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Introduction

A review that used current technology to verify the diagnosis 
of all lung/pleural cancer deaths recorded over 100 years 
at Massachusetts General Hospital in Boston identified 
the first case of mesothelioma in 1947, with a steep 
increase of this diagnosis in the 1960s and thereafter (1).  
The authors suggested that mesothelioma was possibly a 
“new” cancer caused by the massive exposure to asbestos 
during and after World War II. This theory has been 
proven incorrect, at least in part, as mesothelioma occurs 
“spontaneously” in carriers of germline BAP1 heterozygous 

mutations regardless of asbestos exposure (1-4). Asbestos 
likely may increase the risk of mesothelioma in these 
individuals (5). However, the increase of mesothelioma in 
the 1960s coincided with human exposure to simian virus 
40 (SV40) to which the human population was exposed 
massively between 1955–1963 when poliovaccines were 
contaminated with viable, infectious SV40 (6-8). 

Here the authors summarize these issues. Dr. Gazdar, 
our co-author, had just started to write this article when he 
unexpectedly became ill and died; the coauthors completed 
the work he had started.
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Human exposure to SV40 

SV40 is a DNA tumor virus that is endemic in rhesus 
monkeys. Because poliovaccines were initially prepared by 
growing the poliovirus in primary rhesus monkey kidney 
cells in tissue culture, many lots of poliovaccines in the 
US were contaminated with SV40 from 1954 until 1963 
(8,9). Moreover the poliovaccines that were prepared 
in the former Soviet Union and in countries under its 
influence, were contaminated with infectious SV40 at least 
until 1978, with the exception of former Jugoslavia that 
produced their own SV40-free poliovaccines (10). In Italy, 
one of the poliovirus stocks used to prepare poliovaccines 
remained contaminated until 1991 when the contaminant 
was discovered and the contaminated poliovaccine stock 
replaced (10). In China, until the recent past, poliovaccines 
were still prepared using rhesus monkey kidney cells, and 
thus were likely contaminated, until the very recent past (10). 
Both the attenuated (Sabin) oral, live poliovaccines (OPV) 
and the inactivated (Salk) poliovaccines (IPV) contained 
live SV40. There was no inactivation step in production 
of OPVs, and the process used to inactivate polioviruses 
in IPVs was insufficient to inactivate all contaminating 
SV40. However, not all batches of poliovaccines were 
contaminated and the amount of contamination varied 
greatly (9,11-13). Notably, these production processes meant 
that the level of contaminating SV40 was much higher in 
OPVs than IPVs and that all lots of OPV would have been 
contaminated as the vaccine seed stocks contained SV40. 
IPV lots would have been contaminated when the primary 
cultures of rhesus monkey kidney cells used for vaccine 
production were naturally infected with SV40. In addition, 
the route of administration was presumably more natural 
for OPV (oral) than for IPV (intramuscular). These factors 
make it likely that contaminated OPV exposures initiated 
the majority of human infections (13). Finally, researchers 
always assumed that SV40 infection of monkey cells would 
also produce vacuolization which allowed detection of the 
infection. However, recent work by researchers at the Food 
and Drug Administration revealed that SV40 can infect 
monkey cells without producing vacuoles. The implication 
of these studies is that many more vaccines may have been 
contaminated than current estimates (14).

SV40 causes cancer

DNA tumor viruses are usually not oncogenic in their 
natural host (for example, SV40 does not appear to cause 

cancer in rhesus monkeys) but they often become oncogenic 
when they cross species (15). Tests in hamsters revealed that 
SV40 produced sarcomas when injected subcutaneously, 
ependymomas and other types of brain tumors when 
injected intracranially, leukemias, lymphomas and bone 
tumors when injected intravenously, and mesotheliomas, 
osteosarcomas and lymphomas when injected intracardially. 
These are the same tumor types in which DNA sequences, 
mRNAs, and proteins corresponding to SV40 have 
been identified by multiple research teams [reviewed in 
(7,11,16)] (13,17). The occurrence of mesotheliomas in 
60% of hamsters injected intracardially (18) was startling 
as these tumors had previously been linked only to asbestos 
exposure. The prevalence of mesotheliomas observed upon 
intracardiac injection suggested that the virus reached 
the pleura and pericardium directly upon the injection 
tract. Moreover, the pericardial inflammation caused by 
the needle puncture may have favored malignant growth. 
Furthermore, intrapleural injection of SV40 caused 
mesotheliomas in 100% of injected hamsters (19).

SV40 is one of the most potent human 
carcinogens used in research laboratories

SV40 infection per se causes malignant transformation 
of human cells (11,12). Dr. Hilary Koprowski provided 
probably the most compell ing evidence for SV40 
carcinogenesis in humans when his team took punch biopsies 
from terminally-ill patients, “volunteers”, established their 
fibroblasts in tissue culture, and infected the cells with SV40. 
The cells were re-injected back into the donors and formed 
tumor nodules that eventually regressed, either for lack 
of a blood supply or because of an immune response (20).  
These types of experiments are no longer allowed and 
presently we must rely on indirect evidence to identify 
human carcinogens, such as tridimensional foci formation, 
growth in soft agar, and tumor growth in mice (21). In 
contrast, Koprowski’s experiments provided unequivocal 
direct evidence that SV40 was a human carcinogen.

The potent tumor-inducing capacity of SV40 is 
linked largely to its major oncoprotein, the SV40 large 
tumor antigen (Tag) that binds and inactivates several 
cellular tumor suppressors, including pRb and p53, thus 
simultaneously impairing two cellular pathways that 
regulate G1/S transition and G2/M checkpoints of the cell 
cycle (22,23); [reviewed in (7,24)]. Intriguingly, SV40 Tag 
requires TP53 to transform human cells. On one hand, the 
Tag-p53 complex inactivates the tumor suppressor activity 
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of TP53, while, on the other hand, this complex binds 
and activates the IGF receptor and induces cell growth. 
This mechanism is required for SV40 transformation as it 
provides a critical survival signal to circumvent apoptosis 
during the early phases of SV40 infection (25) and supports 
the early phases of tumor growth (26). Accordingly, down-
regulation of TP53 reduces the transforming activity of 
SV40 in human mesothelial (HM) cells (25). SV40 Tag 
also binds and modulates p300 activity (27). Moreover, at 
least in mesothelial cells and astrocytes, SV40 infection 
induces telomerase activity, a process that requires both 
the large Tag and the small t-antigen (tag) of SV40 (28). 
This does not happen following transfection where SV40 
is often under the control of a heterologous promoter. 
Among several other activities, SV40 Tag in human cells 
induces Notch 1 (29) and Met (30) activity, promoting cell 
growth. Of note, Met activity causes the secretion of the 
hepatocyte growth factor (HGF), which has a paracrine 
growth-stimulating effect on nearby cells, including cells 
not infected with SV40 (30). As a consequence of these 
activities, within a few days following SV40 infection, non-
permissive human cells develop marked aneuploidy, which is 
ultimately responsible for the maintenance of the malignant 
phenotype (15,31-33). 

