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Abstract

Oncolytic virotherapy with mutants derived from Herpes simplex virus (HSV) type 1 exhibit
significant antitumor effects in preclinical models. Several mutants have now been tested in
clinical trials for a variety of cancer types, and all have been found to be safe. While there have
been hints of antitumor efficacy with prolonged survival in some cases compared with historical
controls, dramatic responses have been elusive. We review the clinical experience published to
date and discuss some of the biologic factors that may be limiting for virus infection and spread,
as well as new strategies currently under development to enhance antitumor efficacy.
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Introduction

The field of oncolytic virotherapy encompasses any use of viruses with natural or
engineered tumor-selective replication to intentionally infect and kill tumor cells. While the
concept of using live viruses to infect and destroy tumors dates back over a century ago, the
ease of creating novel genetically engineered viruses using molecular biology has
accelerated the field of oncolytic virotherapy in the last two decades [1]. Here we describe
the biology and clinical testing of oncolytic Herpes simplex virus type 1 (HSV-1)-derived
viruses.

HSV-1 is an enveloped, double stranded DNA virus with a fully sequenced genome of about
152kb encoding approximately 80 genes. The large, well characterized genome permits the
removal of genes known to not be essential for replication in cancer cells (estimated to be
about 30kb), thus allowing the insertion of therapeutic transgenes within the viral backbone.

"Address correspondence to: Timothy P Cripe, M.D., Ph.D., Cincinnati Children’s Hospital Medical Center 3333 Burnet Ave, ML
R7015, Cincinnati, Ohio, 45229 USA, timothy.cripe@cchmc.org.
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These properties along with its ability to remain as an episome, which alleviates concerns of
insertional mutagenesis, make HSV-1 a very desirable vector for therapeutic applications.
Attenuated HSV-1 viruses deleted for certain genes important for viral replication in normal
cells may retain their ability to infect and kill cancer cells. Such vectors have been exploited
for their cancer cell-selective replication/lysis as oncolytic viruses in several preclinical and
clinical studies. Initial studies focused on the use of HSV-derived vectors for brain tumors,
but due to its broad host tissue tropism preclinical models and clinical trials have been
expanded to include numerous different tumor types. In this review we focus on the HSV-1
vectors currently being tested in human patients, and discuss the various barriers faced by
the oncolytic virus in vivo.

Early oncolytic viruses: dlsptk and hrR3

In the early part of the 20t century, wild-type HSV-1 was among the first viruses found to
grow preferentially in animal tumors and slow their growth [2], but the subsequent isolation
of attenuated mutants suitably safe for human use would require another 70 years. Single
gene deletion oncolytic viruses such as dlsptk and hrR3 were among the first mutant
oncolytic viruses investigated in preclinical studies for their anti-neoplastic properties.
dlIsptk is a mutant HSV-1 deleted for the viral HSV thymidine kinase (HSVTK) gene. Viral
HSVTK is required for nucleotide metabolism essential for DNA replication in non-dividing
cells, but the upregulated expression of mammalian TK compensates for this defect in
cancer cells [3]. Martuza et al tested dlsptk for its therapeutic potential against human
gliomas implanted into immunodeficient mice, and dlsptk induced significant tumor
reduction and increased animal survival [4]. Because the viral TK gene is required for most
antiherpetic drugs, its deletion rendered the virus insensitive to commonly used anti-herpetic
drugs such as acyclovir and ganciclovir, making it less attractive for use in human patients.
Nevertheless this represents the first study that highlighted the potential of using
conditionally replication competent viruses as antineoplastic agents for therapy.

hrR3 is an oncolytic HSV-1 with an in-frame gene disruption of ICP6 by the insertion of the
E. coli bacterial reporter gene, -galactosidase [5]. The viral ICP6 gene encodes for the large
subunit of ribonucleotide reductase (RR), which is essential for the de novo synthesis of
deoxyribonucleotides, needed for viral DNA synthesis and replication. Similar to the
HSVTK deletion mutants, viral RR deletion mutants replicate best in cells that compensate
for the loss of ICP6 by expressing the mammalian counterpart of RR [3]. Increased
expression of mammalian RR is found in most cycling cells and those with homozygous
deletion of the p16 gene, indicating that RR deficient viruses are able to replicate selectively
in cells that harbor such mutations [3]. hrR3 efficiently destroys cancer cells invitroand in
vivo [6, 7]. Due to an intact TK gene, hrR3 retains sensitivity to anti-herpetic agents,
suggesting that hrR3-infected glioma cells would be sensitive to killing by such drugs. In
fact, the combination of hrR3 with ganciclovir has been reported to be of therapeutic
advantage in rats bearing intracranial tumors [8], though the use of anti-herpetic drugs in this
context is generally thought to be counterproductive to the oncolytic effect of virus
replication [9]. Additionally, the antitumor combination effects of hrR3 with radiation, anti-
angiogenic agents, immune modulating agents, and chemotherapy drugs in animal models
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underscores the significance of using oncolytic HSV-1-derived viruses as therapeutic agents
[10, 11] [12].

