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Abstract
The World Health Organization grossly classifies the various types of astrocytomas using a grade
system with grade IV gliomas having the worst prognosis. Oncolytic virus therapy is a novel
treatment option for GBM patients. Several patents describe various oncolytic viruses used in
preclinical and clinical trials to evaluate safety and efficacy. These viruses are natural or genetically
engineered from different viruses such as HSV-1, Adenovirus, Reovirus, and New Castle Disease
Virus. While several anecdotal studies have indicated therapeutic advantage, recent clinical trials
have revealed the safety of their usage, but demonstration of significant efficacy remains to be
established. Oncolytic viruses are being redesigned with an interest in combating the tumor
microenvironment in addition to defeating the cancerous cells. Several patents describe the inclusion
of tumor microenvironment modulating genes within the viral backbone and in particular those which
attack the tumor angiotome. The very innovative approaches being used to improve therapeutic
efficacy include: design of viruses which can express cytokines to activate a systemic antitumor
immune response, inclusion of angiostatic genes to combat tumor vasculature, and also enzymes
capable of digesting tumor extra cellular matrix (ECM) to enhance viral spread through solid tumors.
As increasingly more novel viruses are being tested and patented, the future battle against glioma
looks promising.
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INTRODUCTION
Astrocytomas are broadly classified as either diffusely infiltrating or localized (circumscribed).
Localized astrocytomas are of lower grades, as classified by the World Health Organization
(WHO), and have a potential of cure following surgical resection. These include pilocytic
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astrocytoma (WHO grade I), subependymal giant cell astrocytoma (WHO grade I) and
pleomorphic xanthoastrocytoma (WHO grade I). The higher grade infiltrating astrocytomas
(grades II, III and IV) are more biologically aggressive and resistant to therapy. Diffusely
infiltrating astrocytomas are intrinsically invasive tumors with unfavorable prognosis and
include diffuse astrocytoma (WHO grade II), characterized by the presence of cytologic atypia,
anaplastic astrocytoma (WHO grade III), which have cytologic atypia and the presence of
mitotic activity, and glioblastoma multiforme (GBM) (WHO grade IV), which show presence
of tumor cell necrosis and/or micro vascular proliferation (angiogenesis), in addition to
cytologic atypia and mitotic activity. Apart from the tumor grade, there are other prognostic
factors affecting patient survival including age at diagnosis, tumor location, and extent of tumor
resection. However, regardless of these variables, overall prognosis of astrocytomas remains
dismal. While patients diagnosed with grade II tumors usually survive more than 5 years, those
with grade III tumors do not survive beyond 2–3 years. And the outlook for patients suffering
from GBM is the worst with a median survival of about 14 months with radiation and
chemotherapy [1].

GBM can develop as a primary tumor (de novo) or by progression from a lower grade
astrocytoma (secondary GBM). It is now known that these two broad subtypes of GBM are
genetically unique and distinct disease processes make them different in their genesis. While
the primary GBM is remarkable for both loss of heterozygosity (LOH) on chromosome arm
10q (70%) and EGFR amplification (36%), the secondary GBM most frequently demonstrates
mutation of the TP53 tumor suppressor gene, which is already present in 60% of the precursor
lower grade astrocytomas [2]. Given the poor prognosis of this disease, there is a desperate
need for novel methods of intervention. The use of oncolytic viruses is one such biological
therapy that is being investigated as a treatment option for malignant glioma. In this review,
we will discuss some of the patents describing oncolytic viruses currently being investigated
in clinical and preclinical studies.

Oncolytic virus (OV) therapy is based on the concept of using live viruses to selectively infect
and replicate in cancer cells, with minimal destruction of non-neoplastic tissue. While the
concept of using live viruses to infect and destroy tumors dates back to nearly over a century,
advances in molecular biology and virology have accelerated the development of OVs in the
last two decades [3]. Conditionally replication competent viruses are genetically engineered
or selected to be avirulent in normal cells but can exploit the aberrant molecular/genetic
pathways in tumors resulting in viral replication and cancer cell lytic destruction. This leads
to their efficient replication within cancer cells and the lytic destruction of the infected
malignant cell. Oncolytic viruses derived from Herpes Simplex Virus-1 (HSV-1), Adenovirus
(Ad), New Castle Disease Virus(NDV), and Reovirus (RV) have been tested in several clinical
trials for the treatment of malignant glioma. In all of these trials intratumoral administration
of infectious oncolytic virus particles was found to be safe but significant evidence of efficacy
remains to be established Table 1. Several innovative strategies to enhance intratumoral viral
spread and antitumor efficacy without compromising its safety are currently under
investigation. These studies have resulted in the development of several patents which may
contribute towards the advancement in future therapeutics.

HERPES SIMPLEX VIRUS-1 (HSV-1) DERIVED ONCOLYTIC VIRUSES
HSV-1 is an enveloped, double-stranded DNA virus containing a large, well characterized,
fully sequenced genome of about 152kb of DNA that encodes more than 80 genes. While the
large size makes genetic manipulations cumbersome, it also provides ample opportunities to
remove genes that are not essential for replication (estimated to be about 30kb) [4]. Removal
of these genes allows for the insertion of therapeutic transgenes within the viral backbone. The
ability of HSV-1 to remain as an episome avoids the possibility of any insertional mutagenesis
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of the infected cell, and the easy availability of antiherpetic drugs in order to keep viral
replication in check makes it a very desirable vector for therapeutic applications. Taken
together, these qualities of HSV-1 have led to the development of several oncolytic HSV-1
patents for the treatment of CNS tumors.