Note that the widespread belief that integration of 
the SV40 DNA into the host genome and expression of 
the SV40 Tag are required to maintain the transformed 
phenotype is based largely on transfection experiments in 
which Tag expression is under the control of a heterologous 
promoter. It does not apply to natural infections in which 
Tag is under the control of its own promoter and whose 
activity is enhanced by the production of the small t antigen 
(tag), a viral protein that binds and inactivates PP2A, 
thus modulating SV40 replication (34). Indeed, there 
are multiple lines of evidence indicating that once SV40 
infection has caused extensive aneuploidy the transformed 
cells no longer require the presence or expression of SV40 
to maintain the transformed phenotype or for tumor growth 
(33,35-37). There is supporting evidence that once cells 
are transformed, there may be an immune selection in vivo 
against cells expressing SV40 tumor antigens that favors the 
growth of subclones in which either viral proteins are not 
expressed or the SV40 DNA has been lost altogether (38).

SV40 detection in human cancers 

Following a number of sporadic reports of SV40 in 
human cancers [reviewed in (7)] (17), DJ Bergsagel in the 

laboratory of Robert Garcea reported that 90% of human 
ependymomas and choroid plexus tumors contained SV40 
DNA sequences and that some of the tumor cells expressed 
the SV40 Tag (39). A few years later, John Lednicky in 
Janet Butel’s laboratory isolated infectious SV40 from one 
of those cancer specimens confirming that, at least in that 
specific biopsy, the “SV40-like sequences” detected by the 
polymerase chain reaction (PCR) and immunohistochemistry 
(IHC) corresponded to infectious SV40 (40).

The finding that SV40 could cause mesothelioma in 
hamsters (18,19) and the coincidental exponential increase 
in the incidence of mesothelioma in the years that followed 
the administration of SV40-contaminated vaccines led to 
tests of the hypothesis that SV40 might have contributed, 
together with asbestos, to the increased incidence of 
mesothelioma in recent decades. The results revealed that 
most mesotheliomas and some osteosarcomas contained 
SV40 DNA sequences (41,42) [reviewed in (17,22)]. These 
findings, together with those involving brain tumors (39), 
suggested that SV40 might play a causative role in certain 
types of human cancers and might have contributed to the 
massive increase in the incidence of mesothelioma in recent 
decades (43-45).

Mesotheliomas are rare tumors whose incidence 
increased exponentially in the Western world after 1960 
(data in other parts of the world are not available), an 
increase that has been linked to the large use of asbestos 
during and after World War II (46-48). Asbestos causes 
chronic inflammation and the release of mutagenic oxygen 
radicals (49-51), as well as the activation of various cellular 
pathways that promote cell growth (52-55). Kroczynska 
et al. demonstrated that SV40 and asbestos are co-
carcinogens in causing mesothelioma in hamsters and 
malignant transformation of HM cells in tissue culture (56).  
This study strongly suggested that SV40 infection and 
asbestos exposure together could have contributed to 
the development of human mesothelioma. A molecular 
epidemiological study conducted by Cristaudo et al., 
supported these findings (57).

Is the detection of SV40 in human cancer 
reliable and is it linked to the administration of 
SV40-contaminated poliovaccines? 

Numerous studies, including blinded multi-laboratory 
studies designed to address the specificity of these  
f indings (58) verified the presence of SV40 DNA 
sequences in brain tumors, mesotheliomas, lymphomas, 
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and osteosarcomas, the same tumor types that were 
induced by SV40 when injected into hamsters [reviewed in 
(6,7,15,44,59,60)] (8,17). Some studies, however, did not 
find SV40 DNA in these same tumor types (61-63). The 
authors of these negative papers argued that the positive 
results were caused by laboratory contamination with DNA 
sequences from SV40-containing plasmids widely used in 
many laboratories. In-depth discussions of these issues can 
be found in references (7,8,11,12,43,62,64-66). 

It is possible that some studies reported accidental 
contamination, especially those studies in which controls 
were minimal, such as when detection or absence of SV40 
DNA was measured only by ethidium bromide staining 
without performing hybridization with specific probes and/
or confirming the results using DNA sequencing. It is also 
clear that some studies that reported negative results used 
technical approaches that were flawed and/or inadequate 
to detect SV40 [see: (8,67,68)]. In some cases, the authors 
themselves recognized the flaws and, by correcting the 
technical approach, were able to detect SV40 DNA (69) and 
SV40 Tag (70) in some mesothelioma biopsies.

Molecular analysis of SV40 in human cancers 

Sequence analysis of the regulatory region of SV40 
DNA in human brain tumors showed that the enhancer 
region contained single 72-basepair elements (simple or 
archetypal structure), in contrast to laboratory strains 
of SV40 which contain rearranged, complex regulatory 
regions (40,71). Importantly, a study of commercial oral 
poliovaccines from 1955 detected the presence of SV40 
and found that the contaminating SV40 contained simple 
regulatory regions with single 72-basepair elements (9). 
A study of a meningioma brain tumor from a laboratory 
scientist produced strong evidence of a known exposure 
to SV40 linked to subsequent cancer development 10–15 
years later (72). Viral strain-specific DNA sequences in 
the meningioma were identical to those of the laboratory 
exposure source.

Epidemiology

It appears that the frequency of detection of SV40 in 
human cancers is influenced by geographic variations 
corresponding to the very different risks of exposure to 
SV40-contaminated poliovaccines in various countries 
(10,13,73,74). For example, De Rienzo et al. did not detect 
SV40 in 9/9 Turkish mesothelioma biopsies and did detect 

SV40 in 4/11 US mesothelioma biopsies, each sample tested 
in triplicate, i.e., 3 separate biopsies, producing consistent 
results (75). Similarly, Emri et al. (74) detected SV40 in 
2/2 Italian mesothelioma biopsies and in 0/29 Turkish 
mesotheliomas. In contrast to the US and Italy, Turkey did 
not use SV40-contaminated poliovaccines, as vaccination 
in that country started only in the mid-1970s when most 
vaccines were SV40-free (10).

Epidemiologists argued in favor of and against the role of 
SV40 in causing mesothelioma and other human cancers (76).  
Viruses are rarely complete carcinogens, and cancer is 
usually a rare consequence of viral infection, with co-factors 
playing very important roles. For example, less than 1 in 
1,000 women infected with human papilloma virus (HPV) 
develop carcinoma in situ and about 1 in 100 women with 
carcinoma in situ may develop invasive cervical carcinoma. 
Accordingly, geographical differences and related cofactors 
may influence the biological significance of SV40 infection, 
as observed with other viruses (59). For example, about 90% 
of nasopharyngeal carcinomas in China and of Burkitt’s 
lymphomas in Africa are causally linked to Epstein-Barr 
virus (EBV) infection, but the same tumor types in the US 
and Europe are rarely linked to EBV infection.

