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1. Introduction
For almost two decades, there has been interest in using

viruses to deliver genes into cells. One particular approach
consists of oncolytic viruses (OVs), which can selectively
enter and replicate in neoplastic cells leading to their lytic
destruction with minimal damage to surrounding normal
tissue. OVs include a wide range of viruses that have been
selected or genetically engineered such that viral replication
is limited to permissive cancer cells with specific mutated
cellular pathways. OVs have been designed to replicate only
in tumors that have either activation of specific oncogenes
or inactivation of specific tumor suppressor pathways.1-7

Table 1 presents an overview of specific OVs along with
their salient properties that are being studied for the treatment
of malignant gliomas.

Some OVs demonstrate selective tropism for entry into
tumor cells.8-12 Second generation viruses that are “armed”
by incorporation of prodrug activating genes,13-20 imaging
genes,21,22 immunostimulatory genes,23-27 and antiangiogen-
esis genes28,29 are currently being investigated for safety and
efficacy.

The appropriate route of delivery of OVs remains to be
defined in terms of advantages and disadvantages. For

example, intratumoral viral delivery has the advantage of
circumventing rapid viral clearance within the bloodstream
due to antibody and complement neutralization of the virus,
clearance by the liver, viral binding to nontumor cells that
contain receptors for the virus, and barriers to migration
across the vascular endothelium. However, intravenous
administration is the route of choice for the treatment of both
primary tumors that are not locally confined and metastatic
disease. Methods of avoiding these limitations to viral
administration will be discussed later in this review and
include the development of various stealth agents and carrier
cells to achieve nonimmunogenic viral delivery.

With China’s recent approval of the first oncolytic virus,
adenovirus H101,30 a number of clinical trials are underway
in the United States and Europe. Table 2 presents a summary
of the glioma clinical trials that have been performed to
date.31-38 Through the process of testing OVs in the clinic,
however, a number of questions must be addressed. For
instance, the pharmacokinetics of viral infection, replication,
and spread should be ascertained noninvasively. Two novel
oncolytic measles viruses are attempting to answer these
questions. First, a measles virus encoding the soluble
extracellular human carcinoembryonic antigen (CEA) allows
for noninvasive analysis of viral propagation by measuring
CEA levels.39,40 Second, by incorporating the thyroidal
sodium iodide symporter in the measles vector, clinicians
are able to use radioactive iodine tracers in order to monitor
the status of viral infection using single-photon-emission
computed tomography or positron-emission tomography.21,41-43

Beyond questions related to pharmacokinetics, clinical
implementation of OVs is hampered by technical challenges
in producing large amounts of high-titer virus. Lastly,
performance of phase III clinical trials to assess clinical utility
and guide the future directions of basic research in the field
of OV therapy is needed.

For instance, preclinical data suggests that the ability
of OVs to amplify within cancer cells should lead to
increased intratumoral titers independent of the initial
inoculum.1,27,44-48 While these findings have been cor-
roborated by numerous in Vitro findings, clinical efficacy
has been limited due to significantly attenuated in ViVo
viral replication.49-56 In fact, a recent clinical trial shows
replication of inoculated virus in tumor, albeit at levels
that appear to be fairly reduced.32,57 Attenuated in ViVo
viral replication may be due to inefficient intratumoral
viral dispersal, to barriers imposed by the tumor microen-
vironment, or to rapid viral clearance by host immune
responses. Future clinical trials will need to take these
host factors into account in order to achieve maximal OV-
mediated tumoricidal activity while simultaneously avoid-
ing systemic toxicity to the host. Elucidation of a variety
of tumor- and host-based factors that limit viral infection,
replication, and propagation could lead to the design of
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combinatorial molecular approaches combining oncolysis
with pharmacologic agents designed to circumvent such
host barriers to OV lysis of tumors. Additionally, certain
classes of pharmacological agents can alter cellular
homeostasis and activate cellular cascades that provide
an environment conducive for viral replication. In this
review, we will briefly describe both the current state of
knowledge of host responses that limit OV therapy and
the cellular pathways that can be targeted to enhance OV
efficacy, followed by a review of potential pharmacologic
and chemical approaches that could be employed to
circumvent these obstacles.

