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Metastatic cancer remains an incurable disease in the majority of cases and thus novel treatment strategies
such as oncolytic virotherapy are rapidly advancing toward clinical use. In order to be successful, it is likely that
some type of combination therapy will be necessary to have a meaningful impact on this disease. Although
it may be tempting to simply combine an oncolytic virus with the existing standard radiation or chemothera-
peutics, the long-term goal of such treatments must be to have a rational, potentially synergistic combination
strategy that can be safely and easily used in the clinical setting. The combination of oncolytic virotherapy with
existing radiotherapy and chemotherapy modalities is reviewed along with novel biologic therapies including
immunotherapies, in order to help investigators make intelligent decisions during the clinical development

of these products.
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INTRODUCTION

Oncolytic viruses (OVs) are biological machines that kill cancer
cells while sparing normal cells. Often they utilize sophisticated
gene products to facilitate immune evasion, allow recognition
and penetration of cells, co-opt cellular biosynthetic machinery
and ultimately manipulate cell death programs. Interestingly,
many of the biological pathways that viruses manipulate are
the same ones that tumor cells deregulate during their malig-
nant evolution and, as a consequence, these same pathways have
become the targets for anticancer drug development. It seems
reasonable to expect that certain kinds of chemical, radiological
or biological therapy could be used to synergize with OVs and
enhance tumor killing.

Broadly speaking, there have been three strategies for the
creation of combination therapy approaches. The first is to sim-
ply combine an oncolytic virus with the current standard of care
therapies, an approach which one could argue is the most likely to
have immediate clinical relevance. The second strategy is to iden-
tify barriers that are limiting to oncolytic virus activity and select
therapies that target that barrier. The third approach is to combine
OVs, which may act to induce some level of antitumoral immunity
as a byproduct of oncolysis, with some form of immunotherapy to
achieve a synergistic immune response against the tumor.

Although the quickest route to the clinic may be to combine
oncolytic therapy with the existing standard treatments, we know
that in some cases certain chemotherapeutics' and radiation
modalities? may have a negative influence on viral replication.
Hence, this review will attempt to provide some insight into the
types of combinations that rationally should be chosen for further
development. These combinations will be discussed in detail.

OVS COMBINED WITH CONVENTIONAL THERAPIES
OVs and external beam radiotherapy
Efficacy of combination therapy in preclinical models. The
appeal of combining OVs with radiation therapy continues to
grow as the relationship between these two therapies is better
understood. Through either radiation-mediated enhancement of
viral oncolysis or virus-mediated sensitization of cells to radia-
tion therapy, combination of these two treatments has resulted in
synergistic antitumor effects in numerous preclinical models.
Combined oncolytic adenovirus therapy and external beam
radiotherapy (XRT) has shown significantly improved results
over individual therapies in preclinical models.> Treatment
with ONYX-015 (E1B-55k deletion),* AdA24 (24-bp deletion
in E1A region rendering the virus ineffective in cells with
intact Rb pathways),* AdA24-p53 (ref. 4) or AdA24RGD" in
combination with radiation in a subcutaneous (s.c.) glioma
model resulted in 50-100% long-term survival (alive at 120
days either tumor-free or without increased tumor size over
initial levels). Conversely, in a study of intracranial delivery of
AdA24RGD in an orthotopic glioma model, neither combina-
tion with total body irradiation nor whole brain irradiation
resulted in a significantly improved antitumor effect relative
to virus alone.'® This somewhat disappointing finding high-
lights a critical shortcoming in the design of the majority of
the studies discussed here. The natural environment of any
given tumor can significantly impact the efficacy of a therapy.
Although orthotopic models tend to pose more significant
challenges compared to s.c. models in terms of monitoring
tumor growth or response and defining end points, their value
is unquestionable.
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The prostate-specific adenovirus CV706 combined with XRT
resulted in synergistic inhibition of tumor growth in a prostate can-
cer xenograft model at all time points from 7 to 42 days post-treat-
ment.® Furthermore, it reduced the prostate-specific antigen levels
at 6 weeks to 1% of baseline which was significantly better than
virus alone (86% of baseline) or radiation alone (139% of baseline).
XRT combined with CV787 (also prostate specific) resulted in sig-
nificant mean tumor volume regression (34% of baseline), com-
plete regression (CR) in 80% of mice (up to 8 weeks postinfection)
and a significant reduction in serum prostate-specific antigen (11%
of baseline) relative to either single therapy.’

Significant improvements in disease outcomes have also been
observed with combination herpes simplex virus (HSV) viro-
therapy and XRT in preclinical models. In two different studies,
NV1066 (ICP0/ICP4/y34.5 deletions) combined with irradiation
was shown to significantly reduce tumor volume compared to
either treatment alone for nonsmall cell lung cancer' and malig-
nant mesothelioma.”? Complete eradication of cervical cancer,
determined by histology, was achieved by 30 days post-treatment
in 42% of mice treated with G207 (ICP6/y34.5 deletions) and XRT
compared to 0% in all other treatment groups.”” Comparison of
single versus multiple doses of R3616 (inactivated y34.5) for glio-
blastoma' found that virus administered on three consecutive
days and combined with fractionated XRT over 2 days resulted in
a greater number of CRs (90%) compared to XRT combined with a
single virus dose (56.5%). Furthermore, variance modeling showed
that the effects of combination R3616 and XRT were greater than
the additive effects of the individual therapies."* The relationship of
NV1023 (y34.5/UL24/UL56/US11/ICP47 deletions) in combina-
tion with XRT was investigated in three models of cholangiocar-
cinoma generated using different cell lines.'” Combination therapy
showed a synergistic reduction in tumor volume in one model (at
two different virus doses), whereas the effect was additive or not
significantly better than individual therapies in the other models."®
Despite the promising results described above, the potential for
combination therapy remains to be seen in a variety of other can-
cers. For example in the only study to look at herpes virotherapy
and XRT in prostate cancer models, combination therapy was not
significantly better then virus therapy alone in both immuno-
competent and immunocompromised models.'®

With the exception of a handful of studies the majority of
in vivo studies discussed above use s.c. tumor models combined
with intratumoral OV delivery. This approach is simple and prac-
tical from an experimental point of view however perhaps less
pragmatic in a clinical setting. Indeed, OV clinical trials have for
the most part been restricted to intratumoral virus administration
(largely due to safety concerns) however the focus should be to
demonstrate safety and efficacy following systemic delivery. This
will allow treatment of solid tumors inaccessible by a needle and
targeting of metastases. Similarly, fractionated XRT is used widely
in the clinic however used much less frequently in preclinical
studies. Investigators would do well to strongly consider the value
of the knowledge gained through use of orthotopic models com-
bined with clinically relevant methods of OV and XRT delivery.

