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o . HisTory oF SV40: CoNCERN TO COMPLACENCY AND
Simian virus 40 (SV40), a polyomavirus of rhesus macaque gack 1o CONCERN

origin, was discovered in 1960 as a contaminant of

polio vaccines that were distributed to millions of people  The history of SV40 has its origins interwoven with the de-
from 1955 through early 1963. SV40 is a potent DNA tumor velopment of the polio vaccine. Both the inactivated and live$
virus that induces tumors in rodents and transforms attenuated forms of the polio vaccine, as well as several otheg
many types of cells in culture, including those of human viral vaccines, were prepared in primary cultures of rhesus mona
origin. This virus has been a favored laboratory model key kidney cells, some of which were derived from monkeyss
for mechanistic studies of molecular processes in that were naturally infected with SV40. The contaminating virus .
eukaryotic cells and of cellular transformation. The viral escaped detection until African green monkey kidney cells Were%_D_
replication protein, named large T antigen (T-ag), is used and the presence of the virus was recognized by the devej-
also the viral oncoprotein. There is a single serotype of opment of cytoplasmic vacuolizatiq@). Some residual infec- ©
SV40, but multiple strains of virus exist that are dis- tious SV40 survived the inactivation treatments used for theS
tinguishable by nucleotide differences in the regulatory preparation of the vaccines, and millions of people were inad=
region of the viral genome and in the part of the T-ag vertently exposed to live SV40 from 1955 through early 19635
gene that encodes the protein’s carboxyl terminus. Natural when they were administered SV40-contaminated virus vaca
infections in monkeys by SV40 are usually benign but cines, with the major source being polio vaccii®s8).Adeno- ¢
may become pathogenic in immunocompromised animals, virus 3 and 7 vaccines used from 1961 through 1965 containe
and multiple tissues can be infected. SV40 can replicate in hybnd partic|es that had SVv40 sequences in recombinant g
certain types of simian and human cells. SV40-neutralizing nomes(6).

antibodies have been detected in individuals not exposed Soon after its discovery’ SV40 was shown to be tumorigenicg
to contaminated polio vaccines. SV40 DNA has been identi- jn rodents and to be able to transform many types of cells m%
fied in some normal human tissues, and there are accumu- cylture(5,9-11).Because of the potential public health risk due
lating reports of detection of SV40 DNA and/or T-ag in a to the previous distribution of contaminated vaccines, SV40 be
variety of human tumors. This review presents aspects of came the object of intensive investigation. It became a favored
replication and cell transformation by SV40 and considers |aboratory model that was exploited in a variety of molecular2
their implications for human infections and disease patho- piology studies. Among the major advances stemming from®
genesis by the virus. Critical assessment of virologic and studies with SV40 are the determination of the first complete
epidemiologic data suggests a probable causative role fornpycleotide sequence of a eukaryotic viral genome, the recognig
SV40 in certain human cancers, but additional studies are tjon of enhancers involved in transcriptional regulation, the phe=:
necessary to prove etiology. [J Natl Cancer Inst 1999;91: nomenon of alternative splicing, identification of steps in eu-x
119-34] karyotic chromosomal DNA replication, the requirement for S
continued expression of a viral nonstructural protein for main—%
tenance of transformation, identification of tumor suppressor?
SHIFTING PARADIGMS protein p53, elucidation of viral effects on cell cycle regulation

and identification of a protein nuclear localization signél)[
Evidence is mounting that simian virus 40 (SV40) infectand references therein].

humans and is associated with certain types of human tu-Concerns about adverse effects on human health due to SV49
mors. These observations were unexpected, because S¥#fosure from contaminated polio vaccines lessened with timeZ
generally has been considered to be a monkey virus tha acute illnesses in individuals who received the SV40-5
rarely infected humans and played no role in human diseagentaminated vaccines were attributed to SW&(), and 20  ~
In this era of revolutionary advances in biology, wellyears later, individuals exposed to SV40-contaminated vaccineS
accepted biologic concepts have undergone change. Recent

findings suggest that the concepts of the rarity of SV40
infection in humans and the innocuousness of those infec-

. . . . . . Affiliation of authors: Division of Molecular Virology, Baylor College of
tions are also in need of re-evaluation. This review will presegt.icine. Houston. T

selected aspects of the cell and molecular biology of SVA4Qcorrespondence tajanet S. Butel, Ph.D., Division of Molecular Virology,
and will evaluate those properties for their possible implBaylor College of Medicine, Houston, TX 77030-3498 (e-mail:
cations for human infection and disease pathogenesis. Mdngel@bcm.tmc.edu).

comprehensive reviews of SV40 have recently been publishe@ee"Notes” following “References.”

(2-3). © Oxford University Press
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appeared not to be at higher risk of developing cancer than thdsey share about 69% genomic similarity at the nucleotide level,
who received SV40-free vaccing8,7,8). Those studies in- with the lowest similarity in the regulatory region sequences.
cluded a 17- to 19-year follow-up of 1073 newborns who réfFhe large T antigens (T-ags) of the primate polyomaviruses have
ceived the vaccine, and no excess risk of mortality was obsenadzbut 75% amino acid identi{iL 7). Although highly related, the
(12). Although it was recognized that the length of observatioviruses can be distinguished at the DNA and protein le{#Els
may not have been sufficient to detect increased cancer risks, 18¢and can be distinguished serologically by neutralization and
study was terminated due to difficulties in follow-up. Thos@éemagglutination inhibition assay48,20). Humans are com-
studies focused only on the recipients of contaminated vaccinegnly infected with JCV and/or BKY18),and so it is necessary
In a study of more than 50000 pregnant women (from 1938 use highly virus-specific reagents in studies aimed at detect-
through 1965), it was noted that the rate of cancer in childrémg the possible presence of SV40 in human tissues.
born to mothers who received inactivated polio vaccine during The common laboratory strains of SV40 were isolated abou
pregnancy was about twofold greater than in offspring of moth960 from contaminated vaccines or from uninoculated kidneyz
ers who had not, with neural tumors accounting for most of tloell cultures derived from rhesus, green, or patas monkeys. Alg
difference(13). A more recent analysi€l4) concluded that in- though there is only one known serotype of SV40, different viral§
dividuals potentially exposed to SV40-contaminated polio vastrains do exist and can be distinguished by variations in th
cines as children were not at increased risk of developing cancgructure of the viral regulatory region and in the nucleotide3
although an independent analysis of the same database gseguence of the extreme C terminus of the T-ag ¢2hg These
tioned whether such conclusions could be drai@B). Retro- nucleotide distinctions have been used to substantiate that hus
spective cohort studies have limitations, including the problemsan tumor-associated sequences were not the result of accid
that the individuals who were actually exposed to SV40 are nial laboratory contamination.
known and that a small increase in the incidence of rare cancers
in the database might escape detec(@h SV40 GeNes AND GENE PrRoDUCTS: GENETICALLY

The accumulating reports of detection of SV40 DNA in huSTABLE BUT NOT IDENTICAL AMONG |SOLATES
man tumors brings the story full circle, reviving the original
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concerns that SV40 might pose a cancer risk to humans. The! "€ SV40 genome is a covalently closed, circular, double=

. . 0.
failure to observe detrimental effects that were attributable ¥@nded DNA (Fig. 1, A). The genome of reference strain 776y
SV40 infection in individuals who received the poliovirus vaccOntains 5243 base pairs (bp), with other strains varying slightlys
cine led to a belief that SV40 was harmless in humans. THeNucleotide count. Nucleotides are numbered in a clockwise}
question to be considered now is whether the absence of apfection, beginning and ending in the middle of the functional &
priate data has resulted in a failure to recognize a human cdpfi9in (Ori) of DNA replication (0/5243) and proceeding
mensal or possible pathogen that is masquerading under _tgp{gughthe late region in a sense orientation and the early regio

guise of a benign laboratory tool. In an antisense orientation. o
SV40 makes maximal use of a small amount of genetic in-g

CLASSIFICATION OF SV40: SuaLL DNA TumoR formation by utilizing overlapping genes and a single regulatory?
VIRUS region (Fig. 1, A). The single Ori is embedded in a nontranslateds
regulatory region that contains elements controlling transcrip-3