2. The Immediate Host Response Following OV
Infection

A major assumption in the area of OV therapy of tumors
has been that even a small initial dose of a replication-

competent OV will amplify through successive rounds of
viral replication, resulting in eventual infection and eradica-
tion of the entire tumor. In reality, however, viral distribution
appears stunted, and viral yields within tumors actually
decrease as a function of time.1,57 In order to fully explain
this, one needs to evaluate how oncolytic viruses function
within the context of the tumor microenvironment; in fact,
it is critical to understand what is required for effective viral-
mediated tumor killing and what could limit viral replication.

Limitations imposed within the tumor microenvironment
render tumor clearance by replicating OV difficult as a single
modality.58 Sequential steps predicted to occur during OV
killing include (a) infection of individual cells, replication
within them, and subsequent cell death, (b) induction of an
adaptive antitumor immune response triggered by viral
infection, and (c) stimulation of localized inflammation. A
consequence of the immunosuppressive nature of certain
tumor types, particularly gliomas with their low MHC I/II
expression,59 has required investigators to create novel
methods for modulating host immunity in order to achieve
potent antitumor immune responses. For instance, the lack
of immunostimulatory signaling present on intracranial
glioma cells was circumvented using an oncolytic herpes
simplex virus (HSV) vector expressing IL-4. This virus was
able to mediate antitumor efficacy not only through viral
oncolysis but also by induction of a CD4 and CD8 antitumor
response.58 An additional barrier toward achieving significant
antitumor immunity in the context of OV is the ability of
certain viral vectors, such as HSV-1 through its ICP47
protein, to circumvent the host response by blocking antigen
presentation on MHC I upon viral infection.60-62 In order to
address this limitation, a novel HSV was produced that
lacked the gene encoding ICP47, and when it was injected
into an intracranial glioma model, significant T cell stimula-
tion was achieved.63 As a result, through a combination of
viral tumor clearance and immune modulation, a “perfect
storm” of tumor killing could potentially occur: replication
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of the virus in a dying tumor, secretion of pro-inflammatory
cytokines, and recruitment of inflammatory cells into the
tumor microenvironment leading to tumor cell destruc-
tion.58,63-65

However, while viral replication can work synergistically
with the immune system to elicit tumor killing, the immune
system also functions as a “double-edged sword”. Upon viral
infection, a series of antiviral mechanisms are activated via
the initial innate immune response to the virus. This response
has been demonstrated to limit successful viral propagation
and tumor clearance.66-70 Consequently, these barriers must
be circumvented to achieve viral replication and the subse-
quent activation of an adaptive antitumor immune response.2

These barriers consist of intracellular signaling and antiviral
defenses,6,68,71,72 extracellular tumor environmental bar-
riers,65,72,73 and the active host response to ongoing oncolytic
virotherapy1,12,51,54,65,69,74-80 (Figure 1). In this section, we
will overview the effect of each of these barriers on
oncolysis.

2.1. Tumor Cell Antiviral Response
Pattern recognition receptors have evolved to detect

invading pathogens, and they fall into two broad categories:
toll-like receptors (TLRs) and RIG-I-like helicases (Figure
2). TLRs are abundantly expressed on plasmacytoid dendritic
cells (pDCs), are found on either cell surfaces or endosomes
where they detect a variety of pathogen-associated molecular

