antigen), but the outer 
capsid of the HDV virion is composed of HBsAg, encoded by the genome of 
HBV coinfecting the same cell. 

Currently classified as the sole member of a new free-standing genus, 
Deltavirus, HDV is absolutely unique among human viruses, and Indeed is 
without precedent among mammalian viruses. Some regard it as a subvir;ll 
agent falling outside the definilion of a virus. I t  displays features charaeterist~c 
of several different classes of plant pathogens known as viroids, virusoids, 
satellite RNAs, and satellite viruses, all of which have RNA genornes resem- 
bling that of HDV in certain respects, bul some of which encode no coat 
protein or no proteins at all. The HDV genome, like that of several of these 
subviral plant pathogens, is a covalently closed circle of single-stranded RNA 
with self-cleaving (~i/?ozyrn~l and self-liga king activity. Although JJUV is cur- 
rently the only known mammalian example of this strange class of agents, it  is 
reasonable to suppose that other comparable infectious agents of humans 
await discovery. 

Properties of Hepatitis D 'Virus 

The HDV virion is roughly spherical and heterogeneous in size (30-40 nm 
with a mean of 36-38 nrn). The coat is composed of HBsAg, mainly lacking 
the pre-S regions. The genome is a covalently closed circle of minus sense 
RNA of only 1.7 kb, with extensive basc pairing creating a secondary struc- 
ture enabling i t  to fold into an unbranched rodlike structure. There is no 
sequence similarity (homology) with either I-IBV DNA or cellular DNA. Cur- 
rently, the only known gene product is MLPAg, which is encoded by the 
largest 9 R F  on the antigenome. HDAg has at least three funckional domains: 
(1) an RNA-binding domain, whlch no doubt accounts for its intimate assocla- 
tion with ihe viral genome, (2) a nuclear localizalion signal, which directs the 
infecting genome and newly synthesized HDAg to the site nf viral transcrip- 
tion and replication, and (3) a leucinc zipper, which is assumed to promote 
interaction betwren HDAg and  MBsAg in assembly of the virion (Table 22-4) 
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Table 22-4 
r~r!pcrties of I lc .p~i t~hs L l  Vlrus 

S;llt511rtc vlrus rc.qulrlng Iit~patitrs M vlru? ac Iiclper, by I-IDV/F1UV cnrnfeclion or by supcr~nfcctlon 
of I IRV cdrric,r 

Sphrrlcal vlrir~n, 36-38 nm, I. IBsAg coat, IiDAg nurlcoprrltcin 
C~rcular m n u s  hc-nsc ssRNA gthnonie, I 7 kb 
Tr,~nscr~ptrnn and  gcnornc ~cpl~catrt~n occur in nucleus using host RNA polymerase 11 
R N A  rc.plicai~nn by rolling circlr n~eclinn~srn, r l b n ~ y m t  srll-cleavage of rnultirnvric nasccnt 

strarid, tht-n sdf-ligat~on to circular~~c 
R N A  edlting aIFt!ws read through of stop codon to yield two versions of F-1DAg wh~ch regulate 

rcpl~c'it~on, nic~rpliogc~nesis, and release 

Viva I Replication 

Although MDV can be grown in primary cultures of hepatocytes in the 
presence of its helper virus HBV, this is too cumbersome a system to produce 
definitive biochemica$-dat-n the details of viral replication. However, a 
number of clear-cut and surprising findings have come from transfection ex- 
periments using either (1) genetically cloned DNA copies of the HDV RNA 
genome or (2) genomic RNA itself, delivered in liposomes to cells that have 
been engineered to express HDAg. Replication of the HDV genome itself 
requires neither hepatocytes, human cells, nor HBV; a wide range of mam- 
malian cells will support HDV RNA replication in the absence of HBV, but the 
latter is necessary for the production of HDV virions. 

Following entry and uncoating, the genome with associated I-lDAg is 
transported to the nucleus where it utilizes the host RNA polymerase II to 
transcribe complementary RNA of two distinct forms: (1) full-length circular 
plus sense RNA, the "anfigenome," w h ~ c h  serves as the intermediate in repli- 
cation of  the genome, and (2) a shorter polyadenylated linear transcript that is 
exported ito the cytoplasm and serves as mRNA for translation into HDAg. 
Replication of the genome occurs in the nucleus by what is known in plant 
viroids as the double rolling circle mechanism; the template rolls as the anti- 
genome is synthesized, to produce excessively long plus strand Iinear copies 
(Fig. 22-7). This multimeric transcript then cleaves itselP to yield a unit-length 
antigenome, one specific nucleotide sequence serving as the substrate (cleav- 
age site) and another as a magnesium-dependent enzyme. A ligase activity 
then joins the ends of the linear transcript to yield the monomeric closed 
circular plus sense RNA antigenome. A similar sequence of events then gen- 
erates new copies of the genome, using the antigenome as a template. 

During RNA replication of HDV an extraordinary example of RNA edi- 
ting i s  observed; a specific mutation (UAG --, UGG) occurs in the termination 
crldon at the end of the O R E  for the truncated (small) form of HDAg (P24), 
enabling the host RNA polymerase I1 to read through it to yield the mRNA 
encoding the large form of HDAg (P27). P24 is required for MDV RNA replica- 
tion whereas 1'27 inhibits i t ,  hence the switch from produclion of P24 to P27 
suppresses further genome replication and promotes its packaging. Assembly 
of the genome-HDAg compiex w ~ t h  HBsAg in the cytoplasm then produces 
the complete virion for rele,rse from the ceII. 

\ HRV 

virion 
HBsAg 

HDV progeny 
virions 

cleavage 

RNA 

I Template RNA 
(antigenomic slrand) 

Fig. 22-7 (A) Replication of hepat~tis D v~rus in the presence of h~pntrhs 6 virus. (B) Enlargr- 
merit of the rrpJ~cation cycle of the hrpat~tis D virus Ktsnorne See text for details (Corlrkcsy DTS. 
S A Locarninl and A L Cunn~ngharn 3 

Pathogenesis and Clinical Presentations 

There are two main patterns of HDV infsection, coinfection and  suyerinfec- 
Itinn. G~zrrfrclbn is defined as simultaneous primary infection of an 1-IBV- 
susceptible individual with HDV and MBV. It most commonly results from 
parenteral transmission, for example, in intravenous drug abusers. The incu- 
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batrt~n perind depends on the size of the inoculum of I4BV and is characteris- 
tic of hepatitis B (6 weeks to 6 months) Both viruses replicate simultaneously 
or sequentially, giving rise either to a single episode of clinicaI hepatitis B plus 
D or in 20-20% of cases to two discrete episodes, namely, hepatitis B followed 
by hepafitis D, depending on the ratio of HBV to HDV in the inoculum. 
Colnfections with HDV and HBV can be more severe than the disease caused 
by HBV alone, and the incidence of fuIminant hepatitis higher, but the pro- 
portion of acute infections that progress to chronicity is no higher than follow- 
ing HBV infection alone. 

St~~wrrrrfcc~ion of an HBsAg carrier by HDV is the commoner occurrence 
and the more serious. Because large numbers of hepatocytes are already 
producing HBsAg, HDV is able to replicate without delay; after a relatively 
short incubation period (3 weeks), viremia of up to 1011 vir~ons per milliliter 
and a severe clinical attack of hepatitis D ensues. Case-fatality rates of u p  to 
20% from fulminant hepat~tis have been observed in some centers. Almost all 
tlie other cases go on to chronic active hepatitis, and progression to cirrhosis 
can be rapid. Overall, chronic hepatitis D has a very poor prognosis. 

Clinically and histologically the presentation of hepatitis D does not differ 
significantly from other types of viral hepatitis, except in its severity. A high 
proportion of all deaths from fulminant hepatitis represent superinfections or 
coinfections with HDV and HBV, and in developed countries many of the 
HBsAg carriers who progress to chronic active hepatitis or cirrhosis are in- 
fected with HDV. 

Little is known of the basis of the liver damage, but the observation that 
the extent of the cytopathology correlates better with the amount of the small 
(P24) form of HDAg in Iiver cell nuclei than with the number of inflammatory 
cells suggests that 1'24 is directly cytotoxic for hepatocytes. The P24 form 
pred(minates during acute infection, when large numbers of virions are being 
produced, whereas P27 is found mainly in chronic infection, when much 
Iower tilers of virus are present. Following HDV superinfection of an HBsAg 
carrier the titer of HBsAg in the serum may be depressed during the period of 
maximum HDV replication, possibIy as a resuit of competition for host RNA 
polymerase 11, which is required by both viruses for transcription, andlor 
competition for HBsAg (which is required by both viruses, but the number of 
IIDV particles produced often exceeds that of HBV v~rions by 10001-fold). 

Laboratory Diagnosis 

Figure 22-8 depicts the time course of the several diagnostic serological mark- 
ers throughout the progression of HDVfHBV coinfection (Fig. 22-8A) or HDV 
sitperinfection of an HBsAg carrier (Fig. 22-8B). Simultaneous coinfection typ- 
ically produces acute hepatitis BlD which tends to resolve spontaneously, 
Toward the end of the incubation period, shortly after the appearance ol 
HDsAg and prior tn the rise in anti-HBc IgM cpr transaminases, HDAg can be 
demonstrated in serum by EIA or immunoblotting, and F1DV RNA by hybrid- 
izatie~n to a radiolabeled RNA probe (dot blot or Northern blot), reflecting the 
very high titer of infeclious HDV particles produced. In most instances, how- 
ever, fIDV is cleared rapidly, and the only demonstrable marker in the Later 
stages of the acute disease may he anti-HD IgM, which can be identified in an 
EIA, using recombinant HDAg cloned in Esc/rerirllin coli or in a hepatoma cell 

1 Deltavirus (Hepatitis D) 

TIME AFJER EXPOSURE 

Fig. 22-8 The timc mursr of serolog~cal rnarkrrs In relation to c l~n~ca l  illness in hcpatltlr EI 
( t jDV) infection (A) Co~nfection with HDV plus hepatitrs B virus (FTAV) (R) Super~nfection w ~ t h  
HDV of  an HBsAg canicr, leading to chronic HDV infcct~an. ALT, Alanine amintrtransfcrase, 
anti-HBs, ant~body to hepatit~s 6 sariace antigen; anti-f-IDV, antibody to hepatitis D dnttgen. 
[From J F-l. Hoofnagle and A .  M. Di Bisreglre, rn "Antiv~ral Agents and VlraI Disrases of Man" 
[G J.  Galasso, R Wh~tejy and T C. Mcrigan, eds ), 3rd Ed , pp 445 and 446. Raven, NPW York, 
1990 J 

line. Total antibody to HDV is demonstrable for longer, but even the igG 
response is usually short-lived following resolution of the infection, so screen- 
ing for antibody is not a reliable indicator of past I-IDV infection. 

In contrast. superinfection by HDV of an HBsAg carrier generally induces 
a more severe acute disease, after a shorter incubation period, and progresses 
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to ch r t~n~c  active liepatitis andic~r crrrtiosis. Aciltt* superinfection is distin- 
gu i sh~d  from acutc coinfection by thc absence of anti-HBc IgM. In chronic 
hepatitis delta infection, alanine an~inotra~lsferase levels fluctuate but remain 
elevated, whereas anti-HD IgM as ~ re l l  as total anti-HIP and MDV RNA re- 
main demonstrable in the serum for months or years. Table 22-5 summarizes 
the patterns of se~ologica~l markers of HDV infection. 

Epidemiology 

The world distribution of HDV roughly parallels that of its helper virus HBV, 
but is more patchy; for example, HDV is rare in the high HBV prevalence 
cor~ntries of east Asia, including most parts of China. High HDV prevalence 
regions include the western Amazon basin, parts of central Africa, Romania, 
and isolated provinces in China. In these aieas over 20% of HBsAg carriers 
and over 60% o f  chronic hepatitis cases have markers of HDV infection. For 
example, a remote tribe of indigenous Venezuelan Indians has been found to 
suffer a 1 0 %  annual HDV infection rate in HBV carriers, with a high case- 
fatality rate from fulminant hepatitis or from rapidly progressive chronic hep- 
atifis. Prevalence is moderately high in southern and eastern Europe, the 
Middle East, the central Asian republics, the Indian subcontinent, and Cen- 
tral and South America. Three genotypes of HDV have been described so far: 
genotype 1 is widely distributed; genotype 2 is a single isolate fromlapan; and 
genotype 3, from South America, is associ;lted with a severe form of hepatitis 
D characterized by high mortality and a characteristic histologic lesion In the 
liver called a rncarula cell. 

'Transmission ol H W  occurs by exactly the same routes as does HBV, 
namely, paren teral, perinatal, sexual, and contact. In developing countries of 
high HDV prevalence it is likely that most of the spread occurs horizontally 
among children by contact with open skin lesions, etc., and among adoles- 
cents and young adults by sexual intercourse. Perinatal transmission is less 
common than with HBV. In developed countries of Iow prevalence, such as 
North America, temperate South America, Australia, and western and north- 

Table 22-5 
S~ro log tca l  Markttrs clf t - l c p t l t ~ s  D Infection 

l-IHV 1 IDV 

I g M  H U V  I g M  Total 
Cl inical c o n d ~ t i o n  I {BsAg ant i - t lBc RNA HDAg an t i -HD an t i -HD 

Aru tc  l i rpat~t~.; (+) t 4 I+ b (+ ( + I  
( I  FIPV/tEI$V cc)infr.ction) 

Acuic  1it.patlts t + (+  1 (4-1 ( + )  
( t I I 3V  supc.r inlcct~c~n) 

Chronic I i v p ' ~ t ~  t is t- t + i- 

(trnvir i r3v) 

'< I ' a r ~ n t l i ( ~ s ~ s  i n d ~ c a t r  thnt the marker  1s present a t  some stage but  cannrlt be  guaranteed 
t l i roughou! fht. i lcutc ~ l l n r s s  
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crn Europe, the majority of HDV infections arc acquired parenterally, part~c- 
uJarly by ~ntraveni~lirs drug users sharing needles. Prolonged epidemics oc- 
curred in the latter cohort during thc 1970s, with about half of all FlBsAg 
positive injecting drug users in some Western countries becoming infeclcd. 
The overall trend more recently has been a d~cline in the prevalence of HDV 
in this high-risk group. SexuaI transmission to partners frequently occurs, but 
i t  is less efficient than sexual transmission of HBV. HDV outbreaks have also 
been reported in hemophiliacs receiving contaminated clotting factors and in 
hemodialysis units, as well as among HBV carriers in institutions for the 
developmentally disabled. 

Control 

Control of MDV centers on prevention of coinfection with HBV or of superin- 
Eection of HBV carriers and hence requires all the measures that apply to the 
prevention of HBV infection, including vaccination against HBV. Inter- 
feron-a, 5 megaunits daily, produces some amelioration of the disease in 
about half of all chronic hepatilis D patients but needs to be continued indefi- 
nitely as relapse invariably occurs following cessation of treatment. Liver 
transplantation currently offers the only therapeutic option in the manage- 
ment of end-stage liver failure. 
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The family Picornnzjiridae comprises one of the largest and most important 
families of viruses. Some 68 entesoviruses includ~ng the polioviruses may 
infect the human en teric tract., hepa tit is A virus is a major pathogen, and over 
190 rhinoviruses cause comrndn colds. 

Picornaviruses have featured in many of the milestones of virology. Tn 
1897, font-and-mouth disease was the first infection of any animal to be 
shown to be caused by an agent that could pass through a filter that held back 
all bacteria-thus the "filterable viruses" were born. In 1949 Enders and col- 
leagues first propagated poliovirus in monolayers of mammalian cells culti- 
vated if? zrifvo-thus modern "cell culture" was burn Based on thjs technolog- 
ic breakthrough, inacfivated and live attenuated polf ovaccines developed by 
Salk and Sabin in the United States in 1954 and 1961-1962 respectively, were 
licensed. Their use quickly led to the demise of infantile paralysis throughout 
the developed world; in 1988 the Wc~rEd Health Organization (WHO) resolved 
to strive for the same result in !he developing wc~sld by the year 2000. In 1981, 
poliovirus became the first RNA animal viral genome to be molecularly cloned 
a n d  sequenced. Then, in 1985 poliovirus type 1 and rhinovirus type 14 were 
the first human viruses whose three-dimensional structure was solved in 
atomic detail by X-ray crystallography (see frontispiece), opening new ap- 
proaches to antiviral chemotherapy and vaccinology. Finally, in 1991 authentic 
infectious virions were synfhes~zed i r r  zrifro from poliovirus RNA in a cell- 
free cytoplasmic extract from uninfected cells-yet another first for polio- 
virus. 
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Properties of Picomaviridue 

The picornavirus virion is a naked icosahedron, only 30 nm in d~ameter, 
appearing smooth and round in outline by electron microscopy (Fig. 23-1). 
The capsid is constructed from 60 protein subunits (profnmers), each cornpris- 
ing a single molecule of each of four polypeptides, VP1, VP2, VP3, and VF4, 
derived by cleavage of a single polyprotein (see Fig. 3-8). The detailed struc- 
ture of the virion, solved by X-ray crystallography, was discussed in Chapter 1 
(see Fig. 1-4). 

The genome is a single linear molecule of single-stranded RNA of positive 
polarity, 7-8 kb, polyadenylated at its 3' end, with a protein, VPg, covaIently 
linked to its 5' end. Being a single molecule of plus sense, the RNA has 
messenger function and is infectious (Table 23-1). 

Classification 

The farnlIy Picornavirrdnc is divided into five genera, three of which, E~~icro -  
virus, Rki~touirus, and Heptovrrtcs, include human pathogens. The entero- 
viruses and hepatoviruses, which infect via the alimentary tract, are remark- 
ably resistant lo the conditions prevailing in the gut, namely, acidic pH, 
proteolytic enzymes, and bile salts. The rhinoviruses, which multiply in the 
nose, are acid-labile; they also have a substantially greater buoyant density by 
cesium chloride equilibrium gradient centrifugation. 

The genus Enierr~z)irus contains 68 viruses known to infect humans. Not to 
put too fine a point on it, their nomenclature is a mess (Table 23.2). First, they 
are known as "types" but should more properly be regarded as species be- 
cause most of them share no antigens and hence can be distinguished by 
complement fixation or immunodiffusion as well as neutl-alization tests. 
Second, they were historically allocated to three groups (polioviruses, cox- 

Fig. 23-1 Ptr-~~ntnr~rritha. Ncgalively stained virions nf polinvirus. Bar, IM? nm. (Courtesy Dr ] J. 
E S ~ N ~ S I ~ O  ) See fronl~sptcce for a high-resolut~crn picture o f  the vir~on of a rhinovirus 

Properties of Picomnairidne 

Table 23-1 
Properties of I'icornav~r~dac 

Gencra I tilc~rc~~~~rrr~ and ll~~pitor~it r t s  acid-stahlc (PI 1 :-7), Rl~rrror~ir 11.q i lc~d-l ,~h~lr  (pt 1 <S) 
Nonc>nveloped icosal~edial caps~d,  30 nm In cl~~lrnett-r,  hll protonirrs 
Ltnt~nr, pTus wnsc  ssRNA gcnonae, 7-8 kh, protein prlrncr VPg at  5' end. po1ytdenylatc.d at 3' 

end, infectious 
Virion RNA acts as mRNA ; ~ n d  rs lranslatcd 111tn a prrlyprtrtein wli~ch thvn clc6~ves itscxlf pro- 

gwss~ve ly  to y ~ e l d  nonstruct~rral and struclural proteins 
Cytoplasmic repltcation, rytr~i~clal 

sackieviruses, and echoviruses) on the basis of criteria which are now re- 
garded as trivial. Coxsackieviruses are pathogenic for infant mice and indeed 
were originally isolated in this host from suspected poliomyelitis patients 
from the town of Coxsackie, New York. Echoviruses (en teric cytopathogenic 
human orphan viruses), isolated In cell culture from the feces of asymptomat- 
6 people (hence "orphan" viruses, wit11 no apparent parent disease) are not 
pathogenic for suckling mice. 

Because the distinction between coxsackieviruses and echoviruses is nei- 
ther absolute nor especially important, it was abandoned some years ago and 
all enteroviruses identified since 1970 have simply been allocated an  
enterovirus number, beginning with enterovirus 68. As is the wont of com- 
mittees, however, the International Committee on Taxonomy of Viruses 
bowed to the preference of workers in the field to retain the existing nomen- 
clature for all viruses named prior to that date. Thus we have to live for the 
moment with the compromise shown in Table 23-2 As if this were not 
enough, note also that human coxsackievirus A23 no longer exists, nor do 
echoviruses 10 and 28, all three having been reclassified; thus there are cur- 
rently 68 known enterovimses. A case has recently been made for the re- 
classification of echoviruses 22 and 23 within a new genus of the family. 

Viral RepIication 

Quite early in the study of viral repIication, poliovirus became the preferred 
model for the analysis of RNA viral multiplication. The work of Baltimore in 
particular has provided a detailed description of the poliovirus genomc and of 
the mechanism of RNA replication, posttranslational profeolytic processing of 
polyproteins, and morphogenesis uf a simple icosahedral virion, which 

b ble 23-2 
Classificatiun of Human P~cornaviruses 

Genus Species 

C~trenrtliirts R~lioviruscs 1-3 
Cc~xsackicvir~~ses AT-A24 (no A23), U1-1% 
Echcrvirust~s 1-34 (nil 10 or 28) 
E n t e r ~ v ~ r u w s  66-71 

R l ~ r r ~ o z ~ i r r t s  Rhinnvirusrq 5 - 100 
1 r I-lepatltis A virus 
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stlsves as a rnodtl for p~ctlsnaviruscs In general Thcse processes, described in 
genera1 tcrrns in Chapter 0, are summarized bclow and in Fig. 23-2. 

Tlie cell recey tor for polic>virus is a novel member of the immunoglobulin 
superfamily, as  are those for other picornaviruses (e.g., the adhesion protein 
l C M r  most rhinoviruses and some ct~xsackieviruses), in contrast to the 
integrin VLA-2 for certain echoviruses. Following adsorption, penetration, 
and intracelIular uncoating, VPg is removed from the virion RMA by cellular 
enzymes. The virion RNA, acting as mIINA, is then translaled without inter- 
ruptic~n into a single polyprotein, which is cleaved autocatalytically into the 
iiiterniediates PI, P2, and P3. P1 is then further cleaved to yield first VPO, 
VPl,  and VP3 and f~naIly the four structuraJ proteins VPI, VP2, VP3, and VP4 
(see Fig. 3-8). The P2 region codes for three nonstrucYura1 proteins including 
one with protease activity, and the P3 region codes for four proteins including 
the RNA-dependent RNA polymerase required for RNA replication. 

Viral RNA synthesis takes place in a "replication complex" which com- 
prises RNA templates and the virus-coded RNA polymerase and several oth- 
er viral and cellular proteins, tightly associated wilh a newly assembled 
smooth cytoplasmic membrane structure. Synthesis of the complementary 
strand is initiat'ed at the 3' terminus of tlie virion RNA and uses the protein 
VPg as a primer. The completed complementary strand in turn serves as a 
template fur the syntl~esis of virion RNA, although the details of the process 
may dlffer. Most of the replicafive intermediates found within the replication 
complex consist of a full-length complementary (minus sense) RNA molecule 
from which several nascent plus sense strands are being transcribed simul- 

VPp 
c capsid pmteins - i - nonstrwctural proteins -----c 

.--( VPO I W3 I VPI 2A 1 2 8 1 m -  
Afnl 

5' 3' 

1 Translation into polvprtein 

Fig. 23.2 Pc~liovirus RNA and pusttranslational pracesslng of the poliovirus polyprotein (Trrp) 
Poliov~rus RNA and its genetic c ~ r g a n ~ a t ~ n n .  VPg, at the 5' term~nus, is essential for RNA 
r8cpl~cat~c~rl, but the RNA 1s intect~ous i f  VI'g is rcmoved because ~t can be synthcsizcd from reglon 
311 1111, 3' turninus 1s polyndenylatcd, and there arc short nuntranslated sequences at each end 
( s~ng le  Irnrs) ( B o t f r ~ ~ t r )  o n  vntry into tliecell, thc virion RNA acfingas messenger is translated inlo 
a polyt'rc~ttbin tliat IS rapidly clcavccl into pr~lypept~des PI, P2, and P3 by the v~ral proteases 2A 
(npcn Ir~anglc) and 3C (cln.;cd tr~angles) PI,  P2, and P3 arc subsequently cleaved by protease3C 
YIY) 1s cl[-avcd intcr VSif and V1'2 by a third prrttcase during rapsid formatinn, s c ~  that VPl, YT12, 
V1'3, and VP4 cornprisc. tho capsid. The nrganizat~on of thc gttnorne and cleavagc patterns arc 
hElglltly d~lfcrtlnt In ditfrrent genera c ~ f  p~cornaviruscs 
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taneo~~sly by viral RNA polymerase The detailed sequence nf steps involved 
in the morphogenesis of the virion was depicted in Fig. 3-8. 

Because of the atypical absence of a 7-methylguanosine (ni7Gppp) cay on 
picornavircls mRNA, these vlruses have been able to evolve an unusual 
mechanism for shutting down the transIatlon of cellular mRNAs. Picornaviri~s 
protease 2A inactivates the cellular cap-blnding complex elF-4F, which is 
needed for binding of cell~~lar mRNAs to ribosomes. Thus picornaviral repli- 
cation is not only cytocimdal but alsn very efficient, producing new virions after 
an  eclipse period of less than 3 hours and yielding up to 10"irions per cell. 

Polioviruses 

Poliomyelitis was once a greatly feared disease; its tragic legacy of paralysis 
and deformity was a familiar sight in the 1950s. Today, by contrast, few med- 
ical students have seen a case, such has been the impact of the Salk and Sabin 
vaccines. The foundation tor these great developments was laid by Enders, 
Weller, and Robbins in 1949, when they demonstrated the growth of poliovi- 
rus in cultures of nonneplral cells. From this fundamental discovery flowed all 
subsequent work dependent on viraI multiplication in cultured cell mtmo- 
layers. Enders ancl colleagues were rewarded with the Nobel Prize. A new eta 
in virology had begun. 

Pathogenesis and Immunity 

Following ingestion, poliovirus multiplies first in the pharynx and small in tes- 
tine. It is not clear whether the mucnsa itself is involved, but the lymphoid 
tissue (tonsils and Peyer's patches) certainly is. Spread to the draining lymph 
nodes leads to a viremia, enabling the virus to become disseminated through- 
out the body. It is only in the occasional case that the central nervous system 
becomes involved. Virus is carried via the ihloodslream fo the anterior horn 
cells of the spinal cord, in which the virus replicates. The resulting lesions are 
widely distributed throughout the spinal cord and parts of the brain, buY 
variation in severity gives rise to a spectrum of clinical presentations, with 
spinal poliomyelitis the most common and the bulbar form less so. The incu- 
bation period ,of paralytic policsmyelitis averages 1-2 weeks, with outer limits 
of 3 days to I month. Acquired immunity is permanent hut monotypic. 

Pregnancy increases the incidence of paralysis, tonsillectomy increases 
the risk of bulbar paralysis, and inflammatory injections such as diphtheria- 
pertussis-tetanus (DM') vaccine increase the risk of paralysis in khe injected 
limb, after the usual incubation period ("provocation"). More serious in many 
developing countries where poliomyelitis is still common are the effects of 
intramuscular injections given deliberately when a child is incubating polio- 
myelitis ("aggravation"), a common practice in countries such as India, where 
injections are regarded as the best kind of therapy for all manner of illnesses. 

Clinical Features of Poliomyelitis 

It is important kn realize that paralysis is a relatively infrequent ccrmplicatio~n 
of an otherwise trivial infection. Of those infections that become clinically 
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manifest at all, most take the form of a minor illness ("abortive polio- 
myrlitis"), characterized by fever, malaise, and sore throat, wlth or without 
IieadacEic and vomni ting that may indicate somc degree of asepf ic meningitis. 
However, in about 1 %  of cases muscle paln and stiffness herald the rapid 
development of flaccid paralysis. In bulbar poliomyelitis death may result 
from respiratory nr cardiac failure (Fig 23-3). Otherwise some degree of recov- 
ery of motor function may occur rlver the next few months, but paralysis 
remaining at the end of that tjme is permanent. In some cases further muscle 
atrophy may be observed many years after apparent recovery ("late postpolio 
muscle atmphy" ur "postpolio syndrome"). 

Laboratory Diagnosis 

Virus is readily isolated from feces, and sometimes from the throat, but not 
from cerebrospinal fIuid [CSF). Any type of human or simian cell culture is 
satisfactory; the virus grows so rapidly that cell destruction is usually com- 
plete within a few days. Early changes include cell retraction, increased re- 
fractivity, cytoplasmic granularity, and nuclear pyknosis (Flg. 23-4). The se- 
rotype of the isolate is identified by neutralization tests. 

The ubiquity of attenuated vaccine strains poses a difficult problem for 
diagnostic laboratories today. Because the nucleotide sequences of all vaccine 
strains and prevalent wild strains are now known, the two can be readily 
distinguished by nucleic acid hybridization. RNA is extracted from virus iso- 
lated in cultured cells or, aIternatively, may be amplified by PCR directly 
from a fecal specimen. The U.S. Centers for Disease Control (CDC) have- 

Fig. 23-3 'Tc~tally paralyzed pol~ornyrlit~s pat~ents 111 mcchantcal respirators dur~ng the last epi- 
dcrntc In the Urufed Slates before the advent r ~ f  universaT tmmun~zal~on (1955). [ h m  L. Win-  
%tr~n, { I~r('c~lf  Drs. 129. 480 (5974) ] 

f i g .  23.4 Cyltnpathrc effects induced by enterovirus in primary mnnkry k idn~y cell culture. (A)  
Unstained, low power Mote rapid1 y developing generalized cell destruction (B) Hematoxylln 
and eosin stain, high power Note disintegratlnp: pyknotic cell (Courtesy I Jack ) 

produced a panel of short labeled cDNA probes. A probe representing a 
conserved region of the genome is used initially for screening purposes, to 
identify the RNA as p~lio~virus; then probes specific for the three vaccine 
strains and for prevalent wild sfrains of the three serotypes identify the isolate . . 
in a dot-blot hybridization assay. 

Epidemiology 

Being enteric In their habitat and excreted for up to several weeks in feces, 
polioviruses spread mainly via the fecal-oral route. Dire'ct decal contamination 
of hands, thence food or eating utensils, is probably responsible for mosf 
case-to-case spread, especially under crowded conditions of poor hygiene 
and sanilalion. Uncommonly, explosive epidemics have resulted from con- 
tamination of water supplies by sewage. I~espirafnry spread from the pharynx 
may also occur. I11 the tropics the disease is endemic throughout the year; in 
temperate countries before the introduction of vaccination it classically oc- 
curred in summcr/auttrrnn epidemics. The chain of infection is rarely obvious, 
because the vast majority of infect~ons are inapparent. 

Two major deveIo~pmmen ts have greatly changed the epidemiology nt' po- 
liomyelitis over the years. The first of these was the introduction of modern 
standards of hygiene and sanitation to the more advanced countries of the 
world which, paradox~cally, had the cffect of increasing the incid'cnce of para- 
lytic poliomyelitis in older children and adults. The reduction in the spread of - .  
viruses by the fecal-oral route limited the c~rculation of poIiuviruses and the 
incidence of infection in the community a whole., As a result, most people no 
longer had acquired immunity by the time they reached adolescence. The 



consequence was r7 shift 111 the agc ~ncidcncc of paralytic pc~liomyel~tis to 
include young adults, making the old term "infantile paralysis" a misnclmer 
111 Western nations Primary ~nfection of adults IS, for reasons still unknown, , 

muclr more likely to result in severe paralytic disease than is primary infection 
of young children. 'This was exempIified most strikingIy in virgin soil epidem- 
ics occurrlng, Jong before the vaccinationmzi, in isolated communities with no 
prior experience of the virus; ~nclst of the deaths occurred in adults. 

The second major influence on the epidcmiology of pr~liomyelitis has 
been- the devdbpment and widespread usage of a highly syccessful vaccine. 
In tlaose countries where a vigorous policy of immunization with oral polio- 
vaccine (OPV) has been successfully pursued, not only has the disease been 
virtually abolished, but wild polioviruses are no longer endemic. In North 
America, Australasia, and much uf Europe, the incidence of paralytic polio- 
myelitis has been reduced 1000-fold since 1955, and wild polioviruses are 
found only following importations from other parts of the world. However, in 
the developing cor~n tri'es of Africa and Asia imrn~mniza tion has generally not 
mmet with the success anticipated. Over 250,000 new cases of paralytic polio- 
myelitis continue to occur annually in the Third World. The city of Bombay, 
for instance, regularly has more cases than the United States, Canada, West- 
ern Europe, and Australia combined. Most paralytic poliomyelitis is caused 
by various genotypes within serotype 1, but serotype 3 has been increasing 
relatively since the introduction of vaccines, presumably because of the lower 
sernconversion rates and titers to the type 3 cornponen t of some OPV formu- 
lations; serotype 2 is the least common, the largest reservoir being in India. 
l ' h t  problems, and current attempts to overcome them, are discussed below. 

Contra1 by Vaccination 

In tlw late 1940s, the U.S. National Foundahon for Infantile Paralysis orga- 
~ ~ i z e d  a nationwide doorknock appeal, "The March of Dimes." The response 
was overwhelming, and the Foundation set about sponsoring a massive re- 
search drive on several fr'onts, in an attempt to turn Enders' recent discovery 
t'o advantage by developing a poliomyelitis vaccine. Salk was commissioned 
e~ work toward an inactivated vaccine, Sabin toward a live one. The formalin- 
inactivated (Salk} poliovaccine (IPV) was the first to be licensed and was 
enthusiastically embraced in North America, Europe, and Australia during 
tlie mid-1950s. Sweden, the country in which paralytic poliomyelitis first 
became apparent in epidemic form and which for many years continued to 
have tlie highest rate of poliomyelitis in the world, eliminated the disease by 
the use of Salk vaccine. Meanwhile, however, the live attenuated oi-a1 polio- 
vaccine (OT'V) of Sabin was adopted in the Soviet Union and Eastern Europe, 
where ill was demonstrated to be so successful that the whole world except 
Swcdcn, Iceland, and Holland now uses OPV because of its greater cnnve- 
nience and lower cost. The several advantages of such living vaccines over 
their inactivated counterparts were set out in detail in Chapter 13. The near 
abolition of poliomyelitis in much of the Western World since the introduction 
of poliovaccine (see Fig. 15-1) represents one of the truly great achievements 
of medical science. 

OPV is a Ir~vallent vaccine, consisting of attenuated strains of all fh/ree 

Folioviruses 

serotypes, cderrved enigsirically by serini passage in prtmary ce~lturcs of Inon- 
key kidney. Becai~sc of the dilrii~7ishing avniIah11itp of monkeys and the cl l i f f l -  

cuIty of ensuring that even laboratory-bred animals arc free of simian viruses, 
I 
9 

manufacturers have mnvcd to Iiumari diploid fibroblasts as a substrate for the 
production of poliovaccine. The vaccine strains acquired dozens of mutations 
during serial passage in cultured cells, leading to attenuation which was 
confirmed by absenc~  of neurovirulence for monkeys. The three serotypes are 
pooled in carefully adjusted proportions to balance numbers against growth 
rate and hence to minimize tlie possibility of mutual interference. In the 
presence of molar magnesium chloride to protect the virus against heat Inac- 
tivation the vaccine is stable for about a year under refrigeration. 

To minimize the total number of visits OIW is most conveniently adminis- 
tered at the same time as other inoculations, that is, with DPT (diplitheria- 
pertussis-tetanus) at 2 months and 4 months of age, then again with MMR 
(measles-mumps-rubella) at 15 mun ths. An additional dose should be given 
on entry into elementary school. No furl her boosters are required, except in 
the case of adults traveIing to developing countries. The reason for the initial 
course of three doses Is that, alth,~ugh one successful "lake" would suffice, 
concurrent infection with another enterovirus may interfere with the replica- 
tion of the vacclne viruses, as commonly occurs in the developing countries of 
the tropics. Earlier concern thal breast-feeding may represent a contraindica- 
tion has not been substantiated; though colostru ni contains moderate titers of 
malernal IgA, milk itself does not contain enough antibody to neutralize the 
vaccine virus. 

Two significant advantages of OPV over IJ'V follow from tlie fact that i t  
mu1 tiplies in the alimentary tract. First, the subcl~nical infection elicits pro- 
longed synthesis of IgA as well as the IgG antibodies which protect the 
individual against paralytic poliomyelitis by intercepting wild pulioviruses 
during the viremic phase. The rnucosal antibody prevents primary implanita - 

i 
tion of wild virus in the gut and hence diminishes the circulation of virulent 

i 
viruses in the community. Indeed, wild pc~lioviruses have now virtually dis- 
appeared from countries such as the United States; in sewage, vaccine strains 

Y 
exceed wild strains by over a millionfoId. This striking replacement of wild 

i 
virus by vaccine strains is facilitated by the fact that the latter are excreted in 
the feces and may spread to nonirnmnne contacts. 

A consequence of the spread of vaccine vlrus to contacts is that it provides 
gr'eater opportunities for selection of mutants displaying varying degrees ol 
reversion toward virulence (see Chapter 7). Within 2-3 days of administra- 1 
Ition, the OPV type 3 strain recovered from the feces of the vaccinee generally 
displays a single nucleotide change at one particular position in the 5' non- 
coding region which represents a reversion to that of the wild type. Although I 

these partial revertants can be shown to have partially regained ncuro- 
virulence for monkeys, ithey only rarely produce paralysis in the vaccinee or 
in cnritacts. Acquisition of greater neurovirulcncc requires reversion to the 

< 

wild-type nucleotide at one or more positions within the open reading frame 
for the capsid proteins. Very rarely (once per million vaccinees) the vaccinee, 
or an unvaccina led family con tact, develops poliomyell lis. Because OI'V- 
associated pollo is 10,000 times more common in those who are immu- 
nocompromised in some way, only IPV sl-tould be used in such children. 
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Furthermore, because .there are still signifiranhllrllnbers of parents who have 
never recelved poliovaccia~e, there are gc~od , ~ rp ,~r  men ts for immunizing un- 
vaccinated family ct~iitacts prior to or simultaneously with their infants. 

Research conlinues ta improve the genetic stability of the type 3 compo- 
nent of OPV, which contains only 10 nucleotide substitutions (only 3 of which 
result in amino acid changes) compared with 57 (21 amino acids) in the more 
stably attenuated type 1 component. Genetic engineering has been employed 
to construct a chimera comprising a fully attenuated type 1 virus that incorpo- 
rates the irnrnunc~genic region of type 3 capsid protein. Theoreticaliy, when 
more becomes known about the deterininants of virulence In polioviruses, it 
should be possible to synthesize and clone poliovirus cDNA containing ap- 
propria te nucleotide substitutions in predetermined locations. Meanwhile, it 
must be stressed that the OPV on which we rely today has proved itself as an 
outstandingly successful and safe vaccine which if delivered properly to all 
children throughout the world is perfectly capable of eradicating poliomyelitis 
forever. 

In the more developed nations poliomyelitis has been so effectively con- 
quered by OPV that it has become "the forgotten disease." Nevertheless, 
importation of virus remains an ever present threat, especially to pockets of 
unirnrnlrnized people, such as immigrants and their preschool children, who 
are often concentrated in urban ghettos. Thus it remains imperative that very 
high levels of immunization coverage are maintained to prevent such epidem- 
ics which could in turn be followed by reestablishment of endemicity. 

Inactivated poliovacc~ne (IPV) became "the forgotten vaccine" following 
the development of OPV. Nevertheless, it retains a loyal band of advocates 
who believe it is as good or better, particularly now that IPV of improved 
potency is being produced as a result of a number ol technoIogic improve- 
ments. Although human diploid cell strains do  not grow sufficiently well 
to make them a commercial proposition for production of the very large 
amounts of virus required for IPV, nonmalignant, aneuploid monkey kidney 
cell lines such as Vero have now been approved for this purpose. The cells are 
grown on the surface of myriads of DEAE-Sephadex beads known as "micro- 
carriers" suspended in large fermentation tanks. Poliovirus grown in such 

r e l l s  is purified by gel filtration and ion-exchange chromatography, affinity 
chromatography on Sepharose-immobilized antibodies, and/or zonal ultra- 
centrifugation. The importance of removing aggregates of virions before inac- 
tivation with formaldehyde was established many years ago following the 
1955 disaster in which clumped virus escaped inactivation and paralyzed 
numerous children in the United States. Two or three doses of today's IPV 
confer protection; this has encouraged a proposal that 1PV replace O W ,  par- 
t~cularly in the Third World where unsatisfactory seroconversion rates are 
sometunes reported even after the full course of three doses of OPV. As DPT 
is stanilard in most countries, i t  would not be too difficult to add IPV to the 
cocktail to make a quadruple vaccine. However, partly because of the ex- 
pense, the current recommendation of the Expanded Programme of I'mmuni- 
zation (EPI) is that we stick with OPV hut improve its delivery. 

In stark contrtist to the dramatic success of the polio vaccination programs 
of the developed parts of the world, much less impact has been made on the 
d~seasc throughout most of Asia and Africa. The reasons for this are complex, 
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ranglng from chronically poor standards of sanitation that favor continued 
endemicity of polioviruses to lack of a heal t l i  service anfrastructure adequate 
to ensure vaccination coverage of the whole population, so that OPV IS not 
delivered satisfactorily tn the children, particularly in the most inaccessible 
rural villages. Many children never receive a full coilrse of OPV. Even when 
they do, there ]nay be doubts about whtthei the degree of refrigeration dur- 
ing storage and transport in the hot tropical climate has been adequate to 
retain the viability of the virus; greater attention is now being paid to mainte- 
nance of the cold chain. Suboptimal rates of seroconversion also raise the 
g u e s t i o ~ ~  of whether the current vaccine formulation or schedule needs to be 
adjusted That poliomyelitis can indeed be eradicated in developing countries 
by comprehensive coverage with OPV has been demonstrated in South and 
Central America, where no cases of poliomyelitis caused by wild polioviruses 
have been seen since August 1991 

Wild polioviruses were eliminated from the United States and Canada 
during the 2970s, and in 1985 the Pan American Health Organization resolved 
to eradicate poliomyeliHs from the western hemisphere by 1990. Regular EPI 
vaccination with OPV was supplemented by annual "national vaccination 
days," when all children under 14 years oh age were given OPV, and by 
"moppingup" vaccination in localities where cases of poliomyelitis had oc- 
curred. Both of these operations required much additional vaccine, the cost of 
which was largely covered by a special effort by Rotary 1nternational.The 
progress of eradication was monitored by greatly strengthened surveillance of 
flaccid paralysis and the careful laboratory investigation of every such case 
using modern methods of moIecular epidemiology described in Chapter 14. 

In 1988 the World Health Assembly adopted the ambitious target of 
worldwide eradication by the year 2000. Elimination of polinmyelitis from 
many or  most countries in three of the six WHO regions [Europe, the Ameri- 
cas, and the Western Pacific (which incIudes China)] is likely t'o succeed, but 
there will be massive, perhaps insurmountable problems in achieving eradica- 

I tion from Africa and the Indian subcontinent. 

Other Enteroviruses 

I 
I Pathogenesis and Immunity 

Most enferovimses are presumed to enter the body via ingestion and to grow 
well in both the throat and the intestinal tract, but they are shed in the feces 
fur much longer than in respiratory secretions. Dissemination via the hlood- 
stream is doubtless the route of spread to the wide range of target organs 
susceptible to attack. Little is known of the factors that determine the troplsm 
of different enteroviruses, f'or example, the predilection of coxsackie B viruses 
for muscle or of enterovirus 70 for the cnnjunctiva. The incubation period is 
1-2 weeks in the case of syskmic enlerc~virus infections but may be as short as 
a day or two for conjunctival or respiratory disease. 

Immunity is type-specific and long-lasling. Antibody appears to be rela- 
tively more important in protection and recovery from picornavirus infections 
than for most other virus families. Perinatal infections tend to produce no 
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diseasc or mild respiratory or gastrointestinal symptoms in nconates m~itli 
maternal antibody, but crverwhelming disseniinated diseasc may occasionally 
orcur in those without antibody. In particular, children with congenital B-cell 
defic~ericies may contract chrr~nlc clisseminated enterovirus infections. 

Clinical Syndromes 

Most enlerovirus infections are subclinical, particuIarly in young children. 
Nevertheless, they can cause n wide range of clinical syndromes involving 
many of the body systems (Table 23-3). It  should be noted that each syndrome 
can be caused by several viruses, and that each virus can cause several syn- 
dromes even during the same epidemic. Rashes, upper respiratory tract infec- 
tion (URTI), and "undifferentiated summer febrile illnesses" are common. 
Moreover, enteroviruses are the commanest cause of meningitis, albeit a rela- 
tively mild form. In general, coxsackieviruses tend to be more pathogenic 
than echoviruses; they cause a number of diseases rarely seen with echo- 
virusc*s, for example, carditis, pleurody nia, herpangina, hand-fool-and- 
mouth disease, and occasionally paralysis. 

Neurologic Disease 

Mrwirz$gifis is more commonly caused by enteroviruses than by all bacteria 
combined, but fortunately this "aseptic" meningitis is not nearly so serious 
(see Chapter 36). Numerous enferovirl~ses have been implicated from time to 
time. The most commonly involved are echoviruses 3, 4, 6, 7, 9, 11, 16, 30, 

Table 23-3 
Dt%rvws Caused by Enlrrovirrlses 

Syndronle Viruses1' 

Nc~trolrrpc 
Mrt~ingittc Many enteroviruses 
I'ar<lly~is Polioviruses 1, 2, 3; enteroviruses 70, 71; cnx- 

4ackicvirus A7 
Chrrrnrc iilcn~ngr~cncrphalitisi Echovtr~rscs, c~thcrs 

rlc~rrnalomyus1ti5 
Cardlac and rnt~sc~rlar 

Myocarditts Coxsackievirus €3; snnie coxsack~ev~~us A and 
rclanv~rusrs 

Plrtrrc)dyn~a Coxsackievirus R 
Skin and mucrl.;ap 

I l~rpnngina Coxsarkievirus A 
I lnnd-foul-arid-mt~uth dlscasc Coxsackieviruses A9, A16; enleruvirus 71, others 

Maculnpapular cx;tntlicrna Ech~oviruses 9, 16, many 0thc.r entrrc~viruses 
Rt*~p~r ,~ tory  

C:olds Coxsarkievi~uses A21, A24; echovirus 11, 20; 
ct>xsackicv~rus B, trtliers 

Ocu1,ir 
ACLI~C ht1morrhaji1c ccr~-rj~~ncttr~~i~s Enterovirus 70; coxsackievirlrs A24 

Nvcln,ltal 
Cardjtls, t~ncrphaltt~s, hepatifis Coxsackievirus 8; echovirus I1 and nthers 

- 

The cr>nlrnonr..;l ciiusnl agcbnt.; are in hold type 
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coxsackieviruses A7, A9, BI-6, enterovirus 7 1, and (in dev~loying countries 
where they are still common) polioviruses 1-3. 

Par.nlysis rs usually caused by polioviruses (in the developing wt~rId at 
least), b u t  it has very rarely been assuciated with coxsackievirus A7. Sornc 
outbreaks of enterovirus 71 infection have been marked by meningitis, some 
encephalitis, and many cases of paralysis with qulte a number c3f  deaths. 
During the 3969-1972 enteroviri~s 70 pandemic, acute hemorrhagic conjunc- 
tivitis was complicated in a small minority of cases by radiculomyelitis, which 
manifested itself as an  acute flaccid lower motor neuron paralysis, resembling 
poliomyelitis but often reversible. 

CIlrortic rr~eni?r~go~~~cepI~nl~tis 7 c ~ r l l l  luvc~~i le  d~rrnntoll-~yosifrs is a fatal condition 
seen in children with the B-ceII deficiency, X-llnked agammaglobulinernia, or 
severe combined immunodeficiency. Meningoencephalitis is the principal 
presentation, and an echovirus or other enterovirus can be recovered in high 
titer from CSF for months or years. Chronic hepatitis may also be present. 
More than half of the patients have a condition known as juvenile der- 
matomyositis; the possible etiologic role of known and previously unknown 
enter80vlruses in this disease is currentIy the subject of intensive investigation. 

Cardiac and Muscular Disease 

Although it has long been known that enteroviruses are the major cause 
of carditis in the newborn (see below), in recent years it has become clear that 
enteroviruses are an important cause of carditis at all ages, particularly in 
adolescents and physically active young adult males. The coxsackie B viruses 
and, to a lesser extent, other enteroviruses such as coxsackieviruses A4 and 
A16 and echoviruses 9 and 22 have been directly incriminated by demonstra- 
tion of virus, viral antigen, and/or viral RNA in the myocardium itsell or in 
pericardlal fluid. The disease may present predominantly as myocarditis, 
pericarclitis, or cardiornyopathy characterized by a greatly dilated heart. 
Death is uncommon; however, recrudescences occur in about 20% of cases, 
and permanent myocardial damage, as evrdenced by persistent electrocar- 
diographic (ECG) abnormalities, cardiornegaly, or congestive heart failure, 
may E~CCUP. 

Pl~urodynra, also known as Bornholm disease, is basically a myositis, char- 
acterized by paroxysms of stabbing pain in the muscles of the chest and 
abdomen. Seen mainly in older children and young adults, sometimes in 
ep~demic form, it is caused principally by coxsackle R viruses. Despite the 
severity of the pain, recovery is invariable. 

Exnnthems and Enanfhents 

Rnshcps are a common manifestation of enteroviral infections. Gener,~lly 
transient, always inconsequential, their principal signiticance is as an index of 
an epidemic which may have more serious consequences for other patients. 
Differential diagnosis from other rashes, viral or otherwise, is quite difficult. 
For example, the fine maculoyapular ("rubelliform") rash of the very common 
echovirus 9 may easily he mistaken lor rubella. The "roseoliform" rash of 
echovirus 16 ("Rostcm exanthem") appears oniy as the fever is declining. 
Many other enteroviruses can also produce rubella-like or rnea~l~es-like rashes 
with fever and sometimes pharyng~tis, especially in children. 
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Vesicular ("h~rpetif~orm") rashes arc less common but very striking. The 
qumnt name of Irtr~trf-frw)f-n~r~i-~tlt~r~tIr ri/$ensr is given to a syndrr~me charac- 
ter~zed by ulcerating vesicles on these three s~tes .  Coxsackieviruses A9 and 
A16 and enterovirus 71, which resembles craxsackie A viruses, arc most fre- 
quently responsible. The notorious foot-and-mouth disease of cattle is caused 
by an unrelated picornavirus which is not transmissible to humans. 

IJcvjmr;yr~m is a severe febrile pharyngitis characterized by vesicles (vesicu- 
lar pharyngitis) or nodules (lymphonodular pharyngitis), principally on the 
soft palate. Despite the confusing name, it has nothing lo do  with herpesvi- 
ruses but is one of the common presentations of coxsackie A virus infections 
in children. 

Rcspirnto y Disease 
Enteroviruses are not major causes of respiratory disease but can produce 

a range of febrile colds and sore throats during summer epidemics. These 
come under the umbrella label of URTI or "undifferentiated febrile illness." 
Coxsackieviruses A21 and A24 and echoviruses 11 and 20 are prevalent re- 
spiratory pathogens; coxsackie B viruses and certain echoviruses are less 
common. 

Ocrrlar Disease 
Acirte Iremorrl?oc~ic co~rjrrncfizvtis burst on the world as a new disease in 

1969. Extremely contagious, with an incubation period of only 24 hours, the 
disease began in West Africa and swept across Asia to Japan, infecting 50 
miillion people within 2 years. As the name implies, this conjunctivitis was 
often accompanied by subconjunctivaE hemorrhages and sometimes transient 
involvement of the cornea (keralitis). Mainly adults were affected. Resolution 
usualJy occurred within a week or two, uncomplicated by anything other than 
secondary bacterial infection. However, a small minority of cases, particularly 
in India, were complicated by neurologic sequelae, notably radiculomyelitis, 
discussed above. In 1981 another major epidemic of acute hemorrhagic con- 
junctivitis arose in Brazil and swept north through Central America and the 
Caribbean to the southeastern United States a,nd the Pacific islands. The cause 
of the original pandemic was a previously unknown agent now called entero- 
virus 70, but recent epidemics have been caused by a variant of coxsackievirus 
A24, which is not nearly su often associated with conjunctival hemorrhage. 

Neonn fn f Disease 
Enteroviruses may infect newborn babies prenatally (transplacental), 

natally {lecal contamination of the birth canal) or, most commonly, postnatally 
(Irom the mot her or nosocomiaPly in hospital nurseries). Coxsackie B viruses 
and certain echovisuses, notable type 11, can produce fulminant infections 
which are often fatal. Two major presentations may be distinguished, al- 
thougIi they tend to overlap. The first, caused by coxsackie B viruses or 
echovirus 11, is the e ~ ~ c ~ ~ ? i t n l r ~ r a y o c ~ r d ~ t i s  syndrome. CIassically, a neonate sud- 
denly becomes dyspneic and cyanosed within the first week of life; examina- 
tion reveals tachycardia and ECG abnormalities, often accompanied by ,other 
signs of overwhelming sy stcmic infection, including manifestations of men- 
ingoencepha litis. 'The second presentation, sometimes called the hcmorvhn~e- 
hcy)ntifis syndrome, is associated mainly with echovirus 11 and less commonly 
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with other echoviruses. 'l'he baby is lethargic and Ic -cds poorly, then dcvelops 
jaundfcc, followed by profuse herncarrhages, hepatic and renal failure, and 
death within days. 

Other Possible Assacintions 

Nenrrrlylic-uwcmrr syndrome (hemolytic anemia, impaired renal function) is 
an uncommon disease of children, irom wliich enteroviruses have frequently 
been isolated. Coxsackievirus A4, various coxsackievirus I4 types, and echa- 
virus 11 have been incriminated, and the frequency of multiple infection has 
encouraged the proposition that the syndrome may be due to a Shwartzman 
reaction. 

juvenile-ottset insulin-dependent dinbctes nlrllitus ( IDDM) has been spec- 
ulatively linked with the coxsackie B viruses for decades. For example, studies 
have shown IgM antibodies to coxsackieviruses in many cases of IDDM, and 
coxsackievirus B4 recovered from a fatal case reproduced a comparable diabet- 
ic condition when inoculated into mice. In light of the known propensity of 
coxsackie B viruses to grow in the pancreas, especially in neonatal infections, 
it remains to be demonstrated whether the association with IDDM is one of 
cause or effect. The apparent link with HLA types DR3 and DR4 suggests that 
immunoIogic mechanisms may be involved. 

Chronic (postviral) fatigue syndrome, otherwise known as epidemic neu- 
romyasihenia, myalgic encephalomyelitis, or chronic peripheral muscle dis- 
ease, is a common but vaguely defined entity much in vogue in the 1990s. The 
well-known predilection of coxsackie B viruses for muscle has encouraged 
investigations of a possible causal link, and there are reports of prolonged 
elevation of coxsackievirus B IgM antibodies, antigen-antibody complexes, 
and coxsackievirus B RNA in muscle biopsies taken u p  to a year after the 
onset of chronic fatigue syndrome. At this stage, however, the etiology and 
even the definition of this syndrome as a single clinical entity are very much 
in doubt. 

Laboratory Diagnosis 

Most but not all enteroviruses ar,e readily isolated in cell culture, and this 
remains the diagnostic method of choice, pending the development ol gener- 
ally applicable more rapid alternatives. Entero~viruses are of course most eas- 
ily recovered from feces, but they can often also be recovered from the throat 
early in the illness. In certain diseases they may be found in the eye, vesicle 
fluid, urine, CSF, blood, or organs such as heart or brain at autopsy, and 
isolation from these "sterile" sites is much more indicative of a causeieffect 
relationship. 

Classically, primary cultures sf monkey kidney have been the standard 
substrate for enternviruses, but diminishing availability has led to their re- 
placement in most laboratories by continuous cell lines. Polioviruses grow 
well in virtually any simian or human cell type. Human diploid embryonic 
lung fibroblasts (HDF or HEC) support the growth of most echov~ruses but 
few coxsackieviruses. 'The monkey kidney cell line BCM is particularly sus- 
ceptible t80 the coxsackie B viruses. A human rhabdomyosarcoma line, RD, 
supports the growth of some coxsackie A viruses prcvlously regarded as 
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cultivahlc, in addition to many of the clchc~vlruses. Enterc)vlrus 70 is fastidiol~s 
but can hc istllatccl, w ~ t h  ctifficulty, in culturi~s o f  human conjunctiva/cornca 
or HDF. 

Cytclpathic effects rcscrnble those described above for poliovirus {Fig. 
23-4) but develop inore slowly, comrnencit~g with foci of rounded refractjle 
cells which then lysc a n d  fall off the glass. The higher numbered serotypes 
are generally slower growers andlor produce onIy incomplete CPE, so blind 
passage may be necessary to reveal their presence, particularIy with coxsackie 
A viruses (even in susceptible RD cells). Prt?visionaI allocation to the family 
P1rov)fn7?Eridnc is generally made on the bas~s  of the characteristic CPE. 

Neutralization is the only reliable method of typing the isolate. This Ia- 
borious procedure can be shortcut by the use of an "intersecting" series of 
"p~lyvalen~" serum pools. Each pool contains horse antiserum against, say, 
10 of the 68 human enterovirus serotypes; the pools are concocted to ensure 
that antiseruni to any given seratype is present in several pools and absent 
fronl: several others, hence the isolate can be positively identified by scrutiniz- 
ing the pattern of pools that neutralize. Aggregated virions may escape neu- 
trallzatjon and hence appear untypeable; this problem can be overcome by 
dispersing clumps with chloroform or by uslng a plaque reductic~n assay. 

The use of the infant mouse is diminishing, but a few coxsackie A viruses 
(e.g., types 1, 19, 22) can still be grown only in this way. Newborn mice (<24 
hours of age) are inoculated intraperitoneally and intracerebrally, then ob- 
served for illness, sacrificed, and subjected to histologic examination (Fig. 
23-5). 

IgM s~rology IS also used to diagnose certain enternvirus infections. For 
example, in coxsackievirus carditis or enterovirus 70 hemorrhagic con- 
junctivitis, virus-specific IgM call be identified by IgM capture EIA any time 
rrp to 2 months after symptoms appear. However, non-cross-reactive antigens 
are not yet generally available for most enternviruses other than coxsackie B 
viruses arid polioviruses. Moreover, no cross-reactlve capsid antigen common 
to all enteroviruses is available. Thus, whether intended for identification at 
the genus or species level, neither IgM and IgG serology is yet of much use fur 
the diagnosis of most other enteroviral infections. 

Assays for direct antigen detection are nut well developed for the enteru- 
virusps. Irnmr~nofluorescence can be used in selected situations where the 
viruscs concerned are difficult to culture and where clean sampies of infected 
cells arc easily accessible, for example, to identify enterovirus 70 in con- 
junctival scrapings or other enteroviruses in leukocytes from CSF. Exploita- 
tirrri  of EIA far direct demonstration of antigen suffers from the same limiia- 
tion as enterovirus serology generally, namely, the lack of any monoclonal 
antibody or polyclonal serum that rectJgnizes ail, or even most, enteroviruses. -. lypc-specific monodona1 antibodies (Mhbs) are useful only when the num- 
ber c ) f  possible serotypes is strictly limited, such as identification of entero- 
virus 70 or cc~xsackievirns A24 in acute hemorrhagic conjunctivitis. 

Nucl~ic acid hybridization has been used ~uc~essfuIIy, fur example, to 
detect coxsnck~evirixs RNA in cardiac biopsies, using labeled coxsackievirus 
cUNA as a yrobp, but is generally too insensitive without prior amplification 
by PCR. Recently, there has been good progress with the development of 
a ~ e r s ~ ~ t i l u  I'CR system for ent8erclviruses. Two rsf the tlrree conserved nucle- 

Fig. 23.5 Coxsackievirtlses (A) Infant mirc 4 di~ps aftcr tnnculahol~ wtth t rixs,lckrev~rus group 
A The mlcc are mor~bund, with flaccid paralyc~s (H) Scct~nn of ni~~sclc from ,in lrilrlnt nlrrusc 
infected w ~ t h  cnxsack~cvirus group f l  (hernotoxvl~n and town s tam rnagniflcatl(r17 x250) Note 
focal rnyos~t~s [C)  SCC~IOR of I ~ rar t  from a f'ital case of cc>u.;ark~c.v~ru.; gl.c~~lp 1% ~nducrd myocar- 
d ~ t l s  En a nrkwborn baby (hemoluxylin and eosln slain, rnagn~flcat~or~ x 100) (Courtesy I. Jack ) 
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otide secfirences in the 5' noncoding region, which are common to ail or most 
entercwirusrs, were chosen to cunstrvct n pair of cDNA primers for the I-'CR, 
leaving the third (nnnoverlapping) conserved sequence for trse as a radio- 
labeled probe, which successfully detected the ICNA extracted from various 
enteroviruses in the CSF of patien tswwith aseptic meningitis. Such sensitive 
and rapid diagnostic approaches shouJd be of great value, particularly in the 
more serious enterovirus infections sucli as meningitis and carditis. 

Epidemiology 

Enteroviruses are transmitted mainly by close contact, via the fecal-oral 
route, spreading rapidly and efficiently within families. Echoviruses appear in 
the aIimentary tract of most infants shortly after birth. In underdeveloped 
countries with low standards of hygiene and sanitation enteroviruses can be 
recovered from the feces of the majority of young children at any time-80% 
in one study in Karachi. In contrast, the New York "Virus Watch" program 
revealed an e~terovirus  carriage rate of only 2.4%. These differences are also 
reflected in enterovirus counts in sewage. 

Droplet spread also occurs, more so with the coxsackieviruses, and may 
be more relevant fo the acquisition of the upper respiratory infections for 
which enteroviruses are often responsible. Acute hemorrhagic conjunctivitis 
is highly contagious, spreading by contact, with an incubation period of only 
24 hours. Over half a million cases occurred in Bombay alone during the 1971 
pandemic. 

Over the years the commonest enteroviruses worldwide have included 
echoviruses 4, 6, 9, 11, and 30, coxsackieviruses A9 and Al6, and coxsackievi- 
ruses R2-B5. Outbreaks of these serotypes, and others, often reach epidemic 

,proportions, peaking in late summer/early autumn in countries with a tem- 
pera te climate. A dilferent type tends to become prevalent the following year 
as irnrnirn~ty develops. Nevertheless, distinct serotypes do  cocirculate to 
some degree, mainly among nonimmune infants. 

