ISSN 00268933, Molecular Biology, 2012, Vol. 46, No. 5, pp. 639–650. © Pleiades Publishing, Inc., 2012.
Original Russian Text © P.M. Chumakov, V.V. Morozova, I.V. Babkin, I.K. Baikov, S.V. Netesov, N.V. Tikunova, 2012, published in Molekulyarnaya Biologiya, 2012, Vol. 46,
No. 5, pp. 712–725.

REVIEWS
UDC 578.5

Oncolytic Enteroviruses
P. M. Chumakova, b, c, V. V. Morozovaa, d, I. V. Babkina, d, I. K. Baikova, d,
S. V. Netesova, e, and N. V. Tikunovaa, d
a

Novosibirsk State University, Novosibirsk, 630090 Russia
Engelhardt Institute of Molecular Biology, Russian Academy of Sciences, Moscow, 119991 Russia
c
Lerner Research Institute, Cleveland Clinic Foundation, Cleveland, OH, 44195 United States
d
Institute of Chemical Biology and Fundamental Medicine, Siberian Branch of the Russian Academy of Sciences,
Novosibirsk, 630090 Russia;
email: Tikunova@niboch.nsc.ru
e
Vector State Research Center of Virology and Biotechnology, Koltsovo, Novosibirsk region, 630559 Russia
b

Received February 17, 2012

Abstract—The growing body of knowledge concerning the molecular biology of viruses and virus–cell inter
actions provides possibilities to use viruses as a tool in an effort to treat malignant tumors. As a rule, tumor
cells are highly sensitive to viruses, which can be used in cancer therapy. At the same time, the application of
viral oncolysis in cancer treatment requires that the highest possible safety be ensured for both the patient and
environment. Human enteroviruses are a convenient source for obtaining oncolytic virus strains, since many
of them are nonpathogenic for humans or cause mild disease. The current progress in genetic engineering
enables the development of attenuated enterovirus variants characterized with high safety and selectivity.
This review focuses on the main members of the Enterovirus genus, such as ECHO, coxsackievirus, and vac
cine strains of poliovirus as a promising source for the development of oncolytic agents applicable for cancer
therapy. We have summarized the data concerning recently developed and tested oncolytic variants of
enteroviruses and discusses the perspectives of their application in cancer therapy, as well as problems asso
ciated with their improvement and practical use.
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INTRODUCTION
Despite the doubtless considerable progress in the
understanding of malignant transformation, tumor
therapy still constitutes an extremely difficult prob
lem. Until the beginning of the 20th century, the only
available possibility was surgical resection of the
tumor. Following the discovery of Xrays and radioac
tivity, high hopes were associated with radiotherapy;
however, there was no major breakthrough [1]. Che
motherapy began to develop in the end of 1940s; for a
number of tumors, it significantly increased patients’
survival rates, especially in the case of leukemias [2, 3].
However, an important shortcoming of both radio
and chemotherapy is their relatively low specificity. In
recent years, the development of chemotherapeutic
drugs and antibodies more specific to certain types of
cancer cells has become a topical issue [4–6]. An
alternative research approach is focused on potential
applications of oncolytic viruses.
The possibility to use viruses in anticancer therapy
is based on the selectivity of the cytolytic action that
nonpathogenic or mildly pathogenic human viruses
effect on cancer cells. As early as in the 1900s, an
unexpected improvement was observed in some cancer

patients following vaccination or a viral disease. For
instance, the reported cases include the sound remis
sion of leukemia after an influenzalike disease [7],
and tumor regression in a cervical cancer patient after
an antirabies vaccination [8].
Soon after the discovery of viruses, a search for the
optimal cultivation models began. It was found that
tumor cells commonly exhibit increased sensitivity to
many viruses. In the 1940s, Levaditi and Nicolau [9–
11] showed that many infectious viruses were oncotro
pic. It was found that viruses could proliferate selec
tively in animal tumors, and, in some cases, oncotro
pism was accompanied by oncolytic activity [11].
These observations suggested that viral oncolysis could
theoretically be used in anticancer therapy.
The oncolytic activity of viruses was further inves
tigated in the 1950s–1970s [12]. In particular, it was
experimentally shown that measles induced tempo
rary remission in patients with Hodgkin’s disease and
Burkitt’s lymphoma [13, 14]. Oncolytic activity was
observed for influenza viruses [15], enteroviruses
[12, 16], and some other types of viruses [17, 18].
There have been reports of successful applications of
adenoviruses in cervical cancer [19–21] and enterovi
ruses in gastrointestinal tumors [22].
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In spite of these inspiring results, the use of virus
based anticancer treatment encountered substantial
difficulties. First, there have been cases of uncontrol
lable viral infection drastically deteriorating the
patients’ state. Second, in most cases viral infection
provoked due virusspecific immune response, which
weakened considerably the oncolytic effect. Next, the
clinical application of these approaches was hampered
by the lack of understanding of the mechanisms under
lying the antitumor properties of viruses. Ethical criteria
of trials concerning the antitumor activity of the virus
were also lacking, and some clinical trials that failed to
follow appropriate guidelines seriously undermined the
idea of employing the phenomenon of viral oncolysis in
anticancer therapy. For all of these reasons, research
into the anticancer potential and efficiency of viruses
was suspended for several decades [23].
The next step in the study of oncolytic viruses was
associated with advances in molecular biology and
virology, as well as with progress in genetic engineering
techniques. It became possible to design recombinant
viruses that infect tumor cells with increased selectiv
ity or induce the production of antitumor compounds
in infected cells [24, 25]. Modern approaches to
increasing virus selectivity to tumor cells have are
directed at two major tasks. The first approach, trans
duction targeting, implies the modification of virion
surface proteins so as to promote their preferential
binding to the receptors characteristic mainly for the
tumor cell surface [26]. The second strategy, nontrans
ductional targeting, is aimed at increasing the selectiv
ity of virus replication in tumor cells [24, 27]. Each of
these approaches enhances oncotropism; however, the
strongest effect can be achieved by combining both of
them [28]. Experimental oncolytic strains have been
developed based on viruses of several families, the
most promising certainly being the viruses whose pro
totypes are not associated with serious human dis
eases.