patterns (PAMP),81 and transmit their downstream signals
through their cytoplasmic Toll/interleukin (IL)-1 (TIR)
domain. The response of ligand binding to a TLR depends
on the TIR adapter protein that is associated with each TLR.
With the exception of TLR-3, myeloid differentiation primary
response protein 88 (MyD88) associates with the TIR domain
of each TLR and ultimately leads to the downstream
activation of nuclear factor kappa B (NF-κB) and the
production of various inflammatory cytokines, including
tumor necrosis factor R (TNF-R), IL-6, and IL-1�. TLR-3,
however, recognizes double-stranded RNA (dsRNA) and
rather than signaling through MyD88, it associates with Toll/
IL-1 receptor domain containing adaptor protein inducing
interferon � (TRIF) to activate both NF-κB and interferon
regulatory factor 3 (IRF-3). IRF-3 activation leads to its
translocation into the nucleus and the induction of IFN-�
expression.82,83

pDCs function as the host’s professional interferon (IFN)
producing cells due to their TLR expression, their ability to
actively produce type I interferons (IFN-I), and their critical
role in limiting viral infection.84 RIG-I, however, is a critical
mediator of IFN production and viral clearance in the
majority of cell types, including fibroblasts, epithelial cells,
and conventional dendritic cells.84 This pattern recognition
receptor is ubiquitously expressed, located in the cytosol
where it detects dsRNA that is unique to virally infected
cells, and signals through the mitochondrial membrane-

Table 1. Features of Oncolytic Viruses Being Used for Glioma Therapy

OV genome structure salient properties

herpes simplex virus dsDNA, 120-200 kb enveloped, 150-200 nm

•mutants engineered targeting p16/RB or MEK
•high transgene capacity
•low number of initial viral particles needed for

infection and spread
•drugs available to limit uncontrolled viral replication
•widespread immunity to the virus in human population

adenovirus dsDNA, 36-38 kb nonenveloped, icosahedral, 70-90 nm

•mutants designed to target p16/RB and p53
•low transgene capacity
•high number of initial viral particles needed for tumor

clearance
•widespread immunity to the virus in human population

Newcastle disease virus ssRNA, 16-20 kb enveloped, helical, 150-300 nm

•selective replication in cells with aberrant interferon
signaling

•high viral progeny from infected cells
•due to its RNA genome, high rate of mutation
•no immunity in human population

reovirus dsRNA, 22-27 kb nonenveloped, icosahedral, 60-80 nm

•selective replication in cells transformed with ras
overexpression

•high viral progeny from infected cells
•due to its RNA genome, high rate of mutation
•widespread immunity to the virus in human population

Table 2. Clinical Trials Using Oncolytic Viruses for the Treatment of Malignant Gliomasa

OV virus genetic alteration patients route of delivery
highest
dose

median
survival
months) ref

G207 HSV-1 (strain F)
deletion of both

γ34.5 copies and
disruption of ICP6/RR

21 i.t. 1 × 109 pfu 6 31
6 2 doses: i.t. and I.A.B.

post-tumor resection
1.15 × 109 pfu 6.6 32

1716 HSV-1 (Glasgow strain 17) deletion of both
γ34.5 copies

9 i.t. 1 × 105 pfu NI 33
12 i.t. 4-9 days prior to resection 1 × 105 pfu NI 34
12 IAB post-tumor resection 1 × 105 pfu NI 35

ONYX-015 adenovirus deleted E1B gene 24 IAB post-tumor resection 1 × 1010 pfu 6 36
NDV-HuJ Newcastle disease virus none 14 iv 55 BIU 8 37
reolysin reovirus none 12 i.t. 1 × 109 pfu 5 38

a Legend: BIU, billion infectious units; IAB., injected into adjacent brain; i.t., intratumoral; iv, intravenous; NI, not included; pfu, plaque-
forming units.