Young children constitute the principal target and reservoir of entero- 
viruses. I t  is significant that t l ~ e  prevalence of enteroviruses tends to increase 
at the time children return to school alter vacations. Having acquired the virus 
from c~ther youngsters, schoolchildren then bring it  home to the parents and 
siblings. In young children most infections are inapparent or involve mild 
undifferentiated fevers, rashes, or URTI. DisprnporYionately, the severe 
diseases-carditis, meningitis, encephali tis-are seen in older children and 
adults, as well as in neonates. 

Rhinoviruses 

In this era of organ transplantation, genetic engineering, and other dramatic 
dtvnnnstrations of the wonders of medical science, the man in the street 
perceives a certain irony in the inability of rnudern medicine to make the 
slightest impact on that most trivia1 c?f all human ailments, the common cold. 
An rvcn grtDater Irony is the fact that  years of searching for the elusive com- 
mon cold virus have led us finally not to one, but to over 100 separate rhino- 
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vrruses. Moreover, i t  is now evident that rhinoviruses causc only about 50% <of 
all colcls. A vaccine for the common cold is further away t h a n  ever. 

Pathogenesis and Immunity 

Consistent with their predilection for replication at 33'C, rhinoviruses usually 
remain localized to the upper respiratory tract. Inflammation, edema, and 
copious exudation begin after a very shnrt incubation period (2-3 days) and 
last for just a few days. Endoge~ous interferons may play a role in terminat- 
ing the illness and in conferring transient resistance against infection with 
uther viruses. Acquired immunity is type-specific and correlates more with 
the level of locally synthesized IgA antibodies, which decline in titer within 
months of infection, rather than with IgC in serum, which may persist for a 
few years. 

Clinical Features 

We are all too familiar with the symptcrmatolngy of the common cold: profuse 
watery nasal discharge (rhinorrhea) and congestion, sneezing, and quite of- 
ten a headache, miidly sore throat, andlor cough. There is little or no fever. 
Resolution generally nccurs within a week, but sinusitis or otitis media may 
supervene, particularly if secondary bacterial infection occurs. Rhinoviruses 
may also precipitate wheezing in asthmatacs or exacerbate chronic bronchitis, 
especially in smokers. 

Laboratory Diagnosis 

One would hardly ask the laboratory to assist in the diagnosis of the common 
cold, except perhaps in the course of epidemiologic research. Rhinoviruses 
are fastidious, growing only slowly, at 33°C (the temperature of the nose), in 
cell lines derived from embryonic human fibroblasts such as WI-38, MRC-5, 
or fetal tonsil, without conspicuous CPE. A simpler method is to demonstrate 
antigen directly in nasal washings by EIA. 'The PCR, using a primer based on 
the conserved 5' noncoding regions in the viral RNA, can also be used to 
amplify the genome. 

Epidemiology 

Rhinovirus colds occur throughout the year, with peaks in the autumn and 
spring. Three or four rhinovirus serotypes circulate among the community 
simultaneously, one sometimes predominating; then a new set moves in after 
a year or so as immunity develops in the population. Preschool children, who 
tend to be susceptible to almost all serotypes, commonly introduce the virus 
tc~ the rest of the lamily, with a secondary attack rate of around SO%, after an 
interval of 2-5 ,days. Virus is shed copiously in watery nasal secretions for 2-3 
days or more. Sneezing and coughing generate large- and small-particle aero- 
sols, whereas "dribbling" and con tamination of hands and handkerchiefs or 
paper tissues mediate contact spread via fomites rrom hands to nose or eye. 

The fact that many colds occur during winter and the "changes of sea- 
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sons" lias encouraged the popular rnyth that one is most vii l~~trable i f  ex- 
posed to c,old, wet weather, but this is too srrnpllslic a view. The influence of 
seasonality on transnlissihility was discussed in Chapter 14. 

Clrarly, the diversity of serotypes displaying little or no cross-protection rules 
out any possibility of an effective vaccine. Antiviral chemotherapy, or possibly 
chemoprnphylaxis, seems to be the only hope. 

The pruspect nf multibillion dollar profits has encouraged many phar- 
maceutical companies to persist in the pursuit of that elusive goal, "a cure for 
the common cold." Several viral proteins, such as the polymerase, helicase, 
protease, and VI'g, represent potential targets of attack, but much current 
effort 1s concentrated on designing agents that block attachment or uncoating 
by binding directly to the virion itself. Some 91 of the 102 currently known 
rhinovirus serotypes use the widely distributed jnYerceIlular adhesion mole- 
cule-l (ICAM-1) as their receptor, and recent cryoelectron rnicrc7scopic analy- 
sis of complexes of rhinovirus 16 with the N-terminal domain of ICAM-1 have 
confirmed the precise location of the ligand, which had previously been de- 
fined by X-ray diffraction on human rhinovfrus type 14 (HRV-14) to lie within 
a "canyon" within the capsid protein VP1. In Chapter 16 we described how 
X-ray crystallography has also been exploited to demonstrate how com- 
pounds that block adsorption, and particularly uncoa ting, of the virion occu- 
py a hydrophobic pocket (a barrel) inlmediately beneath the floor of that 
canyon. As might be expected, optimal aniiviral activity seems to be conferred 
by cca~npounds that fully occupy this pocket, providing a snug fit that maxi- 
mizes the number of hydrophobic interactions. I t  is postulated that these 
corn pot1 nds stabilize the virion against a conforma tional change that occurs 
below pH 6 and is required for intracellular uncoating. Because serotypes nlay 
differ in their precise amino acid sequence or conformat~on within this pocket, 
if will be necessary to mode1 a "consensus pocket" in order to design a 
c~rnpoun~d  that will neutralize most rhinoviruses. Even then, problems will 
occur with resistant mutants, which have already been demonstrated to de- 
velop in  culture and I H  zpruo. 

Hepatitis A 

.l'he enterically transmitted disease known first as "inlectious hepatitis," to 
diskingi~ish it from "serum hepatitis" (liepatitis B), then as hepatitis A, was 
known for many years before ~ t s  causal agent was identified unequivocally in 
1973 by deinonstration of a 27 nrn icnsahedral virus in patients' feces using 
irnmunoelcctron microscopy (Fig. 23-6). Biophysical and biochemical studies 
later established hepatitis A virus as a member of the family Pic.ovnazlrrid~rc. 

Properties of Hcpntouints 

For a time hepatitis A virus (HAV) was classified as enterovirus type 72, but it 
was eventually accorded the status of a separate genus, Heyrrto'ozrirus, on the 
basis ,I ~iumber  OI differences from the enteroviruses, including stability of 

Fig. 23.6 f-lepatitis A virus. Negatively stalnrd preparalion ot vtrlons clumped by antibody as  
seen by irnmunoclrctron micsoscr)py Bar, 100 nm (Coi~rtesy Drs J Marshall and I .  D Gust ) 

the virion at 60°C, lack of reactivity wlth an enterovirus group-specific MAb, 
low percentage nucleotide homology with I he genome of enteroviruses (in 
spite of having the same gene order), and certain differences in the replication 
cycle (see below). 

Antigenicaily, HAV is highly conserved, there being only a single se- 
rotype in spite of the fact that four genotypes differing by around 20% in 
nucleotide sequence have been described; most human strains belong to  ge- 
notypes 1 or 111. An additional three genotypes have been tsolated from mon- 
keys. Most simian HAV strains are thotlght to be host-restr~cted and dilfrr 
from human HAV in immunodominant antigenic sites, but at least one, the 
PA21 strain from Aofus monkeys, is very closely related antigenically to hu- 
man HAV genotype 111. 

Viral Replication. Th,e replication of wild strains of HAV in cultured 
primate cells is slow and the yield of virus poor. Uncoating of the virion is 
inefficie'nt. The 5' nonfranslated region (NTR) contains an internal ribosonial 
en try site facilitating cap-independen t initiation of transla tion. The processing 
of ttae P1 polyprotein and assembly of the cleavage products into virions 
fnlEvws a different pathway from that of enteroviruses. Very little cornplemen- 
tary (minus sense) RNA is detectable in infected cells; most of the newly 
synthesized plus strand RNA becomes rapidly encapsidated into new virions. 
Cellular protein synthesis is not inhibited, and there is Itttle or no CPE; infec- 
tion of cell lines is noncytocidal and persistent, with a restricted yield. After 
serial passage, rapidly replicating cytopathic variants emerge; they contain 
numerous mutations, including a 14 base reduplication In the 5' NTR HAV is 
resislant to several alltiviral agents that ~nhibit the replication of entero- 
viruses. 

/ 

Pathogenesis, Immunity, and Clinical Features 

It is widely assumed that hepatitis A virus, known to enter the body by 
ingestion, n~ultiplies first in intestinal epathelial cells before spread~ng via fl1t-l 



402 Chapter 23 I'icomnz~ividne 

blond stream to infect parenchymal cells rn the liver, hut this has yet to be 
formally proved. Virus is dctcctable (up to 70R virions per gram) in the feces, 
and  in much lower titer in blood, sallva, and throat, during the week or two 
prior to ttzt appearance of the cardinal sign, dark urine, and disappears soon 
after serum transaminase levels reach their peak. Ijence the patient's feces are 
most likely to transmit infection before the onset of jaundice. The incubation 
period of hepatitis A is about 4 weeks (range 2-6 weeks). 

The clinical features of hepatitls A closely resemble those already de- 
scribed for f~epatitis B (see Chapter 22). The onset tends to be more abrupt 
and fever is more common, but the constitutional symptoms of malaise, an- 
orexia, nausea, and lethargy which comprise the prodromal (preictesic) stage 
tend to be somewhat less debilitating and less prolonged. Hepatomegaly may 
produce pain in the right upper abdominal quadrant, followed by biliru- 
binuria, then pale jeces and jaundice. Most infections worldwide occur in 
children, in whom they are generally subclinical (i.e., asymptomatic) or anic- 
teric (i.e., symptomatic but without jaundice). Severity increases with age, 
about two-thirds of all infections in adults being icteric. The case-fatality rate 
is 0.5% (0.1 % of all infections), resulting from liver failure (fulminant hepati- 
tis). The iIlness usually lasts about 4 weeks, hut a minority relapse, typically 
after a premature bout of drinking or heavy exercise, and symptoms may 
continue for lip to 6 months. Also, prolonged excretion of virus in feces has 
been observed in neonates nosocomially infected in an intensive care unit. 
However, in striking contrast to hepatitis 8, a11 nonlethal infections resolve, 
with compiele regeneration of damaged liver parenchyma, no long-term se- 
quelae, and no chronic carrier state. 

Liver pathology resembles that for hepatitis 8. li is not striking until after 
viral replication has peaked and the immune response is underway, suggest- 
ing that hepatocellular injury is immunopathologicaily mediated. Natural 
killer (NK) cells are mobilized and activated, as are CDgi cytotoxir 3' lyrnpho- 
cytes, known to secrete interferon y that up-regulates expression of class I 
MHC protein on hepatocytes, which normally display little of this antigen. 
The s e r ~ l ~ n  antibody response to HAV is lifelong, declining significantly only 
in old age. As there is onlg one known serotype of hepatitis A virus. infection 
leads to fifclong immunity, and second attacks of the disease are unknown. 

Laboratory Diagnosis 

Markedly elevated serum alanine and aspartate aminolransferase (ALT and 
AST) levels distinguish viral from nonviral hepatitis hut do not discriminate 
among viral hepatitis A, 0, C, D, and E. A single serological marker, anti-HAV 
IgM, is diagnostic for hepatitis A RIA or EIA are the methods of choice for 
detecting the IgM antibody, which is demonstrable from the time symptoms 
and signs appear until ahout 3-6 months later. 

By the time the patient presents it is usually already too late to isolate 
virus; however, w t ~ e a ~  it is necessary to do so for research purposes, virus can 
be recovered from feces in primary or continuous lines of primate cells, de- 
rived from monkey kidney or fmm human fibroblasts or hepatoma. Ampli- 
fication via the PCR is more sensitive and could perhaps be applied to the 
defectic~n r)f trace amounts of hepatitis A virus in contaminated food or water. 

Hepatitis A 

Epidemiology 

Like poliovirus, hepatitis A virus is spread via the fecal-oral rouie. As might 
be expected, therefore, the disease is hyperendemic in the developing coun- 
tries of Asia, Africa, and Central and South America where overcrowding, 
inadequate sanitation, and poor hygiene are rife. Where poverty and priva- 
tion are exireme, infection, uw~ally subclinical, is acquired in early ch~ldhood, 
so  that virtually all adults have protective antibody. Most of the clinical cases 
are seen in children or young adults, and in visitors from the more developed 
countries. Direct person-to-person contact spread is most important, hut con- 
taminated food and water are also major vehicles of spread. Major comrnon- 
source outbreaks may occur, particularly when wells or other communal wa- 
ter supplies become polluted wifh sewage. 

In developed countries such as Sweden, in contrast, the epidemiologic 
picture is one of declining endemicity. The incidence of hepatitis A has been 
gradually declining for decades, such that only a minority of the population, 
notably the elderly, have antibody. Because primary infect~ons tend to be 
more severe with increasing age, the peak incidence of clinical disease is in 
the 15-30 age group. Infection tends to be more prevalent in unsewered areas 
and in lower socioeconomic groups (e.g., American Indians and Hispanics in 
the southwestern United States where there has been a resurgence of hepati- 
tis A in the past decade) as well as in particular high-risk occupational groups 
such as sewer workers and primate handlers, and in persons with high-risk 
behavior patterns, notably intravenous drug users and male homosexuals. In 
some Western nations today most sporadic cases are seen in travelers return- 
ing from Third World countries. Outbreaks, which can continue in the com- 
munity for months or even years, frequently originate in communal living 
establishments with marginal standards of hygiene nr special problems, such 
as children's day-care centers, homes for the menkally retarded, mental hospi- 
tals, prisons, army camps, and so forth. Infected handlers of food (especially 
uncooked or inadequately heated food such as salads, sandwiches, and ber- 
ries) represent a particular danger in fast-food outlets, restaurants, e t ~ .  HAV 
can survive for months in water, hence sewage contamination of water sup- 
plies, swimming areas, or farms growing molluscs such as oysters and clams 
can also lead to explosive outbreaks. Special problems arise in times of war or 
natural disaster. 

t 

Control 

As hepatitis A is transmitted exclusively via the fecal-oral route, control rests 
on heightened standards of public and persorral hygiene. Reticulated drink- 
ing water supplies and efficient modern rncthinds of cdlection, treatment, and 
disposal of sewage (see Chapter 15) should be the objeckive of every munici- 
pal government. Where this is impracticable. as in remote rural areas, particu- 
lar attention needs to be given to the siting, construction, maintenance, and 
operation of communal drinking water supplies such as wells; for example, 
Lhese should no1 be downhill from pit latrines because of the risk of seepage, 
particularly after heavy rains. Public bathing and the cultivation of shellfish 
for human consumption should not be permitted near sewerage outlets 
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Tliosc~ o11iployt)d in the Jis~wnsing ( I F  food should be subject to special 
scrutiny and rcquircd to r,bscrvc high slandards of hygiene, especially Iiand 
washing after dtferatio~i. 111 so far as chlldrtw often contract the infection at 
school, allciitror~ should be given to proper i~istrzlcticln of children En this 
matter. Especially difficult problclns occur in day-care centers and homes lor 
mentally retarded children. Routine precautions include separate diaper- 
changing areas and chemical disinft:ction of fecally contaminated surfaces and 
hands 

Passive immunization ag,iinst hepatitis A is a welI-establisl~ed prucedure 
which has been in use for many years. For instance, during wars or other 
operations involving the mass movemerit of personnel into endemic areas of 
the tropics, i t  has been standard to immunize vis~tors with normal human 
immunoglobulin prior to arrival and every 4-6 months thereafter. Norma1 
imniurie gIobulin (0 (12 mllkg) is also used postexposure to protect family and 
institukional contacts fnlIowing outbreaks in creches, schools, and other insti- 
lutions 

The first hepatitis A vaccines were licensed in 2992. They are fnrmalin- 
inactivated preparations of virions grown (foIlowing adaptation) in human 
fibroblasts or monkey kidney cell lines, adsorbed to alum as an adjuvant. Two 
doses injected 1 month apart, with or without a booster after 6 months, 
regularly elicit an excellent immune response in 9970 of recipients that lasts 
for sorne years at least. Because the yield of virus from cultured cells is so low, 
the vaccine is expensive and l i e n c ~  is likely to remain a boutique vaccine 
targeted at  small specialized markets i~ntil a live or recornbinant vaccine 
perhaps eve~itually replaces it. I-Jigh-risk cohorts to receive the inactivated 
vaccine s h i ~ ~ ~ l d  iiicJude travelers or long-term visitors to coilrntries in which 
PIAV is endemic, military personnel, s~xually active hamosexual men, intra- 
venous drug users, sewage workers, primate handlers, workers in preschool 
day-care ccnters, certain staff and long-term residents of hospitals and institu- 
tioars for thc intellectually disabled, and workers engaged in food manufactur- 
ing and catering. 

General vaccination of a11 infants worldwide should not be undertaken 
un ti1 it is clear that postvaccina tion immunity andlor immunologic memory 
arc sufficient to protecl for life, rather than si~nply to delay natural infection 
from childhood (when it is usually subcli~~icaI) ta adulthood (when it  usually 
causes disease). This consideration, as well as cost, argues for the develop- 
mcnt of an attenuated live virus vaccine for gencra1 use in infancy as part of 
Lhc WHO Children's Vaccine Initiative. Candidate live vaccines, lor parenterall' 
not oral administration, are in the yiprlinc, but it has srj far proved difficult to 
find the window nf adequate attenuation without losing irnmunogenicity, 
pcdiapsbecar~sc I-lAV replicates mainly or exclusively in hepatocytes. 

Rccop~binant DNA technology offers additional approaches. Cloning of 
t11~ I1AV gei>ome in insect cells, or prcferahlv in mammalian cells containing 
the necessary cellirlar proteases for cleavage of the polyprot~in, may yield 
14AV procapsids or at least the penta~neric capsomers within which the im- 
munodominant cpitopes retain tlicir native conformation. Alternatively, the 
genome can bc incorporated into vaccinia virus which could then be used 
either as a Ilve atlenuatcd vaccine or as a vector for expression of properly 
proct.ssed 1 EAV prr~teins in cultured human cells. 
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Although it had been recugnized for many years that gastroenteritis could be 
transmitted to human volunteers by ingestion of bacteria-free filtrates of feces 
from patients with diarrhea, i t  was not until 1972 that the first of the many 
types of viruses involved was identified, by immunoelectron microscopy 
(IEM). NoPwalk virus, named for the town in Ohio that hosted the outbreak 
yielding the viaus, was the prototype of a successinn of "small round- 
structured viruses" whose taxonomic status remained unclear until 1991 
when sequencing of the genome made it apparent that they belong to the 
family Cnliriz~ividne. Caliciviruses had been well known for years to veterinary 
virologists interested in such major animal pathogens as  vesicular exanthema 
of swine virus and  feline calicivirus. In 1991 the genome nf Lhe noncultivable 
agent ol another important enterically transmitted disease, hepatitis E, was 
cloned and sequenced, and the virus was provisionally classified as a member 
of the family Cnlrrinir,dne. 

Jn addition, electron microscopists had described virions from gastroen- 
teritis outbreaks in animals or humans which looked somewhat. different in 
that they presented a distinct star-shaped outline (Fig. 24-18). In 1993 tliese 
"a~troviruses'~ were accorded the status of a separate family, Asfrclvrridnc 

Caliciviruses Associated with Gastroenteritis 
1 Properties of Calicivfridae 

The family Crrlicivtrirlr?~ derives its name frtrrn the 32 cup-shaped ~(co l i .~ ,  cup) 
surlace depressions that give the virion its unique appearance (Fig. 24-1A). 
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Fig. 24-1 Negallvcly stalnecl elcctron micrographs of viritrns of Cnlrrrvirrd~c (A) and Astror?irrdnr 
(U) Uars, 100 nm (A, Cnurtesy Urs M Szymanski and 6 J. Middleton; R, courlesy Dr 
D Snodgrass.) 

The virion is 30-311 nm in diameter, slightly larger than the picornaviruses. 
- l ' I i t  icosahedral capsid is constructed from 90 capsomers, each beang a dimer 
of a single species of pdypeptide. Although relatively resistant to inactivation 
by heat (60°C), stomach acid (pH 3), or minimal levels of chlorination of 
drinking water, the virions of several caliciviruses, including the hepatitis E 
virus, are particularly vulnerable to protcolysis and tend lo lose their capsid 
definition (In purification or storage 

The plus sense linear ssRNA genome of 7.5-7.7 kb resembles that of the 
picornavir~lses in thali a VPg protein is cewale~~tly attached to its 5' terminus 
(except imi the case of hepatitis E virus which is capped instead), the 3' termi- 
nus is pc~lyadenylaited, and thc nonstructural proteins include an RNA- 
dep~ndvn l  RNA polymerase, an ATrJase/helicase, arid a protease. CJowever, 
tlie calicivirus genorne has nnt one but three open reading frames, the long 5' 
C7ltF cncvding the nunstructural prcltcins, the middle ORF the capsid protein 
(somctimcs involving a Framtshift), and the 3' ORF a protein of uncertain 
fu nclrc~n (Table 24-11. 

Because the human caliciviruses (and most of the other viruses causing 
gastroenttrltis in humans) were discovered by electron microscopy (EM) and 
dclied ct~ltivation, [he Caul and Appletoti system for classifying various 
s~nnll, rouncl putative ps t rocn teri tis virr~ses was based on EM marphology. - .  1 hc. system drew a distinction between (I)  "typical" caliciviruses, whlch were 
30-35 nm icosahedral v~rions with cup-shaped indentations, frequently pre- 
senting as a six-pointrd Star ot David will1 a ddrk, stain-filled central hollow 
(Fig. 24-]A)  and (2) the "aamorpl~ous small round-structured viruses," of 
wliich Lht prrliotypc was the Notwalk ngen t ,  which tended to have a wider 
size range (27-40 nni) and an indistinct ragged or "frathcry" olltline more 

I Caliciviruses Associated with Gastroenteritis 

difficult to define. In retrospect, it appears that both groups belo~lg to tlie 
genus Unlrcii~rr-us and that the difterences observed in size and outline mlgl~t  
reflect (a) bound coproantibody a~idivr  (b) susceplibil~ty of entcric calicivi- 
ruses to prnteolytic degrada tlor-i. Nevest heless, there may be important egide- 
rniolngic differences between the "typical" enteric caliciviruses, which lend to 
be associated with gastroenteritis in infants, and the Norwalk group, occur- 
ring mainly in adults and olher children. The Norwalk group includes several 
viruses, falling into at least thaw "lypes" or "serogroups" typif~ed by Nor- 
walk, Snow Mountain, and OtofukeiMawaii agents, but the antigenic rela- 
tionships among them, or between them and thc'several strains of "typical" 
enteric caliciviruses, are no€ ye1 clear. 

Viral Replica tion 

Ca licivirus replication is confined to the cytoplasm. Genornic RNA serves 
as the mRNA for the pc~lyprotein representing the nonstructural proteins, 
which are derived from the precursor by proteolytic cleavage. For most calici- 
viruses a separate subgenomic mRNA encodes the capsid protein. Because 
s ~ b g e ~ i o m i c  minus sense RNA has also been reported i t  is possible that the 
subgennmic mRNA (as well as genomic RNA) may be capable of replication 
via a complementary minus strand. I t  now appears that there may be a 3' 
nested set of overlapping subgenomic rnRNAs, reminisceli t of coronavirus 
strategy. Virions assemble in the cytoplasm, sometimes forming para- 
crystalline arrays associated with the cytoskeleton. 

Clinical Features 

The disease caused by the Norwalk agent has been the most comprehensively 
studied, in volunteers as well as in natural outbreaks. Following a very short 
incubation period (generally 24-48 hours), the illness runs its course in 12-60 
hours. Nausea, vomiting, diarrhea, and abdominal cramps are prominen( 
features, with vomiting being most comlnon in children and drarrhea in 
adults; headache, myalgia, and low fever are variable features. 

Pathogenesis and Immunity 

In Norwalk viral gastroenteritis the tips of the villi in the jejunum slough off 
but rapidly regenerate, there is infiltrati80n c ~ f  mononucluar cells and poly- 
morphs into the mucnsa, tra nsienk malabsorption, and delayed gastric empty- 

Table 24-1 
Properttes of Calmc~viruses 

Slngle Kenus, C(il~c~rlrrris, iricluclt-s hcpot~tts E and human cnlicrvrruses cauxrng gastrorntcrltls 
Nont3nvrltrpc.d .;phc.rtcal virirrn, 30-38 nm dialnrtrr, vi~lnrr~rhlc to prott~oIy\~s 
Iro.;alirdral c-=~psid w ~ t h  32 cup-shnpud dc.prc.;s~ons, 90 capsoinrrs, orlc. tnp41d protcln 
LII~c-')~ ~ J L P S  scmnsc. ssRNA gclmcwnv, 7.5 to 7 7 kt?, polyadcnylatrd at 3' tcrmin~ls, prolc~n at 5' 

tc,rniin~~s (cxrt.pl hcyat~ti:: I,, inppcd), i n f r c t ~ o ~ ~ \  
Tlirr-c open rc-aci~ng fmnrc.s: 5', non\trt~rt~rral prolc~ns, nllddlc, cdpslcl plo~t>~li ,  3', unknown 
C yt~rplasrnic rc~pl~calion, St.rw1rnlc- R N A  O R F I  tmn\labctl lrltrl pc>ly~rolr~n, cl(~,ivrd ~nto  ntrn5trur- 

lural prrrtcins, strbgcnornir mRNA rrltodch caps~d prote~n 
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then dernnnsfratcd that these sevrral strains rcaclcd in JEM with acute-phase 
sera fmm cases from many parts of the l'hird World and also with sera from 
monkeys in which hcpati tis was induced by inoculation with geographically 
separated isofa tes. 

Although the newly descaibed agent of hepatitis E has yet to be repro- 
ducibly cultured, its genome has already been cloned and sequenced. Bile 
from the gallbladder of an experimentally infected cynomolgus macaque was 
assumed to be a relatively clean, high-titer source of the putative RNA virus. 
Nucleic acid was extracted, cunverted to cDN A by reverse transcrip tase, 
aniplified by I'CR using random primers, cloned into the bacteriophage 
vect'or XgtlO, and expressed in bacteria. From the rcsulfing cDNA library 
several cDNA fragments corresponding to genomic sequences of the putative 
NANBH virus were identified using labeled cDNA probes from the same 
original source. The nuclcotide sequence of one of the cIones was found to 
encode the RNA-dependent RNA polymerase motif characteristic of plus 
sense RNA viruses, and to hybridize to a 7.5 kb polyadenylated RNA from 
infected macaque liver and to cDNA derived by PCR from feces of human 
patients. By assembling a series of such overlapping cDNA fragments it final- 
ly proved possible to sequence the whole vlral genome. The resulting data, 
together with that obtained by electron microscopic definition of the virion 
itself, have led to the allocation of the hepatitis E virus within the Barnily 
Cdicizriridae, at least for the time being. 

Properties of Hepatilis E Virus 

The spherical nonenveloped virion nf HEV resembles that of other calici- 
viruses exccpl that its icosahedral rapsid with the characteristic surface de- 
pressiaris is perhaps more readily degraded by proteolysis. The particle is 
extremely labile, tending to lose its outer layer even during storage for a few 
days at 4"C, Following freeze- thawing, during concentration by ultracentrilu- 
gation, or at the high salt concentration present during purification by cesium 
chloride equilibrium gradient centrifugation. Thus, depending on the source 
of the specimen and its subsequent preparation Lor electron microscopy, the 
virion can vary in diameter from 27 to 38 (mean 32) nm, and the characteristic 
" fuz~y  lo~ps' '  projecting from the surface may or may not be evident. 

7'he genome is a single 7.5 kb moleczrle of single-stranded RNA of positive 
sense, polyadenylated at its 3' end and having a 5' methylated cap (not a VPg 
protein cap). There are three separate but overlapping ORFs, the genes for the 
structural proteins being located in the middle of the genome. In these re- 
spects H E V  is quite unlike the picornavirus causing hepatitis, hepatitis A 
virus Five functional dorna~ns have been identified in the nonstructural poly- 
protein of HEV. ( I )  RNA-dependent RNA pnlymcrase, (2) RNA helicase, (3) 
methyltransferase, (4) "X" domain of unknown f~inction, and (5) a papain-Iike 
cystcine protease. In terms of sequence homolugy within the live domains as 
well as coIinearity of genome organization (except for the position of the 
protense domain) the HEV genome closely resembles that of rubella virus, an 
envclc~ped virus currently classified in its own genus of the family 'I~~pn~iridne. 
It  1s cnnccivable that HEV cnuld have evolved from rubella virus (or its pro- 
genitor), ei ther by deletion of the envelope glycoprotein genes or  by recom- 
bination with a calicivirus-like genome. 
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Sec~uencing of the genome of strains from around the world rcveals that 
the American (Mexican) isolate is genet~cally distinct from the Asian isolates, 
suggesting evolutionary divergence in the distant past, whereas numt)rous 
more minor dlfforences are discernible between the Asian isolates Dcsplte 
this, the epitcapes on the capsid protein rect~g-nized by neutralizing ant~bodies 
include one or more that are cross-reactive. 

Pathogenesis and Immunity 

The incubation period of hepatitis E in humans ranges from 2 lo 8 weeks, with 
an average of 5-6 weeks, somewhat Iung'er than for hepatitis A. Most of our 
limited knowledge of the pathogenesis of H E V  comes from exyerimen tal 
s tud~es  in monkeys or chimpanzees, which are readily ~nfectible and in which 
MEV can be serially passaged. Macaques and tamarins begin to excrete virus 
into bile and feces about 1 month postinfection. Vlral antigens can be demotl- 
strated in the cytoplasm of hepa tocytes by immunofl uorescence. Serum levels 
of liver enzymes such as alanine aminokransferase (ALT) then begin to rise, 
reaching their peak at about 20 weeks. The infection then resoIves; there is no 
evidence of chronicity. Antibodies rise slowly, do not reach high titers, and 
appear to fall off fairIy rapidly. 

The most conspicuous path'ologic festi~re of hepatitis E infection, in con- 
trast to hepatitis A, is cholestasis. Wistdogically, the liver often shows ~ntra- 
canalicular stasis of bile and rosette formation of hepatclcytes and pseu- 
doglandular structures resembling embryonal bile ducts. Et is not yet known 
whether HEV replicates initially in the intestine. Onc intriguing possibility 
worthy of investigation is whether the observed sensitivity of the virion to 
proteolysis rellecfs a requirement for proteolytic disruption ot the capsid by 
trypsin or other enzymes in the intcstlne prior to infection of the mucosa. An 
important question fur future research is why the disease is so severe in 
pregnant women (see below). 

Clinical Features 

Hepatitis E has so lar been observed almost exclusively in the less developed 
parts of the world and predominantly in the 15-40 age group. Subclinical 
infection may be the rule in children, with icteric infection being mainly 
confined to young adults. Clinically, the illness closely resembles that de- 
scribed for hepatitis A (see Chapter 23). Bilirubin levels tend to bt-. higher, and 
jaundice deeper and more prolcmged. The case-fatality rate is 0.5-3%. Flow- 
ever, the most striking feature of hepa titis E is its extraordinarily h ~ g h  case- 
fatality rate of about 10-20% in pregnant women, particufarly in the final 
trimester. Like hepatitis A, hepatitis E does not progress to chronic hrpatifis, 
cirrhosis, cancer, or the carrier state. 

Laboratory Diagnosis 

Pending the general introduction of simple diagnostic tests for hepa ti tis E, the 
first duty of the laboratory is to exclude hepatitis A (by lgM serology) and 
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hepatitis B (HRsAg; anti-H8c 1gM) tlcpatitis E virus has yet to be cullured 
satisfactorily r f r  rlrlrn. Irnrnuno~Icctron microscopy, looking for aggregated 
calicivirus-like particles in an ac~~te-phase fecal specimen using polyclonal 
scra, was the standard approach to diagnosis and could be refined by the use 
of MAbs raised against clonally expressed capsid proteins or synthetic pep- 
tides, but it appears destined to be rapidly replaced by slrnpler and more 
sensitive new alternatives. Even though there seems to be relatively little 
antigen in feces, it may be possrble to develop an enzyme imrnunoassay, to be 
followed perhaps by a confirmatory western blot. PCR assays have been 
developed which amplify viral RNA that has first been adsorbed from feces or 
from very early acute-phase serum onto glass powder (to allow inhibitors to 
be washed away) before reverse transcription and amplification using primers 
specific for the WEV RNA polymerase gene. 

Antibody was originally detected and quantified by immunofluorescence, 
using an  assay in which the binding of fluoresceinated antibody to a liver 
section from an infected macaque is blocked by patient's serum, but this 
tedious test has now outlived its usefulness. TmrnunoglobuIin class-specific 
EZAs and Western blot assays have recently been developed for detection of 
antibody to a molecularly cloned fusion protein representing most of the HEV 
capsid antigen. 

Epidemiology 

13epatitis E virus is now recognized to be the most important cause of epidem- 
ic hepatitis in Asia. In Central Asia hepatitis E, like hepatitis A, tends to peak 
in autumn, while in Southeast Asia it occurs particularly during the rainy 
season or following extensive flooding. Transmission 1s fecal-oral and is 
mainly water-borne. The most notorio~zs common-source epidemic resulted 
from fecal contamination of a drinking-water supply in New Delhi in 1955, 
causlng 29,000 identified cases of icteric hepatitis. Ascribed to HAV at  the 
time, the outbreak was later reinvestigated retrospectively by testing frozen 
stored paired sera for HAV and HBV antibodies and was demonstrated to 
have been caused by a non-A, non-B hepatitis virus. Many similar water- 
borne outbreaks have been recorded subsequently, especially on the Indian 
subcontinent but also in Central Asia, China, Indonesia, North Afr~ca, and 
Mexico. Particularly devastating outbreaks occurred among Ethiopian refu- 
gees cncarnped in Somalia and Sudan during the prolnnged war in the Morn 
of Africa. Sporadic cases have been attributed to the consumption of shellfish 
from sewage-polluted waters in Italy and Spain. 

Clinical attack rates during epidemics range from I to 1010, with most of 
the cases occurring in young adults and most of the mortality in pregnant 
women. However, the secondary attack rate among household contacts sf 
icteric patients is Inw (2.4% in one outbreak in Nepal, compared with 10-2070 
for hepatitis A in the same locality). Perhaps this is due to relatively low 
riwrnbcss of infectious virions shed in feces andlor Itheir lability. The apparent 
abstvice of hepatitis E in tile developed countries of the world except in 
returning travelers is presumably attributable to this low secondary attack 
rate, as well as to piped water si~ppIies of a standard sufficient to avoid 
common-source water-borne outbreaks. 
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Control 

Reliable reticulated and clilorinatcd water supplies and improved standards 
of sanitation (see Chapter 15) throughout the developing world must under- 
pin any long-term program to control hepatitis E, or indeed any other cnter- 
icalIy transmitted infectic~us disease. During a n  epidemic the usual rules ap- 
ply: boil the water, and for food, "cook it or peel it." Passive immunization 
has not been found to be effective. Research toward a vaccine should be 
accorded priority. 

Astroviruses 

Astrovintses were first described in 1975 when they were observed by elec- 
tron microscopy in the feces of children with diarrhea. Other host-specific 
astroviruses were soon discovered in a wide range of domestic and farm 
animals. Human astroviruses now appear to be ubiquitous in young children 
but a relatively minor contributor to the nverall burden of gastroenteritis. 

Properties of Astroviridae 

The 28-30 nrn spherical virron, though at first glance resembling a picor- 
navirus, is in fact highly characteristic when viewed from a certain angle; a 
minority of the negatively stained particles reveal a five- or six-pointed star, 
without any  stained central hollow (Fig. 24-IB). The virion is resistant to pH 3 
and to 60°C for 5 minutes. The human astravirus genome comprises a single 
linear 7 kb ssRNA molecule of positive polarity, with a poly(A) tract at the 3' 
terminus. In 1993 the genome of a human astrovirus was ~equence~d. Unlike 
the calciviruses, astroviruses do not encode a helicase, whereas the RNA 
polymerase and protease domains are brought together by a ribosomal frame- 
shift. The capsid contains at least two or three protein species. Although there 
are one or more common epitopes recognized by monoclonal antibodies, at 
least five serotypes of human asfroviruses can be distinguished with other 
MAbs or by neutralization (Table 24-2). 

Viral Replication 

Astroviruses can be isolated, in the presence of trypsin, in cultures of 
primary human embryonic kidney {HEK) cells and have been further adapted 
to growfh in the LLC-MK2 continuous monkey kidney cell line. I'rcliminary 

Table 24-2 
Prrlpcrtr~q n f  Astrciv~ruses 

Single genus, Aslrorrlrrt.s; 5 stunvlypc% 
Nrlrienvcloprd spJier~~,iJ ~ ~ i r ~ o n ,  28-30 nm, rrqc.nibles star, 3 cays~d prtitcbtn.; 
VFr~on r~ ln t~ \w ly  r ~ s ~ c t n n l  to h ra t  and arwiity 
I..~ne;lr plus scnsc ssliNA grlnr~nlc, 7.2 kh, 3' pc~lyadt.nyJat~,rl 
Cylopldsn~~c repr~c~~tlc~n,  s~~bgc.nt~rn~c mRN A i*ncotir.5 poly protcin wli~clh 15 

cle;lvcd 1ntc.r capsid prcvtclns 
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slr~dies of the viral replication cycle have revcalcd that replication takes place 
largely in the cytoplasm, and that In adclition to tlie 7.2 kb genomp, a 3'-cotcr- 
rninaI 2.8 kb polyadenylnted subgcnomic mRNA is synthesized. A putative 
pnlyprotein and its cleavage products, apparently the caysld proteins, have 
also been described Mat~tre virions accumulate in the cytopIasm in crystalline 
arrays. 

Clinical Features 

Astrnvirus gastroenteritis, seen principally in young children, resembles a 
mild form of rotavirus enteritis. An incubation period of 1-4 days is followed 
by watery dlarrhea lasting 5-4 days or more, abdominal discomfort, vomit- 
ing, and ~~tnistitutlonal symptoms. Immunity probably lasts fur years, and 
most adults are resistant to experimental infection. Anamnestic responses 
develop following subsequent exposure to a heierc~lngous serotype. Type 1 is 
by far the commonest, in the United Kingdom at least. 

Laboratory Diagnosis 

Although astroviruses are found in higher numbers in feces (-,10"er gram) 
than are caliciviruses ( < I 0 7  per gram), IEM is still not optimally sensitive or 
convenient. Today, the most useful method of detection of virus in feces is an 
EIA using a n  astrovirus-cross-reactive MAb for antigen capture and a biotin- 
ylaled detector antibody with avidin-labeled enzyme readout, which detects 
10 ng of  viral protein. Monoclvna! antibodies are available to distinguish all 
five known serotypes. A newly developed riboprobe for dot-blot hybrid- 
~zation is ever1 more sensitive and can be used to screen polluted water as 
~ v e l l  a s  feces, but steps must be taken to prevent degradation uf RNA (see 
above). FrobabIy the most suitable cell line now available for primary iso- 
lation of astroviruses, in the presence of trypsin, is the human colon car- 
cinoma cell line CaCo-2; i hese cells are at their most susceptible when, after 
growing to form a confluent monolayer, they start to differentiate and form 
microvilli. The isolate can be identified by immunofluorescence or biotin- 
avidin EJA. 

Epidemiology 

Astrovir~rsrss are transmitted by the fecal-oral route, usuaIly person to person 
bul also probably via contaminated food or water. They ar'e endemic through- 
out the world causing a rela tivelly mild form of gastroenteritrs, almost exclu- 
sively in young children, year-round but with a winter peak, like rotaviruses. 
A majority of children have developed p~otective antibodies before entering 
school. Many infections may be subclinical, but 4-87" of infantile gastroen- 
teritis is attributable to astrovirrlses, from Great Britain to Guatemala. Epi- 
demics also occur in the community, in day-care centers and kindergartens, 
nosoc~~rnially in pediatric wards, etc. Most other children and adults are im- 
mune, but outbreaks have been recorded among immunosuppressed and 
geriatric patients in hospitals and nursing homes. 
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Early attempts to classify the large number of viruses transmitted by arthro- 
pods led to the definition of two mnajor groups, called She Croup A and Group 
B arboviruscs. As more was learned about the mernber viruses, the Group A 
arboviruses became genus A1jhn;tlirrrs of the family Tognvirtdne, the Group B 
arboviruses became genus Fi~~t iv irr is  of the family FEnvrvlridnc (see Chapter 26), 
and most of the remainder were allocated to the family Bunyavirid~c (see 
Chapter 33). Later, rubella virus was placed in the family Topa~liridne as the 
only member of the genus R ~ r b i z ~ i r ~ r s .  

There are 27 mernber viruses in the genus Aijdtm~irus, 11 of which have 
been shown to cause disease in humans, 8 of them producing significant 
~piduniics.  These viruses exist in particular natural hab~tats in which specific 
mosquito and vertcbrat~ Iiasts play roles in virus survival, geographic exten- 
sion, cweswintcring, and amplification (sec Chapter 14). The vectrvrs arc mos- 
quitoes; the vertebrate reservoir hosts are i~svally wild mammals or birds. 
TJomestic animals and humans are usually not invoIved in primary transmis- 
sion cycles in nature but may play a roEe in  geographic extension and the 
arnpl~fication events that lead to epidemics. 

Properties of Togaviridae 

Togav~rws virions are spherical, 70 nm in diameter, and ct~nsist of an ico- 
sahcdral capsid sursc)trnded by a tigl-ttly adlicrcnt lipid envelope covered with 
glycoprotcin peplorners (Fig. 25-1). The genome is a single linear 11-12 kb 
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Fig. 25-1 Tqqnz~rrrriflc, gemus Alpharlirris. Negatively stained virions of Sernliki Forest virus. Rar, 
100 nm. (Courtesy DI C -1-1 vnn Ronsdarff.) 

molecuPe of ssRNA of gosi tive polarity, which is 5' capped and 3' pol yadeny- 
lated, and is infectious. Togaviruses are not very stable in the environment 
and are easily inactivated by disinfectants. Other properties of the togaviruses 
are summarized in Table 25-1. 

Classification 

All alphaviruses share common antigenic determinants, notably on the nucleo- 
capsid protein, C. The envelope gfycoprnteins carry some delterniinants that 
are cornmoll to certain species only, providing the.hasis for partition of the 
genus into six antigenic "complexes." Individual alphaviruses can be differen- 
tiated on the basis of species-specific epitopes on the envelope glycoproteins. 
Rubella virus, the only member uf the genus Rubivirus, displays no antigenic 
cross-reactivity with any alphavirus. 

Table 25-1 
Prcjpcrties of R~ynairrrine 

Two gclmera Ai~dtnnrrrrs and Rrtl?rrvrzrs 
Std~~r ' icai  virton, cnvclrlpcd, t v ~ l h  pc1plomers, dia~nrkcr 70 nm 
Icosahcdml capsid, diarnrtcr 40 nrn 
L~ncar,  pluc sense ssRNA gt.nnrnc, 11-12 kb (Allrli(r(r~r.~~b), I n  kb ( R l , l r r r l l i ~ t s ) ,  5' c:,ipped, 3' poly- 

adcnyln trd, infcctinus 
Genes for nonstruct~aral prute~ns located al 5' end i)f gmunle, thusr lrlr slru~.Lural protcil~s at  t l i r  

3' end 
Two ( ~ ~ v e l o p t '  g lyc~prot f ins,  WI and E2, contain~ny: v ~ r u s - s p ~ ~ ~ f ~ r  ncutralw~ng rpltnpeq '2nd al- 

p l iav~rus scrogroup and s~rbgrtmp spccific~t~cs, n ~ ~ c l t ~ o c a y i d  p rok*~n ,  C, w ~ t h  bro,~dly crosi- 
r ca r t i v~ .  alphavirus group spcc~ficity 

Full- lrr igth and su~bgrnrrrnic RNA transcripts; posltnnr~sfntir~nd clrLlvagr C I I  pc~lyprcitcrns 
Cyltrplasm~c rcplicatinn; budding f r t m  pfaslnn nicrr~br~iric (.ilpliav~r~~.ic..i) or i n t racy tc~p la~~n l t  

r n r n ~ b r ~ l n c s  (rube-lla vlr11.i) o I  v(artc*hratta cclls, or frrtm r~ i l rn ry~ t rp l~ is rn~r  mcn ih ra~~<~s  of III\!(~F~I>- 
bratr  cclls, i n  which alphav~ruscs arc nrlncytr~c ldal 
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Viral Replica tion 

AIpliavhrus virions are taken u p  illto coated vesicles via receptnr-mediated 
endocy tosis (see Fig. 3-3); when Ihcse coa itcd vesicles mature in to pliagolyso- 
somes thc low interior pH causes virions to relcase tlic genome into the 
cytosol, where the wllole of the replication cycle takes place. 

The 5' two-thirds of the capped viral RNA genome (Fig. 25-2) is translated 
into a large pomlyprotein, which then cleaves itself into four nonstructural 
proteins. The viral profease, as well as a helicase involved in viral RNA 
replicatio~~, is contained within nonstrt~ctural protein 2 (NSPZ); NSP4 is 
thought to represent the RNA polymerase; NSP3 converts RNA replicase to a 
plus strand replicase; NSFl is involved in methylation and capping of viral 
RNAs and in initiation of minus strand RNA synthesis. Thus all four non- 
structural proteins are required for synthesis of a full-length complementary 
copy of the vlral genome. From this minus strand template two types of RNA 
are produced: full-length progeny genomic RNA and a subgenomic mRNA 
corresponding to the 3' one-third of the genomic RNA which encodes all the 

Nonstrudural proteins -- 7 A A{ n) 

---- -- 
Minus strand complementary RNA 

1 Transcription 

Cap -<~ubgemkic mRNA k- A(n) 
. I Translalion 

I C  1 
Co'translalional - 
processing of 
virion proteins -- /PE, 1 6 K  

I I 

Fig. 25-2 D~agranr of Al/)lrrri~trus gonornr and ~ t s  tran5criptinn and translation The plus str,inrl 
vir~on RNA is capped and ptrlyadenylated, and thrre are short nr~ntranslated sequences at each 
!t.rrn[nus (s~ngle lines) ?he 5' twci-th~rds 11f the genome crldcs fnr nonstructural prrlteins and the 
3' one-l111rci fur thc  struct~.[ral prote~ns The port~cln codi~lg for the ntrnstruclural prrvte~ns is 
L ~ n n s l ~ t ~ d  ~ n t o  a pc>lyprc~lc~rr which IS cleav~d info the four nc~nslructural proteins. Two plf Ihrsc  
lo l~n r l l ~ ~  RNA polymrrnsr, which tranwriks a fltlf-length rnlnus scnsu copy frt~rn thr virinn 
RNA,  from wlllch ITI turn two plus sense RNA species, vlrlnn RNA (no1 shnwn) and subgennrnic 
niltNA, arc transcribed. Thc subgenornic mRNA, wh~cEi is rdent~cal to the 3' one-third sf the 
virion RNA. 1s translated into a pcllyprotcin [hat is then1 procrssc-d into the viral strrlcll~ral 
piotr.ins El,  E2, E3, hK, and C 
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structural proteins This mRNA is translated ~ n t o  a n o t h ~ ~  polyprotein whlch 
also has autoprotease activity, this v~ral enx7ly11ic togctlicr with certain cellt~lar 
proleases cleaves the polyprotein to yield the four (or f~ve) viral structural 
proteins: the nucleocapsid prntein (C), and lhc pc-pforner glycoprotci ns ( E l ,  
E2, and, In some species, E3), nncl a s?naIl transnirmbrane protein (6K). Ge- 
nomic IiNA and nucleoprotein are self-assembled into icosahcdral nuclcocap- 
sids in the cytoplasm, and these migrate to the plasma membrane. The 
peplomer proteins are glycosylated in slepwisc fashion as they progress from 
the endoplasrnic reticuIum through the Golgi complex to the plasma mem- 
brane. Virion assembly takes place via budding of nucleocapsids through the 
modified plasma membrane in vertebrate cells, but through intracytoplasrnic 
membranes in the case of invertebrate celIs, in wh~ch alphaviruses are noncyt- 
olytic and establish persistent infection. 

The replication of rubella virus is basically similar to that of the alpha- 
viruses with two significant exceptions, namely, that the rubella strtictural 
gene order is slightly different and rubella nucleocapsids acquire their enve- 
Jvpe in mammalian cells by budding through intracytoplasmic membranes. 

Pathogenesis 

The infected female mosquito introduces its proboscis directly into a capillary 
ben'ea th the skin and injects saliva which contains the arbnvirus. Viral replrca- 
tion ensues in vascular endothelium and in both blond monocytes and macro- 
phages in lymph nodes, bone marrow, splecn, and liver. Virions liberated 
from these cells augment the viremia and precipitate the prodrornal symp- 
toms (fever, chills, headache, muscular achcs) wh~ch mark the end of the 
incubation period (irsuallly 3-7 days) I'asticuJar target organs may now be 
infected, commonly muscles (myositis), jsoints (arthritis), skin (rash), or brain 
(encephalilis). 

Virus may enter the brain via infection of capillary endothelial c'elis. Once 
in the parenchyma of the brain there are no anatomic or physiologic impedi- 
ments to viral spread throughout the central nervous system, infecting and 
damaging neurons. Typical pathologic features include neurona8 necrosis 
with neuronnphagia and intense perivascular and interstitial mononuclear 
inflammatory infiltration. Virus produced in the central nervous system does 
nnt reenter the circulation; hence, i t  is not involved in transmission. 

The immunity that follows clinical nr subclinical infection with an  alpha- 
virus probably lasts for life. Partial prntectlon may also be conferred against 
antigenically related viruses. 

Clinical Syndromes 

The majority of lzuman alphavirus infections are asymptomatic, the only evi- 
dence of infection being seroconversion. Clinical manifestations, when they 
occur, often take the form uf a nondescript fever. However, three alphaviruses 
sometimes cause potentially lethal enceplialitis, and five others cause painful 
and stmetimes persistent arthritis (Table 25-2). 
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I Encephalitis 

In a small proportion of persons infected w i h ~  eastern, western, or Ven- 
ezuelan cncephalifis viruses, a few days afttr the onset of lever the patient 
develops drowsiness, often accompanied by neck sig~dity, and may progress 
to confusion, paralysis, convuisions, and coma. Case-fatality rates average 
10-20% but may be considerabIy higher with eastern equine encephalitis. 
Survivors from encephalitis caused by any of these viruses are often left with 
permanent neurologic sequelae such as mental retardation, epilepsy, paraly- 
sis, deafness, and blindness. 

FeverlRashl Arthritis 

The fever/rash/arthritis triad of clinical features defines the disease caused by 
chikungunya, o'nyong-nyong, Ross River, Mayaro, and Sindbis viruses. In- 
deed, chikungunya and o'nyong nyong are colorful African terms describing 
the agony of the affected joints1 Typically, after a short incubation period of 2- 
3 days, there is an abrupt onset of fever, chiIls, rnyalgia, and severe poly- 
arthralgia affecting mainly the small joints; a rash, generalIy maculnpapular, 
then appears. Other ct)nstitulional symptoms such as nausea, headache, 
backache,photophobia, and retroorbital pain may also he present but are not 
so diagnostic. The fever is characteristically high and sometimes of the 
"saddle-back" (biphasic) variety in chikungunya, but it is not at all prominent 
in Ross River virus infection. The arthritis usually resolves in a few weeks but 
may persist for months or even years in chikungunya and Ross River virus 
infections. 

Laboratory Diagnosis 

During the halcyon days of the Rockefeller Foundation's Virus Research Pro- 
gram through the 1950s and 1960s hundreds of previously unknown arbo- 
viruses were isolated from arthropods, wild birds and mammals, domesti- 
cated animals, and humans by intracerebral inoculation of infant mice. The 
suckling mouse is a particularly sensitive host, still used by some laboratooies 
for diagnostic ~ u r p o s e s  today, but is progressively being replaced by cultured 
cells. Vero or BHK-21 cells are the most commonly used vertebrate cell lines, 
but invertebrate cell lines such as C6/36 from the mosquito Acdes ~lbqucllrs 
tend to be more sensitive. Cytopathic effects do not regularly occur. The 
isolate is identified either by immunofluoresccnce (using the fixed mono- 
layer), or hernagglutination inhibition, complement fixation, or EIA (on thc 
culture supernatant), to place the virus in the correct serogroup, fcdlr~wed by 
neutralization using appropriate monoclonal antibodies to characterize the 
specises. Apart from brain nr other tissue sampled at autopsy, the only appro- 
priate specimen for isolation of virus is blclod [taken while the pa t~enr is still 
viremic. Since the probability of isolating virus drops markedly after the f~rst 
couple nf days ,of illness, serology should also be used to avoid missing the 
diagnosis. 

During an  epidemic, an IgM capture EIA is routinely employed to detecl 
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antiviral IgM in a singlt. specirnen of st!runi; such alltibodies are almost al- 
ways detectable during or before the sccond wcek of the illness, However, 
because of serological cross-reactions betwccn alpliav~ruses ~t is important to 
confirm the diagnosis by demonstrating a rise in neutralizing antibody in 
paired sera. 

Epidemiology 

Alphavirus Encephalitides 

Western equine encephalitis virus is found throughout the Americas. It is 
spread by the mosquito Ctilcx tnrsnlis between small birds, but this sylvatic 
cycle can be amplified by extension to other hosts when seasonal conditions 
produce large mosquito populations. Horses and humans may become infec- 
ted and occasionally develop encephalitis (Fig. 25-3). 

Eastern equine encephalitis virus occurs in North, Central, and South 
America and the Caribbean. In the United Slates it is maintained in freshwa- 
ter swamps by Clrlrsetfi rrrclanurn, and this mosquito, which feeds almosi exclu- 
sively on birds, is also responsible for amplification of the virus during the 
sprrng and summer (Fig. 25-4). Pt is not clear which of several mosquito 
species transmits tlie virus t o  the clinically vulnerable hosts, horses and hu- 
mans. In coastal New [ersey f he salt-marsh mosquito Aedes soilicifnr~s has been 
implicated because it  feeds on horses as well as birds, but this virus-vector 
relafio~~ship does not operate in other areas. In eastern North America, many 
outbreaks of eastern equine encephalitis virus infection have occurred in 
caged pheasants (as well as in an endaragered species, the whooping crane), 
resulting in a substantial mortality. The virus 1s introduced into flocks by 
mosquitoes and is spread when healthy birds peck on sick, viremic b~rds. 

Venezuelan equine encephalitis virus occurs in the forests and marshes 
of tropical America, including the Florida Everglades, as "enzootic" strains 
which circulate among rodents via Cuicx mosquitoes and are not virulent for 
either horses or humans. A11 the virulent "epizootic" strains have been iso- 
Eattd during equine epizootics, and horses play a major role in their amplifica- 
tion; nolhing is known of the natrlraI history of the virus between such out- 
breaks. Epizootics have occurred in drier regions of several South American 
countries at intervals ol about 10 years and in 1969-1972 extended north as far 
as '1'~xas. Although there are high cleath rates in horses, most infected hu- 
mans s u f f ~ r  frorn fever and myalgia only; the incidence of encephalitis IS low. 

Alphaviruses Causing Fever and Arthritis 

Five alphaviruses cause sporadic and sometimes epdemic outbreaks of fever 
with rash, myalgia, and arthralgia (see Table 25-2). 

Chikungunya virus is the rnclst important virus in terms of the scale of 
human illness, being widespread throughout Africa, India, and Southeast 
Asia, imicluding the Philippinrs. In Africa, if is thought to be maintained in a 
sylvan cycIe with forest spccics 0 1  the Arrfcs fzrrr+r.-l~,ylori group of mrrsquitoes 
as vcc t~ r s  and primates as the prirnnry vertebrate host. Devastating epidem- 
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Fig. 25-3 Sylvatic cycles of western equine encephalitis virus (an alphavirus) and St Louts 
~ncephalit is  vlrus (a flavivirus) The natural rnapparenl cycle of both viruses is between Crrler 
tnrsaEts and nestling and luvenllt. birds, but t h ~ s  cycle may be ampllllcd by i ~ ~ f e c t ~ o n  nf domestic 
birds and wtld and domestic mammals Western equine encephalitis vlrus can multlply in the 
mosquito at  cooler temperatures, so epidemic disease in horses and humans may occur earl~cr In 
the summer and farther north tnto Canada In fhe western United States, St. Lo~~ i sencep l~n l i t~s  is 
a rural d ~ s e a s c  transmiltcd primarily by Clrlcw tnrwlis ,  in the south-central Unifcd States and the 
Srruthwvsk it 1s an urban-suburban d~sc.lse transmitted by Crrk'x ~ I I ~ J I P ~ S  The St. Louis cnceplia- 
Ittis virus does  nut cause chnical encephai~lis in horscs. {Mod~f~ed  from R T Johnson, "Viral 
Inf~ctlons of the Ncrvous S y ~ t c m  " Raven, Ncw York, 1982 ) 

ics, sometimes lasting for years, have occurred repeatedly in Africa and Asia. 
Explosive urban outbreaks, observed particularly in Asla, may infect the ma- 
jority of the population of the city witl~in a few months. Under such circum- 
stances the peridon~estic mosquito Aedes fiegypti can maintain the virus in a 
human-mosquito-human cycle. 

O'nyong-nyong virus is spread by Arznl?liekcs firrlcstirs and A ~anrbine, mak- 
ing i t  the only known human arboviral pathogen with ariophel~ne mosquitoes 
as vector. The virus was responsible for an epidemic in East Africa extending 
from 1959 to 1962 affecling no less than 2 million people, but i t  has not been 
recognized as a carlsc of human disease since then. Its vertebrate reservoir is 
unknown. 

Mayaro virus occurs In forested regions of Central and South America 
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Aedes wxans 

/ Man I '1, 7 Local winter Some horses 
I ,. reservoit J 
Y - mosquitoes, mammals, 

7 Northern birds, reptiles 
blrd migration 

Fig. 25-4 rransmissinn cycle of eastern equine encephalitic vlrus in the United States Known 
parts of the cycIe are drawn in solid linrg, ~pectrlativc* part5 in broken lines The mode of 
ovi.rwintenng IS  unknown (Ctrurtesy Dr. T P Mr~nath.) 

and appears to be spread by If~crnqogus mosquitoes, probably from a primate 
reservoir. Widespread human infection is demonstrable by seroconversion, 
and several epidemics have occurred in small towns in the Amazon basin. 

Ross River virus produces a disease known as epidemic polyarth~itis 
during late summer/early autumn in rural Australia. Several species of mos- 
quitoes can act as vectors, and marsupials as reservoir hosts; domestic ani- 
mals, rodents, and, at  times of epidemics, humans, may act as amplifiers. In 
1979 and 1980, following importation from Australia, probably by air travel of 
persons incubating the infection, explosive epidemics occurred in Fiji and 
spread to other islands of the South Pacific, affecting up to half the indigenous 
population as well as tourists. 

Sindbis virus has Iong served as the prototype alphavirus. Human cases 
of fever with rash and arthralgia have been recognized in many parts of 
Africa, northwestern Europe, India, and Malaysia; epidemics have been de- 
scribed in Egypt and South Africa. Various species ol wild birds serve as 
reservoir hosts,with Culcx, Cuiiseta, and A~~dcs  mosquitoes as vectors. 

Control of ~nosquifo-borne diseases rests largely on avoidance of exposure, 
elimination of breeding sites, and destruction af mosquitoes or their larvae by 
rnctl~ods discussed in Chapter 15. Control of alphavirus infections of humans 
is generally undertaken only in the face of threats of outbreaks, especially of 
encephalitis. Immunization of humans is currently impractical, but because 
encephalitis in horses is a seri'ous disease, and because amplification in this 
host may increase the risk of human cases, immunization of horses each 
spring is a11 important control measure in areas subject to outbreaks. Inacti- 
vated cell culture vaccines are used f'or eastern, western, and Venezuelan 
equine enceyhaiitides, and also an attenuated live-virus vaccine for Ven- 
czuelan equine encephal~tis. Mosquito larviciding programs are carried out 
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routineIy in many areas; in short-term emergency situations, such as during 
an outbreak or when sentinel survei1lance indicates the likelihood of an out- 
break, such programs are supplemented by aerial spraying with ultra-low- 
volume insecticides, such as  malathion or synthetic pyrethrins. Also impor- 
tant is public education regarding (1) sorivcc redzrcliorr, by destroying potenfiaI 
mosquito breeding sites, and (2) coritncl redrirtion, by avoidance of mosquito 
habitats, especially at dawn and dusk, and use of protective clothing, insect 
repellents, screening of doors and windows, bednets (particularly for in- 
fants), air-conditioning, and so on. 

CurrentIy, the only vaccines avaiiable are those described above for east- 
ern, western, and Venezuelan equine encephalitis viruses, which are used 
only in horses, at-risk laboratory workers, penned pheasants, and whooping 
cranes! The wide prevalence of chikungunya virus in Asia and Africa, and the 
presence of competent Aedrs ae~ypti  and Aedcs nlbopiclus vectors in the Ameri- 
cas, argues for a vaccine against this agent; an experimental chikungunya 
vaccine is currently undergoing clinical trial in humans. 

Rubella is a trivial exanthema of childhood. However, in 1941 an Australian 
ophtha tmologist, Gregg, noticed an  unusual concentration of cases of con- 
genital cataract among newborn babies in his practice-an epidemic of blind- 
ness. A diligent search of his records revealed that most of the mothers had 
contracted rubella in the first trimester of pregnancy. Further investigations 
revealed that these unfortunate children had also suffered a range of other 
congenital defects including deafness, mental retardation, and cardiac abnor- 
malities (see Chapter 14). 

Clinical Features 

In childhood rubella is such a mitd disease that most adults are subsequently 
uncertain whether they have ever contracted it. The fine, pink, discrete mac- 
nles of the erythernatous rash appear first on the face, then spread to the 
trunk and limbs, and fade after 48 hours or less. In nearly half o'f all infections 
there is no rash at all. Fever is usually inconspicuous, buf a' characteristic 
feature is that postauricular, suboccipital, and posterior cervical lymph nodes 
are enlarged and tender from very early in the illness. Mdd polyarthritis, 
usualfy involving the hands, is a fairly frequent feature of the disease in adult 
females; it is usually fleeting but rarely may persist for up to several years. 
Thrombocytopenic purpura and postinfectious encephalopathy are rare com- 
plications Progressive rubella panencephalitis is an even rarer and inevitably 
fatal complication, developing insidiously in the second decade of life, USLI- 
ally in ch~ldren with congenital rubella. 