SV4Q0 is classified as a member of tRelyomaviruggenus of tion and replication and spans about 400 bp. The regulatong
the family Papovaviridae, based on the size and morphologyrefjion can be divided into the Ori, ¢hG + C-rich domain 2
its icosahedral capsid and on the size of its double-strandmmhtaining Sp1 binding sites and comprising part of the earlys
DNA genome(16). Its closest relatives are two polyomavirusepromoter (referred to as the 21-bp repeat region), the enhancey
recovered from humans, JC virus (JCV) and BK virus (BKV)area containing a segment referred to as the 72-bp elemenﬁ

L/2/\BAoedls

Fig. 1. Genetic map of simian virus 40
(SV40).A) The circular SV40 DNA genome
is represented with the uniquecoRl site
shown at map unit 100/0. Nucleotide num-
bers based on reference strain SV40-776 bg
gin and end at the origin (Ori) of viral DNA
replication (0/5243). The open reading
frames that encode viral proteins are indi-
cated. Arrowheads point in the direction of
transcription; the beginning and end of each
open reading frame are indicated by nucleo
tide numbers. Large T antigen (T-ag), the
essential replication protein, as well as thg
viral oncoprotein, is coded by two noncon-
tiguous segments on the genome. t-ag
small t antigen. (Reproduced from Brooks
GF, Butel JS, Morse SAMedical Microbi-
ology, 21st ed, 1998, with permission from
Appleton & Lange.)B) Location of SV40
genome regions analyzed by polymerase chain reaction amplification. Polymerase chain reaction products are shown as black boxes. Two ptod@uatsi(Reg
Reg 3, 4) are from the regulatory region, Rb-prox is a product that abuts the DNA sequences encoding the pRb-binding site of T-ag, T-ag-C is fronngde C-te
sequence of T-ag, and VP1-C refers to a section of the viral protein 1 (VP1) gene near the C terminus.
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and a region containing the late promoter/initiator. Recetite regulatory region that are useful in distinguishing different
studies(21-24) have revealed that different strains of SV4Gtrains.

possess variations in the structure of the regulatory region.We recently studied two laboratory strains of SV40, Baylor
Among the three commonly used laboratory strains, there isaad VA45-54, by comparing modern versions of each strain
duplication of the 72-bp element (“nonarchetypal”) (Fig. 2, A)with early-passage stocks that had been held in storage for more
Viruses that have been freshly isolated from monkey tissugn 25 yearg23). In both cases, the low-passage stocks con-
(25-27) or found to be associated with many SV40-positiveained mixtures of viruses having archetypal and nonarchetypal
tumors (21) usually contain no duplications in the enhanceregulatory regions, and the contemporary laboratory-adapted vi-
(“archetypal’”). Besides these changes, several singledses were the same as the nonarchetypal genomes present in the
nucleotide differences (polymorphisms) have been detectediaw-passage stocks. Analysis of different lineages of a labora-
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Fig. 2. Regulatory region of simian virus 40 Tiapos) [

(SV40).A) DNA sequence profiles of regula- |~ —ori Hix. [l » L}—H— ----------- Baylor
tory regions of SV40 virus isolates from mon- Hpr-
keys and humans and of human tumor

250-271

associated DNAs are shown. The viral origin c(5209) c(145) l c(z17)
f DNA replication from nucleotides 5192 to X T ~
o gl I —Jori =] 2 || 7 }——VA45-54
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+ C-rich 21-base-pair (bp) repeat region be
tween nucleotides 40 and 103 is shown; thd
! c(52098) C(145)
boxed number 72 is the 72-bp sequence withif . prE Y Pa-57, CPT6, Gnl3, Epl4,
the enhancer region that is duplicated in som¢ ™7 —| Ori H"P““H 72 i—i——xpﬂ """"""" CPP15, Ost2, Ost3, Ost5,
laboratory-adapted strains. Nucleotide num Ost9, Ost10
bers are based on that of SV40-776. Laborat T(5209) cags)
tory-adapted strains (SV40-776, Baylor, and o alEEs e SVCPC/SVMEN, CPC2,
i —ori Hztfl 2 s CPP5, CPP9, CPC12
VA45-54), human isolates of SV40 (SVCPC/ Kpn ’ ,

SVMEN and SVPML-1), and viral sequences
found associated with human brain (CPT|
CPP, CPC, and Ep) and bone (Ost) tumors arf
shown. [Reproduced from Stewart et 1)

with permission fromJournal of NeuroVirol-

ogy] B) Schematic representation of SV40
regulatory regions of viral clones derived from| B
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brain tissues of simian immunodeficiency vi- S92 34 103107 =
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GIC, and the major late promoter start site is N 5461258 MLlP(ﬂ) A

identified by a vertical line labeled MLP(+1). . " 1 Kenl gno > Kpn-1 2no > ’
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within a duplicated regulatory region se-
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tory-adapted virus showed that, once a virus with a duplicatédtht changes in this loop may result in epitope char(ges. If
enhancer was selected in cultures of permissive cells, the struariation at this position were to make an antigenic difference
ture thereafter was genetically stable. In a recent study of imith SV40, this difference might complicate serologic assays
munocompromised monkeys with disseminated SV40 infeased to determine the frequency and distribution of SV40 anti-
tions, both archetypal and nonarchetypal viruses were recovebedies in human populations. However, all of the SV40-infected
(26) (described beloyv Considering that an enhancer duplicamonkeys that recently yielded several new viral strains produced
tion demonstrably improves growth of virus in tissue culturantibodies that neutralized the Baylor strain of S\{26), an
(28), it is not clear what effect faster-growing nonarchetypahdependent isolate from 1961. One fragment of the VP1 coding
viruses may have on persistence of SV40 infectiongvo.ltis sequence has been analyzed in the SV40 DNAs associated with
possible that slower or more inefficient replication by viral artl human brain and bone tumors (nucleotides 2288-2450) (Fig.
chetypes may promote establishment and maintenance of derB) (22,24).In each case, there was an exact match with theg
sistent infections by failing to elicit strong immune responses Isgquence of SV40-776, except for a silent substitution at nuclecs
the infected host. Low-grade “smoldering” infections are pretide 2384. Perhaps restrictions imposed by symmetry of th@
sumably controlled by the host immune response, a suppositazapsid permit negligible deviation in the amino acid sequenceg
supported by the fact that SV40 pathology has been obsengédvP1, making most changes unfavorable for the virus andz
only in immunocompromised monkeys. The generation diius, inhibiting antigenic variation. If this is true, we would 3
nonarchetypes may result in more abundant growth that, fredict that antigenically distinct mutants of virus would rarely
gether with an impaired host immune system, may allow SV40nerge. -
to escape immune control. SV40 encodes two “early” nonstructural proteins that share
SV40 encodes three structural proteins (viral proteins VP82 N-terminal amino acids as a result of alternative spllcmgm
3). The major capsid protein, VP1, contains 362 amino acids aofd viral transcripts. The T-ag of SV40-776 contains 708 =
forms the pentameric capsomeres that make up the surface ofgheno acids; it is a multifunctional protein that is chem—
virus particle. Little information is available concerning the epically modified in several ways (Fig. 3). The T-ag is an o
topes of VP1. Seven different strains of SV40 recovered froessential replication protein required for initiation of viral DNA 3
humans and monkeys have now been sequef¥&#d6),and the synthesis that also stimulates host cells to enter S phase ar?d
VP1 gene is highly conserved. Five isolates differed from SV40ndergo DNA synthesis. Because of this ability to subvert cell2
776 at nucleotide 1756, which would change amino acid 86 ofcle control, it represents the major transforming protein of&
VP1 from glutamic acid to aspartic acid. Amino acid 86 is loSV40. T-ag forms complexes with several cellular proteins,s
cated in the loop between the B and3Gheets predicted in theinteractions that are involved in T-ag functions in viral
three-dimensional structure of VR29). From studies of JCV, it DNA replication and induction of cellular DNA synthesis.
has been speculated that the BC loop is an antigenic region &uwhdamental to T-ag effects on host cells are binding to
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Fig. 3. Functional domains of simian virus 40 (SV40) large T antigen (T-ag)ng to SV40 Ori DNA; “Helicase,” region required for full helicase activity;