Mechanisms of synergy. The relationship between herpes virus and
radiation is perhaps the most well studied and well characterized.
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Radiation exposure increases HSV titers in a variety of different
types of cancer cell lines in vitro'>>'>” and in vivo."*"” Evidence
suggests that the increase seen in viral titers is both virus and radia-
tion dose-dependent in some but not all cell lines.'"*

The underlying mechanism of increased viral replication in the
presence of XRT is widely hypothesized due to a radiation-medi-
ated increase in cellular GADD34 expression (Figure 1). GADD34
is a DNA damage- and growth arrest-inducible gene that helps
protect cells against genetic insults such as those caused by radia-
tion. A region of the GADD34 protein shows significant structural
homology to the HSV-1 y34.5 protein.”® y34.5, in combination
with other cellular proteins, dephosphorylates the cellular transla-
tional initiation factor eIF-2a leading to continued protein synthe-
sis and cell survival. Deletion of y34.5 (a common modification in
many oncolytic herpes viruses) significantly reduces virus-induced
neurotoxicity,' however, it also significantly attenuates viral replica-
tion and cytotoxicity in tumor cells.”” GADD34 also acts to prevent
phosphorylation of eIF-2a. Therefore, radiation-mediated upregu-
lation of cellular GADD34 can functionally replace y34.5 resulting
in increased viral replication without the risk of neurovirulence.
Exposure to XRT resulted in a 1.12- to 5.04-fold increase in cellular
GADD34 mRNA by real-time reverse transcriptase PCR in human
nonsmall cell lung cancer cell lines in vitro."" Similar results were
observed in human cholangiocarcinoma cells' and confirmed by
western blot in human malignant mesothelioma cells.”? In all cases,
upregulation of GADD34 was associated with increased viral titers
and improved cytotoxicity.

Many studies looking at combination adenovirus and XRT
therapy have hypothesized that the radiation-mediated increase
in oncolysis is due in part to an increase in viral replication rates.
Unfortunately, little information about the underlying molecular
mechanism has been uncovered. When compared to cells treated
with virus alone, viral titers were significantly increased 24 hours
postinfection in human prostate cancer cells treated with the
prostate-specific adenoviruses CV787 (ref. 9) or CV706 (ref. 8)
followed by XRT. Increased viral titers correlated with a synergis-
tic cytotoxic effect in vitro. In vivo combination therapy signifi-
cantly inhibited tumor growth relative to individual therapies.®®
Histological analysis of prostate cancer xenografts found a sig-
nificant decrease in the number of CD317" cells (a marker of
angiogenesis)’ and/or blood vessels®® in mice treated with com-
bination CV706 (ref. 8) or CV787 (ref. 9) and XRT, relative to
either therapy alone. Decreased blood flow to the tumor, resulting
from combination therapy, likely contributed to the high levels of
necrosis and eventual scar formation found at the tumor site. In
another study, two out of three human glioblastoma cell lines sup-
ported increased viral replication and release when irradiated 6
hours prior to infection with ONYX-015 (ref. 7). However, in vivo
there was no significant difference in ONYX-015 replication in
tumors in the presence or absence of total body irradiation.®

An increase in adenovirus uptake, due to upregulated CAR
(coxsackie adenovirus receptor) and/or integrin expression levels
following radiation exposure, has widely been postulated as one
of the mechanisms that leads to increased viral titers and onco-
lysis but there are conflicting reports. Flow cytometry of human
glioblastoma and malignant glioma cell lines 24 hours after expo-
sure to radiation showed no significant increase in expression of
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Figure 1 Model of the mechanism of synergy between y34.5-deleted herpes viruses and conventional cancer therapies. y34.5-deleted herpes
viruses are favored for oncolytic virotherapy because they show reduced neurotoxicity. Deletion of the Y34.5 gene also results in attenuation of viral
replication in tumor cells. Interestingly, y34.5 shows significant structural homology to a portion of human GADD34, a protein involved in the cells
response to DNA damage. y34.5 is responsible for dephosphorylation of the eukaryotic translation initiation factor elF-2a, which is required for trans-
lation of both host and viral proteins. Radiation or chemotherapy-induced upregulation of GADD34 functionally replaces the y34.5 protein in infected
tumor cells leading to increased viral protein synthesis and production of infectious virus particles.

CAR and/or a B, and a B, integrins.*”'* Conversely, CAR expres-
sion levels were found to be increased 24 and 48 hours following
irradiation of a head and neck cancer and a colorectal cancer cell
line.”" It has also been shown that a radiation-mediated increase in
dynamin 2, a GPTase required for endocytosis of the virus, can act
in a CAR-independent manner to increase viral uptake in colon,
brain, breast, and pancreatic cell lines.>*

Depending on the mechanism of synergy, the timing and
order of the treatment regime could have significant effects on
treatment efficacy. If viral oncolysis is enhanced through radia-
tion-induced changes in the host cell then it would be beneficial
to deliver the virus after radiation therapy, at a time when such
cellular changes are maximized. Conversely, if radiation is acting
on the virus directly, therapy would be most effective when the
virus is delivered prior to radiation. Evidence from a CV706 study
suggests that in the long-term (8 weeks) the difference in tumor
volume between groups receiving radiation 24 hours prior to or 24
hours after virus was negligible.® However, a decreased antitumor
effect was observed when radiotherapy was administered 7 days
postinfection compared to 1 or 4 days postinfection. This supports
the notion that the relative timing could strongly impact therapy
efficacy.

Genetic modifications to enhance synergy. In order to increase
the combinatorial effects of oncolytic virotherapy and radiother-
apy, many viruses have been modified to include promoters that
are activated by exposure to radiation or genes that sensitize cells
to radiation-induced cell death. Nandi et al. tested the response
of several mammalian promoters to XRT and found marked
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increases in survivin mRNA.> When this promoter was used to
drive adenovirus E1 expression, as with the CRAd-S-pk?7 virus,
combination with XRT in vivo significantly delayed glioma tumor
growth at 6 days postinfection compared to either single treatment
or a combination of XRT and wild-type adenovirus. Furthermore,
viral titers in tumors 6 days postinfection were increased by 100-
fold when combined with XRT. This strategy may prove useful in
overcoming one of the major challenges facing current clinical
usage of OVs: inadequate viral replication and spread.