ENTEROVIRUSES: CHARACTERIZATION
AND CLASSIFICATION
Enteroviruses belong to the Enterovirus genus of
the Picornaviridae family. Thanks to their resistance to
the acidic environment of the stomach, they replicate
mainly in the gastrointestinal tract. They are also resis
tant to many detergents and disinfectants, and retain
viability at room temperature for a long time.
Enteroviruses are ubiquitous; the genus comprises at
least ten species, which are subdivided in different
genotypes and serotypes. Among enterovirus species,
there are both those that are pathogenic for humans, as
well as those with no proven connection to any disease
[29]. In particular, the genus includes the poliovirus,
the agent of poliomyelitis.
Enteroviruses are nonenveloped viruses with
icosahedric virions 28–30 nm in diameter. Their
capsid is built of four structural proteins, VP1–VP4
[30]; the outer surface is formed by VP1–VP3, and
VP4 is located within the capsid. An enterovirus
genome is a singlestranded (+)RNA molecule 7.2–
8.5 kb long, which is infectious when introduced into
a cell. Genomic RNA contains a single open reading
frame (ORF), 5' and 3' noncoding regions, and a
poly(A) sequence at the 3'end (figure). The 5'end of
the genome is covalently bound to the VPg protein
[31, 32]. The 5'untranslated region (UTR) is highly
structured; it contains regions required for genome
replication, as well as an internal ribosomebinding
site (IRES) used for the capindependent translation
of viral RNA [33, 34]. The 3'UTR of the enterovirus
genome is required for the initiation of (–)RNA
strand synthesis [35]. Viral RNA lacking the poly(A)
sequence loses its infectivity [36]. Genomic RNA of
enteroviruses can recombine with relatively high fre
quencies [37]; the probability of recombination is
higher for RNA molecules with higher homology [30].
The replication of enterovirus RNA, as well as vir
ion assembly, occurs in the cytoplasm of an infected
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cell. In the cytoplasm, viral genomic RNA is trans
lated to a single precursor protein [38]. Next, the pre
cursor is cleaved by viral proteases, first to three frag
ments, and then to mature viral proteins (figure). In
addition to the structural proteins of the virion, the
precursor protein comprises the viral RNAdependent
RNA polymerase and a number of other nonstructural
proteins involved in genome replication. These pro
teins enable the synthesis of the (–)RNA intermediate
and the subsequent production of new genomic
(+)RNAs. Following the synthesis and accumulation
of capsid proteins, new virion particles are produced.
To infect the target cell, enteroviruses make use of
different cell surface proteins as receptors and core
ceptors. Many enteroviruses bind to the CD55/DAF
factor, which is one of the complement cascade com
ponents. However, for most enteroviruses, interac
tions with CD55 are insufficient for successful cell
infection. For example, some ECHO viruses require
β2 microglobulin as a coreceptor [39], while most
group A Coxsackieviruses interact simultaneously
with CD55 and the ICAM1 integrin [40, 41]. Group
B Coxsackieviruses use mainly the socalled Cox
sackie and adenovirus receptor (CAR), a 46kDa pro
tein of the immunoglobulin superfamily [42–44],
while polioviruses enter the cell using the CD155 gly
coprotein [45].
Enteroviruses enter the organism through the
mucosa of upper respiratory pathways or the gas
trointestinal tract; following that, they proliferate
mainly in the lymphoid tissues of the rhinopharynx
(adenoids and tonsils) and the small intestine (Peyer’s
glands). Normally, the infection is mild and asymp
tomatic; sometimes it causes some moderate disease
symptoms, such as fever, headaches, nausea, abdomi
nal pain, and vomiting [29]. However, if an enterovirus
infection spreads outside the gastrointestinal tract, it
may cause a more severe disease [30]. A very grave
enterovirus infection is poliomyelitis. Most often,
polioviruses replicate nearly asymptomatically in the
gastrointestinal tract, but sometimes the infection
spreads to the central nervous system and affects ante
rior horn cells. Poliomyelitis patients commonly con
tinue to suffer from the lasting paresis or paralysis of
different muscle groups, which sometimes leads to a
lifelong disability. Coxsackieviruses A and B, ECHO
viruses, and other enteroviruses are usually less dan
gerous, although they may also cause serious condi
tions, such as aseptic serous meningitis, meningoen
cephalitis, acute myocarditis, and hemorrhagic syn
drome of the newborn [46, 47]. In addition, they may
cause acute respiratory infections, diarrhea, hemor
rhagic conjunctivitis, and Bornholm disease (epi
demic pleurodynia). Some Coxsackieviruses A (sero
types 4–6, 9, 10, and 16) and B (serotypes 2 and 5), as
well as enterovirus 7, are often identified as the caus
ative agents of enteroviral stomatitis, which sometimes
takes the course of enteroviral exanthema of hands,
feet, and mouth [30]. ECHO11 and ECHO19 can
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cause enteroviral uveitis, frequently resulting in blind
ness [48, 49]. They can also provoke hemorrhagic syn
drome in newborns [50, 51]. Although the list of pos
sible enterovirusassociated diseases looks impressive,
more than 90% of poliovirus infections and at least
50% of other enterovirus infections actually take a