The numbers given are the amino acid residues; the numbering system‘fom Finger,” region that binds zinc ions; “p53 Binding,” regions required for
SV40-776 is used. Regions are indicated as follows: “Small t-ag Commonbinding the p53 tumor suppressor protein; “ATP Binding/ATPase,” region con-
region of T-ag encoded in the first exon (the amino acid sequence in this regtaming the adenosine’'&riphosphate binding site and adenosiné 5

is common to both T-ag and small t antigen); “RoBinding,” regions re- triphosphatase catalytic activity; “Host Range,” region defined as containing
quired for binding to polymerase-primase; “J Domain/Hsc70 Binding,” re- the host range and Ad helper functions; “Variable Domain,” region containing
gion required for binding the heat shock protein hsc70; “pRb/p107/p130 Bindmino acid differences among viral strains. The circles contgiaif® indicate

ing,” region required for binding of the Rb tumor suppressor protein and trgites of phosphorylation found on the T-ag expressed in mammalian cells. S
Rb-related proteins p107 and p130; “Nuclear Localization,” contains thiedicates a serine and T indicates a threonine residue. [Reproduced from Stewart
nuclear localization signal; “DNA Binding,” minimal region required for bind- et al. (31), with permission fromVirology]
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cellular tumor suppressor proteins (p53, pRb, pl07, ametent tissues in susceptible hosts, but it remains a theoretical
p130/pRb2). possibility that some variants of SV40 may be better adapted to
Most of the T-ag coding sequence is absolutely conservezplicate in specific types of human tissues. In addition, the C
among viral isolates. However, studi€®l1,22,24,25,31have terminus of T-ag contains two epitopes involved in the antibody
identified a variable domain at the extreme C terminus of T-agsponse of BALB/c mice to T-ag, with the epitope at the very
(T-ag-C), defined as the last 86 amino acids of the molecwed of the molecule (amino acids 690—708) also able to produce
(residues 622-708) (Fig. 1, B). Laboratory-selected strains gaartial immunity to a tumorigenic challenge. Neither peptide
be distinguished on the basis of nucleotide differences in ttdppeared to contribute to antibody or antitumor response of
region (Fig. 4); these differences consist of short polynucleoti@®s7BL/6 mice(36). These observations suggest that the T-ag-C
insertions and deletions, as well as single-nucleotide changesy play a role in modulating the ability of individual hosts to
Among the known polyomaviruses, only SV40, JCV, BKV, andespond to infection and tumor formation by SV40. 9
SA12 (from baboons) contain the T-ag C-terminal domain; all SV40 DNA sequences found in human brain and bonetumoré
other T-ags terminate after the adenosine 5'-triphosphatase displayed sequence variation in the T-ag-C among the tumorg
main (at residue 625 in SV40 T-a(}7). (21,22,24)ruling out the possibility of laboratory contamination m
In a study(23) comparing the regulatory region structures off the tumor samples (Fig. 4). There is to date no evidence f0|=r
early-passage archived stocks with modern-day stocks of tivaman-specific strains of SV40 or for tumor type-specific asso—3
laboratory strains of SV40, the T-ag-C sequences were exarations, suggesting that SV40 has a broad host range. Howev%:
ined to determine whether genetic variation occurred over tinrelatively small numbers of tumor-associated sequences havfé
The variable region at the T-ag C terminus did not undergo abgen analyzed and, as more samples are studied, some stragp-
change with extended viral passage and thus does not represpatific associations may become apparent.
a mutable hotspot in the viral genome. On the basis of this These recent observations have established that not all SV4§)
knowledge, we have proposed that the T-ag-C region and the stigolates are identical. Although biologic functioirs vivo in 2
ture of the viral regulatory region may serve as useful sites forimate hosts have not been attributed to the observed regulatof
identification and classification of different strains of S\2Q,23). region and T-ag-C variations, the existence of multiple different3
The function of the T-ag-C in natural infections remains to b8V40 strains raises the possibility that viral variants may differ3
determined. Embedded within the variable region is the hadattissue tropism or disease potential in humans.
range/adenovirus helper function dom&&i—34)(Fig. 3). This
region of T-ag can relieve a block to human adenovirus repINATURAL |INFECTIONS IN MONKEYS: BOTH BENIGN
cation in monkey cells, and its deletion affects the ability dND PATHOGENIC
SV40 mutants to grow in different monkey kidney cell lines.
This same region also appears to play an undefined role inThe natural hosts for SV40 are species of Asian macaqu
addition of VP1 during virion assembl85). It is not known monkeys, especially the rhesuddcaca mulattq In captivity,
whether the T-ag-C influences the replication of SV40 in diseveral related species are easily infected, including the cyn
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Fig. 4. Nucleotide sequences of the large T antigen (T-ag) C-terminal variable domains of simian virus 40 (SV40) isolates and human tumor-associg®d sequen
compared to SV40-776. Each sample is identified at the left. The sequence given is for the coding strand; the numbering system of SV40-776 veisdisatie Dot
identity and dashes indicate a deletion compared to the sequence of SV40-776, which is given on the top line. [Reproduced from S{@dgmvichadermission

from Journal of NeuroVirology.
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molgus macaque and the African green monkey. SV40 estaisually developed at the site of subcutaneous inoculation. Intra-
lishes persistent infections in the kidneys of susceptible morerebral inoculation produced ependymonié3), whereas in-
keys, and the level of virus present may be very low. Botiavenous injection of weanling hamsters resulted in lympho-
viremia and viruria occur in infected animals, and virus shed mas, osteogenic sarcomas, poorly differentiated sarcomas, and,
the urine is probably the means of transmission among theaeely, lymphocytic leukemi&44). Intracardial and intrapleural
hosts. Susceptible animals can be infected by the oral, respirgections have produced mesotheliomas in 60%-100% of ani-
tory, and subcutaneous rout€s37). mals (3,45). SV40 under the control of its natural regulatory
SV40 infections in healthy monkeys appear to be asymptomggion induces choroid plexus papillomas in transgenic mice
atic (7,37),although SV40 has been associated with a fatal cags), but when T-ag is placed under the control of appropriate
of interstitial pneumonia and renal dise488). SV40 can cause foreign promoters, it can induce tumors in practically any target
widespread infections in monkeys with simian acquired immyssye (47,48). However, it appears only certain cell types in &
nodeficiency syndrome, having been detected in brain, Iungamsters become transformed after virus exposure. As describéd
kidney, lymph node, and sple¢a5-27,39)Viral DNA has also - pejow, human tumors found to harbor SV40 DNA sequences aré
been detected in circulating peripheral blood mononuclear Ceélﬁ’long the tumor types produced in rodents by virus injection.
(26). SV40-induced progressive multifocal leukoencephalopa- The sv40 transforming protein T-ag disrupts cell growth &
thy, a demyelinating disease, has reportedly developed in sim@gro| mechanisms, primarily by binding to and abolishing the >
immunodeficiency virus-immunocompromised macaques, ma| functions of tumor suppressor proteins p53 and pRE
(25,26,39,40) as has an astrocytoma containing SV40 DNA, iy memberg1,49-51) Three essential regions of T-ag have =
(41). The presence of SV40 in the brain of immunodeficiereq'jgentified as required for transformation. The N terminuss

monkeys demonstrates that SV40 is neurotropic in additionrﬁmino acids 1-82) containa J domain that binds the hsc70 &

beir_wg Kidney tropic, and the presence of viral DNA in sp!een affolecular chaperone protein and is presumably involved in asg
penphera_l t_)lood mononuclear cells suggests that virus m@é(mbly and disassembly of protein comple 55)A sepa- &
SIS A e DL D000 05, i S (aminaids 102119 sl o h Nl

. - S Jdomain is required for binding to pRb-related tumor suppressog:
monkeys that were immunodeficient due to simian mmunode-oteins( Rb, p107, and p130/pRb2). T-ag binds the hypophose
ficiency virus infections revealed extensive genetic heteroger?«% PRD, p107, P P ' g yPOpnosy

ity (25—-27).Mixtures of viruses with either archetypal or nonark orylated form of pRb and thus distupts the role of pRb ing

