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Feltörekvő emberi patogén majomvıŕus 40 és szerepe a rákban
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ABSZTRAKT

A poliomavıŕus majomvıŕus 40 (SV40) egy ismert onkogén DNS-vıŕus, amely elsődleges agy- és
csontrákot, rosszindulatú mesotheliomát és limfómákat idéz elő laboratóriumi állatokban. A
meggyőző bizonyıt́ékok azt mutatják, hogy az SV40 fertőzéseket okoz manapság az emberek-
ben, és új kórokozót jelent. Az 1793 rákos beteg molekuláris, kóros és klinikai adatainak
metaanalıźise azt jelzi, hogy az SV40 kockázata jelentős mértékben megnő az emberi elsődleges
agydaganatokkal, primer csontrákokkal, rosszindulatú mesotheliomával és non-Hodgkin
limfómával kapcsolatban. A kıśérleti adatok határozottan arra utalnak, hogy az SV40
funkcionálisan fontos lehet egyes humán rosszindulatú daganatok kialakulásában. Ezért az
SV40 által laboratóriumi állatokban kiváltott daganatok fő tıṕusai megegyeznek azokkal az em-
beri rosszindulatú daganatokkal, amelyekről SV40 markereket találtak. Az Institute of Medicine
a közelmúltban arra a következtetésre jutott, hogy „a biológiai bizonyıt́ékok mérsékelten erősek
arra vonatkozóan, hogy az SV40-expozıćió természetes körülmények között rákot okozhat az
emberben”. Ez az áttekintés azokat a felhalmozódó adatokat elemzi, amelyek arra utalnak, hogy
az SV40 olyan kórokozó, amelynek lehetséges etiológiai szerepe lehet az emberi rosszindulatú
daganatokban. A jövőbeni kutatási irányokat mérlegelik.

BEVEZETE� S

A 40-es poliomavıŕus majomvıŕus (SV40) egy erős DNS-tumorvıŕus, és egyre több bizonyıt́ék
utal arra, hogy felbukkanó humán kórokozó ( 1 , 10 , 12 , 13 , 39 , 49 , 50 , 66 , 111 , 123 ). A
Nemzeti Akadémiák Orvostudományi Intézete a közelmúltban arra a következtetésre jutott,
hogy „a biológiai bizonyıt́ékok erősek arra vonatkozóan, hogy az SV40 egy átalakuló vıŕus”, és
hogy „a biológiai bizonyıt́ékok mérsékelten erősek arra vonatkozóan, hogy az SV40 expozıćió
természetes körülmények között rákot okozhat az emberben” ( 111) . ). Ezenkıv́ül két másik
független tudományos testület is hasonló következtetésekre jutott ( 53 , 131 ). Egy közelmúlt-
beli elemzés azt javasolta, hogy az SV40-et fel kell venni a 2A. csoportba tartozó rákkeltő anya-
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gok (azaz olyan szerek, amelyek esetében a bizonyıt́ékok jelzésértékűek, de nem véglegesek az
emberi karcinogenezis szempontjából) a Nemzetközi Rákkutató U� gynökségnek ( 39 ). Ezért, mi-
vel az SV40-t erős onkogén ágensként ismerik el, fontos értékelni a növekvő számú adatot,
amely a vıŕust egyes humán rosszindulatú daganatokban okozza. Ez az áttekintés megvizsgálja
az SV40 patogenezisének biológiai, patológiai és klinikai bizonyıt́ékait, és megvitatja azokat a jö-
vőbeli irányokat, amelyek szükségesek a vıŕus etiológiai szerepének meghatározásához e pusz-
tıt́ó betegségek némelyikében.

A polio vakcinák SV40 fertőzésének története

Az SV40 poliomavıŕus felfedezése, valamint kórokozóként való behurcolása az emberi populá-
cióba a gyermekbénulás elleni vakcina korai formáinak kifejlesztéséhez és világméretű elterje-
déséhez kötődött ( 13 , 95 , 111 , 123 ). A gyermekbénulás elleni vakcinák inaktivált (Salk) és
korai élő, legyengıt́ett (Sabin) formái véletlenül SV40-nel szennyeződtek ( 95 , 97 , 111 ). Ezen-
kıv́ül az egyesült államokbeli katonai személyzetnek 1961 és 1965 között kiosztott különböző
adenovıŕus-vakcinák is tartalmaztak SV40-et ( 64 ). A vıŕusfertőzés azért következett be, mert
ezeket a korai vakcinákat rhesusmajmokból származó primer vesesejtek tenyészetében állıt́ot-
ták elő, amelyek gyakran természetesen fertőzöttek SV40-vel ( 13 , 95 , 111 ). A fertőző SV40
túlélte az oltóanyag-inaktivációs kezeléseket, és óvatos becslések szerint az Egyesült A� llamok-
ban akár 30 millió ember (gyermekek és felnőttek) is ki volt téve élő SV40-nek 1955 és 1963
között, amikor potenciálisan fertőzött gyermekbénulás elleni vakcinákat adtak be ( 95 , 111 ).
Világszerte emberek milliói voltak potenciálisan kitéve az SV40-nek is, mivel a fertőzött polio
vakcinákat sok országban terjesztették és alkalmazták ( 85 , 123 ). Ezek az adatok arra a követ-
keztetésre vezették az Institute of Medicine-t, hogy „a biológiai bizonyıt́ékok mérsékelten erő-
sek arra vonatkozóan, hogy a gyermekbénulás elleni oltásból származó SV40-expozıćió össze-
függésben áll az SV40-fertőzéssel emberekben” ( 111 ).

Röviddel a felfedezése után az SV40-ről kiderült, hogy egy erős onkogén DNS-vıŕus ( 13 ). A� llat-
modellekben az SV40 által kiváltott neopláziák közé tartozott az elsődleges agyrák, rosszindu-
latú mesotheliomák, csontdaganatok és szisztémás limfómák ( 13 ). Ezt követően számos in
vitro vizsgálat megállapıt́otta, hogy az SV40 onkogén kapacitása a kritikus sejtciklus-szabályo-
zási útvonalak megzavarását tükrözi ( 9 , 96 , 116 ). Az elmúlt évtized során számos független
laboratóriumban publikált tanulmány, különböző molekuláris biológiai technikákat alkalmazva
kimutatta az SV40 nagy tumorantigént (T-ag) vagy DNS-t elsődleges emberi agy- és csontrák-
ban, valamint rosszindulatú mesotheliomában ( 1 , 13 , 39 , 50 , 123 ). U� jabban tanulmányok ki-
mutatták, hogy az SV40 T-ag szekvenciák szigni�ikánsan összefüggenek a non-Hodgkin limfómá-
val (NHL) ( 102 , 124 , 125 ). Ezért az SV40 által laboratóriumi állatokban kiváltott daganatok fő
tıṕusai megegyeznek azokkal az emberi rosszindulatú daganatokkal, amelyekről SV40 markere-
ket találtak. A molekuláris bizonyıt́ékok közelmúltbeli metaanalıźise ( 122 ) meggyőzően megál-
lapıt́otta az SV40 jelentős túlzott kockázatát a kiválasztott humán rákos megbetegedések esetén.

Figyelemre méltó, hogy az SV40-et olyan gyermekek és �iatal felnőttek rosszindulatú daganatai-
ban mutatták ki, akik nem voltak kitéve fertőzött polio vakcinának, valamint idősebb felnőttek-
nél ( 5 , 18 , 71 , 73 , 76 , 117 , 124 , 125 , 124 , 13329 , 13329). ). A vıŕusmarkerek kimutatása
�iatalokban, molekuláris technikák alkalmazásával, a fertőző SV40 tumorokból ( 62 ) és nem
neoplasztikus mintákból ( 66 , 67 ) történő izolálásával párosulva arra utal, hogy az SV40 ma is
fertőzéseket okoz az emberi populációban. Ezzel szemben egyes retrospektıv́ epidemiológiai ta-
nulmányok nem igazolták a megnövekedett rákkockázatot azokban a populációkban, amelyek
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nagy valószıńűséggel kaptak potenciálisan fertőzött polio vakcinát ( 20 , 82 , 95 , 112 , 114 ). A
rendelkezésre álló epidemiológiai adatok azonban nem meggyőzőek és korlátozottak ( 95 , 111
, 123 ), és az Orvostudományi Intézet megállapıt́otta, hogy az SV40-fertőzött vakcináknak po-
tenciálisan kitett emberek rákos megbetegedési arányára vonatkozó epidemiológiai adatok nem
elegendőek az ok-okozati összefüggés értékeléséhez. ( 111 ). Ez a következtetés azon adatok hi-
ányán alapul, hogy ténylegesen mely egyének kaptak fertőzött vakcinát, a fertőző SV40 ismeret-
len dózisa, amely különösen sok oltóanyagban volt jelen, nem ismert, hogy a kitett személyek
közül kik fertőződtek meg sikeresen SV40-zel, és nem tudni, hogy a vakcina „nem exponált” cso-
portjai más forrásból is ki lehetnek téve az SV40-nek, és a vıŕusexpozıćió után évekig nehéz
nagy populációt �igyelni a rák kialakulására. Ezek a fontos korlátozó tényezők arra késztették az
Institute of Medicine-t, hogy „nem javasolt további epidemiológiai vizsgálatokat olyan emberek-
kel kapcsolatban, akik potenciálisan ki vannak téve a fertőzött polio-vakcinának”.

A FERTO� ZE� SEK VIROLO� GIA� JA E� S PATOGENEZISE

A vı́rus tulajdonságai

Az	SV40	a	Polyomaviridae családba tartozik , amely magában foglalja a JC vıŕust (JCV) és a BK vı-́
rust (BKV). A poliomavıŕusok kicsi, burok nélküli, ikozaéderes DNS-vıŕusok. Genomjaik körül-
belül 5 kb hosszúságú, kétszálú, cirkuláris, szupertekervényes DNS egyetlen másolatából állnak.
A BKV és a JCV 72%-os DNS-szekvencia-homológiát mutat, és mindegyik körülbelül 70%-os ho-
mológiát mutat az SV40-nel. Bár ezek a vıŕusok rokonok, könnyen megkülönböztethetők DNS-
és fehérjeszinten. A genetikai különbségek, különösen a vıŕusgenomok nem kódoló, szabályozó
régióiban, jelentős különbségeket határozhatnak meg a gazdaszervezet tartományában. To-
vábbá a három vıŕus szerológiailag megkülönböztethető neutralizációs és hemagglutinációs
vizsgálatokkal ( 52 , 56 , 98 ).

Az SV40 genom korai és késői régiókra oszlik, a korai régió a nagy és kis T-ag-okat, a késői ré-
gió pedig a VP1, VP2 és VP3 kapszidfehérjéket kódolja (3. 1). Az SV40 776-os törzs nagy T-ag-
ja 708 aminosavat tartalmaz, és nagyon multifunkcionális fehérje. 2). A nagy T-ag egy esszenci-
ális replikációs fehérje, amely szükséges a vıŕus DNS-szintézisének megindıt́ásához, és arra is
serkenti a gazdasejteket, hogy belépjenek az S-fázisba, és DNS-szintézisen menjenek keresztül.
A sejtciklus szabályozását felforgató képessége miatt a T-ag az SV40 fő transzformáló fehérje. A
T-ag komplexeket képez számos sejtfehérjével; A gazdasejtekre kifejtett T-ag-hatások alapvető
fontosságú eleme a sejtes tumorszuppresszor fehérjékhez való kötődés ( 9 , 13 , 96 , 116 ).
Ezek a tulajdonságok segıt́enek megmagyarázni az SV40 tumorvıŕusként való potenciálját. Fon-
tos azonban rámutatni, hogy az SV40 onkogén kapacitása a vıŕusreplikációs stratégia véletlen
mellékhatása; a lıt́ikusan fertőzött sejtekben lévő vıŕusfehérjék (nagy és kis T-ag-ok) olyan álla-
potba serkentik a gazdasejteket, amelyek képesek támogatni a vıŕus replikációját.

)
)
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A� BRA. 1.