Congenital RubelIa 

At Ieast 20% of all infants infected in riicro during the first trimester of 
pregnancy are born with severe cungenilal abnormalities, usually multiple 
(Fig. 25-5); most of the remainder have milder defects. The commonest con- 
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Fig. 25-5 Congenital rubella syndrome, w ~ t h  se- 
vere bilateral deafness and severe hilateral vlsual 
defects (microphthalmia, cataract, corneal opac~ty, 
and strabismus) (Courtesy Dr. K .  Hayes.) 

genital abnormalities are neurosensory deafness (total or partial, due to co- 
chlear degeneration, becoming progressively apparent in the early years after 
birth), blindiiess (total or partial, especially cataracts, but sometimes glau- 
coma, microphthalmia, or retinopathy), congenital heart disease (especially 
pa tent ductus arteriosus, sometimes accompanied by pulmonary artery steno- 
sis or septal defects), and microcephaly with mental retardation. Other com- 
mon manifestations of the so-called cotz,ycr~itaI rubella syrtdrmne (CRS) include 
bone translucency and retardation of growth, hepatosplenomegaly, and 
thrombocytopenic purpura. Despite the diversity and severity of this pathol, 
ogy, the congenital rubella syndrome is sometimes missed at birth. About 10- 
20% nf babies with CAS die during the first year, and up  to 80% develop some 
evidence of disease within the early years of life. Up to 20% of children with 
CRS develop insulin-dependent diabetes mellitus as young adults. 

Pa thogenesis and Immunity 

The virus enters the body by inhalation to multiply asymptornically in the 
upper respiratcny tract and then spread via local lymph nodes to the blood- 
stream. Not a great deal is known about the events tliat occupy the 18-day 
(range 2-3 weeks) incubation period which precedes the appearance of the 
rash. Virus has been found in lymphocytes and in synovia1 cells ol joints of 
adults with rubella arthritis. Naturally acquired immunity to rubella lasts for 
many years; second infections occur occasionally but are usually subclinical 
and boost immunity further. 

When rubclEa virus infects a woman during the first trimester of pregnan- 
cy there is a high probability that the baby will suffer congenital abnor- 
malities. Severe damage (deafness, blindness, heart or brain defects) occurs in 
15-30% of all infections during the first trimester, and in about 5% of those in 
the fourth month (usually deafness), but rarely thereafter. Minor abnor- 

malities are even more frequent, and following spontaneous abortion or still- 
birth virus can be found in practically every organ. 

What makes rubella virus teratogenic, when numerous nonteratogenic 
viruses are so much more pathogenic postnatally and so much more cytocidal 
for cultured cells? Paradoxically, t h ~ s  relative lack of pathogenicity may hold 
the clue to its teratogenicily. More cytocidal viruses may destroy cells and kill 
the fetus, leading to spontaneous abortion (as does rubella occasionalliy). 
Rubella virus may merely slow down the rate of cell division, as has been 
demonstrated in cultured human fetal cells, leading to a decrease in overall 
cell numbers and accounting for the small size of rubella babies. Moreover, 
death of a small number of cells or slowing of their mito'tic rate at critical 
stages in ontogeny might interfere with the development of key organs which 
are being formed during, the first trimester. 

Neither the mother's nor the baby's immune response is able to clear the 
virus from the fetus. Although maternal IgG crosses the placenta and the 
infected fetus manufactures its own 1gM antibod~es (Fig. 25-6), cell-mediated 
immune responses are defective and remain so  postnatally. Clones of infected 
cells may escape immune cytolysis even though maternal IgG might restrict 
systemic spread of virus. Whatever the explanation, the rubella syndrome in 
the fetus is a true persistent infection of the chronic type. Throughout the 
pregnancy and for several months after birth the baby continues to shed virus 
in any or all of its secretions. 

Laboratory Diagnosis 

Rubella virus can be cultured in certain cell lines, such as RK-13 and Vero 
cefls, bur grows slowly without conspicuous cytopathic effects. Because of its 
lack of sensitivity, isolation in cell culture is used only as a supplementary 
method of diagnosing rubella from adult throat swabs, but it does have a 

Tnrnester ~l;th, Age in months Age In years 

Fig. 25-6 Patrcrn of viral excret~on ( f )and  the infant's ant~body response In congcnita! rub-lla 
(From 5. Kr~rgrnari and R .  Ward, "Infcct~o~us D~seascs  of Childrrti and Adults,"5tll Ed Musby, St 
lmuis, 1973 ) 
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place in tlie diagnosis of CRS; vlrus can be isolated from the throat, urine, 
cerebrospinal fluid, or leukocytes of a newborn infant with CRS. 

Serology cr~nstitutes the standard approach to the laboratory diagnosis of 
rubella. There are three common situatin~is in which the clinician requites 
help from the laboratory: (1) A woman considering vaccination wishes to 
know whether she has ever had rubella and is now immune; (2) An unim- 
rnunized woman develops a rash in the first trimester of pregnancy, or comes 
~ n t o  contack wjth somcone with rerbella, and wishes to know whether she has 
contracted the disease and whether she should have an abortion; (3) A baby is 
born with signs suggestive of the rubella syndrome, or its mother is now 
believed tn have possibly contracted rubella during the first trimester. 

As there is only one serotype of rubella virus, and specific I& continues 
to be demonstrable in serum for many years after clinical or subclinical infec- 
tion, detection of antibody is evidence of immunity. Diagnosis of rubella in a 
pregnant woman requires the demonstration of either a rising titer of rubella 
antibody in paired sera, or rubella IgM antibody in a single specimen. If 
paired sera are used, the first bleed must to taken during the first week after 
the onset of the rash; otherwise, a fourfold rise in antibody titer may not be 
detected in the convalescent specimen taken 10 or more days later. On the 
other hand, if a pregnant women is concerned about recent exposure to a 
known case of rubella, the first sample should be taken as soon as possible, 
but the second should be delayed for at least a month to allow for the 2 to 
3-week incubation period of her putative infection. Rubella IgM antibody is 
generally demonstrable by 1 week after the appearance of the rash and per- 
sists for at least I month (occasiot~aIly 3 months). IgM serology may be the 
only method (7f diagnosis in the case of a woman who first consults her doctor 
weeks after the rash has gone. 

Diagnosis of the rubella syndrome in a newborn baby is also made by 
dernc~nstratiaig rubella IgM in a single specimen of serum, this time the 
baby's. Many babies will have rubella IgG antibodies, acquired transplacen- 
tally from the mother who may have been vaccinated or infected with the 
virus years earlier. As IgM antibodies do not cross the placenta, rubella IgM 
detected ill umbilical cord blood must have been synthesized by the baby 
itself ~n u l ~ r o  and is diagnostic of congenital rubella. It continues to be made in 
detectable amounts for 3-6 months after birth. 

TraditionaJJy, hemagglutination inhibition (HI) has been the preferred 
procedure for identifying and quantifying rubella antibodies in serum, but the 
need to first remove nonspecific inhibitors from the serum makes it techni- 
cally tricky. Accordingly, ME is being supplanled by a range of simpler tech- 
niques, notably EIA and latex particle agglutination, bnth of which are avail- 
able as disposable kits. EIA is also the procedure of choice for IgM capture 
assays. 

Epidemiology 

Iiub~lla virus is shed in orogharyngeal secretions and is presumed to be 
spread by the respiratory route. It is highly transmissible, usually being ac- 
quired by school-age children, and spreads readily within the tarnily. The 
disease is endemic worldwide. 
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Prinr to the introduction of vaccines, spring epidemics occurred every few 
years in temperate climates, and over 8Or% of women had acquired imrnun~ty 
by the time they reached the child-bearing years. Widespread vaccination of 
infants in fhe United States commencing in 1969 reduced the incidence of 
rubella in that country in 1988 fu less than 1% of the level 20 years earlier. 
Since 1988 there have been a number of outbreaks in certain ernvaccinated 
religious communities, as well as among young adults in institutions such as 
prisons and colleges. Analysis of the reasons for this slight resurgence points 
to failure Lo vaccinate rather than vaccine failure, and underlines the impor- 
tance of intensifying rather than relaxing the drive to eliminate CRS when the 
battle seems to be almost won. 

Cantrol 

Live attenuated rubella vaccines, now generally based on the RA2713 strain 
grown in a human fibroblast line, have been in use since 1969. A combined 
measles-mumps-rubella (MMR) vaccine was introduced in 1972. Either vac- 
cine induces durable immunity in at least 95% of recipients, and over 90% 
have been shown to be protected for af least 15 years, not only against disease 
but also against the establishment of viremia, even though antibody titers are 
significantly lower than following natural infection. Although substantially 
attenuated, rubella vaccines quite commonly induce lymphadenopathy, a 
fleeting rash, or low-grade fever. Arthralgia is rare in children but occilrs in 
25% of  oni immune pc~stpuberfal females; it begins 1-3 weeks after vaccina- 
tion and is usuaily confined to the small peripheral joints, rarely persisting for 
more than a few weeks. After vaccination, attenuated rubella virus is shed in 
small amounts from the throat but is incapable of spreading to contacts, so 
immunization of children is not contraindicated if the mother is pregnant. 

There is no evidence that the vaccine virus is teratogenic, and hence 
accidental immunization during pregnancy is not an indication for termina- 
tion. Nevertheless, prudence suggests that women not be deliberately immu- 
nized during the first trimester and that nonpregnant vaccinees should be 
advised to avoid conception for the next 2-3 months, andlor be immunized 
immediately postpartum. 

Since 2972 the United States has practiced universal vaccination of all 
infants with MMR at 15 months of age. From 1991 it has been recommended 
also that a booster dose of MMR vaccine be routinely administered to all 
children, either on entering kindergarten or on entering junior high school. In 
addit~on, every effort must be made lo identify and immunize those women 
of child-bearing age who may have missed out on the vaccine altogether; 
about 50% of this age group in the United States are currently sert~negative. 
Suitable opportunities are at premarital screening (but pregnancy should be 
avoided for the next 3 months) or immediately postpartum (when further 
pregnancy is unlikely). Although initially a number of European countries 
seleckively immunized schoolgirls at 12-13 years of age (and nnnimrnune 
older women of child-bearing age), most have now changed to the U.S. re- 
gime. 

These remains the difficult problem of what to do with the w'cman who 
does in fact contract a laboratory-confirmed rubella infection during the first 
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3-4 months of pregnancy. 'There is general agreement that the risk of serious 
permanent damage to the baby is so srrbstantial that the attending physician 
shc~uld recc7mm8end an abortion. 

Rabies with cnngciiital rubella shed substantial amounts ol virus from 
their thrclats for up  to several months after birth and constilute a considerable 
risk to pregnant women, directly or via infected nursing staff in maternity 
hospitals or postnatal clinics. Such babies should be nursed In isolation, pref- 
erably by vaccinated or naturaIly immune personnel. 
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As noted in the preceding chapter, one of the two original major groups of 
arthropod-borne viruses, the Group B arboviruses, has become the genus 
FIavivirus of the family FIaviz~iridne (the other, the Group A arboviruses, be- 
came the genus Aiphnvirus of the family T~~~av i r idne ) .  Non-arthropod-borne 
viruses with physicochemical characteristics, gene order, and replication 
strategies simiIar to those of the arthropod-borne flaviviruses have also been 
placed in the family Flnviairidne, in the genus Pcstiurrris (which includes vi- 
ruses of vetserinary importance but no human pathogens) and another genus 
for human hepatitis C virus. 

There are about 70 recogriizcd member viruses in the genus Fl'avivirus; of 
these 13 cause disease in humans, varying from febrile illnesses, sometimes 
with rashes, to life-threatening hemorrhagic fevers, encephalitis, and hepa ti- 
tis (see Table 24-21. Three of these, dengue (because of dengue hemorrhagic 
fever), yellow fever, and Japanese encephalitis viruses, rank among the most 
important viral pathogens of the developing world. 

Hepatit~c C virus was discovered in 1989 by a tour de force of molecular 
biology; even though its virion has neither been vtsuafizcd nor cultivated, its 
complete nucleo tide sequence has been determined, and it  was allocated to 
the family Flnvivuidar on the basis of the similarity of its genome organization 
to that of other members. Hepatitis C virus is now recognized to be quite as 
important as hepatitis A and 13 viruses and is today the most common cause of 
posttransfusion hepatitis. 
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Properties of Flaviviridae 

Flavivirus virions are spherical, 40-50 nrn in diameter, a n d  consist of an inner 
viral core within a tightly adherent lipid envelope covered with glycoprotein 
peplomers (Fig. 26-1). The genome is a single linear I t  kb molecule of ssRNA 
of positive polarify which is 5' capped but not 3' polyadenylated, and is 
infectious. Other properties are summarized in Table 26-1. 

Flaviviruses are not very stable in the environment and are easily hnacti- 
vated by heat and by disinfectants containing detergents or lipid solvents. 

Classification 

There are no antigens shared between genera. Members of the genus Fln- 
uizlirrrs have been grouped by neutralization tests into nine serogroups, each 
containing between three and ten members, with an additional 17 viruses 
currently unassigned to a group. 

ViraI Replication 

Flaviviruses enter cells via receptor-mediated endocytosis, and replication 
takes place in the cytoplasm and is accompanied by proliferation of rough and 
smooth endoplasmic reticulum. The incoming genomic RNA serves directly 
as messenger; it contains one large open reading frame of over 10 kb and is 
translafed completely from its 5' end to produce one large precursor polypro- 
tein which is then cleaved to produce individual viral proteins (Fig. 26-2). 
About one-quarter of the length of the genornic RNA from the 5' end encodes 
the three structural proteins: C, the core protein; prM, a precursor which is 
cleaved during virus rnatura tion to yield M, the small transmembrane protein; 
and  E, the major peplornet- glycoprotein. The rest of the genome encodes 
seven nonstructural proteins, the functions of most of which are not fully 
understood; NS3 and NS5 are believed to form the RNA-dependent RNA 

Fig. 26-1 Ffnzlrzvridnc, genus naz!ivirrrs. 
Ncp3tivt.ly stained virions of tick-borne en- 
ccphalitis vtrus Bar, 100 nm. (Courtesy Drs 
W. Titma, F X .  Heinz, and C .  Kunz.) 

Properties of Finuiuiridnr 

Table 26- 1 
Properties of Flav~v~ruses 

Genera. ~ ~ I T ~ ~ I ~ ~ I T I I , ~ ,  rnustly arthropod-hurne vrrusc.5, I l t * ~ r n f t t ~ +  C, human liepat~tis C vlrus 
Spherical virion, cnvclnped, d ~ a r n ~ t r r  411-50 nm, cnvclope crjnta~nlng ~ i e p l u ~ ~ i c r ~  (glycoprt~trin E) 

and ~m,all membrane prr~tern (M) 
Inner core, 30 nm, composed of core proteln (C) 
Linear plus sense ssRNA genomr., 10 5-1 I kb (9 5 kb fur hcyat~t~.; C v~rus), Skaapped, 3'usual ly  

not pc>lyadenylatcd hut looped, infectir~us 
Gcnes for structural prote~ns located a i  5' end of gennrnc, th(~se for non~tuuctural proteins at 3' 

end 
Cytoplasmic replication, polyptclt~~n translated from genomlr RNA cotranslatrt-malty clt3aved to 

yield several nonstructural protclns and tlircc structural protci~is; maturation rnto cytoplasmic 
vesicles 

polymerase complex, with NS5 carrying replicase activity and NS3 possessing 
both helicase and protease activities. NS3 is responsibIe for most of the co- 
translational cleavage of the portion of the nascent polyprotein that yields the 
nonstructural proteins, whereas cellular signal peptidase effects the other 
primary cleavages. 

Replication of the genome occurs in perinuclear foci and involves the 
synthesis of a complementary minus strand, which in turn serves as template 
for the synthesis of more plus strand molecules. During infe,ction, plus strand 
synthesis is favored, suggesting complex ~egulatory mechanisms which ap- 
pear to involve host cell constituents. Virion assembly occurs in vertebrate 
cetls on membranes of the endoplasmic reticulum and in mosquito cetls on 
the plasma membrane also, but preformed capsids and budding are not s e m .  
Instead, fully formed virions appear within cisternae of the endoplasmic retic- 
ulum and are released via cell lysis. The latent period is long (12 hours or 
more), and virus production from any given cell continues for days without 
shutdown of cellular nucleic acid or protein synthesis. Some flaviviruses in- 
duce syncytia or plaques in monolayer cul2ures of mammalian cells, but non- 
cytocidai persist.ent infections commonly occur in invertebrate cells. 

cap 4 virion pmtsins 
3' 

cotranslational processing 

NSPA NS2B NS4A NSllB 1 mlpipmtease 

Fig. 26-2 Structure and translation of the flav~virus genome The relr/wns of the genolnc encod- 
ing the structural and nc~nstruclural prr~tcins are shown in the box at top, the RNA is capped at 
the 5' end but ts not polyadenylatrd TEaesc are short nt~ntranslatcd seqrrtnncrs at each tcrminus 
(qingle lincs) The gcnorne is the only mRNA and is translated lntr) a singlc polyprotcin which 1s 
rotranslationally clmved by viral and cellular proteastls to form Ihc. ~trurttlra'r7J protelns C, M, and 
E and seven nc~nstrwctt~ral proteins. 
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Pathogenesis and Clinical Features 

Like the alphaviruses, flaviviruses may cause encephalitis or a fever/ 
arthritisirash syndrome, the pathogenesis and clinical features of which were 
described in Chapter 25, but yellow fever and dengut. viruses as well as a 
number ol tick-borne Flaviviruses cause hemorrhagic fever. The striking fea- 
ture of this potentially lethal syndrome is hemorrhage, which manifests as 
petechiae and ecchymoses on the skin and mucous membranes (see Fig. 33-4), 
with bleeding from any or all of the body orifices. Examination of the blood 
reveals th~ornbocytopenia and usually leukopenia. In fatal cases the patient 
coliapscs abruptly from hypotensive shock Further details are given in Chap- 
ters 30, 32, 33, and 36. 

Yellow fever is a hemorrhagic fever with a difference; the liver is the major 
target, with virus replicating in Kupffer cells and massive necrosis of hepato- 
cytes leading to a decrease in the rate of formation of prothrombin as well as 
to jaundice. A1 though most cases are mild, presenting with fever, chills, head- 
ache, backache, myalgia, and vomiting, a minority progress (sometimes after 
a brief remission) to severe jaundice, massive gastrointestinal hemorrhages 
(hematemesis and melena), hypotension, dehydration, proteinuria, and oli- 
guria signaling kidney failure. Mortality from this severe form of the disease 
is of the order of 2 0 4 0 % .  

Dengue fever is typical of the painful but nonlethal fever/arthritis/rash 
syndrome which is the common presentation of so many arbnvirus dis- 
eases: sudden onset of fever (characteristically biphasic, or "saddle back"), 
chills, retroorbital headache, conjunctivitis, and severe pains in the back, 
muscles, and joints, followed by a rash and rapid resolution. Sometimes, 
however, the presentation is that of a hemorrhagic fever, in which a child can 
die of shock within hours-hence the name dengue hemorrhagic fever/ 
dengue sl~cnck syndrome (DI--1FtDSS). 

'The disease is generally observed during epidemics of dengue (often type 
2) in a population with a previous history of infection with anolher dengue 
serotype (e.g., type 1). The majority of the cases occur in children who can be 
shown to have previously acquired antibody against another type, or in 
young infants with maternally acquired antibodies against another type. This 
observation gives support to the "immune enhancement" (or "antibody- 
dependent enl~ancemenf") hypothesis, namely, that dengue virus, the princi- 
pal target of which is cells of the monocyteirnacrophage series, is opsonized 
by antibodies against a heterologous dengue virus serotype (which bind to 
the viriora but do  not neutralizr its infectivity), hence is more avidly taken up, 
via Fc receptors, into the very cell in which it repllicales best. Experimentally, 
it can readily be dcmonstra ted that such virus -antibody complexes replicate 
l o  higher titer in macrophage cultures On Ihe other hand, only a small 
n~innrity of people with sequential infections develop DHF/DSS, and some 
cascs of DtTFtDSS have heen reported in people with no prior experience of 
any type of dengue; thus the possibility remains that individuals differ mark- 
edly in susc~pt~bi l i  ty andlor that strains differ substantially in virulence. Oli- 
goni~cleotidc fingerprinting and partial genr sequencing of numerous strains 
of a11 four dcngue serotypes has demonstrated the existence of a number of 
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riiscernable geographic variants (fol~c~i!/jrcs), cspecially within type 2, but no 
malor differences in virulence have been discerned. 

Laboratory Diagnosis 

Virus Isolation 

Dengue and yellow fever are best diagnosed by virus isolation from blood 
taken as early as possible dtrririg the course of the disease. This is pirticularly 
relevant to a suspected indicator case in a region that experiences occasionai 
epidemics of dengue, since it is important to characterize the serotype causing 
the outbreak. However, other flaviviruses are not readily isolated from human 
patients, as viremia is frequently brief or undetectable. Postmortem, virus can 
sometimes be recovered from appropriate organs, such as the brain in cases of 
encephalitis and the liver in yellow fever. Most arboviruses have been isolated 
from colIections of mosquitoes or other vectors, traditionally by intracerebral 
injection of newborn mice but more recently by inoculation of cultured mos- 
quito or vertebrate cells. The cytopathic effect varies with the virus and cell 
type: some cnmbinations produce syncytia, but many give undramatic cyto- 
pathology or none at all. Viral antigen can be detected by imrnunofluores- 
cence. 

Characterization of isolates relies on serology, combined with a know- 
ledge of what viruses are likely to occur in particular geographic regions and 
ecosystems. Whereas hemagglutination inhibition is useful for assigning an 
arbovirus to a particular genus or group, individual! flaviviruses display exten- 
sive cross-reactivity. Neutralizat~on is the appropriale test for characterization 
at  the species level. Even those viruses that induce no cytnpathic effect in 
cultured cells usually produce plaques; hence, plaque reduction is the most 
convenient form of neutralization test. 

Because of the pronounced cross-reactions between species, monoclc~nal 
antibodies have proved to be of great value in research and may become 
standard diagnostic reagents, particularly for viruses or geographic regions 
where serological cross-reactions using polyclnnal antisera are a problem. For 
example, one monoclonal antibody might recognize an antigenic determinant 
common to all flaviviruses, while another recognizes a determinant common 
to all members of the dengue complex (dengue types 1, 2, 3, and 4), yet 
another recognizes only a type-specific determinanf on dengue type 3, and 
another distinguishes subtypes of dengue 3. Olignnucleotide maps of the 
v~ral RNA discern even finer differences between ist~lates from different parts 
of the world and can be very informative in tracing their origins. For instance, 
such RNA Fingerprints distinguish topotypes of dengue type 2 virus From 
various parts of the world. 

I Serology 

Diagnosis is usually made by demonstrating a rising titer of antibody in the 
patient's serum. IgM serology, using EIA with anti-human JgM as capture 
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antibody, is ic l~aI ly  suited to rapid diagnosis of individual patients during an 
epicltmic, but i t  is not suffic~enlly definitive to rely on for identifying an 
"ir~dicatur" case prior to such a n  epidemic. J-l~wev~er, the reagents used in 
such tests must he absolutely reliable, and IgM ant~bodies can persist for 
many months and/or be elicited by infection with heterologous viruses. Indi- 
cator cases should always be diagnosed by rising antibody titer or, where 
poqsible, by virus isolafit~n. 

Epidemiology and Control 

All members of the genus Flnr~iuirirs are classic arboviruses (Table 24-21. For a 
general description of their epidemiology the reader is referred to Chapters 14 
and 25; methods of control are discussed in Chapters 15 and 25. In the sec- 
tions belcrw we deal with specific features of the epidemiology and cuntrol of 
the major human flaviviruses, beginning with the most notorious, yellow 
fever, after which the family and genus were named, and continuing to other 
hemorrhagic fevers including dengue, today the most widespread of all arbo- 
virus diseases. 

Yellow Fever 

One of the great plagues throughout history, yellow fever decimated the 
crews of English sailing ships visiting West Africa and hundreds of years ago 
was transported to the New World on slave ships, together with its vector, 
Aedi2s negypf i .  It rapidly became entrenched in the tropical parts of South, 
Central, and North America, including the United States. Thousands died of 
yellow Lever during the construction of the Panama Canal. The name of 
Walter Reed, the U.S. Army doctor who unraveled the epidemiology of this 
disease in 1900, is now legendary. One of the great epidemiologic puzzles is 
why yellow fever has never occurred in Asia despite the presence there of 
Acdcs .sqypSi. 

In its jungle habitat the virus is maintained in a monkey-mosquito cycle 
(Figs. 26-3 and 26-41. Old World monkeys develop only subclinical infections, 
but New World monkeys often die, reflecting the more recent introduction of 
the virus to the Americas. Various species of jungle canopy-feeding, treehole- 
breeding mosquitoes serve as vectc~rs, generally Aeries spp. in Africa and 
Hnspr?rn~yi),qf~s spp. in t h e  Americas. Transovarial transmission may enable the 
v i r ~ ~ s  to be maintained in musquitoes, and perlzaps even in ticks (genus Avr- 
hiyorrlrrfrr), from which it has been recovered in Africa. Some sylvatic mosqui- 
toes can also transmit the virus to humans. However, Aedes aqypti  is the 
vector responsible for most of the urban epidemics, in which the virus is 
maintained in a human-mosquito-human cycle. 

A concerted campaign to eraclicate Aedcs nu,g.ypfi from Brazil and the coun- 
tries surri~rrnding the Amazon basin has dramatically reduced the incidence 
of yellow fever i t 1  Latin America; some 100-300 cases are now reported annu- 
ally in tropical Arnericd, mainly in adult male forest workers, but this doubt- 
less greatly r~nderstates the act-ual inciclence. Flowever, in recent years the 
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Anlr:s I ~ ~ I / ~ J \ I ,  althni~gh both A ~117ntlrrlirs and A. sc~rfelk~rrrs are efficient vectors. 
Dengue is now the most itnptrrtant. humar~ arboviral disease, with over 2 
billion petlple at risk and  nill lions of cases annually. 

Although dengue fever has been known for over 200 years, prior to the 
1450s clutbreaks of dengue were rare, and because of the slow transport of 
viremic persons between tropicaI countries epidemics in any particular lo- 
cality occurred af intervals of decades. During and after the Second World War 
milllons of people in all countries of the developing world moved to the cities, 
resulting in r,ipid and unplanned urbanization and fhe expansion of breeding 
places for Aedcs acgyptt Major epidemics involving hundreds of thousands of 
people have occltrred in the Caribbean (1977- 1981), South America (since the 
early 1980s), Ihe Pacific (19791, and China (1978-1980), as well as in Southeast 
Asia and Africa The simultaneous circulation of multiple serotypes led to the 
appearance of an essentially new disease, dengue hemorrhagic fever. Al- 
though in retrospect the disease probably occurred in northern Australia in 
1898 and in Greece in the 1920s, the first outbreak of dengue hemorrhagic 
fever and dengue shock syndrome occurred in Manila in 1953-2954; by 1975 it 
was occurring at regular intervals in most countries of Southeast Asia and is 
tuday one of the leading causes of hospitalization and death among children 
in Southeast Asia. Dengue hemorrhagic fewer is still spreading in the Asia- 
Pacific region, with outbreaks in French IyoIynesia and New Caledonia in 
1989-1990 and in Sri Lanka in 19911. 

Dengue had been known in the Americas for hundreds of years, but it did 
not become a major health problem there until about 1975. Initially this was 
due to the same cclnstraints that operated in Southeast Asia, notably the slow 
and infrequent movement of viremic persons. The explanation for the delay 
after the end of the Second World War, compared with the immediate postwar 
occurrence of the disease in Southeast Asia, lay in the success of the campaign 
to eradicate Ardes ar%yp/i from the Americas, primarily to control urban yellow 
fever. Although good results were achieved in many countries, the aim of 
total eradication from the region failed, and during the 1970s many cities in 
South American and Caribbean countries were reinvaded by Aedes negypfi. 
Coincidentally, the increased movement of people into the slums of the urban 
fringes led to greatly increased breeding places for the mosquito, and the 
increased air travel throughout the 'region led to increased movement of the 
dengue viruses, so  that during the early 1980s there was a great increase in 
dengue transmission caused by multiple serotypes. This was exactly the situa- 
tion that had led to the emergence of dengue hemorrhagic fever in Southeasi 
Asia in the 1950s, and the result was Yhe same. 

The first major outbreak of dengue hemorrhagic fever in the Americas 
occurred in Cuba in 1981, and since then there have been epidemics in Mexico 
(1984), Nicaragua (1985), Puerto Rico (1986), El Salvador (1987), Venezuela 
(1989), and Colombia (1990), as well as sporadic cases in other countries. 
Dengue hemorrhagic fever is now established as part of the health problem of 
Snutli and Central America and the Caribbean. Because of Ihe widespread 
occurrence of Acdcs ne,pyptl and the recent extensive spread of Acdes ~lbopsctus, 
it is also a threat to fhe southern states of the United States. 

?'he prospects for cuntrclI are poor, at least in the immediate future. Al- 
though an experimental live attenuated vaccine containing a11 four dengue 
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serolypes (because of the risk of immune enhancement a multipllc~ serotype 
vaccine is essential) is undergoing clinical trials, and prote~ns E and  NSI 
produced by genetically engineered baculovirus in insect cells have been 
shown to protect mice, safe and effect~ve dengut vaccines for general use are 
probably still years away. Mosquito control is the only tool now available, but 
the common methods now used (spraying of insecticide aerosols from air- 
planes or trucks) fail to kill all Acdcs acgypfi, because the musquitoes often rest 
in places not reached by the aerosol. Further, over the last several decades the 
extensive use of pesticides has led to pesticide resistance. Control of breeding 
is theoretically feasible, and governments should legislate to make it the 
responsibility of citizens to remove abandoned containers, tires, etc., and to 
drain stagnant pools of water in the vicinity of dwellings, but these measures 
are increasingly difficult in the slums of the urban fr~nges in the expanding 
cities. Dengue and dengue hemorrhagic fever are here to stay, and it may well 
become even more widely distributed before effective control measures are 
introduced; the disease is "'a ticking time bomb of huge epidemic potential." 

Flavivirus Encephalitides 

Japanese Encephalitis 

japanese encephalitis virus is a member of a serogroup containing nine other 
viruses, including S t .  Louis encephalitis virus, Murray Valley encephalitis 
virus, and West Nile and Kunjin viruses. It is the world's most important 
encephalitic arbovirus, is widely distributed across China, Korea, Japan, \he 
Philippines, and the countries of southeastern Asia, and has recently ex- 
lended its range westward into India, Nepal, and Sri Lanka and eastward intu 
the Pacific islands of Saipan and the northern Marianas. In tropical areas 
where the virus is endemic, sporadic cases occur throughout the year, and 
many young children are infected subclinically; outbreaks are occasionally 
seen at the end of the wet season. In temperate zones outbreaks tend to occur 
in late s~mm~erlear ly  autumn. 

The mosquito Culex triifaeniorlzynchus, which breeds in irrigated rice fields 
and feeds on birds, swine, and humans, is the most common vector. Swine 
are the most abundant species of domestic animal in many parts of Asia; they 
have a short life span and continuously provide generations of susceptible 
hosts. The mosquito-swine-mosquito transmission cycle serves as an efli- 
cient mode of virus amplification. 

I t  is instructive to observe how successful the Japanese have been in 
controlling Japanese encephalitis by a well-cc~nceived multipronged attack on 
the problem: dra~ning of rice paddies at the lime when C. trifnntiorlry?rchus 
normally breeds, removal of the principal amplifier host, pigs, from the vi- 
cinity of human habiiation, and widespread vaccination of swine, horses, and 
children with Eormalin-inactivated, mouse brain-derived vaccine. Inactivated, 
cell culture grown vaccine is being used effectively in China, whille attenuated 
live-virus vaccines for human and animal use are under development; these 
vaccines offer the possibility of lower costs and may be suitable fur use in 
large areas of southeastern Asia. 
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I St. Louis Encephalitis 

Epidemic St. Louis encephal~t~s is the most devastating encephalitic disease in 
the United States. The natural cycle of the virus occurs between Crrlcx farsnlis 
and nesting and juvenile birds, but when mosquitoes are numerous the cycle 
may he amplified by infection of domestic birds and wild and domestic mani- 
mals, which may then lead to encephalitis in a minority of infected humans 
(see Fig. 25-3). In the eastern United States, C u k x  pzpieris, which breeds in 
stagnant, polluted water, may set up epidemic St. Louis encephalitis in urban 
areas. A less virulent subtype transmitted by Cuicx forsnlis is endemic in rural 
agricultural areas of western United States 

Murray Valley (Australian) Encephalitis 

Tlie third encephaIogenic member of the complex, Murray Valley encepha- 
litis, is enzootic in Papua New Guinea and northern Australia, where sporad- 
ic cases of encephalit~s occur. Epidemics involving humans occur in the Mur- 
ray River Valley of so~ltheastern Australia only in occasional summers, 
following heavy rainfall with extensive flooding. These conditions encourage 
explosive increases in the populations of waterbirds, which appear to be the 
principal reservoir, and the mosquito vectors, notably Culex an~~u l i ros f r i s .  

Rocio Encephalitis 

The flavivirus responsible for Rocio encephalitis, first isolated in 1975, has 
been assnciated with several outbreaks of encephalitis in Brazil. Wild birds are 
the probable vertebrate reservoir, and potential vectors include Psoroplrzorn 
ferox and Aidc*s scaprlnrrs. 

West Nile Fever and Kunjin Virus Infection 
_ ._ ._ - - - ..... . - -  

West Nile virus is maintained in a Culex-bird cycle; i t  also infects ticks. It is 
endemic in rural Africa, southern Europe and Central Asia, India, and the Far 
East. Usually it causes a dengue-like illness, very rarely encephalitis. Unlike 
the case with many other flaviviruses, virus can often be isolated from the 
blood early in the illness. The related Kunjin virus is quite common In Austra- 
lia and occasionally causes encephalitis in humans; like West Nile virus, it can 
be lethal in horses. 

Tick-Borne Flavivirus Encephalitis 

The tick-borne encephalitis viruses are members of a serocompfex ot 15 re- 
lated tick-borne viruses ltlzat includes Russian spring-summer encephalitis 
virus and  Central European encephalitis virus, as well as Omsk hemorrhagic 
fever virus and 13~wassan virus. Unlike mosquitoes, ticks are present 
throughout the year even in temperate ctimates and often live through more 
than a single breeding cycle of their host. The eggs of ticks develop suc- 
cessively through stages (larva to nymph to adult), and a blood meal is gener- 
ally rcqujred at each stage. Tick-borne flaviviruses are passed from one devtl- 
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oprnenfal stage (instar) to another (tr-nrrsslodinl frnns~~tissrnrr) as well as  from 
one generation of tick to the next (frntrsormr~nl frnnsrrrission) (set Fig. 14-3). 
Some species spend their whole lives on one vertebrate host, whereas others 
fall off, molt, then find a different host after each meal. The larvae and 
nymphs generally parasitize birds or small mammals such as rodents, wherc- 
as adult ticks prefer larger animals. Domestic and farm animals such as  cattle, 
sheep, and goats are important in the spread nf these viruses to humans, who 
can be infected by tick bite or by the ingestion of raw milk. Formalin- 
inactivated vaccines are available for use against tick-borne encephalitis in 
Eastern Europe. 

The closely related Ravivirus of Britain, Eouping ill, is maintained in a 
tick-grouse cycle and is transmissible to sheep, in which if causes a rapidly 
lethal disease. Rarely, louping ill virus is transmitted to humans by ticks or 
occupationally by contact with infected sheep tissues, producing a relatively 
mild rneningoencephalitis. 

Tick-Borne Flavivirus Hemorrhagic Fevers 

The Omsk hemorrhagic fever virus of Siberia, the Kyasanur Forest disease 
virus of India, and the Powassan virus of North America and Russia are 
closely related to the tick-borne encephalitis viruses but cause hemorrhagic 
fever instead. Water voles are the reservoir hosts of Omsk hemorrhagic fever 
virus, but humans are usually infected by direct contact with the blood or 
excreta of the muskrat, an animal imported from America in the early 1900s. 
Rodents are the principal vertebrate reservoir of Kyasanur Forest virus, but 
monkeys may serve as amplifiers; m,oreover, infected ticks are also carried to 
domestic cattle and goats and the deer and anteIopes in nature reserves, 
hence the concentsa tion of human cases acquired along cattle tracks in  My- 
sore State forests. Powassan virus infects srnalE mammals in the northern 
United States, Canada, and Russia and is rarely transmitted to humans. 

Hepatitis C 

Wifh the intr80duction of sensitive assays for screening blood for hepatitis B 
virlis in the late 1970s, it was anticipated that posttransfusion hepatitis would 
be virtually eliminated, but this was not lo be. There remained a substantial 
residue of cases which were called non-A, non-B hepatitis (NANBH). The 
causative agent remained frustratingly elusive for over a decade and has still 
not been convincingly cultured in zritro nor visualized by electron miscro- 
scopy. NevertheIess, in 1989, a team of mr~lecular biologists in the United 
States succeeded in an ambitious assignment which seemed to many to be 
unacliievable. The ingenious protocol they devised serves as a prototype 
whi,ch could be appIied in the future to the discovery not only of additional 
NANBH viruses but also of many other currently unknown noncultivable 
infectious agents. 

Bradley and colleagues had previously demonstrated that hepatitis could 
be transmitted to chimpanzees by inoculation of factor VIlI known to have 
been contaminated with an agent that had caused non-A, non-B hepatitis in 
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hemophiliacs. Filtration studies had indica ted the size of the causative agent the glycoprotefns E l  and E2, suggesting thal thcsc crivelope proteins are 
to be of the order of 40-50 nm, while a buoyant density of 1 .I glcm3 and subject to immune selection in z~irw. However, the relationship between ge- 
sensitivity to chloroform suggested it to be an enveloped virus. The reason- notypes and serotypes has yet to be sorted out. 

able assumption was made that plasma from chimpanzees that had devel- Viral Replica tion 
oped chronic hepatitis following inoculation with factor VIII would constitute 
a good source of the putative virus, and that virions could be concentrated Little is currently known about the replication cycle, as no simple cell 
from the plasma by ultracentrifugation. Total DNA and RNA was extracted culture system has yet been discovered. Replication probably occurs exclu- 
from the pellet, denatured l o  single strands, and reverse-transcribed using sively in the cytoplasm. Dense reticular cytoplasmic inclusions and convo- 
random primers that prime the transcription of any single-stranded nucleic luted membranes ar'e conspicuous by electron microscopy in hepa tocytes 
acid. The resulting complementary DNA was cloned into the bacteriophage from infected chimpanzees. IrnmunoRuorescence reveals viral proteins, 
hgtll  expression vector, which was then used to infect bacteria. Bacterial mainly NS3 and NS4, confined to the cytoplasm. Full-length plus and minus 

colonies were then screened for production of any antigenic polypeptide 
RNA strands as well as  a full-length double-stranded IUVA (replicative form) 

sequence recognizable in an imrnunoassay by serum taken from chronicalEy have been found by in s i fu hybridization in the cytoplasm of infected liver, 
infected patients, assumed to contain antibody against the putative virus. and apparently also in T lymphocy tes. Consistent with the transcription strat- 
Aftcr screening about a million such random cDNA clones, a single clone egy of other flaviviruses, no subgenomic RNAs have been detected by north- 
capable of binding antibodies from several infected individuals was found! ern blot analysis of hepatocytes; it is reasonable to assume that a single poly- 
This DNA was then used as a hybridization probe to derive a larger overlap- protein translated from the single long ORF is systematically cleaved at the 
ping clone from the cDNA library, which in turn was used to identify the full- appropriate motifs by viral and cellular proteases. 

length (9.5 kb) plus sense ssRNA hepatitis C viral genome. ~ventually the 
complete nucleotide sequence of the genome was determined by isolating Pathogenesis and Clinical Progression 
overlapping cDNA clones using hybridization probes based o n  the sequences 
of previous clones. 

In many developed countries today hepatitis A, B, and C are about equally 
common. Acute hepatitis C is clinically similar lo hepatitis A and B, and the 
reader is referred back to Chapters 22 and 23 for descriptions. The major 

Properti'es of Hepatitis C Virus differences are as follows, The incubation period of hepatitis C, though rang- 

The genome of hepatitis C virus (WCV) is a single 9.5 kb molecule of ssRNA of jng up  to several months, averages 6-8 weeks. About 75% of infections are 

positive polarity, with a gene order characleristic of the family Flauiviridae. A subclinical. Clinical infections are generally less severe than hepatitis B, hav- 
single long QRF encoding a polyprotein of about 3000 amino acids is flanked ing a shorter pretcteric period, milder symptoms, absent: or less marked jaun- 
by untranslated 5' and 3' sequences, each containing short direct repeats and dice, and somewhat lower serum alanine aminotransfelrase (ALT) levels, 

taking the form of a hairpin. The 3' terminus is not polyadenylated. The which often fluctuate widely. The case-fatality rate from fulminant hepatitis 
structural proleins occupy the 5' quarter of the ORF, and the nonstructural is 1% or less. However, HCV leads much more commonly lo chronic liver 

proteins the remainder. The gene order, namely, 5'-47, E l ,  E2fNS1, NS2, NS3, disease than does HBV. At least 50% of all patients with hepatitis C remain 
NS4, NS5-3', closely resembles that of other members of the Flnviviridae. continuously or erratically viremic with moderate elevation of ALT levels for 

Structural protein C is highly basic and presumably represents the core (cap- 
at least a year or two, and often much longer. Most of these are asymptomatic 

sid) nf the virion; EI and E2 are glycoproteins, presumably both membrane carriers or mild cases of chronic persistent or chronic active hepatitis which 
proteins as in the genus Pestivirus, although it is possible that E2 may be the spontaneously resolve, but up to 20% progress to cirrhosis. Indeed, one U.S. 
equivalent of the nonstructural protein NS1 of the genus Flnvioirus, which is study suggests that hepatifis C may be as important a cause of cirrhosis in that 

otherwise missing from hepatitis C virus. Of the four other nonstructural country as alcoholism, and more common than hepatitis B. 
proteins, it can be deduced from characteristic motifs that, as lor other mem- There is also a clear correIation between chronic HCV infection and the 

bers of the Sinz~iuirirlac, NS3 carries serine protease activity in its amino- development of hepatocellular carcinoma (HCC), more than 90% of MBV- 

terminal half and helicase activity in its carboxy-terminal half, whereas NS5 negative cases in some countries being HCV antibody positive, but proof of 
has RNA-dependent RNA polymerase activity, and NS2 and NS4 may be etiological association may have to await controlled prospective studies. Be- 
comparable with the membrane-binding proteins postulated to be required by cause the HCV genome is RNA, and reverse transcriptase is not involved in 

other flaviviruses during membrane-assnciated replication. 
its replication, it is unlikely that integration of cDNA is involved as with HBV- 
associated HCC. 

Classificn tion Little is known of the pathogenesis of HCV infection. Using ihe limited 

Analysis of PCR products after reverse transcription of the genome range of assays currently available to study the progress of infection in chim- 

hepatikis C viruses from around the world reveals significant heterogeneity in panzees and humans, certain facts have emerged. The major target cell seems 
nucleotide sequence, indicating the existence oi a t  least a dozen genotypes. to be the hepatocyt,e, but there is also evidence suggesting viral replication in 
Whereas differences occur in all genes, there are hypervariable regions within leukocytes and perhaps other cells. Viremia is detec.table by PCR within 
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days of infection and lasts for wttks or months before resoluticln in most 
cases, but it may persist for years in chronic carriers, often fluctuating errat- 
ically. Whether these swings reflect rractiva tion of virus, with or without 
acrnmpanying relapses in clinical hepatitis, and if so what triggers them have 
yet to be resolved. Although antibodies continue to be made, and most of the 
virus is bound i r ~  virus-antibody complexes, the infection is not eliminated. 
Indeed, chimpanzees that have recovered from HCV infectiun can be rein- 
fected with the homologous (or heterologous) strain of virus. Humans also 
frequently experience multiple episodes c ~ f  acute hepatitis C, but it is currently 
unclear whether these are exogenous reinfections with the same or another 
strain or reactivation of the original infection. 

Laboratory Diagnosis 

In 1990 the first specific diagnostic test for hepatitis C virus was licensed for 
the screening of bIood donors in the United States. A cDNA clone represent- 
ing part of the HCV genome was expressed in yeast to produce a recombinant 
antigen (fusion protein) corresponding to a large portion of the nonstructural 
protein, NS4, and this antigen was employed in an enzyme immunoassay to 
detect antibodies to that particular protein in the serum of potential blood or 
organ donors. However, this first-generation EIA was not sufficiently sensi- 
tive or specific, and it was replaced by a second-generation version based on a 
recombinant yeast chimeric protein comprising the three most conserved 
HCV proteins, C, NS3, and NS4. Although this cloned antigen, which lacks 
the hypervariable E l  and E2 proteins, fails to distinguish between putative 
serotypes or strains of the virus, it does identify hepatitis C antibody in u p  to 
95% of posttransfusion non-A, non-B hepatitis cases and has replaced the 
first-generation EIA in blood banks and elsewhere. Because of the slow and 
variable development of antibodies postinfection, there is a window period of 
about 3 months before the test registers positive. 

Of course, assays for antibody do not distinguish between acute, chronic, 
and past infection. Because about 5040% of HCV infections progress to the 
chronic carrier state it is currently prudent for blood banks to discard all HCV 
antibody-positive blood, but for the purposes of clinical management it is 
imporlanl to develop addibonal tests. Assays for IgM antibody have nolt 
proved to be particularly useful. lmmunoassays probing for antigen are not 
sufficiently sensitive to pick up the low titer of virus present in serum. The 
I'CR is much more sensitive and successfully detects the viral genome from 
about 2 weeks postinfection but may miss some chronic carriers because of the 
fluctuating; levels of viremia in any given patient over the years. Immu- 
nofluarescence and in  situ nucleic acid hybridization are invaluable tools fur 
studying pathogenvsis in virro but are of diagnostic value only on biopsy and 
autopsy specimens. There is an  obvious need for a reproducible system for 
isolation of HCV in cultured cells. 

Epidemiology 

In most Western countries the prevalence of antibodies to hepatitis C virus is 
around 1% in blosd donors, but this may underestimate the prevalence in the 
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community as a wt-tole. While blood transfusion and factor VIIl have been 
major sources of infection in the past, they have already declined as a result of 
more rigorous selection of donors and can be expected to fall off much mclre 
rapidly with the introduction of second-generation (and later) EIAs for 
screening in blood banks. Today the must clearly identifiable infected cohort 
are intravenous drug users, the majority of whom are inf~cted. Whereas these 
three parented risk groups account for about half of all HCV infections, the 
route of infection of the remainder is a mystery. There is some evidence that, 
like HBV, HCV may be shed in genital secretions and saliva, as well as in 
blood. Heterosexual promiscuity seems lo correlate with HCV seropositivity; 
however, presumably because of the lower circulating virus titer, sexual trans- 
mission does not appear to be as important as with HBV. The same applies to 
perinatal transmission: it appears to be relatively uncommon except when the 
mother is infected with HIV as well as MCV. 

Control 

The surprisingly poor homologous immunity that has been reported to follow 
infection of chimpanzees does not augur well for prevention of hepatitis C by 
vaccination. Nevertheless, experimental vaccines based on rnolecularPy 
cloned envelope proteins are in the pipeline. Provided the preparation is 
highly immunogenic and attention is given to any antigenic variation evident 
in natural strains, thmere is some hope of success. 

Inlerferon cc injected subcutaneously at a dosage ol 2-3 million units 
thrice weekly for 6 months reduces ALT levels to normal in about half of 
chronic hepatitis C patients, but all except about 20-25% of these relapse after 
withdrawal of the drug. Higher doses are no advantage, but patients with less 
severe disease or those treated before cirrhosis sets in appear to have a better 
chance of long-term response. Ribavirin may have a compdrable effect. HCV- 
induced cirrhosis is one of the cnmmonest indications for liver transplanta- 
tion, but endogenous recurrence of infect~on is a major pmblem. 
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The family Corol~aviridae embraces over a dozen major host-specific pathogens 
of mammals and birds, displaying tropism for the respiratory tract (e.g., avian 
infectious bronchitis virus), the enteric tract (transmissible gastroenteritis vi- 
rus of swine), or the liver and brain (rnurine hepatitis virus). No convincing 
evidence has yet been obtained tmo link I-rurnan coronaviruses with serious 
disease affecting any of these systems, but they are an important cause of that 
trivial but annoying disease, the common cold. In addition, particl~s mor- 
phologically resembling coronaviruses are often seen by electron microscopy 
in feces, but it has yet to be established whether they cause gastroenteritis in 
humans. Coronaviruses have the largest genome of all the RNA viruses and 
exhibits a unique transcription strategy of considerable interest to molecular 
biologists. 

Properties of Coronaviridae 

The coronaviruses were so named because the unusually large club-shaped 
peplomers projecting from the envelope give the particle the appearance of a 
solar corona (Rg. 27-1). The virion is pleomorphic, being roughly spherical in 
the case of the genus Coronavirus but often disk-, kidney-, or rod-shaped in 
the case of the genus Tnrovirus, and can range in size from 60 to 220 nm. The 
tubular nucleocapsid, difficult to discern in electron micrographs, is com- 
posed of a phosphorylated nucleoprolein IN) and seems to be connected 
directly to an unusual transmembrane protein, M, which spans the viral 
envelope three times and performs the role normally fillsed by matrix protein 
in other enveloped viruses. A very large (200K), heavily glycosylated enve- 
lope glycoprotein S (for spike) forms the bulky peplomcrs and carries cell 
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Fig. 27-1 Corona77irzdac Negat~vely stained preparation of virions Bar, 100 nm. (Courtesy Dr. 
F A Murphy.) 

binding, membrane fusion, and hemagglutinating activities. The human coro- 
navirus 0C43 also possesses a third glycoprotein, HE (for hemagglutinin- 
esterase) which closely resembles a similar cell-bindinglreceptor-des troying 
enzyme found in influenza C virus. 

The genome consists of a single linear molecule of ssRNA of positive 
polarity, about 30 kh in size, which is 5' capped and 3' polyadenylated, and is 
infectious (Table 27- 1). 

Classification 

Two genera, Coronavirus and Torovirus, contain viruses infecting humans. The 
genus Coronnz~irzrs includes two human serotypes causing respiratory disease, 
the prototype strains being HCV-229E and HCV-OC43, which arc clearly 
disti~iguishable from one another by neutralization or hemagglutination inhi- 
bition. The status of the "human enteric coronaviruses" and human 
torovkruses has yet to be determined. 

TabEe 27-1 
Proper ties of Ci~rortnnirzrlac 

Plcr morp hlc s pherlcal virlon, Coror~aotrus 60-220 nrn (average 100 nm), Tnrnz~rrlis 120-140 nm 
Envelope w ~ t h  large widely spaced, club-shap~d peplornclrs 
Tuhulas nuclcocapsid with helical symmetry 

' 

!,inear plus sense ssRNA genome, 30 kb (range 27-33 kb), capped, polyadenylated, Enf~ctious 
Three nr four structural proteins: nuclenprole~n (N), pepTomer glycnprntcin (S), transrnembmne 

glycrrprr~lcin (M), sarnrtimcs hemagglut~nin-estt~rasc (HE) 
Rcpllcatcs in cytoplasm, genome Itranscrtbed to lull-length minus sense RNA, from which IS 

tmnscnbcd a 3'-et>tcrmir~al nested set c ~ f  mRNAs, only thc unique 5' sequences of which are 
tmnslntrd; hudd~np; into endoplasm~c rt~t~culurn and Golgi cistrrnae, virions released by cxo- 
cy tosls 
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Viral Replication 

The strategy of expression of the coronavirus genome is unique (Fig. 27-2). 
The infectious, plus sense viral RNA is translated dlrcctly, the product of the 
5' two-thirds of the genome being two polyproteins, the larger of u~hich  is 
produced by ribosoma~ frame-shifting; each is posttranslationally self-cleaved 
and the resulting polypeptides assembled to form an RNA polymerase. This 
enzyme is then employed to transcribe a full-length complementary (minus 
sense) RNA, from which in turn are transcribed not only full-length new plus 
strands, but also a 3'-coterminal ~ e s t e d  sel. ofsub~enomic mRNAs. The nesied set 
comprises 5-7 overlapping species of plus sense mRNAs which extend for 
different lengths from their common 3' ends and share a common 70 nucle- 
otide 5' leader sequence. They are generated by a leader-primed mechanism 
of discontinuous transcription, whereby the polymerase first transcribes the 
noncoding leader sequence from the 3' end of the minus sense antigenome, 
then the capped Ieader RNA dissociates from the template and reassociates 
with a complementary sequence at the start of any one of the genes to contin- 
ue copying the template right through to its 5' end. Only the unique sequence 
toward the 5' end which is not shared with the next smallest mRNA in the 
nested set is translated, the product therefore being a unique protein in most 
cases. A puzzling finding is that subgenomic minus sense RNA species com- 
plementary to the nested set of plus sense mRNAs are also present in infected 
cells, giving nse to the intriguing possibility that coronavirus mRNAs may be 
self-replica ting. 

The synthesis, processing, oligomeriza tion, and transport of the several 
envelope glycoproteins have been studied in depth and dispIay some unusual 
features. For example, the envelope protein M, which in some coronavirus 

Gfm~lnlc RNA er( + ) . 5' 3'4, 
w a v e  strand ( - 1 m3' t RNA # proteins 

Template .5' t 

I 
3b 2 -- 30K NS 

...-------- 'L Za -w E3 (HE) - 3 - E 2  
4 -14K NS 

rnRNAs ( + ) c---/L 5 + 13K NS?. I O K  NS 
- 6  6 E l  
i"v 7 - -N  

5' 
C Leader None 

Gtnom~c RNll I + 1 3'& 1 - ,200K NS 

Fig. 27-2 Coronavirus transcriptmn and translation Alfter rclease of the plus strand genomic 
RNA in the cytoplasm, a n  RNA-dependent RNA polymerase 1s synthes~zt>d which transcribes n 
full-length mlnus strand RNA, from which are synthesized (a)newgenomlc RNA,  (b) an overlap- 
ping series of subgenomic mRNAs, and (c) leader RNA The genomrc R N A  and mliNAs are 
capped and polyadcnylatcd (z~gzag line) and form a "nested set" with common 3' ends  anti a 
crlmmon Ieader seqttence on the 5' end Only the unique sequence of thp mRNAs t~c~ward thc 5' 
end is translated, to produce several nonstructural prrjtrins INS) and fclrlr stroclur~il prc~tcins M 
(El), transmembrane glycnprotcin, S (E2), peplomt-r glyct~protc~n; N, nucleoprote~n, and in sonic 
coronaviruses t1E (E3), hemagglut~nin-eslcrase gl ycoprotein. [Modifled from K V I-lcllmcs, rrr 
" h ~ l d s  Viur~lugy" (B N. Relds, D. M Knipe, R.  M Chanock, M. S Hirsch, ] I,. Melnlck, T P. 
Monath, and B Roizman, tds.), 2nd Ed., p 847 Ravttn, New York, 1990 1 
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species contains 0-linked rather than N-linked glycans, is directed exclu- 
s i v ~ l y  to certain ~nternal membranes, namely, cisternae of the endoplasmic 
reticulum and the Golgi complex, as a result of which virions bud only from 
these regions and not from the plasma membrane. The virions are then trans- 
ported in vesicles to the plasma membrane for exit From the cell by exocytosis 
(see Fig. 3-9B). Following their reiease many of the mature enveloped virions 
remain adherent to the outside of the cell. The whole of the replication cycle is 
confined to the cytoplasm, and indeed can occur in enucleate cells. 

Genetic recombination occurs at high frequency between the gemmes of 
different but related coronaviruses, This may be an important mechanism for 
generation of genetic diversity in nature. 

Pathogenesis and Immunity 

The virus remains localized to the epithelium of the upper respiratory tract 
and elicits a poor immune response. No doubt local IgA is important, but this 
has not yet been formally proved. Immunity to the homologous strain lasts 
for a few years at most, hence there is a high rate of reinfection. There is no 
cross-immunity between the HCV-229E and HCV-OC43 serotypes. Moreover, 
it  is  likely that new strains are continually arising by antigenic drift (mutation) 
and shift (recombination). 

Although it is reasonable to assume that virus particles morphologically 
resembling coronavisuses and/or toroviruses which have repeatedly been vi- 
sualized by electron microscopy in feces of patients with gastroenteritis repli- 
cate in the gut, it has yet to be demonstrated unequivocally that they cause 
disease in the human enteric tract. 

Clinical Features 

The typical coronavirus cold is marked by nasal discharge and malaise; cough 
and sore throat are generally not as  prominent as in rhinovirus colds, and 
there is little or no fever. The illness lasts about a week and is of no real 
consequence. The lower respiratory tract is not involved, but coronavirus 
infection may occasionally precipitate attacks of wheezing in asthmatic chil- 
dren, or exacerbate chronic bronchitis in adults. 

Laboratory Diagnosis 

Coronaviruses are difficult to grow in cultured cells and hence are rarely 
recovered from humans. HCV-OC43 and related strains were originally iso- 
lated in organ cultures of human embryonic trachea or nasal epithelium. 
Organ culture is too intricate a technique for a diagnostic laboratory, but some 
strains can be isolated directly in diploid fibroblast lines from human embry- 
onic lung or intestine. Foci of "granular" cells become evident after a week 
and may progress fo vacuola tion before disintegrating; syncytia may form in 
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some cell types. Hemadsorption and h~magglutinaticm are demonstrable 
with strain OC43 only. 

Though rarely called for, the diagnostic method oh choice is direct demon- 
stration of coronavirus antigens in nasopharyngeal aspirates or nasal swabs 
by EIA using appropriate monoclonal antibodies to differentiate strain 229E 
from QC43. EIA is also the most conveni'ent method of screening for anti- 
bodies in serological surveys. Identifi~ati~on and characterization of enteric 
cnronaviruses or toroviruses will not become practicable until a more repro- 
ducible method of culturing them is developed. 

Epidemiology 

Colds are readily transmissible to human volunteers by intranasal administra- 
tion of human coronaviruses. After an incubatioh period of 2-5 days, symp- 
toms develop in about half of those inoculated, and virus is shed for about a 
week. 

Cmoronavirus colds occur mainly in the winter and early spring. A longi- 
tudinal study in the United States indicated that large outbreaks of either 229E 
or 0C43 infection tend to occur with a periodicity of 2-4 years. Adults are 
affected as well as  children because acquired immunity is so  ephemeral. Over- 
all, it is estimated that coronaviruses are responsible for about 15% of a11 
colds. 

The role, if any, of enteric coronaviruses andlor toroviruses in human 
gastroenteritis remains uncertain. Transmission is presumably by the fecal- 
oral route. 
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As the name implies, the pararnyxoviruses were originally classified with the 
orthomyxvviruses under the name "myxoviruses," because of the shared 
properties of hemagglutination and neuraminidase activity exhibited by some 
members of the family. F.Towever, these two groups differ in a number of vital 
respects including the nature of the genome and the strategy of replication, in 
which the Pnmn~yxouiridac resembIe more cIosely the other families in the 
order Mor~o~ie,y~urr~les ,  namely, Rlznl~di~viridne and Filoviridaa. The family Parn- 
vnyxouirdne is in turn subdivided into two subfamiIies, containing a total of 
four genera (Table 28-1). Though few in number, almost all the human para- 
myxoviruses are important causes of respiratory disease in children. The 
parainfluenza and respiratory syncytial viruses are responsible for nearly half 
of the croup, bronchioli tis, and pneumonia in infants. Measles and mumps 
used to be familiar to every mother but have now receded significantly in 
developed countries as a result of successful immunization campaigns. 

Properties of Paramyxovin'dae 

The paramyxoviruses range from I50 to 300 nm or more in diameter and are 
enclosed by a lipid enveIope which is extremely fragile, rendering the virion 
vulnerable to destruction by storage, freeze-thawing, or even preparation for 
electron microscopy. Accordingly, particles often appear distorted in electron 
micrographs and may rupture to reveal the internal nucleocapsid which oc- 

- .  

curs as a single helix-up io 1 prn long (Fig. 28-1; Table 28-2). 
In contrast to the genome of orthomyxoviruses, that of paramyxoviruses 

is not segmented. It consists of a single 15-16 kb molecule of single-stranded 
RNA of negative polarity. l'he genome comprises 6-20 genes separated by 

Subfam~ly Genc~s  Hurnari speclcs 

l'orm~~yxn~~~rr~mc P,tmrrzy~nzvrrrs Human parainfluenza \liruses typcs 1 and 3 
1 1 r l r r s  i luman paralnflucnxa viruses types 2, 4a, 

and 4b, mumps virus 
Mr~rh~llrillr~~s Measles virus 

Pfr~ttn~oorxirraa Prrc~rrncrntrtts I-luman resp~ratory syncytial virus 

conserved noncoding sequences that contain termination, polyadenylation, 
and initiation signals. The gene order is generally conserved within the fami- 
ly though viruses of the genera Pnrntrryxor~irus and Morltilliuirus contain 6 genes, 
Rlihtrlnuivzrs 7, and Pneuvrrovirrrs 10. Whereas the 10 P?reu?rrovirus genes encode 
10 proteins, the 6-7 genes of the other genera encode 10-12 proteins (see 

Fig, 28-1 I~nrnnryxov~r~dac NegativeEy stained virions of a paramyxovirus. (A) Intact virion with 
peplomers vistble at lower edge (0) Partially disrupted virion, showrng nuclrc~capsid (C)  En- 
largement of a porlion of the nucleocaps~d, in longiludinal and cross suctiun. Bars, l(J0 nm. 
(Ctwrtt.sy Dr A.  J. Gihbs ) 
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Table 28-2 
Prc)pcrties nt Pnrnrtryro7)iridnt~ 

- - - - 

Plcc~mnrphic sphenca! v~rion, 150-300 nrn, somelimes filamentous 
Envelope containing two glycoprotc~ns F ( f u ~ ~ c m  protan) and attachment protein HN (hemag- 

glutinin- neuram~nidase) or Id or G; also nonglycosylaled membrane proteln, M 
I-Eelical nuclec~;lpsid, 18 nm (Pnyn~r~,yxorrrrrtmp) [IT 13 nm d~arneter (Prrcurt~nrtrr~nat), NP (or N)  

proteln with assnciated Iranscr~ptase [L) and phosphoprotuin (P) 
L~ncar minus scnse ssRNA genome, 15- 16 kb, with 6-7 genes encoding 10-12 protetns ( h ' a m y x -  

nrtiri~~nc) nr 10 genes encoding 10 protelns (P?trrctnourrt flap) 
Cytoplasmic replication, w ~ t h  budding from plasma membrane 
Syncyt~um formation, cytoplasmic ~nclusions (also nuclear with Morbillivtrus) 

Fig. 28-2 and below). Most of the gene products are structural proteins found 
in the virion itself; their functions are set out in Table 28-3. 