. . X . ordinating cell cycle progression. pRb normally binds tran-?
chetypal regulatory regions were found in some animals (Flg.cf . s
B). Several natural isolates of SV40 displayed variation at the r:)pti:)n gggtogolezté% ebarl():/ gmg‘ze eor:dtggt Ck?:acsyecsle.EVZVI?(ie: res
terminus of the T-ag gene, indicating the existence of multipfe phosphory ycy P ' Q

virus strains in the primate colony, presumably introduced %‘ased and functions to activate expression of growth-g
a

1sqe

. ; . . . imulatory gene¢56). T-ag causes unscheduled dissociation of &
animals imported from various sources. Similar studies have y gene¢se) 9 =

. . : -E2F complexes, releasing active E2F. The third region con=
been carried out on immunocompetent hosts. The animals t - ) : .
contained large amounts of SV40 were all severely immunoc%li?ds_:heepsgs? Iinsdlgglizl\t/?él (?omlsrl:cinggldSN:;ASOd_;rig a:daﬁgti?ﬁgg
ficient due to simian immunodeficiency virus infection, as re- ybe p 9 N

flected by coincident opportunistic infections with organism ause the cell to pause in latg fhase for DNA repair or direct .
such asMycobacterium aviumand Gandida species(26). € (_:e_ll to commit suicide through the apoptotic .pathway ifg
Whether natural infections in normal monkeys would displar ??Itricl)snglcl)t ﬂ?}iﬂggﬁgis)éogien\_'\éaey gaggﬁ?ci'iﬁgzs itr?htirsli?c;r l_%
comparable viral genetic variation and tissue distributions grip y P y dep e

infection remains to be determined which blocks the activity of Gcyclin-cdk complexes, arresting
: : : .. _..cell cycle progression in late Ghase. T-ag binding sequesters
These observations from infected monkeys have implicationi o : 1 : . : >
for human disease. Polvomaviruses mav be involved inP 3, abolishing its function and allowing cells with genetic dam- T
; Y y e to survive and enter S phase. This leads to accumulation o

broader spectrum of disease than commonly believed, as . X ; !
catalog of tissues recognized to be capable of harboring &Y expressing cells with genomic mutations that may promot%
umorigenic growth.

viruses continues to expand. It can be predicted that in hu- . 4 . Q%
man infections SV40 could be found in various tissues Studies with tsA mutants of SVA40 (having temperature- 5

including blood cells [as has been reported by Martini et %bnhsitir\]/e mutations indT-ag) showed th‘?t 'Ir;-ag wasf requijred fog
. S . Doth the initiation and maintenance of the transformed stat
(42)]. Hematogenous dissemination could spread the vir 9-61).SV40 T-ag is exceptional in that it is able to mediate?

throughout the body, seeding different tissues. Viral infectio . o . . 2
in healthy immunocompetent hosts would probably be Subclinqpth immortalization and transformation of cells, in contrast to=

Lo S . other oncogenes that display only one of these actiiigs3). =
cal and benign in most cases. However, in immunocompromisged. = - 2
hosts, SV40 infections might flourish and become pathogensji% %s |;bprae:(;1r:{rrl]aeblysrselrz;telﬂ;)o':he ch\gosf |-Ir-1 -?r?et(;er;legate bOth§
lesions might be produced in a number of different tissues wi P P 9 yPp Y : o
expected involvement of the central nervous system. It remainst rto

Less is known about the role of SV40 small t antigen in
be determined whether certain virus variants have a higher propgﬁp sformation, but it appears to potentiate the function of T-ag.
sity to infect particular tissues or to cause more severe disease;