subclinical or asymptomatic course; consequently,
some enteroviruses can be classified as apathogenic
viral saprophytes [52–54].
ONCOTROPIC AND ONCOLYTIC
PROPERTIES OF ENTEROVIRUSES
Oncolytic properties of different enteroviruses were
first reported in the 1950s [55, 56]. Manifold investiga
tions of the oncolytic activity of enteroviruses were
performed in both animal models of solid tumors and
human volunteers. Most comprehensive studies have
been performed with ECHO viruses (serotypes 1, 7,
and 12) [53, 57–59], type1 poliovirus [60–63], and
Coxsackie virus A21 [64–66].
Due to the considerable variations in the pathoge
nicity of different enteroviruses, there are two princi
pal approaches to the research of their oncolytic activ
ity. Apathogenic and lowpathogenic variants can be
investigated without any modifications. In contrast,
pathogenic viruses must be attenuated; in particular,
genetic engineering techniques can be used to produce
recombinant variants with increased selectivity to
tumor cells and reduced proliferation in healthy cells.
ECHO viruses were among the first enteroviruses to
be investigated as antitumor agents. The name
“enteric cytopathic human orphan” implies that
ECHO viruses have a cytopathyc effect in cell cul
tures, but, as orphans, are not associated with any
human diseases. Although this connection was discov
ered later for some ECHO viruses, the term was firmly
established. Several nonpathogenic ECHO viruses
and some Coxsackievirus strains were isolated from
healthy children in the course of mass antipolio vac
cinations in the late 1950s, as the reasons underlying
the absence of immunity to poliovirus vaccine in some
children were investigated. It was found that concur
rent asymptomatic enterovirus infection prevented the
colonization of the intestines by vaccine poliovirus due
to interference effects.
Live Enterovirus Vaccines
It was found that nonpathogenic strains of ECHO
viruses and Coxsackieviruses obtained from healthy
children can prevent not only the colonization of the
intestine by vaccine poliovirus strains, but also some
viral diseases due to the interference phenomenon.
Based on the collection of nonpathogenic enterovirus
strains obtained from the feces of healthy newborns
and infants, live enterovirus vaccines (LEV) were
obtained by the group of Dr. Voroshilova in the Insti
tute of Poliomyelitis and Viral Encephalitis in 1960–
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1970s [67]. Following a thorough investigation, GS–
ECHO1 and L572ECHO12 [68, 69] were classified
as vaccine strains and used to produce LEVs: LEV4
and LEV7, respectively [52, 53, 70]. It was initially
planned to use LEVs to control enterovirus infections,
as competing nonpathogenic symbionts would replace
pathogenic viruses. Further, it was shown that LEVs
can restrict infections caused not only by pathogenic
enteroviruses, but also by influenza virus, agents of
other acute respiratory infections, herpes virus, and
some others [52, 53, 67], probably because of the
interference effect due to interferon production stim
ulated by the replication of nonpathogenic viruses.
LEVs were also tested as a treatment against some
chronic diseases, such as herpetic lesions, multiple
sclerosis, lateral amyotrophic sclerosis, and progredi
ent tickborne encephalitis, as well as malignant
tumors [52, 53].
In 1958–1968, three strains of live poliomyelitis
vaccines and several LEVs were tested in several hospi
tals in 1452 patients with advanced stages of cancer
who had been resistant to conventional treatment; in a
portion of cases, a positive clinical effect was attained
[53]. In particular, improvements of the general condi
tion tumor reduction or stabilization, were observed in
58% of cases in the test group of 248 patients, which
enables subsequent surgical intervention [53]. The
best results were observed for gastrointestinal tumors
[71]. It was found that nonpathogenic enteroviruses
can proliferate in tumor cells [72], act as potent inter
feron inducers and activators of Tcell immunity, sup
port leukopoesis, have a radioprotective effect, and
can be used in combination with other methods of
anticancer treatment [53, 73, 74].
Rigvir: An EnterovirusBased Oncolytic Drug
Oncolytic activity of ECHO viruses was also stud
ied from the beginning of the 1960s by the group of
Dr. Muceniece in the Kirchenstein Institute of Micro
biology [59]. The oncolytic activity of natural
enterovirus strains was increased by multiple passaging
in human tumor cell cultures. Clinical trials of five
attenuated oncolytic ECHO enterovirus strains began
in 1968. The trials were performed in stageIV cancer
patient volunteers, when the conventional therapy had
proved inefficient. Viral preparations were adminis
tered by intramuscular injections. In some patients, a
portion of tumor cells were destroyed that show char
acteristic cytopathic signs, but the overall therapeutic
efficiency was low, supposedly because of the large
bulk of the tumor and the rapid development of antivi
ral immunity. Accordingly, the suggested treatment
strategy included radical surgery with subsequent viro
therapy for the eradication of residual tumor cells and
metastases and the stimulation of antitumor immunity
[75].
Based on the results of the trial, ECHO virus strain
ECHO7, which showed the most pronounced onco