In another attempt to improve the radiosensitivity of infected
cells, the tumor-specific adenovirus, AdA24 (E1A-deleted),* was
modified to express the tumor suppressor gene p53 (ref. 4). Studies
have shown that adenovirus-mediated cell lysis is more effective
in cells that express p53 (ref. 25), however lack of functional p53
expression is common in malignancy. Also, introduction of func-
tional p53 into p53-negative cells resulted in increased sensitivity
to radiation-induced cell death.? In vitro, AdA24-p53 was signifi-
cantly more cytotoxic than AdA24 in human glioma cell lines and
synergistic cytotoxicity was observed for both viruses when com-
bined with XRT at viral doses as low as MOI 0.001 (ref. 4). Higher
levels of apoptosis were observed in cells treated with AdA24-p53
plus XRT relative to those treated with XRT alone or in combi-
nation with AdA24. Considering that infection alone resulted in
minimal levels of apoptosis, it is likely that the increased apop-
tosis is due to radiosensitization of AdA24-p53 infected cells. In
immunocompromised s.c. glioma models, AdA24 + XRT and
AdA24-p53 + XRT each resulted in 50% long-term survival which
was significantly improved relative to either virus alone (11 and
22% for AdA24 and AdA24-p53, respectively).*
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Figure 2 Model of tumor killing following treatment with combina-
tion oncolytic virotherapy and targeted radionuclide therapy. Initial
sites of virus infection often occur in distinct foci surrounding blood ves-
sels (if delivered intravenously) or along the needle track (if delivered
intratumorally). Preclinical data indicates that spreading of the virus from
these initial sites may be limited. Incomplete transduction of large tumors
remains a barrier to effective oncolytic virotherapy. (a) Combination
oncolytic virotherapy and targeted radionuclide therapy overcomes the
barrier of incomplete transduction due to the radiation cross-fire effect.
Uninfected cells falling within the area of the path length (depicted by
the dashed lines) will be exposed to radiation resulting in DNA damage
and subsequent cell death. (b) Enlarged view of the mechanism of killing
at each foci of infection. Infected cells express the virally encoded recep-
tor (for example, vwDD-SSTR2) at the cell surface. The receptors are
specifically bound by their cognate radiolabeled peptide analogue from
which radiation is emitted. Radiation is emitted in all three-dimensions
from the site of origin with a maximum tissue penetration distance
defined by the path length (x). Virally induced oncolysis and radiation-
induced apoptosis will result in significantly increased tumor cell death
relative to either therapy alone.

OVs and targeted radionuclide therapy

Targeted radionuclide therapy is a treatment used in a subset of
cancers that are known to over-express specific cell-surface recep-
tors. Radiolabeled iodine is used to treat thyroid tumors which
express the sodium iodide symporter (NIS), and radiolabeled
somatostatin ligands are used in patients with somatostatin
receptor-positive neuroendocrine tumors. Previously, targeted
radiotherapy was limited to receptor-positive tumors. Today onco-
lytic virotherapy with viral-mediated delivery of specific receptors
makes targeted radiotherapy possible, irrespective of the endoge-
nous receptor status. With this approach, damaging radiation can
be delivered specifically to infected cells (as well as neighboring
cells) (Figure 2) thereby sparing the collateral damage typically
sustained by normal cells during XRT.

A tumor-specific vaccinia virus (VV) expressing the human
somatostatin receptor (vvDD-SSTR2) resulted in specific uptake
of the radiolabeled somatostatin analogue '''In-pentetreotide
in vitro.”” '"In-pentetreotide delivered systemically to mice bear-
ing s.c. colon cancer tumors localized specifically to the tumors of
vvDD-SSTR2 but not vvDD-GFP treated mice.

Several OVs have been designed to encode the hNIS gene.
Ad5-yCD/mutTK,  rep-hNIS is an oncolytic adenovirus vector
that is currently being investigated in clinical trials.?® In addi-
tion to hNIS, it expresses a highly efficient fusion protein of the
catalytic domains of yeast cytosine deaminase (yCD) and herpes

virus thymidine kinase (mutTK,,) that activate the prodrugs
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5-fluorocytosine (5-FC) and ganciclovir (GCV), respectively.
This virus was demonstrated to result in specific accumulation
of ™Tc in a canine model of spontaneous soft tissue sarcoma.”
NanoSPECT/CT imaging was used to demonstrate dose-depen-
dent tumor accumulation of *™Tc in mice bearing s.c. colon can-
cer tumors treated with the hNIS-expressing oncolytic adenovirus
AdAMBS6 (ref. 30). Accumulation was no longer detectable at 5-6
days postinfection, however it was not shown whether this was
due to loss of functional NIS expression or loss of virus replica-
tion. Treatment of mice bearing s.c. and intraperitoneal ovar-
ian cancers with a measles virus expressing NIS significantly
decreased the tumor burden and increased survival, respectively,
relative to saline treated controls.” Expression of NIS was used to
image infected tumors by gamma camera imaging using **™Tc. The
efficacy of combination therapy was investigated in both s.c. and
orthotopic models of multiple myeloma.** Combining an attenu-
ated vesicular stomatitis virus (VSV) lacking the ability to block
interferon (IFN) production and expressing NIS (VSV(A51)-NIS)
with "' radiotherapy prolonged survival relative to treatment
with virus alone in a multiple myeloma model.”> These studies are
proof of principle that OVs encoding receptors result in tumor-
specific accumulation of radiolabeled ligands. Further studies will
be required to determine the efficacy of this combination therapy.

OVs and chemotherapy

Although many believe that OVs have the potential to be used
as frontline therapies, immediate clinical applications will require
that they are at least compatible with current chemotherapeutics.
OVs have been investigated in combination with various standard
chemotherapeutics that can be organized based on their mecha-
nism of action. Some of the most common drugs fall into the cat-
egories of alkylating agents [cisplatin, cyclophosphamide (CPA),
and mitomycin C (MMC)], DNA intercalators (doxorubicin),
nucleotide analogues (5-fluorouracil (5-FU) and GCV), modifiers
of the cellular cytoskeleton (paclitaxel and docetaxel) and cyto-
static agents (rapamycin). Regardless of their mechanism of action,
the effects of chemotherapy drugs are not specific to tumor cells
but instead to all rapidly dividing cells. Consequently, chemother-
apy is often associated with high levels of toxicity and significant
side effects. OVs have a higher level of tumor-specificity relative to
chemotherapy drugs due to both an innate preference for tumor
cells and specificity-enhancing genetic modifications. Given that
the antitumor effects of OVs and chemotherapy drugs are medi-
ated by different pathways, many investigators have hypothesized
that in combination they may act synergistically. Although this is
not the case for all chemotherapy and virus combinations, many
combinations do exert synergistic cytotoxicity, typically in a cell
line-dependent manner.

Alkylating agents. CPA is a common chemotherapy drug used
primarily for the treatment of lymphoma, chronic lymphocytic
leukemia and breast, ovarian and bladder cancers. CPA is con-
verted into its active metabolites, 4-hydroxycyclophosphamide
and aldophosphamide by liver oxidases. Only a small frac-
tion of aldophosphamide is converted into the toxic metabolite
phosphoramide mustard that causes DNA cross-linking leading
to apoptosis. There have been two main strategies for combining
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CPA with OVs. First, CPA is used as an immunosuppressant to
enhance viral infectivity, replication and spread. The exact nature
of the immunosuppressive effects of CPA leading to enhanced OV
efficacy is not entirely clear however they have been shown to be
both global (nonspecific) and in some cases virus-specific. Second,
viruses engineered to encode cytochrome P450 (CYP2B1), which
converts CPA to its active metabolites, are used to concentrate
the toxic metabolites in virus-infected cells. Both strategies have
proven to be very successful at enhancing the antitumor effects
of OVs.