mall t antigen binds protein phosphatase-2A; this binding re-
Sults in activation of the mitogen-activated protein kinase path-
SV40 as AN ExPERIMENTAL TuMoR VIRUS: POTENT way and growth stimulation of quiescent cells. Small t antigen is
WITH BROAD TISSUE TROPISM important for T-ag transformation of resting ce{#9,64,65).
Many types and species of cells have been transforimed
The oncogenic potential of SV40 was demonstrated origiitro by SV40(11,62,66),including those from mice, humans,
nally by inoculation of neonatal hamstg5,9-11);sarcomas hamsters, rats, cattle, and guinea pigs. Various assays can mea-
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sure the effects of SV40 on growth properties of cultured cells iaversed, but if T-ag was not silenced until 7 months of age, the
which the virus does not replicate. In a focus-forming assayyperplasia persisted in the absence of T-ag. This inducible sys-
dense foci of altered cells that have lost contact inhibition pile upm demonstrated that transformed cells may eventually lose
on background monolayers of normal cells; however, this asshgir dependence on the initiating viral oncoprotein. Other trans-
is not useful with epithelial cells, which, unlike fibroblasts, tendenic mice have provided evidence that requirements for T-ag
not to form foci after transformation. Some, but not all, morsubdomains and related transforming functions differ among cell
phologically transformed cells may produce colonies when sugpes. For example, the N-terminal region of T-ag is dispensable
pended in semisolid medium, an indication that the cells haf@ transformation of T lymphocyte9), and the p53-binding
acquired the ability to grow in an anchorage-independent matemain is not essential for induction of choroid plexus tumors
ner. Cells are considered to be neoplastically transformed if th@p,71).
form tumors when injected into susceptible animals (e.g., syn- SV40 T-ag is highly immunogenic and induces both anubodyo
geneic mice, syngeneic hamsters, or nude mice). The frequeaoyl cytotoxic T-lymphocyte responses. Five cytotoxic T-3
of transformation by SV40 is low when quantitated in a focusymphocyte recognition sites have been identified and mappe@
formation or colony-formation assay. Generally, cells that af&9). These multiple cytotoxic T-lymphocyte determinants pro- &
obtained from arin vitro transformation assay are not easilyide effective immunosurveillance against the outgrowth of3
transplantable in an immunocompetent animal, presumably 8440 tumor cells. Presumably, the immune response also modé
cause additional genetic changes must accumulate to allow detes virus growth in infected hosts. It is well-known that im- S
gression of the morphologically transformed cell to a tumorimunosuppressed animals are more susceptible to viral carcing
genic phenotype. genesis than normal animals and that polyomavirus infection@_
SV40 DNA usually is found integrated in transformed roderftourish when the host is immunocompromised. It is likely that §
cells. No specific integration sites are used, but an intact eaBy40 tumors develop under circumstances in which the initialS
region is retained and T-ag is expressed in all transformed cetisnsformed cells are able to evade the host immune respon@
(2). Such cells have allowed elegant studies of the mechanismaoid continue to proliferate.
T-ag-mediated transformation. However, episomal polyomavi- A wide variety of primary human cell types has been immor-=
rus DNAs have also been detected in various types of tumors datized by SV40 via a process that differs in several respect§:
transformed cells (Lednicky JA, Butel JS: unpublished result$jom the general pattern described for rodent ce(i®] and
It is not clear whether episomal viral genomes are sufficient teferences therein]. After introduction of intact SV40 or the ®
maintain the transformed state or whether an integrated vigW40 T-ag gene, human cells often exhibit an extended Ilfespa@
DNA copy is required. (“lifespan extension”) but then enter a stage termed “crisis,” o
Transgenic mice expressing SV40 T-ag in a particular targearacterized by considerable cell death and decreasing cell
tissue have provided insights into mechanisms of SV40 tramssmbers. Cells will rarely immortalize, generating a cell line &
formation (47,48). Concepts are illustrated by a transgeniable to proliferate indefinitely (immortalization). This occurs at =
mouse system that we developed for analysis of stages in lieer estimated frequencyf @ x 107 in fibroblasts(73,74)and 1
carcinogenesis in which expression of SV40 T-ag was targeted 0> in mammary epithelial cell§75). A study (76) involving
to the liver using the regulatory elements of the hunegn human dermal fibroblasts showed that different steps in thigg
antitrypsin geng67). Members of a stable transgenic line reprocess (escape from senescence, proliferation rate, morphg-
producibly developed liver tumors by 10 weeks of age. THegic changes, and loss of contact inhibition) are regulated by the?
following four clearly distinguished stages were identified thamount of T-ag present. The T-ag gene is required for immor-t
occurred with predictable kinetics: normal, hyperplastic, dysalization of human cells by SV40, but it is not sufficient, be- =
plastic, and neoplastic. Nearly 100% of hepatocytes stained @ause recessive changes in cellular genes are also requiredl
tensely for T-ag by immunohistochemistry at the early stagg3.7—80). SV40-immortalized human cells are usually not T
When the livers exhibited diffuse dysplasia with no tumor nodumorigenic in nude mice, but they are sensitive substrates fo
ules, or later, as hepatic carcinomas arose in a backgroundswlbsequent oncogenic transformation by oncogenes, chemlcag
liver dysplasia, there was considerable variation in both the iand irradiation(72). Clearly, SV40 T-ag can function as an
tensity of T-ag staining and the proportion of T-ag-positive cellsncogene in different types of human cells.
in and between individual foci and tumor nodules. There were A study (81), using fetal fibroblasts with a finite lifespan as e
even some tumor nodules that were negative for T-ag. This stutlg target cells and two different types of assays, compared thé
showed that SV40 T-ag caused widespread liver hyperplasia afudities of mutant and chimeric polyomavirus T-ags to trans-S
dysplasia but that additional events apparently were required form and immortalize human cells. “Transformed” cells were <
cell progression to neoplasia. Immunoprecipitation analysescognized as dense foci of rapidly growing morphologically
demonstrated that T-ag was complexed with p53 in liver tumostered cells; clonal isolates contained T-ag. Individual transfor-,
In addition, the fact that some tumor nodules appeared to latlants were subcultured to determine whether they would se§
T-ag expression suggests that clonal diversification subsequeesce after reaching 100 population doublings or whether an
to neoplastic transformation, perhaps reflecting genetic instabiimortal line would survive and grow indefinitely (“immortal-
ity in the cells due to T-ag inactivation of p53, may have madeation assay”). All T-ags from SV40, JCV, and BKV were able
the continued presence of T-ag unnecessary for tumor progresimorphologically transform human cells, and approximately
sion. 10% of SV40 transformants became immortal. Three regions of
In transgenic mice in which T-ag was expressed in the sa8V40 T-ag were required for immortalization of human cells—
vary gland under the control of an inducible promoféB), the N terminus, a central region containing the pRb-binding
extensive ductal hyperplasia developed by 4 months of agedtmain, and the C terminus—although the T-ag C terminus was
T-ag expression were silenced at 4 months, the hyperplasia wiépensable for transformation. Analysis of chimeric T-ag con-
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structs revealed that T-ags from JCV and BKV contain an inmuman infections, SV40 has been isolated from two patients
mortalization enhancement function at their C termini that camith progressive multifocal leukoencephalopafB), has been
substitute for the SV40 functional domain. However, intact JC¥ssociated with another ca®), and has been recovered from
T-ag did not immortalize any cells, a result that suggests thathild with anatomic and neurologic anomal{®5).
JCV T-ag lacks other functional domains important for immor- |t is not clear how widespread SV40 infections in humans are
talization. This study established that a large domain at thetéday. In the United States, the major exposure to SV40 occurred
terminus of SV40 T-ag functions in the immortalization of huduring vaccination of the general population (mostly under the
man cells. Because the precise C-terminal T-ag sequencesaiffe of 20 years) with inactivated poliovirus vaccine. By 1957,
volved in immortalization of human cells were not identified, imore than 45 million persons under age 20 years and more than
will be important to determine whether the crucial sequenceg million aged 20 years or more had received one or more inocu-
include the variable domain region of T-ag that differs amongtions (5,96). The overall exposure to inactivated vaccine
human tumor-associated sequences. reached 98 million by 1962; it is estimated that 10-30 million 3
This synopsis of SV40 transformation in model systems e e actually exposed to live SV40. The risk of exposure tog’
phasizes the strong oncogenic potential of the virus and its &\y40 has been estimated as being high for persons born frofd
coprotein in a variety of cell types, including those from hujg41 through 1961, moderate for those born from 1921 througl&
mans. Observations from transgenic mice have established tﬁgﬁo, low for those born from 1901 through 1920, and no riski
f8F those born in 1963 and later when polio vaccines were freq:g:
36m sv40 (7). Since seroprevalence studies are a standard aps
oach to determining the frequency of viral infection, it is im- §
rtant to consider these patterns of possible exposure to cor
fhinated vaccine when interpreting serology results. o
fSerologic surveys reported in the early 1970s detected lows
eVels of SV40-reactive antibodies in humans whether or no@
they had been exposed to contaminated vaccines (Table 1%
SV40 AND HUMAN |NFECTIONS: EVIDENCE OF Laboratory workers who handled primary monkey cell lines,
SUSCEPTIBILITY monkeys, or SV40 had a prevalence of antibodies to SV40 in th
range of 41%-55%100,101).Neutralizing antibodies to SV40
SV40 can replicate productively in many types of culturediere detected in 19.8% of the sera from a group of Marylan
human cells, including human fetal tiss82), newborn human children born from 1955 through 1957 who were at high risk of
kidney cells(82), and various human tumor cell ling€83), al- having received SV40-contaminated polio vacc{98). Anti-
though SV40 grows poorly in human fibroblag®l). Moreover, body responses to SV40 after exposure to contaminated vaccin
in vitro assays have shown that human cell extracts can suppeere generally low titered92,99,104).A low prevalence of
the replication of SV40 DNA, establishing that human proteirgerum antibodies to SV40 (3%-13%) in people not exposed to;
have the intrinsic ability to cooperate with SV40 T-ag to replithe contaminated vaccines indicated other sources of exposure
cate viral DNA(85-87).In human fetal neuroglial cell cultures,SV40 or to a related virug97-99,101,102). ©
SV40 replicated lytically and destroyed the spongioblasts, In a recent study103), we found that 16% of men infected =
whereas astrocytes underwent morphologic transform&#8p with human immunodeficiency virus 1 and 12% of men who 2
Many human cell lines have been found to be sensitive to SVd@re seronegative for human immunodeficiency virus 1 werel
infection. Some cell types, classified as “permissive,” underggeropositive for SV40 with low titers of SV40-neutralizing an- 2
visible cell destruction in response to SV40, whereas othetihodies by a plaque-reduction assay. These seroprevalence v
classified as ‘“semipermissive,” fail to exhibit cytopathicues are somewhat lower than those reported for children wh@
changes and produce low levels of vir{@&3). It is noteworthy were probably exposed to SV40-contaminated vaccin8%) =
that many human cell lines that support lytic growth by SV4(®8), although the sera from the men were collected and ana=
produce significant numbers of defective viral genomes, evenlyzed at least 25 years after the children’s sera were collectet
low-multiplicity passagg83). General conclusions from theseand analyzed; the longevity of SV40 antibodies induced by theZ
studies are that SV40 can replicate and produce progeny virusamtaminated vaccines is not known. Notably, we observed that
human cells and that various human cell types display diffeapproximately 10% of the individuals born after 1962, who had®
ences in their susceptibility to infection by SV40. The basis faro risk of exposure to contaminated vaccines, had SV40S
the differences is unknown; T-ag functions are believed to beutralizing antibody, indicating that there must exist an alter-2
important(89,90),although the expression of receptors for virusative source of human infection by SV40. Because there are ng
attachment and uptake may also be involved. lower mammals or arthropods known to serve as reservoirs of,
Additional studies have provided evidence that SV40 canfection, SV40 may be transmitted among humans. One ca@
cause human infections and replicatevivo. SV40 was ob- speculate that the use of contaminated vaccines may have intro-
served to establish low-grade infections in infants fed contantiticed the virus into the human population or, alternatively, may
nated polio vaccine, with virus excreted in the stool for up to Bave merely broadened a pre-existing infection. The seroposi-
weeks (91). No antibody response to SV40 was detected iivity rate (10%) that we observed for the group born after 1962
various groups of individuals who received vaccine by oral aés higher than that reported two decades #§8,99,105)for
ministration (7). In volunteers infected by the intranasal rout@ersons not exposed to vaccines (2%-5%). Whether this reflects
with a respiratory syncytial virus stock unknowingly contamia higher frequency of human infection by SV40 today, a difference
nated with SV40, SV40 caused inapparent infections and pin-assay sensitivity, or an anomaly of sample size is not known.
duced a low-level antibody respon@®®). As further evidence of ~ Recently, we sought to estimate the frequency of SV40 in-

difficult to transform than rodent cells and may not expre
comparable phenotypes. The observed exceptions to the c
mon patterns of SV40-mediated transformation suggest that
association of SV40 with human cancers may take differen
forms, depending on factors such as host conditions, stageI
disease, and cell types involved.
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Table 1. Serologic evidence of simian virus 40 (SV40) infections of humans