Based on the promising preclinical efficacy research, the safety of delivering hrR3 via
intracerebral and intracorneal inoculation in mice was investigated [13]. While inoculation
of wild-type HSV-1 revealed a lethal dose in 50% of animals (LDsg) of 10 plaque forming
units (pfu), the LDsq for hrR3 was more than 500,000 pfu in 4 week old mice (mice
survived the highest dose tested), suggesting that hrR3 is relatively safe for in vivo use. The
LDsgg was lowered by two orders of magnitude in 1 day old mice, attributed in that study to
the rapid cell division occurring in the brain during the first week of post-natal life in the
mouse. In older mice, no hrR3 virus replication was detected in brains compared with an
increase of >4 logs of wild-type KOS virus [13]. The safety and bio-distribution of hrR3 was
also tested in nude rats and Balb/c mice [14, 15]. The same dose was administered into the
portal-venous circulation, and virus was detected by PCR in the liver and spleen but not in
the brain, lung, or colon [15].

rRp450 is an oncolytic HSV-1 that contains a deletion of ICP6, which should result in a
similar phenotype to the mutation of ICP6 in hrR3. Inserted into the ICP6 locus is the rat
cytochrome P450 2B1 (CYP2BL1) gene, which encodes for the enzyme that activates
oxazophosphorine prodrugs (e.g., cyclophosphamide and ifosfamide) into their anticancer
metabolites (e.g., phosphoramide mustard) [16]. Treatment of rats bearing intracranial
gliomas and mice with hepatic and sarcoma xenografts resulted in significant anti-tumor
efficacy [17, 18]. The replication of rRp450 has been shown to be attenuated in human and
mouse hepatocytes by >4 logs compared with wild type KOS [19], and indeed the vector
appears to be safe when given by intracranial, intraperitoneal, and intravenous routes alone
and in combination with cyclophosphamide [18]. rRp450 has also now even been shown to
exhibit an antitumor effect when given intravenously, which can be enhanced by
combination with anti-VEGF antibodies [20]. Based on these safety and efficacy studies, a
clinical trial to test rRp450 in patients with liver metastases and primary liver cancer is
underway at Massachusetts General Hospital (www.clinicaltrial.gov NCT01071941).

ICP34.5-Deficient Oncolytic HSVs

Interferon-induced, double-stranded RNA-activated protein kinase (PKR) is one of the
principal cellular defenses against viral infection and is maintained at low levels in normal
cells. PKR is activated upon viral infection and leads to phosphorylation of elF-2a, resulting
in the shutoff of host protein synthesis. Viruses have evolved to counteract such cellular
antiviral defense reactions. For example, the HSV gene R -1 encodes for ICP34.5, which
can reverse the effects of activated PKR. Thus, attenuation of both copies of this gene leads
to reduction of neurovirulence associated with HSV-1 in vitro and in vivo [21, 22]. Despite
the reduced replication in normal cells, HSV-1 virions deleted for ICP34.5 efficiently
replicate in and are cytotoxic to a majority of glioma cell lines and primary tumor-derived
cells [22, 23]. Treatment of mice bearing experimental brain tumors with HSV1716 resulted
in a statistically significant increase in survival [24, 25]. HSV1716 was the first mutated
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HSV-1 to be tested for efficacy by direct inoculation into the brains of patients with
malignant brain tumors. There was no evidence of encephalitis or viral shedding or
reactivation of endogenous latent virus in any patient [26]. In a subsequent report, two of the
nine patients enrolled in this study were alive and stable at four years and four months and
three years and seven months after treatment, suggesting a possible therapeutic efficacy
associated with virotherapy [27]. Evidence of viral replication was subsequently examined
in human high grade glioma patients. Results from plague assays revealed the presence of
infectious viral particles in resected tumors from two of the twelve treated patients. [28].
HSV DNA was detected by PCR and immunohistochemistry of tissue samples revealed
positive staining for HSV proteins in tumor tissues from some patients, and virus in excess
of input dose was recovered in two patients. In a subsequent trial, virus was injected into the
tumor bed after surgical debulking, and there was no evidence of virus-associated toxicity
[29]. Tumor samples from 4 patients supported virus replication in culture. The expected
median survival for patients with primary and recurrent GBM is approximately 14 and 3-6
months, respectively. Of the six patients diagnosed with recurrent GBM, one showed no
evidence of recurrence twenty two months post treatment, and two patients diagnosed with
primary GBM were alive at 18 and 15 months.