Use of CPA as an immunosuppressant to enhance viral onco-
lysis has improved virotherapy efficacy in combination with
HSV,*7 adenoviruses,® measles virus,” reovirus,®* and VV.*
Reovirus virotherapy of a melanoma lung metastasis model
resulted in CR in 5/8 animals treated with combination therapy™
and survival was further enhanced with interleukin-2 treatment.”
In a syngeneic model of murine colon cancer, intratumoral injec-
tion of measles virus combined with CPA resulted in 100% sur-
vival at 90 days post-treatment and CR in 9/10 animals compared
to 30% CR with either therapy individually.*”

The immune-modulating effects of CPA are complex, affecting
humoral and cellular mediators of both the innate and acquired
immune responses. Initial infection, particularly for systemically
delivered viruses, requires that the virus evade innate antiviral fac-
tors present in the serum. Serum complement and immunoglob-
ulin M have been shown to significantly decrease the infectivity
of the herpes virus hrR3 (inactivated ribonucleotide reductase);
whereas serum from animals treated with CPA show neutralizing
antibody titers below the limit of detection and reduced inhibition
of viral infection.* Furthermore, in vivo depletion of complement
significantly improved survival of HSV and CPA treated tumor-
bearing rats.”> CPA was also reported to result in global immuno-
suppression, including significant decreases in total white blood
cell, lymphocyte, neutrophil, and monocyte counts in tumor-
bearing mice.* This was accompanied by significantly improved
survival and decreased tumor volume in mice treated with both
adenovirus and CPA relative to treatment with either therapy
alone. Numerous studies have shown that CPA significantly
reduces virus-induced infiltration of immune cells into tumors.
Infiltration by hematopoietic cells*-*> and macrophages*** as well
as levels of phagocytosis* were all decreased with CPA treatment
relative to virus alone. The combined immunosuppressive effects
of CPA correlated with increased viral transgene expression,***
replication®**** and spread® in a variety of tumor models. To
further support immune modulation as a key mechanism by
which CPA enhances oncolytic virus therapy, experiments per-
formed in nonobese diabetes/severe combined immunodeficient
mice (lacking functional T and B lymphocytes) or in vitro showed
no effect of CPA on immune cell infiltrates, viral replication or
viral transgene expression.*>*4*

Although high-dose CPA can cause widespread immune sup-
pression in humans, administration of low-dose CPA (<100 mg/kg)
to mice resulted in a significant reduction in regulatory T cell
(Treg) frequency and function.* In a tumor vaccine study, tumor
cells infected ex vivo with an oncolytic adenovirus did not induce
a significant antitumor immune response.”’ Low-dose CPA
significantly reduced the percent of splenic and tumor Tregs and
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resulted in a significant delay in tumor growth, prolonged survival
and increased tumor-specific T-cell responses when combined
with the infected tumor cell vaccine. Oncolytic reovirus in com-
bination with low-dose CPA had numerous immune-modulating
effects. CPA decreased the function of Tregs, induced natural
killer cell expression of matrix metalloproteinase-2 when com-
bined with interleukin-2, and significantly decreased the level of
circulating neutralizing antibodies.” Decreases in neutralizing
antibodies as a result of CPA treatment have also been reported
as early as 8 days and as late as 41 days post-treatment with her-
pes virus,** adenovirus,* measles virus,” or reovirus.*® Combined,
these effects are hypothesized to decrease immune sensitization to
tumor cells, increase viral spread through tumors due to degrada-
tion of the extracellular matrix, and decrease antibody-mediated
inhibition of viral infection.

One of the potential pitfalls of CPA-mediated immune
suppression is that in addition to promoting tumor oncolysis, it
may also lead to increased virus dissemination throughout the
body. Immunocompetent hamsters with s.c. renal cell tumors
treated with intratumoral adenovirus showed CPA-induced
increases in blood and liver titers that ultimately lead to viremia in
several animals.’* CPA also induced the spread of HSV into normal
brain tissue following treatment of an orthotopic glioma tumor.*
When combined with intravenous reovirus, CPA increased viral
titers in the lung, blood, liver, spleen, intestine, brain, heart and
bone marrow, and induced cardiac toxicity.*® Interestingly, when
metronomic dosing was used (CPA given 1 day prior to virus with
a total of three doses) the survival benefit of CPA was maintained
whereas the virus titer in the heart and associated toxicity was
significantly reduced.”® These data suggest that a balance must be
achieved wherein the immune response is suppressed sufficiently
to allow enhanced viral oncolysis but not to the point of wide-
spread viral dissemination and toxicity.

Insertion of the CYP2BI gene into the UL39 locus of herpes
virus hrR3 resulted in a virus (rRp450) which can convert CPA
into its active metabolites. In the absence of viral replication,
treatment of rRp450-infected glioma cells with GCV and CPA
resulted in synergistic cytotoxicity.*® This is thought to be due to
GCV-mediated inhibition of DNA repair following CPA-induced
DNA damage. Furthermore, extracellular accumulation of the
toxic CPA metabolites mediated bystander killing of uninfected
colon cancer cells.*” Treatment of s.c. tumors with rRp450 com-
bined with CPA significantly reduced tumor growth relative to
virus alone*®***! and addition of GCV resulted in a further reduc-
tion in tumor volume.*

Cisplatin is another alkylating agent that binds and cross-links
cellular DNA leading to apoptosis when DNA is not repaired.
Cisplatin has been investigated in combination with oncolytic
adenovirus,’>** HSV,%-% parvovirus,® VV¢ and VSV.®*

As with radiation therapy, viruses have been genetically modi-
fied in order maximize the combinatorial effects with cisplatin.
Comparison of adenoviruses Ad-AE1B55 and Ad-AE1B19/55
showed that deletion of the EIB 19kD protein significantly
increased cell susceptibility to cisplatin in vitro and in vivo.” This is
not surprising given that the E1B 19kD protein is a BCL-2-related
apoptosis inhibitor homolog. Mice treated with Ad-AE1B19/55
and cisplatin showed 96% reduction in s.c. tumor volume relative
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to PBS treated mice and CR without recurrence at 6 months in two
of six mice. Two other E1B 55kD-deleted adenoviruses, encod-
ing activators of apoptosis (ZD55-TRAIL and ZD55-SMAC), also
showed increased cytotoxicity in tumor cells when combined with
cisplatin.”*** The combination therapy showed dose-dependent
cytotoxicity in normal cell lines; however it was not significantly
greater than the drug-induced cytotoxicity. Comparison of sev-
eral E3B-deleted adenoviruses in a panel of different tumor cell
lines found that d1309 (AE3B) and d1704 (AE3gp19kD) resulted in
synergistic cytotoxicity in combination with cisplatin or paclitaxel
in 4/7 cell lines and antagonistic effects in the remaining three
cell lines.” Replication of wild-type adenovirus or d1309 in tumors
was significantly increased by cisplatin relative to virus alone in
an immunocompetent model of nonsmall cell lung cancer but not
in an immunocompromised model. Increased viral replication
was accompanied by a synergistic reduction in tumor volume.
Interestingly, an increase in in vitro E1A protein expression was
detected following combination treatment relative to virus alone.
Previous studies have reported that upregulation of E1A may sen-
sitize cells to cytotoxic drugs.?