Az SV40 genetikai térképe. A körkörös SV40 DNS-genom látható, az egyedi EcoRI hely a 100/0 térképegységen
látható. Az SV40-776 referenciatörzsen alapuló nukleotidszámok a vı́rus DNS replikációjának origójában (Ori)
kezdődnek és végződnek (0/5243 térképegység). A vı́rusfehérjéket kódoló nyitott leolvasási keretek vannak

feltüntetve. A korai T-ag fehérjék a jobb oldalon, a késői strukturális (VP) fehérjék a bal oldalon láthatók. Min-
den nyitott leolvasási keret elejét és végét nukleotid számok jelzik. A 13. hivatkozásból ; engedéllyel
használják.

A� BRA. 2.

Az SV40 nagy T-ag funkcionális doménjei. Az ismert T-ag funkciókat a T-ag fehérjét jelölő árnyékolt sáv feletti
és alatti négyzetekben azonosı́tjuk. A megadott számok az SV40-776 referenciatörzsen alapuló aminosavak. A

szélső C-terminális variábilis domén aminosav-különbségeket tartalmaz a vı́rustörzsek között, és a törzs azo-
nosı́tására használják. 109. hivatkozásból ; engedéllyel használják.

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=452549_zcm0030420970001.jpg
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC452549/figure/f1/
https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=452549_zcm0030420970002.jpg
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC452549/figure/f2/


2024. 03. 21. 8:12 Az új humán kórokozó majomvírus 40 és szerepe a rákbetegségben – PMC

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC452549/ 5/27

Az SV40-nek csak egy szerotıṕusa ismert, de léteznek genetikai törzsek, amelyeket a szabályozó
régióban ( 60 ) és a T-ag extrém C-terminálisán lévő variábilis doménben lévő nukleotid kü-
lönbségek alapján lehet megkülönböztetni, ami az utolsó 86 aminosav. a molekula savai (622-
708. maradékok) ( 47 , 58 , 62 , 63 , 81 , 109 , 110 ). A T-ag C-terminális régiójában a nukleotid
különbségek, beleértve a polinukleotid inszerciókat és deléciókat, valamint az egyetlen nukle-
otid változásait, megváltoztatnának néhány kódolt aminosavat. Ezek a nukleotid- és fehérje-
szintű különbségek meggyőzően bebizonyıt́ották, hogy az emberi rosszindulatú daganatokban
és más klinikai mintákban az SV40-szekvenciák nem véletlen laboratóriumi szennyeződések kö-
vetkezményei. 3, 4. és 5.). A jövőbeni vizsgálatoknak azonban meg kell határozniuk, hogy az
SV40 törzsek különböznek-e patogén és/vagy onkogén kapacitásban. Az onkogén kapacitásban
eltérő DNS-vıŕustörzsek klasszikus példája a humán papillomavıŕus csoport; a több mint 75 le-
ıŕt tıṕus közül, amelyek közül mintegy 30 okoz nemi szervek fertőzését, csak néhány tıṕus kap-
csolódik a méhnyakrák kialakulásához ( 68 , 135 ). A magas kockázatú törzsek ilyen azonosıt́ása
megelőző beavatkozások kifejlesztéséhez vezetett, mint például a 16-os tıṕusú humán papillo-
mavıŕus elleni vakcina ( 54 ).

A� BRA. 3.

SV40 nagy T-ag változó domének. (a) A nagy T-ag vázlata, amely mutatja a változó tartomány helyét. (b) Ami-
nosav változások a reprezentatı́v SV40 izolátumok T-ag C-terminális variábilis doménjeiben és a humán pri-

mer agydaganat-asszociált szekvenciákban az SV40-776-hoz képest. A téglalap alakú négyzetek a T-ag C-termi-
nális régióját jelzik az (aa) 622-708. aminosavtól. A majomvesesejtekből származó vı́rusizolátumok a bal osz-
lopban láthatók. Az emberi agyi izolátumok és az elsődleges agyrákhoz kapcsolódó szekvenciák a jobb oldali

oszlopban találhatók. A számozás az SV40-776 rendszer szerint történik. Del., törlés; Ins., beillesztés. A nyi-
lak jelzik az aminosavcserék helyzetét és tı́pusait. 121. hivatkozásból ; engedéllyel használják.

)
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Az SV40 laboratóriumi használatra adaptált majomtörzsei jellemzően két 72 bp-os enhanszer
elemet tartalmaznak (3. 4és 5); ezeket „nem archetipikus” vagy összetett szabályozási struktú-
ráknak jelöljük ( 60 ). Ezzel szemben az SV40 humán nem rosszindulatú daganatból izolálódik
(2. 4) és rosszindulatú (ábra. 5) példányok általában (de nem mindig) nem tartalmaznak dupli-
kációkat az erősıt́őben („archhetipikus” szerkezet).

A� BRA. 4.

Az SV40 szabályozó régiók DNS-szekvencia pro�ilja humán vesetranszplantált betegekben. Ori , a DNS-repliká-
ciós régió virális origója, amely az 5195-31. nukleotidokat öleli fel; 21 bp ismétlődések, GC-ben gazdag régió

a 40. és 103. nukleotid között; 72, 72 bp hosszúságú szekvencia az enhanszer régión belül, amely megkettőző-
dik néhány majomtörzsben (pl. SV40-776 referenciatörzs). A nukleotidszámok az SV40-776-on alapulnak. Az
átültetett emberi vesékhez kapcsolódó vı́russzekvenciák láthatók (a klónok a jobb oldalon találhatók). A jel-

zett aminosavak polimor�izmusait a dobozok felett jelezzük. A 11. hivatkozásból ; engedéllyel használják. Az
SV40 szabályozási régió részletes leı́rását lásd a 60. hivatkozásban .

) )

) )
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A� BRA. 5.

Az SV40 szabályozási régiója. A majmokból és emberekből származó SV40 izolátumok szabályozó régióinak

és a humán tumorral kapcsolatos DNS-ek DNS-szekvencia pro�iljait mutatjuk be. A diagramok a 2. ábra jelma-
gyarázatában leı́rtak szerint vannak cı́mkézve. 4. Laboratóriumilag adaptált törzsek (SV40-776, Baylor és
VA45-54), humán izolátumok (SVCPC/SVMEN és SVPML-1), valamint emberi agyhoz kapcsolódó vı́russzek-

venciák (CPT, CPP, CPC és Ep) láthatók. csont (Ost) daganatok. A tumorhoz kapcsolódó szekvenciák általában
egy egyszerű (archetipikus) szabályozó régiót tartalmaznak, az enhanszer régióban duplikáció nélkül. 110. hi-
vatkozásból ; engedéllyel használják.

Bár az SV40 T-ag variábilis doménjének funkciója nem ismert, a kıśérleti adatok azt sugallják,
hogy fontos lehet a vıŕus-gazda kölcsönhatás bizonyos vonatkozásaiban. A nagy T-ag variábilis
doménjába beágyazva egy funkcionális domén található, amely magában foglalja a 682-708.
aminosavakat, amelyet gazdatartomány/adenovıŕus-segıt́ő funkció (hr/hf) doménként határo-
zunk meg. 2). A T-ag C-terminális fragmentuma ismeretlen mechanizmussal enyhıt́heti az ade-
novıŕus replikációs blokkját majomsejtekben ( 23 , 41 , 51 , 90 , 106 ). A hr funkciót azért azo-
nosıt́ották, mert a T-ag C-terminális deléciós mutánsai eltérő növekedési tulajdonságokat mutat-
tak majom sejtvonalakban; a deléciós mutánsok nagyon gyengén növekedtek CV-1 sejtekben, de
jól növekedtek BSC és Vero sejtekben ( 24 , 87 , 118 , 119 ). A vıŕus DNS-t közel vad tıṕusú
szintre replikáltuk mindhárom sejttıṕusban ( 87 , 108 ). A hr/hf mutánsok által termelt virio-
nok nem épülnek össze megfelelően, látszólag azért, mert nem tudnak VP1-et hozzáadni a 75S
összeállıt́ás közbenső termékeihez ( 105 ).

Egy másik SV40 korai fehérje, a kis T-ag funkcionális szerepe megfoghatatlanabb. Ez a fehérje
nem nélkülözhetetlen a vıŕus replikációjához szövettenyészetben, és nincs rá egységes követel-
mény az SV40 transzformációban vagy tumorindukcióban. A vizsgálatok azonban azt mutatják,
hogy az SV40 kis T-ag fokozza a nagy T-ag által közvetıt́ett transzformációt ( 96 ), és szükséges a
humán sejtek teljes transzformációjához in vitro ( 42 ). Gátolja a celluláris protein foszfatáz 2A-

)
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t azáltal, hogy komplexet képez az enzim katalitikus alegységével és szabályozó alegységével. A
kis T-ag szerepet játszik a telomeráz indukciójában SV40-fertőzött humán mesothelsejtekben (
36 ). A legújabb adatok azt is jelzik, hogy a nagy T-agoknak kis T-ag-ra van szükségük az SV40-
fertőzött és -transzformált humán mesothelsejtekben, valamint az SV40-pozitıv́ humán mesot-
heliomákban a Notch1 expresszió felszabályozására ( 7 ).

A vı́rusreplikációs ciklus és a gazdasejtekre gyakorolt   hatások

Az SV40 replikációs ciklusának értékelése alapvető fontosságú az SV40 onkogén képességének
és lehetséges etiológiai szerepének megértéséhez egyes emberi rosszindulatú daganatokban. A
fő hisztokompatibilitási osztályú molekulák az SV40 speci�ikus sejtfelszıńi receptorai ( 4 , 8 ). A
vıŕusciklusnak ez a kezdeti lépése segıt́ megmagyarázni a vıŕus széles körű tropizmusát és azt a
képességét, hogy megfertőzze és transzformációt indukáljon sokféle sejtben és szövetben.
Ezenkıv́ül fontos különbséget tesz az SV40 és a másik két poliomavıŕus között, amelyek képesek
megfertőzni az embert, a JCV és a BKV között. A JCV N-kapcsolt glikoproteint, a BKV pedig gli-
kolipidet használ egyedi gazdasejt-receptorként ( 3 ). U� gy gondolják, hogy ezek a jelentős kü-
lönbségek befolyásolják a három vıŕus által okozott fertőzések természetét a szövetekben és az
egyénekben.

Egy sejt fertőzése után az SV40 nagy és kis T-agokat termel a vıŕus replikációs ciklusának korai
szakaszában. Ezek az antigének megkötik és blokkolják a fontos tumorszuppresszor fehérjéket,
amelyek közé tartozik a p53, a pRb, a p107 és a p130/Rb2 ( 1 , 13 , 59 , 96 ) (3. ábra). 2). Ezek-
nek az intracelluláris fehérjéknek a funkciói a sejtciklus szabályozásában állnak. U� gy gondolják,
hogy a p53 tumorszuppresszor érzékeli a DNS-károsodást, és vagy szünetelteti a sejtet a késői
G1-ben  -javıt́ás céljából, vagy az apoptotikus útvonalon keresztül öngyilkosságra irányıt́ja a
sejtet ( 96 , 116 ). Az SV40 T-ag-kötődése megköti a p53-at, megszüntetve funkcióját, lehetővé
téve a genetikailag károsodott sejtek túlélését és az S-fázisba való belépést, ami a T-ag-t exp-
resszáló sejtek felhalmozódásához vezet genomiális mutációkkal, amelyek elősegıt́hetik a tu-
morigén növekedést. A pRb rendesen megköti az E2F transzkripciós faktort a sejtciklus korai 

A T-ag a pRb/E2F komplexek nem tervezett disszociációját okozza, az E2F felszaba-
dulásával aktiválja a növekedést stimuláló gének expresszióját ( 96 , 116 ). Ezért az SV40 fertő-
zések emberekben megzavarhatják a sejtciklus szabályozásával kapcsolatos számos útvonalat,
és rosszindulatú daganatok kialakulásához vezethetnek.