Special mention should be made of the two major membrane glycopro- 
teins because they play key roles in the pathogenesis of all paramyxovirus 
infections. Cell at tachmen t is mediated via the gl ycoprotein variously known, 
for different genera, as H (for hernagglutinin), HN (carrying neuraminidase as  
well as hemagglutinating activity) or G (carrying neither activity, as a result of 
which hemadsorption cannot be used as  a laboratory diagnostic tool for respi- 
ratory syncytial virus). This glycoprotein elicits neutralizing antibodies which 
inhibit adsorption of virus to cell receptors. The other major envelope gly- 
coprotein is known as the fusion protein (F) because it enables the virus to 
fuse cells together to form the syncytia so characteristic of this family (see 
Chapter 5). To acquire biological activity the F protein precursor (F,) must be 
cleaved by a cellular protease into two disulfide-linked polypeptides, El and 

Table 28-3 
Functrons and  TerminoJagy of Virion Proteins in Paramyxoviruses 

Protein Funct~on 

- - 

Genus 

Pnramyxc~virus 
Rlrbliln~l~rus MorbllIivirus P~~c~rrnt~vrrur; 

Attachment protein: hemagglutin~n, FiNn FI GI1 
lnde~clrnn of immunity 

Fusion protein- virus penetration, cell-cell F F F 
spre.ld, inducltion of immunity 

Nucleoprotein prc~tectiot~ of genome R N A  N P  N N 
Transc~iptase gentrme tsanscrrptinnf L and PC' L and P L and P 
Matrlx protein: vir~on corc stab~lity M M M 
Small mcmbra,ne proteins SHr - SHf, M28 

" Alsn carries neuraminidase activtty. 
'' No hemagglutinating actlvlty 

Assr~ciateti with RNA prdymerasc, adenylyl transferasc, and mRNA guanylyl- and methyl- 
t ransf~rase activ~ties 
" Pl~osphclprr>teln. 
I' Rrrhrrln~~rr~~s nnly, certain species nnly. 

Alscl known as  1A. 
Also knr~wn as  22K 
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F,; in certain types of nonpermissive host cells this fails to occur and the 
virions are noninfectious. The F protein is essential for viral penetration of the 
host cell by iusion of the viral envelope with the plasma membrane, and for 
direct intercellular spread by cell-to-cell fusion, as well as perhaps contribut- 
ing to the maintenance of persistent infections (see Chapter 10). Paramyxo- 
virus vaccines, to be effective, must elicit antibodies against the F protein a s  
well as against the other glycoprotein. 

All the paramyxoviruses are labile to the effects of heat or desiccation; 
hence, clinical specimens must be maintained at 4°C and inoculated into ceIl 
cultures without delay. They do  not cause extenswe cell destruction, bu t  syn- 
cytium formation is a regular feattare (see Fig. 5-2C), with acid,ophilic mclu- 
sions in the cytoplasm (and also in the nucleus in the case of Morbilliuirrrs) (see 
Fig. 5-3C). 

Viral Replication 

Paramyxoviruses multiply entirely within the cytoplasm; indeed, some have 
been shown to replicate in enucleated cells. The infecting virion attaches to a 
sialoglyc~protein or glycolipid receptor via the envelope glycoprotein vari- 
ously known as G, H, or MN. The F protein then mediates fusion of the viral 
envelope with the piasma membrane, at physiologic pH. The liberated nucleo- 

Fig. 28-2 Genetic map of a typical member of each of three genera of Pnrrrrnyrr,tlirUnc. Since this 
diagram was drawn i t  has been proposed that the genus Rzrorrry.~077rr~1s be div~ded into two 
genera, Paranryworlirtrs and Rullrtlnrrirrrs (not shown, hut whose genome resembles that taf Pnrn- 
tr~yx~?mirts except that il contains a seventh gcnc, SI-I, between thc F and I iN loci). Hornnlr>gou~ 
genes are ind~calted by the style of shading; the number beneath each gene indicates the number 
of bases it contains. [From D. W. Kingsbury, zlr "Fields V~roEugy" (B N F~clds, D M. Knlpe, R M 
Chanock, M. S IJlrsch, J L Melnlck, T. P. Monath, and R Roizman, eds ), 2nd Ed , p. 948. 
Raven, New York, 1990.1 
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capsid remains intact, all three of the associated proteins (N, P, and L) being 
required for transcriptioli by the viral polymerase. The rninus sense genome 
is transcribed progressively into 6-10 subgenorn~c, generally monocistronic 
mRNAs. 

Whereas most of the genes encode a single protein, the P gene encodes 2- 
5 distinct proteins in the case of the various genera of the subfamiIy Pnmnlyx- 
ou~rirlnc. It is extraordinary that this applies only to one particular gene, yet 
that different strategies for maximizing the coding potential of this gene have 
evolved in different genera. For example, the Mnrbillivirus and Resyirovirus 
P/C/V gene encodes four proteins, the production of which entails two dis- 
tinct mechanisms: internal initiation of transIation, and insertion of nontem- 
plated G residues ~ n t o  mRNA to shifl the reading frame to that of an other- 
wise inaccessible open reading frame. Whereas the P protein itself is 
translated from a iaithfuI mRNA copy of the complete gene, the smaller C 
protein is read in a different reading frame following initiation of translation 
ftclrn an internal initiation codon. On the other hand, the V (NS1) protein 
displays N-terminal homology with I' but thereafter has a distinct amino acid 
sequence because an extra 4; residue is inserted into its mRNA during tran- 
scription by polymerase site-specific stuttering ("editing," see Chapter 3). 
Since this frame is distinct also from that used to translate protein C, all three 
possible reading frames are utilized to read that section of the P/C/V gene! In 
the case of parainfluenza virus type 3, a fourth protein, D, is translated by 
insertion of two nontemplated G residues. 

The genus Rubrllnztirzls was recently separated from the genus Pararnyxo- 
zlirus, largely because of a different P gene strategy. Faithful transcription of 
this gene yields mRNA that is translated into the V (NSI) protein, whereas 
insertion of two nontemplated G residues shifts the reading frame to produce 
protein P; with mumps virus insertion of four G residues produces yet anoth- 
er protein, I. Rubulaviruses also lack a C protein ORF, but some species have a 
seventh gene which encodes a smaIl integral membrane protein, SH. Pneu- 
moviruses have 10 genes, all of which encode a single brotein, except for 
some overlap between M2 and L; the four additional genes not found in the 
paramyxoviruses alnd lnorbilliviruses are two small integral membrane pro- 
teins, SM and M2, plus two nonstructural proteins, NS1 and NS2. 

As the concentration rrf N protein builds up in the cell, these molecules 
are believed to associate either with the transcriptase or with the nascent plus 
strands, preventing the polyadenylation, termination, and reinitiation events 
Lhat characterize the "transcription mode" and enabling a switch to the "repli- 
cation mode" in which full-length plus strands ('~antigenomes") are made. 
These, in turn, serve as templates for RNA replication. Newly synthesized 
minus strands associate with N protein and transcriptase to produce nucleo- 
capsids, which eventually associate with the M protein attached to those areas 
on the apical surface of the plasma membrane into which the HN (or H or G )  
and F glycoproieins have migrated. Enveloped virions are released by bud- 
ding. ?'he F protein, which must be proteolytically cleaved to render the 
virion infectious, causes infected cells to fuse with adjacent uninfected cells, 
thus enabling transfer clC infectious n~~clcocapsids and evading circulating 
antibodies. 

I 

Measles 

Until recently measles was perhaps the best known of all the common child- 
hood diseases. The characteristic maculopapular rash, with coryza and con- 
junctivitis (Fig. 28-31, was familiar to every mother. However, as a con- 
sequence of the development of an effective live vaccine and vigorous 
implementation 05 a policy of immunization of every child, the United States 
and a few other countries have reduced the incidence of this disease so  dra- 
matically that many young doctors have never seen a case. The objective now 
must be to match this performance in the rest of the world, including the 
developing countries, where the mortality from measles in malnourished 
infants makes it one of the leading causes of death in children. 

I Palhogenesis and Immunity 

Infection occurs via the respiratory tract. Virions enter the local lymphatics, 
either free or associated with macrophages, and are transported to the locaI 
lymph nodes (Fig. 28-4). Here the virus multiplies without producing much 
cell damage, and there is early spread to other lymph nodes and to the 
spleen. Infected mononuclear cells give rise to rnultinucleated giant cells, and 
T lymphocytes are susceptibIe to infection when they are mitotically active. 
About 6 days after the initial infection viremia occurs and virions are seeded 
to all the epithelial surfaces of the body: oropharynx, conjunctiva, skin, respi- 
ratory tract, bladder, and alimentary canal. Virus deposited in these sites from 
the local blood vessels produces foci which spread toward the epithelia1 sur- 
face. Because the epithelia of the conjunctiva and respiratory tract are only 
one or two cells deep, they undergo necrosis first, some 9-10 days atter 
infection. There is an abrupt onset of iliness with a cough, running nose, and 

Fig. 28-3 
conluncti8 
infection. 

Measles 
vitls in yo! 
(Courtmy 

Note maculopapular 
L I I I ~  child with upper n 
Dr. J Fc~rbes) 

rash and 
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Respiratory symptoms, 
Koplik 

conjunct~vlt~s 
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mucous membranes 

:' Postinfection 
lnfectiv~ty .: encephalomyelit~s 

Growh in 1 
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Fig. 28-4 Pathogenesis of measles (From C .  A .  Mims and D.  0 White, "Viral Pathogenesis and 
Immunology " Blackwell, Oxford, 1984 

inflamed conjunctivae. It seems likely that immune responses contribute to 
the respiratory damage, malaise, and fever, which appear at  this stage and get 
steadily worse until the rash appears. Mucosal foci ulcerate on about the 
eleventh day, to produce the characteristic Koplik's spots in the mouth. By the 
fourteenth day, just as circulating antibodies become detectable, the charac- 
teristic maculopapular rash appeafs and the fever falls. This skin rash is due 
in large part to cell-mediated immune responses to viral antigens (type IV 
hypersensitivity; see Chapter 9). Measles decreases the resistance of the respi- 
ratory epithelium to secondary bacterial infection, hence pneumonia, si- 
nusitis, or otitis media may supervene. In irnmunocornpromised patients, 
especially those with impaired cell-medial ed immunity, giant cell pneumonia 
may occur, sometimes several months after the acute infection and often with 
liatal consequences. Measles also provides the classic example of increased 
severity of a disease due to the effects of malnutrition, as discussed in 
Chapter 7 

$nrnetimes central nervous system disease occurs, usually after infection 
in visceral organs has come to an end. Three syndromes have been recog- 
nized. Acute postinfectious measles encephalitis is rare in children less than 2 
years of age but occurs in about 1 in ZOO0 cases of measles in older children, 
with a case-fatality rate of 15%, and is the principal reason for vaccination 
against measles in the First World. I1 develops during the first week after the 
onset oi the rash, with a sudden onset and recurrence of fever. There is little 
or  n o  production of virus in the brain; however, myelin basic protein is found 
in the cerebrospinal fluid (CSF), and patients' T lymphocytes are often reac- 
tive to myelin. The pathogenesis appears to involve autoimmune demyelina- 
tion (see Chapter 9). In contrast, subacute measles enc'ephalitis occurs only in 
imrnunocompr~ornised children, usually within 6 months of the rash; if may 
be rapidly progressive and is attributable to failure to elirnina te virus-infected 
cells because of: the lack of cytatoxic T cells. FinalIy, subacute sclerosing panen- 
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cephalit~s (SSPE) occurs years after the acute disease; it too is always fatal, and 
is characterized by very slow replication and spread of measles virus in the 
brain. Although it  is difficult to isolate measles virus from the brain of a 
patient with SSPE, some neurons contain very large accumulat~ons of measles 
virus nucleocapsids; sequencing of the viral genome reveals numerous muta- 
tions in the M gene and to a lesser extent in other genes. The pathogenesis of 
SSPE was discussed in Chapter 10. 

In the less developed countries of Africa and South America the case- 
fatality rate of measles is of the order of 3-6%, sometimes higher; this is 
several hundred times that in developed nations. Factors associated with the 
increased severity of measles in developing countries include young age at 
the time of infection, lower socioeconomic status, crowding, concomitant 
diarrhea, malnutrition (including vitamin A deficiency), lack of access to 
health care, and underlying immunodeficiency from a variety of causes. In 
addition to the direct mortality caused by measles, increased overall mortality 
rates are found in children who have had measles during thse previous 9 
months compared with children who have not. 

Essentially all primary measles infections give rise to clinically manifest 
disease. The resulting immunity is effective1 y lifelong; second attacks of mea- 
sles are virtually unknown, even in totally isolated -es where 
subclinical boosts to immunity cannot have occurred for decades (see Chapter 
14). As these data suggest, there is only one serotype of measles virus; al- 
though a small number of amino acid subsfitutions are demonstrable in the H 
protein over the years they do not appear to be sutficient to provide variants 
with significant selective advantage in a naturally infected population. AI- 
though adoptive transfer of neutralizing antibodies against either the H or F 
glycoprotein confers excellent shorl-team protection against challenge, T cells 
raised to the internal nucleoprotein (N) are also protective, presumably by 
expediting recovery. 

Clinical Features 

Following a prodrome marked by fever, cough, coryza, and conjunctivitis, an 
exanthem appears on the head and spreads progressively over the chest, 
trunk, then limbs. The rash consists of flat rnacules that fuse to form blotches 
rather larger than those of other viral exanthems. They are slow to fade and 
often leave the skin temporarily stained. 

Common complications include otitis media, croup, bronchitis, and bron- 
chopneumonia. Bacterial pneumonia is the usual cause of death when rnea- 
sPes kills malnourished children. ImmunoPogically deficient children can die 
from measles virus-induced giant-cell pneumonia or from acute progressive 
fnfectious encephalitis (measles inclusion body encephalitis) with no sign! sf a 
rash. However, the most dangerous complication of measles is acute postin- 
fectious encephalitis, which occurs in about 1 in every 1000 cases and ~nflicts a 
mortality of about 15'70, with permanent neurologic sequelae in many of the 
survivors. Subacute sclerosing panencephalitis (SSPE) is a very much rarer 
complication, developing in only about 1 in  every 300,000 cases, some years 
after apparent recovery from the original infection. 
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Laboratory Diagnosis 

The clinical dingnosis of measles is so straightforward that the laboratory is 
rarely cnllril on for help. Cultivat~on of the virus is difficult and slow, hence is 
not usually attempte'd; if cultivation is successtully accon~plished, multinucle- 
abed giant cells containing numerous acidophilic ~ncIusions in cytoplasm and 
nuclei are diagnostic (see Fig. 5-3C). Measles antigen can be identified by 
imnlunofluorescence in cultured cells or, more simply an'd quickly, in cells 
aspirated directly from the nasopharynx. However, the best approach nowa- 
days is IgM capture EIA using as antigen either sonicated virus or re'combi- 
nant DNA cloned measles N protein. Serology IS also employed to screen 
populations for their immune status. Hemagglutination inhibition (MI) was 
traditionally used for this purpose, but ETA is more convenient and more 
sensitive. 

Epidemiology and Control 

The epidemiology of measles prior to the introduction of vaccination in 1963 
was discussed fully in Chapter 14, while in Chapter 7 we said something of 
the tragic situation in the developing world where over a million rnalnour- 
ished infants die annually from this readily preventable disease. In Chapter 
15 we d~scussed prospects of eradication olt measles by vaccination. 

A live measles vaccine was developed originally by Enders then further 
attenuated to produce the Schwarz vaccine used today. Jn the developed 
world t h ~ s  vaccine should be administered subculaneously to every child at 
about 15 months, after maternal antibody has completely disappeared. Se- 
roconversion occurs in 95-98% of recipients at this age, compared with as few 
as 50% i f  vaccirlated at 6 months. The antibody titers that result from vaccina- 
tion, even at the optimal age, are anything up to 10-fold lowmer than folIowing 
natural infection, but they do generally persist for many years at protective 
levels. Trivia1 side effects are not uncommon, particularEy mild fever (in about 
10%) andtor transient rash (5%). 

By 1983 indigenous measles had all but disappeared from the United 
States, where immunization of children prior to entry into school car day-care 
centers is required by law, and the declared goal of measles eradication from 
that colrntry seemed within reach. Since 1989, however, there has been a 
mark'ed increase in the annual number of cases, particularly among unirn- 
mnnized preschool infants of racial and ethnic minorities in inner city areas. 
'Thus, i f  is important to redouble the effort to vaccinate all children, concen- 
trating particularly on unirnmunized immigrants, the poor in inner city ghet- 
tos, and if possible the conscientious objectors. In addition, however, several 
outbreaks have occurred in c8011ege students, most of whom were vaccinated 
in inlancy. Serological surveys indicate that the percentage of people with 
protective levels nf immunity falls progressively from 95-98% over the years 
lolIowing vaccination. Moreover, with relatively little virus circulating in the 
community to boost s u c l ~  waning immunity, there is a danger that nonim- 
mune vaccinated nr unvaccinated adults might first encounter the virus at an 
age when complications arc more severe. Accordingly, it is now recom- 
mended that all children receive two doses nf measles vaccine: the first at (12 
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to) 15 months (as combined measles-mumps-rubella vaccine, MMR) plus a 
booster just prior to entering either klndergartenifirst grade (4-6 years of age) 
or junior high school (11-12 years). 

In the developing world, where there is high mortality from measles in 
infants in the first year of life, imrnunizatlon is a top priority of the World 
Health Organization (WHO), as part of the Expanded Immunization Pro- 
gramme. In these areas maternal immunity declines more rapidly than in 
developed countries, and infants become susceptible to measles, and to mea- 
sles vaccination, by 6-9 months of age. The WHO recommends measles vac- 
cination at 9 months or as soon as possible thereafter. Ideally, the optimum 
age for vaccination should be determined for each individual country, and a 
second dose should be given later in case of primary vaccination failure. 
Maintenance of the "cold chain" is also vital in the tropics. Today's vaccines 
are less heat-labile and are supplied freeze-dried, permitting storage at 4°C 
until reconstift~tion immediately before use 

In 1990 the WHO recommended the use in such high-risk areas a s  West 
Africa of very high dosages of a less attenuated live virus strain, the 
Edmonslon-Zagreb vaccine, which induces immunity at  6 months of age 
even in the presence of residual maternal antibody. However, it was soon 
demonstrated statistically that vaccinees wer'e more likely to die of infectious 
diseases other than measles than were those immunized at 9 months with the 
standard Schwarz vaccine. This paradox suggests that this particular strain, at 
such high dosage, suppresses T-ceI1 immunity to a dangerous degree. Even 
more puzzling is the finding that girls are affected significantly more often 
than boys. In 1992 the WHO acted promptly to suspend the use of the high- 
titer Edmonston-Zagreb vaccine. 

Passive inimunizatiun still has a place in protecting unvaccinated chil- 
dren, particularly immunocomprornised children, following exposure to mea- 
sles. Id administered promptly, pooled normal human immunoglcrbulin will 
abort the disease; if given a few days later, the disease may still be modified. 
No antiviral agent is effective against measles, but bacteria1 superinfections, 
such as pneumonia or otitis media, require vigorous chemotherapy. 

Mumps 

Clinical Features 

The comical spectacle of the unhappy young man with face distorted by 
painful edematous enlargement of parotid and other salivary glands, unable 
lo eat or talk without discomfort, is familiar music-hall fare, often spiced w ~ t h  
the innuendo that the case is complicated by a well-deserved orchitis! Epi- 
didymoorchitis is indeed a painful development which occurs in 25% of all 
mumps cases in postpubertal males and may lead to atrnphy of the affected 
testicle. A wide variety of other glands may be involved, includ~ng the pan- 
creas (quite commonly), ovary, thyroid, and breast (more rarely). Benign men- 
ingeal signs are detectabIe in at least 10% of all cases of mumps, and clinical 
meningitis, sometimes presenting without parotid involvement, occurs often 
enough to make mumps the most common srngEe cause of this disease. Fnr- 
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tunateIy, the prognosis 1s very much better than with bacterial ~neningitis, 
and sequelasr are rare. Mumps encephalitis, on the other hand, though much 
less frequent, is a more serious development. Unilateral nerve deafness is an 
uncommon but important long-term consequence. In infants, mumps infec- 
tions are often symptomless or present as respiratory infections. 

Laboratory Diagnosis 

The classic case of mumps (Fig. 28-5) can be identified without help from fhe  
laboratory, but atypical cases and meningoencephalitis present a diagnostic 
problem. Virus can be isolated from saliva (or from swabs taken from the 
orifice of Stensen's duct), from trsine (mumps virus being one of the few 
viruses readily isolated from the latter source), or from CSF in patients with 
meningitis. Primary cultures of primate kidney cells have been largely re- 
placed by continuous human cell lines such as H292, derived originally from a 
human lung mucoepidcrrnoid carcinoma. The readout is hemadsorption, and 
Emmunofluorescence confirms the diagnosas. However, mumps is more com- 
monly diagnosed by serology. IgM capture ETA allows rapid diagnosis of 
mumps meningoencephalitis, while EIA can also be used to screen for IgG to 
monitor immune status in vaccination studies. 

Epiderni~I~agy 

Mumps is transmissible by direct contact with saliva or by droplet spread, 
from a few days before the onset of symptoms until about a week after. 
Mumps does not show the dramatic periodicity of the other pararnyxoviruses 
but tends to cause sporadic cases throughout all seasons, with winter-spring 
epidemics every few years. A dramatic decline in the incidence of mumps has 
been recorded in the United States since the introduction of the vaccine (see 
Fig. 15-1). 

Control 

The live attenuated vaccine, derived by passage in chick fibroblasts, may be 
used alone in adolescent males, for example, military recruits, but in many 
countries irrcludiaig the United States is administered to 15 month old infants 
in the form of a combined measleslmumpslrubella (MMR) vaccine. Protective 
levels of antibody against mumps are conferred by a single subcutaneous 
injection in at Eeast 90% of recipients and persist for at least 20 years. The 
vaccine is relatively free of side effects, although occasional mild allergic reac- 
tions occur. 

In the United States, there have been indications recently that the 98% 
reduction in the incidence of mumps since the introduction of the vaccine is 
not being cr~nsistently maintained and that cases are now occurring in unvac- 
cinated adolescents and young adults, in whom the risk of complications is 
higher. As with measles, this polnts up  the importance of attaining universal 
coverage whenever a policy of widespread immunization of indan ts is 
adopted, and reinforces the desirability of a booster dose of MMR vaccine on  
entering high school or college. 

I Parainfluenza Viruses 

Fig. 28-5 Mumps. Note swelIing of parotid and other salivary glands (Courtesy Dt J Forbes.) 

Parainfluenza Viruses 

Parainfluenza viruses are common human respiratory pathogens. In the main 
they produce relatively harmless upper respiratory tract infections (URTI), but 
they are also the commonest cause of a more serious condition in young 
children known as  "croup" and occasionally cause pneumonia. Human para- 
influenza virus types 1 and 3 belong to the genus P~rnmyxoz~irus, whereas 
types 2, 4a, and 4b are now classified with mumps virus in the genus 
Rubulauirus. 

Clinical Features 

Primary infection, typically in a young child, generally manifests itself as 
coryza and pharyngitis, often with some degree of bronchitis and low fever. 
However, there are two more serious presentations which are seen in 2-3% of 
infections (Table 28-4). In an infant, especially under the age of 6 months, 
parainfluenzavirus type 3 may cause bronchiolitis and/or pneumonia clini- 
cally indistinguishable from that more commonly caused by the respiratory 
syncytial virus (see below). In somewhat older children c6 months to 5 years) 
parainfluenzavirus type 1 and, to a lesser extent, type 2 are the major cause of 
croup (laryngotracheobronchitis). The child presents with fever, cough, 
stridor, and respiratory distress which may occasionally progress to laryngeal 
obstruction requiring fntubation or tracheotomy. 

Laboratory Diagnosis 

Traditionally, parainfluenza viruses have been isolated in primary human or 
monkey kidney cells; since these cells have become no longer generally ob- 
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Table 28-4 
Clinical and Epidrrniolog~c Feature.; crf ParainfIuen~a and Rcsp~ratory Syncyt~al Virus Infections 

V~rus Major syndrome Age Ep~dem~olngy 

Parainflucnza 1 and 2 Croup Rrst 5 years Autumn ep~dcmrc 
Parainfluenza 3 Bronchiolitis, pneumonia Flrst year Endemic 
Para~nflutnza 4 Upper rcsplratnry ~nfect~on Children Endemic 
Rcsplratnry syncyhal virus Rronchir~litis, pneumonia First year Wintrr epidemic 

tainable, they have been replaced by continuous cell lines such as H292. 
Trypsin is added to the maintenance medlurn to ensure cleavage of the viral F 
protein. Parainfluenza viruses multiply rather slowIy and cause little cyto- 
pathic effect (CPE), except in the case of type 2 which induces syncytia. Viral 
growth is detected by hemadsorption of guinea pig red cells (see Fig. 5-2D). 
Differentiation from other hemadsorbing respiratory viruses may then be 
rnade by fluorescent antibody staining of the infected monolayer or by hem- 
agglutination inhibition using virus from the cell culture supernatant. 

Today, however, the pendulum has swung toward more rapid diagnostic 
techniques, notably immunofluorescence (IF) and EIA on nasopharyngeal 
aspirates. Immunofluorescence is used to demonstrate antigen in exfoliated 
ceFLs, wliereas EIA or RIA is sufficiently sensit~ve to detect free antigen in 
mucus suitably solubilized to liberate intracellular as well as extracellular pro- 
tein. 

Epidemiology 

Like other respiratory agents, parainfluenza viruses are spread by droplets 
and by contact with respiratory secretions. The incubation period ranges from 
2 to 6 days, and shedding continues for about a week. Parainfluenza viruses 
are highly transmissible, infecting most children by the age of 5 years. In- 
deed, type 3 infects the majority of infants within the first year or two of life 
and can spread within hospitals and babies' homes, causing cases of pneu- 
monia and bronchiolitis. Types 1 and 2 tend fo cause croup, whereas type 4 
produces only trivial illness. Reinfections with any given type of para- 
influenza virus commonly occur, allhough clinical disease is generally mild 
and confined to the upper respiratory tract the second time round. 

Control 

Several types of experimental parainfluenza type 3 vaccines have shown some 
degree of protectiomn in rodent or primate mod~Is .  However, formidable prub- 
lems militate against parainfl~~enza vaccines achieving wide acceptability. 
first, the immunity that follows natural infection with parainfluenza viruses 
is poor, and it is unrealistic to expect any vaccine to do more than limit the 
challenge virus to the upper respiratory tract. Second, in order to protect 
infants during the first months of Iife when parainfluenza 3 can be a threat, 
any vaccine would need to be administered shortly after birth, when immune 
responses are weakest and maternal antibodies are present. Third, in light of 
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the worrying experience with earlier inactivated respiratory syncytial virus 
and measles vaccines, which actually potentiated the disease occurring on 
subsequent challenge, subunit vaccines would also need to undergo very 
careful clinical trials before licensing. 

Respiratory Syncytial Virus 

Respiratory syncytial virus (RSV) is the most important respiratory pathogen 
of childhood, being responsible for about half of a11 cases of bronchiolitis and 
a quarter of all cases of pneumonia during fhe first few months of Iife. 

Pathogenesis and Immunity 

The virus multiplies in the mucous membranes of the nose and throat; in the 
very young and very old it may involve the trachea, bronchi, bronchioles, and 
alveoli. The incubation period is 4-5 days. Fatal cases usually show extensive 
bronchiolitis and pneumonitis with scattered areas of atelectasis and emphy- 
sema resulting from bronchiolar obstruction (Figs. 28-6, 36-1, and 36-2). 

A challenging unanswered question is why severe lower rcspiratnry dis- 
ease develops only in certain very young infants. Undoubiedly the airways of 
such young babies, being narrower than those of older children, are much 
more readily obstructed by inflammation, edema, and shedding of necrotic 
cells into copious mucus. However, this does not explain why only a minority 
of these small infants develop bronchiolitis. There is evidence that the condi- 
tion may have an immunologic basis. 

Many years ago, an! experimental formalin-inactivated RSV vaccine was 
tested in children. When the immunized children encoui.ltered RSV during a 
subsequent epidemic, they actually suffered significantly more serious lower 
respiratory disease than did unimmunized cnntrols. It was subsequently 
demonstrated that, although the formalin-inactivated virus induced a good 
antibody response, the antibodies did not have good neutralizing activity. 
This alarming occurrence led not only to the abandonment of the killed vac- 
cine but also to speculation about the immunologic basis of the episode and its 
possible relationship to natural RSV bronchiolifis. The first hypothesis was 
thal maternal IgG, present only in young infants, might react with virus 
multiplying in the lung to produce a hypersensitivity reaction of the Arthus 
type. However plausible, this idea had to he abandoned when a negative 
correlation was demonstrated between the titer of maternal antibody an'd the 
severity of the RSV-induced illness. Anti-RSV IgE as well as  histamine and 
leukotrienes have been reported in respiratory secretions of infants with RSV 
bronchiolitis. There is also evidence in rodent models that cytotoxic T cells, 
while expediting recovery by eliminating infected epithelial cells, may nev- 
ertheless exacerbate the symptornatology by augmenting the inflammatory 
response. The last word has yet to be spoken on t h ~ s  important but complex 
question. 

Immunity acquired as a result of RSV infection is notoriously poor. Fur 
example, during the annual winter epidemics that plague babies' homes, the 
nlajority ol children become reinfected; the severity of the iIlness is generally, 
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Fig. 28-6 Radiographs of lungs of a baby with respiratory syncytial viral bmnchiolitis and 
pneumon~tis. Note grossly overinflated lung fields with depression of the diaphragm and bulg- 
ing of the anterior chest wall in the lateral virw. (Courtesy Dr. H WilIiarns and Dr. P. Phelan ) 

but not always, diminished the second time. This poor immunity is partially 
explicable by the fact that the immune response of infants to the protective F 
and C glycoproteins is very weak. However, studies in adult volunteers 
showed that they, too, became reinfectable experimentally within a year or so 
following natural infecti'on with a similar strain of virus. Cotton rats can be 
protected against RSV pneumonia by immunization wilh F or G protein, or 
with high-titer neutralizing monoclonaI antibodies raised against either. The F 
protein generally induces the higher antibody titers and confers a degree of 
heterotypic as well as homotypic immunity; the less immunogenic G protein 
confers protection only against strains within the same group or subgroup. 

None of this answers the question of whether naturally acquired immu- 
nity, such as it  is, is principally attributabl'e to antibody and, if so, wh~ether 
serum IgG or secretory IgA is paramount. If is possible that IgA protects 
(poorly) against infection of the upper respiratory tract but that IgG protects 
the lungs rather more effectively. Clearly, maternal antibody fails to protect 
infants beyond the first 6 weeks or so of life, even though it is generafly 
transferred at quite high IeveSs. A role for cell-mediated immunity, presum- 
ably Tc cells, is indicated by the finding that immunization with a vacckia 
recombinant bearing the RSV internal N nudeoprotein is also protective, not 
by preventing infection, but by expediting recovery. Children with congenital 
T-cell immunodeficiencies have been shown to excrete RSV from their lungs 
far months followinn infection. Furthermore, RSV is a much less effective 
inducer of interferon synthesis in normal infants than are influenza and para- 
influenza viruses. 

Clinical Features 

The commonest manifestation of RSV infection in a11 age groups is a febrile 
rhini tis andlor pharyngitis with limited involvement of bronchi However, 
the consequences may be much more serious in certain babies between the 
second and sixth months of life. Almost 1% of all babies develop an RSV 
infection severe enough to require admission to hospital, and of these about 
1% die, particularly those with congenital heart defects, bronchopulmonary 
dysplasia, very low birth weight, or immunodeficiency. Characteristically, an  
infant with rhinorrhea develops* a pronounced cough and wheezing, pro- 
gressing to dyspnea with a markedly elevated respiratory rate and hypoxemia 
(Fig. 28-7). Death may occur very rapidly and may account for a proportion of 
cases of the so-called sudden infant death syndrome (SIDS). RSV infections in 
children also frequently involve the middle ear, making this virus the most , 
important causal agent of otitis media. Of the children who recover from a 
severe pulmonary infection with RSV, some retain evidence of impaired lung 
function for years and in particular are predisposed to recurrent bouts of 
wheezing (asthma). 

In older children and adults, RSV infections are reinfections against a 
background of partial immunity. The disease resembles a cold, with or with- 
out cough and fever. However, in the elderly, during winter epidemics of 
RSV, and in immunosuppressed transplant patients, severe pneumonia can 
occur. 

Although all strains of RSV are considered to belong to a single species, 
they may be divided into two major groups by genomic and antigenic analy- 
sis. The E protein is serologicalIy cross-reactive, but the G protein is group- 
specific; strains within each group can be differentiated using selected an ti-G 
monoclonal antibodies. Group A strains are somewhat commoner than B and 
may be more often associated with severe disease. 

Fig. 28-7 Respiratory syncytial viral bronchiolitis. Thc baby 1s ma~ntained In an oxygen tent 
(Courtevj Dr H. Williams and Dr P. Phelan ) 
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Laboratory Diagnosis 

Three diagnostic methods of approximately equal sensitivity are currently 
favored by different laboratories: (1) isolation of the virus in cell culture, (2) 
immunnfluoresccnce on exfoliated cells, and (3) enzyme imrnunoassay on 
antigen from nasopharyngeal mucus. 

Virus may be recovered from a nasopllaryngeal aspirate (see Fig. 12-1E) or 
nasal wash by inoculalion of cultured cells. The extreme lability of RSV makes 
it mandatory that the specimen be taken early in the illness and that it be 
added to cultured cells without delay and without preliminary freezing. Hu- 
man heteroploid cell lines such as HeLa or HEp-2 are the most sensitive, 
though human embryonic lung fibroblasts may also be used. Up to 10 days 
may elapse before the characteristic svncytia become obvious (see Fig. 5-ZC), 
although a trained eye can usually deiecharly CPE by about the thirz to fifth 
day. Fixation and staining generally reveal extensive syncytia containing ac- 
idophilic cytoplasmic inclusions, but some strains produce only rounded 
cells. Absence of hemadsorp tion distinguishes RSV from all the other para- 
myxnviruses. Definitive identification can be established by IF as soon as 
early CPE first becomes apparent. 

Although only one species of human RSV is currently recognized, strains 
can be aIlocated into groups A and B, then into various subgroups by EIA 
using monoclonal antibodies to the G protein. Monoclonal antibody can also 
be used for IF on exfoliated cells aspirated from the nose andlor oropharynx. 
This method has the advantage of speed and, in addition, can produce a 
positivne result even if the specimen is taken too late to expect viabIe virus still 
to be available for culture, or ~f the virus is neutralized by bound IgA. How- 
ever, the preferred option today is detection of detergent-solubilized antigen 
by EIA: which is as sensitive and as specific as either of the foregoing meth- 
ods. Using :appropriate monoclonal antibodies as capture and detector re- 
agents, EIA can detect as little as 10-50 ng of antigen and lends itself to 
automation in large diagnostic or reference laboratories. 

For epidemioIogic surveys, serum antibodies can be assayed most readily 
by EIA using recombinant DNA-cloned antigens, hut serology is not custom- 
a r~ ly  used tor diagnosis because (I) r;atisfactrry antibody responses do  not 
regularly occur and (2) venipuncta~re of a tiny infant is not to be undertaken 
lightly. 

Epidemiology 

.-- Respirati~ry syncytial virus is highIy contagious, being shed in respiratory 
secret~ons for several days, sometimes weeks, and conveyed by contact to a 
generally susceptible population, including those with prior experience of the 
virus but with a negligible degree ol acquired irnrnunily Not surprisingly, 
therefore, RSV causes a sharply defined epidemic every winter (see Fig. 14-1). 
Most children become infected in itl~ejr first year or two, then reinfsections 
occur repeatedly throughout life. 

During a given epidemic, one or more strains from both group A and 
group €3 may cocirculate, even in the same city. This resembles the pattern 
observed with influenta t y p ~  B but differs from that of influenza A, in which 
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one variant (or a small number of variants) with the particular constellation of 
mutations best equipping it  to escape herd immunity dominates the scene to 
the exclusion of all others. The epidemiologic, immunologic, and clin~cal sig- 
nificance of these RSV variants remains to be .eslablished. 

Nosocomial ~nfedions  are frequent. Outbreaks occur in neonatal wards of 
maternity hospitals, sometimes inflicting high mortality. Moreover, hospital 
staff and parents of babies with RSV bronchiolitis often develop febrile colds 
andlor pharyngitis, and staff are largely responsible for spreading the virus 
within the ward via aerosol, fomites, and direct contact. 

Control 

lrnprovements in intensive care faciIities have led to a marked reduction in the 
mortality from RSV pneumonia. Ribavirin (see Chapter 16) reduces the severi- 
ty and dlrralion of the ~llness as  well as the titer of virus in the lungs. A 
nebulizer is used to generate a srnaII-particle aerosol into the oxygen tent, 
hood, ventilator, or mask for 12-18 hours per day for 3-6 days. Since the 
magnitude of the benefit is still in dispute and the cost of the treatment is very 
high, it  is currently advocated only for infants who are severely ill, vcry 
young, or otherwise considered to be at high risk. 

The success of neutralizing anti-G or anti-F antibodies in preventing or 
even treating experimental RSV infections in cotton rats encouraged clinical 
trials of purified, high-titer human IgG administered intravenously for the 
treatment of RSV bronchioIitisJpneum~onia in infants. Some benefit was dern- 
onstrated and the trials have been extended to prophylaxis of RSV in high-risk 
infants during winter epidemics. Recently, human monoclonal Fab fragments 
against the F protein, isolated from a cornbinatorial antibody library ex- 
pressed on the surface of bacteriophage, have been shown to neutralize RSV. 
Whereas Fab fragments may suffice for delivery by aerosol, intact human 
monoclonal antibodies will he required for parenteral administraticln to hu- 
mans. 

Nosocomial transmission via medical and nursing staff must be mini- 
mized by giving proper attention to such matters as hand washing, wearing 
gowns, gloves, and perhaps masks when undertaking high-risk duties, as 
well as segregation of RSV-infected patients, and temporary redeployment of 
staff with respiratory infections to avoid transmission of RSV to high-risk 
infants. 

Following the disappointment with the inactivated vaccine in  the late 
1 9 6 0 ~ ~  workers at  the U.S. National Institutes of Health have been struggling 
valiantly for over 20 years to develop a genetically stable, cold-adapted, and 
temperature-sensitive RSV strain for use as a live vaccine for intranasal ad- 
ministration. Others are working on vaccines comprising just the F protein, 
either purified from lysed virions by affinity chromatography or genetically 
engineered using a baculovirus expression system. In  light of the paradoxicai 
experience with Forrnalin-inactivated vaccinc, however, the testing of any 
RSV vaccine will have to be approached with special caution. Moreover, the 
principal target group for a safe RSV vaccine would be very young, especially 
sickly inlants in babies' homes and hospitals. A satisfactory immune response 
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to a vaccine at this very 
be exceedingly difficult to achieve. 
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The family Rhabdoviridac encompasses more than 150 viruses of vertebrates, 
invertebrates (mostly arthropods), and plants, the virions of each having a 
distinctive bullet-shaped morphology. The only important human pathogen 
is rabies virus; vesicuiar stomatitis, which sometimes causes severe epizootics 
in horses, is an occasional, mild zoonotic disease. 

Rabies virus is the cause of one of the oldest and most feared diseases of 
man and animals and was recognized in Egypt before 2300 B.C. and in an- 
cient Greece, where it was well described by Aristotle. The most lethal of all 
infectious diseases, rabies also has the distinction of having stimulated one of 
the great early discoveries in biomedical research. In 1885, before the nature 
of viruses was comprehended, Louis Pasteur developed, tested, and applied 
a rabies vaccine, thereby opening the modern era of infectious disease pre- 
yen tion by vaccination. 

Properties of Rhabdooiridae 

Rhabd'oviruses are approximately 70 nm wide and 170 nm long, and consist of 
a lipid envelope with glycoprotein peplorners surrounding a helically wound 
nucleocapsid, which gives the viruses their distinctive bullet-shaped or coni- 
cal morphology (Fig. 29-1). Tlie viruses contain a single linear molecule of 
minus sense ssRNA, 11-12 kb in size. Rhabdovirus virions contain five major 
proteins which, for the genus Cyssauirus, are designated as follows: L [tran- 
scriptase, with 5'-cip methylase, 3'-pollys(A) polymerase, and protein kinase 
activities]; G (glycoprotein peplomer with hemagglutinin activity, target of 
neutralizing antibodies); N (nuclelapcotein); NS, or P, or MI (phosphoprtatein, 
binds to L and promoter); and M, or M2 (matrix protein). 
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Table 29-1 
r ropcr t~es  of Rhnbdoviruses 

h n  genera include human palhoge~ls L,yssnz~rrrrs (rahics virus) arid Vr~1culnr1rrrts (vestcular sto- 
mahtis vlrus) 

Bullet-sl1apt.d envclopcd v~rion, 1711 x 70 nm, with glycoprot~in yeplomers, matr~x protein under 
hpoprclte~n envelope 

Nucleocaps~d wlth hcl~cal symmetry 
Llnear minus sense ssRNA gentlme, 11-12 kb 
Cytoplasmic rrpljcation; viral transcrrptase [ranscribes five mnnocistron~c mRNAs which are 

translated into five prntetns transcriptase (I,fP), nucleoprotein (N), matrlx protein (M), glyco- 
protrin peplomer (G).  and phosphoprotein (P or NS) 

Maturation by budding through plasma membrane 
Vesicular stomatitis causes rapid cytnpathology; rabies virus is noncytopathogenic 

Classification 

Two genera, Vesiculoz~irus and Lyssnuirus, have been defined among the rhab- 
doviruses of animals; within each genus, species are distinguished by neutral- 
ization tests, which recognize epitopes on the G glycoprotein. The genus 
Vcsiculoeirus includes some 35 serologically distinct viruses, only one of which 
causes hrlman infection. The genus Lyssavirus comprises rabies virus and 
three rabies-like viruses from Africa: Mokola, Lagos bat, and Duvenhage 
viruses. Each of these viruses is capable of causing rabies-like disease in 
animals and humans. 

Fig. 29-1 Rhta~do~~rrrdoc (A) Section of fox salivary gTand infected with rab~es v i rw (B. C) 
Negatively stained preparations of (B) vesicular stomat~tis virus and (C) rabies virus. Bars, 100 
nm (Cnnr t~sy  Vr  F A. Murphy) 

Properties of Rhabdouiridne 
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Fig. 29-2 Genome structure of vesicular stomatitis vlrus and its mode of replication Wide bars 
indicate genes and their relative sizes; narrow bars indicate noncoding nucleotide sequences; the 
long narrow bar indicates (+) strand complementary RNA Thc N protein-RNA core plus the NS 
and L proteins comprise the transcription complex Polyadenylation, signdled by the conserved 
sequence AUACUUUUUUU at the end of each gene, occurs by a "stuttering" mechan~sm. RNA 
replicat~on occurs through a replicat~ve intermedlat~ (+ I - )  dsRNA le, leader, N, nucleoprotern; 
P (NS), nonstructural protein; M, matrix protein; G, peplomer glycoprotein, L, with P, comprises 

1 RNA polymerase. 

Viral Replication 

Laboratory-adapted ["fixed") and wiId-type ("street") rabies virus, and ves- 
icular stomatitis virus, replicate to high titer in the brains of suckling mice and 
in many kinds of cell cultures. Most of our-knowIedge of rhabdovirus replica- 
tion comes from studies of vesicular stomatitis virus (Fig. 29-2). 

Virions bind to receptors via glycoprbtein G ,  enter the cell by endocytosis, 
and are uncoated, releasing the nucleocapsid into the cytoplasm where all 
subsequent events occur. Primary transcription by the viral transcriptase corn- 
plex (L + P) produces five monocistronic rnRNA species in the order N, P 
(NS), M, G, and L. Each of these is 5' capped and 3' polyadenylated by the 
multifunctional enzyme encoded by the L protein. Because there is only a 
single promoter it is postulated that polyadenylation occurs via polymerase 
slippage at each intergenic stretch of seven U residues and that, with an 
efficiency of less than IOU%, the transcriptase complex then moves on to the 
next open reading frame. This is consistent with the observation that the five 
genes are transcribed in decreasing molar abundance from N at the 3' end 
through to t at the 5' end od the genome. Transition to the replicatican mode 
requires synthesis of a protein, thought to be N protein, which s~~rnehow 
enables the polymerase to read through all the intergenic transcription termi- 
nation, polyadenylation, and capping signals to produce a full-length authen- 
tic complementary copy of genomic RNA. Both plus and minus strands asso- 
ciate with nucleoprotein, but only minus strands associate with M and trigger 
budding from those areas of plasma membrane that contain glycoprotein C. 

Replica tion of vesicular stoma ti tis virus usually causes rapid cytopathol- 
ogy (thought to be attributable to inhibition of cellular mRNA transcription by 
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protein M), but the replication of rabies virus 1s usually noncytopathic. Defec- 
tive interfering (Dl) virus particles are commonly formed during rhabdovirus 
replication. These are shorter and have a smaller RNA molecule than normal 
infectious particles, with complex deletion mutations in their genome (see 
Chapter 4). 

Rabies 

Rabies virus can infect all warm-blooded animals, and in nearly all instances 
, .  the infection ends in death. Rabies occurs throughout the world, with the 

exception of Australia, Japan, Great Britain, and many smaller islands such as  

/ 
Hawaii and most of the islands of the Caribbean basin. Dog rabies is still 
important in many parts of the world; virus in the saliva of infected dogs 
causes most of the estimated 75,000 human rabies cases that occur each year 

1' worldwide. In many countries of Europe, and in the United States and Cana- 

/ da, wildlife rabies has become of increasing importance as a threat to humans. 

Pathogenesis and Immunity 

Infection by the bite of a rabid animal usually results in deposition of rabies- 
infected saliva deep in the striated muscles, but rabies can also occur, albeit 
with less certainty, after superficial abrasion of the skin, Initially, virus replli- 
cates in the muscle cells or cells of the subepithelial tissues until it has reached 
a sufficient concentration to infect motor and sensory nerves in the muscle or 
skin by binding specifically to the acetylcholine receptor or other receptors 
and entering nerve endings. Neurortal infection and centripetal passive 
movement of the viral genome within axons delivers virus to the central 
nervous system, usually via the spinai cord initially. An ascending wave of 
neuronal infection and neuronal dysfunction then occurs. Virus reaches the 
limbic system, where it replicates extensively, and the release of cortical con- 
trol of behavior leads to "furious" rabies. Spread within the central nervous 
system continues, and when replication occurs in the neocortex the clinical 
picture changes to "dumb" rabies. Depression, coma, and death from respira- 
tory arrest follow. 

In the many species of animals that transmit rabies by biting, virus moves 
centrifugally from the central nervous system down peripheral nerves to a 
variety of organs: adrenal cortex, pancreas, and most importantly the salivary 
glands. In the nervous system most virus is assembled on intracytoplasmic 
membranes; the cells are not Iysed, so that little virai antigen is released to 
stimulate host defense mechanisms. In the salivary gland, however, virions 
bud apically from plasma membranes at the luminal surface of mucous cells 
and are released in high concentrations into the saliva. Thus, at the time 
when viral replicalion within the central nervous system causes the infected 
animal to become furious and to bite indiscriminately, the saliva is highly 
infectious. 

On histopathologic examination there is little evidence of brain damage, 
yet electron microscopic or fluorescent an tibody studies show that alrnos t all 
neurons are infected. There is minima1 cellular destruction to match the ex- 
tensive neurologic dysfunction seen in the disease. 

Rabies T 
Although rabies proteins are highly immunogenic, neither humoral nor 

cell-mediated responses can be detected during the stage of movement of 
virus from the site of the bite to the central nervous system, probably because 
very little antigen is delivered to the immune system (most is sequestered in 
muscle cells or within nerve axons). However, t h ~ s  early stage of infection is 
accessibie to antibody, hence the efficacy of the classic Pasteurian postinfec- 
tion vaccination, especially if  combined wifh the administration of hyperim- 
mune immunoglobulin. Immunologic intervention is effective during the 
long incubation period because of the delay between the initial viral replica- 
tion in muscle cells and the entry of virus into the protected environment of 
the nervous system. 

Clinical Features 

Following the bite of a rabid animal the incubation period is usually between 
14 and 90 days, but may be considerably longer. Cases have been observed in 
rabies-free countries, Like Australia, in which the last opportunity of infection 
occurred u p  to 6 years earlier. After a prodromal phase of fever, malaise, and 
often paresthesia around the site of the bite, muscles become hypertonic and 
the patient becomes anxious, with episodes of hyperactivity, aggression, 
and convulsions. Paralysis is often a major feature. Delirium, coma, and 
death follow. 

Laboratory Diagnosis 

It is important that the laboratory diagnosis of rabies in animals be under- 
taken in approved laboratories by qualified, experienced personnel. The most 
common request is to determine whether an animal known to have bitten a 
human is rabid. If clinical observation by a veterinarian suggests rabies, the 
suspect animal must be killed and brain tissue collected for testing by direct 
imrnunofluorescence to demonstrate rabies antigen in touch impressions of 
brain tissue (medulla, cerebetlrr m, and hippocampus; see Fig. 12-6). If neces- 
sary, postmortem diagnosis can also be performed using the polymerase 
chain reaction (PCR) with primers that amplify both genomic RNA and viral 
mRNA sequences from the brain. For anternortern diagnosis in humans and 
animals, immunofluorescence or PCR assays on skin biopsy, corneal impres- 
sion, or saliva specimens can be used. Paraestlnesia at the site of a known 
animal bite is a strong indication for testing humans for rabies infection, but 
by the time signs of encephalitis appear it is too late to expect treatment to be 
effective. Only positive resuIts are of diagnostic value, since the lack of sensi- 
tivity of these procedures does not exclude an infection. Virus can be isolated 
in a high-security laboratory by intracerebral inoculation of suckling mice, or 
in a neuroblastoma cell line, with confirmation by irnmunofluorescence. 

Epidemiology, Prevention, and Control 

Rabies virus is not stable in the environment and in usual circumstances is 
only a risk when transmitted by the bite or scratch of a rabid animal, although 
in bat caves, where the amounts of virus may be very high, it can be transmit- 
ted via aerosol. Human to human transmission (via saliva?) has been reported 
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only very rarely and has never been proved, except iatrogenically, for exarn- 
pie, via corneal transplantation from donors dying of undiagnosed rabies. 

'The control of rabies in d~fferen t countries of the world poses very differ- 
ent problems, depending on whether they are frce of the disease, whether 
they are ind~~strialized or developing countries, and whether vampire bat 
rabies is a problem. 

Ra bies-Free Countries 

Rigidly enforced quarantine of a11 dogs and cats for 6 months before 
importation has been effectively used lo exclude rabies from Australia, Japan, 
New Zealand, Hawaii, and several other islands. Rabies did not become 
endemic in wildlife in the United Kingdom and was eradicated from dogs in 
that country in 1902 and again in 1922, after its reestablishment in the dog 
population in 1918. 

Developing Countries 

In most countries of Asia, Latin Arner~ca, and Africa, enzootic dog rabies 
is a serious problem, marked by significant domestic animal and human 
mortality. In these countries, large numbers of doses of human vaccines are 
used, and there is a need for comprehensive, professionally organized, and 
publicly supported agencies active in the following areas: (1)  stray dog and cat 
elimination, and control of the movement of pets (quarantine may be called 
fur in emergencies); (2) immunization of dogs and cats, so as to break the 
chains nf virus transmission; (3) laboratory diagnosis, to confirm clinical ob- 
scwa tions and obtain accurate incidence data; (41) surveillance, to measure the 
effectiveness of ail control measures; and (5) public education programs to 
ensure cooperation. 

Industrialized Countries 

Fox rabies is enzootic in several countries of Western Europe, in the Appa- 
lachian Mountain regions of the United States, in Ontario, and in polar areas 
inhabited by the arctic fax. Skunk rabies is common in central North America, 
from Texas lo Saskatchewan, where if is the principal cause of rabies in cattle. 
Racoon rabies in the United States began a gradual northern movement from 
Florida in the 1950s, following the importation of raccoons for sporting pur- 
poses, causing an explosive epidemic in Virginia, Maryland, Pennsylvania, 
and the District of Columbia in the 1980s, and in New Jersey, New York, and 
Connecticut in the 1990s. Historically, rabies control in wildlife has been based 
on anma1 population reduction by trapping and poisoning, but in the past 
few years, fsox immunization, by the distribution of baits containing an attenu- 
a te'd live-virus rabies vaccine, appears to have been highly successful in re- 
ducing transmission in Switzerland and Germany The question of whether 
immunization of other wildlife species will be useful, especially in more com- 
plex ecosystems, will depend on (1) the population density of the target 
species, (2) further research on the safety and efficacy of orally ingested wild- 
life vaccines, (3) delivery systems appropriate for each reservoir host species, 
and (4) solution of legal and jurisdictional problems. Many of these problems 
are now being solved and comprehensive field studies are in progress, includ- 
ing trials with a vaccinia viru s-rabies glycoprotein recombinant. 
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Lnfin America 
In several countries of Latin America vampire bat rabies is a problem to 

both hurna ns and livestock industries. Here control efforts have depended on 
the use of bovine vaccines and more recently on the use of anticoagulants 
such as diphenadione and warfarin. When vampire bats feed on the blood of 
treated cattle, they suffer fatal hemorrhages In their wing capillaries. 

Vaccination 

Rabies is the only human disease that can be prevented by active immuniza- 
tion after infection ["postexposure" vaccination), because the infecting event 

Table 29-2 
Rabies Guide for Human Postexposure ProphyIaxlsR 

Condit~on of animal Treatment of 

Animal species at time of attack exposed person" 

Domestic animals 
Dog, cat 

Wild animals 
Skunk, bat, fox, coyote, 

raccoons, bobcat, wood- 
chuck, ather carnivnres 

Other 
L~vestock, rodents, rabb~ts, 

hares 

Healthy and available for 10 None, unless animal devel 
days of observahon ops signs of rabiesc 

Rabld or suspected rabid lmmed~ate rabies immr~ne 
globullnd and  vaccine^ 

Unknown (escaped) Consull publ~c health off~cial; 
if treatment rs ~ n d ~ c a t c d ,  
give r a b i ~ s  immune 
globulin and vaccine 

Regard as rabid unless Rabies immune p l ~ b u l i n ~ ~  
proved negative by lahora- and vacclner' 
t o y  testsf or from gen- 
graphic area known to be A 

rables-free 

Consider individually; public health off~cials should be con- 
sulted about the need for rabies prophylaxis; b~ tcs  of sqnir- 
reIs, hamsters, guinea pigs, gerb~ls, chipmunks, rats, mice, 
other rodents, rabbits, and hares almost never call for anti- 
rabies prophylaxis 

In applying these recommendations, take into account thc animal species invnlved, the clrcum- 
stances of Ihc bite nr exposure, the vaccination status of the animal, and presence of rabies in the 
region Public health offic~als should be consulted if questions a r m  about the need lor rabies 
prophylaxis 
'' All bites and wounds should imm'ediately be thorougllly cleans~d with snap and water If 
antirabies treatment is ~ndlcated, both sables immune globulin and vacclne should be given as 
soon as  possible, regardless nt the interval from exposure. 
I If during the IO-day observation pcr~cld a dog n r  cat should exhlbit clinical signs of rabies, ~t 
should be lmrnediateEy k~tled and tested, and  treatment of the exposed individual with serum 
and  varclne should be started. 
11 I f  wbles imenrlne glc~bulin is not ava~lable, use equlnt. antirabies serum Do not rrse more than 
the recommended dosage Anticipate possible need to treat for serum sickness 

Five 1 -ml intramuscular doses to be grven on days'0.3,7,14, and 28 The WHO recommends an 
optlmal sixth dose at 90 days. Local reactions to vaccines are common and d o  not contraind~cate 
continuing treatment. Discontinue vaccine if fluorescent antlbody tests of the animal are nega- 
five 
f The animal should bc killed and tested as  soon as  possible; holding for observation is not 
recommended. 
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is recognizable and the incubation period is long. In addition, "preexposure" 
vaccination of occupationally at-risk humans is regularly and successfuily 
practiced. 

Rabies vaccines have come a long way since the days of Pasteur. Early 
vaccines were made from infected brain material and were associated with 
serious side effects, but excellent cell culture vaccines are now available. To- 
day's vaccines are grown from attenuated virus in human diploid fibroblasts 
or Verc? cells, then inactivated with P-propiolacfone or split into subunits with 
tri-!I-bufyl phosphate. Moreover, poxvirus-rabies glycoprotein recombinant 
vaccines are undergoing clinical trials in humans. In addition to active immu- 
nization, persons at risk should be given rabies immune globulin intra- 
muscularly and around the bite. Remarkably, prompt administration of rabies 
immune globdin (after thorough cleansing of the wound) and commence- 
ment o f  a full course of vaccine reduce the mortality from this frightening 
disease from virtually 100% to zero. A comprehensive guide on human post- 
exposure treatment is provided by the U.S. Centers for Disease Control (Table 
29-2). 

Individuals occupationally or otherwise at risk of rabies should be pro- 
phylactically immunized. These include laboratory personnel working with 
rabies virus, veterinarians, animal control and wildlife workers in rabies- 
enzootic areas, and certain travelers visiting such areas. Preexposure immuni- 
za tion consists of three doses of modern cell-culture vaccine, 1.0 ml intra- 
muscularly, one each on days 0, 7, and 28, with a booster (or serological 
confirmation of adequate antibody level) every 2 years. 

Vesicular Stomatitis 

Vesicular stomatitis virus is zoonotic, being transmissible to humans (typ- 
ically, farmers and veterinarians) from vesicular fluids and tissues of infected 
animals, but there are no practical measures of preventing occlrpationaI expo- 
sure. The disease in humans resembles influenza, presenting with an acute 
onset of fever, chills, and muscle pain. It resolves without complicat.ions 
within 7-10 days. Human cases are not uncommon during epizootics in cattle 
and horses, but because of lack of awareness few cases are reported. Human 
cases can be diagnosed retrospectively by serological methods. 

Further Reading 

Adv~sory Committee on Immurtizahon Practices, Centers for Dlsease Control. (1991). Rabies 
prevention-United Statcs, 1991 Morb. Mortal. Wkly Rep. 40(RR-3}, 1. 

Uacr, G M , ed (1991) "The Natural )-Elstory of Rabies," 2nd Ed., Vols 1 and  2. CRC Press, Boca 
Raton, Florida 

Racv, G M , Birdbord, K., HUI,  F. W., Shope, R. E., and Wunner, W H., eds. (5988) Research 
lr~ward Rabies Prevention. Rerc l~rfrcf .  Drs lO(Supp1. 4). 

Bacr, C M , B ~ l l ~ n i ,  W. J , and Fishbeln, D. B. (1990). Rhabdoviruses. In "Fields Virology" (B. N. 
fields, D M Knipc, R M C h ~ n n c k ,  M. S Hirsch, j P. Melnick, T. P. Monath, and 
B. Roixman, eds.), 2nd Ed., p 883. Raven, New York 

Banerjce, A. K., and Barik, S (1992) Gene expression of vesicular stomatitis virus genome 
Vrroln~!f 188, 41 7 

Further Reading 483 

R~shop, D. H. L . ed (1980) "Rhabdov~ruses." Vols 1-3 CRC Press, Boca Ratwn, FIorida. 
Cafisher, C 7-1 , Kar.lbatsos, N , ZeIErr, f-l , U~gouttt-, -P , Tcsh, R R , Shope, R E., Travassos da 

Rosa, A P A, ,  and Sf George, T. D. (1989) Antigen~c relat~onships among rhabdnviruses 
from vertebrates and hematophagous arthropods. Irrterr~irnlu~qy 30, 241 

Re~l,  J. S. (1994) Vesicular stomatitis Irr "Handbook of Zoclnoses, 2nd Ed., Section B, Viral" (C 
W Reran, ed ), p 179 CRC Press, Boca Raton, Florida. 

Smith. J. S (1989) Rah~es vlrus epitoplc variation. Use in ecologic studies Adv. Virrrs Rcs 36, 215 . 
Smith, 9 S , Orciari, L A , Yager, P. A., Seidel, H D , and Warner, C K (1992) Epidemiologic 

and h~stor~cal  relationships among 88 rables virus isolates as determined by limtted se- 
quence analys~s. I. 11rfcr t. Drs 166, 2% 

Tsiang, H (1993) Pakhthaphysiology of rabies virus i n f ~ c t ~ o n  of the nervoussystem Adv. Vlrus RL'S 
42, 375 

Wagner, R. R (1990) Rhahdoviridae and their replicat~on Itt "Fields ViroIogy" (B. N. Fields, 
D. M. Knipe, R. M Chanock, M S Hirsch, J.  L Meln~ck, T P Munath, and B Roizman, 
eds ), 2nd Ed., p. 867. Raven, New York. 

World flealth Organizatlon. (1984). WHO Expelt Committee on Rabies Seventh report. WHO 
Tech. Rep St'r 709 World Health Organizatlon, Geneva 



Filovividae 

Properties of Filorriridae. . . . . .485 
Pa thogenesis, . . . .'. 486 
Clinical Features.. . . . .486 
Laboratory Diagnosis. . . . . . a 7  
Epidemiology. . . . , .487 
Prevention. . . . . -487 
Further Reading. . . . . .#8 

. - -  - . -  .~ .--. .-. " - .  

In 1967 837 cases oh hemorrhagic fever, with 7 deaths, ~ ~ ~ c u r s e d  among labora- 
tory workers in Marburg, Germany, and Belgrade, Yugoslavia, who were 
processing kidneys from African green monkeys (Cercopifhecus aethiops) that 
had bee,n imported from Uganda. A bizarre new virus with very long, fila- 
mentous virions was iso'lated from both patients and monkeys; it was named 
Marburg virus. 

Nine years later two further extraordinary epidemics of hemorrhagic fe- 
ver occurred, one in villages in the rainforests of Zaire and then in the local 
hospital, and the other in a cotton factory and then in the local hospital in 
southern Sudan, 600-700 km away. Altogether there were more than 550 
cases and 430 deaths. A virus morphrllogically identical to but antigenically 
distinct from Marburg virus was isolated from patients in each location; it was 
named Ebola virus. ?'he viruses from Zaire and Sudan were slightly different 
and are designated EboIa-Z and Ebola-S, respectively. Since then, sporadic 
human cases of hemorrhagic fever due to Marburg virus have been recog- 
nized in southern Afrlca and sporadic infections with Ebola virus in Sudan, 
Zaire, and  Kenya. 