HSV1716 has also been tested by direct intratumoral injection in patients with non-CNS
solid tumors including melanoma and head/neck squamous cell carcinoma. Flattening of
palpable melanoma tumor nodules was observed in some patients, and evidence of virus
replication was confirmed by immunohistochemical staining of the injected nodules [30].
Injections into tumors or normal oral mucosa in twenty patients with squamous cell
carcinoma were also well tolerated [31]. HSV was detected in the blood of five patients at in
some patients up to 3 weeks post-injection. Unlike the preclinical studies that suggested this
cancer type is susceptible to HSV1716 oncolysis [32], no antitumor activity was apparent,
suggesting in vivo barriers to virus spread must be identified and overcome for this disease
such as virus receptor expression [33, 34]. HSVV1716 is currently being studied in patients 13
to 30 years of age with non-CNS solid tumors at Cincinnati Children’s Hospital Medical
Center (www.clinicaltrial.gov NCT00931931) based on preclinical efficacy of oncolytic
HSV in models of sarcomas and neuroblastoma [18, 35-40].

G207, is a doubly attenuated oncolytic virus that has deletions at both R -1 loci (encoding
ICP34.5) and an in-frame and gene disrupting insertion of E. coli Beta-galactosidase gene
within the ICP6 gene (UL39). The presence of two different attenuating mutations and the
presence of wide type TK, which permits ganciclovir sensitivity of the recombinant virus,
contribute towards the safety of this virus [41], though due to both gene mutations it has
been found to be less efficacious than other virus mutants [42]. The insertion of -
galactosidase permits easy detection of cells harboring the virus in infected tissue. Treatment
of nude mice harboring subcutaneous or intracerebral gliomas with G207 resulted in
significant antitumor efficacy. G207 treatment destroyed human glioma cells in monolayer
cultures, and intratumoral treatment of glioma bearing nude mice harbouring subcutaneous
or intracerebral U-87MG gliomas decreased tumor growth and/or prolonged survival.
Additionally, G207 was found to be avirulent upon intracerebral inoculation of mice and

Curr Pharm Biotechnol. Author manuscript; available in PMC 2014 November 16.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Kaur et al. Page 5

HSV-sensitive non-human primates [41]. Cellular effects of oncolytic G207 therapy were
studied in intracranial gliomas implanted in mice that revealed widespread regions of viral
infection and replication (plaques) with reduced proliferation indices and higher apoptotic
counts in infected areas of the lesions. Along with direct tumor cell killing, this study also
found a significant decline in the number of blood vessels in the plaques, suggesting that
G207 had both tumoricidal and antiangiogenic effects [43].

More recently the effect of G207 on the developing mammalian brain was tested by
intracerebral injections in neonatal mice. The results suggested that G207 may have
significant adverse effects on neurodevelopmental outcomes of very young patients with
brain tumors, and implied that infants in such a study will need to be closely monitored for
the development of hydrocephalus [44]. Safety of intracerebral inoculation of G207 in
humans was determined in a dose escalation study in patients suffering from recurrent
malignant glioma. Cohorts of three patients were injected with increasing doses of G207
directly into the contrast-enhancing portions of intracranial gliomas [45]. In a subsequent
study, safety of two inoculations of G207 totaling 1.5x10° pfu injected before and after
tumor resection was investigated in patients with GBM. This study also underscored the
safety of multiple doses, including direct inoculation into the brain surrounding the tumor
resection cavity.