SINGLY ATTENUATED HSV-1 DERIVED ONCOLYTIC VIRUSES
HSV-1 viruses mutated in the viral genes ICP6 and/or RL-1 have been tested in human patients
Table 1. ICP6 encodes for the viral counterpart of mammalian ribonucleotide reductase (RR)
which is required for the de novo synthesis of deoxyribonucleotides, essential for viral DNA
synthesis and replication. A deficiency in ICP6 would make the virus replication competent
only in mitotic cells which express the mammalian counterpart of the enzyme. This enzyme is
normally not expressed in non-replicating cells, and hence viruses deficient in ICP6 gene would
be replication incompetent in normal non cycling cells Fig. (1). To test this hypothesis, a mutant
virus, deficient for the large subunit of RR (ICP6/RR), was created by the insertion of an
Eschericia coli LacZ gene within the UL39 gene locus [5]. Cytopathic and drug sensitivity
assays using this attenuated virus (hrR3) revealed not only efficient cancer cell killing in
vitro and but also similarly effective tumor killing in animal models of tumorigenesis [13,
14]. More recent evidence also indicates that the RR mutant HSV-1 may be “molecularly
targeted” to replicate more efficiently in cells with specific oncogenic mutations such as
homozygous deletion of the p16 gene [15]. HSV-1 ICP34.5 (RL-1) was also identified to be a
neurovirulence gene as attenuation of both copies of this gene led to a reduction in
neurovirulence associated with HSV-1 in vitro and in vivo [16,17]. Upon viral infection, PKR
becomes rapidly activated and it phosphorylates the α-subunit of eIF-2α leading to a total
shutoff of host protein synthesis. This response is overcome, however, by the HSV-1 gene
RL-1/γ34.5. This gene encodes for the ICP34.5 protein which, when expressed, leads to the
dephosphorylation of the α-subunit of eIF-2α and disinhibition of protein synthesis Fig. (2).
Deletion of the viral RL-1 gene therefore makes HSV-1 unable to replicate in normal cells.
However, proliferating cancer cells often have an activated Ras/Mitogen activated protein
kinase kinase (MEK) pathway rendering the cells deficient in the antiviral PKR response
[18]. Hence, an HSV-1 deficient in the viral γ34.5 gene can selectively replicate in Ras/MEK
activated proliferating cancer cells. The concept of targeting such attenuated viruses for cellular
proliferative disorders with an activated Ras pathways was patented in 2001 [19]. This mutant
virus retained the ability to replicate in actively dividing mouse embryo cells but not in
confluent mouse embryo cultures [17].

Consistent with these findings, an RL-1 null HSV-1 mutant (1716), which fails to produce
ICP34.5 is able to efficiently replicate in and cause subsequent cell death of a majority of
glioma cell lines and primary tumor derived cells [20]. WIPO patent WO2007087580 jointly
issued to Kerrington, Mezhir, Weichselbaum, and Roizman discloses a γ34.5 deficient HSV-1
strain for the treatment of proliferative disorders [21]. Another neuron-attenuated HSV-1
ICP34.5 mutant (variant-1716) was found to have significant antitumor efficacy in vivo when
administered to mice bearing experimental brain tumors [22,23]. Pathological examination of
mice injected intracranially with 1716, revealed a finite, self limiting host response to 1716,
highlighting the potential of using it for therapeutic purposes. This virus (strain 1716) is covered
by a worldwide patent applied by Crusade laboratories, Glasgow, UK [24].

Based on its safety profile in animals, the mutated HSV1716 was tested in the UK for use in
human patients with malignant brain tumors [6]. This clinical study represented the first foray
of inoculating mutated oncolytic HSV vectors into the brains of human patients with malignant
brain tumors, and for concerns of safety, only a very moderate dosage of the virus was permitted
to be tested. In this study, nine patients with malignant glioma were treated with escalating
doses of HSV1716 to a maximum of 105 p.f.u. by direct intra-tumoral injection. Patients were
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closely monitored for any signs of treatment induced toxicity. No adverse clinical events which
could be attributed to the administration of 1716 were observed. These was no evidence of
encephalitis, viral shedding, or reactivation of endogenous latent virus in any patient [6]. Five
of these nine patients underwent a subsequent tumor progression and biopsy samples from
these patients showed no signs of 1716 or wild type HSV by PCR analysis. In a subsequent
report by the investigators, it was noted that two of these nine patients were alive and stable at
four years and four months and three years and seven months, respectively, after treatment
[25]. Two more clinical trials were initiated to test the therapeutic efficacy of treating patients
with malignant glioma by HSV mutant 1716. In one of the clinical trials, evidence of viral
replication in human high grade glioma was examined in twelve patients with high grade
malignant glioma after receiving 105 p.f.u. of HSV mutant 1716 by direct intratumoral
stereotactic injection 4 to 9 days prior to tumor resection. The tissue was examined for presence
of HSV DNA by PCR, southern blotting, and immunohistochemistry and for the presence of
infectious viral particles by plaque assay. The results confirmed the presence of HSV in tumor
tissue 4 to 9 days after treatment without any obvious signs of toxicity [7].

In the third study to test the therapeutic efficacy of the HSV mutant 1716 in human glioma
patients, a total of twelve patients diagnosed with high grade recurrent (6 patients) or newly
diagnosed (6 patients) glioma underwent gross tumor resection [8]. After the initial tumor
debulking, 105 p.f.u. of HSV mutant 1716 was injected into 8–10 sites within the tissue
surrounding tumor cavity. Despite the lack of toxicity seen in the previous trials, due to
paramount safety concerns, the therapeutic dose given to the patients was not increased as
would have been done for clinical trials with a chemotherapeutic agent. However, the lack of
any virus-related toxicity in this study considerably strengthened the safety profile of this
approach as the virus had been injected into tissue involving the functioning brain. The
expected median survival for patients with GBM is one year from the time of initial diagnosis
and only 3–6 months following diagnosis of a recurrent tumor. In this study, one patient with
a recurrent tumor and two patients diagnosed with primary GBM survived for more than 22,
18, and 15 months, respectively. A causal relationship, however, between response and viral
treatment could not be established.