To further complicate epidemiology, humans could 
presumably be infected with SV40 by transmission via aerosol 
or gastrointestinal exposure by individuals who had received 
contaminated poliovaccines (13,77,78). Accordingly, SV40 
DNA has been detected in individuals born after 1963 (11,17). 
This evidence further complicated the interpretation of the 
epidemiological studies that tried to determine whether SV40-
contaminated poliovaccines were linked to the increased 
incidence of mesothelioma and of other cancers by comparing 
pre- and post-1963 cohorts [reviewed in: (13,59)]. Given these 
limitations, the Institute of Medicine (IOM), now renamed 
National Academy of Medicine, reviewed the issue of whether 
exposure to SV40-contaminated poliovaccines had contributed 
to an increase of mesothelioma and of other cancers, and 
concluded that all epidemiological studies were “flawed” 
because it was impossible to reliably identify those individuals 
who had received SV40-contaminated poliovaccines from 
those who had not (79). Therefore, a combination of 
epidemiology and molecular studies is a better approach than 
using only epidemiology to address the possible role of SV40 
in human cancer (80).

Because of variability among the design of many 
published studies, the Butel laboratory performed a meta-
analysis of reports of SV40 association with human cancers 
[summarized in (81)]. Well-controlled studies were included 
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in the analysis that met stringent criteria: only patients with 
primary malignancies were tested, analyses were carried out 
on primary cancer specimens only (not cell lines), a control 
group of subjects was analyzed in parallel, and the same 
laboratory techniques were used on both case and control 
samples. For mesotheliomas, analysis of 996 subjects (528 
cancer patients and 468 controls) from 15 studies yielded an 
odds ratio (OR) of SV40 association of 15.1. Meta-analysis 
of brain cancer, bone cancer, and non-Hodgkin lymphoma 
reports gave ORs of 3.8, 24.5, and 5.4, respectively.

Model of SV40 infections and associated 
cancers in humans 

A model has been described recently that predicts patterns 
of SV40 infections and associated virus-positive cancers 
in humans (13). Key features of the model are that human 
infections by SV40 reflect primarily past exposure to 
contaminated oral poliovaccines (not IPVs), that viral 
transmission occurs among humans by a fecal/urine-oral 
route under poor sanitation and living conditions, and that 
viral infections persist today in selected populations in only 
certain geographic areas. Predictions of the model are that 
SV40 prevalence rates will vary widely and will be generally 
very low in countries and populations that were not exposed 
to SV40-contaminated OPV and/or enjoy good sanitation 
and living conditions. Of course, persons from high-
prevalence areas might carry SV40 persistent infections 
into low-prevalence countries and transmit infections in 
regions there. This model is compatible with historical 

usage of contaminated poliovaccines and can explain 
inconsistencies in the published literature. For example, 
some studies analyzed samples from countries that were not 
sites of common usage of SV40-contaminated OPV and/
or considered IPVs as the exposure source. The model also 
demonstrates the importance of selection of appropriate 
study populations and emphasizes the differences in 
expected patterns of findings between SV40 and those of a 
cancer virus distributed worldwide, such as HPV.

Laser microdissection and methylation studies 

As the issue of SV40 presence in human tumors was 
becoming controversial, Adi Gazdar was quite skeptical 
about the positive findings. Gazdar had exceptional 
credibility in the thoracic cancer world as he had developed 
most of what was known about the molecular biology of 
lung cancer, and he also had strong credibility in virology 
having played a key role in the discovery of HTLV-1 (82)  
and later of HTLV-3 (subsequently renamed HIV). 
However, sadly, although Gazdar provided the precious 
cells that were used to culture and isolate HIV (as HIV 
would not grow in other available cells), his critical 
contribution was not acknowledged in the resulting paper. 
Gazdar proposed at multiple mesothelioma meetings 
that SV40 was a passenger virus that did not play any role 
in causing mesothelioma or other human malignancies, 
and he set up an experiment to disprove the relevance 
of SV40 detection in human cancer biopsies (Figure 1). 
The results surprised Gazdar who eventually became a 

Figure 1 Laser microdissection experiments conducted in Dr. Adi Gazdar laboratory on pleura/lung biopsies. Mesothelioma tissue and 
lung tissue were present on the same slide, and were microdissected and analyzed in parallel. SV40 DNA was specifically detected in 
mesothelioma microdissected tissue (red) and not in nearby lung tissue (yellow) (83).

Malignant mesothelioma
microdissection from paraffin slides

Mesothelioma

Microdissected tissue examined SV40 sequences

Lung
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strong supporter of research aimed at establishing the role 
of SV40 infection in human cancer (Figure 2). Gazdar 
and collaborators found SV40 DNA in microdissected 
mesothelioma cells from 57 of 118 mesothelioma biopsies 
and in only 1 of 75 stromal cells microdissected from nearby 
tissue and in 0 of 50 microdissected lung cancer specimens 
(Figure 1). Gazdar, who had blinded his postdoctoral 
fellow about whether specimens were mesotheliomas or 
lung adenocarcinomas, noted that it would have been 
impossible to produce a similar laboratory artifact (83).  
In subsequent experiments, Gazdar and collaborators found 
that mesothelioma biopsies containing SV40 DNA sequences 
had significantly increased methylation of different genes, 
especially of RASSF1A (P=0.007), and that the tumor 
suppressor RASSF1A became more highly methylated, 
and thus inactivated, in tissue culture following SV40 
infection of primary HM cells (84). Gazdar and collaborators 
obtained similar results for lymphoid malignancies and 
they concluded that SV40 was a human pathogen that 
had a causative role in certain human malignancies (85). 
In parallel experiments, Ramael et al. detected SV40 
DNA by in situ PCR specifically in tumor cells (86).  
These experiments supported results of IHC analyses in human 
mesothelioma biopsies that demonstrated SV40 Tag expression 
only in tumor cells and not in nearby stromal cells (41).  
Moreover, Cacciotti et al., found that SV40 induced high levels 
of vascular endothelial growth factor (VEGF) in mesothelioma 
and thus supported tumor growth (87).