A vizsgálatok azt mutatják, hogy az SV40 produktıv́an képes replikálódni emberi sejtekben, be-
leértve a magzati szöveteket ( 101 ), az újszülött vesesejteket ( 101 ) és a különböző humán tu-
morsejtvonalakat ( 83 ), bár gyengén növekszik humán �ibroblasztokban ( 84 ). Ezen túlme-
nően, in vitro vizsgálatok kimutatták, hogy az emberi sejtek támogatják az SV40 replikációját,
igazolva, hogy az emberi fehérjéknek megvan az a belső képessége, hogy együttműködjenek az
SV40 T-aggal, hogy replikálják az SV40 DNS-t ( 65 , 80 , 127 ). Egyes emberi sejttıṕusok látható
sejtlıźisen mennek keresztül az SV40-re válaszul, mıǵ mások nem mutatnak citopátiás változá-
sokat és alacsony szintű vıŕust termelnek ( 84 ). E korai tanulmányok általános következtetései
az, hogy az SV40 képes replikálódni emberi sejtekben, és hogy a különböző emberi sejttıṕusok
eltérő érzékenységet mutatnak az SV40 fertőzésre. A különbségek alapja nem ismert, de a T-ag
funkciókat fontosnak tartják ( 27 , 69 ).
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A legújabb tanulmányok kimutatták, hogy az elsődleges humán mesothelsejtek nagyon eltérően
reagálnak az SV40-re, mint a �ibroblasztok; a mezoteliális sejtek nagyon érzékenyek az SV40
fertőzésre és transzformációra. A legtöbb mesothel sejt fertőzött volt; kevesen haltak meg; ma-
gas p53/T-ag komplexek voltak jelen; A Notch1, a hepatocita növekedési faktor receptor (Met)
és az inzulinszerű növekedési faktor 1 felszabályozott; és	a	RASSF1A tumorszuppresszor gént
gátolták ( 6 , 15 , 39 , 93 ). Az SV40-pozitıv́ humán mesotheliomák hasonló változásokat mutat-
nak. Az SV40-fertőzött mesotheliális sejtek transzformációjának sebessége legalább 1000-szer
magasabb volt, mint a humán �ibroblasztoké ( 6 ). Ezek az eredmények hangsúlyozzák, hogy a
különböző emberi sejttıṕusok drámaian eltérő vıŕus-sejt kölcsönhatásokat mutathatnak a fertő-
zés során.

Természetes fertőzések terjedése

Az SV40 elismert természetes gazdái az ázsiai makákómajmok fajai, különösen a rhesus ma-
kákó ( Macacca	mulatta ). Az SV40 a JCV és BKV poliomavıŕusokhoz hasonlóan tartós fertőzé-
seket hoz létre, gyakran az arra érzékeny gazdák veséjében ( 13 , 59 ). Beszámoltak az elsődle-
ges polyomavıŕus fertőzés enyhe légúti betegséggel, enyhe lázzal és átmeneti hólyaghuruttal
való összefüggéséről ( 32 ), de e három vıŕus fertőzésének útja még nem tisztázott.

Az SV40 fertőzések látenssé válhatnak, és a jelenlévő vıŕus szintje nagyon alacsony lehet. A vi-
rémia és a viruria egyaránt előfordul fertőzött állatokban, és a vizeletben kiürült vıŕus a átvitel
valószıńű módja ( 2 , 97 ). Az SV40 fertőzések egészséges majmokban tünetmentesnek tűnnek (
100 ), de az SV40 széles körben elterjedt fertőzéseket okoz a majom immunhiány vıŕus fertő-
zése miatt immunhiányos majmok körében ( 47 , 58 , 81 ); SV40 szekvenciákat és fertőző vıŕust
mutattak ki agyban, vesében, lépben és perifériás vér mononukleáris sejtjeiben (PBMC). Ezek
az eredmények azt mutatják, hogy az SV40 opportunista kórokozó lehet immunszuppresszált
gazdaszervezetekben, és hogy a vıŕus hematogén úton terjedhet a gazdaszervezeten belül.

Tumorvı́rus jellemzői

Az SV40 fertőzések onkogén kapacitása laboratóriumi állatmodelleken jól megalapozott ( 9 , 13
, 19 , 111 , 123 ). Az SV40-vel fertőzött hörcsögökben a tumorfejlődés látens periódusa 3 hó-
naptól több mint egy évig terjed. A daganatok kialakulásának gyakorisága általában 90% feletti
az újszülöttként fertőzött állatokban, de az idősebb állatokban ez csökkent. Ezek az adatok arra
utalnak, hogy a fertőzéskori életkor, a fertőzés útja és a fertőzés időtartama olyan tényezők le-
hetnek, amelyek befolyásolják az SV40 által okozott rosszindulatú daganatok kialakulását.

Az állatmodellekben az SV40 által kiváltott neopláziák közé tartoznak az elsődleges agyrákok,
rosszindulatú mesotheliomák, csontdaganatok és szisztémás limfómák ( 13 , 39 , 123 ). A limfó-
mák gyakori rosszindulatú daganatok az SV40 fertőzés során. Az SV40-nel intravénásan beol-
tott hörcsögöknél az állatok 72%-ánál alakultak ki szisztémás limfómák, mıǵ a kontrollcsoport-
ban egy sem ( 21 , 29 , 30 ). A limfómák B-sejtes eredetűek voltak ( 22 ). Az intravénás beoltást
követően az állatok körülbelül egyharmadánál egynél több szövettani tıṕusú daganat alakult ki,
és az osteosarcoma a limfómák után a leggyakoribb. Az intracardialis oltást követően a limfó-
mák mellett rosszindulatú mesotheliomák és osteosarcomák is kialakultak ( 19 ). A vıŕus etioló-
giai szerepét ezekben a rákos megbetegedésekben alátámasztották, mivel az SV40 T-ag minden
rosszindulatú sejtben expresszálódott, a daganatos állatokban antitest alakult ki az SV40 T-ag
ellen, és az SV40 speci�ikus antitesttel történő semlegesıt́ése a vıŕus beoltása előtt megakadá-
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lyozta a rák kialakulását ( 29 , 30 ). E modellek ismerete arra késztetett bennünket, mint más
kutatókat, hogy megvizsgáljuk a poliomavıŕus SV40 fertőzések szerepét egyes humán rosszin-
dulatú daganatokban.

EMBERI FERTO� ZE� SEK SV40 A� LTAL: A BIZONYI�TE� KOK A�TTEKINTE� SE

Bár az SV40 fertőzések előfordulási gyakorisága emberekben nem ismert, az elmúlt három év-
tizedben végzett vizsgálatok azt mutatják, hogy az SV40 fertőzések napjainkban is előfordulnak
gyermek- és felnőttpopulációban. Ezek között voltak olyan személyek, akik potenciálisan SV40-
fertőzött vakcinát kaptak, valamint olyan 1963 után születettek, akiket nem lehettek kitéve ezek-
kel a vakcinákkal ( 5 , 11-14 , 17 , 18 , 25 , 26 , 28 , 40 , 46 , 44 ) . , 55 , 62 , 63 , 66 , 67 , 71 - 74 ,
76 , 78 , 86 , 88 , 89 , 92 , 94 , 95 , 102 , 104 , 111 , 104 , 111 , 12 , 12 15 129 , 130 , 132 , 133 ).
Ezenkıv́ül az újszülöttek 19%-a és a 3-6 hónapos csecsemők 15%-a a szájon át fertőzött gyer-
mekbénulás elleni oltás beadása idején fertőző SV40-et ürıt́ett a székletével az oltást követő 5
hétig (75 ) . Fontos rámutatni, hogy az emlıt́ett vakcinákhoz kapcsolódó SV40 fertőzések előfor-
dulási gyakorisága nem ismert.

Az SV40 szeroprevalencia aránya az Egyesült A� llamok és más országok általános populációiban
2 és 20% között mozgott ( 13 , 78 , 95 ). Azonban az egyes tanulmányokban alkalmazott mód-
szerek különbségei és a vizsgálatok alacsony érzékenysége megnehezıt́i az SV40 fertőzések
tényleges prevalenciájának megállapıt́ását. Shah et al. ( 99 ) azt találták, hogy a felnőtt veseátül-
tetésen átesett betegek 18%-a rendelkezik speci�ikus neutralizáló antitesttel az SV40 ellen. Egy
másik, felnőtt betegek körében végzett vizsgálat kimutatta az SV40 semlegesıt́ő antitestek jelen-
létét a humán immunde�iciencia vıŕussal fertőzött betegek 16%-ánál és a humán immunde�ici-
encia vıŕussal nem fertőzött egyének 11%-ánál ( 49 ). A kórházi kezelés alatt álló gyermekek
körében a speci�ikus SV40 szérumneutralizáló antitestek általános prevalenciája 6% volt ( 12 );
az SV40 szeropozitivitás a gyermekek körében az életkor előrehaladtával nőtt ( P = 0,01), és
szigni�ikánsan összefüggött a vesetranszplantációval ( P < 0,001) (táblázat) 1). A közelmúltban
egy, az SV40 fertőzések prevalenciájáról készült tanulmány Magyarországon 9%-os, a Cseh
Köztársaságban pedig 4%-os arányt mutatott ki ( 14 ). A nőknél magasabb volt az SV40 antites-
tek aránya, mint a fér�iaknál, egyes korcsoportokban elérte a 16%-ot Magyarországon és a 8%-
ot Csehországban. Az SV40-fertőzést mindkét országban hasonló arányban találták a potenciá-
lisan fertőzött gyermekbénulás elleni oltásnak nem kitett személyek és az SV40-mentes vakci-
nák korszakában beoltott személyek körében. Minor et al. ( 78 ) a közelmúltban több mint
2000, az Egyesült Királyságból származó szérumot elemeztek, és az SV40 szeroprevalencia ará-
nyát valamivel 5% alattinak találták. A legtöbb semlegesıt́ő titer alacsony volt, és nem volt nyil-
vánvaló kapcsolat az antitest-pozitivitás és a gyermekbénulás elleni vakcina használata között.
Ezek az adatok azt sugallják, hogy az SV40 terjedése manapság az emberi populációban, való-
szıńűleg viszonylag alacsony gyakorisággal. A szeroprevalencia rátákkal kapcsolatos következ-
tetéseket azonban óvatosan kell kezelni, mivel nagyon keveset tudunk az SV40 fertőzésekre
adott emberi immunválaszról.
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ASZTAL 1.

Kórházba került gyermekek SV40 szeropozitivitása Houstonban, Tex. 

Népességre	jellemző sz.	SV40	szeropozitív	 	/sz.	betegek	(%	szeropozitív)

E� letkor (év)

    <1-4 1/95 (1,1)

    5-9 5/88 (5,7)

     10-15 14/154 (9,1)

Szex

    Fér�i 12/181 (6,6)

    Női 8/156 (5,1)

Faj vagy etnikai hovatartozás

    fehér 11/150 (7,3)

    spanyol 5/85 (5,9)

    Afro-amerikai 3/75 (4,0)

    ázsiai-amerikai 0/5

    Egyéb 1/22 (4,5)

A� ltalános szeropozitivitás 20/337 (5.9) 

12. hivatkozásból , engedéllyel használva.

 A szeropozitivitást SV40-speci�ikus plakkredukciós neutralizációs vizsgálattal határoztuk meg
szövettenyészet sejtekben.
 Az SV40 szeropozitivitása szigni�ikáns összefüggést mutatott a vesetranszplantációval (15-ből 6 [40,0%))

más diagnózisokhoz képest (238-ból 8 [3,4%]) ( P < 0,001).

Noha az SV40 emberek közötti átviteli módja nem ismert, feltételezzük, hogy különböző utak le-
hetnek érintettek. A laboratóriumi állatokkal végzett vizsgálatok azt mutatják, hogy az anya-cse-
csemő közötti átvitel az SV40 terjedésének egyik lehetséges útja ( 91 ). Ez egy útvonalat jelent-
het az SV40 fertőzések kialakulásához emberekben (ismeretlen gyakorisággal), mivel vannak je-
lentések az SV40 T-ag kimutatásáról és expressziójáról, valamint a vıŕus DNS jelenlétéről cse-
csemők és kisgyermekek elsődleges agydaganataiban ( 5 , 71 , 72 , 117 , 129 , 133 ). Ezenkıv́ül a
bizonyıt́ékok azt mutatják, hogy bizonyos populációkban �igyelembe kell venni az SV40 zoonó-
zisos átvitelét. Valójában az SV40-fertőzött majmokkal és/vagy ezekből az állatokból származó
szövetekkel érintkező laboratóriumi dolgozóknál az SV40 elleni antitestek prevalenciája 41-
55%-os tartományban volt, ami arra utal, hogy a dolgozók ezen csoportja körében megnöveke-
dett a vıŕusfertőzés kockázata ( 43 , 134) . ).