This study demonstrated that HSV1716 can be injected into the normal brain of individuals
without any ensuing toxicity. However since the maximum tolerated doses were not achieved
in this trial, the safety of this virus at these doses may simply result the inadequacy of current
technology to reach high enough doses.

HSV1716 is currently being pursued by Crusade Laboratories, Glasgow, UK. The company
has been granted orphan drug status in Europe for “the use of HSV mutant 1716 in the treatment
of glioma” and has received regulatory approvals to initiate a Phase III trial for glioma patients
[22]. For this trial, glioma patients with a first recurrence after surgery will be randomized into
one of two treatment arms: HSV1716 or conventional chemotherapy. Satisfactory results in
this trial could lead to a license and marketing authorization in glioma research.

DOUBLY ATTENUATED HSV-1 DERIVED ONCOLYTIC VIRUSES
In order to minimize the chances of an oncolytic HSV-1 reverting back to a wild type virus
G207, a doubly attenuated oncolytic HSV-1 that has deletions at both γ34.5 (RL1) loci as well
as an in-frame, gene disrupting insertion of the E. coli β-galactosidase gene within the ICP6
gene, was created. Intraneoplastic administration of the virus resulted in slower tumor growth
and/or prolonged survival [27,28]. Martuza, Rabkin and Mineta jointly hold a patent describing
G207 for the treatment of neoplastic disease [28]. Furthermore, G207 maintained the attenuated
neurovirulence, temperature sensitivity, as well as ganciclovir hypersensitivity [27], and the
insertion of β-galactosidase permitted easy detection of cells harboring the virus in infected
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tissue. Preclinical testing of this virus was performed in nude mice harboring subcutaneous or
intracerebral gliomas. Preclinical toxicity studies of G207 were performed by direct
intracerebral inoculation of mice and HSV-sensitive non-human primates revealing it to be
safe [29]. Even after two years of inoculation of G207 in new world owl monkeys (Aotus
nancymae), no infectious viral particles were recovered and viral DNA was found to be
restricted to the brain. Absence of the viral DNA in tears, saliva, and vaginal secretions
indicated a lack of viral shedding suggesting that strict biohazard management of G207 patients
may not be required.

The safety in intracerebral inoculation of G207 in humans was determined by a dose escalation
study with patients suffering from recurrent malignant glioma [5]. The protocol was approved
by the Recombinant DNA Advisory Committee of the National Institute of Health and Food
and Drug Administration. The trial was initiated with the administration of 106 p.f.u. of G207,
into the brains of three patients post tumor resection. After 28 days of observation to confirm
lack of acute toxicity three patients were then recruited into the next six cohorts and were
treated with the next higher dose of G207 (doses of each cohort were 107, 3 × 107, 108, 3 ×
108, 109, and 3 × 109 p.f.u. respectively). The three patients in the last cohort were treated with
G207 inoculated into five sites after surgical resection of the brain tumor, while all other
patients received the virus at a single locus post resection [5]. No toxicity which could be
directly attributed to the infectious virus was noted in this study, suggesting that G207 can be
safely inoculated into human brain tumors up to doses of 109 p.f.u. without any adverse events.
This agent is currently being investigated for efficacy in clinical trials.

CONDITIONALLY REPLICATION COMPETENT ADENOVIRUS
Adenovirus (Ad) is a non-enveloped virus containing a 36 kb double stranded linear genome.
Based on temporal pattern of expression, its genome is divided into early functions and late
functions. Early function genes encode for E1A, E1B, E2, E3, and E4 and are expressed early
during viral replication whereas late function (L1-5) genes are expressed after the
commencement of viral replication and encode for capsid proteins. The early viral genes encode
for proteins that antagonize host anti viral defense mechanisms. The viral E1A protein provokes
host cell induction of S phase by binding and inhibiting retinoblastoma protein (Rb). Rb binds
to cellular E2F transcriptional factor and inhibits E2F dependent transcription arresting cell
growth. Expression of viral E1A overcomes this arrest and permits entry into S phase, which
is conducive for viral DNA replication Fig. (3). However E1A induced entry into S phase can
also trigger cellular apoptosis by activation of tumor suppressor p53. Adeno-viral proteins E1B
55K, binds to and blocks p53 preventing premature host cell “suicide” and ensuring efficient
viral replication [30]. Based on these observations ONYX-015 (dl1520) a conditionally
replication competent adenovirus with a deletion in its 55kDa E1B gene was created. This virus
was found to be replication competent only in neoplastic cells, and the reason for this was
initially attributed to defective p53 pathways in most cancer cells [31]. However later studies
have shown that E1B can also interfere with shut-off of host mRNA nuclear export and protein
synthesis as well as induce nuclear localization of transcription factor YB to facilitate E2 late
gene activation [32].

ONYX Pharmaceuticals holds the patent for an E1B deleted oncolytic adenovirus which covers
methods for treating cancer using such a cancer specific replicating adenovirus [33]. This virus
was tested for safety in a dose escalation study by the New Approaches to Brain Tumor Therapy
(NABTT) consortium with patients suffering from malignant glioma. Cohorts of six patients
were treated with ONYX-015 from 107 p.f.u. to 1010 p.f.u. into a total of 10 sites within the
resected tumor cavity. No adverse events during the patient follow up could be attributed to
the virus. Among the 24 patients treated with ONYX-015, one died of a non-tumor related
event and three were alive at the time of the published report [9]. An almost identical virus,
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H101, has been tested for efficacy in China in patients with head and neck cancer. China’s
Sunway Biotech Company repor-ted a 79% response rate for H101 treatment in conjunction
with chemotherapy, compared to 40% for chemotherapy alone in a phase III clinical trial. Based
on these results H101 is currently the world’s only approved oncolytic virus (approved by
China’s State Food and Drug Administration (SFDA)) and is marketed in China. Sunway
Biotech plans to apply for testing H101 in Europe and the US.