lytic properties, was selected for further research and
named Rigvir [76, 77]. In 1988, phaseIII clinical tri
als began, which compared the efficiency of Rigvir
with that of surgery and radio and chemotherapy. In
2004, a patent was issued for Rigvir, and it was offi
cially registered in Latvia, becoming the first enterovi
rus medication worldwide to complete the full cycle of
clinical trials and to be applied in cancer therapy.
Since 2008, Rigvir has been available in Latvia as a
prescription medication. The information on its prop
erties and usage is available at the site of the Latvian
Virotherapy Center (www.viroterapija.lv).
Oncolytic Properties of ECHO Viruses
The progress in molecular and cell biology stimu
lated investigation of oncolytic enteroviruses on a new
level. For several years, the enterovirus ECHO1
Farouk strain has been used as a model enterovirus at
the University of Newcastle (Australia) [57, 58, 78]. In
particular, it was found that ECHO1 could cause cell
lysis in all eight cell lines of ovarian cancer studied; it
significantly suppressed the growth and dissemination
of tumors cultured in vivo in immunocompromised
mice [78]. Oncolytic properties of ECHO1 were also
confirmed in a model of mouse xenografts of human
prostate cancer cells [57]. To investigate the oncolytic
properties of the virus, the growth and lysis of
xenografts of metastasing gastric cancer cell lines were
monitored using the bioluminiscence of luciferase
expressing cells [58]. The onetime intratumor injec
tion of ECHO1 significantly slowed tumor growth
and dissemination. An important advantage of onco
lytic viruses used as an anticancer treatment is their
longterm persistence in the organism due to their
constant proliferation in tumor cells, which eliminates
the need for repetitive administration [58].
The mechanism of ECHO1 selectivity to tumor
cells is also being actively studied. This virus enters tar
get cells by binding to the VLA2 receptor (integrin
α2β1) [79]. Viral surface proteins interact with domain I
of the α2 subunit [80]. Integrin α2β1 is produced in
large quantities by tumors of the ovaries, stomach,
prostate, and some other organs, which partially
explains the increased tropism of ECHO viruses to
these types of cancer cells [57, 58, 81]. Integrin α2β1
interacts with extracellular matrix proteins, e.g., typeI
collagen and laminin. Its overexpression may facilitate
tumor expansion, in particular, metastatic dissemina
tion into the abdominal cavity [82–85]. Presumably,
interaction of integrin α2β1positive cells with ECHO1
might prevent tumor dissemination because of the
virus competing with extracellular matrix proteins for
integrin binding [58]. It should be noted that the
mechanisms of the ECHO1 cytolytic activity itself
are so far insufficiently understood. It was found that
integrin α2β1 is not the only cellular protein required
for the successful proliferation of the virus, which sug
gests that additional mechanisms of cell sensitivity
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exist [58]. Unlike some other viruses, ECHO1 binds
to the inactive conformation of integrin α2β1. This
results in the clusterization of integrin on the cell sur
face and the activation of signaling pathways that facil
itate the invasion of the virus by endocytosis; impor
tantly, the mechanism of integrin α2β1 interaction with
the virus differs from the mechanism of its interaction
with the extracellular matrix, resulting in the activa
tion of different signaling pathways [86]. The details of
this process still remain to be elucidated.
Oncolytic Properties of Coxsackie Viruses
Coxsackie enteroviruses are divided in groups A
and B. The first data concerning the oncolytic activity
of some Coxsackieviruses B were obtained more than
50 years ago [12]. However, it was only recently that
researchers began more comprehensive investigations
of the oncolytic potential of Coxsackieviruses using
the model of group A virus, mainly Coxsackie A21
(strain Kuykendall) [64–66].
Coxsackievirus A21 simultaneously requires two
receptor molecules, i.e., CD55/DAF and the integrin
ICAM1 [40, 41]. These receptors are present in
moderate quantities on the surfaces of normal respira
tory epithelial cells [87]. At the same time, ICAM1
and DAF are often abundant on the cell surface of
many tumor lines, making these cell more sensitive to
Coxsackievirus A21. The same molecules contribute
to tumor malignancy, since large amounts of DAF
protect tumor cells from cytotoxic complement action
[88], while ICAM1 promotes tumor dissemination by
interacting with lymphocyte functionassociated anti
gen, LFA1 [89].
The oncolytic activity of coxsackievirus A21 was
demonstrated in different types of tumors both in vitro
and in animal models. This strain proved to be an effi
cient oncolytic in melanoma [60, 90, 91], multiple
myeloma [64], breast cancer [66], and prostate cancer
[57] cells.
Tumor cell sensitivity to Coxsackieviruses depends
not only on the presence of the necessary surface
receptor molecules, but also on a number of other fac
tors, including the relationship between the rates of
virus replication and tumor growth. Mathematical
modeling predicts that viral oncolysis would be less
efficient in rapidly growing tumors if the increment in
tumor cell proliferation exceeded the number of dying
cells [92]. This prediction was verified by comparing
the efficiency of oncolysis in two morphologically
similar melanoma lines that differ in their growth rates
in immunocompromised mice. SKMel28 (slow
growth) and ME4405 (rapid growth) cell lines express
similar levels of ICAM1 and DAF and are equally
able to sustain Coxsackievirus A21 replication. The
dynamics of virusinduced oncolysis was better in the
slowly growing line SKMel28. However, this does
not imply that oncolytic therapy is inappropriate for
rapidly growing tumors, while, despite the different