Vesebetegségben szenvedő felnőtt betegek és vesetranszplantált betegeken végzett molekuláris
vizsgálatok azt találták, hogy az SV40 citopátiás hatások az ilyen betegek húgyúti sejtjeivel vagy
PBMC-vel együtt tenyésztett CV-1 sejtekben fejlődtek ki ( 66 , 67 ). Az SV40 szekvenciákat PCR-
rel detektáltuk a fokális szegmentális glomerulosclerosisban szenvedő betegek 56%-ának vese-
biopsziáiban. Az SV40 DNS-t a vese tubuláris epiteliális sejtmagjaiban lokalizálták fokális szeg-
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mentális glomerulosclerosisban szenvedő betegek vesebiopsziáiban, in situ hibridizációval
meghatározva. Ezenkıv́ül a vizsgálatok kimutatták, hogy a vıŕusszabályozó régióból származó
SV40 DNS-szekvenciákat detektáltak és azonosıt́ottak az immunhiányos gyermekkori vese-
transzplantált recipiensek allograftjaiban (2. 4) és egy �iatal felnőtt tüdőtranszplantált beteg na-
tıv́ veséjében, poliomavıŕus nephropathiában ( 11 , 12 , 77 ). Különböző vizsgálatok kimutatták
az SV40 DNS-szekvenciákat különböző betegpopulációkból származó PBMC-kben ( 26 , 31 , 66 ,
72 , 73 , 132 ). Ezek az eredmények demonstrálják az SV40 nefrotróp és limfotróp tulajdonsá-
gait, és azt jelzik, hogy a vese az emberben a vıŕus tárolójaként szolgálhat. U� gy tűnik, hogy a
szerzett és/vagy iatrogén immunszuppresszióban szenvedő betegek az SV40 kockázatának ki-
tett populációt jelentik. A vıŕus gyakorisága, természetes története és morbiditása azonban eb-
ben a növekvő betegpopulációban nem tisztázott.

Az SV40-re érzékeny és speci�ikus reagenseket használó nagy prospektıv́ vizsgálatokra van
szükség a vıŕusfertőzések prevalenciájának meghatározásához az általános populációban, vala-
mint azon egyedcsoportok meghatározásához, akiknél fokozott a kockázata ennek a feltörekvő
kórokozónak. Hasonlóan fontos, hogy olyan prospektıv́ longitudinális vizsgálatokra van szük-
ség, amelyek foglalkoznak e fertőzések morbiditásával és az ezekhez kapcsolódó mortalitással.
A szerológiai tesztek használata önmagában nem feltétlenül a legmegbıźhatóbb módja e vizsgá-
latok elvégzésének. Az SV40 antitestek humán kimutatására szolgáló enzimes immunoassay
módszer felismeri az SV40, BKV és JCV közötti keresztreaktivitást, ami megnehezıt́i a vizsgálati
eredmények értelmezését ( 126 ). Hasonló korlátokat találtak a herpes B vıŕus (Cercopithecine
herpesvirus 1) humán fertőzés azonosıt́ására szolgáló szerológiai módszerekben, amelyről is-
mert, hogy természetesen megfertőzi a rhesus makákókat ( M.	mulatta ) is ( 45 ). Mivel a B vı-́
russal való fertőzés emberben végzetes agyvelőgyulladást vagy súlyos neurológiai károsodást
okoz, a gyors és meggyőző diagnózis kritikus fontosságú a vıŕusos kórokozó által okozott kö-
vetkezmények megfékezése érdekében. Az emberekben a B-vıŕusfertőzés kimutatására irá-
nyuló szerológiai vizsgálatokat (beleértve az enzim-immunoassay-t is) az alacsony érzékenység
és speci�icitás korlátozza ( 45 ). Jelenleg az embert megfertőző három poliomavıŕus (JCV, BKV
és SV40) sejttenyésztése ritkán segıt́ a fertőzés diagnózisának felállıt́ásában a lassú vıŕusnöve-
kedés és a speciális sejtvonalak iránti igény miatt ( 52 , 56 ). A szerológiai vizsgálatok haszno-
sak lehetnek a retrospektıv́ epidemiológiai elemzéshez, de minimális hasznuk a diagnózis vagy
a terápiás döntések meghozatalában, mivel a legtöbb nyilvánvaló poliomavıŕus-fertőzésről úgy
gondolják, hogy a látens fertőzések újraaktiválódása eredménye ( 52 , 56 ). Ezért a modern mo-
lekuláris biológiai vizsgálatok alkalmazása kiváló és előnyben részesıt́ett alternatıv́át jelent az
SV40 fertőzések humán populációban történő elemzésére ( 123 ). Ezenkıv́ül ezek az érzékeny
és speci�ikus technikák képesek betekintést nyújtani az emberi rosszindulatú daganatok lehet-
séges fertőző etiológiájába ( 37 , 79 , 123 ).

AZ SV40 SZEREPE AZ EMBERI RA� KBAN

Kı́sérleti megközelı́tések

Az elmúlt évtizedben számos tanulmány kimutatta az SV40 nagy T-ag DNS vagy más vıŕusmar-
kerek jelenlétét primer emberi agy- és csontrákokban, rosszindulatú mesotheliomákban és
NHL-ben. 6). Szekvenciaelemzések (ábra. 3és 5) és a T-ag fehérje kimutatása (3. 7) kizárta a
tumorminták laboratóriumi szennyeződését. Fontos, hogy a fertőző SV40-et egy 4 éves gyer-
mek elsődleges agydaganatából izolálták ( 62 ). A molekuláris biológiai adatok értékelésekor
fontos szempont az SV40 humán tumormintákban történő kimutatására használt módszerek

)

) ) ) )

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC452549/figure/f4/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC452549/figure/f6/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC452549/figure/f3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC452549/figure/f5/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC452549/figure/f7/


2024. 03. 21. 8:12 Az új humán kórokozó majomvírus 40 és szerepe a rákbetegségben – PMC

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC452549/ 13/27

érzékenysége. A korai vizsgálatok (1992 előtt) az SV40-pozitıv́ neoplazmákat azonosıt́ották vı-́
rusfehérjék indirekt immun�luoreszcenciájával vagy DNS-hibridizációs technikákkal ( 55 , 74 ,
130 ), mıǵ az 1992 utáni vizsgálatok általában PCR-alapú vizsgálatokat alkalmaztak.

A� BRA. 6.

Az SV40 T-ag DNS kimutatása NHL-ekben. (A) PCR-ampli�ikált poliomavı́rus szekvenciák agaróz gél elektrofo-
rézis és etidium-bromiddal történő festés (felső panel) és Southern-blot után az egyes poliomavı́rusokra spe-

ci�ikus oligonukleotid próbákkal (alsó panelek). M sáv, molekulatömeg marker. A pozitı́v kontrollreakciók
közé tartoztak az SV40-re (SV40+), JCV-re (JCV+) és BKV-ra (BKV+) speci�ikus plazmidok. A negatı́v kontroll
(NC) DNS-templát hozzáadása nélküli reakció volt. CA, rákkontroll minták (vastagbél- és emlőrák). A PCR-ter-

mékek hibridizálása SV40-re speci�ikus oligonukleotid próbává a limfómához kapcsolódó vı́russzekvenciá-
kat SV40-speci�ikusként azonosı́totta; JCV-t és BKV-t nem észleltek. (B) A T-ag gén N-terminálisából származó
PCR-termék szekvenciaanalı́zise. A limfóma mintából (NHL) származó szekvencia megegyezik az SV40 szek-

venciájával, és megkülönböztethető a JCV és a BKV szekvenciájától. A 125. hivatkozásból ; engedéllyel
használják.
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A� BRA. 7.

(A) Az SV40 T-ag immunhisztokémiai kimutatása diffúz nagy B-sejtes NHL-ben. (B) Negatı́v kontrollminta (re-
aktı́v nyirokcsomó). A mintákat PAb416 monoklonális antitesttel festettük. Vegye �igyelembe a limfómasejtek

többségének erős nukleáris festődését. Nagyı́tás, × 400.

Az elmúlt három évtized során több mint 60 eredeti tanulmány számolt be az SV40 kimutatásá-
ról elsődleges agy- és csontrákban, rosszindulatú mesotheliomában és NHL-ben, mıǵ néhány
tanulmány az SV40 hiányát ıŕta le ezekben a rosszindulatú daganatokban (16, 33 , 34 , 44 ) . ,
48 , 70 , 113 ). A vizsgált minták kis száma, a vizsgált rosszindulatú daganatok szövettani tıṕusai
és az esetenként alkalmazott laboratóriumi módszerek azonban korlátozzák a negatıv́nak bizo-
nyult vizsgálatok eredményeinek jelentőségét. Valóban, több lépést is �igyelembe kell venni,
amikor humán minták molekuláris vizsgálatait végezzük ( 1 , 50 , 61 , 107 ). Először is, a nukle-
insavak extrakciós lépése határozza meg, hogy a szövetek megfelelő és megfelelő DNS-t vagy
RNS-t adnak-e az elemzéshez. Sajnos a formalinnal �ixált és paraf�inba ágyazott mintáknál gya-
kori probléma a nukleinsavak és fehérjék lebomlása, és a kinyert DNS minősége rossz lehet. Ha
csak kis mennyiségű paraf�inba ágyazott szövet áll rendelkezésre, a nukleinsavak hozama nem
megfelelő az elemzéshez. A minta PCR-analıźisre való alkalmasságának megállapıt́ásához hu-
mán sejtes génre irányıt́ott primereket kell használni. A PCR-alapú vizsgálatok érzékenysége mi-
att fontos, hogy szigorúan védekezzünk a minták és a kontrollok laboratóriumi szennyeződése
ellen a feldolgozás vagy a vizsgálat során. A szövetfeldolgozást és a PCR vizsgálati eljárást kü-
lönböző létesıt́ményekben kell elvégezni, amelyekből a pozitıv́ kontrollok (azaz a plazmidok) ki-
zártak. A párhuzamosan kivont és elemzett negatıv́ szöveti kontrollokat minden kıśérletbe be
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kell vonni a reagens szennyeződés ellenőrzése érdekében. A primerek kiválasztása és a PCR kö-
rülményei nagymértékben befolyásolják a vizsgálat érzékenységét és megbıźhatóságát. Egy má-
sik tényező, hogy a tumorminták általában normál és rosszindulatú sejtek keverékét tartalmaz-
zák, változó arányban. E fontos paraméterek közül egy vagy több eltérése legalább részben
megmagyarázhatja az egyes pozitıv́ vizsgálatok pozitivitási tartományait és egyes negatıv́ vizsgá-
latok eredményeit.

A kontrollált tanulmányok összefoglalása és metaanalı́zise

asztal 2idővonalat biztosıt́ az SV40 poliomavıŕussal és az emberi rosszindulatú daganatokkal
kapcsolatos mérföldkőnek számıt́ó felfedezésekhez. Bár számos tanulmány kimutatta az SV40-
et humán elsődleges agy- és csontrákban, rosszindulatú mesotheliomában és NHL-ben, a kis
mintaméret és egyes vizsgálatokban a kontrollcsoport hiánya megnehezıt́ette a következtetések
levonását arra vonatkozóan, hogy az SV40 milyen mértékben hozható összefüggésbe azok az
emberi rákok. Emiatt elvégeztük a kontrollált vizsgálatok metaanalıźisét ( 122 ), amely megkö-
zelıt́és kiegyensúlyozottabb és kevésbé elfogultabb becslést tud adni a bizonyıt́ékokról, mint az
egyéni vizsgálatok ( 57 ). A metaanalıźisbe való felvételhez a jelentéseknek a következő kritériu-
moknak kellett megfelelniük: a vizsgálatokat elsődleges rosszindulatú daganatos betegek köré-
ben végezték, az SV40 vizsgálatát elsődleges rákmintákon, nem pedig tenyésztett sejteken vé-
gezték, az elemzésben egy kontrollcsoport is részt vett, és a ugyanazt a laboratóriumi technikát
alkalmaztuk mind az eseti, mind a kontrollmintákhoz. Ezeket a kritériumokat azért állapıt́ották
meg, mert a megfelelő kontrollok használata döntő fontosságú a szövet megfelelő elemzésében
a vıŕus DNS-e szempontjából, különös tekintettel a PCR-technikák érzékenységére ( 38 ). Har-
mincöt független vizsgálat felelt meg ezeknek a felvételi kritériumoknak. O� sszességében 1793
elsődleges rosszindulatú daganatos beteg adatait értékelték ki annak megállapıt́ására, hogy az
SV40 szigni�ikánsan összefügg-e az elsődleges agyrákkal, rosszindulatú mesotheliomával,
csontrákkal és NHL-vel.