In 1989 and 2990 several shipments of monkeys imported from the Philip- 
pines into the United States were found to have been infected with a filovirus 
rnn~~plaologically identical and serologicalIy related to Ebola virus. Infected 
monkeys at a holding facility at Reston, Virginia (hence the name Ebola- 
Resinn virus), became ill and some died. There were no human cases nf 
d i s~ase ,  but 14% of persons having close occupational contact with the mon- 
keys tested positive for filovirus antibodies. Serological examination of sev- 
eral thousand cynornolgus monkeys imported into the United States in 1989, 
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from the Philippines and Indonesia, showed that 11.7% had antibody to the 
Reston virus. 

Properties of filoviridae 

Viriuns of members of the family Frloviridnc @lo, threadlike) are very long 
filamentous rods or more compact convoluted forms, each composed of a 
lipid bilayer envelope covered with peplomers surrounding a helically wound 
nucleocapsid (Rg. 30-1). The virions are 80 nm in diameter and have a unit 
nucleocapsid length of 800-1000 nm, but particles as long as 14,000 nm have 
been seen. The genome is a single molecule of minus sense ssRNA, 19 kb in 
size, with complementary end sequences. Virions contain seven proteins; the 
nucleocapsid contains proteins C, NP, VP35, and VP30 (see Fig 30-2). 

Filoviruses replicate well in Vero (African green monkey) cells, as well as 
infecting guinea pigs, hamsters, and monkeys. Viral replica tion in the cy to- 
plasm of host cells is marked by the formation of large inclusion bodies, and 
maturation occurs via budding from the plasma membrane. More detailed 
studies of the relationships between different filoviruses have been handi- 
capped by the difficulty in developing a virus neutralization test. However, 
Marburg and Ebola viruses are distinguishable by small differences in ge- 
nome size and protein profiles, as well as by the absence of antigenic cross- 
reactivity as determined by antibody-binding assays. There are also consistent 
differences in tryptic peptide and oligonuclec~tide f~ngerprints of the Sudan 
and Zaire strains of Ebola virus, but strains isolated in different places and in 
different years in each country are similar. The Ebola-Reston virus, which 
was initiaily identified with polyclonal EboPa antisera, reacts with most but 
not all Ebola virus monnclonal antibodies, but if  differs in its pathogenicity for 
humans. 

The sensitivity of filoviruses to lipid solvents and inactivating agents re- 

Fig. 30-1 Fdorltrrdnc Negatively stained preparat~nn of virions of Ebola virus. Bar, 100 nm 
(Courtesy Dr E A. Murphy ) 
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Fig. 30-2 Gene rrrgan~zaticm of the single-stranded negative sense Masburg vlrus RNA (19 kh) 
Genes arc indicated as  stippled boxes, noncoding regions as  open arms, and conserved inter- 
genic svquences as  heavy vertical lrnes The arrow ~nd~c . i t e s  the pcls~tion of an mRNA overlap 
between VP30 and VP2.2. (Mod~fied from H Feldmann, E Mul~lberger, A.  Randolph, C Will, M. 
P Kilcy, A. Sanchez, and 11.-D. Klenk, V ~ r ~ i s  Rcs. 24, 11 (1992).j 

sembles that of other enveloped RNA viruses. They retain infectivity a t  room 
temperature for several days. 

Viral Replication 

Virions appear to enter cells by endocytosis, and replication occurs in the 
cytoplasm, in which nucleocapsids accumulate to form prominent inclusion 
bodies. Maturation occurs by budding through plasma membranes. The mi- 
nus sense genome contains seven open reading frames (Fig. 30-2), which code 
for the seven known structural proteins. At the gene boundaries there are 
conserved transcriptional stop and start signaIs and a highly conserved inter- 
genic sequence of f~Ve-nUcTeoTidFSI---~ 

Pa thogenesis 

01 a11 the hemorrhagic fevers, Marburg, Ebola-Z, and Ebola-S have the high- 
est case-fatality rates, the most severe hemorrhagic manifestations, and the 
most pronounced liver necrosis. The pathophysiologic changes are still ob- 
scure. There is an early and profound leukopenia, followed by a dramatic 
neutrophilia with a shift to the left, and very little rnonocyte infiltration in 
sites of parenchymal necrosis in the liver, but no unequivocal evidence of 
disseminated intravascular clotting. Antigen is localized in the liver, spleen, 
kidney, and adrenal glands, where virus particles can also be seen by electron 
microscopy. 

Clinical Features 

Infections of humans with Marburg and Ebola viruses cause similar syn- 
dromes, with severe hemorrhages, vomiting, abdominal pain, myalgia, phar- 
yngitis, conjunctivitis, and proteinuria. "She onset is sudden, and progress to 
prostration, profound hypotension, and death is rapid. The mortality rate in 
the known outbreaks has been very high; 25% with Marburg virus, and 60% 
in the Sudan outbreak and 90% in the Zaire outbreak of Ebola virus infection. 
However, all bough several infections of laboratory workers and animal hand- 
lers with the Reston virus were recognized serologically, they were not associ- 
ated with human disease. 
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Laboratory Diagnosis 

The filoviruses are classified as Biosafety Level 4 pathogens and must he 
handled only in maximum security laboratories. Filoviruses can be isolated 
from the blood during the febrile phase, and most strains grow well in Vero 
ceIls. The key to identification is the distinctive morphology as seen by elec- 
tron microscopy. Direct irnrnunofluorescence can be used to identify viral 
antigen in cultured cells, and indirect irnmunofluorescence is used for se- 
rological surveys. 

Epidemiology 

Marburg, Ebola, and Reston viruses are transmissible to humans from pri- 
mates. In all outbreaks, secondary spread between humans appears to have 
been principally due to contact with body fluids from an acute case, although 
respiratory infection may also occur. In the major African outbreaks spread 
was largely within hospitals, owing to the reuse of blood-contaminated sy- 
ringes and/or needles. Serological surveys of people in several parts of tropi- 
cal Africa have yielded a few positive results in several areas where no cases 
of illness have been recognized, suggesting that in such environments milder 
human cases may occur. 

Serological surveys suggest that the Reston virus is widespread among 
wild monkeys of several species in the Philippines, Thailand, and Indonesia; 
Ebola-2, EboIa-S, and Marburg viruses occur among several species of Afri- 
can monkeys. Experience in the United States showed that Reston virus 
caused severe disease in cynomoagus monkeys and spread readily between 
them and to humans, apparently by the aerosol route. It is not known wheth- 
er monkeys constitute the principal resewoil- hosts for any of the filoviruses or 
whether they are merely serving as amplifying hosts. 

Prevention 

Wild-caught monkeys are no longer widely used for vaccine production, part- 
I 

ly because of export prohibitions estabIished by source countries for conserva- 
tion purposes, and most importing countries operate import quarantine pro- 
cedures. In 1990, following the discovery of the Reston virus in monkeys 
imported from Asia, additional IocaI, national, and inhernational primate 
transport and import restrictions were imposed, and protocols to prevent 
filovirus infection in workers in primate facilities were improved. 

If filoviruses are suspected as the cause of disease in humans or in mon- 
keys, consultation and laboratory diagnosis are available from the maximum 
containment laboratories that operate in several countries, susch as Ithe Cen- 
ters for Disease Control in the United States. Specimen transport must be 
arranged in conformance with national: and internat~onal regulat,ions. If hu- 
man cases are diagnosed, they should be treated in isolation wards, with 
barrier nursing and careful attention to prevent nosocomial or respiratory 
spread. 
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Few viruses have played a more central role in the historical development of 
virology than that of influenza. The pandemic that swept the world in 1918, 
just as the First World War ended, killed 20 million people-more than the 
war itself. The eventual isolation of the virus in ferrets in 1933 was a milestone 
in the development of virology as a laboratary science. During the ensuing 
two decades Burnet pioneered technological and conceptual approaches to 
the study of the virus in ernbryonated eggs. His system became the accepted 
laboratory model for the investigation of viral multiplication and genetic inter- 
actions until the early 1950s, when newly discovered cell culture techni'ques 
transferred the advantage to poliovirus. Memagglutination, discovered acci- 
dentally by Hirst when he tore a blood vessel while harvesting influenza- 
infected chick allantoic fluid, provided a .simple assay method, subsequently 
extended to many other viruses. The imaginative investigations of Webster 
and Laver into the continuing evolution of influenza virus by antigenic drift 
and shift established the discipline O I  moIecular epidemiology. The p i k e  de 
resistance was the description by Wiley, Wilson, and Skehcl of the location of 
the antigenic sites on a three-dimensional model of the influenza HA mole- 
cule derived by X-ray crystallography (see Fig. 4-3). 

Properties of Orthomyxoviridae 
Typical virions of influenza virus are spherical and about 100 nm in diameter 
[Fig. 32-I), but larger gleomorphic and filamentous forms are commonly seen, 
especially on initla! isolation. The nucleocapsid of hel~cal symmetry occurs in 
eight segments, each forming a loop at one end, composed of nucleoprotein 
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Fig. 31-1 0rffrrr~ny.mutrrnk Negatively sltain~d preparatton of virions of influenza A virus (bar, 
100 nrn). (Courtesy Dr. R .  Rott.) 

(NP) enclosing a segmented RNA genome associated with an  RNA poly- 
merase (P) complex (PA, PB1, PB2). The envelope is lined on the inside hy 
matrix protein (MI) and is spanned by a small number of ion channels cum- 
posed of tetramers of protein M2. There are two kinds of peplomers: rod- 
shaped hemagglutinin (HA or H) molecules, which are homotrimers of a class 
I membrane glycoprotein (amino-terminal signaI sequence, carboxyl-terminal 
hydrophobic transmembrane anchor), and mushroorn-shaped neuraminidase 
(NA or N) molecules, which are tetramers of a class I1 membrane protein (N- 
terminal membrane anchor) (see Fig. 1-2C,D). 

The minus sense ssRNA genome of influenza A and B viruses occurs as 
eight separate molecules (Table 31-1). Genetic reassortment can occur in cells 
infected with two different strains of influenza A virus, acquisition of the gene 
for a novel hernagglutinin producing a new human subtype (antigenic shift). 
Mutations in these genes cause antigenic drift. Both of these processes occur 
in nature and generate the diversity which is responsible for the occurrence of 
epidemics (see Chapter 4). 

Influenza viruses are sensitive to heat (Sh°C, 30 minutes), acid (pH 3), and 
lipid solvents, and are thus very labile under ordinary environmental condi- 
tions. 

Classification 

lnflu~nza A and Influenza B Viruses 

Influenza A virus (usually known as type A, though more properly a species, 
since it shares no antigens with influenza B) is divided into subtypes, all of 
which share related nucIeoprotein and matrix proteins but differ in their 
hemagglutinin and/or neuraminidase. So far, 14 subtypes of HA (111-HJ4) 
and 9 of NA (Nl-N9) have been described in birds, some of which have been 

found in various combinations in mammals including humans. Strains arising 
naturally by antigenic drift are codified as follows: type (A or B5, animal 
species (omitted if human), place of isolation, number of the  sola ate, year of 
first isolation, followed in parentheses by the H and N subtypes. For example, 
the ihree strains chosen for incorporation in the Australian vaccine for the 
1993 winter were A/Texas/36/91 (HlNI), AlShanghaii24/90 (1 J3N21, and 
B/Panama/45/90. 

Influenza C Virus 

Influenza C vlirus cornpises a distinct genus. Its genome contains only seven 
RNA segments. A single envelope glycoprotein, known as HEF, functions as 
hemagglutinin, fusion protein, and an esterase which has been postulated to 
cleave the cellular receptor (9-O-acetyl-N-acetylneuraminic acid) to facilitate 
entrytuncoating. Influenza C virus shares no antigens with influenza A or B. 
It infects children quite commonly but does not cause sign~ficant disease. A 
similar virus has been isolated from swine in China. 

Tick-borne Orthomyxovillrses 

A surprising recent discovery is that a litfle-known group of tick-borne arbo- 
viruses infecting humans and livestock in Africa, Europe, and Asia is genet- 
ically related to influenza virus. The group has been allocated to an unnamed 
genus within the family Orfkornyxovirid~c. The minus sense RNA genome 
comprises only six or seven segments (for Thogoto and Dhori viruses, respec- 
tively), total 10 kb. The acariviruses display no anligenic relationship to influ- 
enza virus and are not known to cause disease in humans. 

Viral Replication 

Influenza virus HA attaches to sialic acid on glycoprotein or glycolipid recep- 
tors, and the virion is taken into t h ~  cell by endocytosis. At pH 5.5 within 
endosomes, a conformational change in the HA exposes the hydrophobic 
amino terminus of HA,, precipitating fusion of the viral envelope with endo- 
soma1 membrane. At €he same time, protons pass into the virion through the 
ion channels formed by the M2 protein, dissociating MI from the ribonucleo- 

Table 31-1 
Properties of Orthom yxoviruses 

Three genera l~~f l lcrnzm~rr~ts  A,A; I i ~ f l u r ~ ~ l ~ ~ i r ~ ~ s  C; unnamed Thogoto-ltke v~rtrscs 
Pleomorphic spherical or fihmentous virion, diamete~ 80-12(1 nm 
Envelope co~itaining hernagglutinin (H) and neuraminidasc (N) peplomt:rs, a matrix protein (MI)  

on the inner surface, and a small number of pores composed of protrin M2 
Nucleocapsid of helical symmetry in 8 segments, composed of nuclroprotcin (NP) and RNA 

pol ymerase complex (PA, PB1, PB2) in association W I  t h gttntime 
Genome linear minus sense ssRNA in 8 segments, (rltal size 13.6 kb (for Influenza A and R), 7 

segments (influenza C); 6 or 7 segments, 10 kb (tlck-borne c~rthomyxov~r~~srs) 
Transcription and RNA replmcation in the nucleus; capped 5' termini of cellular RNAs cannl- 

ballzed as p~imers for mRNA transcnptlon; buclding from plasma membrane 
Defectwe ~nterfering particles and genetic reassortment frequently occur 
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yrotetn and releasing the nucleocapsid into the cytosol. The nucleocapsid- 
yolymerasc complex is transported into the nucleus where transcription and 
replication of RNA take place. 

Primary transcription involves a unique phenomenon known as cap 
snatching: the viral endonuclease (PB2) cleaves the 5' methylguanosine cap 
plus about 30-13 nucleotides from heterogeneous nuclear RNA, and thls is 
used as a primer for transcription by the viral transcriptase (PR1). Of the 
primary RNA transcripts so produced from the eight minus sense gene seg- 
ments, six are monocistronic mRNAs which are translated directly into the 
proteins HA, NA, NP, PA, PB1, and PB2. The other two primary RNA tran- 
scripts undergo splicing, each yielding two mRNAs which are translated 
mainly in different reaching frames to produce pairs of proteins (MI plus M2, 
and NS1 pIus NS2) sharing only a few amino-terminal amino acids in corn- 
rnon. 

Influenza B virus adopts another strategy to increase the coding capacity 
of a short genome, namely, alternative translation start sites: the bicistronic 
mRNA transcribed from genome segment 6 contains two nearby AUG inilia- 
t ~ o n  codons from which two completely different proteins, N A  and NB, with 
distinct amino acid sequences are translated in different reading frames. Seg- 
ment 7 encodes two proteins, MI and BM2, the translation of which seems to 
be coupled because the BM2 initiation codon overlaps the MI termination 
codon. 

Replication of the eight viral RNA segments requires the synthesis of 
eight full-length complementary plus slrands which, unlike the correspond- 
ing mRNA transcripts, must lack the 5' capped primer and the 3' poly(A) 
tract. Newly synthesized nucleoprotein (NP) binds to this cRNA, serving as 
the scaffold on which the template is copied. Later, the matrix protein MI, 
which contains the zinc- finger motif characterizing proteins that bind nucleic 
acid, enters the nucleus and binds to the nucleoprotein-transcriptase-minus 
sense RNA complex, down-regulating transcription and permitting its export 
from the nucleus prior to assembly into virions. 

The HA and NA proteins undergo glycosylation (see Fig. 3-9, polymeriz- 
ation, and acylation. In permissive cells HA is also subjected to cleavage into 
polypeptides HA, and HA, by cellular proteasels) such as furin which recsg- 
nixes a polybasic motif of arginine residues (see Chapter 7). M2 is believed to 
be instrumental in protecting the native HA against conformational change in 
the trans-Golgi vesicles by countering acidification by cellular proton pumps. 
IIA, NA, and M2 migrate preferentially to plasma membrane on the apical 
surface crf the cell. MI recognizes and binds to the cyVoplasmic moiety of the 
FIA trimer and precipitates budding (see Fig. 3-9). It is not known by what 
mechanism one copy of each the KNA segments is selected for incorporation 
into a virion. One possibility is that the eight nucleocapsid fragments are in 
fact Ioosely linked in a fixcd sequence by some complex system of RNAtpro- 
tein recognition signals. Alternatively, the segments may be packaged at ran- 
dom, with the average virion enveloping substantially mote than eight seg- 
ments lo ensure that a reasonable proportion of particles happen to contain at 
least one copy ot each gene. Following budding, the envelope enzyme neura- 
minidase facilitates the release of virions by destroying sialic acid receplors on 
the plasma membrane which would otherwise recapture the virions and hold 
them at the cell surface. 
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Defective interfering (DI) particles, originally known as "incomplete vi- 
rus," are quite often produced, especiaily following infection at high multi- 
plicity (see Chapter 4). 

Pa thogenesis and Immunity 

The reader is referred back to Chapter 7 where we discussed factors that 
determine the ~irulenc~e of influenza viruses. Best understood are Ihe muta- 
tions that alter host andlor tissue tropism by changing the affinity of the HA 
Iigand for receptors in which sialic acid is linked to galactose in different 
configurations, and second the mutations that affect uncoating of the endo- 
cytosed virion by changing the cleavability of HA and thus its capacity to 
mediate fusion. However, it is clear that most of the viral genes, especially 
NP, P, and NA, as well as  HA, influence virulence in one way or another. 

In Chapter 9 we discussed the pathology of influenza, mentioning some 
hosl factors affecting the outcome. In brief, the virus replicates principally in 
ciliated columnar epithelium of the respiratory tract, producing tra- 
cheobronchitis; features include enhanced airway reactivity (bronchospasm) 
and impaired mucociliary clearance. Primary viral pneumonia is uncommon, 
but secondary bacterial pneumonia is an important cause of death in the 
elderly, the very young, the chronically ill, or the immunocompromised. 

Factors contributing to innate resistance include the following: ( I )  the 
mucus blanket that protects the underlying epithelium, and the continuous 
beating of cilia that clears invaders from a heal thy respiratory tract, (2) soluble 
mannose-binding lectins, lung surfactants, and sjalylglycoproteins present in 
mucus and transudates (see Chapter 7), and (3) alveolar rnacrophages. These 
andtor other natural defense mechanisms may be suboptimal in the aged, the 
premature, the pregnant, the pulmonary invalid, the immunocompromised, 
or the smoker. In Third World countries vulnerability to influenza ._ _ is increased__.._._- 
by inhaled pollutants (tobacco or wood smoke), malnutiifion, prior or coinci- 
dent infection, or immunosuppression (see Chapter 7). 

If the individual has been infected within the past few years by a closely 
related strain of the same influenza HA subtype, anti-HA antibodies may 
intercept and neutralize the infecting virions. Argument continues o n  the 
relative importance of IgA and IgG antibodies and on their mechanisms of 
neutralization of influenza virus. Secretory IgA is generally believed to be the 
most relevant antibody in the upper respiratory tract at least, but serum IgC 
may provide protection in the lung. At high concentration, polymeric IgA 
may block attachment of visions to their receptors more effectively than IgG. 
At low concentration, anfi-HA antibodies of both classes have been shown to 
inhibit uncoating; IgA has been demonstrated to do this by inhibiting both the 
fusion of HA to endosoma1 membrane and the separation ,of MI from the 
ribonucleoprotein complex, thus preventing the latter from entering the nu- 
cleus. 

If preexisting antibody proves inadequate to block the establishment of 
infection, recovery is dependent on two nonspecific cell types, activated mac- 
rophages and naturaI killer cells, plus two important cytokines, interferon y 
and interleukin-2, and immunoFogically specific T lymphocytes of two sub- 
classes, CD4+ and CDBi . Class 1 restricted CD8 + cytotoxic T cells, recogniz- 
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ing dpterminants on any of the virus-coded proteins, are the most effective in 
clearing virus from the lower respiratory tract. Mosf of these Tc cells are 
elicited by conserved determinants on the internal proteins NP, M1, and I), or 
the nonstructural protein NS1, ensuring a useful degree of cross-protection 
when long-lived memory T cells are activated by a different slrain of influenza 
virus (of the same species, A or I31 some years later. Class I1 r'estricted CD4' T 
cells, particularly if they have cytotoxic potential, can clear low-level infection 
or less virulent strains, but they are more important as Th cells, and as Td cells 
secreting cytokines that attract and activate rnacrophages, NK cells, and T 
cells. Paradoxically, however, the inflammatory response produced by CD4+ 
T cells also contributes to the lung consolidation (pneumonia) which may kill 
the patient. 

Clinical Features of Influenza 

There is a tendency for patients, and regrettably even some doctors, to label 
all respiratory ailments as "flu," being reluctant to confess to taking a few 
days off work for anything less! In reality, of course, influenza is a distinct 
clinical entity characterized by abrupt onset of fever, sore throat, nonproduc- 
tive cough, myalgia, headache, and malaise. The uncomplicated syndrome is 
over in 3-7 days, but the cough and weakness may sometimes persist for 
another week or more. 

Complications depend on the age of the patient. Young children may 
develop croup, pneumonia, or middle ear infection. However, most deaths 
occur in the elderly and are most frequently attributable to secondary bacterial 
pneumonia (usually due to Staphylococcus aureus, Strepiococc~s pneurnoniae, or 
Noer~rophilus i~rfluanzne) and /or to exacerbal ion of a preexisting chronic condi- 
tion such as obstructive pulmonary disease or congestive cardiac failure. 
Some of the elderly seem just to fade away. 

Whereas 80-90% of influenza-related deaths occur in people over the age 
of 65 (especially over 751, the risk is at least as great for invalids of any age 
who suffer from chronic conditions affecting the pulmonary, cardiac, renal, 
hepatic, or endocrine systems. Furlher, the success of modern medicine in 
keeping alive so many children with congenital diseases such as cystic fibrosis 
and immunodeficiencies, and patients of any age wifh organ transplants or 
AIDS, has increased the number of younger people at risk of death during an 
influenza epidemic. 

Laboratory Diagnosis 

The most convenient specimen is a throat swab, but a higher isoIation rate is 
obtained horn a gargle (throat washing), nasal wash, or nasophalyngeal aspi- 
rate. Traditionally, the chick embryo was the standard host for cultivation of 
influenza viruses and is still used in addition to cell culture by some reference 
laboratories. Routinely, however, virus is isolated in the MDCK cell line at  
33"-34"C, in the presence of trypsin to cleave the HA of progeny virions and 
enable spread to other cells. Cytopathic effect is not usuaIly conspicuous, but 
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growth of virus can be recognized after 1-10 (typically 3-7) days by hemad- 
sorption (Fig. 5-2D), and the isolate identified by imm'unoflunrescence on the 
fixed monolajkr. Probably the optima1 combination for rapid diagnosis is 24- 
48 hours of cultivation in MDCK cells, followed by EIA to identify antigen in 
detergent-disrupted cells using enzyme-labeled anti-NP monoclonal antibody 
specific for influenza type A or B, respectively. If pnsitive, the isolate is then 
identified more precisely by hernagglutination inhibition (HI)  on the culture 
supernatant, using ferret or chicken antisera against the prevalent strains of 
influenza A (HINI), A(H3N2), and B which have been treated appropriately 
to remove nonspecific inhibitors of hemagglutination (see Fig. 12-11). 

Direct detection of antigen by irnmunofluorescence or EIA is practicable if 
the specimen is satisfactory, with EIA being somewhat more sensitive, quick- 
er, and easier. Monoclonal antibodies enhance both sensitivity and specificity. 

Serological diagnosis, by demonstrating a rising HI antibody titer, is not 
satisfactory. All but very young patients have previous experience of, and 
therefore antibody against, one or more strains of influenza virus; on subse- 
quent infection wifh a later strain of the same subtype they develop a memory 
antibody response directed against earlier strains to which their B cells are 
primed, which complicates the interpretation of HI results. 

Epidemiology 

The reader is referred back to Chapter 4 for a detailed description of the 
ongoing evolution of influenza virus by antigenic shift a n d  drift. Since the 
reemergence of the MINT. subtype in 1977, strains of two subtypes of influ- 
enza A, HlNl and H3N2, have cocirculated with two separate lineages of 
influenza B in humans. One or somelimes two strains tend to dominate at any 
given time in a particular region of the world. In the tropics influenza can 
occur throughout the year, but in the temperate and colder regions of both 
hemispheres the disease occurs as winter epidemics (Fig. 31-2). These epi- 
demics escalate with alarming speed because (1 )  the incubation period is 
exceptionally short (1-4 days), (2) copious numbers of virions are shed in 
droplets discharged by sneezing and coughing for a week (or longer in young 
children), (3) many symptomatic people (and all those who are subclinically 
infected) remain in circulation, and (4) the population lacks immunity to any 
novel subtype arising by antigenic shift, or displays inadequate immunity to 
strains arising by antigenic drift. The school is the principal marketplace for 
trading parasites, and the children bring the virus home to the family; parents 
then play their part in disseminating the infection in the workplace. 

The most reliable indicator of the scale of an epidemic is a sudden leap in 
the incidence of absenteeism from schools and large industries; this is fol- 
lowed by an increase in hospital admissions and deaths, particularly among 
the elderly. Epidemiologisls use an indicator known as "excess deaths," 
which measures the increase in mortality during an influenza epidemic in 
comparison with the average number during comparable winters without an 
influenza ,epidemic. In each ot the 20 influenza epidemics recorded in the 
United States during the period 1957-1987, at least 10,000 (and occasionally 
up  to 50,000) people have died as a direct or indirect consequence of the 
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Fig. 31-2 Epidemic nccurrence of influenza A.  The histograms show the monthly isolations of 
influenza A vlruses from patients adm~hted to Fairh~eld Iiospital for IIn~ect~ous Diseases, 
Melbourne, from 1957 to 1983 Note annual or biennial epidemics in the Australian winter (June 
to August). The major peak in 3957 represents the country's first experience of the H2N2 subtype 
whlch caused the 1957 pandemic of "Asian flu." The next major peak corresponds w~th  the 
1968t1969 pandemic of "Hong Kong flu," a new subtype (H3N2) The sporadic winter outbreaks 
during the 1970s, sometimes qu11e extensive as in 1974 and 1976, were due to a succession of 
H3N2 variants arising by antigenic dnft. However, almost all of the cases in 7978, 1979, and 1981 
were of the HlNl subtype, which reemerged after be~ng totally absent s~nce 1950. Most of the 
HINl cases were in young people, born after 3950 The 1983 outbreak ~nvolved a mixture of 
U3N2 and HINT. Sjnce then, m~xed epidemtcs have occurred quite often through the 1980s and 
early 19YOs, and strains of the less vlrulent type B have been prominent. (Data courtesy A .  A.  
Furris, F. Lewis, N. Lehmann, and 1 13. Gust ) 

infection. Indeed, influenza consistently ranks among the top 10 causes of 
death in the United States. 

Only influenza type A undergoes antigenic shift, unpredictably every 10- 
40 years. Influenza A and B undergo antigenic drift. ConsiderabIe effort has 
been expended in trying to devise ways of anticipating influenza epidemics, 
but this remains a very inexact science. We cannot predict the next strain of 
virus, when it will strike, how widely it will spread, nor how virulent it will 
be. In general, however, a novel subtype of influenza A arising by antigenic 
shift causes a pandemic with high morbidity and significant mortality. Be- 
tween pandemics a succession of strains arise by antigenic drift and, as time 
goes on, infect people with partial immunity because of prior infection with 
another slrain of that subtype. Since the reappearance of the HI subiype of 
influenza A in 1977 most people old enough to have experienced that subtype 
before it disappeared in the 1950s have been found to display a degree of 
immunity to current HI strains. Type €3 is less pathogenic, infects mainly 
children, and produces fewer dangerous complications than type A. 

Control 

No disease illustrates better than influenza the diffic~llties of control by immu- 
nization and the ingenuity required 50 overcome them. Existing vaccines are 

Control 497 

continually being rendered obsolete by antigenic shift and drift. The World 
Health Organization, through its extensive network of laboratories around 
the globe, is constantly on the alert for such changes. A WHO Reference 
Laboratory supplies the vaccine manufacturers with seed stocks of the latest 
strain{s) of influenza so that their producl may be updated if necessary prior 
to each influenza season. 

Vaccines 

The current strains of influenza AI(HlNI), A(H3N2), and B are grown sep- 
arately in the allantois of chick embryos, inactivat'ed with an appropriate 
chemical such as p-propiolactone, then purified by zonal ultracentrifugation, 
disrupted with detergent, and pooled. The resulting polyvalent inactivated 
vaccine is inoculated each autumn. Although some countries direct their pro- 
gram at schoolchildren with a view to limiting the circulation of virus in the 
community, thereby protecting the whole population, most do not regard this 
as a realistic proposition. It is generally not considered cost-effective o r  neces- 
sary ltcr immunize the whole community, but only the most vulnerable co- 
horts, namely, (1) the elderly (>65 years), (2) residents of nursing homes and 
other chronic care facilities, (3) those (of any age) with chronic debilitating 
disease of the pulmonary, cardiovascular, renal, or endocrine systems (asth- 
ma, emphysema, chronic bronchitis, cystic fibrosis, diabetes, etc.), and (4) 
those with compromised immune function. In bad epidemic years there may 
also be a case for immunizing medical personnel and others providing vital 
community services, as well as close relatives and home-care personnel at- 
tending high-risk invalids. 

The commonest side effect is a miId local reaction: some tenderness, 
mdness, and swelling occur around the injection site in about 15% of recip- 
ients. Less frequently fever, malaise, and myalgia may develop within hours 
and disappear a day later. The only major contraindication for influenza vac- 
cine use is known allergy to eggs; though the allergy is rare, inoculation of 
such persons can produce an immediate alIergic reaction. A particularly seri- 
ous problem, the Guillain-BarrP syndrome, was encountered in 1 in every 
100,000 Americans vaccinated against influenza A/New JerseyJ76 (HlNl), 
during a mass campaign in 1976-77 to protect the population against an 
outbreak of "swine flu" which did not spread widely anyway, but no such 
association has been reported with any previous or subsequent influenza 
vaccine (see Chapter 9). 

Efficacy is highest in the young and lowest in the old. There are probably 
two reasons for this dilfcrence. First, immune responsiveness declines with 
age; second, "original antigenic sin" tends to divert the response to influenza 
vaccines in the elderly, which is a great pity because that cohort constitutes 
the principal target group of annual vaccination campaigns. However, even 
though antibody rises following vaccinalion in the elderly are often disap- 
pointing and there is generally only a 30-70% reduction in the incidence of 
influenza, there is a 60-90% reduction in pneumonia, hospitalization, and 
mortality, providing that there is a good match between the vaccine strain and 
the challenge strain of virus. In so far as severe illness and death are what we 
are really aiming to prevent by immunization of the elderly, it can be asserted 
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that current influenza vaccines, while less than perfect, offer a worthwhile 
degree of protection. 

Thcre has been much debate about whether the vaccine virus should 
continue to be grown in embryonated hen's eggs rather than in cultured 
mammalian cells such as NDCK, in light of the observation that replication in 
chick embryos tends to select for variants with preferential afflnity for the 
avian cell receptor; the favored mutations affecting the H A  ligand sometimes 
also alter the antigenic characteristics of the virus. The current view is that the 
greater convenience of and experience with the chick embryo argue for its 
continuation, provided that the vaccine seed stock is a clone demonstrated to 

J be antigenically identical to the original human isolate. 
Research is progressing on a number of fronts to find a better approach to 

vaccination against influenza. Some approaches are directed simply at in- 
creasing the immunogenicity of inactivated virions, or of solubilized or genet- 
ically cloned HA (+ NA), for example, by addition of adjuvants, coupling to 
carriers, or incorpora tion in to liposomes, virosomes, or iscoms (see Chapter 
13). However, none of these approaches addresses the most critical problems 
of all, namely, ( I )  antigenic shift and drift and (2) the inability of inactivated 
vaccines to generate either a local IgA or a cell-mediated immune response. A 
topically administered live vaccine producing a mwccasal IgA, IgG, and T-cell 
memory response of broad cross-reactivity within a type or subtype may be 
the answer. 

Cold-adapted (ca) variants of influenza virus with mutations in every gene 
have been developed and used as master stains for genetic reassortmenl (see 
Chapter 4) with contemporary strains of influenza to produce an attenuated 
vaccine virus containing 6 en genes plus wild-type HA and NA genes (see 
Chapter 13). When the cu vaccine is administered by aerosol spray or intra- 
nasally, the replication of virions is restricted to the nasopharynx. During a 
long history of successfuP use in Russian schoolchildren and clinical trials in 
United States, these ca vaccines have been demonstrated to be stably attenu- 
ated for humans, with no reversion to virulence and no evidence of secondary 
transmission. They display g o d  imrnunogenicity and efficacy in influenza- 
naive infants, but replicate poorly and are much less effective in adults, and 
are of no value in the elderly. A case can be made for their use in high-risk 
infants, provided evident problems of interference can be overcome by care- 
ful balancing of. the titers of the AJHI, A/f13, and B strains in trivalent live 
vaccines. 

Attention is also turning to the possibility of oral delivery of influenza 
vaccine, taking advantage ol the common mucosal system. Inactivated or live 
virions have been mixed with potent adjuvants such as the heat-labile Es- 
clrerichin cc~li toxin (LT), or enclosed in biodegradable microsphetes, and 
shown by oral administration to mice to elicit a prolective (and sometimes 
cross-reactive) secretory IgA antibody response in the lungs. 

T l~oug l~  no substitute for vaccination, chemnprophylaxis with amantadine, or 
preferably rimantadine, by mouth has a place in protecting unimmunized 
high-risk people during a major epidemic of influenza A. The use of these 
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agents was discussed fully in Chapter Ih, as was the exciting new X-ray 
crystal~ographyl'computer modeling approach to the design of c ~ m p o u n d s  
that may inhibit attachment of virus to host receptors (by occupying the 
corresponding ligand on influenza HA) or inhibit release of virus from the 
plasma membrane following budding (by occupying the active site on 
the viral neuraminidase). 
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The prolotype aremavirus is lyrnphocytic choriomeningitis virus, which pro- 
duces a clinically inapparent lifelong infection in mice and is occasionally 
transmitted to humans, in whom it causes disease ranging in severity from 
mild fever to meningitis. First isolated over 60 years ago, the virus has pro- 
vided an important model for studies of persistent infections, immunological 
tolerance, virus-induced immune complex disease, and the role of the MHC 
complex (see Chapters 9 and 10). In 1969 another arenavirus made newspaper 
headl~nes. After a nurse from a mission in Lassa, Nigeria, had died in the 
hospital, a nurse who had attended her also died, and another who had 
assisted at her autopsy became desperately ill but recovered after intensive 
care following evacuation to the United States. A virus was isolated from her 
blood by virologists at Yale University, one of whom became ill but survived 
following transfusion with immune plasma from the previous patient; how- 
ever, one of the Yale laboratory technicians later died. Lassa virus, like a 
num bcr of other arenaviruses isolated from humans during outbreaks of hem- 
orrhagic h e r  in Snuth America, occurs as a lifelong, persistent, inapparent 
infection uf its na turd rodent host (TabIe 32-1). 

Properties of Arenaviridae 

The family Arennviridnu derives its name from the presence within virions of  
cellular ribosomes, which in elcctrnn micrographs resemble grains of sand 
(arcirn, sand), and are incorporated into virions coincidentaliy during budding 
(Table 32-2). Arenaviruses arc plcomorphic, 110-130 nrn (rarely up  to 300 nm) 
in diameter (Fig. 32-11, and are composed of a Iipoprotein envelope covered 
with glycoprnfein peplomers surroundi~ig two circular nucleocapsid seg- 

Table 32-1 
Distribution and Rodent Hosts of Arenaviruses Pathngenic for Humans 

Geographic 
Virus Disease diskributtt~n Natural host 

Lymphocyt~c cho- Meningitis Europe, Amer~cas M~ts rnusculr~s 
riorncningitis 

] w i n  Argentine hemorrhagic Argentina C n / o ! ~ ~ y s  spp. 
fever 

Machu po Bollvian hemorrhagic Bolivia Cnlonrys rallos~rs 
fever 

Guanarito Venezuelan hemorrhagic Venezuela Sipnodon sp. 
fever 

Lassa Hemorrhagic fever West Africa Mastnn~ys trntnlcnsis 

ments, each looking like a string of beads. The genome comprises two linear 
segments of ssRNA, Land S, 7.2 and 3.4 kb, respectively; each s e g m h s  
a circle by hydrogen bonding of its ends. Conserved nucleotide sequences at 
the 3' end of each RNA, which are shared by most arenaviruses, are comple- 
mentary to sequences at the 5' end. Most of the genome is of minus sense, but 
the 5' half of the S segment and a short sequence at the 5' end of the L 
segment are of plus sense; the term ambisense has been coined to describe this 
unusual genome arrangement, which is also found in some members of the 
family Bunyaviridae (see Chapter 33). 

The family Avenaviridae comprises a single genus, Arenavirus, which is 
divided into two serogroups ([or complexes) corresponding in general with 
their geographic distribution: the Old World arenaviruses and the New World 
arenaviruses. The Old World serogroup (LCM-LAS complex) contains lym- 
phocytic choriomeningitis (LCM) virus and various African arenaviruses of 
which Lassa is the most important; the New World serogroup (Tacaribe com- 
plex) comprises the South American arenaviruses Tacaribe, lunin, Machupo, 
Guaranito, and others. 

I Viral Replication 

Arenaviruses grow to high titer in cell cultures, replicating in the cytoplasm 
and maturing by budding from the plasma membrane. They have Limited Iytic 

Table 32-2 
Properties of Arenav~ruscs 

- ---- 

Two serogroups Old World (LCM-LA5 complex) and New World (Tacaribe complex) 
Spherical enveloped virion, 110-300 (generally I LO-13D) nm 
V~rion contains nonfunctiona1 ribosomes 
Two closed-circular, loosely helical nucleocapsids with associated transcr~plase 
Genome comprises Iarge (L, 7.2 kb) and small (S, 3 4 kb) s e g m ~ n t  of ssRNA, both ambisense 
V~ral proteins nucleoprotein (N), RNA polymerase (L), glycoproteins (GI, G2), zinc-b~nding 

protein (Z), plus poly(U) and boly(A) polymerases, and protein kinase 
Replication occurs In cytoplasm, generally noncytocidal, causes persi.;tenf infection 
Genetic rc.assr)rtrnent occurs during r~plication 
Maturation by hudding from plasma membrane 



Fig. 32-1 Arc~rauzrzdac (A) Negative s t a ~ n ,  Tacaribe virus. (B) Lassa vlrus after budding from an 
lnfrctcd cell ( t h ~ n  section). Bars, IOO nm. (Courtesy Dr. F. A Murphy.) 

1 
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capacity, usually leading to carrier cultures in which d'efective interfering (DI) 

---- -- 
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- ,  

particles are produced.'~fter entry and uncoating of the virion, subgenomic 
rnRNA encoding the nucleoprotein (N) is transcribed by the virion transcrip- 
tase from the minus sense (3') half of the ambisense S segment of the genome 
(Fig. 32-2). A short hairpin configuration in the intergenic region in the middle 
ol the S gene segment is thought to serve as the transcription termination 
signal The mRNA appears to derive its 5' cap by cap snatching from heteso- 
geneelus cellular RNA, as d o  onthomyxoviruses. Similarly, subgenomic 
mRNA encoding the transcriplase (L) is transcribed from the minus sense (3') 
portion of the ambisense L segment of the genome. Translation of both N and 
L proteins is required prior tc:, replication ot the viral genome, which requires 
the synthesis of full-length complementary copies of both ambisense genome 

Genome Ambisense S RNA 
I - 1 

1 Transcr~ptlon 

2. Translalron 

3. Repl~cat~on 5 Translation 

W U 
G mRNA 4 Transcriplion I 

Fig. 32.2 Coding, transrrlption, translat~crn, and repl~cat~on strategies of arenavirus S RNA 
species, indicating the sequence o f  events necessary to obtain the S-coded gene products N and 
I;. 'fliere a r r  similar stratrgfes for the transcription of the ambist,nse L RNA s p ~ c i c s  !From 
D I I .  1,. R~shop, i r r  "Fields Virology" (I3 N. Rrlds. D M. Knipe, R M. Chanock, M S. Mlrsch, 
J L. M14n~ck, T P. Monath, and B Roizman, ecis ), 2nd Ed , p 1234 Raven, New York, 1990.1 

j 

segments, a process that must involve read-through of the transcription ter- 
mination signaIs. Only then can mRNA for the glycoprotein (G) and the 
putative zinc-binding protein (Z) be transcribed from the olher end of the 
complementary copy of S and L genome segments, respectively. Following 
glycosylation and proteolytic cleavage of G (into G1 and G2), budding of 
virions occurs from the plasma membrane. There is a lack of fideIity in this 
process, as indicated by accidental envelopment of nearby ribosomes, and 
packaging of multiple copies of one or both genome segments may occur such 
that the resulting virions are often diploid or even multiploid. When a cell is 
infected concurrently with two different arenavirus species, genetic reassor- 
tants regular1 y emerge. 

Laboratory Diagnosis 
Biosafety Level 4 containment (Fig. 32-3) is required for laboratory diagnosis 
of all arenaviruses (except LCM virus, where level 3 suffices). Specimen trans- 

Fig. 32-3 Maximum comtalnrnent laboratory, Centers for D~sease Cnnbrtjl, Atlanta, G ~ o r ~ l a .  
Workers are protrcted by pos~tive-pressure s u ~ t s  with an indepmdent remote source of breatlian~ 
air P~imary  containment of aerosols IS acliicvt*d by use of llltercd vertical laminar-fluw work 
statitlns Tho ultracentrifuge i s  contained in an explosion-procrf lani~nar-flow hood A fuIl range of 
equipment is ava~lablr, and animals as  large as monkeys can be used for cxper~mrnts lRom I E; 
hilackenzit. (ed ), "Viral D~seases in South-East As~a  and the Western Paclfic " Academic Presq, 
New York, E9R2 Cr~urtesy Dr. K M, Johnson ] 
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port must be arranged in keeping with national and international regulations. 
Diagnosis is usually based on serology to demonstrate antibodits of the IgM 
class andtor a rising titer of antibody in paired sera (although any arenavirus 
antibody is highly suggestive in a traveler returning from Africa or South 
America). Traditionally, the method used has been indirect irnrnlanofluores- 

i cence (IFA), using previously prepared "spotslides" of virus-infected, 
acetone-fixed, y-irradiated (for safety) Vero E6 cell monolayers. However, the 

? production of safe, genetically cloned antigens may favor a shift to enzyme 
1 

1 - irnniunoassay (EIA). 
I Arenaviruses can be readily isolated in rodents, such as suckling mice, 
! hamsters, or guinea pigs, from blood, throat, urine, or sometimes cerebrospi- 

nal fluid (CSF) or autopsy specimens. More convenient today ar'e cultured 
Vero E6 cells or BHK-21 cells; the growth of arcnaviruses, several of which are 
noncytupathngenic, can be confirmed within 2-3 days by IFA or EIA, using 
broadly reactive antibodies for initial detection, followed by more specific 
monoclonal antibody for precise characterization. Detection of arenavirus an- 
tigen in specimens taken directly from the body has not so  far proved to 
be sufficiently reliable. Polymerase chain reaction assays are being devel- 
oped. 

Epidemiology 

Each arenavirus is maintained in nature by a rodent species in which persis- 
tent infection occurs, with chronic viremia and virus shedding in urine and 
saliva. In M t l s  rnusculi4s (lymphocy tic choriomeningitis virus) and Mas to~nys 
nnfnler~sjs (Lassa virus) infection is compietely subclinical. However, Machupo 
virus renders Cnio~r~ys callosrrs sterile and induces hemolytic anemia and splen- 
ornegaly, and Junin virus induces fetal death in its rodent hosts. Vertical 
transmission occurs in infected rodents, by transovaria1, transuterine, and 
various postpartum routes, including milk, saliva, and urine. The principal 
reservoir hosts of thezoonotic arenaviruses are shown in Table 32-1. 

Chronically infected animals shed virus in their urine, which contami- 
nates the~r  environment and then spreads to humans by contact (perhaps 
facilitated by skin abrasions or cuts) or by aerosol. The natural history of the 
human diseases is determined by the pathogenicity of the virus, the gecl- 
graphic distribution, habitat and habils of the rodent reservoir host, and the 
nature of the human-rodent interaction. 

Diseases Caused by Arenavimses 

Human infections with arenaviruses range in severity from an influenza-like 
syndrome, sometimes with meningitis, to severe hemorrhagic fever. Aspects 
nf the pathogenesis of hemorrhagic fever are described in Chapter 9 and 
clinical crmparisons in Chapter 36. In brief, arenaviruses are thought to enter 
tile body via skin abrasions or inhalation. Viremia follows, and these pan- 
tropic viruses replicate in a variety of organs during the 1 to 2-week incuba- 
tion period; however, there is little evidence of direct virus-induced cyto- 
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pathology. For example, Lassa virus produces some focal necrosis of the liver, 
interstitial pneumonitis, facial edema, and encephalopathy, but death is at- 
tributable to the sudden onset of hypovolemic shock in the second week of 
the illness. The pathophysiology of the hemorrhagic fever/shock syndrome is 
not fully understood. One major point of difference from hemorrhagic fevers 
caused by viruses of other families is that disseminated intravascular coagula- 
tion does not appear to play a significant role until perhaps the terminal phase 
of the illness. In Lassa fever it appears that an inhibitor of platelet function 
may be responsible for the bleeding and perhaps also for endotheliall dysfunc- 
tion. Bleeding with severe thrornbocytopenia is more prominent in Junin and 
Machupo viral hemorrhagic fevers. 

Lymphocytic Choriorneningitis Virus Infections 

The ICM virus is focally distributed throughout the world, especially in Eu- 
rope and the Americas, in the common house mouse (Mus ??ruscul~is). The 
distribution of human cases is correspondingly focal, and also seasonal, prob- 
ably because mice move into houses and barns in winter. Feral mice may also 
introduce the virus into laboratory and commercial mouse, rat, hamster, guin- 
ea pig, and rhesus monkey colonic's. In the United States, the virus has been a 
particular problem in colonies of hamsters and imrnunocornpromised (nude, 
SCID, etc.) mice, resulting in contaminated diagnostic reagents, failed re- 
search protocols, and clinical disease in laboratory and animal care personnel. 
The increasing popularity of hamsters as pets has resulted in many human 
disease episodes, some involving hundreds of cases. 

Human infection with LCM virus is commonly asymptomatic but may 
present as one of three syndromes: ( I )  most commonly as an influenza-like 
illness with fever, headache, myalgia, and malaise; (2) les$ often as an aseptic 
meningitis; (3) rarely as a severe encephalomyelitis. 

Lassa Fever 

Lassa virus is enzootic in the West African multimammate mouse, Mastomys 
nafnlensrs, which is a peridomestic rodent that lives in or near human dwell- 
ings, breeds year-round, and transmits the virus vertically to its offspring and 
horizontally to humans by contaminating the house with urine. Uniquely 
among the arenaviruses, person-to-person spread of Lassa virus is also com- 
mon, although not as frequent as infection from a rodent source; the fact that 
Lassa virus does not appear to be spreading outside of West Africa suggests 
that the virus is not capable of sustained person-to-person transmission. 

In humans, Lassa fever is now recognized to be endemic in rural West 
Africa, with sporadic cases occurring from northern Nigeria to Guinea. Se- 
rological surveys show that millions of West Africans have antibody; there are 
over 100,000 new human infeclions a year, and at least 1000-3000 deaths, 
with a disease to infection ratio of about: 20% and a case-fatality rate of 5- 
15%. Changing social circumstances have Ie'd to several major outbreaks. For 
example, in eastern Sierra Leone, where surface diamond mines brought 
together nearly 100,000 people from all over West Africa, "instant" villages 
and a currency-based economy resulted in great increases in Mnsiornys popu- 
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lations and their contact with humans. Nearly half the febrile patients admit- 
ted to two hospitals in the region had Lassa fever, and the 16% case-fatality 
rate accounted for 30% of the deaths in hospital wards. Since the late 1980s 
urban outbreaks have occurred in Nigerian cities, displaying sin~ilarly alarm- 
ing mortality, with nosocomial spread in hospitals reminiscent of the original 
1969 occurrence. 

Lassa fever is very variable in its presentation, making it difficult to diag- 
nose, whet her in endemic areas or in returning travelers. Ilt may present with 
insidious development of fever, headache, and malaise, progressing t~o a very 
sore throat, pains in the back, chest, and joints, vomiting, and proteinuria. In 
severe cases, conjunctivitis, pneumonitis, carditis, hepatitis, encephalopathy, 
nerve deafness, andlor hemorrhages are seen, death occurring in about 20% 
of huspitalized cases, usually following cardiovascular collapse. Mortality is 
higher during the third trimester of pregnancy, and fetal loss is almost invari- 
able. 

South American Arenavirus Hemorrhagic Fevers 

There are five hemorrhagic fevers in South America: yellow fever, dengue 
hemorrhagic fever, and three caused by arenaviruses, of three different viral 
species, in three different countries, and with three different principal reser- 
voir hosts (Table 32-1). All have a similar natural history. They cause lifelong 
infections of rodents, with lifelong excretion of Iasge amounts of virus in the 
unne. li, become infected with these viruses, humans must come into close 
contact with the reservoir host rodents. 

A ~ e n t i n e  Hemorrhagic Feuer I 
S 

In Argentina an arenavirus called Junin virus is enzootic in the voles 
Cnlotrrys rrruscultrlus and C. laudla, and can also infect other wild rodents. Fifty 
years ago human infections with this virus were unknown, because humans 
did not come info contact with these rodents. However, the introduction of 
widespread planting of maize in the pampas in the late 19Ms favored this 
rodent over other indigenous rodents and increased its contact with humans. 
When the virus infects humans it causes a severe hemorrhagic fever, and 

I 
Junin virus was first isolated from such cases in 1958. Since then the virus has 
spread to over 300,000 square kilometres of what is now rich farmland of the 
humid pampas. Argentine hemorrhagic fever has always been an occupation- I 
a1 disease, affecting adult males harvesting grain crops. Prior to mechaniza- 1 
tion, workers harvesting by hand were Ihe victims; today it is the combine 
harvester and grain truck drivers who bear the brunt of the infection. There is 

! 
a 3 to 5-year cyclic trend in the incidence of human cases which exactly 
paraIlels changes in the density of Cnlorrrys. 1 

Argtn kine hemorrhagic fever is a mor'e typical hemorrhagic fever than 
Lassa Lever. The pa thology is largely confined to the circulatory system. There 
is relaf iveIy little inflammation or necrosis; prominent features are hemor- 
rhage, thrombocytopenia, Ieukopenia, hernoconcentration, proteinuria, and 
hypotension, sometimes culminating in death from hypovolemic shock. 
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Bolivian Hemorrhagic Fever 
Machupo virus emerged in Bolivia in 1952 when a revolution forced the 

people living in the plains to attempt subsistence agriculture at the forest 
edge. Cafomys cnlloscrs, a forest rodent and the reservoir host of Machupo 
virus, is well adapted to human contact, and some of the later o~~tbreaks  
resulted from rodent invasion of villages, cases fending to cluster in particular 
houses in which numbers of infected rodents were subsequently trapped. 
There were over 1000 cases in 1962 and 1964 with a 20Y0 mortality, but control 
of Caiornys in dwellings in the endemic area by trapping has resulted in the 
disappearance of the disease, no cases having been recognized since 1974. 

Venez~relan Hemorrhagic Fever 

The most recent emerging virus disease in South America is Venezuelan 
hemorrhagic fever, occurring in rural areas of central Venezuela. The first 
cases, recognized in 1989, were at first thought to be cases of dengue hemor- 
rhagic fever. In 1990-1991 a total of 104 cases were seen, with 26 deaths. An 
arenavirus, which has been called Guanarito virus, was isolated from cases. 
The epidemiology has still to be worked out, but the sex and age distribution 
of cases suggests that, like Bolivian hemorrhagic fever, transmission occurs in 
and around houses. Virus has been isolated from a cotton rat (Sigrnudon hispi- 
dus)and antibodies found in sera from a rice rat. 

Prevention and Treatment 
Rodent control, by trapping, poisoning, andtor cats, on a village-wide basis is 
applicable where the reservoir host is a commensal animal, as in lymphocytic 
choriomeningiltis (Mus musculus), Lassa fever (Nastolr~ys nntalensis), or Bolivian 
hemorrhagic fever (Calomys rallosus). However, it is difficult in rural settings 
such as those characteristic of Argentine hemorrhagic fever. A live attenuated 
Junin virus vaccine is undergoing phase 2 clinical trials in Argentina, and a 
vaccinia recombinant carrying the Lassa virus glycoprotein gene has been 
shown to protect monkeys against challenge. 

Isolation and barrier nursing are required to prevent nasocomial spread of 
arenaviruses to other patients and nursing staff. Fluid, electrolyte, and osrnnt- 
ic imbalances need correction. The main challenge is timely anticipation and 
management of the profound hypotension and shock, sometimes associated 
with acute pulmonary edema which may suddenly develop during the second 
week of the illness. 

Ribavirin, administered intravenousIy in high dosage during the first 6 
days of Lassa fever, has been shown to reduce viremia and mortality signifi- 
cantly. Oral ribavirin also has some effect and has been recommended for 
prophylaxis in close contacts of known cases. 

The course of Argentine hemorrhagic fever has been modified by admin- 
istration of high-titer convalescent-phase plasma within the first week of the 
illness, although late, generally reversible, neurologic sequelae occurred in 
about 10% of the treated patients. This unusual approach to treatment of acute 
infection (rather than prophylaxis) is being explored for other arenaviruses, 
but the high incidence of HIV infection in Africa would discourage its use on 
that continent at least. 
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The largest family of viruses affecting mammals, Btinyaviridae, was one of the 
last to be recognized. Most of the over 300 members are arthropod-borne, 
with a variety of vectors and life cycles involving mammalian or avian verte- 
brate hosts. Many persist in their arthropod vectors via transovarial transmis- 
sion; in an infected female arthropod the virus infects the eggs so that larvae, 
nymphs, and adults of succeeding generations are infected and are thus 
capable of transmitting lhe virus to vertebrate hosts. This is an important 
mechanisari of overwintering. Humans are infected when bitten by the arthro- 
pod. PIowever, viruses of the genus Hanfa~~irus are transmitted by urine and 
saliva between reservoir rodent hosts; humans are infected when they come 
into contact with fhese rodents. More than a dozen bunyaviruses, from four 
genera, are pathogenic for humans, causing diseases ranging from un- 
differentiated fever, sometimes with a rash, to potentially lethal encephalitis 
and l~emorrhagic fever. 

Properties of Bunyaviridae 

The virions are spherical, 90-100 nm in diameter (Fig. 33-I), and are com- 
posed of a lipid envelope with glycvprotein peplomers enclosing three circu- 
lar nucleocapsids ol helical symmetry (Table 33-1). The genome consists of 
three linear segments of ssRNA, designated large (L), medium (M), and small 
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Fig. 33-1 B ~ n y a ~ ~ i r t i i a ~  ( A ,  U) Sections of cultured cells. (A) Virions in Gulgi vesicles, (8) Extra- 

cellular vrrions. (C, D) Negatively sltarned preparations (C) Hantaan virus (D) Rift Valley fever 
virus. Bars, IIIO nrn. (A, B, C, courtesy Dr. F. A Murylly,C, courtesy Dr. J McCormick and Dr E. 
L Palmler; D, rourtcsy Dr. E L Palmer.) 

(S), of approximately 7, 4, and 1-2 kb, respectively, each formed into a circle 
by hydrogen bonding of the ends; as with the arenaviruses, conserved 3'-ter- 
minal sequences common to all segments of the genome of a given genus are 
complementary to conserved 5' sequences. The genome is generally of minus 
sense, but the S segment of some genera is ambisense. Virions contain four 
major proteins: a transcripiase (L), a nucleocapsid protein (N), and two gly- 
coproteins (GI and C2). which farm the surface peplomen. 

Table 33-1 
Prnpt~r t~es  of Rilr~ynvirufoe 

Four jr;rncra infect vertcbrakes. Rrrrr~/rrzrrrrts, Pl?lcPorltrrrs, and Nnrtovlrrrs ,  all arthropod-borne; H R I I ~ R -  
r ~ l r i r s ,  non-arthropod-bnr11c 

Sphrrical, rnvcluped virion, 90-100 nrn 
Clycoprotern peplomers but no matnx prote~n in cnvrlope 
Three rircular nucleoc~~psids with helical symnletry 
C*grnmted minus sense ssRNA genome, Ihrw segments of 7, 4, and 1-2 kb, complementary 3' 

and 5' trmltni; segn~ent  5 of  i'lrlr~bt)t~~r~rs gcnomr is ambisense 
Cnpprd 5. termmi of cellular RNAs canniballard as primers for mRNA transcriptton 
Cytoplasmic rept~ca tion, b u d d ~ n g  Into Golgi ves~cles 
G c r ~ c r ~ l l y  cytc~cldal for vertebrate cells hut n,ncytocidal persistent inCctinn in invertebrate cells 
Genelit- reassartrnm t Ilccurs hctwccn closcEy rrlated viruses 

I 

Classification 

The family Bunynz?irfdae (Bunyarnwera, locality in Uganda) contains four gen- 
era: Bu~yav i rus ,  with more than 160 viruses; PhEebovirus, with more than 50 
viruses; Nuiroz~iuus, with at leas ti 30 viruses; and Hnnfflz~irus, with 6 viruses; 
many other members of the family remain to be characterized (Table 33-2). 
Assignment to genera is based on the characteristics and coding strategy of 
the genome, common nucleocapsid antigens (conventionally determined by 
complement fixation), and mode of transmission. Members of the genus Bun- 
yavirus are transmitted predominantly by mosquitoes, nairoviruses by ticks, 
and phleboviruses by sandflies, gnats, or ticks; hantaviruses have no known 
arthropod vectors. Within genera, species are arranged into serogroups based 
on partial cross-reactivity (some shared epitopes) between the envelope gly- 
coproteins, as measured by cross-neutralization and hemagglutination inhibi- 
tion. 

Genetic reassortment is readily demonstrable when cultured cells or mos- 
quitoes are coinfected with closely related bunyaviruses and has probably 
played a part in the evolution of the family. Within its particular ecologic niche 
each bunyavirus continues to evolve by genetic drift; for example, oli- 
gonucleotide fingerprinting or sequencing of the RNA genome from different 
isolates of La Crosse virus frequently reveal point mut-etions, or 
duplications. 

Table 33-2 
Members of Family Brtnyanridae Causing Disease in I-lurnans 

Geograph~c Arthropod Amplifier or 
Virus Genus distribut~on vector reservoir host Human disease 

Rift Valley fever P h i e h i r u s  Africa M ~ s q u i t o  Sheep, cattle, Fever, myaIgia, reti- 
buffalo, goats nitis, hemor- 

rhagic fever 
Sandfly fever P!flchlairus Mediterranean, Sandfly ?Gerb~l, forest Fever, rnyal~ia,  cnn- . .7 

South America rodcnts junctivrtis 
La Crosse B~nynvirrrs Western United Mosqulto Chipmunk, Encephalitis 

Slates squirrel 
Oropouche Brr~ynlnl~rrrs Brazil Mosquito, Sloths, monkeys Ftaver, arthralgia, 

midge myalg~a 
Crimean-Congo Nairozrirus Asia, Eastern Tick Sheep, cattle, FIemorrhagic fever 

hemorrhagic Europe, Africa goats 
lever 

Hantaan Hcantarlirus Asia, Europe Nil Rodents (bats, Hemorrhagic fever, 
birds) nephropathy 

Puurnala !lantaurrus Scandinavia Nil Rodents, Ncphrnpathy 
hu~mans 

Belgrade Hantaz~rnrs Balkans Nil Rodents F lcmosrhagrc fever, 
nephrnpathy 

Seoul Ha~ttaorrlis 'Worldwide Nil Rats N~phropathy, 
sometimes hem- 
orrhaglc fever 

Muerto Canyon Hnt?fnzllrus Unrtcd States Nil Rodents Fever, myalgta, res- 
piratory farlure 
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Viral Replication 

Viral entry into its host cell is thought to occur by receptor-mediated endo- 
cytosis. All subsequent steps take place exclusively in the cytoplasm. After 
penetration of the host cell, the virion transcriptase is activated and tsan- 
scribes subgenomic mRNAs from each of the three vir~on IiNA segments 
while still associated with their nucleocapsids. The enzyme carries not only 
RNA pc~lyrnerase activity but also an endonuclease which is thought to effect 
5'-methylated capping of viral RNA transcripts by cleaving 12-15 nucleotides 
from the 5' end of cytoplasmic cellular mRNA molecules. After translation of 
these mRNAs, replication of the virion RNA can occur and a second round of 
transcription begins. The L RNA segment codes for the transcriptase; the M 
segment codes for the G l  and G2 glycoproteins, and in some genera for a 
nonstructural protein, NS,; the S RNA segment codes for the nucleocapsid 
protein and, in some genera, a nonstructural protein NSs, which is postulated 
to be involved in RNA replication/transcription. In the genus Bunyauirus, NSs 
is read from the 3' end of the N gene but in an overlapping reading frame. In 
the genus P~zlcbor~irus, the S RNA segment also codes for these two proteins, 
but it employs a remarkable ambisense transcription strategy (Fig. 33-2). 

The viral glycoproteins G1 and G2 are generally derived by cotranslation- 
a1 cleavage in the rough endoplasmic reticulum and accumulate in mem- 
branes of the Golgi compIex, where they are terminally glycosylated and then 
associa te with nucleocapsids. Vt rions bud in to Golgi cis ternae before trans- 
port in smooth-walled vesicles to fuse with the basolateral surface of the 
plasma membrane and release by exocytusis (Figs. 33-1A and 3-98}. 