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dynamics of tumor cell destruction, a onetime Cox
sackie A21 administration, either intratumoral or
intraperitoneal resulted in a significant reduction of
both SKMel28, and ME4405 tumors, and some
times even in their complete elimination [65].
The oncolytic activity of the Coxsackievirus A21
was also studied in vitro in multiple myeloma cells
[64]. Following the injection of CVA21 into bone
marrow biopsy specimens from patients with multiple
myeloma, 98.7% of CD138+ plasmatic cells were
destroyed. This result suggests that virotherapy with
CVA21 can be performed immediately before the
autologic stem cell transplantation to eliminate malig
nant plasmatic cells ex vivo.
Breast cancer cells were also shown to be sensitive
to Coxsackievirus A21 [66]. Highmultiplicity viral
infection produced a rapid cytopathic effect in eight of
the nine breast cancer cell lines investigated, while no
cytopathic action was observed in the control cell line
of normal breast cells. The oncolytic efficiency of
Coxsackievirus A21 was evaluated in the model of
bioluminiscent xenografts of breast cancer tumors in
immunocompromised mice (tumor cell lines T47D
and MDAMB231). By day 42 following a onetime
intravenous administration of the virus, metastases in
test animals had disappeared and the bulk of the tumor
reduced to onethird of its initial size, whereas in the
control group the tumor bulk reached 300–5000% of
the initial size. It was observed that, in some animals,
the virus persisted until the end of the experiment
because residual tumor cells were sustaining the repli
cation of the virus. However, this longterm persis
tence of the virus does not truly reflect the reality, since
the experiment involved immunocompromised mice
that lacked antiviral immunity. In fact, both the devel
oping immune reaction to the virus or the existing
immunity to a previously experienced asymptomatic
infection may reduce the therapeutic effect. For these
reasons, it seems promising to perform several sequen
tial courses of virotherapy with Coxsackieviruses of
different serotypes; in particular because several of
them (e.g., serotypes A13, A15, A18, and A21) have
similar oncolytic efficiencies [55].
Since different tumors may show varying sensitivity
to the virus, the efficiency of the treatment can be
improved by combining the oncolytic administration
of the virus with chemotherapy. This possibility was
investigated in cell lines derived from breast cancer
(MDAMB231 and T47D), pancreatic (PANC1),
and colorectal cancer (DLD1) [91]. All of these cell
lines express high levels of ICAM1, but PANC1 and
DLD1 cells expressed low levels of DAF. A combina
tion of Coxsackievirus A21 and doxorubicin had a syn
ergistic effect in all cell lines studied in vitro and con
siderably accelerated cell death. Xenografts of
luciferaselabeled MDAMB231 cells also were sen
sitive to the combination of Coxsackievirus A21 and
doxorubicin; moreover, the therapeutic effect was pro
vided with doxorubicin doses significantly lower than
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those used in monotherapy. When considering the
promising oncolytic potential of the virus, stage I and
II clinical trials of a Coxsackievirus A21based drug
CAVATAKTM (www.viralytics.com) have been con
ducted in Australia since 2009 in patients with head
and neck cancer, malignant melanoma, breast cancer,
and pancreatic cancer.
Oncolytic Properties of Attenuated
Poliovirus Strains
Polioviruses are agents of poliomyelitis, an infec
tious disease that affects spinal motor neurons. There
are three serotypes of pathogenic wildtype poliovirus
strains; for this reason, the prophylaxis of poliomyeli
tis employs a live oral vaccine that consists of attenu
ated vaccine poliovirus strains of serotypes I, II, and
III, which were obtained by A. Sabin in 1950s [93].
These strains lack neurovirulence, although they still
can proliferate in the intestines and cause stable life
long immunity. Vaccine poliovirus strains are typical
nonpathogenic enteroviruses suitable for testing their
oncolytic properties. The oncolytic activity of polio
vaccine strains was shown in some early studies [52,
53, 72]. In recent years, genetic engineering tech
niques have been actively used to produce recombi
nant poliovirus variants, in particular with increased
oncolytic potential [94, 95].
The only cell receptor of polioviruses is the CD155
glycoprotein of the immunoglobulin superfamily [45].
Similar to other enterovirus receptors, this protein is
abundantly exposed on the surface of tumor cells of
different origins, including epidermal and osteogenic
carcinomas, breast and colorectal cancer, neuroblas
toma, and some others [96–98]. High levels of CD155
production are commonly observed in malignant
tumors of neuroectodermal origin, i.e., astrocytoma,
oligodendroglioma, and glioblastoma multiforme
[96–98]. At the same time, the level of CD155 expres
sion in untransformed cells is extremely low, which
apparently makes them insensitive to polioviruses
[96]. It was found that increased CD155 presentation
on many tumor cells is determined by the activity of
the Sonic hedgehog (Shh) morphogen and the tran
scription factors Gli1 and Gli3 [99]. The Shh signaling
pathway is normally active only in embryogenesis;
however, it is pathologically activated in many tumors
[100]. Consequently, CD155 is a marker of different
cancer cell lines, and CD155expressing tumors are
potential targets for poliovirusdriven oncolysis.
Since the use of large therapeutic doses of poliovi
ruses in oncology is associated with the hazard of
potential virus reversal to the wild type, the initial
research steps were largely focused on safety issues.
Genetic engineering techniques were used to con
struct socalled antitumor replicon vectors based on
the typeI poliovirus Mahoney strain [101, 102]. In
these vectors, the gene that encodes the capsid protein
VP1 was substituted with the gag gene of human