An oncolytic adenovirus with a 24 base pair deletion in its E1A gene has been created and
tested for its oncolytic efficacy. Deletion of these 24 bp within the E1A, renders the virus unable
to bind to Rb, and block antiviral host defense reaction Fig. (3). This virus could efficiently
replicate in glioma cells with a mutant Rb pathway, but not in normal or cancer cells with a
restored Rb activity [34]. Further treatment of mice bearing subcutaneous glioma resulted in
a significant reduction in tumor growth. Glioma specific tropism of this virus was further
enhanced by the incorporation of an integrin targeting RGD-4C peptide motif into the
adenoviral fiber [35]. This modification significantly increased the anti-glioma efficacy of Ad-
Δ-24 RGD against human glioma cell lines and against brain tumor stem cells [36]. This virus
is currently being tested for safety, and biological activity when administered intraperitoneally
to patients with recurrent ovarian adenocarcinoma. A Phase I clinical trial to test the safety of
this virus in human glioma patients is currently being planned. The accumulation of high levels
of E1A in infected human cells results in an abnormal shift into S phase. Despite the enhanced
infectivity and antiglioma efficacy there have been concerns about toxicity related to high
levels of E1A in normal cells infected with this oncolytic virus. Transcriptional targeting of
the mutant E1A by exploiting tumor specific transcriptional factors has resulted in the
generation of ICOVIR-5, an oncolytic adenovirus with integrin targeted tropism and delta
24E1A under the control of E2F promotor. This virus has shown significant antiglioma efficacy
in mouse xenograft models and future studies will reveal the safety of this virus in human
patients [37,38].

ONCOLYTIC VIRAL THERAPY USING REOVIRUS
Reovirus is a double-stranded RNA virus, which can efficiently infect most mammalian cells.
However, despite its ability to infect human cells efficiently, cellular antiviral defense
responses effectively control viral replication so that in most cases the infection is
asymptomatic, and without any associated pathology [39]. Activated Ras signaling in
neoplastic cells counters the cellular antiviral defense permitting reovirus to efficiently
replicate in proliferating cells with an activated Ras pathway Fig. (2) [40]. Based on these in
vitro observations, its administration as an antineoplastic agent was tested in several animal
models of brain tumors, and the results revealed its antineoplastic efficacy. The inventors Lee,
Strong, and Coffey, jointly hold a patent describing the use of Reovirus as a therapeutic agent
for the treatment of cancer [41].

Safety studies with Reovirus include its intracerebral administration into the brains of non-
human primates and the safety profile of intracerebral administration in human patients
suffering from malignant glioma was recently completed in a dose-escalating phase I trial in
Canada [41]. Twelve patients (7 men/5 women) with recurrent malignant glioma were treated
with escalating doses of Reovirus up to 109 tissue culture infectious dose 50 (TCID50). No
adverse events that could be attributed directly to the administered virus were observed. Bodily
fluids from the patients were carefully monitored for evidence of viral shedding. Evidence of
viral DNA/RNA was found in the saliva of one patient and in the feces of two patients after
Reovirus administration. None of the patients demonstrated clinical evidence of encephalitis
and there was no dose limiting toxicity observed. This study demonstrated the feasibility of
using a live replication competent genetically modified Reovirus to treat malignant glioma. A
second study using Reovirus delivered by intratumoral infusion over a period of 72 hours has
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been initiated in USA. This study will be able to administer 10 times more virus to the tumor
and may also enhance viral dissemination through the tumor.

NEWCASTLE DISEASE VIRUS DERIVED ONCOLYTIC VIRUS
New Castle Disease Virus (NDV) is a single-stranded RNA virus that is contagious to birds
causing fatal sickness in most avian species. In humans it is associated with minimal pathology
comprised of mild conjunctivitis and laryngitis. The ability of NDV to directly replicate in and
kill a variety of cultured human and rat neuroblastoma cells without effect in normal fibroblasts
has been previously described [42]. This selective killing of human neuroblastoma (IMR-32)
cells was maintained during the in vivo treatment of established tumors in athymic nude mice
[43]. The strains HuJ and MTH-68 of NDV have been patented for their use as antineoplastic
agents [44,45]. Testing of the NDV strain MTH68 in patients with high grade glioma
commenced in 1996 [46–48]. Csatary et al reported in 2004 that a total of 14 patients with high
grade glioma had been treated [46]. This study enrolled both pediatric and adult patients
suffering from high grade glioma, and anecdotal evidence of efficacy in some patients was
noted. Elsewhere a case report of a fourteen year old patient suffering from recurrent GBM
was treated by intravenous administration of NDV in 1996. The last published report of this
patient indicated that he was taking only NDV vaccine treatment and was living a relatively
normal life [46]. The NDV strain HuJ was tested for safety and efficacy in a phase I/II trial
[10]. Fourteen patients were enrolled in this dose-escalation study. Intravenous administration
of NDV was well tolerated and MTD was not reached in this study. A complete response was
noted in one patient.