Three adenoviruses derived from the same backbone but
encoding antisense cDNA for cell cycle regulating proteins (chkl,
chk2, plk-1), showed a significant increase in in vitro apoptosis of
tumor cells but not normal cells when combined with cisplatin,
compared to the parental virus with cisplatin or either treatment
alone.”***¢! When combined with cisplatin in vivo these viruses
showed significantly improved tumor regression, reduction of
metastases and increased survival relative to parental virus plus
cisplatin or cisplatin alone in s.c. and orthotopic tumor models.

In an important controlled phase 2 clinical trial combin-
ing ONYX-015 with cisplatin and 5-FU for treatment of recur-
rent head and neck cancer patients, a clear benefit was observed
in tumors receiving virus injections compared to those treated
with chemotherapy alone.® Objective (>50% reduction in tumor
volume) responses in virus injected tumors occurred (>50% reduc-
tion in tumor volume) in 63% of patients (19 out of 30) including
8 complete responses and 11 partial responses. Furthermore, the
time to progression in the virus injected tumors was significantly
greater then that in the uninjected tumors.

The role of p53-status in cisplatin combination therapy was
examined in a study using the wild-type H-1 parvovirus.®® A human
hepatocellular carcinoma cell line with wild-type p53 was trans-
duced with a stable dominant-negative p53 mutant. Combination
therapy was significantly better than individual therapies only in
the p53-negative cell line. These findings are particularly inter-
esting given the evidence that cisplatin induces apoptosis or cell
cycle arrest through p53-dependent mechanisms.® Therefore, this
study suggests parvovirus can sensitize p53-negative cells to the
cytotoxic effects of these drugs.

In a comprehensive study of the interactions between the her-
pes virus NV1066 and cisplatin, moderate to strong synergy was
observed in 7 out of 10 tumor cell lines tested.*® The mechanism of
synergy between herpes virus and cisplatin may be similar to that
with radiation. Cisplatin significantly increased in vitro viral titers
and resulted in a marked increase in GADD34 mRNA and pro-
tein expression. Inhibition of GADD34 using siRNA resulted in a
loss of combination therapy cytotoxicity.®® Cisplatin has also been
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shown to improve VV oncolytic virotherapy.” In a s.c. pancreatic
tumor model, intravenous GLV-1h68 (F14.5L/J2R/A56R deleted,
Lister strain vaccinia virus) combined with cisplatin resulted in
faster growth inhibition, significant reduction in tumor volume
and CR in seven of eight mice (compared to CR in one of eight
virus alone-treated mice).

MMC is a DNA cross-linking antibiotic with antineoplastic
properties. MMC and the y34.5-deleted HSV-1716 showed synergis-
tic cytotoxicity in two of five nonsmall cell lung cancer cell lines and
additive effects in the remaining three.”” Combined with NV1066
there was synergistic cytotoxicity in two human transitional cell car-
cinoma cell lines allowing for dose reductions of up to 10.4-fold and
156-fold for the virus and drug, respectively.”* MMC had no effect on
viral replication in nonsmall cell lung cancer cells” however it was
shown to increase both GADD34 mRNA levels and viral titers in
a human gastric cancer cell line.” Similarly, temozolomide (TMZ),
another DNA alkylating agent, was shown to synergistically enhance
cytotoxicity when combined with G207 (p34.5-deleted HSV) in
glioma cell lines.”” In this study, synergy was dependent on TMZ-
induced upregulation of GADD34 and ribonuclease reductase, with
significantly higher levels of virus found in GADD34 expressing
cells. As with radiation and cisplatin, upregulation of GADD34 can
functionally replace the deleted y34.5 causing increased cytotoxicity
(Figure 1). To further support this mechanism, siRNA inhibition of
GADD34 reduced viral titers and cytotoxic synergy in gastric can-
cer combined with MMC” and glioma cells combined with TMZ.”
In vivo, combination herpes virus and MMC significantly improved
therapeutic effects in models of gastric carcinomatosis” and nons-
mall cell lung cancer” whereas combination with TMZ improved
survival in immunosuppressed models of glioma.”

Oncolytic viral therapy combined with TMZ for the treat-
ment of glioma is particularly attractive as some viruses have
been shown to downregulate DNA repair proteins, in particular
O°-methylguanine DNA methyl transferase (MGMT) which is
involved in glioma resistance to TMZ therapy.” In human glioma
cells, Ad-A24RGD downregulated TMZ-induced MGMT expres-
sion and synergistically enhanced in vitro cytotoxicity and in vivo
survival in glioma xenograft models.”* Similarly, inhibition of
MGMT expression resulted in a loss of synergy with G207.” TMZ
has also been shown to significantly improve survival when com-
bined with the adenovirus ICOVIR-5 in glioma xenografts.”

DNA intercalating agents. Doxorubicin is an anthracycline
antibiotic that intercalates into DNA and prevents the action of
topoisomerase II. Doxorubicin was synergistically cytotoxic when
combined with an oncolytic adenovirus in several osteosarcoma
cell lines and one patient sample in a viral replication-indepen-
dent mechanism.” In cells where synergism was observed, a con-
comitant increase in G2/M phase arrest was also detected. Given
that adenovirus infection is enhanced by an increased percent-
age of cells in G2 (ref. 77), this provides a possible mechanism
through which synergy is achieved. Combination of adenovirus
and doxorubicin resulted in synergistic in vitro cytotoxicity’' and
significantly reduced in vivo tumor growth” relative to either
therapy alone in hepatocellular carcinoma models. ONYX-015
was successfully combined with MAP (MMC, doxorubicin, and
cisplatin) chemotherapy in a phase 1-2 clinical trial for treatment
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of advanced sarcomas.” Therapy was well tolerated in all six
patients and a partial response occurred in one patient.