Samples with SV40 antibody

Serum donor group Possible exposure to SV40 No. tested No. positive* (%) Reference No.
Studies reported in the 1970s
Elderly cancer patients (United States) Unknown 184 7(3.8) (97)
Children (Maryland), 12-14 y old in 1969 Contaminated polio vaccine 141 28 (19.8) (98)
Children (Maryland), 1-5 y old in 1969 Unknown (after vaccines SV40 free) 278 9(3.2) (98)
Prisoners (Ohio) 20-29 y old in 1954 Unknown (before monkey 100 2(2) (98)
kidney-grown vaccines)
Monkey handlers (India) Contact with rhesus monkeys 37 10 (27) (99)
Elderly cancer patients (India) Possible contact with monkeys 975 52 (5.3) (99)
Laboratory workers (Hungary) Contact with monkeys or monkey 37 15 (40.5) (100)
kidney cells
Studies reported in the 1980s
Laboratory workers (Germany) Contact with SV40 11 6 (54.5) (101)
Cancer patients (Germany) Unknown 143 42 (29.4) (101)
Control subjects (Germany)
Born from 1959 through 1961 Contaminated polio vaccine 72 17 (23.6) (101)
Born from 1962 through 1964 Unknown 115 15 (13.0) (101)
Medical students (Wisconsin)
Sera collected in 1952 Unknown (before vaccines) 51 6 (11.8) (102)

Studies reported in the 1990s
HIV-infected men (Texas)t

Born before or in 1962 Contaminated polio vaccine 219 36 (16.4) (103)

Born after 1962 Unknown 17 2(11.8) (103)
HIV-negative men (Texas)

Born before or in 1962 Contaminated polio vaccine 149 18 (12.1) (103)

Born after 1962 Unknown 31 3(9.7) (103)
Children (Texas)

Born from 1980 through 1995 Unknown 337 20 (5.9) Butel et al.:

unpublished results

*The majority of results reported in the 1970s were based on tube neutralization assays, the results reported in the 1980s detected SV40 inn@noglogul
antibodies by enzyme-linked immunosorbent assay, and the recent studies (reported in 1990s) used plague-reduction assays to detectZ\glasrdotdsli

THIV = human immunodeficiency virus.

Bl L/z/L5/1oe%qe-ep!uenou[/Luoo'dnoo!wepeoe//:sduq wolj papeojumoq

fections in unselected hospitalized children who were born fromble 2. Comparison of simian virus 40 (SV40) seroprevalence with reported N

1980 through 1995 and, thus, would not have been exposedBovirus (BKV) and JC virus (JCV) antibody prevalences in comparable age &
SV40-contaminated vaccines. We detected low titers of SV40- groups of children* g
neutralizing antibody in about 6% of the children (Butel JS, V40 antibody Reported Reported JCV g
Arrington AS, Jafar S, Wong C, Lednicky JA, Opekun AR, et prevalence (Butel et al..  BKV antibody antibody 2
al.: unpublished results). Seropositivity increased with age angk, y unpublished results)  prevalencg106)  prevalencg107) P
was significantly associated with kidney transplants. The oni 4 195 (1.1%) 44189 (49.4%) 2120 (10.0%) g
chil_d younger than 7 years_of age to have detectable SV4f) q 5/88 (5.7%) 69/87 (79.3%) 19/69 27.5%) >
antibody was a 3-year-old child with a brain tumor. Many of theo-15 14/154 (9.1%) 54/58 (93.1%) 13/20 (65.0%) T
children with SV40 antibodies had been treated with drugs tHat =
compromise the immune system. It is possible that the virus mag;Data are number of children with viral antibodies/number of children exam- =
not replicate abundantly enough in many immunocompetéﬁ?d (total). Numbers in parentheses are the percent of total children with viral%

. . antibodies. (%}
hosts to induce the production of detectable levels of neutraliz- >
ing antibody, suggesting that an antibody survey may not reflect e

the true prevalence of SV40 infections in humans. Howevesessing SV40-neutralizing antibody (Butel JS, Arrington AS, @
based on available data, the prevalence of SV40 infectionsJafar S, Wong C, Lednicky JA, Opekun AR, et al.: unpublishedS
children is much lower than that of BKV and JCV infectionsesults). SV40 DNA was detected in tissue specimens from fouf
(Table 2). Neutralization tests predicated on the abolition ofildren. Other investigators have detected SV40 DNA by thes
virus infectivity are a highly specific measure of virus antibodigsolymerase chain reaction in normal tissues from patients, inz,
(108),and the SV40 plaque reduction test as a specific measahading in peripheral blood cellgl2), pituitary tissug(109),and §
of SV40 neutralizing antibodies in human serum has been disng/pleural sample$110). Because polyomaviruses establish
cussed (103); Butel JS, Arrington AS, Jafar S, Wong C, Leddong-term persistent infections, it is not surprising that SV40
nicky JA, Opekun AR, et al.: unpublished results]. However, tHeNA would be found in some normal tissues.
possibility that cross-reactive antibodies to the human polyoma- Several lines of evidence demonstrate that humans are sus-
viruses may be contributing to the apparent SV40 antibodies tteptible to SV40. Numerous tissue culture studies have shown
not been ruled out. that SV40 can replicate in human cells, serologic surveys have
To confirm the presence of SV40 infections in children, wdetected SV40 antibodies in humans, and the molecular identi-
used polymerase chain reaction and DNA sequence analysigication of SV40 DNA in patient tissues has proven that SV40 is
analyze archival tissue samples from patients identified as pagle to naturally infect humans.
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SV40 AND HuMAN CANCER: CASUAL ASSOCIATION OR  several brain tumors and osteosarcor(2,24,124).In those
CAUSAL RELATIONSHIP ? cases, it is highly likely that SV40 was present rather than a new
or hybrid virus with limited similarity to SV40. Infectious SV40
SV40 DNA has recently been detected by polymerase chgiis isolated from one choroid plexus carcinof22), and com-
reaction technology and sequence analysis in human tumgféte genomic sequence analysis confirmed its ideKty.
(Table 3), including pediatric and adult brain tumors The tumor-associated SV40 DNA sequences that have been
(22,42,117),mesotheliomag110,118-120,122,123psteosar- gnalyzed in detail usually had an archetypal regulatory region
comas(24,124),bronchopulmonary carcinomg$10), pituitary  5rangement (Fig. 2, A) and a variety of C-terminal T-ag vari-
tumors (109), and papillary thyroid carcinoma@l25). These apje domaing21). To date, there are no obvious tissue-specific
observations support earlier, frequently anecdotal, reports of figerences among viral isolates (Fig. 5). Interestingly, one par-
association of SV40 with human cance(®,111,113,114— o 1ar T-ag variable region sequence (virus isolate SVPML-1)S

116,126-128)The expression of T-ag has also been observedv(?S recovered from multiple human tumdgL): whether it is

some tumors (Table 3). However, there have been reports ghye ommon among human disease or fortuitously overrepr
failures to detect either viral DNA sequences or expression 9

T-ag in many types of wmors [reviewed {117);(121,12% These sequence results have allayed concerns of possibie

Differences in results reported by independent groups may fgboratory contamination of tumor samples. The tumor-=

flect the numbers and types of tumors examined, the population. " . L X =
or geographic origin of the tumors, the age of the patients, or tﬁssomated sequences lack the enhancer duplication typical gf

analytic methods used a%oratory virus and display T-ag-C sequences different from thosé:

. . e . (2]
Molecular approaches have confirmed the presence of glﬁ_laboratory strains. In our own studies, positive control plasmidss

thentic SV40 in at least some of the human tumors found &¢ based on Sv40-776 and the Baylor strain of Sv40, and thosg_

contain SV40-like DNA. Four separate sections of the sv4Fauences have not been recovered from any tissue samples. §
genome have been amplified (Fig. 1, B) and sequenced from

papBojum

nted in the samples analyzed is unknown.