All of the clinical trials that have tested efficacy of the various oncolytic viruses in human
patients with malignant glioma have revealed the safety of this approach, however it must be
noted that these clinical trials have been unable to establish a maximum tolerated dose (MTD)
and hence are in a sense incomplete. Future clinical trials testing preparations of more
concentrated/potent viruses will lead to the definition of MTD in human patients. The use of
doses closer to the MTD in human patients will provide a more clear view of any toxicity which
may be attributed to the delivery of the virus.

ONCOLYTIC MEASLES VIRUS
Measles virus is a negative strand RNA paramyxovirus. Case reports of measles virus infection
in African children suffering from hematologic malignancies indicated towards an association
between measles virus infection and spontaneous tumor regression [49]. The oncolytic effect
of measles virus infection is a result of cell-cell fusion mediated by viral F protein leading to
the formation of synctia or multinucleated giant cell aggregates which undergo apoptotic cell
death [50]. Glioma specific cell killing achieved by this virus is attributed in part to the over
expression of CD46 in tumor cells compared to normal brain.

An attenuated strain of the Edmonston’s (MV-Edm) measles virus that has been used in
vaccination studies has been the choice vector for these studies. This MV-Edm strain was
engineered to express secreted carcinoembryonic antigen (CEA), a secreted protein, whose
presence in serum could be used to evaluate the presence of replicating virus in tumor tissue
[51]. The anti-tumor efficacy of the MV-Edm expressing CEA (MV-CEA) was evaluated in
multiple glioma cell lines in vitro and against subcutaneous and intracranial glioma tumors in
mice. There was a statistically significant reduction in tumor growth in subcutaneous tumors
and a statistically significant prolongation of survival of mice treated with MV-CEA compared
to untreated mice or mice treated with UV inactivated virus [51]. Furthermore, no clinical
neurotoxicity and no significant pathology was observed after intracranial administration of
MV-CEA in transgenic mice susceptible to MV infection [51]. A detailed toxicology study of
repeat intracerebral administration of MV-CEA in rhesus macaques was carried out to test the
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safety of intracranial delivery of this virus prior to testing in human glioma patients [52]. Two
different doses of MV-CEA (2 × 105 or 2 × 106) were injected into the frontal lobes of rhesus
macaques (n=2/group), and the animals were closely followed for any changes in body weight,
temperature changes, complete blood count, CEA levels, clinical chemistries, coagulation,
complement levels, immunoglobulin, measles antibody titers, viremia and shedding (buccal
swabs). No evidence of clinical or biochemical toxicity, including lack of neurological
symptoms was observed up to 36 months after treatment [52]. On the basis of its anti tumor
efficacy observed in animal models combined with the safety profile established in primates
a Phase I clinical trial was initiated in 2006. The study is a dose escalation study, wherein
cohorts of 1–6 patients will receive escalating doses of MV-CEA until a maximum tolerated
dose (MTD) has been established. Once the MTD in group 1 has been determined, subsequent,
patients will be assigned to a group 2, wherein they will undergo stereotactic biopsy (to confirm
the diagnosis), followed by MV-CEA administration into the tumor. Five days post treatment
patients undergo en block resection of their tumor followed by MV-CEA administered around
the tumor bed. The study is currently ongoing, and will investigate safety of this approach as
a therapeutic strategy for glioma patients.

ONCOLYTIC VESICULAR STOMATITIS VIRUS
Vesicular Stomatitis virus (VSV) is a negative stranded RNA virus. VSV replication is severely
attenuated in normal cells, but in malignant cells the virus is able to selectively replicate
resulting in efficient oncolysis [53]. VSV has been found to replicate efficiently in rat C6
glioma cells in vitro and could efficiently inhibit tumor growth in vivo [54]. The cancer cell
specificity of VSV has been attributed to cancer cell defects in the functionality of the IFN/
PKR pathway. VSV mutants with defects in their ability to shut down innate immunity have
been investigated as potential anti-cancer therapeutics [55,56]. VSV viral M protein blocks the
nuclear to cytoplasmic transport of IFN beta mRNA and helps circumvent cellular antiviral
responses. VSV mutant with a deletion of a single amino acid (methionine 51) in M protein
(VSVΔM51) has been shown to be able to replicate only in cancer cells defective in antiviral
IFN response and its replications is severely attenuated in normal cells. This virus shows potent
anti glioma effect against multifocal invasive glioma even when administered systemically
[57,58]. While the antiglioma efficacy of such oncolytic VSV has been established in
preclinical animal models of glioma future clinical trials will test the safety and efficacy of
VSV derived oncolytic viruses in human patients.

ONCOLYTIC VACCINIA VIRUS
Vaccinia virus (VV) is a member of the poxviridae family of viruses, and has been studied in
preclinical animal models as an anti-glioma therapy [59]. Recombinant VV expressing wild
type p53 (rVV-p53) was found to efficiently infect and cause apoptosis in a panel of human
glioma cell lines in vitro [60,61]. Treatment of radiation resistant rat C6 glioma with rVV-p53
resulted in a much slower tumor growth than with either agent alone indicating the potential
of combining it with radiation [62]. Vaccinia virus mediated cytokine gene delivery alone or
in combination with rVV-p53 has also shown anti glioma efficacy against established gliomas
in mice [63,64]. Recombinant oncolytic VV with targeted deletions in multiple viral genes
have been recently described. This virus shows significant anti-tumor activity against multiple
tumor models [65] and future studies will uncover if it also has an anti-glioma effect.

As oncolytic viruses derived from different strains of viruses are being developed and tested
in clinical trials, there is a considerable interest in understanding the impact of the tumor
microenvironment on oncolytic ability of the virus. Recent studies have resulted in several
patents which modulate the tumor microenvironment in conjunction with viral treatment to
improve therapeutic outcome. We will describe some of the recent advances describing viruses
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that modulate angiogenesis, host immune responses and tumor extra cellular matrix to enhance
viral spread.