2. TA� BLA� ZAT

Az SV40-hez és az emberi rosszindulatú daganatokhoz kapcsolódó felfedezések idővonala

Yr Felfedezés

1970-1980-as
évek

Pre-PCR: SV40 és agyrák

1992 SV40 DNS (PCR) és nagy T-ag expressziója agyrákokban

1994 SV40 DNS és nagy T-ag expressziója rosszindulatú mesotheliomákban

1995 Fertőző SV40, amelyet egy 4 éves gyermek agyrákjából izoláltak

1996 SV40 DNS csontrákban

2002 SV40 DNS limfómákban

2002 Az Institute of Medicine arra a következtetésre jutott, hogy „az SV40 expozı́ció
természetes körülmények között rákot okozhat az emberben”

)
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Tizenhárom tanulmány teljesıt́ette az elsődleges agydaganatok vizsgálatának kritériumait (táb-
lázat). 3). Az elemzésben használt tanulmányok kombinált esélyhányadosa (OR) 3,9 volt (95%-
os kon�idencia intervallum [CI], 2,6-5,8). Ez a hatás összesen 1143 beteg mintáján alapult, ame-
lyek közül 661 elsődleges agyrák minta és 482 kontrollminta. Az észlelt módosıt́ó a vizsgált
minta tıṕusa volt (paraf�inba ágyazott kontra fagyasztott). A korrigált OR 3,8 volt (95% CI, 2,6-
5,7). A rosszindulatú mesothelioma esetében 15 vizsgálat teljesıt́ette a kritériumokat; az analıźis
kombinált OR értéke 16,8 (95% CI, 10,3-27,5), és 528 rosszindulatú mesotheliomában szen-
vedő betegen és 468 kontrollon alapult (táblázat) 4). Az észlelt módosıt́ó tényezők a kontroll-
szövet tıṕusa és az SV40 kimutatásának módja volt. A korrigált OR 15,1 volt (95% CI, 9,2-25,0).
A csontrák és az SV40 elemzésének kombinált OR értéke 24,5 (95% CI, 6,8-87,9), és 303 csont-
daganatos betegen és 121 kontrollon alapult négy jelentésből ( 122 ). Az OR az NHL esetében
5,4 volt (95% CI, 3,1-9,3), és 301 esetet és 578 kontrollt jelentett három vizsgálatban (táblázat).
5). Mivel csak három tanulmány felelt meg a felvételi kritériumoknak, a módosıt́ó változók to-

vábbi vizsgálata nem volt lehetséges az NHL esetében.

3. TA� BLA� ZAT

SV40 elsődleges agydaganatokban 

 Azon vizsgálatok elemzése, amelyek az SV40 poliomavı́rus jelenlétét vizsgálták elsődleges agydaganatokban

a kontroll mintákkal összehasonlı́tva. Módosı́tva a 122. hivatkozásból ; engedéllyel használják.
 Az SV40 és az eset vagy a kontroll státusz közötti összefüggéseket OR-ként (fekete pontok) és 95%-os CI-

ként (oszlopok) jelentik, amelyek logaritmikus skálán jelennek meg. A kombinált VAGY fekete négyzetként

jelenik meg. Az OR-k és a CI-k 100-nál csonkoltak. Az 1-nél nagyobb OR azt jelzi, hogy az SV40 gyakrabban
fordult elő agytumormintákban, mint a kontrollmintákban.
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4. TA� BLA� ZAT

SV40 rosszindulatú mesotheliomákban 

 Azon vizsgálatok elemzése, amelyek az SV40 poliomavı́rus jelenlétét vizsgálták rosszindulatú
mesotheliomákban a kontroll mintákkal összehasonlı́tva. Módosı́tva a 122. hivatkozásból ; engedéllyel
használják.

 Lásd a táblázatot 3, b lábjegyzet .	Az egyes VAGY-ok nyitott körökként jelennek meg.

5. TA� BLA� ZAT

SV40 az NHL-ben 

 Azon vizsgálatok elemzése, amelyek az SV40 poliomavı́rus jelenlétét vizsgálták NHL-ekben a kontroll

mintákkal összehasonlı́tva. Módosı́tva a 122. hivatkozásból ; engedéllyel használják.
 Lásd a táblázatot 3, b lábjegyzet .	Az egyes VAGY-ok nyitott négyzetekként jelennek meg.

A közzétett jelentések ezen elemzése azt találta, hogy az SV40 szigni�ikáns megnövekedett koc-
kázata az elsődleges agydaganatokhoz, rosszindulatú mesotheliomákhoz, csontrákokhoz és
NHL-hez kapcsolódik a kontrollmintákhoz képest. Ezért az SV40-hez kapcsolódó humán rossz-
indulatú daganatok fő tıṕusai ugyanazok, mint az SV40 által az állatmodellekben kiváltottak. Bár
az SV40-et tartalmazó humán rákos megbetegedések aránya vizsgálatonként változott, a vıŕus-
prevalencia mindig nagyobb volt az elsődleges daganatok között, mint a kontrollszövetekben.
Fontos, hogy az adatok elemzése azt mutatta, hogy az SV40 etiológiai szempontból jelentős le-
het az emberi rákos megbetegedések egy speci�ikus alcsoportjának kialakulásában. Számos ta-
nulmány kimutatta az SV40 mRNS és/vagy T-ag expresszióját rákos sejtekben, az SV40 szekven-
ciák integrálódását egyes rákos megbetegedések esetén, valamint egyes daganatmintákban a
p53-mal és pRb-vel komplexet képező SV40 T-ag fehérjét ( 1 , 10 , 13 , 39 , 50 , 76 , 122 ). Ezek
az eredmények összeegyeztethetők azzal a jelenlegi ismeretekkel, hogy az SV40 T-ag hogyan
közvetıt́i az onkogenezist. Sőt, a humán rosszindulatú mesothelioma minták mikrodisszekciója,
amelyet PCR követett, csak rákos sejtekben mutatta ki az SV40 T-ag DNS-t, a szomszédos nem
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rosszindulatú sejtekben nem ( 1 , 39 , 104 ). Ezek a különböző kıśérleti vizsgálatok eredményei
alátámasztják az Institute of Medicine ( 111 ) következtetését, miszerint „a biológiai bizonyıt́é-
kok mérsékelten erősek arra vonatkozóan, hogy az SV40-expozıćió természetes körülmények
között rákos megbetegedéshez vezethet.”

JO� VO� BENI IRA� NYOK E� S KO� VETKEZTETE� SEK

Egyre több bizonyıt́ék utal arra, hogy az SV40 humán kórokozó, és a jelenlegi molekuláris bio-
lógia, patológia és klinikai adatok együttesen azt mutatják, hogy az SV40 szigni�ikánsan össze-
függ egyes emberi rosszindulatú daganatokkal, és funkcionálisan fontos lehet ezek kialakulásá-
ban. Most prospektıv́ vizsgálatokra van szükség az SV40 fertőzések előfordulásának meghatá-
rozásához a különböző emberi populációkban, és annak felmérésére, hogy a vıŕus hogyan ter-
jed emberről emberre. Valójában az Orvostudományi Intézet felismerte, hogy ez a hiányosság
az SV40 emberekben való patogenezisének megértésében fontos, és javasolta az SV40 humán
„célzott biológiai kutatását”, beleértve „az SV40 emberben való átvihetőségének további vizsgá-
latát” ( 111 ). Tekintettel arra, hogy a molekuláris biológiai megközelıt́ések érzékeny és speci�i-
kus megközelıt́éseket kıńálnak a lehetséges fertőző etiológiájú fertőző betegségek és rosszindu-
latú daganatok elemzésére, ezeket a modern módszereket alkalmazó vizsgálatokat kell alkal-
mazni az SV40 fertőzések eloszlásának és a mai emberek morbiditásának felmérésére.

Bár az in vitro vizsgálatok megállapıt́ották, hogy az SV40 megzavarja a kritikus sejtciklus-szabá-
lyozási útvonalakat, továbbra sem ismert, hogy ezek a perturbációk elegendőek-e ahhoz, hogy a
vıŕus rosszindulatú daganatok kialakulását idézze elő emberben. Ezért olyan állatmodellekre
van szükség, amelyek reprodukálják az SV40 fertőzés és betegség fő jellemzőit az emberekben.
Az ilyen modellek pontos bizonyıt́ékot szolgáltathatnak egy adott útvonal ok-okozati szerepére
az SV40 patogenezisében a célszövetekben, lehetővé teszik az onkogenezis molekuláris mecha-
nizmusainak további jellemzését, és preklinikai rendszert biztosıt́hatnak e jelentős és egyre gya-
koribb betegségek terápiás beavatkozásainak tesztelésére.
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] [ Google Scholar ]

49. Jafar,	S.,	M.	Rodriguez-Barradas,	DY	Graham	és	JS	Butel.	1998. Szerológiai bizonyı́tékok az SV40 fertőzésekre
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és kezelése transzplantált betegekben. Clin. Megfertőzni. Dis. 35	, 1081-1087 (1999)]. [ PubMed ] [ Google Scholar ]

57. L'Abbe,	KA,	AS	Detsky	és	K.	O'Rourke.	1987. Meta-analı́zis a klinikai kutatásban. Ann. Gyakornok. Med. 107	, 224-

233. [ PubMed ] [ Google Scholar ]

58. Lednicky,	JA,	AS	Arrington,	AR	Stewart,	XM	Dai,	C.	Wong,	S.	Jafar,	M.	Murphey-Corb	és	JS	Butel.	1998. Az
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, 257-267. [ PubMed ] [ Google Scholar ]

62. Lednicky,	JA,	RL	Garcea,	DJ	Bergsagel	és	JS	Butel.	1995. A természetes majomvı́rus 40 törzsek jelen vannak a

humán choroid plexus és ependimoma daganatokban. Virology 212	, 710-717. [ PubMed ] [ Google Scholar ]

63. Lednicky,	JA,	AR	Stewart,	JJ	Jenkins	III,	MJ	Finegold	és	JS	Butel.	1997. Az SV40 DNS humán osteosarcomákban a
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adott poliovakcina szennyezőanyagaként történő bevétel után. Proc. Soc. Exp. Biol. Med. 109	, 965-968 (1999)]. [
PubMed ] [ Google Scholar ]

76. Mendoza,	SM,	T.	Konishi	és	CW	Miller.	1998. SV40 integrációja humán osteosarcoma DNS-be. Oncogene 17	,
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meghatározója, amely befolyásolja az emberi sejtek növekedését. Intervirology 31	, 175-187. [ PubMed ] [ Google
Scholar ]
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PubMed ] [ Google Scholar ]

103. Shivapurkar,	N.,	T.	Wiethege,	II.	Wistuba,	S.	Milchgrub,	KM	Muller	és	AF	Gazdar.	2000. A majomvı́rus 40
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Google Scholar ]

115. Strizzi,	L.,	G.	Vianale,	M.	Giuliano,	R.	Sacco,	F.	Tassi,	P.	Chiodera,	P.	Casalini	és	A.	Procopio.	2000. SV40, JC és
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ABSTRACT

The polyomavirus simian virus 40 (SV40) is a known oncogenic DNA virus which induces pri-
mary brain and bone cancers, malignant mesothelioma, and lymphomas in laboratory animals.
Persuasive evidence now indicates that SV40 is causing infections in humans today and repre-
sents an emerging pathogen. A meta-analysis of molecular, pathological, and clinical data from
1,793 cancer patients indicates that there is a signi�icant excess risk of SV40 associated with
human primary brain cancers, primary bone cancers, malignant mesothelioma, and non-
Hodgkin's lymphoma. Experimental data strongly suggest that SV40 may be functionally impor-
tant in the development of some of those human malignancies. Therefore, the major types of
tumors induced by SV40 in laboratory animals are the same as those human malignancies
found to contain SV40 markers. The Institute of Medicine recently concluded that “the biologi-
cal evidence is of moderate strength that SV40 exposure could lead to cancer in humans under
natural conditions.” This review analyzes the accumulating data that indicate that SV40 is a
pathogen which has a possible etiologic role in human malignancies. Future research direc-
tions are considered.