NV1020

NV1020 is a non-selected clone of R7020, a virus that was initially developed by Bernard
Roizman’s lab as a potential vaccine for HSVV1 and HSV2 infections [46]. This virus is
derived from an HSV-1 F strain deleted for one copy of ICP34.5 and contains sequences that
encode the HSV-2 glycoproteins D, G, | and E. Because HSV-1 ICP34.5 deletion mutants
had shown promise as anti-neoplastic agents, R7020/NV1020 was first tested as an oncolytic
virus in chemotherapy/radiation-resistant epidermoid carcinoma and androgen-independent
prostate adenocarcinoma cell lines in vitro and in vivo [47]. In addition to these tumor types,
antitumor efficacy of NV1020 has been demonstrated against a wide variety of tumors
including bladder, mesothelioma, gastric, prostate, and hepatoma carcinomas, and pediatric
sarcomas [35, 37, 42, 48-50]. Interestingly, NVV1020 retained its effectiveness even in
animals with pre-existing immunity against HSV-1 [51].

NV1020 has been tested in human patients with colorectal cancer metastatic to the liver
[52]. This was the first clinical study to test an intravascular delivery approach for an
oncolytic HSV-1. Two patients experienced reduction in tumor burden, seven patients
showed temporarily stable disease, while twelve patients experienced disease progression.
[52]. A follow up study of these patients revealed evidence of HSV replication in liver
biopsies, along with an average reduction in colorectal cancer biomarker carcinoembryonic
antigen [53]. Taken together, the clinical evidence to date indicates that NV1020 is safe to
delivery intra-arterially and suggests that it may be efficacious in treating colorectal cancer
that has metastasized to the liver.

Curr Pharm Biotechnol. Author manuscript; available in PMC 2014 November 16.
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Unlike the other viruses discussed above, HF10 is not genetically engineered but is a non-
selective clone from the non-neuroinvasive HSV-1 strain HF [54]. Apart from loss of U, 56,
sequencing of HF10 revealed an overall 99.1% similarity to HSV-1 strain 17, with mutations
in genes involved in regulation of syncytia formation including U 1, U, 20, U 22, U, 24,

U 27, and U 53 [55]. HSV strains can spread from cell-to-cell via infection across the
junctions between the membranes of adjacent cells (wild-type strains (syn™)) or by fusion of
the infected cell with adjacent uninfected cells leading to the formation of multinucleated
polykaryocytes or syncytia (syncytial mutant strains (syn)). Interestingly, HF10 induces
syncytia formation in vitro, and did not result in the cytopathic effect observed in hrR3
infected cells (57).

Significant antitumor efficacy of HF10 has been observed in a variety of tumor models
including breast, oral squamous cell carcinoma, peritoneal, and bladder cancers and
malignant melanoma tumors in mice [56-59]. Other recent studies have shown that
paclitaxel, an established chemotherapeutic, enhances the effect of HF10 in mice with
peritoneally disseminated colon cancer [60]. HF10 treatment has been studied in breast
cancer patients with metastatic nodules [61]. The virus was well tolerated in all patients with
no adverse effects or any evidence of shedding or activation in any patient. This small study
suggested that humans tolerate the virus well. HF10 has also been tested in human patients
with recurrent head and neck squamous cell carcinoma [62]. Collectively, all of these trials
show that the virus is well tolerated with minimal adverse effects, highlighting the need for
further investigation of its efficacy. HF10 is currently being tested in Japan for safety and
efficacy in patients with breast and pancreatic cancer as well as head and neck squamous
cell carcinoma. A clinical trial recruiting patients with refractory head and neck cancer is
open at the Oregon Health and Science University and at the University of Pittsburgh,
Pennsylvania (www.clinicaltrial.gov NCT01017185).

OncoVexGM-CSF

OncoVEXCM-CSF represents the first “armed” oncolytic HSV-1 to be tested in human
patients [63]. The virus was derived from the JS strain, with deletions of both copies of
ICP34.5 and an additional deletion of ICP47, which facilitates early expression of Ugl1.
Us11 blocks intracellular PKR phosphorylation, and so this virus displays efficient virus
replication in infected cells [64, 65]. Additionally, OncoVEXCM-CSF expresses the gene
encoding GM-CSF driven by the ubiquitously strong CMV promoter, which in theory will
augment the activation of a systemic antitumor immune response after oncolysis. Preclinical
studies with OncoVEXCM-CSF revealed efficient tumor killing of both injected and
uninjected tumors, resulting in significant tumor shrinkage or in some cases even complete
responses. Mice were also found to be protected against future rechallenge by tumor cells,
suggesting the induction of a protective anti-tumor immunity in mice [66]. Studies on the
role of GM-CSF expression in this context have not been presented. Direct intratumoral
injection of OncoVEXCM-CSF \yas tested for safety in twenty-six patients with cutaneous or
subcutaneous lesions from malignant melanoma, head and neck, breast, and gastrointestinal,
cancers refractory to prior treatments [67]. Overall the virus was well tolerated and no
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patients dropped from the study. Although complete or partial responses were not observed,
stable disease was observed in several patients, and most tumor biopsies showed tumor
necrosis [67]. OncoVEXCM-CSF has also shown safety and efficacy in phase 11 studies of
patients with stage 111/ metastatic melanoma [68, 69], and a multinational phase 11l trial
for malignant melanoma is underway (www.clinicaltrial.gov NCT00769704).