W

The integration state of the viral DNA has seldom been de-5
termined in studies of human tumors, due to insufficient8

. ; 3
amounts of sample available for analysis. A recent s{id®p) <=
Table 3. Association of simian virus 40 (SV40) with human tumors  did provide evidence of integration of SV40 viral DNA in three 2

different thyroid tumors. The fact that four different segments of

Ol

No. positive/No. tested

the SV40 genome could be amplified from some brain and bone;f
SV40 SV40 Year of  Reference tumors(22,24)suggests indirectly that full-length episomal viral &
Tumor type DNA T-ag* report No. DNA was present in those specimens, but the data do not address
Brain tumors 17 1979 (111)  whether integrated copies may have been present as well. Ous
Brain tumors 14/53 18/68 1984 (112) attempts to rescue virus from osteosarcoma DNA samples werg
1990 ®)  unsuccessfu(24). There are several possible explanations for =
Brain tumors 21391 1978 (113)  the virus recovery failures, including that the viral DNA was
ar;:ntg’r?;’rs szt 115 113% (1%?)) integrated in the bone tumors or that the viral genomes were;
Meningioma 212 1976 (7)  defective. As mentioned above, SV40 propagated in cultureds
Meningioma 5/168 3/16 1975 (115) human cells often produces many defective viral genomes. =
1981 (116) Attempts to quantitate the viral genomes present in tumorg
Astrocytoma 1/8 1981 (116)  samples have not been informative, due to limitations of avail-7
éﬁgggfﬁgsgg”oma 81//137 by (ﬁ?) able samples. The heterogeneity of tumor samples, which gerg
Medulloblastoma 1/2 1981 (116)  erally contain both nontumor and tumor cells, complicates in-
Choroid plexus 10/20 4/5 1992 (117) terpretation of results. If SV40 is etiologically important in the T
1995 (22 development of the tumors, we would expect SV40 DNA to bec
Choroid plexus 5/6 1996 (42) present in the tumor cells. However, tumor progression models
Ependymoma 10/11 3/6 1929592 (g;)) predict the accumulation of cellular genetic changes over time
accompanied by changes in the phenotype of tumor cells, and
gﬁﬁgg"sﬁonr?aa lgg& 113366 gig is possible that the accumulation of mutations makes T-ag funcs
Mesothelioma 20/48 13/16 1994 (118) tions dispensable in late-stage tumors, permitting the loss of
mesotﬂz::gmg gﬁl iggg gégg SV40 DNA from some tumor cells. EarIy—sta_ge tumors would beS
Mgzgthelioma /50 1098 121) better c:_:mdldates in which to search for evidence of mandator{z
Mesothelioma 14/22% 32/52 1997 (122) ~ expression of T-ag. 5
Mesothelioma 30/35 4/4 1997 (123) The diversity of SV40 sequences detected in human tumors,
Mesothelioma 10/21 1998 (110) argues against a single source of human infection (Figs. 4 and 5§
g‘g'tg“gsr‘;rg'ofnaéc'”oma 41185?36 Toon 8;2; Rather, it appears that SV40 has entered the human population
Osteosarcoma 5/10 1997 (24)  Oon multiple occasions. There are many strains of SV40 in sim-
Pituitary tumors 26/30 1995 (109) ians, as evidenced by the distinctiveness of the known laboratory
Thyroid carcinoma 3/69 1998 (125)  strains(21)and the heterogeneity observed among recent natural

isolates from monkey$25—27). The contaminated polio vac-

T-ag = large T antigen. cines presumably would have contained mixtures of SV40

TPositive tumors were an ependymoma and a choroid plexus papilloma.

tPositive for SV40 messenger RNA. strains; perhaps many were successful at establishing human
8Infectious SV40 was rescued by cell fusion from one tumor. infections.
[Infectious SV40 was rescued by transfection of one tumor DNA. The SV40 regulatory region sequences appear to be clonal in
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Fig. 5. Schematic comparison of the large T antigen (T-ag) C-terminal variabi®m different tissues are aligned horizontally and the boxes encased in boIdZD

domain amino acid sequences of simian virus 40 (SV40) isolates and hunfiaes. The numbering follows the system for SV40-776; insertions in the regiong
tumor-associated sequences to SV40-776. The rectangular boxes representftlaino acid 674 are designated with 674 plus a lowercase letter. Arrows;'
T-ag C-terminal region from amino acids 622 to 708. Laboratory strains isolatedlicate the position and type of amino acid changes. The shaded area of tH§
from monkey kidney cells are shown on the left; human brain isolates a@$t3 box indicates the region immediately upstream of T-ag residue 622. aa
brain-tumor-associated sequences are in the center, and human osteosarcamao acid(s); del= deletion; Ins= insertion. [Reproduced from Stewart et al.
associated sequences are on the right. Viral strains and DNA sequences(2itg with permission fromJournal of NeuroVirology.

identified to the left of all boxes. Identical T-ag amino acid sequences in DNAs
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each human tumor analyzed to date. This is in contrast to tii@ning in human mesotheliomas to dysregulate growth controf
samples from immunocompromised monkeys from which mipathways by mechanisms similar to those described in roderﬁ
tures of viral regulatory region structures were recovered. Thismors(130). 2
may suggest that the viral DNA was important in the develop- It is impressive that SV40 has been detected much more&
ment of the tumor, as opposed to a passenger virus modefrizquently in human cancers than either JCV or BKV, the ubig-g,
which the tumor merely represents a susceptible site for virugous human polyomaviruses known to be tumorigenic in ro—§
replication. dents. One explanation may be that the human polyomaviruses
Recent studies detected the expression of T-ag in mesothklive had millenia to become adapted to humans but that SV40,
oma tumor cells by immunohistochemical methods. Protein exhich may be a much more recent acquisition, may be less well
traction approaches showed that T-ag from five different mesadapted and more pathogenic to its human hosts. The same
thelioma lysates was apparently complexed with flE&2)and reasoning is used to explain the virulence of human immunode-
that T-ag from four mesotheliomas was capable of interactifigiency virus or herpes virus B infections in humans compared
with pRb family members translateéd vitro in a rabbit reticu- with their benign effects in their natural simian hosts. Another
locyte lysate and then mixed with tumor cell extra¢i®3). plausible explanation is that, just as some strains of human pap-
These data suggest, but do not prove, that T-ag may be fuillomaviruses are carcinogenic in humans and others are not,
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SV40 may be a more oncogenic polyomavirus than JCV or BKiéred gene) may all affect processes that result in cancers with
in humans. the same histologic features. Evans and Mugll&3)then sug-