INTRODUCTION

The polyomavirus simian virus 40 (SV40) is a potent DNA tumor virus, and mounting evidence
suggests that it is an emergent human pathogen (1, 10, 12, 13, 39, 49, 50, 66, 111, 123).
Recently, the Institute of Medicine of the National Academies concluded that “the biological evi-
dence is strong that SV40 is a transforming virus” and that “the biological evidence is of mod-
erate strength that SV40 exposure could lead to cancer in humans under natural conditions”
(111). In addition, two other independent scienti�ic panels have made similar conclusions (53,
131). A recent analysis suggested that SV40 should be included in the list of group 2A carcino-
gens (i.e., agents for which evidence is indicative but not de�initive for carcinogenesis in hu-
mans) by the International Agency for Research on Cancer (39). Therefore, as SV40 is recog-
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nized as a potent oncogenic agent, it is important to evaluate the increasing data that implicate
the virus in some human malignancies. This review examines the biological, pathological and
clinical evidence of SV40 pathogenesis and discusses future directions needed to de�ine an eti-
ologic role for the virus in some of these devastating diseases.

History of SV40 Contamination of Polio Vaccines

The discovery of the polyomavirus SV40, as well as its introduction as a pathogen into the hu-
man population, was tied to the development and worldwide distribution of early forms of the
polio vaccine (13, 95, 111, 123). Inactivated (Salk) and early live attenuated (Sabin) forms of
polio vaccines were inadvertently contaminated with SV40 (95, 97, 111). In addition, different
adenovirus vaccines distributed to some U.S. military personnel from 1961 to 1965 also con-
tained SV40 (64). The viral contamination occurred because these early vaccines were pre-
pared in primary cultures of kidney cells derived from rhesus monkeys, which are often natu-
rally infected with SV40 (13, 95, 111). Infectious SV40 survived the vaccine inactivation treat-
ments, and conservative estimates indicate that up to 30 million people (children and adults) in
the United States may have been exposed to live SV40 from 1955 through 1963 when adminis-
tered potentially contaminated polio vaccines (95, 111). Millions of people worldwide were
also potentially exposed to SV40 because contaminated polio vaccines were distributed and
used in many countries (85, 123). These data led the Institute of Medicine to conclude that “the
biological evidence is of moderate strength that SV40 exposure from the polio vaccine is re-
lated to SV40 infection in humans” (111).

Shortly after its discovery, SV40 was shown to be a potent oncogenic DNA virus (13). In animal
models, the neoplasias induced by SV40 included primary brain cancers, malignant mesothe-
liomas, bone tumors, and systemic lymphomas (13). Subsequently, many in vitro studies estab-
lished that the oncogenic capacity of SV40 re�lects the disruption of critical cell cycle control
pathways (9, 96, 116). During the last decade, numerous published studies from independent
laboratories, using different molecular biology techniques, have demonstrated SV40 large tu-
mor antigen (T-ag) or DNA in primary human brain and bone cancers and malignant mesothe-
lioma (1, 13, 39, 50, 123). More recently, studies have demonstrated that SV40 T-ag sequences
are signi�icantly associated with non-Hodgkin's lymphoma (NHL) (102, 124, 125). Therefore,
the major types of tumors induced by SV40 in laboratory animals are the same as those human
malignancies found to contain SV40 markers. A recent meta-analysis (122) of the molecular ev-
idence conclusively established a signi�icant excess risk of SV40 with those selected human
cancers.

It is noteworthy that SV40 has been detected in malignancies from children and young adults
not exposed to contaminated polio vaccines, as well as in older adults (5, 18, 71, 73, 76, 117,
124, 125, 129, 132, 133). The detection of viral markers in young persons, by using molecular
techniques, coupled with the isolation of infectious SV40 from tumors (62) and from nonneo-
plastic specimens (66, 67), suggests that SV40 continues to cause infections in the human pop-
ulation today. In contrast, some retrospective epidemiological studies have failed to demon-
strate an increased cancer risk in populations which had a high likelihood of having received
potentially contaminated polio vaccine (20, 82, 95, 112, 114). However, the epidemiological
data available are recognized to be inconclusive and limited (95, 111, 123), and the Institute of
Medicine found that the epidemiological data for cancer rates in people potentially exposed to
SV40-contaminated vaccines are inadequate to evaluate a causal relationship (111). This con-
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clusion is based on the lack of data on which individuals actually received contaminated vac-
cines, the unknown dosage of infectious SV40 present in particular lots of vaccine, the failure
to know who among the exposed were successfully infected with SV40, the inability to know if
the vaccine “unexposed” cohorts may have been exposed to SV40 from other sources, and the
dif�iculty of monitoring a large population for cancer development for years after virus expo-
sure. These important limiting factors led the Institute of Medicine to “not recommend addi-
tional epidemiological studies of people potentially exposed to contaminated polio vaccine.”

VIROLOGY AND PATHOGENESIS OF INFECTIONS

Properties of the Virus

SV40 is in the family Polyomaviridae, which includes JC virus (JCV) and BK virus (BKV).
Polyomaviruses are small, nonenveloped, icosahedral DNA viruses. Their genomes consist of a
single copy of double-stranded, circular, supercoiled DNA about 5 kb in length. BKV and JCV
share 72% DNA sequence homology, and each shares approximately 70% homology with
SV40. Although these viruses are related, they can be distinguished easily at the DNA and pro-
tein levels. Genetic differences, particularly in the noncoding, regulatory regions of the viral
genomes, may determine important differences in host range. Furthermore, the three viruses
can be differentiated serologically by neutralization and hemagglutination assays (52, 56, 98).

The SV40 genome is divided into early and late regions, with the early region coding for the
large and small T-ags and the late region encoding the capsid proteins VP1, VP2, and VP3 (Fig.
1). Large T-ag of SV40 strain 776 contains 708 amino acids and is a very multifunctional pro-
tein (Fig. 2). The large T-ag is an essential replication protein that is required for initiation of vi-
ral DNA synthesis and that also stimulates host cells to enter S phase and undergo DNA synthe-
sis. Because of this ability to subvert cell cycle control, T-ag represents the major transforming
protein of SV40. T-ag forms complexes with several cellular proteins; fundamental to T-ag ef-
fects on host cells is binding to cellular tumor suppressor proteins (9, 13, 96, 116). These prop-
erties help explain SV40's potential as a tumor virus. However, it is important to point out that
the oncogenic capacity of SV40 is an accidental side effect of the viral replication strategy; viral
proteins (large and small T-ags) in lytically infected cells stimulate host cells into a state capable
of supporting viral replication.

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC452549/figure/f1/
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FIG. 1.

Genetic map of SV40. The circular SV40 DNA genome is represented, with the unique EcoRI site shown at map
unit 100/0. Nucleotide numbers based on reference strain SV40-776 begin and end at the origin (Ori) of viral
DNA replication (map unit 0/5243). The open reading frames that encode viral proteins are indicated. The

early T-ag proteins are shown on the right, and the late structural (VP) proteins are shown on the left. The be-
ginning and end of each open reading frame are indicated by nucleotide numbers. From reference 13; used
with permission.

FIG. 2.

Functional domains of SV40 large T-ag. Known T-ag functions are identi�ied in boxes above and below the
shaded bar, which represents the T-ag protein. The numbers given are amino acid residues based on reference

strain SV40-776. The variable domain at the extreme C terminus contains amino acid differences among viral
strains and is used for strain identi�ication. From reference 109; used with permission.
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There is only one known serotype of SV40, but genetic strains exist and can be distinguished
by nucleotide differences in the regulatory region (60) and in the variable domain at the ex-
treme C terminus of T-ag, which is de�ined as the last 86 amino acids of the molecule (residues
622 to 708) (47, 58, 62, 63, 81, 109, 110). Nucleotide differences in the T-ag C-terminal region,
including polynucleotide insertions and deletions as well as single nucleotide changes, would
change some encoded amino acids. These distinctions at the nucleotide and protein levels have
conclusively established that SV40 sequences in human malignancies and other clinical samples
are not the result of accidental laboratory contamination (Fig. 3, 4, and 5). However, future
studies need to determine whether SV40 strains differ in pathogenic and/or oncogenic capac-
ity. The classic example of DNA virus strains differing in oncogenic capacity is the human papil-
lomavirus group; of the more than 75 types described, of which about 30 cause genital infec-
tions, only a few types are associated with the development of cervical carcinoma (68, 135).
This identi�ication of high-risk strains has led to the development of preventive interventions,
such as the vaccine against human papillomavirus type 16 (54).

FIG. 3.

SV40 large T-ag variable domains. (a) Schematic of large T-ag, showing the location of the variable domain. (b)
Amino acid changes in the T-ag C-terminal variable domains of representative SV40 isolates and human pri-
mary brain tumor-associated sequences, compared to that of SV40-776. The rectangular boxes represent the T-

ag C-terminal region from amino acid (aa) 622 to 708. Virus isolates from monkey kidney cells are shown in
the left column. Human brain isolates and primary brain cancer-associated sequences are in the right column.
The numbering is according to the system for SV40-776. Del., deletion; Ins., insertion. Arrows indicate the po-

sitions and types of amino acid changes. From reference 121; used with permission.

Laboratory-adapted monkey strains of SV40 typically contain two 72-bp enhancer elements
(Fig. 4 and 5); these are designated “nonarchetypal” or complex regulatory structures (60). In
contrast, SV40 isolates from human nonmalignant (Fig. 4) and malignant (Fig. 5) specimens
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usually (but not always) contain no duplications in the enhancer (“archetypal” structure).

FIG. 4.

DNA sequence pro�iles of SV40 regulatory regions detected in human kidney transplant recipients. Ori, viral
origin of DNA replication region, which spans nucleotides 5195 to 31; 21-bp repeats, GC-rich region between
nucleotides 40 and 103; 72, 72-bp sequence within the enhancer region that is duplicated in some monkey

strains (e.g., reference strain SV40-776). Nucleotide numbers are based on SV40-776. Shown are viral se-
quences associated with transplanted human kidneys (clone designations are on the right). Polymorphisms at
the indicated residues are indicated above the boxes. From reference 11; used with permission. For a detailed

description of the SV40 regulatory region, see reference 60.
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FIG. 5.

Regulatory region of SV40. DNA sequence pro�iles of regulatory regions of SV40 isolates from monkeys and

humans and of human tumor-associated DNAs are shown. The diagrams are labeled as described in the leg-
end to Fig. 4. Shown are laboratory-adapted strains (SV40-776, Baylor, and VA45-54), human isolates
(SVCPC/SVMEN and SVPML-1), and viral sequences found associated with human brain (CPT, CPP, CPC, and

Ep) and bone (Ost) tumors. Tumor-associated sequences usually contain a simple (archetypal) regulatory re-
gion without duplications in the enhancer region. From reference 110; used with permission.

Although the function of the SV40 T-ag variable domain is not known, experimental data have
suggested that it may be important in some aspect of the virus-host interaction. Embedded
within the variable domain of large T-ag is a functional domain, which encompasses amino
acids 682 to 708, de�ined as the host range/adenovirus helper function (hr/hf) domain (Fig. 2
). A C-terminal fragment of T-ag can relieve the adenovirus replication block in monkey cells
(23, 41, 51, 90, 106) by an unknown mechanism. The hr function was identi�ied because T-ag C-
terminal deletion mutants exhibited different growth properties in monkey cell lines; the dele-
tion mutants grew very poorly in CV-1 cells but grew well in BSC and Vero cells (24, 87, 118,
119). Viral DNA was replicated to near-wild-type levels in all three cell types (87, 108). Virions
produced by the hr/hf mutants do not assemble properly, seemingly due to an inability to add
VP1 to the 75S assembly intermediates (105).