NSs 

VRNA vc RNA mRNA 

Fig. 33-2 Exprt.ssion nf the anibiscnw S segment st the phJehov~rus genome Gcnomic RNA 
(vRNA) c.t>rnprlsrs a 3' half of mln~us scnsr and a 5' half of plus sense separated by a noncoding 
inlr.rgt,rrrc- region (stippled) ( 1 )  F~rst, the open reading frame at the 3' end of t h ~  genome IS  

transcribrd (from its 3' end) by tlie virlon transcnptase to produce a subgenwmic mRNA of 
cunlplr~nrntary sense, wh~cli IS  capped at its 5' tc3minus by a primer comprising 12-15 nncle- 
ol~dcs (hntchvd) cannibalized from cellular mRNA by the v~ral rndonuclease. (2) This mRNA is 
translated into nuclroprc~te~n N (3)  Gcnclrnic repl~cation produces a f~111-length complementary 
copy [if tht. v~ral genclme, vrRNA. (4) The open readrng frame in the mtnus sense of this 
antfgtxnrwne now srrves as the fernplate lor transcription, from its 3' end, to yield mRNA which is 
translatccf ( 5 )  to give thc nt)nstrurtnral prutcln NS, 
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Pathogenesis 

The segmented genome of bunyaviruses facilitates assignment of biological 
functions lo individual genome segments by experimentation based on  genet- 
ic reassnrtmenf. For example, studies in mice with members of the California 
serogroup of the genus Bumyvirus indicated that neurovirulence maps to 
segment L (encoding the transcriptase) and to a lesser extent to segment S 
(nucleocapsid), whereas neuroinvasiveness maps to segment M. Many of the 
properties affecting pathogenesis (e.g., host range, tissue tropism, virulence, 
and transmissibility by the invertebrate vector) segregate to segment M I  
which encodes the envelope glycoprot~ins 6 1  and G2. 

Laboratory Diagnosis 

Classically, bunyaviruses have been isolated by intracerebra1 inoculation of 
suckling mice, and this remains an important method of discovery of new 
arboviruses from mosquito pools as well as from putative amplifier hosts or 
humans However, most bunyaviruses also grow well in more convenient 
cultured vertebrate cells (e.g., Vero-E6 or BHK-21) or invertebrate cells (e .g . ,  
Aedes mosquito cell line). They are cytolytic for mammalian cells (except 
for hantaviruses and some nairoviruses), but noncyfolytic lor invertebrate 
cells. 

For diagnosis in suspected cases of human disease, appropriate speci- 
mens are blood taken very early in the illness, while the patient is still vir- 
emic, or  relevant tissue taken at autopsy. Growth of virus in cultured cells can 
be detected by imrnunofluorescence, hemagglutination (for some bun- 
yaviruses), or EIA. The isolated virus is assigned to a phrticular serogroup by 
a complement fixation test using serogroup-specific antisera directed mainly 
toward the nucleocapsid protein. Thereafter, the species or serotype is identi- 
fied by hemagglutination inhibition (goose erythrocytes, pH approximately 6) 
or neutralization (plaque reduction in cell culture), both of which measure 
antibodies directed at the membrane glycoproteins. Finer distinctions can be 

I 
made by oligonucleotide fingerprinting of the RNA genome. 

Serdogy is often used to screen populations for antibody, or to diagnose 
! illness usrng paired sera or specific IgM assays. Complement fixation, EIA, 

neutralization, and irnmunofluotescence can all be used for these purposes. 
! While this approach is useful f'or screening fur antibody to an exotic virus in a 

traveler, it can yield arnb~guous information in people who have lived for 
years in a part of the world where other members of the same genus or 
serogroup are endemic. 

Rift Valley Fever 

Rift Valley fever has been known for many years as a devastating disease of 
ruminants which breaks out every decade or so in East or South Africa, killing 
lambs and calves and inducing abortion in pregnant ewes and cows. At the 
time of such epizootics occasional cases of a nonlethal dengue-like illness 
were observed in people who came into contact with sick animals or handled 
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their carcasses. Suddenly in 1977 an cpizootic of unprecedented scale oc- 
curred in the delta and valley of the Nile, with many hundreds of thousands 
of cases in sheep and cattle, and for the first time large numbers of humans 
were affected. The disease broke out again In 1378. Over 200,000 Egyptians 
contracted the disease, and more than 600 died. The extent and severity of 
this epizootictepidemic may have been due to the high population densities 
oh fully susceptible animals and humans. In 1987-1988, further virus activity 
was detected in eastern Africa and in western Africa, with hundreds of hu- 
man deaths in Senegal and Mauritania. 

I Clinical Features 
1 

The disease begins after a very short incubation period (2-6 days) with fever, 
severe headache, retroorbital gain, photophobia, and generalized myalgia. In 
the Egyptian epidemic a proportion of the patients progressed to one of three 
compIica tions: encephali tis (reIa tively mild and usualIy without sequelae), 
retinitis (with diminution of visual acuity sometimes leading to permanent 
loss nl: central vision), or hemorrhagic fever (marked by jaundice and wide- 
spread hemorrhage, with a mortality ot 5-10%). 

Epidemiology 

The native vertebrate reservoir host of Rit-1 Valley fever virus in sub-Saharan 
Africa has not been precisely identified but is presumably one or several 
species of wild ungulates. The virus survives in a silent enzootic cycle for 
many years and then, when there is exceptionally heavy rainfall, explodes in 
epizootics of great magnitude among domestic sheep and cattle. In such 
epizootics, Rift Valley Sever virus is transmitted by many species of Culex and 
Aedcs mosquitoes, which are very numerous after heavy rains or when im- 
proper irrigation techniques are used. The mosquitoes are infected when 
feeding on viremic sheep or cattle, which maintain a very high level of vir- 
emia for 3-5 days. This arnpIification of the transmission cycle, together with 
mechanical transmission by biting flies, results in infection and disease in a 
very high proportio'n of animals and humans at risk. 

These epizootic cycles are started by infected mosquitoes occupying an 
unusual ecologic niche. Throughout [he grassy plateau regions of sub- 
Saharan Africa there are dry depressions in which floodwater Aedes species 
live, surviving long periods of drying as eggs and emerging only when the 
depressions are filled by exceptional rainfall These m~squi t~oes  are tran- 
sovariall y infected with Rift Valley fever virus and are capable of transmitting 
i t  to a few sheep, cattle, and wild ruminants, thus starting epizootics which 
are maintained and amplified by other mosquito species. 

In its epizootic cycles Rift Valley fever virus may also be spread directly by 
fomites, by direct contact, and mechanically by arthropods such as tabanid 
flies. Infected sheep have a very high level of viremia, and pregnant ewes and 
cows alrnr>st invariably abort; transmission to humans at the time of abortion 
via contaminated placenta and fetal and maternal blood is a particular prob- 
lem. Abattoir workers, farmers, and veterinarians are often infected directly. 
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Control 

The 1977-1978 epidemic in Egypt raised the specter of future spread of Rift 
Valley fever to the Middle East and perhaps beyond. To minimize the chance 
of this happening it may become necessary to police the international move- 
ment of livestock as well as to screen animals serologically from time to time. 
Spread to humans during outbreaks might be reduced by vigorous mosquito 
control and by implementing safer procedures for the killing and disposaI of 
animals. Live attenuated and formalin-inactivated Rift Valley fever vaccines 
are available for immunization of susceptible livestock in enzootic areas, but 
they would need to be used systematically on a very large scale to prevent 
outbreaks. Persons who are particularly at risk, namely, laboratory personnel, 
veterinarians, and slaughtermen, in East and South Africa, should be vacci- 
nated when a suitable vaccine is Iicensed for general use in humans. 

Sandfly Fever 

Sandfly (phlebotomus) fever is a common but nonlethal disease caused by a 
Phlebovirus and transmitted to humans by peridomestic sandflies (Phlebofomus 
papalasii) in countries ar'ound the Medf terranean Sea and eastward to central 
Asia and India. The indigenous people are usually immune as a result of 
childhood infection; however, travelers are at risk, and epidemics have oc- 
curred in armies throughout history. A second focus occurs in Central and 
South America where forest-dwelling phlebotomines of the genus Lufzomyia 
are the vectors. No vertebrate host other than man has been definitely incrim- 
inated, but gerbils are the principal suspects in Europe and Asia and forest 
rodents in South America. The virus also persists in phlebotomines by tran- 
sovarial and transstadial transmission. The human disease is a self-limiting 
dengue-like syndrome marked by fever, headache, myalgia, re troorbi tal pain, 
conjunct iviiis, and leukopenia. Genetic reassortmen t between closely related 
viruses has been shown to occur in nature. 

California Encephalitis 

The California serogroup within the genus Bur~yavirus comprises more than a 
dozen viruses isolated from mosquitoes or vertebrates in various parts of the 
world. The best studied and most imporfant human pathogen in the group is 
La Crosse virus, which causes encephalitis in children and forestry workers in 
wooded areas of the United States. The virus is endemic, with about 100 cases 
of encephalitis reported annually, but serological surveys indicate that there 
are about 300,000 human infections annuaIly, mostly In summer, throughout 
the Midwest; fortunately fewer than 1 case occurs for every 1000 infections in 
children. The ecology of the virus is described in the legend to Fig. 33-3. It 
has been said that "no two isolates are the same," probably because of the 
high frequency of genetic drift and perhaps occasional genetic reassort- 
ment. 
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Summer cycle Clinical disease 

/ Small mammals \ 

Aedes trtserrarus Aedes tr~seriatus 

Overwintering cycle 

Fig. 33-3 Cycle of California (La Crosse) encephalitis virus During the warmer months there IS 

a cycle nf the La Crosse virus between Aedes iriserratus, a woodland mosquito, and chipmunks 
and tree squirrels The virus is also malntarned ~ndefiniteIy in mosrluitoes by transovar~al trans- 
mission and IS amplified by venereal transmisston between male and un~nfected female mosqul- 
tors, which can in turn transmrt either to a vertebrate by biting or to the next generation of 
mosquito by fr,~nsovanal transmissir~n Humans, who are dead-end hosts, are the only host 
known to develop clinical drsease (Modifled from R.  T, lohnson, "Viral Infections of the Nervous 
System." Raven, Nt-w York, 1982.) 

Oropouche Fever 

Oropouche virus, a mecnber of the genus Bunynvirus, has caused repeated 
epidemics with thousands of cases in northern Brazil, usuaIly in the rainy 
season, and may occur more widely in northern South America. The human 
disease i s  characterized by fever, headache, myalgia, arthralgia, and prostra- 
tion, but. no mortality. The major urban vector is the midge CulEcoid~s pnmensis, 
and the virus may be maintained in a midge-human cycle during epidemics. 
The sylvatic cycle involves sloths, monkeys, and probably jungle mosquitoes. 
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Crimean-Congo Hemorrhagic Fever 

Crimean hemorrhagic fever has been recognized for many years in central 
Asia and easlern Europe as a severe zoonotic disease affecting penpIe coming 
in contact with livestock, as well as woodcutters and other people coming in 
contact with ticks. The causative virus, a member of the genus Nnirovirrrs, is 
identical to a virus, originally named Congo virus, which causes a nonfatal 
febrile disease in humans in cent~al Africa. The distribution of Crimean- 
Congo hemorrhagic fever virus is now known to extend from China through 
central Asia Yo India, Pakistan, Afghanistan, Iran, Iraq, other Persian Gulf 
countries, the Middle East, eastern Europe, to most of Saharan and sub- 
Saharan Africa. 

Clinical Features 

Crimean-Congo hemorrhagic fever commences abruptly with fever, head- 
ache, and severe back and abdominal pain, and progresses to extensive hem- 
orrhages from almost any site, with melena, hematemesis, hemaluria, and a 
hemorrhagic skin rash (Fig. 33-4). Leukopenia, thrombocytopenia, pro- 
teinuria, and hepatitis are key findings. BIood loss from internal bleeding 
leads to shock, pulmonary edema, and death. Case-fatality rates range from 
5 to 50%, depending on the availability'of modern medical care. 

Fig. 33-4 Crimean-Congo hemorrhagic fever, showing hemorrhagic skin rash Peterh~ae pro- 
gress to extensive ecchymoses. The circular s ~ k s  on the lelt wcrr caused by cap~llary fragility 
tests. IFrom 1 Casals, B E. f~cnderson ,  H. Hoogstraat, K. M Johnson, and A. Shelckov, i~lfrct 

Urs 122, 437 (1970) Courtesy Dr. A Shelekrlv ] 
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. The virus is maintained 'by a cycle involving transovariall transstadial trans- 
mission in ixodid ticks, its distribution worIdwide coinciding with that of ticks 
of the genus Hyglamrna, which is the most important of the seven genera fmm 
which the virus has been isolated. Vertebrates are important amplifier hosts. 
The tick larvae and nymphs generally parasitize birds and small animals such 
as hares, whereas aduli ticks are mainly responsible for transmitting the virus 
to larger animals like cattle, sheep, goats, camels, and humans. 

The virus is also transmitted to humans by direct contact with sub- 
clinically infected viremic animals, for example, during sheep shearing or 
veterinary procedures, and it is also transmitted from person to person, espe- 
cially nosocomially, for example, to surgeons stemming internal hemorrhage. 
Crimean-Congo hemorrhagic fever is an increasing problem, with more and 
more cases being reported each year from many parts of the world, and an 
increasing percentage of animals being found to be seropositive. 

Control 

Tick control measures in domestic animals, spraying camp sites and limited 
areas with acaricides, and impregnalion of clothing with repellent, especially 
during spring and summer, can reduce the incidence of Crimean-Congo 
hemorrhagic fever. Strict isolation of patients and barrier nursing with partic- 
ular attention to blood and vomitus are required to prevent nosocomial 
spread. There is a need for a safer vaccine than the mouse brain-derived 
version currently available. 

Hemorrhagic Fever with Renal Syndrome 

During the Korean war of 1950-1952, thousands of United Nations troops 
developed a disease marked by fever, hemorrhagic manifestations, and acute 
renal failure with shock; the case-fatality rate was 5-10%. The etiologic agent 
of this disease remained a mystery until 1978 when a virus, named Hantaan 
virus, was isolated in Korea from the field rodent Apsdemus q r a r i u s  and 
identified as a unique bunyavirus. Since then, several related viruses have 
been found in other parts of the world in association with other rodents. 
These viruses comprise the genus NanCavirrrs. Five hantaviruses, Hantaan, 
Puurnala, Belgrade, Seoul, and Muerto Canyon viruses, are associated with 
human diseases with different epidemiologic patterns, varying clinical mani- 
(cstatlons, and a variety of local names (see Table 33-2). 

Clinical Features 

As €he descriptive if cumbersome name hemorrhagic fever with renal syn- 
drome implies, infections with Hantaan virus produce hemorrhagic fever 
with profound renal tubular involvement. Lumbar abdominal pain and pro- 
teinuria are prominent during the febrile phase, which gives way to a 
hypotensive hemorrhagic phase, then an oliguric phase with abnormal renal 
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function, and finally a dluretic phase heralding recovery. Hemorrhage can 
occur from different sites in different patients, for example, a petechia! skin 
rash, massive gastrointestinal bleeding (sometimes presenting as a n  acute 
abdomen), or hemorrhagic pneumonia. Belgrade virus produces a similar 
syndrome in the Balkans. The urban and laboratory-associated disease caused 
by Seoul virus is usually milder and associated with hepatic rather than renal 
dysfunction. Nephropathia epidemics caused by Puumala virus is a nonlethal 
form of hantavirus infection encountered in Europe, especially Scandinavia, 
in which there is little hemorrhage and no shock. In 1993 a new hantavirus 
was identified in the southwestern United States as the cause of a pulmonary 
syndrome with a case-fatality rate of over 5.0%; fever and myalgia progress 
rapidly to d yspnea, respiratory ~nsuf ficiency, and hernodynamic collapse. 

Epidemiology 

Unlike other members of the family Bunyaviridne, hantaviruses are not arbo- 
viruses but are transmitted to humans from their rodent hosts by inhalation of 
aerosolized rodent urine or by direct contact with rodent excreta or contami- 
nated fomites. The hantaviruses produce lifelong inapparent infection in ro- 
denls, with persistent shedding in urine and saliva, although unlike are- 
naviruses they do not appear to be passed congenitaIly. 

Epidemiologically, there are three disease patterns: rural, urban, and 
laboratory-acquired, each with a different rodent-virus combination. The 
rural type, which is much the commonest, accounting for over 100,000 cases 
annually in eastern China, is caused by Hantaan virus in the field mice Apo- 
demus a ~ r a r i u s  in Korea, China, and eastern Russia and Apodemus flnvicollis in 
the Balkans, but by Puurnala virus in the bank vole Clefhrionomys gllrreolus in 
Scandinavia and eastern Europe. The principal host of Muerto Canyon virus 
in southwestern United States is krotnyscus ~nnniculatus. All these species are 
field rodents, hence human infections occur mainly in rural workers, some- 
times as sporadic cases, sometimes as small outbreaks when a number of 
persons are exposed to a contaminated focus. Outbreaks in military personnel 
are associated with their exposure to such foci. In China and Korea there are 
two seasonal peaks, associated with the harvesting of wheat (summer) and 
rice (late fall) when the populations of Apodemus peak and much dust is 
generated. In Scandinavia maximum transmission occurs during the winter, 
when the reservoir host C I ~ f h r i ~ ~ o ~ l y s  invades houses. 

Seoul virus is widespread among urban rats (Rattus norvegicus) through- 
out the world, especially in seaports, and has recently been recognized as the 
cause of an occupational disease transmitted to animal caretakers and re- 
search personnel from laboratory rats and wild reservoir host rodents brought 
into labora tories. 

In May 1993 a mysterious new disease broke out near the confluence of 
New Mexico, Arizona, Utah and Colorado. The victims, mainly healthy 
young adults, developed influenza-like sympComs and then rapidly became 
very sick, and many died of respiratory failure. The Centers for Disease 
Control and Prevention (CDC) screened patients for antibodies to a wide 
range of possible infectious agents, and they were found to have antibodies 
cross-reacting with hantaviruses. Oligt~nucleotide primers corresponding to 
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the ends of a conserved sequence of the hantavirus genome were synthesized 
and used in a reverse transcriptase-PCR assay to amplify the genome of the 
putative new han tavirus obtained from appropriate specimens, including au- 
topsy material. All patients tested were positive for l~antavirus RNA by PCR, 
and hantaviral antigen was demonstrable by immunofl uotescence in capillary 
endothelial cells throughout many organs. The region had recently suffered a 
plague of the deer mouse, Perottryscus nzanicuinfus, and many mice trapped in 
the area were hantavirus-positive by serology andlor PCR. Subsequently, 
sporadic human cases have been reported in many states and various other 
rodent species have also been found lo be carriers of the virus. 

Control 

Rodent control by trapping, poisoning, or cats is recommended in situations 
where human infections are acquired from rodents in houses, as with the 
Seoul virus and Puurnala virus. Because rodent control in an agrarian envi- 
ronment is impracticable, there is a clear need for a vaccine against Hantaan 
virus. An inaclivated vaccine derived from suckling mouse brain was licensed 
in Korea in 1990, but a cell culture grown inactivated vaccine or a genetically 
engineered vaccine would be preferable in the long term. Special precautions 
are recommended for laboratory personnel who handle rats. 
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The name reovirus is an  acronym, short for ~espiratory enteric orphan be- 
cause the first members of this family to be discovered, now classified as the 
genus Orthorcovir~rs of the family Ruoviridnu, were found to inhabit both the 
respiratory and the enteric tract of humans and animals, but to be "orphans" 
in thse sense that they are not associated with disease. The discovery of the 
human rc~taviruses in 1973 changed all that, for members of the genus Rota- 
z~irris arc recognized to be the most important cause of infantile gastroenteritis 
throughout the world. In addition, dozens of arboviruses, at least one of them 
causing disease in humans, have been allc~cated to the genera Orbizrinis and 
Colfizlirirs. Yet other genera contain pat hogens that infect both plants and 
insects, raising the question of whether these fascinating viruses that cross 
kingdoms so readily might have evolved in insects. 

Furthermore, reoviruses have attracted much attention from molecular 
biologists because of the unique nature of the genome. Composed of double- 
stranded RNA, the genome is segmented into 10-12 separate molecules, each 
reprtsenting a different, generally rnonocistronic, gene. For several reo- 
viruses, each gene has been cloned and sequenced and its protein product 
characterized. Moreover, the facility with which these viruses undergo genel- 
ic reassortment has been exploited to exchange genes from temperature- 
sensitive ( t s )  mutants and thus determine the role of individual genes in 
pathogenesis and virulence. 

Properties of Reoviridae 

Members of Ihc family Rn~viridoe have striking icosahedral or quasi-spherical 
virrons (Fig. 34-I), with two concentric icosahedral capsids surrounding an 
inncr core. The vir~ons nf rcrtaviruses and orthoreoviruses are relatively stable 
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to heat and to pH 3, and their infectivity is actually increased by exposure to 
proteolytic enzymes enct~untcred In the gut. ?'he gcnom'e comprises 10-12 
unique molecules of dsRNA, total size 18-27 kilobase pairs, depending on the 
genus (Table 34-1). The positive strands of each duplex are 5' capped and the 
negative slrands 5' phosp'horylated; the 3' termini are not polyadenylated. 
Genera share no antigens, but within genera there are genus-specific and 
species-specific antigens. 

Viral Replication 

The replication cycle has been studied in most detail with reovirus 3, a mem- 
ber of the genus Orthorcovrvus. The intact virion may enter the cell by receptor- 
mediated endocytosis, or, alternatively, intermediate subviral particles, re- 
sulting from digestion with chymotrypsin in the intestine, may pass into the 
cytoplasm either via the endosomal pathway or directly. Both types of parti- 
cles are then degraded to become "core particles," within which the virion- 
associated transcriptase and capping enzymes repetitively transcribe 5' 
capped (but not 3' polyadenylated) mRNA mollecules, which are extruded 
through the holIow apices of the icosahedral core particles. OnIy certain 
genes are transcribed initially; the others are derepressed following the syn- 
thesis of an early viraI protein. The mechanism of replication of the genome is 
complex and not yet fully understood. Various nonstructural and structural 
viral proteins associate with a complete set of mRNA molecules to form a 
subviral particle within which complementary minus sense RNA strands are 
synthesized, producing dsRNA mo1ecules. These in turn serve as templates 
for the transcription of more mRNA which is transIated preferentially to yield 
a large pool ot viral structural proteins. New virions self-assemble and accu- 
mulate in cytopIasmic inclusions before being reIeascd by cell lysis. 

Although the replication of rotaviruses has not yet been studied in so 
much detail, it is apparent that the general principles are similar. However, 
certain distinctive features mark the early and late stages of the rotavirus 
replication cycle. Rotaviruses bind to siaIic acid on receptors, via a ligand on 
the outer capsid hemagglutinating protein VP4; cleavage of VP4 by trypsin is 
required to enable the virion to enter the cytoplasm, which apparently occurs 

Table 34-1 
Properties of Rroltrridae 

Three of nine genera contain human viruses. Rrrfariirus, I~oltiorrtrs, and Ortlrorer~rrrrus 
Nnnenveloped spherical vrrion (Ortllnrcoz~rrus and (Inlttoir~rs, 80 nm, Rrrfnzlrrrrs, 70 nm) 
Outer and inner icosahedral capsid surrounding inner core; core contains RNA polymerase and 

associated enzymes ~nvolved in mRNA synthesis (RNA elonfiation, capprng, mcthylat~nn, 
?helicase) 

Double-stranded RNA segmented genome, Orl!rorcorrrrrrs, 10 segments, total sizr 24 kbp; Ro- 
tnrrirus, 11 segments, 18 kbp; Colfrvirtrs, 12 segments, 27 kbp 

Cytoplasm~c replication; entry may require cleavage of capsid protein; transcriptase 1n core fran- 
sc~ihes early genes; genome replication by transcripbon from mRNA molecules to form dsRNA 
In subviral particles; transcr~pt~on of lare genes for structuraI prole~ns, virions undergo sclf- 
assembly, released by cell lysis 

Genetic reassortment occurs between species within each genus 
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by direct penetration of the plasma membrane. Newly synthesized outer 
capsid glycoprotein VP7 is retained in the rough endoplasmic reticulum 
(RE171). Assisted by a nonstructi~ral glycoprotein, the rotavirus progenitor par- 
ticle buds into cisternae of the RER, acquiring a temporary envelope, which is 
then removed so that VP7 can assemble to complete the outer capsid. 

Rotaviruses 

In 1973 a new virus was discovered in Australia, first in duodenal biopsies 
then in feces of Melbourne children with gastroenteritis. Electron micro- 
graphs revealed virions with a unique appearance (rota, wheel). Quickly it 
became apparent that rotaviruses are the commonest cause of gastroenteritis 

, 

in infants and are responsible for about a million deaths each year in the Third 
World. 

Properties of Rotaviruses 

The rotavirus is particularly photogenic (Fig. 34-1). Smooth and round in 
outline, it is seen to have two concentric icosahedral sheIls. The 50 nm core of 
the virion, composed mainly of the structural protein VP2 (but also the tran- 
scriptaselreplicase VP1 and the guanylyltransferase VP3) is surrounded by a 
60 nm inner icosahedral capsid composed of the major group-specific protein 
VP6, which in turn is enclosed within a 70 nm outer icosahedral capsid com- 
posed mainly of the glycoprotein VP7, with dirners of the hernagglutininlcell 
attachment protein VP4 projecting from the surface as 60 short spikes; 132 
channels pass through both the outer and inner capsid to communicate with 
the core. The genome consists of 11 molecules of dsRNA, total size 18 kbp. 

Rotaviruses are ubiquitous. Essentially every species of domestic animal 

Fig. 34-1 ReonrrrrL[. Negatrvely stained preparation of vinons of human rotavirus Bar, 100 nm 
(Courtesy Dr. E L. Palmer ) 

Rotaviruses 525 

or bird that has been thoroughly searched has at least one indigenous ro- 
tavirus, causing diarrhea ("scours") in the newborn. Rotaviruses are classified 
into six serogroups, A-F, on the basis of differences between the major 
group-specific capsid antigen VI'6. Most human rotaviruses fall into group A, 
but others, once called "atypical rotaviruses" or "pararotaviruses," belong to 
recently defined groups B and C. 

Differentiation into serotypes within group A is based on neutsalizaiion 
tests. As both of the outer capsid proteins carry type-specific epitopes recog- 
nized by neutralizing antibodies, a binary system of classification of serotypes 
has been developed, akin to that used for influenza viruses. So far, 14 se- 
rotypes (Gl-G14) have been defined on the bas~s of different VP7 antigens, 
whereas 8 serotypes (P 1-P8) have been defined on the basis of different VP4 
antigens. Fluman group A rotaviruses fall into nine G serotypes, 1, 2, 3, 4, 
and rarely 6, 8, 9, 10, or 12, and into four P serotypes, l , 2,3,  and 4. Monoclo- 
nal antibodies can be used to make finer distinctions, for example, between 
subtypes within the G1 serotype, which is the major cause of severe rotavirus 
enteritis worldwide. 

Large numbers of electropherotypes can be differentiated by poly- 
acrylamide gel electrophoresis (PAGE) of the viral RNA (Fig. 34-2). Because 
the patterns reflect differences in the migration of any of the 11 RNA seg- 
ments, there is no direct relationship between electropherotypes and se- 
rotypes, but they are a valuable tool for tracking+hespid~miotogy~f3ndLvidu- 
a1 strains. 

Pathogenesis and Immunity 

The pathogenesis of rotavirus infection was discussed in Chapter 9 as an 
example of the mechanism and consequences of viraI damage to the enteric 
tract (see Fig. 9-2 and associated text). 

Fig. 34-2 Elrctropherotypes of rotavirus. Sevrbn 

3 4 separate isolabs of n, lc~virusc~ obtained from lnlants - - a& - 1 tn Nournea hetween 19Ml and 1983 were rnalyrrd by 
I polyacrylamidr gel electrophoresis of thew RNA. 

' - - - - 4  
i Tracks 5 and 7 sh(l;w two sarnplrs of  thc snrne eltlctm- 

pherntypc (Cr7arrtesy 13rs G. Par~c~n and I H .  
2 3 4 5 6 7 8 fiolrnes) 
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1 Maternal antibodies of the IgG class transmitted across the placenta do 
not protect the newborn, but IgA an tibodies in the colnstrum do. Breast-fed 
infants are significantly less susceptible than bottle-fed infants during the first 
few days of life. Thereafter, the antibody titer in milk drops off rapidly, but 
infections acquired during the first few months still tend to be inapparent. 
Neonatal infections themseIves eIici t a transient neutralizing secretory IgA 
("cuproantibody") response in the gut, as well as a neutralizing IgG response 
in serum that persists for a few months, but they do not confer significant 
immunity against reinfection. Reinfections do, however, tend to be ciinically 
less severe, presumably as a result of priming for an anamnestic response. 
Immunity following clinical disease occurring at a later age may be more 
durable, and there is some evidence for low levels of cross-reactive (hetero- 
typic), as well as homofypic, immunity. Severe disease is less common on 

1 reinfection, and in older children. However, longitudinal studies are required 
to sort out whether increasing resistance is simply age-related or attributable 
to homotypic or heterotypic immunity, whether secretory IgA, serum IgG, or 

#. possibly T-cell mediated immunity is the most important, and whether neu- 
tralizing antibodies to VP4 are more relevant than those to VP7. 

CIinicaI Features 

Asymptomatic infection is the rule in neonates and is quite common in older 
children and adults. Clinical illness is seen principally between the ages of 6 
and 24 months, with the peak around 12 months. After an incubation period 
of 1-3 days, vomiting generally precedes diarrhea, which lasts for 4-5 days 
and can lead to severe dehydration. Death is rare in well-nourished children, 
but large numbers die in the poorer tropical countries. 

Laboratory Diagnosis 

Rotaviruses were discovered by electron microscopy, which remains a satis- 
factory approach to rapid diagnosis (see Chapter 12); the virions are plentiful 
in feces and are so distinctive that they cannot be mistaken for anything else. 
However, enzyme irnmunoassay (EIA) is a more practicable and more sensi- 
tive method for tlze average laboratory to detect rotavirus in feces. Latsex 
particle agglutination or reverse passive hernagglutination are also sensitive, 
specific, and simple (see Chapter 12 for details). The specificity of any of these 
tests can be manipulated at will by selecting either type-specific or broadly 
cross-reactive monoclonal antibodies (MAbs) as capture and/or indicator anti- 
bodies in the an tigen-capture assay. For example, group B or C rotaviruses can 
be distinguished by using antibodies against the group-specific internal anti- 

' 

gen VP6. 
Recently, attention has turned to improving the sensitivity of diagnosis by 

identifying the viral genome in RNA extracted directly from feces. Reference 
has already been made to the use of polyacrylamide gel electrophoresis tc~ 
resolve the 11 gene segments; for instance, rotavirus groups A, B, and C can 
be clcarIy distinguished by RNA electrophoretic pattern alone. Another possi- 
ble approach is dot hybridization, using a radioactively labeled cDNA probe 
to anneal with viral RNA that has been extracted from feces, denatured, and 
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immobilized on nitrocellulose filters; again, a VP6 gene sequence could be 
selected as a probe to place the virus in the correct group, or a VP7 gene 
sequence to identify the C type  Finally, the polymerase chain reaction 
can be used to amplify viral dsRNA extracted from feces; the RNA is purified 
and then used as a template for reverse transcription and polymerase ampli- 
fication using primer pairs appropriate for the degree of specificity desired. 

Rotaviruses are difficult to culture in vifro. The secret of success is that 
trypsin must be incorporated in the (serum-free) medium, to cleave the rele- 
vant outer capsid protein VP4 and thus facilitate entry and uncoating of the 
virus. The monkey kidney cell line MA104 and the human colon carcinoma 
line CaCo-2 are the most commonly used for virus isolation. Tlre cytopathic 
effect is not striking; immunofluorescence is used to identify rotaviral antigen 
in infected cells. Neutralization tests using appropriate polyclonal antisera or 
MAbs (plaque reduction or fluorescent focus reduction) can be used to  deter- 
mine the serotype of the isolate. Serum antibodies can be measured by EIA or 
neutralization tests. 

Epidemiology 

Rotaviruses are shed in large numbers, up to 10"' particles per gram of feces, 
for 3-7 days, or longer in the case of immunocomprornised children. Spread 
presumably occurs mainly by contact with feces and can be decreased by 
rigorous attention fo hygiene, including hand washing, disinfection, and 
proper disposal of contaminated diapers. Nevertheless, nosocomial outbreaks 
in hospitals, nurseries, and day-care centers are common. Waterborne epi- 
demics involving adults also occur, the virus being resistant to chlorination. 
Descriptions of respiratory symptoms in some children and the winter preva- 
lence of rotavirus in temperate climates raise the question of whether trans- 
mission can also occur via the respiratory route. The antigenic similarity be- 
tween certain serotypes of animal and human rotavirus and the facility with 
which human rotaviruses can be grown in piglets, calves, and dogs raise the 
possibility of zoonotic infections. 

Most human rotavirus infections are caused by group A serotypes, princi- 
pally in infants 6-24 months of age. The viruses are endemic year-round in 
the tropics, but display an autumn, winter, or spring peak in temperate coun- 
tries. Group B human rotaviruses are much less common but have been 
responsible for some extensive waterborne outbreaks in China, involving 
adults as well as children. Group C rotaviruses occur mainly in pigs and affect 
humans occasionallly. 

Of the group A rotaviruses, G types 1-4 are ubiquitous, with G I  being 
responsible for most of the severe disease worldwide. The "nursery" strains 
of group A isolated From nosocornial infections in newborn babies may be of 
G type 1, 2, 3, or 4, and are generally of P type 3. They appear to be relatively 
avirulent, although sectetory IgA and trypsin inhibitors in breast milk, and 
the delayed appearance of proteolytic enzymes in the neonatal gut, may 
explain the mild clinical outcome. 

Long-term prospective studies indicate that in some hospital nurseries 
and pediatric wards a high proportion of all newborn infants may become 
infected. Usually no disease occurs at this early age, but a degree of immunity 
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dcvelops 17)isease 1s cnlnniuner in the h month to 2 year group A 7-year 
prospecfive investigation of thc molecular epldernioSo~y of rotaviruses in 
children admi-tted to a Melbourne hc~spital revealcd that, wl~ile one paaticular 
strain tends to predominate for months or years before being replaced by 
another, several electropherotypes are often fo~rnd to be circulating simul- 
taneously. Under these circumstances, opportunities abound for genetic reas- 
snrtment. A logical extension of these studies will be to determine whether 
these genetic changes are accompanied by evidence of antigenic shift or drift 
analogous to that seen with influenza. 

Control 

Raising the standard of nutrition and hygiene in the developing world is the 
long-term answer to the horrific mortality from infantile gastroenteritis. In the 
meantime many lives can be saved by flu~d and electrolyte repIacernent. A 
suitable mixture of glucose and electrolytes for administration by mouth is 
approved by the WorId Health Organization for universal use. Indeed, such 
has been the success of oral therapy that intravenous therapy may be neces- 
sary only for those infants with shock or unusually severe vomiting. 

Patently there is a need for a vaccine, and several candidates have already 
undergone clinical trials. Exploiting the so-called Jennerian approach, U.S. 
workers have tested various animal rotavirus strains as attenuated oral vac- 
cines in humans, with no consistent success so far. Human "nursery" strains 
are also about to be tested. A third approach is to use recombinant live viral or 
bacterial vectors (e.g., vaccinia virus or an attenuated Salrnonelln) for oral 
delivery of genes encoding V1'4 and/or VP7. Finally, protection of mice has 
been obtained by injection of viral capsid proteins produced in insect cells 
infected with a recombinant bacuIovJrus vector. Any vaccine would need to 
be administered early in life to protect the infant during the all-important first 
2 years. It remains to be seen whether the growth of a Yive vaccine given at 
that time will be seriously impeded by maternal antibody, how long the 
resultant immunity will last, and whether it is cross-protective against sero- 
types not inclu'ded in the vaccine. Oral delivery offers the obvious advantages 
of eliciting mucosal immunity and being capable of delivery to all infants in 
cnmbina tion with oral poliovaccine. 

Thought is also being given to passive immunization, using rotavirus 
an tibody. Cows have been immunized with human or bovine rotaviruses to 
produce colostrum and milk containing high-titer rntavilvs antibodies for oral 
administration to babies. It is envisaged that such preparations couId be used 
either ~?rophylactically, for control of cross-infection in hospitals, or thera- 
peutically, to treat irnmunocompromised infants who are chronic rotavirus 
excretors. 

Coltiviruses and Orbiviruses 

The genus Orkrivirus gets its name lrom the large doughnut-shaped or ring- 
shaped "capsomers" (orl~is, ring or circle) that make up  the inner capsid. The 
diameter of the virion is 80 nm, and the genome comprises 10 rn~lecules of 

Orthoreovinrses 529 

dsRNA. There are dozens of species, all being arboviruses. The genus in- 
cludes important animal pathogens causlng bluetongue of sheep and African 
horse sickness. The only orbiviruscs believed to infect humans are the tick- 
borne Kemerovo viruses of Siberia. A much better known tick-borne agent, 
causing Colorado tick fever in North Amer~ca, has recently beela reassigned to 
a separate genus, Colfivirtrs, because its genome contains not 10 but 12 sepa- 
rate segments. 

Colorado Tick Fever 

Colorado tick fever is contracted from ticks by campers, hikers, hunters, and 
forest workers in the Rocky Mountains of North America. The virus is main- 
tained in the wood tick, Derlnaccrtfor arrderso~~i, being transmitted trans- 
stadially and overwintering in hibernating nymphs and adults Nymphs feed 
on small mammals such as squirrels and other rodents, which serve as a 
reservoir for the virus. Adult ticks feed on larger mammals including humans 
during the spring and early summer. 

After an incubation period of 3-6 days, the onset of illness is sudden. A 
characteristic "saddle-back fever, headache, retroorbital pain, severe myalgia 
in the back and legs, and leukopenia are the cardinal features; cnnvalescence 
can be protracted, particularly in adults. More serious forms of the disease, 
notably meningoencephalitis and hemorrhagic fever, occur in perhaps 5% of 
cases, mainly in children. Virus can be isolated lrom red blood cells or de- 
fected inside them by immunofluorescence, even several weeks aAer symp- 
toms have disappeared. This is a remarkable situation, as erythrocytes have 
no ribosomes and cannot support viral replication. It seems that the virus 
multiplies in erythrocyte precursors in bone marrow, then persists in the 
mature red cell throughouh its life span, protected from antibody during a 
prolonged vi remia. 

Eyach and Kemerovo Viruses 

Eyach virus is a coltivirus present in ticks in Europe; antibodies have been 
reported in some patients with meningoencepl~alitis and polyneuritis, but no 
causal relationship has been established Kemernvo virus, a member of the 
genus Orbhirus, is an arbovirus carried by ticks in Siberia; antibodies to it 
have been recorded in patients suffering from febr~le illnesses, and the virus 
has been isolated from the blood and cerebrospinal fluid of patients with 
meningoencephalitis from the Kemerovo region of Siberia. 

The first reovirus was isolated in 1951 from the feces of an Australian abnrigi- 
nal child, by inoculation of infant mice. We now recognize this to be one of 
three serotypes of mammalian reoviruses belonging to the genus Orthn- 
reoairz~s, which are not only ubiquitous in humans but also widespread in 
virtually every spec~es of mammal that has been carefully studied. The ortho- 
reoviruses replicate well in many types of cell culture. CPE is slow to develop 
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and not particularIy striking; however, on sta~ning, characteristic crescentic 
perinuclear acidnphilic inclusinns arc seen in the cytoplasm (see Fig. 5-3B). 
The three serofypes share common antigens but can be distinguished by 
t-remagglutination inhibition. 

Orthoreoviruses have been iritensively studied by molecular biologists 
because the segmented genome lends itself to detailed biochemical and genet- 
ic analysis. Thl~ pusitjon and role of each type of viral protein in the virion, the 
functiori of individual gene proditcts in replication, and the moEecuIar patho- 
genesis of infection in mice were described in Chapter 7. We have relegated 
the description of their clinical significance to this postscript because they 
have never been positively demonstrated Yo cause significant disease in hu- 
mans, other than some early studies that suggested they can produce mild 
uppcr respiratory sympturns. Yet they must commonly cause inapparent in- 

I fection because the majority of people acquire antibodies to all three serotypes 
by adultl~ood. The virus is shed in feces for u p  to several weeks, is regularly 
four~d in sewage and polluted water, and is assumed to spread mainly by the 
fecaI-oral route but also by the respiratory route. 
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The novelty and intrinsic importance of retroviruses have been underlined by 
the award of Nobel Prizes on no less than three separate occasions. The 
immense significance of the discovery by Peyton Rous in 1911 that a malig- 
nant sarcoma of chickens could be transmitted by a cell-free filtrate containing 
an infectious virus was belatedly recognized by the award of a Nobel Prize in 
1966, more than half a century Jater. Equally controversial initially wds the 
iconoclastic proposal by Howard Temin that genetic information could flow 
"against the tide," from RNA to DNA, which was confirmed unequivocally 
by the subsequent discovery in 1970, independently hy Temin and David 
Baltimore, of the enzyme reverse franscriptase in retroviruses, for which they 
received the Nobel Prize in 1975. Among other things, this enzyme has un- 
derpinned many of the subsequent spectacuIas advances in recombinant 
DNA technology and genetic engineering. Michael Bishop and Harold Var- 
mus received the Nobel Prize in '6989 for the discovery of oncogenes and their 
role in oncogenic viruses and in cancer generally. In 1980 Bob GaElo and 
colleagues described the first human refrovlrus, the cause of a form of adult 
T-cell leukemia, and in 1984 GaElo was also instrumental in confirming and 
extending the discovery by Luc Montagnier o f  the causal agent of the deva- 
stating pandemic of the acquired immunodeficiency syndri~me (AIDS), 

The threat posed by AIDS has triggered an unprecedented effort, by 
research scientists and governments alike, to understand and conquer this 
disease. We already know more about- the human immunodeficiency virus 
(T-JIV) than about any of the viruses of longer standing. Indced, HIV now scts 
the pace in virus research Many outstanding virologists have moved across to 
FiIV, and new ci~ncepfs and techniques pioneered by TIIV virolt>gists in every 
area of the discipline- from regulation of viral rep1 ication, through molecular 
pathogenesis, to laboratory diagnostic met hods and novel approaches to anti- 
viral therapy and vaccinology-now represent the gold siandard to which 
others aspire 
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I Properties of Refroviridae t 

Retrovirus virions are spherical, 80-100 nrn in diameter, and have a unique 
three-layered structure innermost is the genome-nucleoprote~n complex, 
closely associated with several molecules of thc viral enzymes reverse tran- 
scriptase, integrase, and protease. This structure is enclosed within a capsid, 
which appears icosahedral and is centrally located in human T-cell lympho- 
tropic virus (IITLV), spumaviruses, and the so-called C-type retroviruses of 
animals and birds (Fig. 35-1) but appears as a cone or rod in the case of the 
lentiviruses. This in turn is surrounded by a matrix protein, then a lipid 
envelope from which project glycoprotein peplomers. 

'The retroviral genome is unique among viral genomes in several respects: 
(1) it is the only diploid genome; (2) it is \he only viral RNA that is synthesized 
and processed by the mRNA-processrng machinery of the cell; (3) it is the only 
genome associated with a specific tRNA whose function is to prime replica- 
tion; and (4 )  i t  is the only plus sense ssRNA genome that does not serve as 
mRNA soon after infeclion. Each haploid segment of the genome is a linear, 
single-stranded, plus sense molecule of 7-10 kb, with a 3' polyadenylated tail 
and a 5' cap (see Fig. 11-2). A molecMvt icu Ia r  cellular tRNA, which 
serves as the primer fur transcription, is base-paired to a site near the 5' end of 
each viral RNA monomer. 

The genome of aFI nondefective retroviruses contains three major genes, 
each coding for two or more polypeptides. Reading from the 5' end, the gag 
gene (standing for group-specific antigen) encodes the virion core (capsid) 
proteins, the j)o! gene encodes the reverse transcriptase (polymerase), and the 
c n z ~  gene encodes the peplorner proteins (envelope). Unlike most exogenous 
oncogenic retroviruses of animals and birds (see Chapter 1 I), the only known 
human oncogenic retrovirus, KTLV-I, contains no oncogene; if  does, how- 
ever, contain two regulatory genes one of which, tnx, transactivates expres- 
sirm of all of its own genes as well as certain cellular genes. The genome of the 
lentiviruses, which are nnononcogenic, contains half a dozen regulatory genes. 
The genome termini have several distinctive components (see Fig. 11-2) which 
are functionally important in transcription, integration, and regulation of ex- 
pwssion of the integrated cDNA provirus. Other properties of retroviruses 
arc summarized in Table 35-1. 

Retrnviruses arc widely distributed among vertebrates as exogenous or 
endogenous agents (see Chapter I I )  and are currently classified into seven i 
genera. Only three genera contain human retroviruses (Table 35-2). Genera 1 
differ in vltion morphology, regulatory genes, and replication strategy; they 
share na  anttgens. Within genera, however, there art. some shared "group- 

Y 
specific" antigenic determinants. Antibodies to type-specific determinants on 1 
envelope gfycoproteins neutralize viral infectivity. 

I 
I I 

Viral Replication 

Many retroviruses replicate only in dividing cells. Most mammalian and avian 
retroviruses are not cytocidal and do not dramatically alter the metabolism of 
the cells that they infect, but this is not the case with the lentiviruses. 

Virions adsorb to specific cell receptors via one of the two envelope gly- 
1 

Fig. 35-1 Rr*troz?zridnc. Murine Icukcmia virus, a typical type C retrnv~rus (A) Budding o f  vlr- 
ions from a cultured mouse txmbryo cell (11) Virlons negatively stalned wrth uranyl acetate, 
showing pepilomrrs on the surfacc. (C) Vir~on s~rnewliat  damaged and penetrated by uranyl 
acetate, s o  that the concentric arrangement of corc, shell, and nucleoid brcomes vis~blc (D) Cores 
lsolatcd by ether treatrncnt 01 vlsio~is, freeze-dried and shadow-cast Thc hexagonal arrangcment 
of rhc srtbumts of the shell around the core IS rrcognlzable. f3ars. I00 nm. (Courtesy Drs t i .  Frank 
and W S'chafer.) 

cnproteins. Entry occurs either by receptor-mediated endocytosis or by direct 
frisinn with plasma membrane, for different retrnviruses. Uncoa ting releases 
the nucleoprotein complex into the cytoplasm. Using the genome-associated 
tRNA as a primer, the reverse transcriptase transcribes a minus sense cDNA 
from the viral genome (see Fig. 11-213). Conconlitantly, the viral RNA template 
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Table 35-1 
Propert~es of Retrov~ruscs 

Sphcr~cal enveJoped vir~on, 80-IIX1 nm diameter 
R~bonuclct)prnte~n in ccntral nucler)td (concentric In type C vlruses, truncated cone in Ienti- 

\~iruqes) w~tliin icosal~edral capsid; surrounded by envelope wlth glycoprcjfeln peplomers 
Two copies of lincar plus sense ssRNA genome, each 7-10 kb, covalently linked; gng, pol, env 

gent-s, some also contarn regulatory genes; some carry an oncogene 
Reverse transcriptase transcrtbes DNA from virion RNA, following formation of long terminal 

repeats, dsDNA is rntegrated into cellular chromosomes as provirus 
Full-length RNA laanscr~pts enctde core and capsid prclteins, protease, reverse transcr~ptasel 

RNase CI,  Integrase, shorter spliced transcripts encode envelope glycoproltelns and regulatory 
protetns 

In producttvr infections, virions assemble at and bud from plasma membrane ' 
Infection may be cytocidal, noncytocidal, or translorming; oncogenlc retroviruses may be 

~e~lication-competent or defectwe, and induce mahgnancy by transduction, cis-activation, or 
tmrrs-act~va tion 

is digested by a second domain of the reverse transcriptase molecule, which 
carries RNase H enzymatic activity. Oligonucleotides resulting from this hy- 
drolysis then serve as primers for the synthesis of plus sense cDNA using the 
newly made minus sense cDNA as template. The resulting linear double- 
stranded DNA contains long terminal repeats (LTRs) composed of sequences 
duplicated from the 3' (U3) and 5' (U5) ends of the viral RNA, so that each 
end of the provirus contains an LTR consisting of a U3, R, and U5 region; 
within the LTR are to be found the regulatory sequences, including an en- 
hancer/promoter region with binding sites for viral andlor cellular regulatory 
proteins. The dsDNA moves to the nucleus, and several such molecules 
become integrated as provirus at random sites in the cell DNA. Integration 
requires the viral integrase and involves removal of two nucleotides from the 
ends of the viral DNA and generation of a short duplication of cell sequences 
at  the integration site, enabling joining of the ends of t l ~ e  viral DNA to the cell 
DNA. 

Integration is a prerequisite for virus replication. The integrated provirus 
is transcribed by cellular RNA polymerase 11. The complete RNA transcript is 
identical to the original genomic RNA and serves as mRNA for translation 
into the Gag (core) polyprolein and, after frameshifts, the protease and the 
Pol polyprotein A second, shorter rnRNA,-?$iced from the full-length RNA, 
is translated, again in a different reading frame, to yield the Env precursor, In 

Table 35-2 
Human Retroviruses 

Cicnus Virus Disease 

HLV-H7 1 V re/ F I I ~ ~ ~ I I S  t iTLV- I Adult T-cell leukemiailyrnphorna, 
tropical spashc paraparesis 

t ITLV-2 ?Nil 
Le~t t  mints 1 {IV-1, HTV-2 AIDS 
S l ? r l ~ t r ~ i ~ ~ r z t s  Human foamy virus ?Nil 

I 
Human T-cell Leukemia (Lymphotropic) Viruses 

the case of HTLV and HTV, a range of differently spliced mRNAs encode 
various regulatory proteins. All the mRNAs share a common sequence at 
their 5' end. The viral protease is responsible for posttranslational cleavage of 
the Gag polyprotein to yield the matrix, capsid, and nucleocapsid proteins, 
and also for cleavage of the Pol polyprotein to yield the reverse transcrip- 
tase/RNase H and the integrase. On the other hand, the Env polyprotein is 
cleaved by a cellular protease to yield two envelope glycoproteins: a trans- 
membrane protein and a receptor-binding protein. 

The details of assembly of the virion are not fully understood and differ 
from genus to genus. Two covalently linked molecules of the full-length plus 
sense genomic RPJA assemble into a core structure by interaction of a packag- 
ing signal in the leader sequence of the RNA with a zinc-finger motif in the 
nucleocapsid protein. Capsids generally assemble at the ceIl surface. Myristy- 
Iated and glycosylated envelope proteins enter the pIasma membrane and 
form the peplomers of the envelope which the virion gains by exocytosis. The 
final proteolytic cleavage steps occur during and even after budding. 

Human T-cell Leukemia (Lymphotropic) Viruses 

HTLV-1 was the first human retrovirus to be discovered. Like most of the 
previously known retroviruses of other animals and birds, HTLV-1 was found 
to be oncogenic-in this case responsible for an  unusual form of T-cell leuke- 
mia in adults-but the mechanism of oncogenesis turned out to be unique. A 
second serotype, HTLV-2, is prevalent in intravenous drug users in the 
United States, but has not yet been demonstrated to cause disease. 

I 
Viral Replication 

HTLV-1 is a replication-competent retrovirus which can induce cancer in spite 
of the fact that its genome (1) carries no viral oncogene and (2) does not, 
following integration of proviral DNA, cis-activate any nearby cellular on- 
cogene. In contains a regulatory gene, fax (Fig. 35-2), the protein producl of 
which, Tax, acts in trms both to up-regulate transcription of all the viral genes 
in the integrated HTLV proviral DNA and aIso to initiate the leukemogenic 
process (see Chapter 11). A second HTLV regulatory gene, rex, encodes a 
protein Rex that regulates the splicing of RNA transcripts by promoting the 
production and transport to the cytoplasm of unspliced viral RNA and the 
incompletely spliced gaglpol and env mRNAs, so allowing the production of 

, new virions. Rex has a negative effect on its own production and that of Tax, 
because multiple splicing is required to produce the mRNAs for these two 
regulatory proteins (Fig. 35-2). This negative regulation of Tax and Rex expres- 
sion by Rex would then lead to decreased expression of all the viral genes, 
and might reestablish latency. Thus it has been poslulated that Rex may 
orchestrate a state of latency alternating with periods of virus production 

Pa thogenesis 

HTCV probably enters the body principally inside infected CD4' lymphocytes 
in semen or blood, as well as vertically from mother to infant via breast milk 
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bag pro pot e 

Fig. 35-2 HTLV provirus genome, slknw~ng the position of tho LTRs, encoded structural genes 
(~fi~y, pm, pol, cnrr), and nnnstructural genes (ta.t, rrx), which are divided genes as indicated by the 
dashed I~nes. The short arrowheads ~ndicate rlhosomal frameshift sites. Beneath are shown the 
RNA transcripts that serve as rnRNAs for translation Into particular proteins (long arrows); 
the ~ h ~ n n e r  V-shaped l~nes  represent introns that are removed from the origlnal RNA transcr~pt to 
yicld the funct~onal spliced mRNA molecules (Courtesy Dr. J .  M. Coffin.) 

and possibly transplacentally. It establishes a lifelong persistent infectipn 
which generally remalns subclinical but occasionally induces disease after an 
incubation period of 10-40 years. The pathogenesis of one of the two major 
clinicai manifestations, T-cell letnkemia/lymphoma, was discussed in detail in 
Chapt8errl 1. Briefly, the oncogenic potential of HTLV is ascribed to its regula- 
tory gene tor, the producl of which transactivates transcription not only from 
the proviral LTlZ but also from certain cellular oncogenes as well as from the 
cellular gene encoding the interleukin-2 (IL-2) receptor, thereby inducing 
autocrine stimulation of T-cell proliferation and setting in motion a chain of 
events that may eventually lead to cancer. As will be seen later in this chapter, 
expression of the HTLV fnx gene also induces the production of the 
pleintropic cellular DNA-binding transcription factor NFKB and may thereby 
serve a s  a cnfactor in the progression of AIDS by inducing transcription of the 
integrated MIV provirus. 

Clinical Features 

Although most HTLV-I infecttons remain asymptomatic, there is a 1-4% risk 
of develc~yment of disease after an incubation period of 10-40 years, usually 
between the ages of 30 and 50. There are two distinct clinical manifestatiomns, 
only rarely en8countered in the same patient. 

Adult T-ceIl leuk~emia/Jymphoma (ATLL or ATL) generally takes the form 
of a n  acute aggressive leukemia of mature CD4 + T lymphocytes in middle- 
aged adults. The patient presents with lymphadenopathy, hepato- 
splenomcgaly, hypcrcalcemia, lytic bone lesions, and sometimes leukemic cell 
infiltrates in the skin. 'The malignant T cells are pleornorphic wit I1 large convo- 
luted nuclei The consequent immunosuppression may lead to various nppor- 

tunistic infections. Death generally occurs within a year. Less commonly, the 
disease may follow a more chronic colarse with fewer leukemic cells in the 
blood but resembling a non-Hodgkin's lymphoma, with or without skin de- 
posits There also appears to be an  association with polymyositis. 

Tropical spastic paraparesis (TSPP, otherwise known as HTLV-1 associ- 
ated myelopathy is a progressive demyelination of the long motor neuron 
tracts in the spinal cord. Seen mainly in 20- to 50-year-old women, the afflic- 
tion starts with lumbar back pain radiating down the legs and progresses tmo 
weakness and spastic paralysis of both lower limbs, with dysethesia, urinary 
frequency or retention, and sometimes visual changes. Unlike multiple scle- 
rosis, there are no remissions. 

Laboralory Diagnosis 

ATL is characterized by pleomorphic lobular leukemic cells with mature CD4+ 
T cell: markers. HTLV-1 infection, usually subchnical, is diagnosed by demon- 
strating antibodies in an enzyme immunoassay (EIA) or gelatin particle agglu- 
tination. Today, genetically cloned WTLV antigen is preferred to lysates of 
virus-transformed cell lines as capture antigen, in order to reduce the exces- 
sive number of false positives. Because of extensive sharing of epitopes be- 
tween HTLV-1 and HTLV-2, appropriate synthetic peptides are required to 
distinguish the respective antibodies. Western blottlng is used to confirm 
provisionally positive results from EIA. 

The polymerase chain reaction (PCR) followed by Southern blotting is 
used to demonstrate MTLV DNA from lymphocytes and has the additional 
advantage of discriminating between HTLV-2 and HTLV-I, providing suitable 
pairs of primers are chosen. However, as always, the exquisite sensitivity of 
PCR is a two-edged sword; HTLV infection can be recognized even in se- 
ronegative individuals, but false positives may occur in any but the most 
experienced hands. 

Virus can be propagated only with difficulty, classically by in uilro culture 
of the patient's peripheral blood leukocytes, either with a mitogen or with an 
MTLV-transformed T-cell line. Because virus is almost exclusively cell- 
associated, infection occurs by lusion of infected and uninfected CD4+ lym- 
phocytes, leading to transformation and immortalization of the latter Cells 
other th'an T lymphocytes can also be infected, albeit with difficulty, by co- 
cultivation with infected CD4+ T cells. 

Epidemiology 

The geographic distribution of MTLV-'I is patchy, with a tendency to cluster in 
certain countries, mainly in the tropics. The highest prevalence has been 
observed in southern Japan, the Caribbean, equatorial Africa, parts of South 
America, eastern Siberia, Pacific islands such as I'apua New Guinea, and 
certain Eskimo populations. This suggests that the virus is of ancient origin 
and has been maintained by vertical transmission In isolated racial groups, 
dating back t'o the days before the major wavrs of intercontinental migration 
40,000 to 100,000 years ago when the average human life span was shorter 
than the incubation period of the diseases we see in HTLV-positive patients 
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today. Spread to the Caribbean -and southeastern United States may have 
cc~incided with the much more recent slave trade from Africa. 

The observed clustering of infection within particular families indicates 
that vertical transmission or close contact is required. Infants of seropositive 
mothers acquire infection more readily i f  breast- fed. However, f he existence 
of additional currently undefined routes of kransmission from mother to child 
is suggested by the observation that the prevalence of infection in the above- 
mentioned endemic areas is diminishing in parallel with improving Iiving 
standards. The second important route of transmission is sexual intercourse, 
with the receptive partner being most at risk, so accounting for the somewhat 
higher ~ncidence in females. Third, parentera1 transmission is important. 

Prevalence in blood donors varies from less than 0.1% in the United 
States to 5% or more in countries of high endemicity. Transmission by blood 
transfusion will fall away following more widespread introduction of screen- 
ing of blood donors, now routine in many developed nations. Hemophiliacs 
appear not to be at risk, presumably because the virus is cell-associated and is 
effectively lost during the extraction of factor VlIl from plasma. On Ihe other 
Inand, intravenous drug abuse is an increasing hazard, so much so that 
around 5% of IV drug users are already infected with HTLV; fortunately, most 
infections appear to be due to HTLV-2, with which no disease has yet been 
linked. Little is yet known of the natural history of HTLV-2, which has been 
found to be common in postpubertal Guaymi Indians in Panama, among 
whom it is considered to spread by sexual intercourse. The search continues 
for additional HTLV types and for possible additional disease associations. 

Control 

Screening of blood and organ donors for HTLV antibody will essentially abol- 
ish transmission by that route. Counseling of high-risk groups is about all that 
can be done to reduce transmission by other routes. Intravenous drug users 
must be discouraged from sharing needles and syringes. Known positive 
mothers should not breast- feed their infants. Seropositive men should be 
advised lo use co~idoms with any seronegative partner and to consider the 
virtues of monogamy. Currently, experimental recombinant vaccines are be- 
ing tested in laboratory animal models, but interruption of cell-mediated 
transmission will not be easy; moreover, human trials would necessarily go 
on for decades and would presumably not be contemplated unless a putative 
vaccine had been shown to prevent infection. Antiviral therapy, for example, 
using inhibitors of reverse transcriptase, seems unlikely to be of relevance in 
treating an established malignancy. 

Human Immunodeficiency Viruses 

Although the first case of AIDS was described as recently as 1981, the pan- 
demic has escaIated at such a rate that by 1993 the World Health organization 
(WHO) estimated that over 13 million young adults had been infected with 
HIV and over 2 million had-already developed AIDS, -most of whom had died 
(Fig. 35-3). Approximately 5000 new infections occur every day. By the turn of 
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Fig. 35-3 Estimated distribut~on of curnuIatiw HlV infections In adults, by continent o r  region, 
as of late 1993. [Based on Wrckly Epid~rninloprc~l Record, 69, 7 (1 994) .] 

the century it is projected that 30-40 million will have been infected and  that 
over 1 million will die every year. Moreover, because the principal modes of 
spread are heterosexual intercourse and perinatal transmission, millions of 
children will either die from AlDS or be orphaned by the year 2000. In many 
of the large cities of the United States AIDS is now the commonest cause of 
death in young adults. However, the situation is even worse in Africa, where 
20-30% of the sexually active age group in several citiesare already infected, 
and in Southeast Asia and India, where pc~verty breeds prostitution and HIV 
is endemic among this underclass. AlDS threatens the very fabric of society, 
increasingly targeting the poor and underprivileged. The pandemic is out of 
control. We have no effective antiviral agent and no immediate prospect of a 
vaccine. Indeed, if a vaccine with 100% efficacy were discovered tomorrow, 
millions of currently infected people would still die over the next decade. - 

J Properties of Human lmrnunodeficiency Viruses 
I 
1 The HIV virion differs from that af other retroviruses principally in that the 

i dense core appears cone-shaped and contains some additional minor proteins 
(Figs. 35-4 and 35-5). The 72 peplomers projecting from the envelope are 

1, oligomers of a glycoprotein, gpl60, which has been cleaved into two nonco- 

1 valently linked cc)mponents, gp120 and gp41. The receptor-binding ligand and 
the most important antigenic domains, notably the V3 loop, are present in the 

i gp120 molecule; gp120 is the most extensively glycosylated viral protein 
known, and it is presumed that [his "sugar coating" is a protective device to 
impede access of neutralizing antibodies. The hydrophobic membrane anchor 
is provided by gp41, which is responsible for viral entry into the host cell by 
membrane fusion. The viral envelope also contains some cellular proteins, 
notably class I and I1 MHC antigens. 
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Fig. 35-4 Electron micrographs of thin sections of cells rnfected w~th  HIV-1 (a t o e )  and visna 
virus, a classic animal lentivirus, showing buddlng (a,h), immature virion (c), and mature virions 
with cone-shaped or cylindrical core (d,e). IFrom M A .  Conda, F Wong-Stahl, R C Gallo, J E. 
Clernents, C3. Narayan, and R V. G~Slcn, Scrr~rcc 227, 173 (1985). Copyr~ght 1985 by the AAAS. 
Courlcsy Dr M A. Gonda.1 

The inner surface of the envelope is lined by a myristylated matrix pro- 
tein, p17, a cleavage product of the 55 kDa gng gene product. The most 
abundani viral protein is another gag gene product, the phosphoprotein p24, 
of which the i~~osahedral nucleocapsid is constructed; the other two are p9 
and p7, which are closely associated with the genome in the core of the virion, 
Also associated with the genome in the core are three viral enzymes: reverse 
transcriptase (also carrying RNase H activity), intlegrase (endonuclease), and 
protease. 