Nucleotide analogues. GCV is a widely used antiviral agent origi-
nally developed for the treatment of cytomegalovirus infections.
GCV is a guanosine analogue prodrug that upon phosphoryla-
tion by herpes virus thymidine kinase (TK) competes with cellu-
lar deoxyguanosine-5'- triphosphate for incorporation into DNA
resulting in elongation termination. Viruses encoding the HSV TK
gene lead to an accumulation of toxic GCV metabolites in tumor
cells which interfere with cellular DNA synthesis leading to apopto-
sis.” Early studies combining viruses with GCV focused on the use
of viruses solely as vectors for gene therapy; therefore these vectors
were predominately nonreplicating. There has been a shift toward
using replicating oncolytic viruses as they have the potential to im-
prove therapy both due to direct oncolysis and a more disseminated
distribution of gene delivery. Targeted oncolytic HSVs in combina-
tion with GCV significantly improved survival in models of human
ovarian cancer® and rat gliosarcoma.®" Bystander killing of unin-
fected cells has been reported and is likely mediated by upregula-
tion of gap junctions through which triphosphorylated GCV can
travel.*> Adenoviruses® and sindbis viruses,* engineered to express
the HSV TK gene, also show enhanced antitumor activity when
combined with GCV. Intraperitoneally delivered sindbis virus com-
bined with GCV significantly reduced the peritoneal ovarian tumor
burden compared to virus alone. In addition to its function as an
enzyme for prodrug therapy, TK can also be a target for "*F-labeled
fluoro-ethyl-arabinosyluridine, which can be detected using PET
imaging. Tseng et al., used this noninvasive and clinically relevant
approach to confirm tumor-specific localization of TK activity fol-
lowing treatment with a TK-expressing sinbis virus.*

In addition to TK, Ad5-yCD/mutTK,,,rep-ADP also encodes
yCD which converts the prodrug 5-FC into 5-FU. Combination
of this virus with radiation and dual prodrug therapy significantly
improved the survival in a model of human pancreatic cancer.®
In a phase 1 trial for the treatment of prostate cancer, Ad5-yCD/
mutTK, . ,rep-ADP in combination with radiation had limited
toxicity and showed some therapeutic effect in intermediate risk
patients.®® In contrast, Ad5/3-A24-TK-GFP which was highly
cytotoxic in ovarian cancer cells, showed decreased viral replica-
tion in vitro¥ and no improved therapeutic effect in vivo when
combined with GCV.#5

CD/5-FC enzyme/prodrug therapy has also proven successful
in combination with oncolytic virotherapy. 5-FU is a pyrimidine
analogue that inhibits the synthesis of thymidine. The antitumor
activity of two different VVs expressing CD was significantly
enhanced when combined with 5-FC therapy in immuno-
competent ovarian cancer® and immunosuppressed colon can-
cer models."” Interestingly, 5-FU also showed antiviral activity,'
and may also provide a safety mechanism for uncontrolled viral
replication. M012, a recently described HSV expressing CD and
designed for treatment of primary brain tumors showed little neu-
rotoxicity and significantly inhibited growth of s.c. neuroblastoma
tumors when combined with 5-FC.”!

Cytoskeleton modifiers. Taxanes are a class of chemotherapy
drugs, including paclitaxel and docetaxel, which cause stabilization
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of cellular microtubules thereby preventing function of the cellu-
lar cytoskeleton, a requirement for mitosis. Combination of doc-
etaxel or paclitaxel with an urothelium- or prostate-targeted ad-
enovirus significantly reduced in vivo tumor volume and resulted
in synergistic in vitro cytotoxicity.”>* One effect of paclitaxel is an
upregulation of TRAIL receptors which sensitize cells to TRAIL-
mediated apoptosis. Pretreatment of tumor-bearing mice with pa-
clitaxel and TRAIL prior to HSV injection significantly retarded
tumor growth and increased viral spread in the tumors.* Taxanes
combined with other HSV-recombinants, demonstrated syner-
gistic cytotoxicity in prostate cancer cells” and significantly im-
proved survival in a colon carcinomatosis model*® and lung can-
cer xenograft model” relative to either therapy alone.

Cytostatic agents. Rapamycin (sirolimus) is an immunosuppres-
sant commonly used in transplant patients, however it has also
been shown to significantly enhance the oncolytic effects of the
poxviruses myxoma and VV.***-1% Rapamycin inhibits the cel-
lular serine/threonine kinase mTOR (mammalian target of ra-
pamycin) which is critical to numerous pathways contributing to
cell growth, proliferation, differentiation and survival.”” Myxoma
virus infection is permissive in a limited range of cells, dependent
on the cells endogenous activation levels the cellular seronine/
threonine kinase Akt. Cells with high levels of Akt (type I) are
permissive to infection whereas cells with very low levels of Akt
activation are not permissive to infection (type III). In cells with
moderate levels of Akt (type II), myxoma virus-induced Akt phos-
phorylation through a mechanism dependent on the viral M-T5
protein.”® mTOR is a downstream mediator of Akt activation and
although rapamycin alone decreased mTOR phosphorylation, it
also resulted in increased Akt activation likely due to a positive
feedback loop. When combined with myxoma virus, rapamycin-
induced increases in Akt phosphorylation relative to virus alone
correlated with increases in viral replication rates and cell-to-cell
spread in type II cells.”®'® The in vitro mechanisms behind the
increased activity of combination rapamycin and VV therapy
are under investigation, however in vivo, rapamycin appears
to influence the antiviral immune response with a decrease of
tumor infiltrating natural killer cells.** In preclinical models of
medulloblastoma'® and melanoma,” rapamycin has significantly
improved virotherapy resulting in increased survival rates and
decreased tumor burdens. The rapamycin analogue RAD001 has
also been shown to significantly improve adenovirus virotherapy
in models of glioblastoma.!*"!%? In vitro it was demonstrated that
RADOOI (refs. 75,101,102) as well as temozolimide’'* signifi-
cantly increased virus-induced autophagy®*®” and resulted in syn-
ergistic cytotoxicity.”>'1%>

The prototypical proteosome inhibitor MG-132 enhanced
cellular CAR expression in Lovo colon carcinoma cells, which was
accompanied with enhanced adenovirus target gene expression
and oncolysis.'”

OVS COMBINED WITH BIOLOGIC THERAPIES

Small molecules

Overcoming innate immune barriers to tumor infection.
Mammals have evolved a variety of natural or innate barriers to
rampant virus spread throughout the body and many of these
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pose an impediment to virus infection of tumors, particularly
when these have been purposely attenuated for the purpose
of virotherapy. Of notable importance are barriers such as the
cellular antiviral response (e.g., IFN signaling), the innate immune
response (e.g., neutralizing antibodies, complement, scavenging
macrophages), and physico-chemical barriers (e.g., blood flow,
hypoxia/pH). Although many have tried to tackle these problems
through viral engineering, others are finding success in combin-
ing both experimental and well established chemotherapeutics
that target one or more of these barriers.