The functional roles for another SV40 early protein, small T-ag, are more elusive. This protein
is not essential for virus replication in tissue culture, and there is not a uniform requirement
for it in SV40 transformation or tumor induction. However, studies indicate that SV40 small T-
ag enhances large T-ag-mediated transformation (96) and is required for complete transforma-
tion of human cells in vitro (42). It inhibits cellular protein phosphatase 2A by complexing with
the catalytic subunit and regulatory subunit of the enzyme. Small T-ag plays a role in the induc-
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tion of telomerase in SV40-infected human mesothelial cells (36). Also, recent data indicate that
small T-ag is required by large T-ag to upregulate Notch1 expression in SV40-infected and -
transformed human mesothelial cells, as well as in SV40-positive human mesotheliomas (7).

Viral Replication Cycle and Effects on Host Cells

An appreciation of the replication cycle of SV40 is fundamental to understanding the oncogenic
capacity of SV40 and its potential etiologic role in some human malignancies. The major histo-
compatibility class I molecules are the speci�ic cell surface receptors for SV40 (4, 8). This initial
step in the viral cycle helps explain the broad tropism of the virus and its ability to infect and
induce transformation in many types of cells and tissues. In addition, it provides an important
distinction between SV40 and the other two polyomaviruses that are able to infect humans, JCV
and BKV. JCV uses an N-linked glycoprotein and BKV uses a glycolipid as unique host cell recep-
tors (3). These marked differences are believed to affect the nature of infections by these three
viruses in tissues and individuals.

After infection of a cell, SV40 produces large and small T-ags early in the viral replication cycle.
These antigens bind and block important tumor suppressor proteins, which include p53, pRb,
p107, and p130/Rb2 (1, 13, 59, 96) (Fig. 2). The functions of these intracellular proteins are
centered in the control of the cell cycle. The tumor suppressor p53 is believed to sense DNA
damage and either pauses the cell in late G  for DNA repair or directs the cell to commit suicide
through the apoptotic pathway (96, 116). SV40 T-ag binding sequesters p53, abolishing its
function and allowing cells with genetic damage to survive and enter S phase, leading to an ac-
cumulation of T-ag-expressing cells with genomic mutations that may promote tumorigenic
growth. pRb normally binds transcription factor E2F in early G  of the cell cycle; T-ag causes
unscheduled dissociation of pRb/E2F complexes, releasing E2F to activate expression of
growth-stimulatory genes (96, 116). Therefore, SV40 infections in humans may interfere with
several pathways related to cell cycle control and lead to development of malignancies.

Studies indicate that SV40 can replicate productively in human cells, including fetal tissues
(101), newborn kidney cells (101), and different human tumor cell lines (83), although it grows
poorly in human �ibroblasts (84). Moreover, in vitro assays have shown that human cells can
support replication of SV40, establishing that human proteins have the intrinsic ability to coop-
erate with SV40 T-ag to replicate SV40 DNA (65, 80, 127). Some human cell types undergo visi-
ble cell lysis in response to SV40, whereas others fail to exhibit cytopathic changes and pro-
duce low levels of virus (84). General conclusions from these early studies are that SV40 can
replicate in human cells and that various human cell types display differences in susceptibility
to infection by SV40. The basis for the differences is unknown, but T-ag functions are believed
to be important (27, 69).

Recent studies have shown that primary human mesothelial cells respond to SV40 very differ-
ently from �ibroblasts; the mesothelial cells are highly susceptible to SV40 infection and trans-
formation. Most mesothelial cells were infected; few were killed; high levels of p53/T-ag com-
plexes were present; Notch1, the hepatocyte growth factor receptor (Met), and insulin-like
growth factor 1 were upregulated; and the tumor suppressor gene RASSF1A was inhibited (6,
15, 39, 93). SV40-positive human mesotheliomas show similar changes. The rate of transforma-
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tion of SV40-infected mesothelial cells was at least 1,000 times higher than that of human �i-
broblasts (6). These �indings emphasize that different human cell types may display dramati-
cally different virus-cell interactions during infection.

Transmission in Natural Infections

The recognized natural hosts for SV40 are species of Asian macaque monkeys, especially the
rhesus macaque (Macacca	mulatta). SV40, like the polyomaviruses JCV and BKV, establishes
persistent infections, often in the kidneys of susceptible hosts (13, 59). An association of pri-
mary polyomavirus infection with mild respiratory tract disease, mild pyrexia, and transient
cystitis has been reported (32), but the route of infection of these three viruses has not been
�irmly de�ined.

SV40 infections may become latent, and the level of virus present may be very low. Both
viremia and viruria occur in infected animals, and virus shed in the urine is the probable
means of transmission (2, 97). SV40 infections in healthy monkeys appear to be asymptomatic
(100), but SV40 causes widespread infections among monkeys that are immunocompromised
due to simian immunode�iciency virus infection (47, 58, 81); SV40 sequences and infectious
virus were detected in brain, kidney, spleen, and peripheral blood mononuclear cells (PBMCs).
These results demonstrate that SV40 can be an opportunistic pathogen in immunosuppressed
hosts and that the virus may spread within the host by hematogenous routes.

Characteristics as a Tumor Virus

The oncogenic capacity of SV40 infections has been well established in laboratory animal mod-
els (9, 13, 19, 111, 123). The latent period of tumor development in hamsters infected with
SV40 ranges from 3 months to more than a year. The frequency of tumor development is usu-
ally over 90% in animals infected as newborns but is reduced in older animals. These data sug-
gest that the age at the time of infection, the route of infection, and the duration of infection
may be factors in�luencing the development of malignancies by SV40.

The neoplasias induced by SV40 in animal models include primary brain cancers, malignant
mesotheliomas, bone tumors, and systemic lymphomas (13, 39, 123). Lymphomas are a com-
mon malignancy during SV40 infection. In hamsters inoculated intravenously with SV40, sys-
temic lymphomas developed among 72% of the animals, compared to none in the control
group (21, 29, 30). The lymphomas were of B-cell origin (22). Following intravenous inocula-
tion, about one-third of the animals developed more than one histologic type of neoplasm, with
osteosarcomas being most common after lymphomas. Following intracardiac inoculation, ma-
lignant mesotheliomas and osteosarcomas developed in addition to lymphomas (19). An etio-
logic role of the virus in those cancers was supported because SV40 T-ag was expressed in all
malignant cells, animals with tumors developed antibody against SV40 T-ag, and neutralization
of SV40 with speci�ic antibody before virus inoculation prevented cancer development (29, 30).
Knowledge of these models prompted us, as well as other investigators, to consider the role of
polyomavirus SV40 infections in some human malignancies.

HUMAN INFECTIONS BY SV40: OVERVIEW OF THE EVIDENCE
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Although the prevalence of SV40 infections in humans is not known, studies conducted over
the last three decades indicate that SV40 infections are occurring in child and adult popula-
tions today. These included individuals who received potentially SV40-contaminated vaccines,
as well as in persons born after 1963 who could not have been exposed to those vaccines (5,
11-14, 17, 18, 25, 26, 28, 40, 46, 49, 55, 62, 63, 66, 67, 71-74, 76, 78, 86, 88, 89, 92, 94, 95, 102,
104, 111, 115, 117, 120, 124, 125, 129, 130, 132, 133). In addition, 19% of newborn children
and 15% of infants 3 to 6 months old at the time of receiving the oral contaminated polio vac-
cine were shown to excrete infectious SV40 in their stools for up to 5 weeks after vaccination
(75). It is important to point out that the incidence of SV40 infections linked to those vaccines is
not known.

SV40 seroprevalence rates in the general populations of the United States and other countries
have ranged from 2 to 20% (13, 78, 95). However, differences in the methodology and low sen-
sitivity of the assays used in some studies make it dif�icult to ascertain the actual prevalence of
SV40 infections. A report by Shah et al. (99) found that 18% of adult kidney transplant patients
had speci�ic neutralizing antibody to SV40. Another study among adult patients showed the
presence of SV40 neutralizing antibodies in 16% of human immunode�iciency virus-infected
patients and 11% of individuals not infected with human immunode�iciency virus (49). Among
hospitalized children, the overall prevalence of speci�ic SV40 serum neutralizing antibodies was
6% (12); the SV40 seropositivity among children increased with age (P = 0.01) and was signi�i-
cantly associated with kidney transplantation (P < 0.001) (Table 1). Recently, a study of the
prevalence of SV40 infections showed rates of 9% in Hungary and 4% in the Czech Republic
(14). Females had a higher rate of SV40 antibodies than males, reaching 16% in Hungary and
8% in the Czech Republic in certain age groups. SV40 infections were found in similar propor-
tions in both countries among persons not exposed to potentially contaminated polio vaccines
and in subjects vaccinated in the era of SV40-free vaccines. Minor et al. (78) recently analyzed
over 2,000 sera from the United Kingdom and found an SV40 seroprevalence rate of just un-
der 5%. Most of the neutralizing titers were low, and there was no apparent relationship be-
tween antibody positivity and polio vaccine usage. These data suggest that SV40 is being trans-
mitted in the human population today, probably at a relatively low prevalence rate. However,
conclusions about seroprevalence rates should be viewed with caution, as very little is known
about the human immune response to SV40 infections.

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC452549/table/t1/
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TABLE 1.

SV40 seropositivity of hospitalized children in Houston, Tex.

Populationcharacteristic No.	SV40	seropositive /no.	of	patients	(%	seropositive)

Age (yr)

    <1-4 1/95 (1.1)

    5-9 5/88 (5.7)

     10-15 14/154 (9.1)

Sex

    Male 12/181 (6.6)

    Female 8/156 (5.1)

Race or ethnicity

    White 11/150 (7.3)

    Hispanic 5/85 (5.9)

    African-American 3/75 (4.0)

    Asian-American 0/5

    Other 1/22 (4.5)

Overall seropositivity 20/337 (5.9)

From reference 12, used with permission.

Seropositivity was determined by using an SV40-speci�ic plaque reduction neutralization assay in tissue
culture cells.
There was a signi�icant association of SV40 seropositivity with kidney transplantation (6 of 15 [40.0%])

compared to other diagnoses (8 of 238 [3.4%]) (P < 0.001).

Although the mode of transmission of SV40 among humans is unknown, we speculate that dif-
ferent routes may be involved. Studies with laboratory animals indicate that maternal-infant
transmission is one possible route of SV40 spread (91). This may represent a pathway for
SV40 infections in humans (of unknown frequency), as there are reports of the detection and
expression of SV40 T-ag and the presence of viral DNA in cases of primary brain cancers in in-
fants and young children (5, 71, 72, 117, 129, 133). Also, evidence indicates that zoonotic trans-
mission of SV40 should be a consideration in certain populations. Indeed, laboratory workers
in contact with SV40-infected monkeys and/or tissues from those animals had a prevalence of
antibodies to SV40 in the range of 41 to 55%, suggesting an increased risk for viral infection
among this group of workers (43, 134).

Molecular studies of adult patients with renal disease and recipients of kidney transplants
found that SV40 cytopathic effects developed in CV-1 cells cocultured with urinary cells or
PBMCs from those patients (66, 67). SV40 sequences were detected by PCR in kidney biopsies
from 56% of patients with focal segmental glomerulosclerosis. SV40 DNA was localized to re-
nal tubular epithelial cell nuclei in renal biopsies of patients with focal segmental glomeru-
losclerosis as determined by in situ hybridization. In addition, studies showed that SV40 DNA

a

b

c
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b
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sequences from the viral regulatory region were detected and identi�ied in the allografts of im-
munocompromised pediatric renal transplant recipients (Fig. 4) and in the native kidney of a
young adult lung transplant patient with polyomavirus nephropathy (11, 12, 77). Different
studies have detected SV40 DNA sequences in PBMCs from various patient populations (26, 31,
66, 72, 73, 132). These results demonstrate the nephrotropic and lymphotropic properties of
SV40 and indicate that the kidney can serve as a reservoir for the virus in humans. It appears
that patients with acquired and/or iatrogenic immunosuppression are a population at risk for
SV40. However, the frequency, natural history, and morbidity of the virus in this increasing pa-
tient population are unclear.