The diploid (2 x 9.2 kb) plus sense ssRNA genome of HIV contains, in 

Fig. 35-5 Schematic. diagram o f  the t-31V-1 virioii The location of each of the structural proteins 
of Ihc* e~rloii is shown (sec tpxt for details). Thr reverse transcrlptas? (with its associated enzyme 
ac l iv~ i i~s )  IS placed in npposit~r~n to the viral RNA, which is depicted as two molecules to mndicate 
tht. diplo~d nat~bre ot the grnomc, allhog~gh the two arc in fact lrnked together end to end [From 
CV C Grccnr, N I:rrgI  MI^ 324, 308 (1991) 1 
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addition to the standard p , q ,  p l ,  and curf genes, six additional genes, all of 
which have regulatory functions, described below (Fig. 35-6). 

Two types of MIV are currently recognized. MlV-2 displays only about 
4070 nucleotide sequence similarity (homology) with HPV-I and contains a 
unique gene, ZI;IX,  in lieu of the uyir af HIV-I. More recently described, HIV-2 
shows a close homology with the sooty mangabey simian immunodeficiency 
virus, is currently largely confined to Africa, and appears to be less virulent 
than I1IV-1. 

Five major genotypic subtypes [clades) of HIV-1, differing by 30-35% in 
their cnu and gag sequences, have been defined, only one of which occurs in 
the United Slates. Overall, within a clade HIV-I strains can differ by up to 
20% in nucleotide sequence. The extent of genetic drift in an individual pa- 
tient is much less, usually less than 3%, hence PCR and sequencing can be 
used to trace the source of infection (e.g., from a particular batch of factor 
VIII, from mother to child, or from a single blood donor). 

C_________ 

Replication of HIV 

The replication of HIV is notable in a number of respects. (I)  Since CD4+ T 
lymphocytes support HIV replication only when growing, yet most T cells in 
the body are resting, many virus-cell interactions result in a long-standing 
latent infedion which may later be converted to a productive infection follow- 
ing activation of the T cell. (2) Both cellular and viral proteins are involved in 
complex pathways regulating almost every step in the viral replication cycle. 
(3) Mammalian Ientiviruses-are-uniqueeirfh3t~~ns of transcription can be 
determined by binding of certain regulatory proteins (Tat and Rev) not to the 
DNA provirus but tu the RNA transcript itself. (43 Although the HIV genome 
contains only nine genes, three encoding structural protelns and six encoding 
regulatory proteins, multiple splicing options yield over 30 distinct RNA spe- 
cies, the functions of many of which are not yet understood. (5) HlV spreads 
much more efficiently from cell to cell by cell-cell fusion to form a syncytium, 
yet most of our knowledge of the biochemistry of the replication cycle comes 
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I Fig. 35-6 Ccnomic trrganizatinn of WIV-1 and overview of Iht. known functions uf each gene 
product (sec text for dtttalls) IFrnm W. C Greenc, N L/!p/  1 Mcd 324, 308 (1991) 
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from cell culture studies involving conventional infection by free virions; 
there are probably important differences between the two. 

'The virion attaches via its gp120 envelope protein to the CD4 diffesentia- 
tinn antigen, which is the primary FIIV receptor on helper T lymphocytes and 
cells of the macrophage lineage. A protease (CD26) has been postulated to serve 
as an accessory receptor, cleaving gp320 within its V3 loop, inducing a confor- 
mational change in the molecule and exposing the fusogenic domain of gp41, 
but this remains to be proved. Entry then caccurs by direct (pH-independent) 
fusion of gp47 with the plasma membrane, liberating the core of the virion into 
the cytoplasm. Reverse transcription to produce &DNA copies of the genome, 
folIowed by integration of some of these cDNA molecules into cellular chrqmo- 
sornes, occurs as described earlier for other retroviruses. 

The integrated provirus may remain latent indefinitely. Transcription by 
cellular RNA polymerase I1 cannot occur in resting T cells but only in replicat-1 
ing cells. Activation of he  T cell can be brought about by mitogens, cytokines, 
or transactivating proteins encoded by certain other viruses such as HTLV-I, 
herpes simplex virus (HSV), Epstein-Barr virus (EBV), cytornegaIovirus 
(CMV), human herpesvirus 6 (HHV-61, or hepatitis B virus (Fig. 35-7). Many 
of these agents activate the cell by activating expression of members of the 
NF-KB lam~ly of cellular proteins which are usually sequestered in the cyto- 
plasm as a complex with an inhibitor; activation promotes disassembly of the 
complex and translocation of NF-KB to the nucleus The normal function of 
these host transcription factors is to bind to discrete enhancer elements in cell 
DNA which control expression of certain cellular genes, but they also recog- 
n ~ z e  and bind to two KB enhancer elements in the U3 region of the HIV 
proviral LTR. Binding of NF-KB, together with several additional host tran- 
scriptional factors which are expressed constitutively, enables the proviral 
genome to be transcribed, albeit at a relatively Ic~w I~vel .  

There are three major classes of HIV mRNA, which result from different 
splicing protocols: unspliced full-length (9.2 kh) RNA transcript, correspond- 
ing to the viral genome. is used as mRNA for translation of the Gag and Pol 
polyproteins; singly spliced 4.5 kb RNAs encode the Env, Vif. Vpr, and Vpu 
proteins; several multiply spliced 2 kb RNA transcripts encode the Tat, Rev, 
and Nef proteins. In the initial round of transcription, the only RNA tran- 
scripts exported to the cytoplasm are the multiply spliced 2 kb mRNAs encod- 
ing regulatory proteins Tat, Rev, and Nef. 

.Ijt is a potent transactivator which binds to a responsive element known 
as TAR which is present in the LTR of bath proviral DNA and the common 5' 
end of all the viral RNA transcripts. In association with ceilular factors, Tat 
enhances the efficiency of transcription by cellular RNA polymerase from the 
HIV promoter 1000-fold, mainly by preventing premature termination of tran- 
scription All the viral genes are transcribed, but transcripts encoding all 
proteins other than Tat, Rev, and Nef are retained in the nucleus until signifi- 
cant levels of Rev have accumulated. 

Rev is the second essential regulatory protein encoded by HEV. It is a 
phasphoprotein that binds to a sequence known as RRE (Rev responsive 
element) in viral RNA. Becausc RRE is located within the env gene, it  is 
present in the 9.2 kb and 4.5 kb HIV RNA transcripts but not in the 2 kb 
transcripts encoding Tat, Rev, or Nef. In the absence of Rev, the 9.2 and 4.5 kb 
transcripts are retained unspliced in the nucleus. However, as Rev accumu- 
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Fig. 35-7 Overv iew of  the repl ication cycle o f  HIV-1 I n  a T cell Infectton begins ( top left) w i t h  
attachment of the v i r ion via gp120 to  i ts  receptor, CD4 Following entry by  gp41-mediated fusion, 
the genome becomes available for reverse transcriptton to produce a d s U N A  with l o n g  terminal 
repeats (LTRs) cr~rnposed of sequences duplicated f rom the 3' (U3) and 5' (U5) ends o f  the viral 
R N A .  Complete reverse transcript ion and  integration of  the D N A  provirus tnto a chrornr~somc 
n rcu r  eff iciently on l y  i n  activated a n d  prtarifcrating T lymphocytes Transcrtptional activrty of the 
H I Y  prov i rus is regulated b y  constitutivr. host  c d l  transcript ion factors (Spl and the TATA-b~ndlng 
factors) and  b y  activation-inductbk members of thp NFKR family of h ~ ~ s t  transcripfion factors 
(p50 and  p65), b o t h  of wh ich  b i n d  to spec~f ic  sequences in t h ~  provtral segulalory rcgion, L.TR (an 
enlarged verslon of  which is shown  at bo t tom left). The virus-coded regulatory protein, Tat, i s  
une n l  the early gene products; Tat b inds to  the TAR rcgron i n  the LTR and  greatly amplif ies 
t ranscr ip t~on of  a l l  the viral genes (boltom r lght )  Fol lowing synthesis o f  a ful l- length RNA 
transcript, a complex array of  alternatively spliced viral m R N A s  can he p r o d u c ~ d .  The dlffercntial 
expression of d~s t i nc t  cpecies of viral m R N A s  is control led b y  a second WIV regulatory protein 
Rev. Early in infection, when  the level of Rev i s  low, on l y  the rnult lply sp l~ced m R N A s  for the 
regulatory pmte lns Tat, Rev, and  N e f  are exported to the cytc~plasrn for translat~un Once a 
suff icient level o f  Rev accumulates, the unspliced a n d  c ~ n g l y  spliccd mRNAs  that prov ide new 
v i ra l  genvmes and  alsn encc~de the structural proteins (Gag a n d  Env), the cnzymcs (Pol), and thc 
r r rna in ing regulatc~ry proteins (Vif, Vpr, and  Vpu )  art. exported trr the cytoplasm and translated 
Encapsidation of the vrral genome is  fo l lowed b y  budd ing  f rom thc plasma ~ n e n ~ b r a n c  (top right, 
SCP Icx t  for details) IFrotn M R Ft-inbcrg and  W. C Grcene, C~trr Ol~rrt lrlr~nrolnl 4, 466 (1992)"l 
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Intes in the nucJeolus, splicing and export of thcse RRE-containing transcripts 
to €he cytoplasm occur, and the full range of HIV mRNAs becomes available 
lor translation. Evidently some characteristic of RRE-containing transcripts 
holds them in the ~iucleus, and/or perl~aps inhibits spliceosome function, 
until binding of Rev overcomes Ihe bIock. 

Nef is the third important WIV regulatory protein. It is a myrisfylated 
cytoplasm~c protein which, though not required for viral replication in cul- 
tured lymphocytes, is essential for repI~cation in macrophages and also for the 
development of simian AIDS in the simian .immunodeficiency virus (SIP')- 
rhesus monkey model. It down-regulates exbression of CD4 and IL-2 and 
may be a virokine that alters the state of acttvati'on of the target cell in aivo. 

Vif (viral infectivity factor), while not required for direct cell-to-cell trans- 
mission of HIV by fusion, is required for some step in morphogenesis that 
determines infectivity ot the virion for the next ceIl to which it spreads. Vpu is 
an integral membrane phosphoprotein resembling the ion channel M2 pro- 
tein of influenza virus. It promotes maturation of the Env glycoprotein and 
release of €he virion by budding. Vpr, which is found in the virion itself, is a 
weak transcriptional act~vator of the HIV LTR and of various cellular promo- 
ters, perhaps stimulating cell differentiation. 

The p g - p ~ ~ f  transcript is transIated into a Gag poIyprotein and, following 
a ribosomal frameshift, into a Pol polyprotein, the latter being produced with 
much lower efficiency than the former. The viral genome assembles in the 
cytoplasm with the Gag and Gag-Pol precursors ot the core proteins and 
migrates to associate with areas ol the plasma membrane containing the Env 
glycoprotein gplh0. The Pol polyprotein is cleaved to yield the four enzymes 
contained within the core of the virion, whereas Ihe Gag polyprotein is 
cleaved tu yield the fuur structiiral proteins p24, p17, p9, and p7. The viral 
protease is responsible for these processing events, which occur during and 
even 'ifter budding ol the virion. 

Pathogenesis 

The hallmark of AIDS is depletion of CD4+ T lymphocytes, and these cells are 
the principal target of HIV infection in lymph nodes and blood. CD4+ T cells 
support the replication ot the virus only when activated, bul viral cDNA can 
persist in resting lymphocytes as a latent infection. In addition, cells of the 
rnon~cyte lineage are susceptible, and rnacrophages ci~nstitute a second major 
reservoir of ~epIicating virus in tissues, including the brain. 

HIV is normally transmitted from person to person via genital secretions, 
notably semen, or less commonly via blood. The first cells to become infected 
may he resident tissue rnacrophages or submucosal lymphocytes in the geni- 
tal tract or rectum, but the virus is then transported to the draining lymph 
nodes, where it repIicates extensively. One to three weeks after infection, 
most pa ticnts exhibit a brief glandular fever-like illness, associated with a high 
titer of virus in the blood and a decline in CD4'- T cells (Fig. 35-8). A vigorous 
cellular and humnral immune response ensues, and within a rnonfh or so the 
viremia declines to a near undetectable level. CD8+ cytotoxic T cells, natural 
killer (NK) cells, and antibody-dependent cell-mediated cytotoxicity (ADCC) 
may all contribute to this decline by lysing infected cells, while neutralizing 
antibodies mop up  free virions. 

Human lmmunodeficiency Viruses 

Seroconversion Death 

{ M~nar or M symptoms RRClAlDS 1 

4 - Antibodies to HIV Env 

-t *f----------, 
4-8 weeks Up to 12 years 2-3 years 

Fig. 35-8 Time course of HIV infection (Tip] Decline of CD4+ 7 lymphocytes in peripheral 
bIood, in relation to the early illness that precedes seroconversion, followed by the long asymp- 
tomatlc period and the later development of the cnnsteElat~on of symptoms sometrmes known as 
the AIDS-related complex (ARC), and finally AEDS itself. (Rntfom) Time course oF develupment 
and decl~ne of virernia, antibodies against the two key proteins (Env and p24), and HIV-spec~fic 
cytotoxic 7 lymphocytes (CTL). [From R. A. Weiss, Scrcrlci> 260, 1273 (1993) Cupyright 1993 by the 
AAAS Courtesy Dr. R A Weiss ] 

There then follows a long asymptomatic period of "clinical latency," last- 
ing anything from 1 to perhaps 15 years or longer (average about 10 years), 
before any further clinical evidence of disease becomes apparent. During this 
period, only very low titers of virus are demonstrable in blood by conveniion- 
a1 culture techniques, and only a tiny minority of firculating CD4+ T cells are 
producing virus. However, much higher levels of virus, and at leas1 10-fold as 
many infected cells, are detectable in lymph nodes. Follicular hypcrplasia is 
demonstrable in these and other lymphoid organs, where follicular dendritic 
c,ells entrap free virus and present it to lymphocytes that move through the 
organ. As time passes there is a steady decline in the number of CD4-c T cells, 
with involution of lymphoid follicles. When CD4+ cell counts fall below about 
200-40E) per PI, opportunistic infections with various microorganisms may 
occur, and eventually the depleted immune system is unable to cope. Activa- 
tion of CD4+ T cells renders them permissive for HIV replication, and other 
viruses such as HHV-6, CMV, H'FLV, and hepatitis B virus transactivate HIV 
expression also Large numbers of virions spill over from the degenerating 
lymph nodes into the blood. The in'creasing burden of virus and the decreas- 
ing numbers of immunrscompetent helper T cells collude to convert a low- 
level chronic infection to a more rapidly progressive infection. Death follows 
as a result ol infections, malignancy, or a cachexia-like state. 

Much remains to be learned about the pathogenesis of F-IIV (Table 35-3). 
For example, there are several unproved hypotheses about the mechanism of 
destruction of CD4+ T cells. Most obviously, HIV infection can be directly 
cytolytic for activated CD4' T cells, or can cause them to fuse (via HlV enve- 
lope glycoprotein) with uninfected CD4' cells to form a labile syncytium 
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Table 35-3 
Immunosupprcss~ve Interactir~ns b ~ t w c v n  H l V  alld CD3 + 7 Ctllls 

Vrral cyt<rlysis of 0 4 '  l' crlls, esgpcially memory cells 
F~fwon of rntectrd w~th unrnfected cell5 to Corm syncyt~a 
I nh rh i t~on  of cytok~ne exprrssion, CD4 c~xpressinn, and biological bunct~ons nf OD4' T ~ ~ 1 1 s  
1,ysts of 1nfer2c.d CD4' T cclls by cytotox~c T cclls, NK cells, ADCC, antibrldyl 

cnrnplrment 
Induction of apnplns~s of infected CD4' T cells 
Infcct~on of stem ceIls 
Dysregulation of helper T-cell d~fferentia(lon (Th, decrease, Th, increase) 
Au'to~mn~r~nc. dcstrrrcticm of ~nfectcd € 0 4 '  T cells 

Second, infected T cells are subject to immune cytolysis by cytotoxic T lym- 
phocytes, ADCC, or antibodylcomplement-mediated lysis. Third, it has been 
proposed that, as a result of cross-linking of CD4 by HIV gp120, or by other 
mechanisms, T cells may be activated to commit suicide by apoptosis (pro- 
grammed cell death) To explain the fact that dying CD4+ T cells are not totally 
replenished, it has been postulated that HIV might also infect stem cells, or 
other cells that normally secrete cytokines required for such replacement. 
Moreover, early in the asymptomatic phase, HIV preferentially destroys 
memory CD4' T cells. Later, there is evidence of dysregulation of 'the process 
of differentiation of Th,, into Th, and Th2 cells such that the Th, [inflamma- 
tory, or delayed hypersensitivity (DTf-I)] cell activity needed to promote cell- 
mediated immune responses is progressively lost and replaced by a Thz (help 
for antibody production) response; this switch is a predictor of imminent 
decline in Ihe CD4+ T-cell population to be followed shortly by AIDS and 
death. Finally, it has been proposed that AIDS may be an autoimmune dis- 
ease, sometimes but not solely attributable to molecular mimicry, but €he 
evidence fur this is not strong. The immranological circuitry is so intercon- 
nected that it is extremely difficult to assign blame to any particular mecha- 
n'ism, or even to dissociate cause from effect. 

Macrophages are the principal target cell for certain Ientiviruses of other 
animals which are not notably immunosuppressive but which, like HIV, at- 
tack the brain. HIV replicates slowly in differentiated nonreplicating human 
tissue macrophages, and less well in rnonocytes. Chronic infection of these 
phagocytes can continue for weeks, with little cytopathology or syncytir~m 
production, although functions such as cytokine production may be affected. 
HIV buds into cytoplasmic vacuoles rather than through the plasma rnem- 
brane of rnacrophages, and this may insulate these cells horn immune cyto- 
lysis. Infection of macrophages may predispose the patient to opportunistic 
infcctrons such as tuberculosis and toxoplasrnosis. 

There is evidence from cell culture studies that HIV can infect other types 
of cells, including neurons, endothelial cells, oligodendrocytes, and astro- 
cytes in the brain, and M cells and enterochromaffin cells in intestinal mu- 
cosa, thus accounting, respectively, for the diverse CNS manifestations of 
AIDS and the regular occurrence of chronic diarrhea and malabsorption. As 
several of these cells lack CD4 antigen, there would be a need for an alterna- 
tive receptor (e.g., galactosylcerebroside on neurons). There is debate about 
whether the protean effects of HIV on the CNS are attributable solely to 
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infection of the principal target cell, the resident brain macrophage known as 
microglia, with a neutotropic variant of the virus, and whether the damage 1s 
attributable to direct Iysis of cells, to their destruction by cytotoxic 7' cells, or lo 
release of neurotoxic cytokines, proteases, gp120, eic., or to more subtle 
effects such as interference with neurotransmitters. 

Genetic Variation itj HIV 

Such is the infidelity of reverse transcription that the virus recoverable 
from any given individual is found to have diverged stead~ly lrom the original 
infecting strain to comprise a constellation of countless dastinct mutants, jo~nt- 
Ey known as a "quasi-species." This variation is most marked In the "variable" 
regions of the elm gene. Phenotypically, such mutants, (or Iess commonly 
recombinants) can be allocated to at least three classes, differing in tropism, 
virulence, or antigenicity respectively. 

T-cell tropic variants tend to grow rapidly to high titer ("rapid-high" 
strains) in cuItures of peripheral blood lymphocytes (PBL), as well as to be 
syncytium-inducing (SI), to predominate in CD4+ T lymphocytes in uiz~o, and 
to be increasingly evident as AIDS-related complex (ARC) then AIDS develop 
in the patient. On the other hand, macrophage-tropic variants tend to grow 
siowly and to low titer ("slow-low" strains) in cultures of PBL or macro- 
phages (thus are generally "dual-tropic"), and to be non-syncytium-inducing 
(NSI), to predominate in viva in monocytes in blood and glial cells in the brain, 
and to be favored in the early stages ol infection acquired by sexual transmis- 
sion. 

In so  far as the emergence of T-cell tropic SI strains toward the end of the 
long asymptomatic period presages the development of AIDS, such strains 
are considered to be the more virulent. I-lowever, there are also differences in 
virulence between strains of HIV-I displaying similar tropism. Moreover, 
HIV-2 appears to he less virulent than HIV-I. 

Some animal lentivirus infections are notorious for the progressive emer- 
gence of antigenic variants during prolonged chronic infection of a given 
animal. Neutralization-escape mutants can be selected readiIy by growing 
MIV in the presence of monoclonal antibodies in aifro, or even in the presence 
of monoclonal cytotoxic T cells. Such escape mutants often display amino acid 
substitutions in the hypervariable regions of the envelope glycoprotein(s), 
such as are found in natural human isolaks, but it is difficult to prove wheth- 
er  the latter are selected by the immune response itz vivo, whether they are 
random, or whether they are associated with favored changes in tropism or 
virulence which may aIso map to the hypervariable V3 loop of gp120, for 
example. 

Thus, as the long period of asymptomatic infection progressively gives 
way to advanced disease, the viral mutants that emtrge tend to be those 
displaying the properties of extended cellular tropism, enhanced cyto- 
pathogenicity for CD4+ T cells, more rapid kinetics of replication, and escape 
from neutralizing antibodies. 

Latency 

Although it is now dear that HIV infection is more properIy regarded as a 
chronic rather than a latent infection because some virus can be d'etected in 
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the patient at all times by sufficiently scns~tive techniques, it is nevertheless 
true that, at any  given trrne, many more CD4 'I' cells are latently infected 
than are producing virus Nucleic acid hybridization reveals at feast lwo types 
of cellular latency: ( I )  true latency, in which viral cDNA is ~ntegrated and may 
subsequently be induced to allow viral replica tion following acliva tion of the 
T ceII by an appropriate cytokine or transactivation by another virus, and (2) 
"blocked earIy-stage latency," in whtch the cDNA transcript remains extra- 
chromosomal in the resting (Go) T cesl but may become integrated and go on 
to produce infectious virions if that cell is activated within the next few days. 

, 
HIV as the Cartse of AIDS 

There was some initiaI skepticism about whether the newly discovered 
virus was indeed the cause of AIDS rather than an incidental passenger like 
the many opportunistic invaders that superinfect the patient as the immune 
system eventually collapses. However, the case for declaring HIV the sole 
etiologic agent is now overwhelming. First, HIV can be cultured (andfor the 
viral genome detected by PCR) in virtually all cases of AIDS, not only during 
overt disease but throughout the several years of silent infection that precedes 
it. Second, HIV grows preferentially in and destroys CD4+ T lymphocytes, 
macrophages, and brain cells, both in vitro and rrl vizro, accounting per- 
suasively for the observed pathology of the disease. Most compelling, how- 
ever, are the numerous prospective sfudies that have followed at-risk popula- 
tions for years, commencing prior to the acquisition of HIV infection and 
following through to death from AIDS. Not only are all AIDS patienls found 
to be infected with HIV, but most HIV-infected persons eventually develop 
AIDS. Furthermore, there are several studies in which deaths from AIDS in 
blood transfusion recipients or hemophiliacs have been traced back to a partic- 
ular 1-IZV-infected blood donor or batch of factor VIII, and vice versa. More- 
over, when a baby dies of AIDS, serological screening of the mother invaria- 
bly reveals that she is carrying HIV, even !bough the baby may predecease 
her. 

Clinical Features 

Tn 1986 the U S. Centers for Disease Control and Prevention (CDC) intro- 
duced, mainly for epidemioiogic and clinical reporting purposes, a system for 
classifying HIV-induced disease into four major categories: I,  acute infectic~n; 
11, asymptomatic infection; FII, persistent generalized lymphadenopathy 
(PGL); IV, other disease. Only certain listed clinical conditions within group 
IV qualified to establish the diagnosis of AIDS; groups 1, 11, and 111 were 
regarded as pre-AIDS conditions which may or may not progress to AIDS. 
Recently, the CDC expanded its definition of A[DS to include F-IIV-infected 
persons with CD4+ lymphocyte counts of less than 200 per pII. This reflects 
the reality that most HIV-infected individuals whose CD4+ cell numbers have 
dropped below 200 per pl are already showing clinical abnormalities resulting 
from this degree of immunosuppression and will go dn to develop clinical 
AIDS within the next 2 years. Advancing the diagnosis enables more realistic 
case recording and early commencement of treatment. 
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HI V Scroconaersion Illness 

Two to three weeks after infection there is often a brief illness similar to 
but distinguishable from 'mmononucleosis. Features inclr~de acute-onset fever 
with or without night sweats, myalgia, arthralgia, lethargy, malaise, diarrhea, 
depression, lymphadenopathy, sore throat, skin rash and mucocutaneous 
ulceration, and sometimes neurologic manifestations, often presenting clini- 
caIly as headache, photophobia, and retroorbital pain. Examination of the 
blood reveals a temporary reduction in CD4' (and CD8 ') T cell count, fol- 
lowed by a predominantly CDBi- lyrnphocytosis. This illness is often disre- 
garded or misdiagnosed; a high level of clinical suspicion should he triggered 
if there are relevant lifestyle considerations. Virus, viral nucleic acid, or viral 
p24 antigen may be detectable during the iIlness. Seroconversion (develop- 
ment of antibodies) coincides with resolution of the illness or follows shortly 
thereafter. 

Asymptomatic Infection 

With few exceptions, the patient recovers from the primary {seroconver- 
sion) illness within 2-3 weeks, and the majority go on to enjoy at least 5 years 
of relatively good health. PGL, otherwise known as lymphadenopathy syn- 
drome (LASS, may or may not become apparent toward the end of this period 
but does not have any clear prognostic relevance. Reflecting the polyclonal 
activation of the immune system, autoimmune conditions may occur during 
this period. They include the Guillain-Barr6 syndrome, chronic demyelinat- 
ing neuropathy, idiopathic thrombocytopenia, Reiter's syndr'ome, poly- 
myositis, cranial nerve palsy, and Sjogren's syndrome. 

Symptomatic HIV Infection 

When the CD4+ T-cell count falls below about 400 per p1 the patient may 
develop a constellation of constitutional: symptoms (fever, night sweats, oral 
candidiasis, diarrhea, and weight loss) which used to be known as AIDS- 
related complex (ARC). Early opportunistic infections begin to be seen. At 
this intermediate stage of immune depletion these infections are generally not 
life-threatening. They particularly include infections of the skin and mucous 
membranes such as tinca, seborrheic dermatitis, bacterial follictllitls, warts, 
molluscum coniagiosum, gingivitis, oral and esophageal candidiasis, oral 
hairy leukopkakia (Fig. 35-IOD), and chronic sinusitis. Reactivation of latent 
herpesviruses, particularly herpes simplex and zoster, also occurs (see Chap- 
ter 20). GastrointestinaI infections, caused by any of a wide vanety of nrgan- 
isms, including the yeast Cnndldn nlbicafls and parasites such as cryp- 
tosporidia, are common. Mycobacterial infections are also common in these 
patients, and this has led to an alarming resurgence of tuberculosis in some 
countries such as the United States. 

When CQ4+ T cells drop below 200 per pl their numbers generally begin 
to decline at  an accelerated rate, the titer of virus in the blood increases 
markedly, and the tempo of progression of the illness increases. '611is stage of 
HIV inf'ection is associated with more severe opportunistic infections. l'articu- 
lar infections tend to appear at a relatively predictable level of CD4' 'r cells 
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(Fig. 35-9). By far the commonest nf these opportunistic infections (in the 
absence of chemoprophylaxis) is pneumonia caused by Pszeunzocyslis carirzii, 
an organism rarely encountered in ~rnmunocornpetent people (Fig 35-IOA). 
Others include EBV-associated interstitial pneurnonitis (particularly in pedi- 
atric AIDS), esophageal candidiasis, cryptosporidial and microsporidial enter- 
itis, infections with members of the M.ycobaclerium avium complex, cyto- 
megalovirus retinitis (Fig. 35-lOC), enteritis, or encephalitis, and infections of 
the brain with Toxnjdnsma gondit or Cryphcoccus ncoformnns. 

Malignant tumors may also appear as CD4 cell counts decline. The most 
common of these, seen mainly in male homosexuals and therefore thought 
perhaps to be caused by an unknown sexually transmitted agent, is Kaposi's 
sarcoma (Fig. 35-IOB). Previously known best as a relatively harmless collec- 
tion of indolent skin tumors in old people of Mediterranean descent, Kaposi's 
sarcoma presents in young gay HIV-infected males in a mom invasive but 
slowly progressive form, often quite early in the symptomatic phase of AIDS. 
Other types of malignancy, notably aggressive B-cell lymphoma or non- 
Hodgkin's lymphoma, may develop in patients with very low CD4 cell 
counts; genital cancers are also being increasingly recorded. 

Neurologic disease is now recognized to be an extremely common and 
sometimes the first observed manifestation of HIV infection. The spectrum of 
HIV-associated neurologic disease includes dementia and its early forms, a 
severe encephalopathy (especially in children), myelopathy, and motor dys- 
function. The patients may notice diminished concentration and memory, 
together with motor disturbances such as action tremor and loss of balance, as 
in Parkinson's disease. They often also display signs of coexistent myelopathy 
and peripheral neuropathy (e.g., ataxia and parasthesia). Other CNS mani- 
festations include cerebral toxoplasmosis, cryptococcal meningitis, primary 
CNS lymphoma, CMV-associa ted encephalomyeiitis, and progressive multi- 
focal Ieukoencephalopathy (see Fig. 18-4). 

Laboratory Diagnosis 

There are several distinct situations in which laboratory diagnosis of HIV 
inf~ction may be requtred: ( I )  diagnosis of infection in an individual with er  
without symptoms; (2) monitoring disease progression, with or without anti- 
viral therapy; (3) screening of blood and orgin dclnors, voluntary screening of 
individuals considered to be at risk, and seroepidemiologic surveys; and (4) 
evaluation of new antivirals or vaccines. The preferred methodology differs, 
depending on the particular objective. 

C l i ~ ~ i c ~ a n s  dealing with symptomatic HIV-infected patients draw on a 
number of indicators of immunologic function, the most useful of which is the 
CD4 ' T lymphocyte count (as well as the CD4:CDR ratio). Assays of helper 
T-cell fi~nction, such as skin tests for DTH to common antigens or production 
of IL-2 in vifuo, are also useful. Surrogate markers of T-cell: activation, for 
example, serum P2-microglobulin levels in excess of 4 rng/liter, are often used 
to fnrecast clinical progression. Serum or urinary neopterin elevation as a 
marker of macrophage activation is relatively nonspecific. While useful ad- 
lwncts, none of these assays is diagnostic of F1IV infmecltion. 

Because essen tiall1 y all HIV infect ions persist for  Iife, detection of antibody 
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Fig. 35-9 Chronolngy of HIV-induced disease Thc course of lnIectlon may be divided into four 
clinically relevant periods shown at bottom in relation to kry features of the pat#hngen~sis: (I) the 
br~ef seroconversion illness in the first few weeks; (2) the long asymptomatic pcnocl of cl~nicaE 
latency, interrupted perhaps by episodes of antn~mmune disease, (3) the early tE~nical phase 
marked by non-life-threatening opportunistic ~nfecticlns and possibly cancer; (4) AIDS, defined 
by severe opportun~stic inlcctlons after the CD4+ T cell count falls below 200 per yl. The graph a t  
top illustrates that the timlng of particular infectlnns is often (hut by no mrans always) related in a 

fairly prud~ctable fashion to tht, CD4 T cell count. NHL, non-Hodgk~n's lymphoma. The typcfare 
used In the upper graph coincides w ~ t h  that used for each of [.he four stage5 o f  the dlsea.;t. shown 
in the lower panel lFrorn G. J. Stewart, "Cntrld It Be AIDS?" Mcd / Atrst , spc>clal ~ssrlc (1993) 
Courle.iy DF C J. Stewart j 

can be taken as an indication of infection rather dhan of recovery. Accordingly, 
the standard procedure for diagnosing HIV infection is an enzyme immu- 
noassay (EEA) probing for HIV antibody. In the first-generation assays the 
capture antigen was a relatively crude lysate of HIV-infected lymphocytes. 
This test has proved to be extremely sensitive, with less than 0.If%, false 
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Fig. 35-10 Common opportunistrc infections encountered in HIV infections (A)  Chest radho- 
graph (I[ I'rirtcf~~uc!ysfrs rurrnzi pnt*urnonia. ( B )  Kaposi's sarcoma. ( C )  Cytomegalovirus cho- 
riorut in~t~s  (n) Oral hairy leuknplak~a (Set. alstr Rg 18-4 ) (Cnurtesy Da R L Doherty.) 

negatives. However, a lower level ol specificity (I% false positives) meant that 
lht. vast majority of positive persons recorded in a low-risk population such as 
blood donors are false positives, that is, the positive predictive value of the 
test is poor (see Chapter 12). Second-generahun EIAs use recombinant HIV 
antigen for capture; synthetic peptides representing immunodominant epi- 
topes from the envelope glycoprotein(s) are also being developed as capture 
antigens. 

Ib protect donated blood supplies, most countries instigated rigid HIV 
testing routines from about mid-1985 onward. These procedures included 
requirements for retesting all positive specimens, first by EIA again, then, if 
repeatedly positive, by Western blotting (Fig. 35-11). Immunoblotting offers 
greil ter specificity in that it is capable of detecting antibodies against any of 
Ilie FiIV proteins, and these are separately identifiable. In practice, any partic- 

ular patient's serum at  a given time may contain antibodies of sufficiently 
high titer only against certain antigens. The WHO now prescribes that, to be 
regarded as positive, a Western blot must reveal antibodies against at least 
two envelope proteins (gp160, gp120, or gp41), or one envelope protein and 
at leas1 one Gag protein (p55, p40, p24, or pl?), or one envelope protein plus 
one Pol protein (p66, p51, or p32). If the Western blot gives an indeterminate 
result (e. g., a single band corresponding to antibodies against p24, which are 
generally the first antibodies to become demonstrable following HIV infec- 
tion, yet is the commonest nonspecific finding), serial testing of additional 
serum samples will usually clarify the sttuation. Alternative tests for HIV 
antibodies, such as radioirnrnunoprecipitation, and immunofluorescence on 
live infected T cells, may occasiunally be of value. Simpler "desktop" assays 
for HIV antibody, such as a latex particle agglutination test, a membrane spot 
test, and an ingenious red celI aggIutinafion test, are not considered to be 
sufficiently reliable for uncontrolled use in  the diagnosis of a disease where 
life or death is at. stake. Separate EIAs and confirmatory Western blot assays 
have been developed for HIV-2, which is currently seen mainly in Africa but 
can be expected to spread more widely. 

The "window" period of 1-3 months (occasionalIy longer) between HIV 
infection and full seroconversion (as defined by Western blot) poses a dilem- 
ma. Prospective blood donors in some countries such as Australia are re- 
quired to sign a legally binding declaration that they have not engaged in any 
of certain defined risky behaviors during the preceding six months. On the 
other hand, where HIV infection is suspected clinically, there are two general 
solutions. The first is simply to repeat the antibody assay after a suitable 
interval. The second is to select a more sensitive test capable of establishing a 
diagnosis earlier after infection. There are three approaches to the latter, 
involving detection of virus, viral antigen, or  the viral genome. 

Virus can be isolated from quite early in infection from peripheral blood 
leukocytes (PBL), or less readily from plasma, cerebrospina1 fluid (CSF), geni- 
tal secretions, or various organs such as the brain or bone marrow. The proce- 
dure is slow, tricky, and of course must be conducted under conditions of 
strict biocontainment. The patient's PBL are cocultured with mitogen- 
activated PBL from a seronegative donor; after several days or weeks, reverse 
transcriptase or p24 antigen can be detected in the culture medium. In gener- 
al, virus is present in PBL in high titer only early and late in the prolonged 
course of HIV infection (Fig. 35-8), and virus isolation is not routinely at- 
tempted except in certain research and reference laboratories. On the other 
hand, there is an increasing demand for quantification of "viral load" as  an 
indicator of disease progression or efficacy of antiviral therapy. As currently 
available plague assays or syncytium assays are not regarded as sufficie~~tly 
reproducible for this purpose, p24 and quantitative PCR assays are preferred. 

The core antigen, p24, is one of the most abundant proteins made by HIV- 
infected cells and is detectable in the plasma by EIA a few weeks before 
seroconversion. It disappears when antibodies appear, remains undetectable 
for years, and rises again around the time clinical manifestations of AIDS 
develop. The reappearance of antigenemia is associated with a poor prog- 
nosis. Conversely, decline in the titer of p24 antigen is often used to monitor 
the success of antiviral therapy. 
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Fig. 35-11 Western blot for ident~fication of HIV an- * g55 
c- p53 tibod~es. HIV-I was soluhll~zed w ~ t h  sodlum dodecy[ - sulfate (SDS), subjected to polyacrylamide gel electro- A gp41-45 phorcs~s (PAGE) to separate the ronstltuent proteins 

on the bas~s  o f  M,, and the bands translerred by elec- 
.C- H o  tro~horesis to a nitrocellulose membrane. After 

1 8 f  \ i t  block~ng unoccupied sites, the membrane was cut 
into strips and each strrp incubated with a 1:1W dilu- 

+ p34 tlon of serum from different subjects, then rinsed and 
treated w ~ t h  an enzyme-labeled anti-human kmmu- 

k J d l b I I I 1  noglnhul~n, rinsed again, and treated with a substrate 
t l ~ a t  produces an insoluble prec~p~tate in khe presence 
of the enzymp, Lane 1, Negatlvc control; lane 2, 

+p24 
strong known posrtive control, lane 3, subject under 
test (positive), lanes 4-6, quality control, namely, 
twofold d~lutions from 3.12,8W of a known positive 
standard Note that not all infected persons produce 
antibody agalnst all 1-[IV proteins, and that the titers 
of antibody against certain proteins are consrstently 
higher than others Certain proteins (gp160, p55, p40) 
are precursors or intermediates In the cleavage path- 
ways that produce the final products (gpI20, gp41- 
45, p24, etc ). (Courtesy National HIV Reference Lab- 

6 oratory, Melbourne, Australia ) 

More recently, the exquisite sensitivity of the PCR has been harnessed to 
detect viral RNA or cDNA in virions or infected cells, even in patients who are 
still seronegative (during the window period) or who are seropositive but 
asymptomatic, producing very little virus. It also provides a method for diag- 
nosing HIV infection in neonates, whose serological status is ambiguous as a 
result of transplacental transmission of maternal antibodies. ProperIy con- 
drlctcd and controlled, the PCR assay is much simpler and quicker than virus 
isolation, and much more sensitive and informative than p24 detection. Fur- 
thermore, by careful selection of appropriate primers it can be used to distin- 
guish TilV-2 from HIV-1, as well as some drug-resistant mutants from sensi- 
five strains. Moreover, quantitative PCR methodologies have now been 
developed which permit a reasonable estimate to be made of the total viral 
load. For example, a new quantitative competitive PCR is in ternally conf rolled 
by mixing the target H1V RNA with dilutions of known concentrations of a 
comparable HIV RNA template differing only by an internal deletion intro- 
duced as a marker to permit later separation of the two PCR products by 
eltctrophc~resis. Such quantitative PCR methuds should greatly advance our 
capacity to distinguish various types of latent and productive virus-cell inter- 
actions in difterent tissues at different stages throughout the long course of 
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HIV infection, as well as to monitor disease progression and the efficacy of 
an tiviral therapy. 

Epidemiology of HIV Infection 

There are three principal modes of transmission of HPV, as worked out com- 
mendably quickIy wi th~n a couple of years of the recognition of the first cases 
of AIDS in Los Ange1t.s- sexual intercourse, exchange of blood, and perinatal 
transmission. 

Sexual intercourse now accounts for some 80% of all infections The risk 
of transmission is higher to the passive (receptive) partner, generally the 
female, and higher following anal intercourse (estimated at 1% per episode) 
than vaginal intercourse (estimated about 0.1 % per episode). Another concur- 
rent sexually transmitted disease enhances the risk by an order of magnitude, 
especially if genital ulcers are present, as  in syphilis or chancroid. Obviously 
the risk is also greatly enhanced the greater Ihe number of different sexual 
partners. 

Perinatal infection currently accounts for about 10% of all HIV infections. 
The risk of infection from an infected mother to her baby has been estimated 
as 12-40% in various studies. The preczse routes are not clearly understood 
but probably include prenatal transmission across the placenta, intrapartum 
transmission via blood and/or genital secretions during parturition, and post- 
natal transmission via breast milk. Risk factors have been shown to include 
the stage and severity of the maternal infection (maternal virus titers being 
highest early and late in the mother's infection), low maternal titers of ncu- 
tralizing antibody, prematurity at delivery, and breast-feeding; obstetric pro- 
cedures may also be significant. 

Blood transfusion and the administrati'on of blood products such as factor 
VlII to hemophiliacs account for only 3-5% of all past and present HIV infec- 
tions and declined rapidly following the introduction in 1985 of routine 
screening procedures in blood banks. The efficiency of transmission of HIV 
infection by transfusion of infected blood is greater than 90%. Another 5- 10% 
of all infections resuIt from sharing oh needles by injecting drug users (IDPls) 
The risk per episode will vary with the precise circumstances but may be 
comparable with that of needle-stick injuries to medical or laboratory workers 
receiving small volumes of infected blood (about: 0.5%). 

Although trace amounts of virus can be detected from time to time in a 
range of bodily secretions including saliva, there is no evidence that infection 
can be transmitted from person to person by kissing or any form of casual 
ccantact other than sexual intercourse or the exchange of blood. 

Worldwide, three different epidemiologic patterns were observed during 
the 1980s. Pattern 1, seen in North America, Western Europe, and Australasia, 
where AIDS was first reported in 1981, implying that I-dIV infection had 
probably been present since the 1970s, was characterized by spread princi- 
pally via anal intercourse among male homosexuals, and to a lesser extent by 
needle sharing among IiDUs. In recent years F-IIV has moved increasingly into 
the female population, and heterosexi~al transmission is occurring, especially 
among teenagers. The annual incidence of AIDS is projected to peak in the 
mid-1990s. 
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Pattern 11, seen in sub-Saharan Africa, where AIDS has been present at 
least since the 1970s, is characterized by heterosexual transmission, with infec- 
tion being equally common in males and fenialcs, and a correspondingly high 
incadence of perinatal transmission to infants. Massive economic problems 
including inflation and unernpIoyment have led to urban immigration, break- 
down of traditi80iial tribal values, and sex~aal prornisculty especially involving 
casual lia~snns between female prostitutes and males separated from their 
families. Prevalence of HIV infection in Central and East Africa has escalated 
alarmingly during the past decade, and the situation appears certain to deteri- 
orate further. 

Pattern III applies to Asia, Eastern Europe, North Africa, and the Middle 
East. The virus was not introduced into these areas until the early to 
mid-1980s. However, an alarming change became apparent in 1988 when an 
outbreak caused by HPV-1 genotype B (resembling the United States strains) 
occurred in lDUs in the Golden Triangle (at the junction of China, India, 
Myanmar, and Thailand). Then in 1989 it became clear that female ~rostitutes 
in'lndia and Thailand had become infected with genotype A (;esernbling 
African strains), and this genotype has since spread rapidIy by heterosexual 
intercourse. It is predicted that by the turn of the century the number of cases 
in Asia will exceed the number in Africa. 

These three official patterns are not static, and the distinctions are no 
longer clear-cut. For inslance, the situation in Central and South America was 
originally comparable to that in the United States, but spread to the heterosex- 
ual population has occurred much more quickly. Whereas the classification 
was invaluable for some years, it is now clear that AIDS everywhere will 
sooner or later become a heterosexually transmitted disease, with intravenous 
drug use also making a significant contribution. The principal difference be- 
tween different geopolitical regions is likely to be socioeconomic: AIDS will 
become ~ncreasingly a disease of the poor and underprivileged, as has been 
their lot with regard to other devastating infectious diseases throughout histo- 
ry. In addition to recognizing the reality of global health interdependence, the 
wealthier nations will be called on to display a high degree of altruism if the 
pandemic is to be controlled. 

Control 

Containment of the AIDS epidemic is a global problem requiring a concerted, 
mwl tifaceted, international approach. Althcrugh the detailed implementation 
of national programs will be greatly influenced by such variables as the extent 
of the epidemic in the region, the general level of health, education, and 
affluence, social customs and superstitions, political realities, and available 
funding, the major objectives are universal. 

The first and most difficult objective IS to bring about a major change in 
sex~sal behavior. 'The primeval urge is so strong that neither legislation nor 
appeals to altruism are likely to be as persuasive as self-preservation. The 
whole community needs to be educated about the danger and routes of trans- 
mission of HIV, what constitiltes high-risk behavior, and practical approaches 
to minimize those risks. The message needs to be targeted in different ways to 
diff~rent audiences, but particularly to flae young and sexually active, through 

Human Immunodeficiency Viruses 557 

the mass media, through the schools, a n d  through relevant, nonthreatening 
peer-group leaders speaking the same language. It is crucial not to alienate 
high-risk groups at the social margins by judgmental or discriminatory atti- 
tudes. The message is the following: 

1. Reduce the number sex partners. Ideally, practice "abstinence before mar- 
riage, fidelity after marriage," to borrow a slogan frc~m a recent advertising 
campaign in one African country. "Mutual monogamy" should be Ihe ob- 
jective of all heterosexual or h(lmosexual partners. 

2. Use condoms. "Unprc~tected" sex must be discouraged, although to propa- 
gate the view that a condom offers "safe sex" is an exaggeration; it  is 
certainly safer sex, but not as safe as nonpenetrative forms of sex. 

3. Treat all sexually transmitted diseases (STD) promptly. Not onIy does 
prompt treatment decrease the chance of contracting HIV, but paiicnts 
attending an STD clinic constitute a captive audience ready to receive and 
irnplemen t advice about AIDS prevention. 

There is a real need for an effective vaginal microbicidal agent; this would 
empower women to control their own destinies with a greater degree of 
certainty. 

The second target group includes injecting drug users. This needle- 
sharing subculture is particularly difficult to access. Some countries have 
adopted the daring approach of providing all registered IDUs with new dis- 
posable syringes and needles free of charge, an  request This appears to have 
been particularly successful in restricting the spread of HIV (and hepatitis B, 
C, and D) among this vulnerable cohort in Australia. 

Medical and laboratory personnel are required to follow strict standards 
of aseptic technique in handling potentially iniectious materials in the ward or 
laboratory. The details are beynnd the scope of this* text, but some of the 
procedures were described in Chapter 12. 

Almost all countries have implemented efiective procedures for the rou- 
tine screening of blood, sperm, and organ donors for HIV antibody. Further- 
more, brood products such as factnr VI1[ used for the management of hemn- 
philia are now routinely heat-treated to destroy the labile HIV virion. 

In most countries compulsory screening for HIV infection (by EIA for 
antibody) is confined to bIood, semen, and organ donors; universal screening 
is considered to be neith'er cost-effective nor socially acceptable. However, 
voluntary screening of those at high risk of infection is to be strongly encour- 
aged. High-risk categories include the following: (1) sexually active gay or 
bisexual men, (23 patients attending STD clinics, (3) travelers returning after 
unprotected sex in countries of high HlV endemicity, (4) injecting drug users, 
(5) prisoners, (6) anyone who received blood or a blood product between 1980 
and 1985, (7) health workers accidentally exposed (e.g., via needle stick or 
blood spill), and (8) anyone with an "AIDS-defining" condition. Regarding 
the last, clinicians should be increasingly alert to the possibility of AIDS and 
should automalically recommend testing of anyone with a disorder virtually 
unique to AIDS, such as Kaposi's sarcoma, oral hairy leukoplakia, or  such 
"AIDS-defining" opportunistic infections as Pneurnocysfis pn'eumonia. A sexu- 
ally active patient presenting with a disorder that is uncommon but not 
unique to AIDS, such as oral candldiasis or Guillain-BarrP syndrome, should 
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also be tested. Those presenting with disorders n~ort~commonly unrelated to 
AIDS 5hould be tested i f  lifestyle clues suggest a n y  nf the risk groups listed 
above. 

Counseling before and after testlng is important. Management of se- 
ropositive individuals also involves regular medical surveillance and preemp- 
tive interventions as well as reactive responses to episodes of opportunistic 
infection. Confidentiality must be respected. The patient must also appreciate 
his /her special obIiga tion to implement lifestyle changes, particularly with 
r e p  rd to sexual encounters; partners should be contacted, notified, coun- 
seled, and monitored medically. A particularly sad situation is that of the HIV- 
positive wornan who must be informed of the substantial risk of transmission 
of HIV to her infant should she ever become pregnant. 

Because chemotherapy can never eliminate HIV infection, Ihe ultimate 
control of AIDS can be achieved only by the use of an etfective vaccine. In the 
developed world the spread of  HIV could be restricted by administration of 
such a vaccine to the major risk groups, namely, sexually promiscuous male 
homosexuals, prostitutes, injecting drug users, and newborn children of in- 
fected mothers. However, in the Third World, where AIDS is spread hetero- 
sexually and perinatally, control would only be achieved if the effective vac- 
cine were to be administered to every infant. Ultimately, universal vaccination 
might be expected to become the policy worldwide. 

Numerous problems stand in the way sf the development of an effective 
HIV vaccine (Table 35-4). HIV is notoriously mutable as a result of the lack of 
fidelity of reverse transcription, the absence of error-correcting mechanisms, 
and the addrtional possibility ol recombination between different HIV strains. 
The prolonged asymptomatic period provides ample time for significant anti- 
genic drift to occur, and this continues after transmission to sexual contacts, 
thus generating a daunting range of very different strains around the wortd. 
Any vaccine would need to incorporate at least the major subtypes of HIV-1 
and ideally HIV-2, or to contain immunodominant cross-reactive epitopes. 

HIV may enter the body not only as free virions, neutralizable by anti- 
body, but as infected leukocytes (in semen or blood), in which the virus or 
provirus would be protected against antibody or T-cell-mediated cytoly sis. 
Unless the infecting cells were rapidly destroyed by allograft rejection, infec- 
tion could then spread directly from cell to cell by fusion to produce syncytia. 
Also, for every T cell or monocyte actively producing virus, there are many 
more carrying a cDNA copy of the HIV genome in the chromosomes of 
latently infected cells which do not express viral proteins and are therefore 
inaccessible to antibody or cell-mediated immunity. Moreover, infected cells 
may be sequestered from the immune response in such sites a s  the CNS. 

As t h e  normal mode of transmission of HIV is via the rnucosal route, the 
first line of defense in a vaccinated host would preferably be mucosal TgA 
antibodies and subrnucosal lymphocytes. This would argue for rnucusal deliv- 
ery, preferably of a live or recombinant vaccine, perhaps vaginaliy, or orally to 
take advantage of the common mucvsal pathway. However, what constitutes 
prott~ctive immunity against HIV has yet to be established (in humans or 
simian models). 
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Table 35-4 
Problems uf Vaccination agains! HIV Inlccfion 

Numerous WIV strams occur around the world, ant~genic dr~ft and possibly g e n ~ t ~ c  recombina- 
tlon ensure continuing evolution 

Virus normally enttlss by the mucosal roule 
HlV may be transmitted by ~nfected cells as well '1s vlnuns; ~nfectlon spreads readily from cell to 

cell by fusion 
Virus readaly eqtablishes lifelong Intent infectton 
I i l V  gmws selectively in cells of fhc immune system, notably hclper T lymphocytes and cells of 

the monocytelmacrophage lineage 

Because of the lethality of the virus, the certainty of establishment of 
latent infection, and the likelihood of subsequent mutation, it is improbable 
that any live attenuated HIV vaccine would be licensed lor human use, with 
khe possible exception of a deletion mutant analogous to the nef- mutant of 
the simian immunodeficiency virus, which is avirulent for rhesus monkeys. 
The options are therefore limited to conventional inactivated whole-virus vac- 
cines, purified envelope glycoproteins, or recombinant live vectors (e.g., vac- 
cinia virus or avipoxvcrus) carrying at least the gene for the HIV envelope 
protein@) (gpl20 +- gp41). Experimentat vaccines of all these kinds have been 
produced (Table 35-5) and tested in chimpanzees andlor humans. Chemically 
inactivated virions, or gpt60, gp120, or gp41 produced by recombinant DNA 
technology in mammalian cells or in insect cells using baculovirus as a vector, 
have all now been tested, with very limited success so far. Whereas the ideal 
vaccine would prevent infection, we may be obliged to lower our sights some- 
what in the case of HIV and settle for reduction in the virus load such that 
latent infection is established on only a limited scale, in the hope that the 
immune response might reduce the rate of spread and delay the onset of 
disease. Some consideration is even being given to the strategy of "therapeu- 
tic" vaccination, in which vaccine is administered to those already infected in 
the hope of retarding the disease. 

Antivira J Therqy 
The complexity of the HJV replication cycle, in particular the requirement 

for so many different viral enzyme functions and so many viral regulatory 
proteins, offers hope that truly effective antiviral therapy for AIDS may be 
just around the corner. However, in spite of over a decade of frenetic research 

Table 35-5 
Al ternatwe Approaches t c ~  Developmrn t of HIV Vacclne 

- - - - - - -- - - - - - - - - - -- - -- -- -- - - - - - - - - - - - - - - - - - - 

ChcmicaJly inactivated whole virus vacctne 
Pur~fit*d gplhO, gp120, clr gp41 unvelope glyct~protein 
Envelope glycclprotcin producrd by gene cloning in marnmal~an or insect 

cl~lls 
Recombinant live virus (c g., vaccinia) ~ncorpc~rating gt3ne for 11IV envelope 

glycc~proteiti and prrhaps olhcr prote~ns 
Live attenuatrd delet~nn mutant 
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activity by a large number of research la bnratories in industry, universities, 
and rssearch institutes, the harvest of effective antiv~ral agents has been mea- 
ger. Only the dideoxynucleuside analogs that inliibi t reverse transcriptase 
have slaown an acceptable combination of efficacy and lack of toxicity in z~izro 
(see Chapter I6 for detailed discussion). Z~dovudine (AZT, azidothymidine), 
which has been the standard treatment for several years, reduces the inci- 
dence and severity of opportunistic infections somewhat but does not consls- 
tently arrest the progress of the disease even when commenced during the 
asymptomatic phase when the CD4 counts are in the range of 200-400 per PI. 
Moreover, resistant mutants consistenkly emerge within months. Combina- 
tion nr alteri~ation therapy with AZT plus ddl or ddC generaIly offers little nr 
nn significant advantage. Noirnucleoside inh~bitors of reverse transcriptase 
such as nevirapine and fhe  "TIBO" compounds rapidly induce resistance and 
pn)bably do not have a role as  single agents. 

Attention has turned to other vulnerable steps in the replication cycle (see 
Table 16-1). Inhibitors of aspartyl protease, some of which display synergism 
with dideoxynucleosides in ztifro, are currently undergoing dinicaI trials. The- 
oretically, i t  might be possible to find agents that bind and inactivate one of 
the regulatory proteins such as 7jt or Rev, or its nucleic acid recognition 
sequence (TAR or RRE), although the first of the promising Tat inhibitors has 
recently been found wanting in zlivo. The assessment of these and other 
compounds will require painstaking and frustratingly slow clinical trials. 

The ~nfidelity of reverse transcription expedites the emergence of resis- 
tant mut,~nts, whatever the target of the drug in question. Thus, i t  is likely 
that the future of anti-HTV therapy will lie with combinations of drugs with 
totally different modes of action, preferably addressing different viral pro- 
teins. I'otentially, such a strategy also przsents the advantages of synergy and 
reduced koxlcity (by lowering the required dose of each drug), as well as 
delayed emergence of resistance. Of course, eradication of the nonreplicating 
latent pr i )vj r~~s from quiescent cells will be impossible, so anti-HIV therapy 
must be continued for life. 

More effective chemotherapy is available for most of the opportunistic 
infections with bacteria, fungi, protozoa, and some of the viruses that are a 
featurt. of the later stages of fIPV infection. Acyclovir and ganciclovir are 
effec t ~ v e  against 1-eact~vatinns of herpes simplex and zoster viruses or cyto- 
megalovirus (see Chapters 16 and 20). Control of these secondary infections 
can be achieved by one of three main strategies: primary prophylaxis (at 
cr~tlcal times), therapy (treatment of infections as they arise), or secondary 
prophylaxis (prevention of recurrences by using a low dose of drug for life). 

Simian Emmunodeficiency Virus 

The primate lentivjrus group of the genus Ler~tiz~irus also contains the simian 
irnnnun~defic~ency virus (SIV), strains ol which have been recovered from a 
range of African monkey species. Although they cause inapparent infections 
in African monkeys, SIV causes simian AIDS in rhesus (Asian) monkeys. SIV 
differs from I ZPV-2 by a del"etin11 in the !~.t.f gene. That h u r n a ~ ~ s  can occasionalEy 
bccolne infected by SIV 1s indicated by a recent survey of monkey handlers 
and  SJV rescarchcrs, a few of whom ( < I % )  had seroconverted to SIV: the 
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virus was successfully isolated from one case. However, there is no indication 
that SIV causes any disease in humans. 

Human Spumaviruses 

The genus Spunrniliras comprises a group of "foamy viruses," named for their 
characteristic cytopathology, namely, vacuolation in cultured cells. They ate 
exogenous retroviruses which contain no oncogene. Species-specific spuma- 
viruses are widespread throughout the animal kingdom, including humans. 
They cause inapparent persistent infections, but have not yet been proved to 
cause any disease, although association with certain degenerative and auto- 
immune diseases has been reported. 
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In the preceding 19 chapters we have examined individually the contribution 
of various members of each of the reIevant families of viruses to the spectrum 
of human disease. In this final chapter we examine the same scene from the 
opposite aspect, namely, to focus in turn on each of the major clinical syn- 

* 

drornes. Of course, this is not a textbook of medicine nor even of infectious 
diseases, but of virology. We cannot devote space to detailcd clinical descrip- 
tions of viral diseases and certainly not to their differential diagnosis from 
diseases caused by nonviral infectious agents, nor to their clinical manage- 
ment. Appropriate reference works on infectious diseases have been liste'd 
under Further Reading. What follows i s  intended to provide only a bird's-eye 
view of the commoner syndromes so that we may assess the contribution of 
particular virr~ses to each one. In so far as the clinical features as wcll as the 
pathogenesis and epidemiology of all the major human viral infections were 
dealt with in the previous 19 chapters, this final chapter should be regarded 
as little more than an appendix which brings all these virus-disease associa- 
tions together in a number US summary tables for ready reference. 
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Viral Diseases . of - the Respiratory Tract 

R~spiratory infections are the most common afflictions of humans, and most 
are caused by vinrscs. Children con tract on average about half a dozen respi- 
ratory illnesses each year, and adults perhaps two or three. Admittedly these 
ssp mainly trivial colds and sore throats, but they accour~t for millions of lost 
working hnurs and a significant proportion of all visits to family physicians. 
More serious Iclwer respiratory tract infections tend to occur at the extremes of 
life, and in those with preexisting pulmonary conditions. The most important 
human respiratory viruses are influenza and respiratory syncytial viruses 
(IISV), the former killing mainly the aged and the latter the very young. Of 
the estimated 5 million deaths from respiratory infections in chiIdren annually 
worldw~de, at least 1 million are viral in origin. 

Altogether, there are about 200 human respiratory viruses, falling mainly 
within six families: orthomyxoviruses, garamyxoviruses, picornaviruses, co- 
rcmaviruses, adenor7iruses, and herpesvjruses. Here we shall confine our- 
selves to those that enter the body via the respiratory route and cause disease 
confined largely to the respiratory tract. Many other "respiratory" viruses are 
disseminated via the bIoodstrearn to produce a more generalized disease, as is 
the case with most of the human childhood exanthems such as measles, 
rubella, and varicella. Other viruses, entering by nonrespiratory routes, can 
reach the lungs via systemic spread, and pneumonia may represent the final 
lethal event, as In overwhelming infections with herpesviruses or ade- 
noviruses in immunocompromised neonates or AIDS patients. 

Systemic viral infections such as measles generate a strong memory re- 
sponse and prolonged production of IgG antibodies, which protect against 
rr.infectic.rns for life. In contrast, viruses that cause infection localized to the 
respiratory tracl with little or no v~remia, such as RSV or rhinoviruses, induce 
olily a relatively transient mucosal IgA an trbody response; hence, reinfections 
with the same or a somewhat different strain can recur repeatedly throughout 
life. In addition, numerous strains of viruses like influenza virus arising by 
antigenic drift may cause sequential episodes of the same disease in a singIe 
patient. 

Whereas some viruses have a predilection for one particular part of the 
respiratory tract, most are capable of causing disease at any level, and the 
syndromes to be described below overlap somewhat (Fig. 36-1). Nevertheless, 
for vase of description we will designate six basic diseases of increasing sever- 
ity as we descend the respiratory tract: thinitis, pharyngitis, croup, bronchitis, 
bronchiolitis, and pneumonia (Table 36-11. 

Rhinitis (Common Cold) 

The classic common cold (coryza) is marked by copious watery nasal dis- 
charge ancl obstruction, sneezing, and perhaps a mild sore throat or cough, 
but little or na fever. All culds are viral. Rhinoviruses are the major cause, 
several serotyyes being prevalent year-round a n d  accounting for about half of 
a31 ctdds. Coronaviruses are responsible for about another 15%, mainly those 
occurring in the winter months. Certain enteroviruses, particularly cox- 
sackieviruses A21 and A24 and echoviruses 11 and 20, cause febrile colds and 

Viral Diseases of the Respiratory Tract 

Influenzaviruses A,  B 

Parainfluenza viruses 

Coxsackieviruses A 
Adenoviruses A 
€6 virus and cylo- - 

megalov~ruses 
A 

Rhinoviruses /1 

Fig. 36-T Frequency with which particular v~rvses produce disease at varlous l ~ v e l s  of the 
respiratory tract (Courtesy Dr. D A. j. Tyrrell ) 

sore throats, especially in the summer. In children, respiratory syncytial virus 
(RSV), parainfluenza viruses, and the lnw-numbered adenoviruses are be- 
tween them responsible for up to half of all upper respiratory tract infections 
(URTJ). 

Otitis media or sinusitis sometimes complicate URTI. Bacterial superinfec- 
tion is generally involved, but viruses have also been recovered from the 
effusion. Respiratory infections with RSV, influenza, parainfluenza, ade- 
novirus, or measles viruses predispose to otitis media. Indeed, repeated viral 
infections can precipitate recurrent middle ear infections, leading to progres- 
sive hearing loss. 