While all the above studies demonstrate the safety of using oncolytic HSV-1 in patients,
evidence of dramatic efficacy in these studies has largely been elusive. This failure has been
attributed to several potential barriers faced by the therapeutic virus in its voyage against
neoplasia. Improved understanding of the factors that negatively influence efficacy will
likely lead to improved therapeutic strategies for oncolytic HSVs.

Barriers to Oncolysis

Oncolytic virotherapy in theory should be dose independent, so that even a small initial
inoculum of virus can amplify within the permissive cancer cells and result in their lytic
destruction. While clinical studies have shown safety of this approach, recent studies of
biopsied patient tumor samples obtained after oncolytic HSV-1 treatment revealed the
presence of virus only in small discrete pockets within the mass, suggesting that multiple
cellular and microenvironmental barriers suppress efficient virus spread in vivo [70]. The
importance of efficient viral replication to achieve therapeutic benefit from virotherapy has
long been recognized [9]. A recent study investigating the direct effect of G207 on
intracranial tumors in mice also revealed the effect of treating tumors with a limited viral
dose. While infection of tumors resulted in reduced tumor cell proliferation, oncolysis and
also destruction of tumor vasculature, these beneficial changes were only observed in areas
of active viral replication, leaving non-transduced tumor tissues unaffected. This finding
suggests that transduction of a significant volume of tumor tissue is essential to realize the
benefits of virotherapy [43]. Oncolytic viruses thus appear to meet several formidable
barriers that interfere with their ability to infect, replicate and propagate in tumors, thus
limiting their efficacy. Among those barriers under investigation are neutralization by innate
factors such as complement in serum, varibilities in virus receptor expression, the presence
of resistant subpopulations such as cancer stem cells, physical and chemical barriers within
the tumor microenvironment, adaptive immune responses, and intracellular defense
pathways. A final barrier to the successful clinical translation of oncolytic HSV virotherapy
is the lack of authenic, predictive preclinical tumor models.

Serum Neutralization

Systemic administration of viruses remains the most desirable way to achieve efficient
targeting of disseminated invasive/metastatic disease, but there are several hurdles that may
limit its efficacy. Upon systemic administration, HSV-1 is very rapidly neutralized by innate
anti-HSV-1 antibodies [71]. Ikeda et al demonstrated an efficient inhibition of HSV-1 viral
infection by rodent plasma at dilutions as high as 1:32. This effect was partially reversed by
in vitro depletion of complement with mild heat treatment or in vivo depletion by treatment
of athymic rats with cobra venom factor (CVF), indicating the inhibitory effects of
complement on HSV-1 therapy [14]. Additionally, in vivo complement depletion facilitated
the initial infection of tumor cells following intra-arterial delivery of hrR3. Binding of
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defensins (small host defense peptides) produced by human neutrophils can also impair the
ability of HSV-1 to infect human cells [72]. These same defensins have also been reported
to be upregulated in human cancers and may contribute towards the neutralization of viral
infection in vivo [73]. On the other hand, designer defense-like lytic peptides have been
used as oncolytic agents [74]. Future studies are needed to fully elucidate the role of
defensins in limiting oncolysis in vivo.