Large prospective studies using sensitive and speci�ic reagents for SV40 are needed to deter-
mine the prevalence of viral infections in the general population and to de�ine groups of indi-
viduals at elevated risk for this emerging pathogen. Similarly important is the need for
prospective longitudinal studies that address the morbidity and related mortality of these in-
fections. The use of serologic tests alone may not be the most reliable way to conduct these
studies. An enzyme immunoassay method for detection of SV40 antibodies in humans recog-
nizes cross-reactivity between SV40, BKV, and JCV, complicating interpretation of assay results
(126). Similar limitations have been found in serologic methods for identi�ication of human in-
fection with herpes B virus (Cercopithecine herpesvirus 1), which is known also to naturally in-
fect rhesus macaques (M.	mulatta) (45). Because infection with B virus in humans results in fa-
tal encephalomyelitis or severe neurologic impairment, rapid and conclusive diagnosis is criti-
cal in order to control sequelae by this viral pathogen. Serologic assays (including enzyme im-
munoassay) for B-virus infection in humans are limited by low sensitivity and speci�icity (45).
Currently, cell culture for the three polyomaviruses known to infect humans (JCV, BKV, and
SV40) is rarely helpful in establishing diagnosis of infection because of slow viral growth and
the requirement for specialized cell lines (52, 56). Serologic assays may be useful for retro-
spective epidemiological analysis, but they are of minimal use for diagnosis or therapeutic deci-
sions because most overt polyomavirus infections are believed to result from reactivation of la-
tent infections (52, 56). Therefore, the use of modern molecular biology assays is an excellent
and preferred alternative for the analysis of SV40 infections in the human population (123). In
addition, these sensitive and speci�ic techniques are able to provide insights into the possible
infectious etiology of human malignancies (37, 79, 123).

ROLE OF SV40 IN HUMAN CANCER

Experimental Approaches

During the last decade, many studies have shown the presence of SV40 large T-ag DNA or
other viral markers in primary human brain and bone cancers, malignant mesotheliomas, and
NHL (Fig. 6). Sequence analyses (Fig. 3 and 5) and detection of T-ag protein (Fig. 7) ruled out
laboratory contamination of tumor samples. Importantly, infectious SV40 was isolated from a
primary brain cancer of a 4-year-old child (62). An important consideration when evaluating
the molecular biology data is the sensitivity of methods used to detect SV40 in human tumor
samples. Early studies (before 1992) identi�ied SV40-positive neoplasms by using indirect im-
muno�luorescence for viral proteins or DNA hybridization techniques (55, 74, 130), whereas
studies after 1992 generally used PCR-based assays.
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FIG. 6.

Detection of SV40 T-ag DNA in NHLs. (A) PCR-ampli�ied polyomavirus sequences after agarose gel electropho-

resis and staining with ethidium bromide (upper panel) and after Southern blotting with oligonucleotide
probes speci�ic for individual polyomaviruses (lower panels). Lane M, molecular weight marker. Positive
control reactions included plasmids speci�ic for SV40 (SV40+), JCV (JCV+), and BKV (BKV+). The negative

control (NC) was a reaction without added DNA template. CA, cancer control samples (colon and breast can-
cers). Hybridization of the PCR products to an oligonucleotide probe speci�ic for SV40 identi�ied the lym-
phoma-associated viral sequences as SV40 speci�ic; JCV and BKV were not detected. (B) Sequence analysis of

the PCR product from the N terminus of the T-ag gene. The sequence from the lymphoma sample (NHL) is
identical to that of SV40 and distinguishable from those of JCV and BKV. From reference 125; used with
permission.

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=452549_zcm0030420970006.jpg
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC452549/figure/f6/


2024. 03. 21. 8:11 Emergent Human Pathogen Simian Virus 40 and Its Role in Cancer - PMC

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC452549/ 14/26

FIG. 7.

(A) Immunohistochemical detection of SV40 T-ag in a diffuse large B-cell NHL. (B) Negative control specimen
(a reactive lymph node). Specimens were stained by using a monoclonal antibody, PAb416. Note the strong

nuclear staining of the majority of lymphoma cells. Magni�ication, ×400.

During the last three decades more than 60 original studies have reported the detection of
SV40 in primary brain and bone cancers, malignant mesothelioma, and NHL, whereas a few
studies have described an absence of SV40 in those malignancies (16, 33, 34, 44, 48, 70, 113).
However, the small numbers of samples tested, the histologic types of malignancies examined,
and the laboratory methodologies employed in some cases limit the signi�icance of the results
in those studies reported to be negative. Indeed, several steps need to be considered when
performing molecular studies of human specimens (1, 50, 61, 107). First, the extraction step of
nucleic acids determines whether tissues yield adequate and suitable DNA or RNA for analysis.
Unfortunately, with formalin-�ixed and paraf�in-embedded specimens, degradation of nucleic
acids and proteins is a common problem, and the quality of recovered DNA may be poor. If
only small amounts of paraf�in-embedded tissues are available, the yield of nucleic acids may
be inadequate for analysis. Primers directed to a human cellular gene should be used to estab-
lish the suitability of a sample for PCR analysis. Because of the sensitivity of PCR-based assays,
it is important to rigorously guard against laboratory contamination of samples and controls
during processing or testing. Tissue processing and PCR assay setup should be performed in
different facilities, from which positive controls (i.e., plasmids) are excluded. Negative tissue
controls, extracted and analyzed in parallel, should be included in each experiment to monitor

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=452549_zcm0030420970007.jpg
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC452549/figure/f7/
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for reagent contamination. The selection of primers and PCR conditions greatly in�luences the
sensitivity and reliability of the assay. Another factor is that tumor specimens usually contain
mixtures of normal and malignant cells, in varying proportions. Variations in one or more of
these important parameters may explain, at least in part, the ranges in positivity observed
among some positive studies and the results obtained in some negative studies.

Summary and Meta-Analysis of Controlled Studies

Table 2 provides a timeline for landmark discoveries associating the polyomavirus SV40 and
human malignancies. Although numerous studies have detected SV40 in human primary brain
and bone cancers, malignant mesothelioma, and NHL, the small sample sizes and the lack of a
control group in some studies made it dif�icult to make conclusions about the extent to which
SV40 may be associated with those human cancers. For this reason, we conducted a meta-
analysis of controlled studies (122), an approach which can provide a more balanced and less
biased estimate of the evidence than individual studies (57). For inclusion in the meta-analysis,
reports had to meet the following criteria: studies were conducted among patients with pri-
mary malignancies, the investigation of SV40 was performed on primary cancer specimens and
not on cultured cells, the analysis included a control group, and the same laboratory technique
was used for both case and control samples. These criteria were established because the use of
appropriate controls is crucial in the proper analysis of tissue for viral DNA, especially consid-
ering the sensitivity of PCR techniques (38). Thirty-�ive independent studies met these inclusion
criteria. In total, data from 1,793 patients with primary malignancies were evaluated to deter-
mine whether SV40 is signi�icantly associated with primary brain cancer, malignant mesothe-
lioma, bone cancer, and NHL.

TABLE 2.

Timeline for discoveries associating SV40 and human malignancies

Yr Discovery

1970s-1980s Pre-PCR: SV40 and brain cancers

1992 SV40 DNA (PCR) and expression of large T-ag in brain cancers

1994 SV40 DNA and expression of large T-ag in malignant mesotheliomas

1995 Infectious SV40 isolated from a brain cancer of a 4-year-old child

1996 SV40 DNA in bone cancers

2002 SV40 DNA in lymphomas

2002 Institute of Medicine concluded that “SV40 exposure could lead to cancer in humans under

natural conditions”

Thirteen studies ful�illed the criteria for the investigation of primary brain cancers (Table 3).
The combined odds ratio (OR) of the studies used in the analysis was 3.9 (95% con�idence in-
terval [CI], 2.6 to 5.8). This effect was based on specimens from a total of 1,143 patients, of
which 661 were primary brain cancer samples and 482 were control specimens. A modi�ier de-
tected was the type of sample analyzed (paraf�in embedded versus frozen). The adjusted OR
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was 3.8 (95% CI, 2.6 to 5.7). For malignant mesothelioma, 15 studies ful�illed the criteria; the
combined OR of analysis was 16.8 (95% CI, 10.3 to 27.5) and was based on 528 patients with
malignant mesothelioma and 468 controls (Table 4). Modi�iers detected were the type of con-
trol tissue and the method of detection of SV40. The adjusted OR was 15.1 (95% CI, 9.2 to
25.0). The combined OR of the analysis of bone cancers and SV40 was 24.5 (95% CI, 6.8 to
87.9) and was based on 303 patients with bone tumors and 121 controls from four reports
(122). The OR for NHL was 5.4 (95% CI, 3.1 to 9.3) and represented 301 cases and 578 con-
trols included in three studies (Table 5). Because there were only three studies that ful�illed the
inclusion criteria, further examination of modifying variables was not possible for NHL.

TABLE 3.

SV40 in primary brain tumors

Analysis of studies which examined the presence of the polyomavirus SV40 in primary brain tumors
compared with control samples. Modi�ied from reference 122; used with permission.
The associations between SV40 and case or control status are reported as ORs for each study (black dots)

and 95% CIs (bars), which are displayed on a logarithmic scale. The combined OR is shown as a black
square. ORs and CIs are truncated at 100. An OR of >1 indicates that SV40 was more common in brain tumor
samples than in control samples.

TABLE 4.

SV40 in malignant mesotheliomas

Analysis of studies which examined the presence of the polyomavirus SV40 in malignant mesotheliomas
compared with control samples. Modi�ied from reference 122; used with permission.
See Table 3, footnote b. Individual ORs are shown as open circles.
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TABLE 5.

SV40 in NHLs

Analysis of studies which examined the presence of the polyomavirus SV40 in NHLs compared with control
samples. Modi�ied from reference 122; used with permission.
See Table 3, footnote b. Individual ORs are shown as open squares.

This analysis of published reports found a signi�icant excess risk of SV40 associated with hu-
man primary brain cancers, malignant mesotheliomas, bone cancers, and NHL compared to
control samples. Therefore, the major types of human malignancies associated with SV40 are
the same as those induced by SV40 in animal models. Although the proportion of human can-
cers containing SV40 varied from study to study, viral prevalence was always greater among
primary tumors than among control tissues. Importantly, analysis of data indicated that SV40
may be etiologically meaningful in the development of a speci�ic subset of human cancers.
Multiple studies have shown the expression of SV40 mRNA and/or T-ag in cancer cells, the in-
tegration of SV40 sequences in some cancers, and SV40 T-ag protein complexed with p53 and
pRb in some tumor specimens (1, 10, 13, 39, 50, 76, 122). These �indings are compatible with
current understanding of how SV40 T-ag mediates oncogenesis. Moreover, microdissection of
human malignant mesothelioma samples followed by PCR detected SV40 T-ag DNA only in can-
cer cells and not in adjacent nonmalignant cells (1, 39, 104). These results from different ex-
perimental studies support the conclusion of the Institute of Medicine (111) that “the biological
evidence is of moderate strength that SV40 exposure could lead to cancer in humans under
natural conditions.”

FUTURE DIRECTIONS AND CONCLUSIONS

Mounting evidence indicates that SV40 is a human pathogen, and current molecular biology,
pathology, and clinical data, taken together, show that SV40 is signi�icantly associated with and
may be functionally important in the development of some human malignancies. Now, prospec-
tive studies are needed to determine the prevalence of SV40 infections in different human pop-
ulations and to assess how the virus is transmitted from person to person. Indeed, the Institute
of Medicine recognized that this gap in our understanding of the pathogenesis of SV40 in hu-
mans is important and recommended “targeted biological research” of SV40 in humans, includ-
ing “further study of the transmissibility of SV40 in humans” (111). Considering that molecular
biology approaches provide sensitive and speci�ic approaches to analyze infectious diseases
and malignancies with a possible infectious etiology, studies using these modern methods
should be used to assess the distribution of SV40 infections and morbidity in humans today.
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Although in vitro studies have established that SV40 disrupts critical cell cycle control path-
ways, it remains unknown whether these perturbations are suf�icient for the virus to induce
the development of malignancies in humans. Therefore, animal models that reproduce key fea-
tures of SV40 infection and disease in humans are needed. Such models could provide precise
evidence of the causal role of a particular pathway in SV40 pathogenesis in target tissues, allow
further characterization of the molecular mechanisms of oncogenesis, and provide a preclinical
system to test therapeutic interventions for these signi�icant and increasingly common
diseases.
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