Serology

Serological studies have addressed the issue of whether 

SV40 causes human infections and whether such infections 
are linked to cancer development by testing for anti-
SV40 antibodies in human sera [reviewed in (66)]. Thirty 
SV40 seroprevalence studies reported from 1961 to 2019 
were summarized recently by Butel and colleagues (88).  
Overall, these studies support the existence of SV40 human 
infections, as well as a link between the administration 
of contaminated poliovaccines and detection of SV40 
antibodies in human sera. Reported studies involved 
countries in Europe (Czech Republic, England, Finland, 
Germany,  Hungary,  I ta ly,  Poland,  Sweden),  Asia 
(Kazakhstan), and Latin America (Colombia, Nicaragua), 
as well as the US [references cited in (88)]. The serological 
assays included neutralization tests which are highly specific, 
but labor-intensive and time-consuming to perform. More 
often, versions of an enzyme-linked immunosorbent assay 
(ELISA) were used. It was argued by some, however, that 
serological assays were too non-specific as they could detect 
antibodies against human polyomaviruses BKV and JCV and 
thus would over-estimate the prevalence of SV40 antibodies 
in the human population (89). Concerns of possible cross-
reactivity increased when three new human polyomaviruses 
were discovered [KIV, WUV, and Merkel cell PyV (MCV)], 
all of which could have been a source of cross-reactivity 
in previous testing. Robert Garcea and collaborators then 
developed what was regarded as a more reliable serological 
assay that distinguished among different polyomaviruses, and 
they concluded that “only” 2% of tested subjects contained 
anti-SV40 antibodies, a finding that on one hand suggested 
that previous studies had over-estimated the prevalence of 
anti-SV40 antibodies in human sera and on the other hand 
confirmed human infections with SV40 (90). It should be 

The conversion of doubting Adi

Atheist

Agnostic

Convert

Zealot

?Canonization

Figure 2 Adi Gazdar showed this slide to illustrate his thought process regarding the presence and significance of SV40 detection in human 
mesotheliomas and in other malignancies. 
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noted that 2% of the population is a huge number, meaning 
that millions of people may have been/may be infected with 
SV40, a monkey virus that was not naturally present in 
humans, a virus that is a potent carcinogen in human cells 
in tissue culture, and a virus that causes cancer in hamsters. 
The presence of SV40 antibodies is found also among 
individuals both younger and older than possible vaccine 
recipients of contaminated OPV, suggesting that SV40 has 
crossed the monkey-human barrier and has established a 
permanent foothold in the human population (88,90).

Recently, a new ELISA approach was developed that is 
based on two synthetic peptides that mimic specific epitopes 
on SV40 viral capsid proteins (i.e., VP mimotopes) (91). 
That assay detected SV40 antibodies in Italian patients 
with mesotheliomas (92), as well as in healthy donors 
and patients with brain tumors, osteosarcomas, and non-
Hodgkin lymphomas (88). The seroprevalence of SV40 
antibodies was higher in the cancer patient groups than in 
the healthy individuals. More recently, another new ELISA 
was described that is able to detect antibodies against the 
SV40 oncoprotein, large Tag. It uses two synthetic peptides 
that mimic epitopes on Tag (93). SV40 Tag antibodies were 
reportedly detected in osteosarcoma patients, as well as in 
healthy subjects [see (88)]. This assay for Tag antibodies, 
when positive, provides evidence that SV40 had undergone 
replication in those infected individuals, as Tag is produced 
in cells during the viral replication cycle but is not a 
component of mature virus particles.

SV40 transformation of human cells is cell type 
specific 

Non-permissive cells are those cells that do not support 
efficient viral replication. For example, hamster cells are 
non-permissive to SV40 replication because the SV40 Tag 
does not interact well with the host DNA polymerase-
alpha primase (94). Either the virus becomes integrated into 
the host cell DNA in such a way that both Tag and tag are 
expressed and transforms those cells—at a rate of about 1 
per 107 infected cells—or the viral sequences are lost during 
cell division and there is no pathological consequence due 
to the infection (95). In contrast, green monkey kidney cells, 
such as CV-1 cells, are permissive to SV40 replication. In 
those cells, SV40 replicates rapidly and within a few weeks 
all infected cells are lysed and the virus released into the 
cell culture medium. Because the infected cells are lysed, 
there is no malignant transformation. Human cells, instead, 
are called semi-permissive for SV40, a term intended to 

indicate that SV40 can replicate although less efficiently 
than in green monkey kidney cells. At any given time, only 
a variable fraction of cells supports viral replication while 
the remaining cells appear unaffected [reviewed in (7)]. 
Rarely, SV40 may become integrated in the human host 
cell genome and, if SV40 Tag and tag are produced, those 
cells can then give rise to transformed foci. Some of such 
foci may grow for a few passages until they enter so-called 
“crisis”, a period during which morphologically-transformed 
primary cells stop growing and become growth arrested. 
Occasionally, some cells escape crisis and become immortal 
because telomerase becomes activated and cell lines can 
be established, at a proposed rate of about 1 per 107 or 108 
infected cells. Nearly all experiments in human cells were 
conducted using human fibroblasts, cells that are easy to 
obtain [reviewed in (41)]. The hypothesis that fibroblasts 
are not transformed because they are lysed was supported by 
transfection experiments in which SV40 genomes mutated 
in their origin of replication became integrated into the 
host cell genome and easily produced transformed cell lines. 
These experiments mimicked the results in hamster cells in 
which the virus cannot replicate and thus cannot lyse the 
cells (7). Therefore, almost all studies in human cells were 
conducted by transfection and, since transfection requires 
integration into the host cell genome, it was erroneously 
assumed that, similar to what was observed in hamster cells, 
unless SV40 became integrated into the human DNA it 
could not transform human cells. 

HM cells and astrocytes are unusually 
susceptible to SV40-mediated transformation 

As SV40 was found mainly in mesotheliomas and brain 
tumors and not in human fibrosarcoma, which are the 
tumors derived from fibroblasts, Carbone and colleagues 
decided to infect primary HM cells and human astrocytes 
with SV40 in tissue culture. They used fibroblasts as controls 
in parallel experiments. They found that the susceptibility 
of human cells to SV40 was cell-type dependent. About 
1-5 per 1,000 infected HM cells (15,32) and about 1-3 
per 10 human astrocytes (96) infected with SV40 gave rise 
to morphologically-transformed foci that developed into 
colonies capable of growing in soft agar (a widely used in vitro 
measurement of malignant transformation). Moreover, nearly 
90% of the transformed foci could be established as cell lines. 
Those cells were immortal, likely related to the activation of 
telomerase within 72 hours after infection (28) as they never 
went through a crisis period (15,32,96). These results are 
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exceptional as no other cell type has been reported to become 
transformed at such high frequency following SV40 infection. 
In contrast, none of the over 108 infected human fibroblasts, 
in multiple experiments, ever gave rise to colonies capable of 
growing in soft agar and/or of growing into cell lines. Not 
only did fibroblasts not give rise to transformed cell lines in 
parallel experiments, but the literature indicates that less than 
5% of SV40-induced transformed foci of human fibroblasts 
develop into continuous cell lines [reviewed in (60)]. 