Adjuvants in Tumor Virotherapy Chemical Reviews, 2009, Vol. 109, No. 7 3127
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associated interferon promoter stimulator 1 (IPS-1) adaptor
protein. Once dsRNA binds to RIG-I, downstream signaling
events reach IPS-1 and branch out into either NF-κB, IRF-
3, or IRF-7 activation. IRF-3 is a constitutively expressed
protein that shuttles between the cytoplasm and nucleus.
Once IRF-3 is phosphorylated at its C-terminus, it remains
localized in the nucleus where it serves as a transcription
factor for IFN-�, IFN-R1, and RANTES (regulated on
activation normal T cell expressed and secreted).85,86 While
IRF-7 also requires a C-terminal phoshorylation event to
become activated,87,88 it differs from IRF-3 in several ways:
it is only constitutively expressed in B cells and DCs, while
its expression elsewhere only occurs following viral infection
or IFN induction; it has a half-life of 30 min;87,89,90 and it
actively transcribes IFN-R4,7,14.86

Because the host has a variety of methods for detecting
invading pathogens and ultimately producing IFN-1, this
underscores the importance of IFN-I production as an
antiviral mediator. For instance, experiments that have
depleted the IFN ligand demonstrated the necessity of IFN-I
in abrogating initial viral replication.91 While IFN-I is not
intrinsically antiviral, its production is able to induce a variety
of changes through binding to nearby IFN receptors leading
to the downstream activation of IRF92-94 and interferon-

stimulated genes (ISG) that are responsible for creating an
antiviral state.93,95-97

In addition to the PAMPs previously described, the double-
stranded RNA-activated protein kinase (PKR) is activated
following IFN-I production.5 PKR recognizes foreign and
abnormal nucleic acid structures that accompany viral
infection.98 Binding of PKR to a dsRNA leads to an activated
form of PKR that has the ability to phosphorylate eIF2R and
halt cellular protein synthesis. Through PKR-induced abro-
gation of protein translation, the host cell is no longer able
carry out viral protein production.

Most viruses have evolved mechanisms to counter intra-
cellular defense responses. Interestingly, antiviral defenses
are often disrupted in tumor cells. This can provide research-
ers with stratagems for engineering attenuated OVs that can
selectively replicate only in cells that lack antiviral defense
response. For example, vesicular stomatitis virus (VSV),6

reovirus,8 and myxoma virus9 are naturally sensitive to IFN
so their replication is selective for tumor cells where this
pathway has been reported to be defective. Similarly,
reovirus, VSV, and oncolytic HSV-1 have been reported to
selectively replicate in tumor cells with an activated Ras/
MEK pathway, which can counter the activation of antiviral
PKR in cells.99-102 However, evidence exists that despite

Figure 1. (a) The host response to OV therapy represents a unique interplay between host factors that have the capacity to both limit viral
efficacy and elicit enhanced tumor killing. For instance, the inflammatory cytokine milieu following viral infection can consist of tumor
necrosis factor (TNF)-R, which has the capacity to culminate in tumor regression, while inducible nitric oxide synthase (iNOS) and interferon
(IFN)-γ are potent antiviral mediators. Similarly, CD8 cytotoxic T cells have the ability to selectively recognize and lyse tumor cells via
a CD8-dependent mechanism. However, natural killer (NK) cells are among the rapid responders to viral infection that attempt to limit
viral spread. (b) Due to the dichotomous nature of virus elicited host responses, continuing efforts are needed to clarify the contribution of
components of the tumor microenvironment that both limit and enhance viral replication and spread. As the most critical factors are elucidated,
they must be translated into pharmacological targets that can be paired with OVs to result in additive or synergistic tumor cell killing. In
order to meet this objective, extensive studies will need to determine appropriate quantities of virus and drug along with proper dosing
schedules that result in tumor clearance and limited host toxicity.

3128 Chemical Reviews, 2009, Vol. 109, No. 7 Alvarez-Breckenridge et al.
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altered IFN signaling pathways in certain tumors, oncolytic
viruses are still subject to control by the innate immune
defenses of human tumor cells.103 As a result, specific
approaches aimed at circumventing these antiviral defenses
may lead to enhanced viral replication and spread.