It is informative to consider what we have learned from wellgested types of evidence that would surmount some of those
characterized rodent systems about the mechanism of SV40 problems to support an etiologic role for a virus in a given
cogenesis and to relate this information to what is known fruman cancer. Suggested epidemiologic guidelines included the
virus-related human tumors. It is well-established that 1) T-agfisllowing: 1) the geographic distribution of viral infection
the viral oncoprotein, 2) the virus can transform cells in cultuighould coincide with that of the tumor, adjusting for the presence
and induce tumors in rodents, 3) viral DNA is integrated in mosf known cofactors; 2) the presence of viral markers should be
rodent tumors, 4) T-ag expression is retained in most tumloigher in case subjects than in matched control subjects; 3) viral
cells, 5) target proteins for T-ag binding include p53 and pRbarkers should precede the tumor, with a higher incidence of
family members, and 6) wild-type p53 rather than mutant p53tismors in persons with the marker than in those without; and 4§
found in SV40-transformed cell§,11,49,50,131,132)Some prevention of viral infection should decrease tumor incidence 3
comparable data have been gathered that support an associ&igygested virologic guidelines included the following: 1) the§
of SV40 with human tumors. SV40 DNA sequences have beeinus should be able to transform human cefisvitro, 2) the
commonly detected in certain tumor types (choroid plexus, eyiral genome should be demonstrated in tumor cells and not irg
endymomas, mesotheliomas, and osteosarcomas), but few stimal cells, and 3) the virus should be able to induce the tumog
ies have identified which individual cells (tumor versus normaih an experimental animal.
in the heterogeneous mixture of cells in a tumor actually contain With the use of these guidelines, evaluation of the associatior;
the viral DNA. The T-ag gene is retained, and the expressionaff SV40 with human cancers leads to the conclusion that th(@“_
T-ag protein has been detected in some tumors; a limited numbieus may be an important factor in some cancers, althougts
of studies(42,117,118,122have carried out immunostainingetiology is not yet proven beyond a doubt. The following viro- &
and have demonstrated T-ag synthesis in tumor cells per legic guidelines for causality from Evans and Muel(@B3) are
Infectious SV40 has been isolated from one meningioma amgkt: SV40 can transform a variety of human ceéllsitro, SV40
one choroid plexus tumor. The young age of the patients witha potent tumor inducer in experimental animals, and the typeS:
pediatric brain tumors corresponds to that required for tumof tumors that are induced by SV40 in laboratory animals are thé
induction in experimental animals by polyomaviruses and sugame as those human cancers found to contain SV40 DNAg
gests that virus infection may have occurred transplacentallyFurthermore, SV40 DNA has been found in tumor cells, but it?
in the perinatal period. has also been detected in some normal tissues, as would kg

There are limitations to the rodent model systems as predéxpected of a virus that establishes long-term persistent infecs
tors for molecular details of SV40 in human cancers. One irtiens. Limited data are available, however, to apply Evans ands
portant difference is that SV40 does not set up productive iNtueller’s epidemiologic guidelines. The geographic distribution
fections in rodents, and so the experimental systems canobhuman infections by SV40 is unknown, no case—control study(%
mimic the dynamics of long-term persistent infections of thieas been carried out that compares SV40 markers, and no lons
host, with the different cell types infected and virus dissemingitudinal study has determined the time of virus infection rela-&
tion routes involved. The possibility of virus variants arisingive to tumor development in specific individuals. §
within the infected host also is not a feature of the rodent mod- Criteria have been proposed by Sir Austin Bradford Hill &
els. Although it has been reported that the viral genome is ug34)to help differentiate between causation or mere associatiorp
ally integrated in rodent tumors (Lednicky JA, Butel JS: unpubvhen there is an observed connection between a disease afid
lished results), there is no indication of whether that is a formsbme environmental factor. The Bradford Hill Criteria are asZ
requirement for tumor formation in all types of tissues. follows: 1) strength of association, 2) consistency (Has the ass

Evans and Muellef133)summarized the difficulties of prov- sociation been observed repeatedly by different people in dif{
ing a causal link between a candidate virus and a human canéerent places?), 3) specificity, 4) temporal relationship (Doesc
They identified the following potential problems: 1) a long inexposure to the presumed causative factor precede the disease%),
cubation period between initial infection with the virus and thB) biologic gradient (Is there a dose-response curve?), 6) biox
cancer with which it is associated; 2) the common and ubiquogic plausibility, 7) coherence (Does the association seriously
tous nature of most candidate viruses and the rarity of the caonflict with known facts of the natural history and biology of =
cers with which they are associated; 3) the initial infection witthe disease?), 8) experimental evidence (Are there supportivé
the candidate virus is often subclinical, so that the time of iexperimental results?), and 9) analogy (Are there observationg
fection cannot be established by clinical features; 4) the need foym related systems that support the proposed association?).2
cofactors in most virus-related cancers; 5) the causes of canceBeveral of the Bradford Hill Criteria are met by available =
may vary in different geographic areas or by age; 6) the differeewidence that links SV40 and human cancer. The association Gf
viral strains may have different oncogenic potential; 7) the h&Vv40 with human cancer is consistent, since the presence c@
man host plays a critical role in susceptibility to cancer, esp8V40 DNA in certain types of human tumors has been indepen-
cially the age at time of infection, genetic characteristics, amtntly confirmed by multiple investigators in different geo-
status of the immune system; 8) cancers result from a compbaphic locations. The association is biologically plausible,
and multistage process and a virus may play a role at differdr@sed on the well-characterized properties of SV40 as a DNA
points in pathogenesis in association with alterations in themor virus and the evidence that human infections by SV40 do
host’s immune system, oncogenes, chromosomal translocatimtgur. The association is coherent, because it does not conflict
and other molecular events; 9) the inability to reproduce humaiith known facts and the widespread use of contaminated polio
cancers in experimental animals with the virus; and 10) tlvaccines provides a reasonable explanation of how SV40 may
recognition that multiple factors (virus, toxin, chemical, and ahave become broadly seeded throughout the human population.
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The following experimental evidence from studies of humahfhis suggests that segments of the population at elevated risk of
samples is supportive: 1) the T-ag gene is retained in humaossible adverse consequences would include the very young,
tumors, 2) T-ag protein has been detected in tumor cells angan transplant recipients, patients undergoing treatment for
several reports, 3) molecular markers certify that SV40 is tloancer, and human immunodeficiency virus-infected individu-
virus being detected, 4) infectious SV40 has been isolated frais. People exposed to possible cofactors, such as asbestos, may
a tumor, and 5) antibody surveys and molecular data show thégo be at higher risk of developing SV40-related cancer.
SV40 can and does infect humans in contemporary times. Readt remains possible that genetic changes may be involved in
soning by analogy also supports the putative association: SV&8040 adaptation to human hosts. The indications of a relatively
is a proven cancer virus, based on experimental animal mot®l frequency of SV40 infections in humans10% seropreva-
systems anch vitro transformation studies involving rodent andence) suggest that the virus is not highly successful at main-
human cells. Natural history studies of SV40 in monkeys and @fining human infections or, alternatively, efficiently evades im- 9
BKV and JCV in humans provide logical explanations for posnune surveillance. The conventional virologic wisdom is that3
sible transmission of SV40 among humans and the dissemimdien a virus crosses into a different species, some limited geg
tion of SV40in vivo to different tissues. However, data are notetic changes are necessary to ensure a stable host—patho@n
yet available to address several of the Bradford Hill Criteri@elationship. Additional sequence studies should compare priz
More samples need to be analyzed before the strength of ageary human and monkey isolates of SV40 to seek such putativé
ciation of SV40 with any particular tumor type is known, aladaptive genetic changes. The possible influences of strain dié
though the number of mesotheliomas analyzed is accumulatfiegences in viral regulatory regions and C-terminal T-ag se-Z
and the consistent association of SV40 with that tumor is comuences on tissue tropism and disease development need to §e
pelling. Studies addressing temporal relationship and dosdetermined. The original source of SV40 strains now present iri
response curves of SV40 to cancer development remain tohemans is not known. Knowledge of whether they date to th(%-
done. Therefore, using the Bradford Hill Criteria, it appears thase of contaminated polio vaccines would reveal the history of
the association of SV40 with human tumors must be taken $etman infections by SV40 and whether other sources of virus‘é
riously but that further studies are needed to prove causalityexposure may continue to exist today. 3
In summary, a review of the literature from the last 30 years The association of SV40 with human disease provides thé_j
provides persuasive evidence that SV40 DNA can be foundpotential for new approaches to the diagnosis and treatment of
human cancers. As more sophisticated technologies have beerain types of cancers and, possibly, other illnesses. It mag
applied, simple questions of possible laboratory contaminatibecome advisable to develop preventative measures to inhibj
of tumor samples and misidentification of viral type have beerirus infection and transmission, including perhaps a vaccinéﬁm—
ruled out. Some criteria necessary to prove causality of humagainst SV40. It is of no small irony that SV40, once having &
tumors by SV40 have been met, but others remain unanswetieeen found as an unrecognized contaminant of a widely heralded
Although proof of causation of specific types of tumors awaitaral vaccine, might itself one day become a candidate for vac=
further analysis, the association of SV40 with human cancerscise development.

currently strong enough to warrant serious concern.
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