and intracellular entry

HSV-1 infection is achieved by initial interaction of viral envelope glycoproteins (gC and
gB) to cell surface heparin sulfated proteoglycans (HSPGs). This initial interaction is not
considered essential but enhances the entry of viral particles. After initial interactions of
viral gC and gB envelope proteins with cell surface HSPGs, viral glycoproteins (gD) interact
with specific cell surface receptors called herpes viral entry mediators (HVEM), HVE-C
(nectin-1) or 3-O-sulfated heparin sulfate to initiate viral entry. Binding of gD to these
receptors triggers viral glycoproteins gH and gL to mediate fusion of viral envelope with the
cell membrane, permitting entry of the viral capsid into the cytoplasm. Thus the availability
of gD receptors on the cell surface dictates the efficiency of viral infection. While most cells
express one or more HSV-1 receptors, nectin-1 expression by squamous cell carcinomas has
been shown to be a predictor of herpes oncolytic sensitivity [33, 34]. Apart from being an
HSV-1 receptor, nectin-1 is an important component of intercellular adherens junctions
(Ajs). In some cells, calcium-mediated disruption of Ajs facilitates liberation of nectin-1 that
is sequestered within the cell-cell junctions and allows increased oncolytic HSV-1 entry and
oncolysis in vitro and in vivo [34]. Increased expression of nectin-1 on invasive lymph node
metastatic cells obtained by serial passaging in mice has also been reported to sensitize these
cells to oncolysis [75]. One way to enhance oncolytic HSV-1 targeting is to create viruses
with the incorporation of single-chain variable fragment (scFv) incorporated into the viral
envelope to retarget virus-cell binding. This strategy was tested in an HSVV1716 derivative
and found to effectively alter its tropism and permit tumor targeting even via intravenous
and intraperitoneal injections in mice [76]. Soluble bi-specific adapter proteins composed of
recognition elements for viral envelope glycoprotein gD and cell surface receptors like
EGFR or CEA have also shown to facilitate retargeting of HSV infection without drastically
changing the entry mechanism [77, 78]. Thus while availability of viral receptors on tumor
cells can impede entry, novel mechanisms to exploit entry through other tumor specific cell
receptors have shown promise in preclinical models.

Cancer stem cells

Cancer stem cells (CSC) have been recently identified as a small population of neoplastic
cells that have the unique ability to initiate tumor growth in vivo. These cells are
characterized by an ability to regenerate themselves and are thought to be resistant to most
conventional anticancer therapies such as chemotherapy and irradiation. Early published
studies on the potential activity of oncolytic viruses, including HSV, to infect and kill cancer
stem cells have been recently reviewed [79]. Generation of novel oncolytic viruses with
mutations designed to synergize with PI3K/Akt pathway targeted drugs in cancer stem cells
is also being tested an effective anti-cancer therapy [80]. Future testing will reveal the
efficacy of this approach.
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Cell surface expression of CD133 is currently thought to be one of the markers for CSCs in
certain tumors and has been identified in some glioma and neuroblastoma-derived stem cells
[81]. Tumors initiated by these cells recapitulate the histopathological characteristics of
human tumors and are hence thought to be better models for testing such agents. In one
study, although ICP6 (UL39)-deleted mutants could destroy glioma-derived CSC (GBM-
SCs), the deletion of gamma; 34.5 significantly attenuated the viral replication and
cytotoxicity [82]. However, deletion of the gene encoding ICP47 within the doubly
attenuated virus genome could rescue this defect by causing early expression of Us11 and
permitting efficient destruction of GBM-SCs [83]. The lack of sensitivity of ICP34.5-deleted
viruses has been noted in several other studies and the use of cancer cell specific promoters
to drive virulence of oncolytic viruses has been tested [84]. rQnestin34.5 is one such
oncolytic virus in which the nestin-HSP68 promoter/enhancer is utilized to drive expression
of the gene encoding ICP34.5, in an HSV backbone deleted for both the copies of
gammay34.5 and ICP6 genes [85]. Nestin is an intermediate filament predominantly
expressed in neural stems cells during embryogenesis, and is considered to be upregulated in
glioma. A variety of primary tumors of the central nervous system (CNS) display elevated
levels of nestin within tumor and/or endothelial cells. This transcriptionally driven oncolytic
virus has shown efficient anti-tumor efficacy against CNS and neuroblastoma tumors in
vitroand in vivo [86, 87].

Tumor microenvironment

The extracellular matrix (ECM) in solid tumors is composed of complex secretions of
proteins and proteoglycans produced by both neoplastic and normal stromal cells, which
continuously regulate and mediate the cross talk between neoplastic and normal cells. While
the ECM contributes towards the development of a “fertile field” that supports cancer
growth, its composition also has a tremendous impact on cell signaling and modulates the
cancer cell’s response to therapy. Changes in cell signaling by the tumor ECM also have
been reported to induce resistance to HSV-1. In one study, traditional two-dimensional (2D)
cultures and extracellular matrix (ECM) containing three-dimensional (3D) cultures of uveal
melanoma cells were infected with a GFP expressing HSV-1 [88]. Despite efficient
oncolysis observed in the monolayer cultures, the same cells grown in three dimensional
cultures appeared to resist oncolytic HSV-1 infection. This phenomenon was shown not only
to be due to impaired virus spread in the ECM but also to ECM-mediated inhibition of viral
replication after viral entry into tumor cells. Interestingly, it also appeared that some cells
grown in three dimensional cultures could harbor a quiescent infection that could be later
reactivated. Collectively, these findings illustrate how the extracellular tumor matrix can
interfere with cellular susceptibility to oncolytic HSV-1 infection and virotherapy.