Unexpectedly, SV40 DNA was found to be present in 
an episomal (non-integrated) state in transformed HM 
cells and astrocytes (96,97). Common beliefs were that 
episomal SV40 should replicate and lyse the cells, yet HM 
and astrocyte SV40 transformed cell lines continued to 
contain episomal SV40. It took several years to determine 
the mechanism (97). Briefly, although the viral DNA was 
episomal only the Tag and tag proteins were expressed. 
Capsid proteins were not expressed so viral particles were 
not formed. However, in a small fraction of cells (estimated 
at less than 1%), SV40 replicated, produced virus, and lysed 
those cells, so the tissue culture fluid from those cell lines 
contained infectious SV40 even after 50 passages in culture. 
The mechanism that prevented capsid protein formation 
and thus viral assembly in over 99% of the cells was related 
to the production of a long antisense SV40 RNA that led to 
the formation of double-stranded mRNA comprising the 

mRNA for the capsid proteins that was degraded. SV40 is a 
very small virus which has a circular DNA genome of 5.2 kB.  
In permissive cells, two separate mRNAs are produced 
from the Ori region of replication, one going clockwise 
that is spliced to produce the large and the small t antigens, 
and an mRNA going in the opposite, counter-clockwise 
direction—which is spliced to produce the different SV40 
capsid proteins. We found that in mesothelial cells and in 
astrocytes, but not in fibroblasts, the sense mRNA does 
not detach from the SV40 DNA template and continues to 
run along the circular genome, resulting in the formation 
of an antisense RNA that pairs with the mRNA coding for 
the capsid proteins, forming double-stranded mRNA that 
is degraded (Figure 3). This mechanism sometimes fails in 
less than 1% of the cells for unknown reasons, resulting in 
viral particle formation and lysis of that subpopulation of 
cells. Accordingly, SV40 mRNA and capsid proteins are 
detectable only during the first few days following SV40 
infection of HM cells and astrocytes and then become 
undetectable as cells become transformed (97).

Conclusions 

SV40 is a monkey virus that has now crossed species and 
infects members of the human population at frequencies 
that vary in different parts of the world. Based on what 

Figure 3 Two separate mRNAs (arrows) are produced from the Ori region of replication, one going counter-clockwise in the so called early 
region that is spliced to produce the large (Tag) and the small t antigen (tag), and an mRNA going in the opposite, clockwise direction, 
known as late region, which is spliced to produce the different SV40 VP capsid proteins. In mesothelial cells and in astrocytes, but not in 
fibroblasts, the late region mRNA—which codes for Tag and tag, does not detach from the SV40 DNA template when it reaches the Poly 
A site, and instead continues to run along the circular genome, resulting in the formation of an antisense RNA that pairs with the mRNA 
coding for the capsid proteins, forming double-stranded mRNA that is degraded (97).
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we have learned about the biology of SV40, this virus 
is a human carcinogen and certain cell types, such as 
mesothelial cells and astrocytes and probably additional 
cell types not yet identified, are much more susceptible 
than  others  to  SV40 mal ignant  t rans format ion . 
Experimental data indicate that some cells can inhibit 
SV40 replication through cell-specific mechanisms and 
survive infection. The unfortunate consequence is that 
surviving cells can accumulate SV40-induced genetic 
damage and are prone to malignant transformation. No 
cancer epidemic followed the administration of SV40-
contaminated poliovaccines. This might have been because 
of lack of public awareness, low frequencies of certain 
SV40 neoplasias, and/or immune system recognition and 
elimination of SV40-transformed cells. Further, there is 
experimental evidence that SV40 may be lost over time 
by subpopulations of cells that become independent of 
SV40 for tumor growth. Thus, SV40 may function, all or 
in part, as an exogenous agent that increases the basal level 
of spontaneous mutations and lowers the threshold for 
tumor development. This mechanism is known as indirect 
carcinogenesis or as “hit and run” carcinogenesis (21).  
Such instances could favor SV40 co-carcinogenesis upon 
asbestos exposure for the genesis of some mesotheliomas. 
Increasing awareness of the variable geographic distributions 
and prevalence rates of current SV40 human infections can 
inform the design of future targeted studies. 

Acknowledgments

Funding: M Carbone reports grants from the National 
Institutes of Health, National Cancer Institute, the US 
Department of Defense, and the UH Foundation through 
donations to support research on “Pathogenesis of 
Malignant Mesothelioma” from Honeywell International 
Inc, Riviera United‐4‐a Cure, and the Maurice and Joanna 
Sullivan Family Foundation. M Carbone has a patent 
issued for BAP1. M Carbone has a patent issued for “Using 
Anti‐HMGB1 Monoclonal Antibody or other HMGB1 
Antibodies as a Novel Mesothelioma Therapeutic Strategy,” 
and a patent issued for “HMGB1 As a Biomarker for 
Asbestos Exposure and Mesothelioma Early Detection”. 
M Carbone is a board‐certified pathologist who provides 
consultation for mesothelioma expertise and diagnosis.

Footnote

Conflicts of Interest: MC serves as the unpaid Guest Editor of 

the focused issue “Mesothelioma: What We know and What 
We Do Not Know in 2020)”. TLCR. Vol 9, Supplement 1 
(February 2020). AG serves as the former unpaid editorial 
board member of TLCR. The other author has no conflicts 
of interest to declare.

Ethical Statement: The authors are accountable for all 
aspects of the work in ensuring that questions related 
to the accuracy or integrity of any part of the work are 
appropriately investigated and resolved.

Open Access Statement: This is an Open Access article 
distributed in accordance with the Creative Commons 
Attribution-NonCommercial-NoDerivs 4.0 International 
License (CC BY-NC-ND 4.0), which permits the non-
commercial replication and distribution of the article with 
the strict proviso that no changes or edits are made and 
the original work is properly cited (including links to both 
the formal publication through the relevant DOI and the 
license). See: https://creativecommons.org/licenses/by-nc-
nd/4.0/.

References

1. Testa JR, Cheung M, Pei J, et al. Germline BAP1 
mutations predispose to malignant mesothelioma. Nat 
Genet 2011;43:1022-5.

2. Carbone M, Flores EG, Emi M, et al. Combined Genetic 
and Genealogic Studies Uncover a Large BAP1 Cancer 
Syndrome Kindred Tracing Back Nine Generations 
to a Common Ancestor from the 1700s. PLoS Genet 
2015;11:e1005633.

3. Baumann F, Flores E, Napolitano A, et al. Mesothelioma 
patients with germline BAP1 mutations have 7-fold 
improved long-term survival. Carcinogenesis 
2015;36:76-81.

4. Pastorino S, Yoshikawa Y, Pass HI, et al. A Subset of 
Mesotheliomas With Improved Survival Occurring in 
Carriers of BAP1 and Other Germline Mutations. J Clin 
Oncol 2018. [Epub ahead of print].

5. Napolitano A, Pellegrini L, Dey A, et al. Minimal asbestos 
exposure in germline BAP1 heterozygous mice is associated 
with deregulated inflammatory response and increased risk 
of mesothelioma. Oncogene 2016;35:1996-2002.