immunodeficiency virus type 1 (HIV1). Complete
virus particles were assembled in cells concurrently
infected with the modified poliovirus and a helper vac
cinia virus strain carrying the VP1encoding gene. The
resulting recombinant poliovirus replicons were able
to infect target cells and amplify in them, but no fur
ther infection of other cells occurred [103, 104]. The
replicons could amplify in different primary tissue cul
tures of central nervous system tumors (malignant
glioma, astroctoma, gliosarcoma, neuroblastoma,
meningioma, and anaplastic glioma) [102]. The infec
tion produced characteristic cytophatic effects, such
as vacuole formation, cell rounding, and cellmem
brane rupture. Next, the oncolytic activity of poliovi
ruses was tested in tumor cell lines of different origin,
in particular in breast cancer (BT20), colorectal can
cer (DLD1), cervical cancer (A431), and melanoma
(SKMEL2, SKMEL21, and SKMEL28) cells.
Cytopathic action of varying intensity was observed in
all tumor cell lines studied, except for the Burkitt’s
lymphoma strain Raji, which does not express CD155
[105]. D54MG glioma xenografts in immunocom
promised mice were also sensitive to poliovirus repli
cons in vivo. Virotherapy significantly increased sur
vival rates in mice with transplanted tumors [102].
The safety of poliovirus replicons was tested in
transgenic mice expressing the poliovirus receptor.
These mice are normally highly sensitive to infection
with the wildtype poliovirus. Intraspinal administra
tion of poliovirus replicon doses 10000fold exceeding
the lethal dose for the wildtype poliovirus did not
produce any observable adverse effects [102]. Based on
these data, it is considered reasonable to use poliovirus
replicons in virotherapy aimed at destruction of CNS
micrometastases after surgical removal of the primary
tumor [102].
Oncolytic virotherapy is one of the most promising
approaches in the treatment of CNS tumors. At
present, the dissemination of the tumor to the CNS
implies the advent of the terminal stage of the disease
with mean survival rates of less than 1 year. The prog
nosis is poor, in particular because the risk of radiation
necrosis of the brain limits the possibilities of radio
therapy, while drug delivery to the brain and spinal
cord is hampered by the blood–brain barrier [100].
The genetically modified PVRIPO strain (variants
PV1RIPO and PVSRIPO) [96], derived form the
Sabin’s typeI polio vaccine strain is considered a
promising oncolytic poliovirus variant for CNS
tumors. This virus recombinant carries IRES of
human rhinovirus type 2 (HRV2). PVRIPO cannot
proliferate in normal cells of neurogenic origin and,
unlike the original vaccine strain, does not cause men
ingitis in CD155expressing transgenic mice [106].
The investigation of the molecular basis of PV
RIPO interaction with neurons showed that HRV2
IRES interacts with a doublestranded RNA binding
protein (DRBP76) heterodimer and the nuclear factor
of activated T cells (NF45). The DRBP76 heterodimer
MOLECULAR BIOLOGY