The secreted ECM along with increased vascular leakage associated with solid tumors
results in increased water retention, a significant contributor towards increased interstitial
fluid pressure. High interstitial pressure has been associated with edema and poor delivery
of several therapeutic agents [89, 90]. This increased vascular hyperpermaeability has also
been linked to increased induction of anti-viral immune responses and hence reduced viral
efficacy in vivo [10]. Apart from increased pressure, the interlocked meshwork of secreted
proteins within the extracellular matrix can also present a physical barrier that interferes
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with efficient dispersal of large molecular weight therapeutics within solid tumors [91, 92].
Because oncolytic virotherapy is based on the initial infection, replication and then spread of
the new virions to the entire tumor, the ECM meshwork potentially represents a major
hindrance towards the spread of oncolytic HSV-1 virions in some cancer types. This
hypothesis is bolstered by the observation of small discrete foci of viral persistence in tumor
xenografts treated with adenovirus in mice [93], and also in clinical tissue obtained from
human patients treated with G207 [94]. The inhibitory effect of the tumoral ECM can be
partially alleviated by direct intratumoral treatment of subcutaneous tumors in mice with
ECM modulating enzymes such as collagenase/dispase hyaluronidase and trypsin prior to
virus injection [95, 96]. The inhibitory effect of collagen on HSV-1 spread within a solid
tumor was demonstrated by Dr. Jain’s laboratory using in vivo multi-photon imaging of
HSV viral particles with second harmonic generation imaging of fibrillar collagen [97]. This
study of melanoma tumors implanted in dorsal skin fold chambers in mice revealed the
presence of HSV virions pooled around extracellular spaces devoid of collagen. Further
treatment of these tumors with collagenase was found to improve viral dissemination
through the tumor and improved outcomes for tumor-bearing mice [97]. More recently we
utilized a bacterially expressed enzyme: chondroitinase ABC (Chase-ABC) to investigate
the role of chondroitin sulfate proteoglycans in limiting OV spread and efficacy. We found
that degradation of glioma extracellular matrix with OV-expressing bacterial Chase-ABC
enhanced OV spread and antitumor efficacy [98].

Apart from the secreted extracellular matrix, tumoral vasculature is also a very significant
portion of the solid tumor microenvironment. Tumor blood vessels are the routes through
which circulating immune cells infiltrate solid tumors. While these infiltrating cells can
partner with oncolytic virus-mediated cancer cell destruction and launch a systemic
antitumor immune response, the initial entry of host innate immune cells is associated with
an anti-viral host response that results in viral clearance. As a consequence, reduction of
tumoral vasculature by anti-angiogenic treatment has been shown to augment oncolytic
efficacy by limiting host inflammation in the tumor microenvironment [10, 99, 100].
Interestingly, apart from curbing host inflammation, anti-angiogenic agents may lead to
increased tumor hypoxia [101]. While hypoxic cells are thought to be relatively resistant to
both chemotherapy and radiation, a hypoxic tumor microenvironment has also been shown
to support the replication of oncolytic HSV-1 by both increasing cellular MEK activity and
GADD34 expression [102, 103].

Immune Responses

The active innate immune response elicited upon oncolytic virus infection probably
represents the most formidable barrier to efficient viral replication and propagation in the
tumor microenvironment. The significance of the innate immune system as an initial potent
line of defense that limits initial HSV-1 infection, replication, and spread has been well
recognized and is currently the subject of several studies [104].

The initial oncolytic virus infection of tumors is followed by a rapid decline in viral titers
over a period of three days [105]. Because anti-viral antibodies are not produced in that
time-frame, the innate immune system, including granulocytes, NK cells, NKT cells, and
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macrophages that are recruited to the site of infection, is considered a major player in
limiting viral propagation [104]. Depletion of mononuclear cells [106] or antiviral cytokine
mediators such as IFN-y [10, 105] has been shown to cause a significant increase in
intratumoral viral titers and anticancer effects.