6. Klein G, Powers A, Croce C. Association of SV40 with 
human tumors. Oncogene 2002;21:1141-9.

7. Gazdar AF, Butel JS, Carbone M. SV40 and human 
tumours: myth, association or causality? Nat Rev Cancer 



S56 Carbone et al. SV40 and mesothelioma

© Translational lung cancer research. All rights reserved.   Transl Lung Cancer Res 2020;9(Suppl 1):S47-S59 | http://dx.doi.org/10.21037/tlcr.2020.02.03

2002;2:957-64.
8. Butel JS. Polyomavirus SV40: Model Infectious Agent 

of Cancer. In: Robertson ES, editor. Cancer Associated 
Viruses. Boston, MA: Springer, 2012:377-417.

9. Rizzo P, Di Resta I, Powers A, et al. Unique strains of 
SV40 in commercial poliovaccines from 1955 not readily 
identifiable with current testing for SV40 infection. 
Cancer Res 1999;59:6103-8.

10. Cutrone R, Lednicky J, Dunn G, et al. Some oral 
poliovirus vaccines were contaminated with infectious 
SV40 after 1961. Cancer Res 2005;65:10273-9.

11. Butel JS, Lednicky JA. Cell and molecular biology of 
simian virus 40: implications for human infections and 
disease. J Natl Cancer Inst 1999;91:119-34.

12. Eliasz S, Carbone M, Bocchetta M. Simian virus 40 and 
cancer. Oncol Rev 2007;1:131-40.

13. Butel JS. Patterns of polyomavirus SV40 infections and 
associated cancers in humans: a model. Curr Opin Virol 
2012;2:508-14.

14. Murata H, Peden K, Lewis AM Jr. Identification of a 
mutation in the SV40 capsid protein VP1 that influences 
plaque morphology, vacuolization, and receptor usage. 
Virology 2008;370:343-51.

15. Carbone M, Pass HI, Miele L, et al. New developments 
about the association of SV40 with human mesothelioma. 
Oncogene 2003;22:5173-80.

16. Qi F, Carbone M, Yang H, et al. Simian virus 40 
transformation, malignant mesothelioma and brain tumors. 
Expert Rev Respir Med 2011;5:683-97.

17. Butel JS. Simian virus 40, human infections, and cancer: 
emerging concepts and causality considerations. Viral 
oncology: basic science and clinical applications Hoboken, 
NJ: Wiley-Blackwell, 2010:165-89.

18. Cicala C, Pompetti F, Carbone M. SV40 
induces mesotheliomas in hamsters. Am J Pathol 
1993;142:1524-33.

19. Cicala C, Pompetti F, Nguyen P, et al. SV40 small t 
deletion mutants preferentially transform mononuclear 
phagocytes and B lymphocytes in vivo. Virology 
1992;190:475-9.

20. Jensen F, Koprowski H, Pagano JS, et al. Autologous and 
Homologous Implantation of Human Cells Transformed 
In Vitro by Simian Virus 402. J Natl Cancer Inst 
1964;32:917-37.

21. Carbone M, Klein G, Gruber J, et al. Modern criteria 
to establish human cancer etiology. Cancer Res 
2004;64:5518-24.

22. Carbone M, Rizzo P, Grimley PM, et al. Simian virus-40 

large-T antigen binds p53 in human mesotheliomas. Nat 
Med 1997;3:908-12.

23. De Luca A, Baldi A, Esposito V, et al. The retinoblastoma 
gene family pRb/p105, p107, pRb2/p130 and simian 
virus-40 large T-antigen in human mesotheliomas. Nat 
Med 1997;3:913-6.

24. Rivera Z, Strianese O, Bertino P, et al. The relationship 
between simian virus 40 and mesothelioma. Curr Opin 
Pulm Med 2008;14:316-21.

25. Bocchetta M, Eliasz S, De Marco MA, et al. The SV40 
large T antigen-p53 complexes bind and activate the 
insulin-like growth factor-I promoter stimulating cell 
growth. Cancer Res 2008;68:1022-9.

26. Pass HI, Mew DJ, Carbone M, et al. Inhibition of hamster 
mesothelioma tumorigenesis by an antisense expression 
plasmid to the insulin-like growth factor-1 receptor. 
Cancer Res 1996;56:4044-8.

27. Avantaggiati ML, Carbone M, Graessmann A, et al. The 
SV40 large T antigen and adenovirus E1a oncoproteins 
interact with distinct isoforms of the transcriptional co-
activator, p300. Embo J 1996;15:2236-48.

28. Foddis R, De Rienzo A, Broccoli D, et al. SV40 infection 
induces telomerase activity in human mesothelial cells. 
Oncogene 2002;21:1434-42.

29. Bocchetta M, Miele L, Pass HI, et al. Notch-1 induction, 
a novel activity of SV40 required for growth of SV40-
transformed human mesothelial cells. Oncogene 
2003;22:81-9.

30. Cacciotti P, Libener R, Betta P, et al. SV40 replication 
in human mesothelial cells induces HGF/Met receptor 
activation: a model for viral-related carcinogenesis of 
human malignant mesothelioma. Proc Natl Acad Sci U S 
A 2001;98:12032-7.

31. Ray FA, Meyne J, Kraemer PM. SV40 T antigen 
induced chromosomal changes reflect a process that is 
both clastogenic and aneuploidogenic and is ongoing 
throughout neoplastic progression of human fibroblasts. 
Mutat Res 1992;284:265-73.

32. Bocchetta M, Di Resta I, Powers A, et al. Human 
mesothelial cells are unusually susceptible to simian 
virus 40-mediated transformation and asbestos 
cocarcinogenicity. Proc Natl Acad Sci U S A 
2000;97:10214-9.

33. Bloomfield M, Duesberg P. Karyotype alteration generates 
the neoplastic phenotypes of SV40-infected human and 
rodent cells. Mol Cytogenet 2015;8:79.

34. Cicala C, Avantaggiati ML, Graessmann A, et al. Simian 
virus 40 small-t antigen stimulates viral DNA replication 



S57Translational Lung Cancer Research, Vol 9, Suppl 1 February 2020

© Translational lung cancer research. All rights reserved.   Transl Lung Cancer Res 2020;9(Suppl 1):S47-S59 | http://dx.doi.org/10.21037/tlcr.2020.02.03

in permissive monkey cells. J Virol 1994;68:3138-44.
35. Ewald D, Li M, Efrat S, et al. Time-sensitive reversal of 

hyperplasia in transgenic mice expressing SV40 T antigen. 
Science 1996;273:1384-6.

36. Moorwood K, Price TN, Mayne LV. Mutation of p53 is 
not a prerequisite for immortalization of human fibroblasts 
by SV40 T antigen. Exp Cell Res 1996;223:308-13.