Vol. 46

No. 5

2012

ONCOLYTIC ENTEROVIRUSES

is neuronspecific; it is located primarily in the cyto
plasm and participates in protein translation, and its
binding inhibits the initiation of viral protein translation
in neurons by suppressing the HRV2 IRES [107, 108].
It was found that the IRES substitution in RVRIPO
did not affect its high oncolytic activity. The increased
activity of the HRV2 IRES in rapidly growing malig
nant cells suggests that there are some important dif
ferences in the regulation of translation rates in tumor
cells that make them sensitive to the oncolytic action
of PVRIPO. The details of the molecular mecha
nisms that underlie the oncolytic action of viruses are
still insufficiently studied, since they involve a large
number of regulatory proteins, canonical and nonca
nonical translation factors, IRESbinding proteins,
etc. [59].
The oncolytic activity of PVRIPO was investi
gated not only in primary nervous system tumors, but
also in brain metastases of breast cancer, in vitro and in
animal models. The experimental breast cancer cells
expressed high levels of CD155, which made them
highly sensitive to poliovirus in vitro. The oncolytic
effect of PVRIPO on breast cancer metastases to the
subarachnoid space and the brain parenchyma was stud
ied in immunocompromised athymic rats. Both intraspi
nal and subpial PVRIPO administration proved highly
efficient [100]. The potential of PVRIPO in the therapy
of malignant meningitis accompanying glioblastoma
multiforme was also evaluated. This study was per
formed in CD155expressing transgenic mice and in
athymic rats. The intraspinal administration of the
virus produced no signs of toxicity; at the same time,
the life expectancy of experimental mice increased
significantly, and some rats experienced a longterm
remission up to the complete eradication of the trans
planted tumor [109].
Since the use of attenuated viruses is associated
with the risk of genetic reversal and the restoration of
pathogenicity, the genetic stability of the PVRIPO
recombinant was confirmed by serial passages on
HTB15 glioblastoma multiforme xenografts with
subsequent analysis of the strain’s genetic and pheno
typic traits. The virus was shown to retain all the fea
tures of the initial strain, as well as its oncolytic prop
erties [60]. At the same time, 10 days after an intratu
mor injection, the virus quantities present in the
animal were very low, and in 28 days, it was entirely
absent. Thus, the virus was unable to persist in the
organism after the disappearance of the viable tumor
cells sustaining its replication [60].
The chimeric PVRIPO strain is currently at the
final stage of animal model tests, and will soon enter
clinical trials [106].
Another promising area of oncolytic poliovirus
application may be the treatment of neuroblastomas,
which are solid tumors that occur relatively frequently
in children. Neuroblastomas respond poorly to con
ventional therapy, and the prognosis is usually unfa
vorable.
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The oncolytic effect of attenuated polioviruses on
neuroblastoma cells was demonstrated both in neuro
blastoma cells in vitro and in xenografts in immuno
compromised mice [62, 63]. Mice with SJNJF
tumor xenografts received intratumor injections of
attenuated poliovirus, which resulted in rapid destruc
tion of tumor cells and complete tumor eradication. In
vitro experiments showed that live attenuated poliovi
rus caused cell death in 27 of 29 neuroblastoma lines
studied [63].
To ensure the highest possible safety of virotherapy,
a recombinant strain A133GmonocrePV exhibiting an
oncolytic action on neuroblastoma was developed
based on the type I poliovirus Mahoney strain [95]. In
this strain, the spacer of the 5' UTR of the viral
genome carried a point mutation [95] that reduced
neurovirulence more than 1000fold, probably by
decreasing the level of viral RNA translation [110]. To
prevent the possibility of the strain reverting to the
wildtype virus, the genomic element cre, which is
necessary for virus replication and is initially located
within the gene encoding the viral protein 2CATPase,
was inserted within the 5'UTR spacer [111, 112]. The
resulting attenuated virus strain was stable and could
efficiently replicate in neuroblastoma cells, causing
their destruction.
The use of oncolytic virotherapy can be hampered
by the preexisting immunity to the virus employed, or
rapidly developing immune response to the intro
duced oncolytic virus. At the first stage, attenuated