Pharyngi tis 

Most pharyngitis is of viral etiology. Upper respiratory infections with any of 
the viruses just described can present as a sore throat, with or without cough, 
malaise, fever, andlor cervical lymphadenopathy. Influenza, parainfluenza, 
and rhinoviruses are common causes tl.~roughout life, but other agents are 
prominent in particular age groups: RSV and ndenoviruses in young children, 
herpesviruses in adolescents and young adults. Adenoviruses, though not 
major pathogens nverall, are estimated to be responsible for about 5% of a11 
respiratory illnesses in young children. Pharyngc)ct7njunctivaI fevcr is just one 
particular presentation, which was described in Chapter 19 together with the 
strange tendency of adenoviruses 4 and 7 to cause outbreaks of "acute respira- 
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- tory disease" (ARD) in U.S. military camps. Primary infectic~n with herpes 
simplex virus (HSV), if delayed until adolescence, presents as a pharyngitis 
and/or tonsillitis rather than as the gingivostomat~tis seen principally in 
younger children; the characteristic vesicles, rupturing to form ulcers, can be 
contused only with laerpangina, a common type of vesicular pharyngitis 
caused by coxsackie A viruses (see Chapters 20 and 23). Infectious mono- 
nucleosis (glandular fever) is usually seen in adolescents and young adults, 
and is marked by a very severe pharyngitis, often with a diphtheria-like 
membranous exudate, together with cervical lymphadenopathy and fever 
(Chapter 20). Tflis syndrome is generally caused by Epstein-Barr virus (EBV), 
but occasionally by cylomegalovirus (CMV), especially if lacking the sore 
throat, swr~llen glands, and heternphii antibody. 

Laryngotracheobronchitis (Croup) 

Croup is one of the serious manifestations of parainfluenza and influenza 
vlrus infections. A young child presents with fever, a "barking" or "metallic" 
cough, inspiratory stridor, and respiratory distress, sometimes progressing to 
complete laryngeal obstruction and cyanosis. Parainfluenza viruses are re- 
sponsible for about half of all cases, type 1 being commoner than type 2. 
Influenza viruses and RSV are important causes during winter epidemics. 

Bronchitis 
Influenza a l ~ d  parainfluenza viruses and RSV are the main viral causes of 
acute bronchitis. There is also evidence that chron~c bronchitis, which is par- 

Table 36-1 
Rcspir'ilory V~r~al  Distlasrs 

Virus 

Disease Comman Less common 

Rhinitis (common cold) Rhinoviruses RSV, parainfluenra, influcnxa 
Cnaonaviruses Adenoviruses 

Coxsackic A l l ,  A24; echo  11, 20 
Pliaryngctls Parainflurnza 1-3 Rhlnoviruses 

I n f l u e n ~ a  Adenovirc~ses 1-7 
F I ~ r p e s  slmplcx RSV 
Epstcin-Rarr virus Cy tr~mrgaEuviru9 
Corxsackic A 

I..nryngotrarhr11hrnncl>111s Pararnflilicnzn I ,  2 RSV 
(cr(>~tp) Influrnza 

Bront.htttq Parainfluenza 3 Parainfluenza I .  2 
lnflurnza 
RSV 

Bronchrrd~ ti.; RSV Influenza A 
P a r ~ n f l u e n ~ a  3 rarainffuenza 1, 2 

Pn ru r t to~ i~a  RSV Parainfluenza 1, 2 
Parainfluenza 3 Adenoviruses 3, 7 
lnflucnza C y t o r n c ~ ~ l o v ~ r u s  

Mcasles 
Varlcclla 

titularly common in smokers, may be exacerbated by acute episodes of infec- 
tion with influenza viruses, rhinoviruses, or coronaviruses. 

Respiratory syncytial virus is the most important respiratory pathogen during 
the first year or two of life, being responsible, during winter epidemics, for 
about half of all bronchioIitis in intants. Parainfluenza viruses (especially type 
3) and influenza viruses are the other major causes of this syndrome. The 
disease can develop with remarkable speed. Breathing becomes rapid and 
labored, and is accompanied by a persistent cougl~, expiratory wheezing, 
cyanosis, a variable amount of atelectasis, and marked emphysema visible by 
X-ray. The infant may die overnight, and hence RSV is one of the causes of 
unexplained "cot deaths," otherwise known as the sudden infant death syn- 
drome (SIDS). 

I Pneumonia 

Whereas viruses are relatively uncommon causes of pneumonia in immu- 
nocompetent adults, they are very important in young children. RSV (Figs. 
36-214 and 36-3A) and parainfluenza virus (mainly type 3) are between them 
responsible for 25% of all pneumonitis in infants in the first year of life. 
influenza also causes a considerable number of deaths during epidemic years. 
Infections with adenoviruses 3 and 7 (Fig. 36-28) are less common but can be 
severe, and long-term sequelae such as obliterative bronchiolitis or bronchiec- 
tasis may permanently impair lung function. Up to 20% of pneumonitis in 
infants has been ascribed to perinatal infection with cytomegaIovirus (see 
Chapter 26). CMV may also cause potentially lethal pneumonia in immu- 

Fig. 36-2 V~ra l  infections of the lung. Sections from fatal cases of pneumnnitis In chrldsen, 
stained with hemalnxylin and  rosin (A) Resp~ratclry syncyhal virus bronchtol~tls ( m a g n ~ f ~ c a t ~ o n  
X I 3 5 1  Note rnultinuclea!cd p a n t  crlls being shed info a bronchiolc whlrh is surrounded by 
ieukocytes (B) Adcnovirus, pneumonia (magnrfication xT26) Note chamctr.r~st~c ~ntranuclcar 
~nclusinns (C) Measles g ~ a n t  rell pneumt~n ia  (magnification, ~ 2 1 6 )  Note multinrrcleated giant 
cell with intranuclear incfuslc>ns (Cn~rrfcsy Drs I Jack and  A Williams) 
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Fig. 36-3 Radiographs of viral pneumonltis Note streaky, patchy, or nodular cunsolldation 
only (A) Respiratory syncytial virrrs (8)  Varicella (C, D) Influenza (Courtesy Dr j Forbes.) 

nocompromised patients, as may measles (Fig. 36-2C), varicella, and ade- 
noviruses. Moreover, viral pneumonia not uncommonly develops in adults 
with varicella (Fig. 36-38), and in military recruits involved in outbreaks of 
adenovirus 4 or 7, whereas measles is quite often complicated by bacterial 
pneumonia, especially in malnourished children in Africa and South Ameri- 
ca. In the elderly, particularly in those with underlying pulmonary or cardiac 
conditions, irifluenza is a major cause of death, either via influenza pneu- 
monilis (Fig. 36-3C,D) or, more commonly, via secondary bacterial pneumonia 
at tr~butable to Stnplryiococcus atrrctcs, Strepincocctrs ;~~~eunranine, or Fiaett~~phil~~s 
i~t f l t rr~~zne.  

Viral pneumonilis uften develops insid~ously hollowing URTI, and the clini- 
cal picture may be atypical The patient is generally febrile, with a cough and 
a degree of dyspnea, and auscuitalinn may reveal some wheezing or moist 
rales. Unlike typical bacterial lobar pneumonia with its uniform consulidation, 
or bronchopneumonia with its streaky consolidation, viral pneumonitis is 
usually confined to diffuse interstitial lesions. The radiologic findings are not 
striking; they often show little more than an increase in hilar shadows or, at 
most, scattrred areas of consolidation (Fig. 36-3). 

Viral Gastroenteritis 

Viral Gastroenteritis 

By no means do  all vlruses Found in teces cause gastroenteritis. Some do, but 
others cause "silent" infections of the gastrc~intestinal tract, which i s  their 
portal of entry to the body (e.g., reovlruses and many enteroviruses and 
adenoviruses); some may then move on, usually via the blor>dstream, to their 
target organ(s) in other parts of the body. For this reason, it has no1 been easy 
to pin down which viruses actually cause gastroenteritis, especially as enter- 
itis is so very common and not always easy to distinguish from minor changes 
in bowel habits arising from time to time for dietary, psychologic, or  other 
reasons. 

Assiduous searches have revealed a fascinating range of viruses in feces, 
none of which are human parasites, including bacteriophages parasitizing 
enteric bacteria and plant or animal viruses from ingested food. There is  much 
current interest in two small viruses with getlomes consisting of two or three 
segments of double-stranded RNA, which because of similarities to the family 
Bir~mtrirrdne have been tentatively named picobirnaviruses and picotrirna- 
viruses, respectively. Miscellaneous uther "small round viruses" and 
"parvovirus-like" agents have also been carefully described, as well a s  par- 
voviruses causing enteritis in cats and dogs, but a clear etiologic association 
has yet to be nailed down in humans. The same applies to the enteric coro- 
naviruses, and perhaps enteric toroviruses, which have been freguen tIy visu- 
alized by electron microscopy in feces from patients or even outbreaks of 
human gastroenteritis, especially in psychogeriatric patients, AIDS patients, 
and immunocornprornised children, but not proved beyond a shadow of a 
doubt to cause the disease from which they were recovered. It is quite proba- 
ble that some human enteric viruses are harmless passengers in most people 
most of the time but are capable rarely of causing diarrhea under certain 
circumstances in certain (especiaIly immunocompromised) individuals. In Ta- 
ble 36-2 we list only those enteric viruses that unequivocally cause gastroen- 
teritis in humans. 

Gastroenteritis vies with upper respiratory infection for the mantle of 
commonest of all infectious diseases and is the greatest cause of death. It has 
been estimated that 5-10 million children die each year in the Third World 
from diarrheal diseases, rotavirus infections in malnourished infants being a 
major contributor. Rotaviruses infect young children, causing severe diarrhea 
which may last up to a week and lead to dehydration requiring fluid and 
tlecfrolyte replacement. Most infections are sporadic, but nosocomial out- 
breaks occur frequently in hospitaI nurseries. Nearly all rotavirus infe,ctions 
are caused by group A serotypes and occur mainly in infants under the age of 
2 years; group B rotaviruses have been asssociated with some very large 
waterborne outbreaks in China, affecting adults as well as children; group C 
rotaviruses cause only occasional zoonotic infections. 

Enteric adenoviruses were first visualized in feces by electron microscopy 
and assigned to the correct family on the basis of their characteristic morphol- 
ogy; because of the copious numbers o f  visions excreted, they could be dem- 
onstrated by direct immunoassay to be distinct from other known members o€ 
that family, even though they themselves had never been cultured. Only later 
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were suitable techniques developed f a e n g  t l ~ e  "la.-t~clious" or "entcric" 
adenoviruscs, types 40 and 41, and later hlghes-numbered serotypes so far 
found only in AIDS patients. The sequence of events leading to the discovery 
of the ot l~er  groups sf viruses causing human enteritis has been essentially 
the same. These particular serotypes of human adenoviruses (but not the 
numerous other types that replicate in the respiratory and/or gastrointestinal 
trac't but cause no disease in the gastrointestinal tract) have turned out to be 
common causes of gastroenteritis, especially in young children, for example, 
in outbreaks in day-care centers. 

The "typical" entetic caliciviruses are also common, especially in young 
children. In contrast, the Norwalk group of viruses, now classified as rnem- 
bers of the family Calicikiridne, tend to infect older children and adults, often 
In common-source outbreaks. The illness consists of an explosive episode of 
nausea, vomiting, diarrhea, and abdominal cramps, sometimes accompanied 
by headache, myalgia, and/or low-grade fever. 

Astroviruses display many of the epidemiologic and clinical features of 
rotaviruses but are not as common and not as virulent. They appear to be 
endemic worldwide, with occasional epidemics, causing a relatively mild 
form of enteritis with watery diarrhea, mainly in young children; outbreaks 
have also occurred among immunosuppressed and institutionalized geriatric 
patients. 

Viral Diseases of the Central Nervous System 

Most meningitis and almost all encephalitis is of viral etiology (Table 06-3). 
Infections of the CNS arise, in the main, as a rare complication of a primary 
infection established elsewhere in the body which fortuitously spreads to the 
brain, usually via the blor-rdstream. Sometimes they occur following reactiva- 
tion of a latent herpesvirus or papovavirus infection, particularly following 
immunosuppression. Overwhelming disseminated infections acquired peri- 
nataliy may also involve the brain. 

Certain viruses have a predilection for particular parts of the CNS, and 
the clinical signs of the resulting disease often reflect this. For example, most 
enteroviruses d o  not go beyond the meninges, but polioviruses invade the 
anterior horn of the spinal cord and [.he motor cortex of the cerebrum, where- 
as rabies singles out Arnmon's horn, herpes simplex virus the temporal lobes, 
and so on. Some viruses lyse neurons directly, and there is abundant evi- 
dence of inflammation in the brain (Fig. 36-4A); others do their damage in 
more subtle ways, leading to demyelina tion of nerves (Fig. 36-98), sometimes 
involving immunopathologic processes. 

One must distinguish between neurovirulence, that is, the ability to cause 
neurologic disease, and neuroinvasiveness, that is, the ability to enter the ner- 
vous system. Mumps virus, for example, displays high neuroinvasiveness, in 
that evidence of very mild meningitis accompanied by changes in the cere- 
brospinal fluid (CSF) are detectable in about half of all infections, but low 
neurovirulence, in that it rarely causes much damage. In contrast, herpes 
simplex virus (HSV) displays low neuroinvasiveness, in that it rarely invades 
the CNS, but high neurovirulence, in that when it does it often causes deva- 
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stating damage. 'Thus, r~~rtrnlroyrsnr, the ability to infect neural cells, IS the 
product of rzci~roinvasiveness and neurovirulence. Moreover, not all neuro- 

' 

tropic viruses are neuronntropic, that is, able to infect neurons, as are rabies 
virus, polinviruses, togaviruses, flaviviruses, and bur~yaviruses; some vi- 
ruses, such as the pr~lynrnavirus JC, preferentially replicate in nonneuronal 
cells like oligndendrocytes, causing demyelination. Destruction of neurons 
has the rnost serious consequences as lost neurons are not replaced. 

The blond-brain barrier, which tends lo exclude viruses from tlie CNS, 
also liniils access of lymphoid cells, antibodies, complement, etc.; only when 
inflammation d ~ s ~ u p t s  the blood-brain barrier does the immune response 
come into play. Thus the barriers that inhibit virus invasion also deter virus 
clearance, accounting for the high frequency with which persistent virus in- 
fections lnvolve the CNS. 

The many and varied neurologic syndromes caused by viruses include 
meningitis, encephal~tis, paralytic poliomyelitis, myelitis, polyneuritis, and 
several unusuaI demyelinating and degenerative syndromes. 

Meningitis 

Viral meningitis is much commoner than bacterial meningitis but is much less 
severe. Only meningeal cells and ependyn~aI cells are involved, and recovery 
is almost always complete. The patient presents with headache, fever, and 
neck stiftness, with or without vomiting andlor photophobia. Lumbar punc- 
ture reveals a clear CSF, perhaps under slightly increased pressure, with near 
normal protein and glucose concentrations, and only a moderate pleocytosis; 
the white cell count may range from normal (<lO/mm'L) to over lOOQ/mm3, 
but is ~isually 30-30Dlrnrn" with Iymphocytes predominanting after the first 
day or so. This is what is generally calIed "aseptic" meningitis. 

Fig. 36-4 Viral lnfcctions o f  the brain Sect~ons from fatal human cases of encephalitis (A1 
Murray Valfry (Austr;ll~an) enceplialit~s (hernatoxylin and cnsin stain; magnification, x55) Arrow 
rnd~calcc foctll concentration of morranuclear leukocytes. (B) Measles, posbinfcctious encephalitis 
f l~ruol  fast biuc stain for rnyt-.lin, magn~ficatlon ~ 2 0 ) .  Note areas c ~ f  demyel~nation around vessels 
( C )  Measlcs, s~hrlcutc sclerosing panenccphafitis (hrmntoxylin and eosin stain; magnification 
~ 2 2 0 ) .  A r ~ n w s  ind~calc intranuclear ~ncltlsions (Courtesy Drs I .  Jack, R McD. Anderson, and A.  
W ~ l l ~ a m s  ) 
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By far the most important etiologic agents arc  mt~mps virus (see Chapter 
28) and numerous enteroviruses, including all the coxsackie U types, cox- 
sackie A7 and AY, polloviruses (in countries where they still exist), and many 
echoviruses which were listed in Chapter 23. The herpesviruses, HSV, EBV, 
and CMV, are rare sporadic causes, whereas lymphocytic choriomeningitis 
virus can be acquired from Iablnra tory or pet mice or hamsters. 

Mcningifis may be the only clin~cal evidence of infcction with these vi- 
ruses, For example, only half of a11 cases nC mumps meningitis follow typical 
parotitis. Enleroviral meningitis often occurs during a summerlautumn epf- 
demic in which others experience rashes, myositis, or other common mani- 
festations of infection with the prevalent agent, but meningitis is often the 
sole presentation. 

Paralysis 

Pn countries from which poliovirt~ses have not yet been effectively eliminated 
by vaccination, these viruses remain the major cause of both aseptic men- 
ingitis and paralytic poliomyelitis. Very rarely indeed, the oral poliovaccine 
itself can cause paralysis, mainly in immunocompromised individuals. En- 
terovirus 71 and coxsackievfrus A7 are rare causes ot a paralytic disease essen- 
tially indistinguishable from polio. The radiculomyelitis associated with en- 
terovirus 70 infection is generally reversible. 

Table 363 
Vlral Diseases of the Central Nervous System 

Disease V ~ r u s e s ~ ~  

Postinfectious enccphalomye[tt~s 
Gulllain-Barre qyndrome 
Reye's syndrome 
Subacutc sc[eros~ng panencephalitis 
Prngressiv~ mult~focal leukc>- 

encephabpa thy 
AIDS ensephalopakh y 

(AIDS dcmentia ct~mplex) 
Troptcal spast~c parapaws15 
Subacute spongrform encepl~aIopathy 

Enteroviruses 
Mumps 
Lymphocyt~c chorloniening~tis 
t Eerpes s~mplcx;  clthcr herpcsviruscs rarcly 
Pol iovirus~s 
Enteroviruses 70, 71, cnvsackic A7 
Herpes simplex 
Mumps 
Arboviruses (togaviruses, flnvlv~rur;es, hunyav~ruses, 

sce Ta bler 25-2, 26-2, 33-21 
Ar~navlrr~ses, rables virus, entcrt)v~ruses, adeno- 

viruscs, other Ilerpesvrruses 
M'easles, var~cella, rubclla, mumps, (vaccin~a), nthcrs 
Cytomegalt~virur, Epstvin-Barr virus, 1IJV 
Influrnza, varicclla 
Mcaslcs, rubclla 
Polyom,iv~rus JC 

HIV 

HTLV-1 
Prions 

" The rommoncst causa[ agents arc In bold typr 
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EncephaEi tis 
- 

Encephalitis is one of the most serious of all viral diseases. The illness often 
begins like meningitis with fever, headache, vomiting, and neck rigidity, but 
alteration in the state of consciousness indicates that the brain parenchyma 
itself is invrrlved. Initially lethargic, the patient becomes confused then stu- 
pbrose. Ataxia, seizures, and paralysis may develop belore the victim lapses 
into a coma and dies. Survivors may often be I ~ f t  wifh a pathetic legacy of 
perrnanenl sequelac, including mental retardation, epilepsy, paralysis, deaf- 
ness, or blindness. 

Encephalitogenic mosquito-borne or tick-borne togaviruses, flaviviruses, 
and bunyaviruses, endemic to particular regions of the worEd, cause epidem- 
ics of encephalitis from time to time when the appropriate combination of 
ecologic circumstances develops. The ecology of each of these arboviruses 
and fealures of the disease(s) they cause were described in detail in Chapters 
25, 26, and 33 (see also Tables 25-2, 26-2, 33-2). Encephalitis is also an irregular 
feature in certain hemorrhagic fevers (see Table 36-5). Rabies causes a uni- 
formly lethal type of encephalitis, described fully in Chapter 29. 

In most of the temperate regions of the world, mumps is the commonest 
cause of encephalitis, but it is generally a relatively mild meningoencephalitis 
with only rare sequelae, mainly unilateral deafness. Herpes simplex virus is 
the most commonly identified cause of severe sporadic encephalitis. This is a 
very ~rnpleasant disease indeed, infecting both neurons and giia to produce a 
focal encephalitis generally localized to the temporal lobes in immune adults, 
but diffuse necrotizing encephalitis in the newborn, with a 70% case-fatality 
rate (see Chapler 20). In neonates or immunocomprornised patients HSV and 
the other hcrpesviruses, and occasionally enternviruses or adenoviruses, are 
also capable of causing encephalitis, generally as part of a widely dissemi- 
na ted and often fatal infection. Clrrojric mcn~trgoencepl~aIifis is a fatal condition 
seen in children wifh the ET-cell deficiency, X-linked agammaglobulinemia, or 
severe combined immunodeficiency. Enteroviruses are the usual causal agent 
(see Chapter 23). The majority of these children also have a condition known 
as ~ u v c n ~ i r  drrt~?nfomyosi!is. 

Postinfectious EncephalornyeIifis 

Postinfectious encephalomyelitis is a severe demyelinating condition of the 
brain and spinal cord which occurs as an occasional complication following a 
few days after any of the common childhood exanthernata (measles, varicella, 
rubella) or mumps. Prior to bhe eradication of smallpox, it also occurred as an 
occasional complication of vaccination against that disease, using live vaccinia 
virus. The pathology of postinfectious encephalomyelitis resembles that of 
experirnenta1 allergic encephalomyelitis, giving rise to the hypothesis that this 
is an ailtoimmune disease in which virus infection provokes an immunologic 
attack on myelin. Certainly there is little virus demonstrable in the brain by 
the time postinfectious encephalomyelitis develops, and the major histologic 
finding is perivennus inflammaYinn and demyelination. 

GuiIlain-Barre Syndrome 
i 

Guillain-Barre syndrome is an  acute i, 
radiculoneuropathy which follows expc 
Epstein-Barr virus (which has also bee 
and Bell's palsy) is most commonly ir  % @ 
appearing 1-4 weeks after infectious 
develops, usually in more than one 11,. 

weeks in most cases, but 15% retain residu,. 
drome is also seen with cytornegalovirus and ea,., 

An outbreak of Guillain-Barr6 syndrome in the Unl,. 
traced to the introduction of a formalin-inactivated vaccine 
called Swine strain of influenza. The vaccine was withdrawn, aIt. 
drome has not been associated with any subsequent flu vaccine. The L, 
episode remains something of a mystesy. It does prove, however, that live 
virus is not a necessary ingredient in the genesis of GuilEain-Barre syndrome. 
This argues strongly for an immunologic basis of the demyelination. 

Reye's Syndrome 

Reye's syndrome is a postinfectious encephalopathy with a 25% case-fatality 
rate which follows influenza or chickenpox in children. There is cerebral 
edema but no evidence of inflammation. Fatty infiltration of the liver is the 
other major feature. An epidemiologic association with the adrninistralian of 
aspirin during the original fever has been noted. 

Chronic Demyelinating Diseases 

Certain of the rarer demyelinating diseases are known to be due to viruses. 
Subacute sclerosing panencephalitis (SSPE) or inclusion body encephalitis is a 
rare late sequel to measles, whereas progressive rubella panencephalitis is an 
even rarer but similar demyelinating persistent infection. The pathogenesis of 
SSPE was discussed in Chapter 10. Progressive rnuliifocal leukoencephalopa- 
thy {PML) is a different type 05 demyelination seen when AIDS or immunosup- 
pression for renal transplantation or malignancy reactivates infection wir h the 
human polyomavirus JC, which targets oligodendrocytes (see Chapters 10 and 
18). These associations Rave quickened interest in the possibility that more 
common demyelinating diseases of unknown etiology, notably multrple scle- 
rosis, might also be caused by viruses. However, despite suggestive epidemio- 
logic evidence and many false alarms, no virus has yet been ~ncrirninated. 

AIDS Encephalopathy (AIDS Dementia Complex) 

The human immunt~deficiency virus has suddenly emerged as the common- 
est agent of viral infection of the CNS. Like animal: lentiviruses, HIV is highly 
neuroinvasive from early in the prolonged preciinical phase. Occasional cases 
of acute meningitis and of GuiPlain-Barr6 syndrome can occur early in the 
course of infection. Elowever, only after immunodeficiency becomes severe 
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years later does the extent of the potential ne~~rovirulence of HIV become 
manifest. The presentation can be protmean, but over 50% of all patients devel- 
op progressive derncn tia with cerebr,~l invoIvemenf, m yelopathies, or senso- 
ry neuropathles (see Chapter 35). 

i 
f 

Tropical Spastic Paraparesis 

Infection with the human T-cell leukemia virus type 1 (HTLV-1) is usually 
subclinical. Rarely, however, after an incubation period of up to 40 years, a 
subacute disease c ~ f  the thoracic spinal cord can develop involving progressive 
paralysis of the legs together with impotence and incontinence. 

Subacute Spongifolrm Encephalopathy 

The reader is referred to Chapter 10 for a detailed discussion of the role of 
putative subviral infectious agents known as prinns in degenerative diseases 
of the brain classified as subacute spongiform encephaiopathies, of which 
scrnpic in sheep is the p~radigm.  Kuru was the first human model of these 
intriguing diseases to be unraveled, but the family has now been extended to 
include Creutzfeldt-Jakob disease (CJD), Cerstmann-Straussler-Scheinker 
syndrome, and fatal familial insomnia, in the last two of which an inherited 
mutation in a particular gene can produce a disease clinically identical to that 
seen in kuru or in most cases of CJD where an infectious agent is responsible. 

The search is now on for viruses or "subviral" agents as  possible etiologic 
agents of much more common degenerative diseases of the CNS, such as 
am yotro y hic lateral sclerosis, Parkinson's disease, Alzheimer's disease (gre- 
sen~le  dementia), and even schizophrenia. 

( Viral Skin Rashes 

Many viruses involve the skin in one way or another (Table 36-4) Some, such 
as papillomaviruses, poxviruses, and recurrent herpes simplex, produce rela- 
tively localized crops of lesions and few if any systemic symptoms. Others, 
such as those causing the childhood exanthema ta, produce a generalized rash 
as part of a wider clinical syndrome that follows a systemic infection. These 
rashes vary greatly in their anatomic distribution and in the morphology o f  
the individual lesions. They are classified for convenience into maculopapu- 
lar, vesicular, nodular, and hemnrrhag~c rashes (Fig. 36-5). 

Macul~s  are flat, colored spots; papules are slightly raised from the sur- 
face of the skin but contain no expressible fluid. Virus is not shed from the 
lesions of maculopapular rashes. Many suc l~  rashes may in fact result from a 
hypersrwsitivity response lo the virus growing in cells of the skin or capillary 
endntheliurn. 

. The differential diagnosis of mact~lopapular rashes is difficult, not only 
because many rashes are of toxic, allergic, or psychogenic origin, but also 
because they are a common feature of cc~untless infectious diseases caused by 
bacteria, rickettsiae, fungi, protozoa, and metazoa as well as viruses! The rash 
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Fig. 36-5 Three d~slinct types of viral rashes. (A) Vcsiculopustular rash of smallpox (8) Hemor- 
rhagic rash of hemorrhagic f~ver  (C)  Maculopapular rash of mea.;les (A, Courtesy Prof A. W 
Downie; 8, courtesy Dr A Shel~knv; C, courtesy Dr. J .  Forbes ) 

itself is rarely pathognomonic; the whole clinical syndrome must be taken 
carefully into account. 

The classic standards of reference against which other rashes are com- 
pared are the so-called morbilliform rash nf measles and the rubelliform rash 
of rubella. The exanthem of measles (Fig. 36,-5C) cunsists of flat reddish brown 
macules which coalesce to form rather large blotches; after the rash fades on 
day 5 or 6 the skin retains a brownish stain for a time then undergoes des- 
quamation. In contrast, the exanthem of rubella consists of much smaller 
(pinpoint) pink macules which tend to remain discrete, giving the rash a fine 
or erythematous appearance; it usually disappears after 2-3 days. 

Numerous unrelated viruses produce rashes almost indistinguishable 
from one or another of these two prototypes. Infections with literally dozens 
of different enteroviruses can present as a maculopapular rash, generally in 
children, often during late summer epidemics. These exanthems are ilnsually 
ephemeral and nonpruritic. They are mainly rubelli form or morbill iform, but. 
can be erythematous, petechial, urticarial, or vesicular in character. Space 
does not allow description of the syndromes associated with each of the 30- 
plus enteroviruses involved. Suffice it to note that I he serotypes most fre- 
quently responsible for cutaneous eruptions are ecl~oviruses 4, 9, and 16 and 
coxsackieviruses A9, A16, and B5. 

Erythema infectiosum, or fifth disease, now known to be caused hy a 
parvovirus, B19, is recognized for its unique rash. ?'he chiId first develops 
flushed red cheeks, contrasting with pallor around the mouth, then a 
rubelliform eruption on the limbs which develops a lacelike appearance as it  
fades (see Fig. 17-4). Exanthern subiturn, otherwise known as roseola infan- 
turn or sixth disease, is a universal exanthem of infants caused by human 
herpesvirus 6, although the classic rash 1s not always seen. About 10% of 
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Table 36-4 
Vlrnl Skrn Rashes 

Rash Viruses 

Mnrulopapular Measles 
Rubella 
Parvovirus Dl9 
FIHV-6 (human herpesvirus 6) 
Echoviruses 9, 16. many others 
Coxsackie A9, Alh, B5, many others 
Epste~n-Rarr vlrus, cytomegalovirus 
Dengue, chikungunya, Ross R~ver, other 

arboviruses 
Hepatitis I3 

Ves~cular Varicella-zoste~ 
Herpes simplex 1,  2 
Coxsackie A9, A16; enterovirus 71; others 

Pustular Monkeypc~x 
Cowpox 
Vaccinia 

Nod w la r Pap~llornaviruses 
Molluscum coniag~nsum 
Milker's nodes 
Orf 
Tana pox 

cases ol infectious mononucleosis, whether caused by EBV or CMV, have a 
n~aculopapular rash, usually on the trunk. Many arthrogod-borne togaviruses 
and flaviviruses, including dengue, chikungunya, Sindbis, o'nyong-nyong, 
Mayaro, West Nile, and Ross River viruses, also produce a maculopapular or 
scarlatiniform rash lasting 2-3 days. Finally, mention should be made of the 
urticaria1 rash that forms part of the serum sickness syndrome seen fleetingly 
in the prodromal phase of 10-20% of cases of hepatitis B. 

Vesicles are blisters, containing clear fluid from which virus can readily be 
isnlated. Vesicular rashes do not present a great diagnostic problem, partic- 
ularly now that smallpox (Fig. 36-5A) has disappeared. A generalized vesicu- 
lar rash in a febrile child today is usually chickenpox (varicella). The lesions 
occur in crops, initially concentrated on the trunk, then spreading centrifu- 
gally. Each vesicle progresses l w  a pustule and a scab which then falls off. In 
herpes zoster the lesions are largely (but not necessarily exclusively) confined 
to a particular dermatorne (Fig. 20-7), as is also the case with the recurrent 

fwm-of herpes simplex (Figs. 20-5 and 20-6). However, in the case of dissemi- 
nated herpes simplex or zoster, as seen in newborn infants or imrnu- 
nocompromised patients, the lesions may be widespread throughout the 
body. Something of a curiosity is the condition known as hand-foot-and- 
mouth disease caused by certain coxsackieviruses, in which vesicles or even 
burlac occur on the palms, soles, and buccal mucosa. Coxsackie A viruses also 
produce a similar type of vesicular enanthem on the mucous membrane of the 
ilirt?at and palate ("hcrpangina"). 

Poxviruses preferentially infect the skin, pr'nducing multiple pustular or  
nodular lesions, as in human monkeypox and molluscum contagiosum, re- 
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spectively, or usuaIly single lesions such as occur in the zoonotlc infections 
caused by orf, milker's nodes, cowpox, and tanapox vir~tses (see Fig. 21-5). 

Papillomavirus infections were described in Chapter 18. The papilloma, 
or wart, is a benign hyperplastic growth, usually multiple, occurring in crops 
on the skin or mucous membranes. Dermatologists cIassify them in various 
ways but generally recognize common warts, flat warts, plantar and palrnar 
warts, epidermodysplasia verrucifarmis, and genital warts (see Fig. 18-31, all 
of which are clinically distinct and tend to be caused by different human 
papillomavirus types (see Table 18-2). 

Viral Hemorrhagic Fevers 

Although not an entirely homogeneous group of diseases, the hemorrhagic 
fevers (Table 36-5) share the common characteristic of widespread hemor- 
rhage from the body's epithelial surfaces, including internal muctlsae such as 
the gastrointestinal tract as well as the skin. The skin "rash" is often a mixture 
of pinpoint hemorrhages (petechiae) and massive bruising (ecchymoses), as 
depicted in Fig. 36-58. The pathogenesis of these important diseases is gener- 
ally not we11 understood. Thrombocytopenia and leukopenia are almost al- 
ways present, but no general mechanism has been discovered to explain the 
hypovolemic shock without major blood loss which may lead to death within 
hours in dengue or Lassa fever, for exampIe. Severe liver damage, extensive 
bleeding, and disseminated intravascular coagulation may be the key to the 
high mortality in the African hemorrhagic fevers, Crimean hemorrhagic fever, 
and the hemorrhagic form of Rift Valley fever. Encephalopathy and/or pneu- 
monia can also be prominent in all the hemorrhagic fevers, whereas renal 
tubular necrosls and severe nliguria are distinctive features of Hantaan virus 

Table 365 
Viral Hemorrhagic Feversn 

Virus Family Distribut~on D l s ~ a s e  

Yellow fever PInr~ro~r~drrc Africa, South and Yellow levrr 
Central Anrcr~ca 

Dengue 1-4 Finvi17irzdne Widespread Dengue shock syndromr 

I ~ s s a  Rrcnn~iiridae Africa 1,assa fever 
Marburg Srlnr~irrdnc Africa Hemorrhagic fever 
Ebola S l l l ? t ~ t r l d ~ ~  Africa Hemorrhagic fever 
Crirnean-Congo HF B~rn~auirmdflc Africa, Eastern Europe Crirncan HF 
flantaan" B~tnyaynr~iriduc Asia, Europe Rodent-borne nephrnpathy 

Rift Valley fever Rrrrr.yaurrrdnc Africa, Middle East Rlft  Valley fever 
Omsk HP i r a  Central Russia Omsk tJF 
Kyasanur Forest Flnrnz~lrzdnc* India Ky,isanur Forest dlst3asc 
Junin Arennrrirrdoc~ Argentina Argentme 14F 
Machu p o  Aroznrt~rrtlne Rollvia Bol~vian H F  
Cuanarito ,4rr~~roz~rrrd~r Venezuela Venezuelan H F  

lf HF, Mernnrrhaglc fever 
r, And other m ~ m b c r s  o f  the genus Hntl/nrttr~ts, sucli as Belgrade and Seoul v1ru4es. 
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infection. Ovtrall, the hemorrhagic fevers are protean in their prestntation. 
Dctailed descriptions of the clinical featr~rcs and epidemiology of each of the 
dr~zen major hemorrhagic fevers (plus yellow fevcr, wh~ch  could also be 
so regarded) were discussed in connection with flaviviruses (Chapter 26), 
filoviruses (Chapter 30), arenaviruses (Chaptcr 321, and bunyaviruses 
(Chaptcr 33). 

The African filovirus hemorrhagic fevers have the highest case-fatality 
rates, but dengue hemorrhagic fever, Han taan hemorrhagic nep- 
hrosonephritis, yellow fever, Rift Valley fever, and Lassa fever arc the most 
prevalent on a world scale. The probIem in Western countries is that the 
disease is likely to be completely outside the experience of the clinician who 
first sees it, and may also be a mild or atypical case with little to show other 
than an undifferentiated fever, possibly acquired abroad. The alternatives are 
limited by the traveler's recent itinerary, with Africa providing the most op- 
tions. False alarms are frequent, especially in ct>untries where expensive facili- 
ties for transporting, nursing, and diagnosing Class 4 pathogens have been 
establ~slied (Fig. 32-31, but "discretion is the better part of valor" in such 
circumstances. Barrier nursing and laboratory identification of the etiologic 
agent are essential. 

I 
Viral Genitourinary Infections 

Two major viral sexually transmitted diseases (STD), genital herpes and geni- 
tal warts, dramatically increased in frequency during the sexual revolution of 
the 1960s and 7970s. The painful itchy lesions of genital herpes (Fig 20-6) and 
the accompanying local and systemic symptoms were described in Chapter 
20. Dozens of recurrences, mainly attributable to HSV-2 but increasingly to 
HSV-1 also, may dominate the life nf the hapless carrier. Genital warts, caused 
most commc~nly by the human papillomaviruses HPV-6 and MPV-11, can take 
Il-re form of proIific excrescences on the external genitalia, perineum, vaginal 
introitus, penis, or anus (known as condyloma accuminatum (Fig. 18-3), or 
the form of a less conspicuous flat lesion on the cervix (condyloma planum); 
they are discussed in Chapter 18. Certain oncogenic HPV types, particularly 
types 16 and 18, produce cervical dysplasia which may progress over the 
course of many years to invasive canccr; the same H1'V types are also eti- 
ologically associated with carcinomas of the male or female external genitalia 
and anus (see Chapter 1 1). Adenovirus type 37 is not uncommonly associated 
with cervicitis and urethritis. Molluscum conlagiosurn is also occasionally 
transmitted as an STD. 

Several other very important human pathogens are shed in semen and in 
female genital secretioys and are transmitted by sexual inlercourse but cause 1 

F 
no disease in the genital tract itself. Foremost among these, of course, are Ihe 

I 
human imniunodeficiency viruses HIV-1 and HIV-2, but the list also includes 
the human T-cell lymphntropic viruses HTLV-1 and HTLV-2, hepa ti tis B and 
C viruses, and the herpesviruses, cytomegalovirus, and (probably) Epstein- 
Rarr virus. Many more viruses are regularly conveyed be~ween male horno- i 
sexuals, depending largely on their particular sexual acliviries and number of 
partners. ?%rest include enteric viruses such as hepatitis A as well as those 
just listed. 

Viral Diseases of the Eye 

Table 36-6 
V~ral Diwars nf the Gcnitnurinnry Tractn 

Disease 

Gen~tal 
Gen~tal herpes 
Grn~tal warts 
Genital carcu-tnma~s 
C e r v ~ c ~ t ~ s  
Molluscum contaginsurn 

Urinary 
Urethrrtis 
Acute hemorrhagic cystitis 
Glumerulonephnt~s 
Nephropathy 

l~emolytic-urpmlc syndrome 

Flerpes simplrx vlruses (HSV-2 > I4SV-I) 
tiumnn pap~ltc~rnnviruscs h, 1 1 ,  and others 
t-luman papil'lomaviruses 16, 18, and others 
Adent~vlrus 37 
Molluscum contagiosum v~rus  

Herpes srmplex virus, adenovirus 37 
Adenovirus I 1  
t-lepatlt~s B vlrus 
Cy tomegalovirus 
Hantaan virus 
En teroviruses? 

Many other important human pathogens cau41ng major diseases not invc~lving the 
genital or urinary tract clinically are nevertheless transmttted sexually. These In- 
clude 1IIV-1 and -2, HTLV-1 and -2, hepattt~s Band C viruses, cytomtgalov~rus, and 
probably Epste~n-Barr virus 

Viruses rarely infect the urinary tract (Table 36-6). Urethritis can compli- 
cate infections with HSV. Acute hemorrhagic cystitis, an unusual disease of 
young boys, has been associated principaIly with adenovirt~ses 11 and (rarely) 
21. Glomerulonephritis is sometimes observed as a manifestation of immune 
complex disease in chronic hepatitis 0 infections (see Chapter 22). It is safe to 
predict that future research may reveal that some cases of "idiopathic" 
gIornerulonephritis are also caused by chronic persistent infections with other 
viruses yet to be identified (see Chapter 10). Cytomegalovirus persists asymp- 
tomatically in renal tubules (Fig. 20-8), from which cytomegalic cells as well as 
virus are shed into the urine. When primary infection or reactivation of CMV 
occurs during renal transplantation, rejection of the graft may be accelerated 
(see Chapter 20). The human pnlyiamaviruses RK and JC (Chapter 18) also 
persist in the urinary tract and are reactivated by immunosuppression for 
renal transplantation, but they do not appear to play a role in rejection of the 
graft. 

Clearly there is profound malfuncfion of the kidneys in hemorrhagic fever 
with renal syndrome, caused by the bunyavirus Hantaan virus. The clinical 
developments were described in Chapter 33, but the pathology is still unclear. 
Hemolytic-uremic syndrome i s  characterized by acute microangiopalhic 
hemolytic anemia, intravascular coagullopa thy, and impaired renal function; 
various enteroviruses have been isolated from family clusters of cases (see 
Chaptcr 23). 

Viral Diseases of the Eye 

It  is not generally appreciated how frequenlIy viruses can involve the eyes 
(Table 36-7). Conjunctivitis is a transient feature ot a number of common 
childhood exanthemata such as measles (Fig. 36-5C), rubella, and certain 
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Table 36-7 
Ylral Infections of the Eye 

Conjunctivitrs Adenoviruses 3, 4, 7, nthcrs Pharyngoconjunct~val fever 
Sandfly fever Dcnguc-like syrldmrne 
Dengue Dengue-P~ke syndrome 
Measles Exanthem 
Rubella Exan them 
Marburg, Ehola ti~morrhagic fever 

Keratnconjunct~vit~s Adenoviruscs 8, 37, others Epidemic 
f lcrpcs simplex Corneal ulceration 
I ierpes zoster Ophthalmic zoster 

Acute h~rnarrhagic Enternv~rus 70; coxsackie A24 Pandemics; 5 radiculomyelitis 
conjunctivitis 

Chcrriorelinit~s Cytnmega~ov~rws Imniunoct~rnp~omlsed or congenital 
Rift Valley fever 

Cataracts 1 
Glaucoma 
Retinopa thy Rubella Congenital rubella syndrome 

Microphthalrn~a 

enteroviral infections, and it is an important component of the dengue-like 
syndromes caused by many arboviruses, such as phlebotomus (sandfly) fe- 
ver. Infections with adenoviruses, notably types 3, 4, and 7 in children, pre- 
sent as a bilateral follicular conjunctivitis or as pharyngoconjunctival fever. 

Kcratoconjunctivitis is potentially more dangerous, as it involves the cor- 
nea. Adenoviruses 8 and 37 are major causes of epidemic keratoconjunctivitis, 
which spreads readily by contact to adults, and usually involves only one eye, 
but may take u p  to a year to resolve. The main cause of sporadic keratocon- 
junctivitis, indeed the commonest infectious cause of blindness in the West- 
ern World, is herpes simplex virus (Fig. 20-5). Pathognomic "dendritic" or 
"geographic" ulcers develop on the cornea (Fig. 20-61, and if infection pro- 
gresses lo involve the stroma beneath, the immunologic reaction may lead to 
disciforrn keratitis, scarring, and loss of vision. Recurrent attacks are partic- 
ularly damaging, as can be the application of corticosteroids. When herpes 
zoster involves the fiIth cranial nerve, ophthalmic zoster (Fig. 20-7) can cause 
lasting damage to the eye. 

Acute hemorrhagic ci>njunctivitis expIoded on the world in 1969 and has 
since infected millions of people in a succession of pandemics. Subcon- 
junctival hemorrhages, keratitis, and uveitis are quite common features; neu- 
rologic complications are rare. The etiologic agents are enterovirus 70 and 
coxsackievirus A24. 

Retinitis, sometimes leading to permanent loss of central vision, was a 
feature of the 1977 epidemic of Rift Valley fever in the Nile Valley. Cho- 
rioretinitis is also a feature of  cyfomegalovirus lntections in irnmu- 
nocornpromised persons, such as recipients of organ grafts, and commonly 
causes blindness in AIDS patients (see Fig. 3.5-IOC), as weli as in congenita1ly 
~nfected babies with cytornegalic inclusion disease. Retinopathy, glaucoma, 
microphthalrnia, and especially cataracts are the major eye abnormalities en- 

I Viral Carditis 

countered in the congenital rubella syndrome (Fig 36-612); total or partial 
blindness may result. Finally, a rare accidental cause of zoonotic eye infectJon 
is autoinoculation with certain animal viruses, including Newcastle disease 
virus of chickens, seal influenza virus, or vaccinia virus. 

Viral Arthritis 

Arthritis, usually accompanied by fever and myositis, with or without a rash, 
is a common pr'esentation of infections with many arboviruses of' three fami- 
lies: the tngaviruses, flaviviruses, and bunyaviruses (see Chapters 25, 26, and 
33 and Table 36-8). The togaviruses chikungunya, o'nyong-nyong, and Ross 
River viruses, in particular, have caused huge epidemics of polyarthritis in 
Asia and Africa, Africa, and the Pacific islands, respectively, Arthritis is a 
somewhat less prominent feature of rubella but is common in adult females 
following efther natural infection or rubella vaccine. Polyarthralgia is also an 
important feature of infection wilh the parvovirus Bt9, especially in women, 
and may smolder on for months. In all these diseases the polyarthritis lends 
to flit from one joint to anuther, involving principally the extremities such as 
the hands; only rarely does it  persist for more than a few weeks. Much less 
frequently, ephemeral arthritis is seen in mumps, varicella, and cor- 
sackievfrus infection. The arthralgia sometimes observed in the prodromal 
stages of hepatitis B is immunologically mediated. Many people sense that 
rheumatoid arthritis may be of viral origin, but the quarry has proved to be 
elusive. 

Viral Carditis 

Coxsackie B viruses and certain oiher enteroviruses such as coxsackieviruses 
A4 and A16 and echoviruses 9 and 22 are now recognized to be the most 
important cause of carditis (see Table 36-9 and Chapter 23). The disease may 
present as  myocarditis, pericarditis, or cardiomyupathy with a greatly dilated 

Table 36-8 
ViraJ Arthritis 

Vlrus Distribution Features 

Ross River 
Chikungunya 
O'n yong-nyong 
Sindbis 
Mayaro 
Dengue 
Wcct Nile 
Oropnuche 
Rubella 
Parvnvirus &I9 
Hepatitis I3 

Australia, Pacific islands 
Africa, South Asia 
East Afrlca 
Africa, Asia, Europe 
South America 
Tropics worldwide 
Africa, Asia, Mediterranean 
Brazil 
Worldwidc 
Worldwide 
Worldwidc 

Arhov~ral fevers an'd palyarthritis 

Esprcially in adult female5 
Esper~ally in adult f~rnalcs 
Imrnwnologlcally mccitated 
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Table 36-9 
Vlral Cardills 

Disease Vlrus Feaiures 
- - 

Myocardit~slpcr~card~t~sicardio- Coxsackle B and r~tlier c.nterr~viruses Recructesct~nccs 
myopathy 

Enceplralomyorard~tis syndrome Coxsack~e R, echovirus 1 1 ,  others Neonatal 
Patent dllctus artenosus, pulmonary RubcEla (congcbn~tal rtrb~lla syndrome) Prenatal 

artery slenoer.;, septal defects 
I iydrops frtalis Pasvovi~us B19  Prenatal 
Endocardial f~broelastos~s Mumps Prcna tal 

heart. Recrudescences quite often occur, Iead~ng to permanent myocardial 
damage, cardiornegaly, or congestive cardiac failure; this may have an autoim- 
mune pathogenesis. The primary disease episode occurs at any age but espe- 
cially in  athletic adolescent or young adult males. Furthermore, coxsackie B 
viruses and echsvisus 11 can infect the newborn prenatalIy, nataIly, or post- 
natally, resulting in the enceyhalomyocard~tis syndrome (Fig. 23-5). The syn- 
drome is characterized by fever, dyspnea, cyanosis, tachycardia, abnormal 
heart sounds, and electrocardiographic changes, and is often accompanied by 
meningoencephalifis; the case-fatality rate is high. 

From time to time the heart may be infected in the course of systemic 
infections caused by many viruses, such as  other enteroviruses, influenza 
viruses, cytomegalovirus, or Epstein-Barr virus. Moreover, congenital infec- 
tion with rubella commonly damages the heart; the most common congenital 
abnormalities are patent ductus arteriosus, pulmclnary artery stenosis, and 
septal defects. Prenatal mumps has been associated with endocardial B- 
hroelastnsis. Currently, there is some interest in a claim that herpes simplex 
virus and/or cytomegalovirus infection of arteries may contribute to the 
pathogenesis of atherosclerosis, but much more research is required before 
we can judge whether it has any validity 

Viral Hepatitis 

Our knowledge of viral hepatitis has developed remarkably over the last two 
dccades Accordingly we have devoted a gond deal of space elsewhere in this 
volume to the five major known agents, hepatitis A (Chapter 23), hepatitis B 
and D (Chapter 221, hepatitis C (Chapter 26), and hepatitis E (Chapter 24). 
Here, we simply produce a summary (Table 36-10) which brings together for 
easy comparison some of the main clinical and epidemirjlogic features of the 
dive hepatitis viruses, that is, those whose main or only target appears to be 
the liver. It is remarkable that, although the acute diseases caused by these 
five viruses are clinically indistinguishable, the agents lhemselves are totally 
different, belonging in fact to five different families. The major generaliza- 
tions that should be extracted from Table 36-10 are that (1) hepatitis A and E 
viruses are spread via the enteric route, whereas hepatitis B, C ,  and D viruses 
are transmitted par'enterally, sexually, and (in one case at least) perinatally; 
and (2) only the latter subgroup, hepatitis B, C ,  and D viruses, establish 

Viral Hepatitis 

Table 36-10 
Viral l l e p a t ~ t ~ s  

Hrpatrtis A t lepat~i~h B Hc.pat~t~~  C Wcpt i t~s  D 

V~rus fa rnlly Prc-r,rr~mrrrtrfnt~ / -~ r~~n~ i r~ t~z~r r~dmr  F/tnllrlrt &doe Dcltav~rus 
Transmission Entcr~c Parentera], pcr~nalal, Rrcntcral, cexual Parentcral" 

sexual 
Acute disease MlFd or moderate Moderate Mild nr modrratc Srvcre 

Srradiagnosisc IgM HReAg IRM 
Cliron~c carricar No Yes (5- 10%) Yes (50%) Yes (>50%#) 

state 
Chrcmc Iicpatltls, No 1-5% 211% > 50'5) 

cirrlic~sis 
Liver cancer N o  Yes Yes No 

- -- -- - 

Coinfcction with hepatitis 6 virus or superinf~chnn of hepatrtis I3 carrler 
1' Especially waterborne. 
I By PnzynPe immunonssay (or RIA) to idcnhfy spccif~c antibody of the 1gM class or in the case o f  hepatlt~s R 
virus. f 1RsAg. Thrre are alternative diagnostic approaches (cee Chapters 22, 23, 24, and 26) 

persistent infections, and this enables them not only to cause chronic disease, 
including cirrhosis and cancer, but also to be passed on by the aforemen- 
tioned routes over many years. 

There is also a certain irony in the fact that, having waited so long for the 
identification of the causal agents of '?infectious" hepatitis (A) and "serum" 
hepatitis (B), there seems to he an almost endless succession of non-A, non-B 
hepatitis viruses waiting in the wings to be discovered. Despite the recent 
identification of hepatitis C and E viruses, there is good evidence for the 
existence of at least one additional parenterally transmitted non-A, non-B 
virus, which was originally extract'ed from human factor VIIJ, has since been 
serially passaged in cynomolgus monkeys in which it causes hepatitis, yet is 
nonenveloped (as judged by chloroform resistance) and fails to cross-react 
serologically in either direction with any of the known hepatitis viruses. 

it should be stressed, however, that hepatitis is an occasional feature nf 
the clinical syndromes induced by several other viruses as well. This is hardly 
surprising, as so many of the infections that involve a viremic phase are 
characterized by amplification of virus in the reticuIloendothelial system, in- 
cluding the liver. For example, all nf the herpesviruses, especially HSV, EBV, 
and CMV, can affect the liver, and clinical hepatitis or elevated Eivcr enzyme 
levels are occasionally seen with the adenoviruses, coxsackieviruses, and 
sometimes even the common childhnod exanthemah, measles and rubella. 
Second, hepatitis may be prominent and severe in many  of the hemorrhagic 
fevers, particularly in yellow fever (which is characterized by such a severe 
hepatitis that i t  takes its name from the jaundice it causes), but also in Mar- 
burg, Ebola, Lassa, Rif t  Valley fever, and Crimean-Congo hemorrhagic fever. 
Third, hepatitis is a major fea tcrre nf most of the disseniina ted viral: infections 
that overwhelm nconates (neonatal herpes simplex or uaricella, cytomegalic 
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inclusion disease, congenital rubella syndrome) or immunocompromised pa- 
tients (herpes simplex, varicelIa, cytomegalovirus). 

Viral Pancreatitis and Diabetes 

Several vir~lses occasionally infect the pancreas in humans, Mumps, for ex- 
ample, can be complicated by severe pancreatitis, and coxsackie B viruses or 
various other enteroviruses have been incriminated also. Of greater research 
interest is the question of whether viruses may trigger juvenile diabetes 
mellitus of the insulin-dependent type (JDDM). Children born with the con- 
genital rubella syndrome quite often develop IDDM before the age of 20. 
Mumps infections often affect the p cells of the pancreas. Mumps vims, 
reovirus, and coxsackie B viruses have all been demonstrated to induce dia- 
betes in rnicc, but there is still no proof that these viruses induce lDDM in 
humans. The association of YDDM with particular human Ieukocyte antigen 
(I-ILA) types has encouraged a hypothesis that pancreatic infection with any 
nf perhaps several viruses may trigger autoimmune destruction of cells. 

Chronic Fatigue Syndrome 

In recent years there has been an upsurge of reports that tht* chronic illness 
characterized by extreme fatigue, known for many years as "neurasthenia," is 
associated with a recent viral infection. Coxsackie B viruses, EBV, CMV, 
HHV-6, and HTLV are among the many viruses to have been isolated from 
such patients, but no cause-effect relationship has been established. Irnrnu- 
nalngic abnormalities have also been recorded, such as mild IgA deficiencies 
and elevated levels of circulating immune ccrmplexes. A significant propor- 
tion of patients have histories of depression or susceptibility to mental illness 
prior to the development oC "chronic fatigue syndrome." Some virologists 
and clinicians are skeptical about the existence of this disease as an entity. The 
present consensus is that infection with, or immunologic disorders due to, 
any of a variety of different viruses may contribute to at least some of these 
cases. 

-Cangenital and Perinatal Viral Infections 

Numerous viruses can cross the placenta; some of these infect the fetus, and 
some may precipitate a miscarriage. Parvovirus B19, which replicates only iri 
cycling cells such as embryonic celPs or  bone marrow, appears to be responsi- 
ble for the death of at least a proportion of the fetuses that are miscarried or 
stillborn with the syndrome known as hydtops fetalis; the gross generalized 
edema is usually ascribed to severe anemia and congestive cardiac failure. 
Much more important, however, are two viruses that do not normally kill the 
fetus but which do cause senous congenif al abnormalities. Rubella during the 
first 3-4 months of pregnancy inflicts severe teratogenic effects; the congeni- 
tal rubella syndrome (Fig. 36-6A) and its pathogenesis was described in ccrn- 
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Fig. 36-6 Viral embryopathies (A) Rubella syndrome. (B) Cytornegalic ~ncllusion diseaw 
(Courtesy Dr K Hayes.) 

siderable detail in Chapter 25. Prenatal infeclion with cytomegalovirus in- 
duces cytomegalic inclusion disease, described in Chapter 20 (see also Fig. 
36-6B). The congenital varicella syndrome (Chapter 20) is extremely rare. 

In contrast to these congenital (prenatal) infections, several other viruses 
may infect the fetus during or shortly after birth (Table 36-11). Such perinatal 
(alias neonatal, natal, or intraparturn) infections may be acquired during pas- 
sage of the baby through an infected birth canal (herpes simplex, cyto- 
megalovirus) or by contamination with feces (coxsackie B, echovirus 11). Dis- 
seminated neonatal herpes, disseminated varicella-zoster, and myocarditis of 
the newborn (Fig. 23-5) are all overwhelming generalized infections with high 
case-fa tality rates; these are usually primary maternal infections, and because 

Table 36-11 
Congenital and Ferinatal ViraI Infe<tions 

Time of ~ n f ~ c t i o n  Virus 

Prenatal Rubella 
(transpIacental) Cytornegalnv~rus 

VariccIla 
lntrapartum Herpes s~mplex 

Coxsackre B 
Varrcella 
CytomtgaInv~rus 

Postnatal Hepatitis E 
ktepatibs C 
HIV-I, HIV-2 
HTLV-1 

--- - - -  

Dlscase 

Congenital rubeHa syndrome 
Cytamcgalic inclusion disease 
Congenital vancella syndrome 
Herpes neonatorum 
Myncarditis of newborn 
D~sseminated varicella-zoster 
Subclinical or pneurnonla 
tiepatitis B carrier state 
Hepatitis C carrier state 
A1 DS 
Subclin~cal or leukemia 
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i 
I t l i ~ y  have occurred around the time of parturition, the baby is not protected 

by  maternal antibody. The various congenital syndromes may be difficult to 
distingu~sh without recourse to virus isolation and IgM seroIogy. Unequivocal 
laboratory confirmation is important, first because progressive damage can 
occur alter birth and some viruses may be amenabJe to chemotherapy, and 
second because appropriate medical, social, and educational measures should 
be initiated as early as possible. 

Still other viruses are commonly acquired within the first few weeks of life 
(postnatal infections) Newborn babies of hepatitis B virus carrier mothers 
almost always themselves become lifelong HBsAg carriers within the first few 
months of life; possible routes of infection were discussed in Chapter 22. The 
probability of perinatal transmission of hepatit~s C from a carrier mother to 
her infant is much lower. However, the risk of transniission of the human 
immunodeficiency virus from an HIV-positive mother to her newborn baby is 
substantial. Again the route of postnatal (or natal) transmission is not known 
for stlre but was discussed in Chapter 35. A similar situation obtains with 
HTLV-1 and HTLV-2. 

At risk of stretching I he definition of postnatal infection, we should for 
completeness remind the reader that the herpesviruses cytomegalovirus, 
Epstein-Barr virus, and HSV-1 tend to be acquired "vertically" from the moth- 
er via saliva (CMV, EBV, HSV-1) or milk (CMV) very early in life, particularly 
in the Third World, whereas others such as rotavirus and respiratory syncytial 
virus may be picked up  by "horizontal" transmission, even by nosocomiall 
spread in hospital nurseries. In general, such infections acquired from the 
mother shortly affes birth are subclinical, having been acquired under the 
"umbrella" of maternal antibodies. However, there are two main circum- 
stances under which such transmission is fraught with danger: (1) when the 
mother has experienced her primary infection so recently lhal the baby is not 
protected by antibody or (2) when the baby suffers from some form of con- 
genital immunodeficiency or is significantly premature or sickly. 

Viral Infections in Immunocompromised Patients 
1 In Chapter 8 we discussed the role of the various arms of the immune re- 

sponse in controlling viral infections, and in Chapter 10 the reactivation of 
pcrsistenit infections by irnmunnsuppression. Table 10-6 listed the viruses 
commonly reactivated in immunocompromised patients. 

Tn the context of this final overview of viral disease it is sufficient merely 
to add that reactivation of latent herpesviruses, in particular, has become 
commonplace as a result of three advances in modem medicine: (1) organ 
transplantation, requiring as it does, profound immunosuppression to pre- 
vent rejection of the allograft, (2) chemotherapy of cancer using highly cyto- 
toxic drugs and/or radiotherapy, (3) rescue of children with profound cnngen- 
ital immunodeficiency syndromes who would not previously have lived. To 
these three iatrogenic changes shot~ld be added two major naturally occurring 
immunosuppressive diseases, AIDS and cancer (particularly lymphomas). 
The dangers are enhanced by the fact that the massive blood transfusions (or 
hemodialysis), so often an integral part of the life-saving therapeutic regime, 
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carry the risk of iatrogenic transmission of exogenous viruses such as cyto- 
megalovirus or Epstein-Barr virus, which may overwhelm a patient already 
desperately ill; the once considerable danger of transmitting MIV, hepatitis 8, 
and hepatitis C in this way has almost disappeared as a result of the introduc- 
tion of universal screening of blood, blood products, and organ donors (not 
yet completely for hepatitis C). Severely burnt patients are also highly vulner- 
able to invasion by herpes simplex viruses. 

The magnitude of the problem is dramatically illustrated by the observa- 
tion that it is quite standard for more than one, and sometimes all six, of the 
herpesviruses (HSV-I and HSV-2, VZV, CMV, EBV, and HHV-6) to be reacti- 
vated in bone-marrow transplant recipients; in some series, up to 25% of all 
such patients have died o l  CMV pneumonia alone! Similarly, AIDS patients 
characteristically suffer the conseqGences of successive reactivation, some- 
times in a roughly predictable order as their CD4-+ T cell count drops, of any 
or all of the herpesviruses, plus polyomavirus, papillomaviruses, ade- 
noviruses, and hepatitis B virus (see Chapter 35). The pathogenesis, clinical 
manifestations, and management of immunocompromised patients by anti- 
viral chemotherapy, active or passive immunization, and appropriate vir- 
ologic and immunologic screening were discussed for each of the her- 
pesvisuses individually in Chapter 20; reactivation of human polyomaviruses 
was addressed in Chapter 18 and that of adenoviruses in Chapter 19. 
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rn!crtwirus, 39.7 
fl nvnv~rus, 436, 439, 443-445 
In~rpesv~rus ,  326, 346 
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Erythrol~rrrrs. 18, 288, s t r  also Parvnvirus 819 
Evolution, 

Influenza vlrus, 69-72 
myxoma vlrus, 68-69 
of viruses, Mi-68 

Exanthem subiturn, 342 
Excretion of virrlses, sac Shedding 
Expanded Immunization Prngramme, 262- 

263, 371, 390, 465 
Extrins~c ~ncubat lon period, 251 
Eyacli virus, 529 
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repl~cation, 37-40, 434-435 
vaccines, 440-441, 443, 444 

Flnrrrz~rr~rs, 24, 433 
diseases, 433-445 

Fluorescent anttbod y, sre Fmm~~ncaftuores- 
cence 

Food-borne viruses, 242, 403-404, 410-411, 
414, 416, 527 

Food-hand-and-mouth dlsease, 392, 394 
Foscarnet, 273, 275 
Fox rabies, 480 
Fusion, 

rn penetration/uncoating, 35-36 
nf cells by virus, 77, 79 

Fusion protein, 35-36, 458-459 

Ganrnlalrrrlwsmrlnae, classification, 20, 21, 320 
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