PATENTS RELEVANT TO COMBINING ANGIOSTATIC STRATEGIES AND
ONCOLYTIC THERAPY

The impact of OV treatment on tumoral vasculature has been the focus of several studies. The
ability of OV to infect and replicate in proliferating endothelial cells, leading to their lytic
destruction has been previously reported [66]. Consistent with these reports, treatment of
human ovarian carcinoma and malignant peripheral nerve sheath tumors grown as xenografts
in athymic nude mice with oncolytic HSV mutants (G207, hrR3, and 1716) resulted in infection
of tumor vasculature, and an antiangiogenic effect [67,68]. While these studies demonstrated
the immediate direct antiangiogenic effect of OV, two recent studies have revealed increased
angiogenesis of the residual tumor that grows after oncolysis. Aghi et al. found a significant
decrease in the production of antiangiogenic proteins TSP-1 and TSP-2 in glioma xenografts
treated with G207 which resulted in an increased micro vessel density in tumors [69]. Further
treatment of glioma bearing mice with a combination therapy regimen of G207 and 3TSR (a
peptide containing the TSP-1 region) significantly reduced tumor micro vessel density and
enhanced antitumor efficacy compared to G207 alone. More recently, Kurozumi et al. have
reported induction of the integrin activating and angiogenic protein Cyr61 in gliomas treated
with oncolytic HSV mutant viruses [70]. The authors tested the impact of Cilengitide (cRGD),
an antagonist of Cyr61-mediated integrin activation, on OV treatment. Angioreactors filled
with glioma cells and then treated with the OV in the presence of Cilengitide had significantly
reduced angiogenesis as compared to angioreactors filled with OV alone. Together, these
studies indicate that while treatment with OV has an immediate antiangiogenic effect, OV
induced changes in the tumor angiotome permit re-growth of tumor vasculature in the residual
tumor after viral clearance. We have recently created a recombinant OV (HSVQvasculo)
expressing Vasculostatin within the γ34.5 deleted and ICP6 disrupted backbone of HSV-1
(strain F). Vasculostatin contains five thrombospondin type 1 repeats and an integrin
antagonizing RGD motif, and expression of this protein should antagonize the increased
expression of integrin activating Cyr61 and decreased expression of TSP-1 protein
accompanying oncolysis [71]. HSVQvasculo showed a significant increase in antiglioma
therapeutic efficacy compared to the control HSVQ virus in both subcutaneous and intracranial
tumors established in athymic nude mice (Hardcastle, Kaur, unpublished data). These studies
underscore the potential therapeutic advantage of combining OV treatment with antiangiogenic
agents in vivo. The apparent effect of oncolytic viral therapy on angiogenesis as well as the
innate role angiogenesis plays in the tumor microenvironment has lent to the interest in
combating both tumor cells and endothelial cells. The concept of combining at least one
oncolytic virus and at least one antiangiogenic agent for use in tumor therapy has been patented
[72].

Combination treatment of an oncolytic adenovirus with an antiangiogenic agent has been
observed to be more effective at treatment of colon cancer than either agent alone [73].
Combination of vKH6 with RAD001 (an angiogenic inhibitor) resulted in enhanced anti-tumor
efficacy possibly by substantially delaying the re-growth of the tumor while still allowing the
virus to spread within it. Future studies will investigate if this will also extend itself for the
treatment of glioma. In a more recent study, pretreatment of gliomas with a single dose of an
antiangiogenic agent prior to treatment with an oncolytic HSV-1 derived virus also resulted in
an enhanced anti-tumor effect of the OV [70].

While the concept of combining various antiangiogenic agents with OV remains very exciting,
careful preclinical studies are needed to identify dosing schedules and mechanisms to achieve
maximal synergy. The significance of drug interactions with OV and a careful study of dosing
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schedule has been made more significant by recent observations wherein the combination
therapy including OV and Bevacizumab, an anti-vascular endothelial growth factor (VEGF)
antibody, did not significantly increase survival compared to animals treated with OV alone
[74]. Nevertheless the concept of choking a tumor by attacking its vasculature in conjunction
with oncolytic cancer cell killing has been exploited in the design of several novel oncolytic
viruses armed with genes encoding for angiostatic factors. This has led to the development of
several patented “dually armed viruses” which can kill cancer cells by oncolysis as well as
deliver a transgene with potent antiangiogenic effects. For example, the regulatory cytokine
IL-12 has been inserted into an oncolytic HSV virus, NV1023, to create an OV expressing
IL-12 (NV1042) [75,76]. Similarly, Ye et al. patented the delivery of the E1A gene by a
recombinant oncolytic adenovirus (rAD-E1A) [77]. Treatment of experimental subcutaneous
tumors with rAD-E1A oncolytic virus resulted in a significant reduction of tumor growth
compared to control. It was determined that the inhibition of tumor growth could be partly
attributed to the reduction in vascular density by rAD-E1 A.

Another oncolytic virus exploiting the use of antiangiogenic gene therapy in conjunction with
OV mediated tumor destruction integrates the expression of Platelet Factor 4 (PF4) within the
backbone of the oncolytic HSV G47Δ [78]. The resulting OV, bG47Δ-PF4, was found to
significantly delay glioma growth compared to control. Further investigation of the
antiangiogenic effects of PF4 revealed a reduced number of vasculature structures in harvested
tumor tissue compared to control [79].