and recombinant polioviruses were tested in immuno
compromised mice, which provided no possibility to
evaluate the restrictions associated with antiviral
immunity [61, 62]. For this reason, the oncolytic
activity of A133GmonocrePV was studied in immuno
competent CD155tgA/J transgenic mice expressing
human CD155. This mouse strain is highly sensitive to
poliovirus and can be used as an animal model of
poliomyelitis [95]. To model the preexisting antiviral
immunity, mice were immunized with the mono
crePV poliovirus recombinant; subsequent transplan
tation of Neuro2aCD155 cells caused neuroblastoma
formation. Next, a course of intratumor injections of
the A133GmonocrePV virus recombinant was per
formed. In nine of 11 mice, the tumors disappeared
completely, and no signs of neurotoxicity were
observed. In two animals, the tumor relapsed in several
months after virotherapy, and the relapsing tumors
were resistant to repeated A133GmonocrePV therapy.
It was found that, in this case, tumor cells expressed
low levels of CD155. These results indicate the need
for combination therapy for neuroblastomas, since
monotherapy with oncolytic viruses may be insuffi
cient for a complete cure. The combination of onco
lytic virotherapy, chemotherapy, and radiotherapy can
have a lower general toxicity, which reduces the risk of
cardiopulmonary complications, kidney dysfunction,
or endocrine problems.
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It is especially worth mentioning that mice com
pletely cured of neuroblastoma using the A133Gmono
crePV oncolytic virus became resistant to the subse
quent reintroduction of the tumor with Neuro2aCD155
cells. Apparently, antigenpresenting cells take up
tumor antigens of lysed cells, which leads to the spe
cific peptide presentation and activation of cytotoxic
Tlymphocytes. These events accelerate further tumor
degradation and induce antitumor immunity. Similar
observations were previously made in experiments
with other oncolytic viruses [113–115]. A recent pub
lication reported the acquisition of immune resistance
to neuroblastoma as a result of virotherapy with
A133GmonocrePV. It was found that transplantation
of splenocytes or CD8+ Tcells from a mouse cured
with poliovirus therapy arrested tumor growth in the
recipient mouse [63]. These results suggest that a com
bination of virotherapy with A133GmonocrePV and
immunotherapy with poliovirus oncolysates may be a
promising treatment strategy in neuroblastoma.
APPLICATION OF ENTEROVIRUSES
AS ONCOLYTIC DRUGS: PROBLEMS
AND PROSPECTS
Taking into account the wide range of cell receptors
used by enteroviruses to enter the cell, corresponding
oncolytic virusbased drugs can be efficient against a
variety of tumors. The subsequent application of sev
eral oncolytic strains that represent different types of
enteroviruses may have a cumulative therapeutic effect
[53]. It should be pointed out that the current projects
seem promising and highly efficient [60, 95].
At the same time, certain problems remain that are
associated with enterovirus biology. First of all, we
should not forget that many enteroviruses are poten
tially pathogenic for humans, and their use may cause
different complications. For this reason, oncolytic
preparations should be based either on initially non
pathogenic enterovirus strains, or on recombinant
attenuated variants. However, the use of initially non
pathogenic strains does not guarantee their safety,
since enteroviruses have high variations. It should also
be taken into account that these viruses are apt to
recombination, which may cause them reverse to the
wild type, or produce a new pathogenic variant; for
these reasons, the stability of all enterovirusbased
oncolytic preparations must be thoroughly controlled.
Finally, the antitumor potential of viruses is limited, so
it is reasonable to combine virotherapy with other
types of treatment. The surgical removal of the bulk of
the tumor would be an efficient way to reduce the
probability of generating virusresistant clones. In this
case, virotherapy might be appropriate for the elimi
nation of residual tumor cells and metastases inacces
sible by surgery.
In spite of the above limitations, the further devel
opment of enterovirusbased oncolytic drugs might
produce a valuable complement to the existent meth

ods of anticancer therapy. An intelligent combination
of surgical, chemotherapeutic, radiological, and bio
logical methods of antitumor treatment will be able to
significantly reduce the number of incurable cases.
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