While neutrophils are the first antiviral responders that are recruited to a site of infection,
efficient viral clearance at the cellular level requires both NK cells and monocyte-derived
cells. Oncolytic HSV-1 treatment of tumors results in an initial rapid recruitment of
circulating peripheral monocytes and leukocytes. The recruitment of these cells correlates
with rapid viral clearance and limited anti-tumor efficacy [10, 106, 107]. In fact, recruitment
of infiltrating monocytic cells has been shown to coincide with clearance of over 80% of
HSV-derived oncolytic viral particles [105, 108]. Increased intra-tumoral presence of
macrophage/microglia cells has also been reported in human patients treated with HSV1-
derived oncolytic viruses, supporting the very significant role played by these cells in viral
clearance [70, 94].

Antiviral Responses

Apart from extracellular host responses, oncolytic viruses are met with innate intracellular
defense responses upon entry into cells. Intracellular changes in cell signaling upon
oncolytic virus infection have a significant impact on virotherapy, and can transform a cell
to be permissive for or resistant to viral replication. The interferon (IFN) system represents
the classical anti-viral mechanism activated upon viral entry of cells [109]. Activation of
interferon regulatory factor-1 and -3 and the repression of interferon regulatory factor-2
results in the subsequent expression of type I interferons (IFN-1) [110]. Toll-like receptors
(TLR) are a family of conserved receptors that function as cellular sensors for viral infection
and upon recognition of foreign pathogens can initiate anti-viral responses [111]. The
cellular RNA-dependent protein kinase (PKR) pathway also responds to viral infection by
phosphorylating and inhibiting cellular elF2a, leading to a shutoff of host protein synthesis,
and hence also viral replication [112]. In addition, TLR activation has also been shown to
activate the NF-kB pathway and inducible nitric oxide synthase (iNOS), both of which can
further attenuate viral replication [113].

Inadequate preclinical models

A final barrier to the successful clinical translation of oncolytic HSV virotherapy is the lack
of animal models that authentically recapitulate human cancers in terms of permissivity for
virus replication, immune response, and the tumor microenvironment. Poor models may be
significant barriers to progress as they may lull investigators into thinking their data provide
rationale for clinical trials rather than identifying other hurdles that must be overcome for
successful clinical translation. The major rodent tumor models used for preclinical efficacy
studies are human tumor xenografts in immunodeficient mice and genetically engineered
mice with high rates of spontaneous tumor formation. While xenografts give the advantage
of studying human tumor cells, their undeveloped adaptive and sometimes even inadequate
innate immune systems and the artificial tumor microenvironment (implanted tumor cells
rather than spontaneously arising tumors) may significantly impact the antitumor effect of
virotherapy. Conversely, although spontaneous tumor models have intact immunity and
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native microenvironments, animal tumor cells tend to be less permissive for human virus
infections, including HSV-1, than human tumor cells. These limitations may in part account
for the incongruence between highly encouraging animal data and somewhat limited
efficacy observed thus far in clinical trials.

Conclusions

Oncolytic virotherapy with HSV-1-derived mutants holds great promise as a new anticancer
therapy, with significant effects found in multiple animal models. Several different variants
have been tested or are currently in clinical trials, and to date there has been no evidence of
unacceptable toxicity. While there have been hints of efficacy when comparing selected
patients with historical experience, dramatic responses so far have been rare.

It is important to consider that many of the trials have been early phase, and the best doses
and methods of delivery have not yet been determined. There remain many unanswered
questions, even for the currently available vectors. Which tumor types are most susceptible
to HSV? What administration routes, doses, and schedules are most effective? What are the
biomarkers that could be used to predict which patients are the best candidates? What
combinations with other anti-cancer therapeutics will be additive or synergistic? We are still
in the very early phases of testing these agents in patients, and clinical trials designed to
answer these questions should prove fruitful in further developing the currently available
oncolytic HSV mutants as new therapeutics.

It is likely that the efficacy of oncolytic HSV virotherapy can also be improved beyond
simply identifying susceptible tumor types and effective doses. Understanding the biologic
factors that limit delivery and intratumoral spread of virus should enable the development of
strategies that increase efficacy. In addition, a number of “next generation” vectors are under
development that are targeted more specifically to tumors or are armed with pro-drug
activating, immune modulating, and anti-angiogenic genes to enhance therapy (107). The
full clinical therapeutic potential of oncolytic HSV-1 will thus likely be realized from
ongoing research at the interface of virology, tumor biology, and immunology.
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