The incorporation of angiostatic factors such as angiostatin and endostatin into oncolytic
viruses has also been tested leading to several patents [80]. Inclusion of a secreted endostatin
or fusion endostatin-angiostatin protein within an attenuated HSV-1 backbone was found to
have potent antitumor and antiangiogenic effects in colon carcinoma and lung cancer tumors
in mice [81,82]. Future studies will test the efficacy of these recombinant viruses against
gliomas in vivo. Yoo et al. sought to exploit the angiostatic effect of VEGF signaling
interference by constructing an adenovirus expressing a short hairpin RNA expression system
against VEGF [83]. The conditionally replication competent Ad-ΔB7-shVEGF and the
replication incompetent Ad-ΔE1-shVEGF were constructed and compared for their
antiangiogenic efficacy. The viruses were found to successfully inhibit VEGF expression
thereby enhancing the anti glioma efficacy of oncolytic adenoviral therapy through an
antiangiogenic mechanism. The idea to use small interfering RNAs specific for VEGF was
patented in 2006 [84]. Preclinical testing of combination oncolytic viral therapy with
angiostatic gene delivery to combat both tumor cells and endothelial cells by way of an
antiangiogenic mechanism has shown much promise in the field of cancer research.

PATENTS RELEVANT TO HOST IMMUNE RESPONSES TO OV THERAPY
As the prospects of moving OV therapy into the clinic become increasingly tangible, additional
attention has been directed towards the role of host immunity in the context of OV
administration. The increasing understanding of the very complex interplay between antiviral
immunity and antitumor immunity, has led to the development of several patents related to OV
therapy and host immune responses. In this section, we will discuss some of the patents relevant
to this research.

Host immunity can be simplified into two distinct components: the innate immune response
and adaptive immunity. Mediators of the innate immune system function as the first responders
to viral infection, clearing infected cells, and producing cytokines and chemokines leading to
subsequent activation of the immune system. Consequently, innate immunity is critically
important in limiting wild-type viral infections; however, in the context of OV therapy, this
branch of the immune system appears to be a potent obstacle for achieving OV replication and
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tumor destruction [85–88]. Following activation of innate immunity, the adaptive component
of the immune system is recruited to the site of infection and participates in both the killing of
virally infected cells and the production of antibodies against foreign antigens. As a result,
stimulation of adaptive immunity has a positive impact on therapy through its promotion of a
cytotoxic T cell response, which creates an anti-tumor vaccination effect [79,89].

Although the innate immune system has a variety of functional components to protect the host
from infection, its critical objectives are to limit viral propagation, signal for maturation of
antigen presenting cells, and activate the adaptive immune response through antigen-specific
T cell and B cell maturation [90]. Owing to its significant contribution towards limiting viral
infection, it has been described as one of the critical limitations to effective virotherapy.
Treatment of rat glioma with an oncolytic HSV has been shown to result in a significant increase
in IFNγ accompanied by a rapid recruitment of macrophages, microglia, and natural killer cells
at the site of administration [91–93]. Both the antitumor efficacies as well as the intratumoral
viral titers were found to be significantly increased with the concurrent depletion of
mononuclear cells and the elimination of antiviral cytokines. Interestingly, Kurozumi et al.
found that pretreatment of intracranial tumor bearing rats with an antiangiogenic agent prior
to OV therapy limited the infiltration of antiviral host immune cells into the tumor. This resulted
in reduced antiviral immune responses and increased viral propagation and efficacy [70]. With
the elucidations of such pathways, the quest of combining novel pharmacological approaches
with OV therapy to enhance viral infection, replication, and propagation is being pursued
[94].

While antiviral immune responses are considered detrimental to therapy, activation of an
adaptive anti-tumor immune response upon viral infection has been shown to be beneficial for
cancer therapy. Cytotoxic T cell lymphocytes (CTL) have been implicated as the critical
responders to viral antigens presented on the surface of tumor cells. CTLs are subsequently
redirected to tumor cell antigens, thereby enhancing the efficacy of oncolytic HSV-1 by
inducing antitumor immunity [95,96].

The inclusion of genes encoding for various cytokines into viral vectors to enhance antitumor
immune responses has been also tested and found to be beneficial in several preclinical models
of cancer. For example, Post et al. found that the inclusion of IL-4 gene therapy in a hypoxia
driven oncolytic adenovirus also had a rapid and maintained tumor regression in human glioma
xenografts in mice [97]. Similarly the inclusion of IL-2 has been shown to result in the induction
of immunotherapy, and subsequent tumor rejection in other tumor models [98]. Similar results
were observed with the inclusion of IL-12 and GM-CSF which were intended to enhance OV
therapy by ultimately facilitating an adaptive immune response in tumors [75,99–102]. Based
on these studies several patents have been issued which describe novel OVs encoding for T-
cell co-stimulatory factors, pro-inflammatory cytokines, chemokines, and intercellular
adhesion molecules designed to increase the autologous antitumor vaccination by OV [76,
95,103].

While the significance of apoptotic bodies produced upon viral infection and their subsequent
engulfment by antigen presenting cells (APCs) to potentiate a cytotoxic T lymphocyte activity
and anti-tumor vaccines has been patented [104,105], the potential to exploit this in conjunction
with OV therapy to enhance anti-tumor immunity is only beginning to be realized. A better
understanding of the mechanistic cues that happen during immunotherapy can then be exploited
to harness the combined potential of antitumor immunity with OV therapy.
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PATENTS RELEVANT TO ENHANCE VIRAL SPREAD THROUGH A SOLID
TUMOR

Apart from efficient infection and host immune evasion, an OV needs to replicate and spread
efficiently through the tumor interstitium to effectively infect and eradicate all cancer cells
within the solid tumor. Physical barriers within the tumor microenvironment are problematic
to efficient viral dissemination and hence limit antitumoral efficacy. The use of enzymes to
selectively disrupt the extracellular matrix and surrounding tissue in order to enhance viral
spread throughout the tumor has led to the development of several patents which will next be
discussed.