37. Tzeng YJ, Zimmermann C, Guhl E, et al. SV40 T/
t-antigen induces premature mammary gland involution 
by apoptosis and selects for p53 missense mutation in 
mammary tumors. Oncogene 1998;16:2103-14.

38. Salewski H, Bayer TA, Eidhoff U, et al. Increased 
oncogenicity of subclones of SV40 large T-induced 
neuroectodermal tumor cell lines after loss of large T 
expression and concomitant mutation in p53. Cancer Res 
1999;59:1980-6.

39. Bergsagel DJ, Finegold MJ, Butel JS, et al. DNA sequences 
similar to those of simian virus 40 in ependymomas 
and choroid plexus tumors of childhood. N Engl J Med 
1992;326:988-93.

40. Lednicky JA, Garcea RL, Bergsagel DJ, et al. Natural 
simian virus 40 strains are present in human choroid plexus 
and ependymoma tumors. Virology 1995;212:710-7.

41. Carbone M, Pass HI, Rizzo P, et al. Simian virus 40-
like DNA sequences in human pleural mesothelioma. 
Oncogene 1994;9:1781-90.

42. Carbone M, Rizzo P, Procopio A, et al. SV40-
like sequences in human bone tumors. Oncogene 
1996;13:527-35.

43. Carbone M. Simian virus 40 and human tumors: It is time 
to study mechanisms. J Cell Biochem 1999;76:189-93.

44. Carbone M, Albelda SM, Broaddus VC, et al. Eighth 
international mesothelioma interest group. Oncogene 
2007;26:6959-67.

45. Carbone M, Ly BH, Dodson RF, et al. Malignant 
mesothelioma: facts, myths, and hypotheses. J Cell Physiol 
2012;227:44-58.

46. Carbone M, Adusumilli PS, Alexander HR Jr, et al. 
Mesothelioma: Scientific clues for prevention, diagnosis, 
and therapy. CA Cancer J Clin 2019;69:402-29.

47. Mutti L, Peikert T, Robinson BWS, et al. Scientific 
Advances and New Frontiers in Mesothelioma 
Therapeutics. J Thorac Oncol 2018;13:1269-83.

48. McCambridge AJ, Napolitano A, Mansfield AS, et al. 
Progress in the Management of Malignant Pleural 
Mesothelioma in 2017. J Thorac Oncol 2018;13:606-23.

49. Carbone M, Yang H. Molecular pathways: targeting 
mechanisms of asbestos and erionite carcinogenesis in 

mesothelioma. Clin Cancer Res 2012;18:598-604.
50. Carbone M, Kanodia S, Chao A, et al. Consensus Report 

of the 2015 Weinman International Conference on 
Mesothelioma. J Thorac Oncol 2016;11:1246-62.

51. Chen Z, Gaudino G, Pass HI, et al. Diagnostic and 
prognostic biomarkers for malignant mesothelioma: an 
update. Transl Lung Cancer Res 2017;6:259-69.

52. Carbone M, Bedrossian CW. The pathogenesis of 
mesothelioma. Semin Diagn Pathol 2006;23:56-60.

53. Ramos-Nino ME, Blumen SR, Sabo-Attwood T, et al. 
HGF mediates cell proliferation of human mesothelioma 
cells through a PI3K/MEK5/Fra-1 pathway. Am J Respir 
Cell Mol Biol 2008;38:209-17.

54. Yang H, Testa JR, Carbone M. Mesothelioma 
epidemiology, carcinogenesis, and pathogenesis. Curr 
Treat Options Oncol 2008;9:147-57.

55. Yang H, Rivera Z, Jube S, et al. Programmed necrosis 
induced by asbestos in human mesothelial cells 
causes high-mobility group box 1 protein release and 
resultant inflammation. Proc Natl Acad Sci U S A 
2010;107:12611-6.

56. Kroczynska B, Cutrone R, Bocchetta M, et al. Crocidolite 
asbestos and SV40 are cocarcinogens in human mesothelial 
cells and in causing mesothelioma in hamsters. Proc Natl 
Acad Sci U S A 2006;103:14128-33.

57. Cristaudo A, Foddis R, Vivaldi A, et al. SV40 enhances the 
risk of malignant mesothelioma among people exposed to 
asbestos: a molecular epidemiologic case-control study. 
Cancer Res 2005;65:3049-52.

58. Testa JR, Carbone M, Hirvonen A, et al. A multi-
institutional study confirms the presence and expression 
of simian virus 40 in human malignant mesotheliomas. 
Cancer Res 1998;58:4505-9.

59. Butel JS. Viral carcinogenesis: revelation of molecular 
mechanisms and etiology of human disease. Carcinogenesis 
2000;21:405-26.

60. Rizzo P, Bocchetta M, Powers A, et al. SV40 and the 
pathogenesis of mesothelioma. Semin Cancer Biol 
2001;11:63-71.

61. Engels EA, Sarkar C, Daniel RW, et al. Absence of simian 
virus 40 in human brain tumors from northern India. Int J 
Cancer 2002;101:348-52.

62. López-Ríos F, Illei PB, Rusch V, et al. Evidence against a 
role for SV40 infection in human mesotheliomas and high 
risk of false-positive PCR results owing to presence of 
SV40 sequences in common laboratory plasmids. Lancet 
2004;364:1157-66.

63. Rollison DE, Page WF, Crawford H, et al. Case-control 



S58 Carbone et al. SV40 and mesothelioma

© Translational lung cancer research. All rights reserved.   Transl Lung Cancer Res 2020;9(Suppl 1):S47-S59 | http://dx.doi.org/10.21037/tlcr.2020.02.03

study of cancer among US Army veterans exposed to 
simian virus 40-contaminated adenovirus vaccine. Am J 
Epidemiol 2004;160:317-24.

64. Carbone M, Rizzo P, Pass HI. Simian virus 40, 
poliovaccines and human tumors: a review of recent 
developments. Oncogene 1997;15:1877-88.

65. Carbone M, Rizzo P, Pass H. Simian virus 40: the link 
with human malignant mesothelioma is well established. 
Anticancer Res 2000;20:875-7.

66. Rotondo JC, Mazzoni E, Bononi I, et al. Association 
Between Simian Virus 40 and Human Tumors. Front 
Oncol 2019;9:670.

67. Carbone M, Bocchetta M, Cristaudo A, et al. SV40 and 
human brain tumors. Int J Cancer 2003;106:140-2; author 
reply 3-5.

68. Elmishad AG, Bocchetta M, Pass HI, et al. Polio vaccines, 
SV40 and human tumours, an update on false positive and 
false negative results. Dev Biol (Basel) 2006;123:109-17; 
discussion 19-32.

69. Gordon GJ, Chen CJ, Jaklitsch MT, et al. Detection 
and quantification of SV40 large T-antigen DNA 
in mesothelioma tissues and cell lines. Oncol Rep 
2002;9:631-4.