HDAC inhibitors and drugs that target the innate antiviral
response. Histone deacetylase (HDAC) inhibitors (HDIs) have
been explored for their use as anticancer drugs since the 1990s and
have been recently approved for the treatment of lymphoma.'**
Although their immediate targets are known (HDACs), HDI
effects are pleitropic because HDACs are prime controllers of
transcriptional regulation. HDIs are known to both up- and
downregulate a panoply of genes (up to 10% of the transcrip-
tome), which typically leads to cell cycle arrest and apoptosis pref-
erentially in cancer cells. HDIs have also been reported to have
antiangiogenic and immuno-modulatory properties (reviewed in
refs. 105,106).

Valproic acid, a low potency HDAC inhibitor was found to
enhance CAR expression in cervix, breast, and bladder cancer cells
in vitro and in ex vivo cervical cancer samples. This was accompa-
nied by increased infection by adenoviral vectors.'”

HDIs have been shown by several groups to suppress the
innate cellular antiviral response, at least in part by downregulat-
ing IFN and the IFN-stimulated genes.'®®''° This has led to the
combination of HDIs with various OVs. Trichostatin A, a pan-
HDAC inhibitor was found to modestly enhance HSV oncolysis in
squamous cell carcinoma cells. In this study, it was proposed that
the modest enhancement of HSV replication may be due to effects
on viral replication induced by NF-kB activation and cell cycle
inhibition.""! However, in a more recent study, valproic acid con-
vincingly enhanced HSV oncolysis in human glioma cells, suggest-
ing the effects on HSV replication may be cell or tissue specific.'?
In another study, the antitumor effect of a telomerase-specific,
replication-selective adenovirus (OBP-301) in human lung cancer
cells was enhanced by the lesser known HDI FR901228 (ref. 113).
Nguyén et al, have shown that several HDIs can synergize with the
oncolytic VSV-A51, an attenuated oncolytic VSV-mutant which
is incapable of blocking IFN production.’®” Combination treat-
ment with HDIs resulted in synergistic cell killing, likely due to
both enhanced induction of cell death and increased viral output
(typically over 100-fold). Enhanced spread of VV and semliki for-
est virus was also observed using HDIs. Perhaps most interest-
ingly, the replication of VSV in SW620 colon carcinoma xenografts
in vivo could be halted by interrupting treatment with HDIs and
resumed once HDIs were resupplied. This brings forth the inter-
esting possibility that HDIs can be used as molecular switches to
control viral replication.'”

Other drugs that may target the cellular antiviral response
include Jun N-terminal kinase inhibitors. In one study, Jun
N-terminalkinase-deficiency (genetic orinduced by Jun N-terminal
kinase inhibitors) could enhance oncolytic VV replication. This was
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suggested to occur by preventing the activation of double-stranded
RNA-dependent protein kinase.'*

Modulators of cell death and other oncolytic virus barriers.
There are likely to be many barriers to oncolytic virotherapy,
some of which have yet to be discovered. In parallel to the cellular
antiviral responses and innate immune barriers, the ability of
OV:s to reach cancer cells and to kill them efficiently can likely
be manipulated by small molecules. Tumilasci et al., were able
to enhance the efficacy of oncolytic VSV against chronic lym-
phocytic leukemia cells by combination therapy with the BCL-2
inhibitor EM20-25 (ref. 115). Other less specific modulators of
cell death have also been shown to enhance oncolysis. As men-
tioned previously, HDIs may function at least partially by increas-
ing cell death induced by virus, although the details of how this
occurs remain elusive.'” Apoptosis induced by measles virus was
also enhanced by cotreatment with heat shock protein inhibi-
tors in vitro. This was potentially mediated by the effects of HSP
inhibitors on rhoA expression, important for measles-induced
cell fusion.'® Some studies suggest that certain drug/OV combi-
nations induce autophagic cell death and that intact autophagy
pathways are required for the observed combined effect.”>!01102

With respect to using combination therapy to enhance virus
spread to and within tumor sites, one group showed that a single
dose of angiostatic cRGD peptide treatment before oncolytic virus
treatment enhanced the antitumor efficacy of oncolytic HSV.41
These results are somewhat surprising, because restricted blood-
flow appeared to be beneficial to the virus, contrary to what might
be expected. This was found to be associated with decreased
tumor production of IFN-y and decreased infiltration of immune
cells within the tumor. It will be interesting to assess whether
antiangiogenic drugs can enhance the oncolytic ability of other
viruses such as VSV, that induce vascular shutdown'*® instead of
permeabilization as is observed for HSV. Finally, coadministra-
tion of various OVs with proteases such as hyaluronidase has been
performed intratumorally in order to increase access of virus to
tumors and enhance viral spread.”*!*-12?

Immunotherapies
The idea that OVs exert their effects not only directly through
lysis of tumor cells but also through induction of an immune
response is intriguing and has garnered much attention; both in
understanding this immune response on its own and to use other
forms of immune modulation to try to enhance it. It is likely that
OVs induce some level of antitumoral immunity as a byproduct of
oncolysis. As pathogens, viruses elicit toll-like receptor signaling
through a variety of TLRs present on a variety of cells including
antigen-presenting cells.'>-'** In the course of replicating within
the tumor, OVs generate pathogen-associated molecular pat-
terns which are ligands for these receptors thus providing two of
the major requirements for initiating and enhancing antitumor
immune responses: they supply tumor antigens to local dendritic
cells through the direct oncolysis of tumor cells, while providing
the “danger signals” necessary to promote localized inflammation
and dendritic cell activation.

There are numerous examples of OVs initiating antitumor
immuneresponses. This effecthasbeen best demonstrated in studies
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using oncolytic HSVs where cured mice generally resist subsequent
rechallenge with the same tumor cell line.'*"1%2 Several reports from
Toda et al. demonstrate the establishment of antitumor immunity
in various rodent models using oncolytic HSV. The treatment of
immunocompetent mice bearing CT26s.c. tumors, or orthotopic
colon cancer with liver metastases, using the conditionally repli-
cating HSV G207 virus led to regression of the primary injected
tumors, and of metastases or contralateral untreated tumors."?*'?
Importantly, this effect was absent in athymic nude mice, arguing
in favor of the induction of antitumoral immunity following viral
oncolysis.”**'*® In an ovarian carcinoma model, Benencia et al.
reported the induction of antitumor immune responses poston-
colytic viral therapy through the induction of proinflammatory
signals and tumor antigen presentation'*® and similar effects were
reported following treatment of melanoma using H-1 parvovirus.'**
This enhancement of antitumoral immunity has also been demon-
strated in a phase 1 dose-escalation clinical trial using oncolytic
measles virus in cutaneous T-cell lymphoma patients where biop-
sies displayed heightened IFN-y mRNA in infiltrating CD4* and
CD8™" T lymphocytes and an overall expansion of the CD8 T-cell
population.’** Overall, the process by which viral oncolysis leads to
induced or enhanced antitumoral immunity is poorly understood
and has not really been studied in detail.