One of the earlier research papers published with interest in breaking down the physical barriers
impeding viral transduction was that by Maillard, et al. in 1998. It was observed that the
endothelium and internal elastic lamina (IEL) were the main barriers to adenovirus-mediated
gene transfer to medial smooth muscle cells (SMC). Treatment of rabbit iliac endothelium with
elastase disrupted these barriers leading to increased adenoviral vector gene transfer [106].
This study provided evidence that the surrounding connective tissue and ECM may serve as
potential barriers to virus transduction in tumor tissue, and these barriers may be the cause of
uneven penetration and distribution of oncolytic viruses. A more recent study found that
pretreatment of human glioma xenografts in mice with proteases such as trypsin resulted in a
significant increase in virus-mediated gene transduction, possibly due to digestion of the tumor
extracellular matrix [107]. Similarly, it has been observed that HSV virions injected into
subcutaneous tumors grown in mice, did not spread efficiently in collagen-rich areas, and co-
injecting HSV viral vectors with bacterial collagenase, increased viral distribution and
antitumor efficacy of the oncolytic virus [108]. Recent reports have also shown enhanced
efficacy of OV treatment of subcutaneous tumors in mice in conjunction with treatment with
matrix modulating enzymes such as recombinant human hyaluronidase enzyme (rHuPH20),
and matrix metalloproteinases (MMPs) such as MMP-1 and MMP-8 [109–111].

All of these results collectively indicate the significance of modulating the tumor ECM to
enhance viral spread. The effect of Relaxin, (a peptide hormone that can induce the expression
of MMPs) on viral spread in gliomas and other tumor types has been evaluated in two
independent studies. First, Kim et al. engineered a replication incompetent and a replication
competent oncolytic adenovirus that expressed relaxin Ad-ΔE1B-RLX [112]. Tumor spheroids
transduced with Relaxin expressing virus permitted a better penetration of virus compared to
control virus transduced spheres in vitro and in vivo. Treatment of mice with subcutaneous
tumors revealed a potent anti-tumor effect of adenovirus Ad ΔE1B-RLX compared to control
virus and histological examination of the tumor revealed an apparent lack of collagen and wide
spread viral presence in tumors with Ad ΔE1B-RLX [113,114]. Based on these results inventors
Yun and Kim tested and patented an oncolytic adenovirus expressing relaxin [115].

These findings reveal the significant role that physical barriers, such as the ECM, play on the
invasion and spread of oncolytic viruses. As increasing methods to effectively disrupt these
barriers, while maintaining a degree of safety, come into view, the closer we get to enhancing
overall OV therapeutic efficacy.

CURRENT & FUTURE DEVELOPMENTS
Clinical trials in human patients have highlighted the relative safety associated with oncolytic
viral therapy. Current preclinical research is now focusing on ways to better understand host
responses, enhance viral spread, and combine tumor microenvironment modulation with
oncolysis in order to design strategies to improve therapeutic efficacy. Recent advances in
molecular biology have facilitated the cumbersome process of constructing novel recombinant
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viruses with additional features. As these viruses are being made and tested, it is of paramount
importance to always keep in mind the safety of the recombinant virus being generated. Studies
investigating the factors that limit viral infection, spread, and propagation in vivo, will lead to
the development of newer generation OVs which will be able to replicate better and more
specifically in cancer cells. Dosage studies investigating the impact of combining OV which
with the current standard of care will need to be carefully evaluated to determine optimal dosage
schedules to enhance therapeutic efficacy. There is also a significant effort being made to
improve existing technology for producing clinical grade virus. Improvements in virus
production will facilitate the ability to treat patients with larger doses than those currently
feasible. Future clinical trials will reveal the safety and efficacy of the various preclinical
treatment strategies being tested in translational laboratories across the world.
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Fig. 1.
The p16 pathway blocks the CDK4-CDK6-cyclin-D complex which increases the
phosphorylation state of RB, causing it to release the transcription factor E2F. Free E2F
mediates the transcription of several cellular genes that are involved in G1/S progression,
including ribonucleotide reductase (RR). In normal non cycling cells there is no cellular RR
hence Herpes simplex virus (HSV-1) strains with mutations in viral ICP6 gene (encoding for
viral counterpart of cellular RR), can not promote DNA synthesis and viral replication. Loss
of p16 or RB function frequently found in neoplastic cells dys-regulates E2F activity, and leads
to increased production of cellular proteins such as RR. This is exploited by HSV-1 defective
in ICP6 to replicate in cancer cells.
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Fig. 2.
Viral infection of cells initiates the homo-dimerization and subsequent phosphorylation and
activation of interferon-induced, double-stranded RNA-activated protein kinase (PKR).
Activated PKR phosphorylates its natural substrate, the alpha subunit of eukaryotic protein
synthesis initiation factor-2 (EIF2-alpha), leading to the inhibition of cellular protein synthesis.
HSV-1 encodes for γ34.5, a viral protein that mediated protein phosphatase 1α to
dephosphorylate EIF2-alpha, releasing the translational block initiated in normal cells upon
infection. In the absence of viral γ34.5 gene the viral replication is blocked by cellular responses
in normal cells. Cancer cells with an activated RAS/MEK pathway suppress PKR
autophosphorylation, hence allowing γ34.5−/− virus to replicate in them.
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Fig. 3.
A: Wild type Adenovirus encodes for viral E1A protein that can bind to and inactivate cellular
pRb protein. Inactivation of Rb releases E2F transcriptional factor driving the host cell into a
proliferative phase, facilitating viral replication. B; Adenoviruses with a mutant E1A, can not
inactivate cellular Rb, and can hence replicate only in cells with a mutant p16/pRb pathway.
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