70. Carbone M, Rdzanek MA, Rudzinski JJ, et al. SV40 
detection in human tumor specimens. Cancer Res 
2005;65:10120-1.

71. Lednicky JA, Butel JS. Simian virus 40 regulatory region 
structural diversity and the association of viral archetypal 
regulatory regions with human brain tumors. Semin 
Cancer Biol 2001;11:39-47.

72. Arrington AS, Moore MS, Butel JS. SV40-positive brain 
tumor in scientist with risk of laboratory exposure to the 
virus. Oncogene 2004;23:2231-5.

73. Hirvonen A, Mattson K, Karjalainen A, et al. Simian virus 
40 (SV40)-like DNA sequences not detectable in finnish 
mesothelioma patients not exposed to SV40-contaminated 
polio vaccines. Mol Carcinog 1999;26:93-9.

74. Emri S, Demir A, Dogan M, et al. Lung diseases due 
to environmental exposures to erionite and asbestos in 
Turkey. Toxicol Lett 2002;127:251-7.

75. De Rienzo A, Tor M, Sterman DH, et al. Detection 
of SV40 DNA sequences in malignant mesothelioma 
specimens from the United States, but not from Turkey. J 
Cell Biochem 2002;84:455-9.

76. Fisher SG, Weber L, Carbone M. Cancer risk associated 
with simian virus 40 contaminated polio vaccine. 
Anticancer Res 1999;19:2173-80.

77. Morris JA, Johnson KM, Aulisio CG, et al. Clinical and 

serologic responses in volunteers given vacuolating virus 
(SV-40) by respiratory route. Proc Soc Exp Biol Med 
1961;108:56-9.

78. Melnick JL, Stinebaugh S. Excretion of vacuolating 
SV-40 virus (papova virus group) after ingestion as a 
contaminant of oral poliovaccine. Proc Soc Exp Biol Med 
1962;109:965-8.

79. Institute of Medicine Immunization Safety Review C. In: 
Stratton K, Almario DA, Wizemann TM, et al. editors. 
Immunization Safety Review: Vaccinations and Sudden 
Unexpected Death in Infancy. Washington (DC): National 
Academies Press (US), 2003.

80. Bocchetta M, Carbone M. Epidemiology and molecular 
pathology at crossroads to establish causation: molecular 
mechanisms of malignant transformation. Oncogene 
2004;23:6484-91.

81. Vilchez RA, Butel JS. Emergent human pathogen simian 
virus 40 and its role in cancer. Clin Microbiol Rev 
2004;17:495-508, table of contents.

82. Poiesz BJ, Ruscetti FW, Gazdar AF, et al. Detection and 
isolation of type C retrovirus particles from fresh and 
cultured lymphocytes of a patient with cutaneous T-cell 
lymphoma. Proc Natl Acad Sci U S A 1980;77:7415-9.

83. Shivapurkar N, Wiethege T, Wistuba, II, et al. Presence 
of simian virus 40 sequences in malignant mesotheliomas 
and mesothelial cell proliferations. J Cell Biochem 
1999;76:181-8.

84. Toyooka S, Carbone M, Toyooka KO, et al. Progressive 
aberrant methylation of the RASSF1A gene in simian 
virus 40 infected human mesothelial cells. Oncogene 
2002;21:4340-4.

85. Shivapurkar N, Takahashi T, Reddy J, et al. Presence of 
simian virus 40 DNA sequences in human lymphoid and 
hematopoietic malignancies and their relationship to 
aberrant promoter methylation of multiple genes. Cancer 
Res 2004;64:3757-60.

86. Ramael M, Nagels J, Heylen H, et al. Detection of SV40 
like viral DNA and viral antigens in malignant pleural 
mesothelioma. Eur Respir J 1999;14:1381-6.

87. Cacciotti P, Strizzi L, Vianale G, et al. The presence of 
simian-virus 40 sequences in mesothelioma and mesothelial 
cells is associated with high levels of vascular endothelial 
growth factor. Am J Respir Cell Mol Biol 2002;26:189-93.

88. Wong C, Zhang S, Adam E, et al. SV40 seroprevalence 
in two Latin American countries involved in field trials of 
candidate oral poliovaccines. J Infect 2019;78:476-83.

89. Viscidi RP, Rollison DE, Viscidi E, et al. Serological 
cross-reactivities between antibodies to simian virus 40, 



S59Translational Lung Cancer Research, Vol 9, Suppl 1 February 2020

© Translational lung cancer research. All rights reserved.   Transl Lung Cancer Res 2020;9(Suppl 1):S47-S59 | http://dx.doi.org/10.21037/tlcr.2020.02.03

BK virus, and JC virus assessed by virus-like-particle-
based enzyme immunoassays. Clin Diagn Lab Immunol 
2003;10:278-85.

90. Kean JM, Rao S, Wang M, et al. Seroepidemiology of 
human polyomaviruses. PLoS Pathog 2009;5:e1000363.

91. Corallini A, Mazzoni E, Taronna A, et al. Specific 
antibodies reacting with simian virus 40 capsid protein 
mimotopes in serum samples from healthy blood donors. 
Hum Immunol 2012;73:502-10.

92. Mazzoni E, Corallini A, Cristaudo A, et al. High 
prevalence of serum antibodies reacting with simian 
virus 40 capsid protein mimotopes in patients affected by 
malignant pleural mesothelioma. Proc Natl Acad Sci U S 
A 2012;109:18066-71.

93. Tognon M, Corallini A, Manfrini M, et al. Specific 
Antibodies Reacting with SV40 Large T Antigen 
Mimotopes in Serum Samples of Healthy Subjects. PLoS 

One 2016;11:e0145720.
94. Wobbe CR, Weissbach L, Borowiec JA, et al. Replication 

of simian virus 40 origin-containing DNA in vitro 
with purified proteins. Proc Natl Acad Sci U S A 
1987;84:1834-8.

95. Shay JW, Van Der Haegen BA, Ying Y, et al. The 
frequency of immortalization of human fibroblasts and 
mammary epithelial cells transfected with SV40 large 
T-antigen. Exp Cell Res 1993;209:45-52.

96. Zhang L, Qi F, Gaudino G, et al. Tissue Tropism of 
SV40 Transformation of Human Cells: Role of the Viral 
Regulatory Region and of Cellular Oncogenes. Genes 
Cancer 2010;1:1008-20.

97. Carbone M, Pannuti A, Zhang L, et al. A novel mechanism 
of late gene silencing drives SV40 transformation of 
human mesothelial cells. Cancer Res 2008;68:9488-96.

Cite this article as: Carbone M, Gazdar A, Butel JS. SV40 and 
human mesothelioma. Transl Lung Cancer Res 2020;9(Suppl 
1):S47-S59. doi: 10.21037/tlcr.2020.02.03