Many groups are actively exploring strategies to enhance or
directly generate antitumoral immunity with OVs. One promis-
ing approach is through the use of fusogenic OVs,2127:13L132136 The
formation of multinucleated syncytia following infection is a prop-
erty of certain viruses, including some being developed as oncolyt-
ics such as measles virus. Viruses that are not naturally fusogenic
can be engineered to have this property. The fusion of tumor cells
within a solid tumor appears to generate two desirable effects, one
being the enhanced spread of the virus through the tumor and
increased oncolysis along with an enhanced ability to generate an
antitumoral immune response. The syncytial, oncolytic FusOn-H2
HSV-2 induced strong T-cell responses against primary and meta-
static 4T1 breast tumors in immune-competent mice while adop-
tive transfer of splenocytes from the treated mice to naive mice
prevented metastasis of 4T1 in the recipients.””! Additional stud-
ies using this oncolytic herpes virus have demonstrated antitumor
immune responses following treatment of both neuroblastoma
and colon cancer.'**'#132 The induction of antitumor immunity by
fusogenic OVs has been suggested to be the result of killing large
numbers of tumors cells by nonapoptotic means leading to the
production of a mass of inflammatory tumor tissue.

Another approach to enhancing the immunogenicity of OVs
has been to engineer them to express various immunostimulatory
cytokines.'”'* Many candidate cytokines and immunomodula-
tory factors have been tested in this setting and have shown prom-
ise in preclinical testing. As many of the vectors being used are
likely to induce some level of proinflammatory immune mediators,
it is likely that most of these strategies can only lead to enhanced
production of particular mediators. It is also very difficult to pre-
dict and control the amount of cytokine produced and there is
a theoretical risk of excessive cytokine production if a tumor is
heavily infected. The potential immunostimulatory benefits of
producing proinflammatory cytokines in the tumor microenvi-
ronment justifies this approach.
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An emerging strategy for the combination of viral oncolysis
with immunotherapy consists of enhancing tumor killing through
adoptive cellular therapy. Adoptive transfer of tumor-specific
CD8* T cells into naive recipients showed some efficacy in the
B16/OVA melanoma model, and this was heightened by further
intratumoral treatment with VSV, providing the necessary local
tumor inflammation to recruit and maintain activation of adop-
tively transferred T cells."*® One variation on this approach has
been to transfer dendritic cells during oncolysis to encourage
presentation of the unidentified tumor antigens provided by the
viral-mediated destruction of tumor."” An alternative approach is
to load an oncolytic virus into or onto tumor-specific lymphocytes
and use these cells to enhance targeting of the virus to the tumor
while potentially providing additional immune-mediated tumor
destruction along with viral oncolysis."***** This is a complex
arena as the cells harboring virus may be cytotoxic themselves (i.e.,
cytokine-induced killer cells)™*® or act to target the virus to tumor
or shield it from neutralizing antibodies. This has been recently
extensively reviewed by Willmon et al."*! The partnering of onco-
lytic viral therapy with adoptive transfer of immune cells holds
significant potential, as viral oncolysis may be able to enhance
and drive the occasionally efficacious effects of cellular therapies.
By feeding transferred antigen-presenting cells and/or enhancing
viral delivery while attracting tumor-specific effector cells into the
tumor, OVs may partner very well with cellular therapies in the
clinic, an area that has not yet been explored to any extent.

Other viruses

It has long been proposed that OVs should be used as combina-
tion agents with other viruses. In the setting where an immune
response to one virus develops, an appealing idea is to use a sec-
ond virus to continue the therapy. From a practical point of view,
this is far from the clinic as obtaining regulatory approval for
two separate experimental modalities will be a challenge. But the
challenge may indeed be worth it: a recent article out of the Bell
lab (F. Le Beouf, J.-S. Diallo, J.A. McCart, S. Thornc, T. Falls, M.
Stanford et al., manuscript submitted.) has shown that the pow-
erful immune evasion genes of VV render cells otherwise resis-
tant to killing by VSV, uniquely sensitive when VSV is used as the
second agent. In this case VV is acting as a biologic therapy to
suppress the innate antiviral immune system and permit VSV to
infect and kill the cells. This is an excellent example of the synergy
that can be seen when combining modalities that utilize different
mechanisms to kill cells and should guide future design of com-
bination therapies.

CHALLENGES TO COMBINATION THERAPIES

The use of relevant animal tumor models is a concern for all inves-
tigators, however it is of particular importance for those studying
OVs. Recent studies that have focused on elucidating the role of
the immune system in OV therapy found that both the innate'®
and adaptive immune responses'** contribute significantly to over-
all efficacy of the OV. Furthermore, antiviral immune responses
are both implicated in hindering OV efficacy by inhibiting early
infection and required for eventual clearance of the virus. Many
of the studies discussed in this review were performed in xeno-
graft models using immunocompromised mice. This is appealing
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because it allows testing in human tumors (as opposed to murine
tumors) however this comes at a significant cost. Adding to the
limitation of these models is the widespread use of tumor cell
lines and the scarcity of data using fresh human tumor samples.
Although use of human tumors in xenograft models is useful, it
is perhaps more clinically relevant to demonstrate OV efficacy in
immunocompetent hosts. It will be important to consider these
factors when choosing the best combination therapy regimens to
develop clinically.

DISCUSSION AND FUTURE DIRECTIONS

As we have discussed, as OVs move toward clinical use, it is
likely that in order to be successful, some type of combination
therapy will need to be employed. Rather than simply combin-
ing existing modalities, we have attempted to show how certain
combinations make the most sense and have a high likelihood of
acting in a synergistic manner. Although initially we expect that
OVs will be combined with standard validated therapeutics (i.e.,
chemo and radiotherapy), overall we anticipate that novel combi-
nations with other biologics (including other OVs) or immuno-
therapeutics will yield better results. It is critical to understand
the interplay between the virus and the combination of choice.
As we have described earlier, some chemotherapy and radio-
therapy modalities? may inhibit viral replication, and as such
could be used to improve the safety of the virus rather than influ-
encing its efficacy. Studies using OVs are now demonstrating an
immune-mediated component to successful therapy in addition
to direct oncolysis. Importantly, the induction of an antitumoral
immune response during oncolysis has the potential to provide
prolonged tumor control long after the oncolytic virus has been
cleared. Future studies will need to further elucidate the role that
the immune system is playing in OV therapy and disease-specific
combinations will need to be defined.

The race is on to move these novel therapeutics to the clinic.
Although combining OVs with the current standards of care may
be appealing both from a cost-effective point of view (no need
to “develop” the second arm of the therapy) and from a regula-
tory point of view (getting two novel therapeutics approved for
one trial), we hope that this review will challenge the reader to
pause and consider whether what he/she is proposing to take to
the clinic is rational and will provide the best possible outcome
for the patients.
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