2.2. Extracellular Tumor Microenvironment
Barriers

The extracellular tumor microenvironment (ECM) or “the
cancer field” consists of secreted proteins, proteases, growth
factors, stromal and immune cells, and tumor vasculature.
The significance of the ECM in governing tumor growth and
also its response to therapy is increasingly being appreciated.
Recent studies investigating the complex interactions between
OV therapy and tumor ECM have uncovered the highly
significant impact of tumor microenvironment on oncolysis.
After viral replication and lysis of the infected cell, the
progeny OVs resulting from the “virus burst” have to spread
from one infected cell to the next. The extracellular tumor
microenvironment consists of secreted proteins and pro-
teoglycans, which form an inhibitory scaffold limiting the
spread of OV particles within the solid tumor.104 Apart from
the physical inhibition, the acidic tumor microenvironment
and high interstitial tumor pressure present additional
obstacles for viral propagation and spread in the tissue105-108

(Figure 3).
Following wild-type viral infection, a classical physiologic

response is vasodilation and hyperpermeability.109,110 This
places blood vessels as an integral intermediary in the
inflammatory host response during infection.111 During
inflammation, peripheral leukocytes and monocytes extrava-
sate into tissue by initially adhering to endothelial cells that
line the vascular walls, ultimately leading to endothelial
activation. This activation leads to subsequent hyperperme-
ability in the vascular walls and increased tissue edema,
ultimately enhancing perivascular inflammatory cell infil-
tration.111,112 This vascular leakage can become detrimental
to OV replication and spread within the tumor,80 thereby
accentuating an additional factor that must be addressed in
order to achieve successful OV therapy. Various approaches

have been examined to enhance virotherapy by stabilizing
tumor vasculature, reducing the neovascular response, and
reducing the inflammatory cellular infiltrate.74,80

2.3. Immune Responses to Oncolytic Viruses and
Its Cellular Mediators

Likely the most significant limitation to virotherapy is the
active innate immune response to the virus that can occur
fairly rapidly after OV infection. The innate immune system
provides an initial potent line of defense that limits initial
viral infection, replication, and spread; signals for the
maturation of antigen-presenting cells; and activates the
cellular components of the adaptive immune system. The
importance of this concept has been elucidated in several
models, including VSV, wherein initial intratumoral viral
replication is followed by a dramatic decline in viral titers
over the following days.113 Since antiviral antibodies were
not produced until 5 days post-OV infection, the innate
immune system response (including granulocytes, natural
killer (NK) cells, NKT cells, and macrophages) that is
recruited to the site of infection is considered a major player
in limiting viral propagation.114 Depletion of mononuclear
cells1 or antiviral cytokine mediators such as IFN-γ78 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. Activated NK cells14 mediate direct lysis of
infected target cells by releasing cytotoxic granules contain-
ing lytic enzymes or by binding to apoptosis-inducing
receptors on target cells.115 NK cell-mediated preferential
lysis of HSV or vaccinia virus-infected cells has been shown
to prevent viral dissemination to neighboring cells.116 While
recruitment of NK cells to infected tumor tissue is limiting
to viral spread and OV efficacy, IFN-γ production by NK
cells has also been shown to set the stage for subsequent
adaptive immune response.117,118

Apart from NK cells, macrophages also play a critical role
in OV clearance. Upon viral infection, resident or recruited

Figure 2. Viral infection elicits a variety of antiviral cellular responses. Following viral infection, viral pathogen-associated molecular
patterns are detected through both TLR and RIG pathways as described in the text. Following the activation of each pathway, signals are
relayed to interferon regulatory factors and NF-κB, leading to their translocation from the cytoplasm into the nucleus. Upon arrival in the
nucleus, they activate the transcription of a variety of antiviral mediators that limit viral replication and spread.

Adjuvants in Tumor Virotherapy Chemical Reviews, 2009, Vol. 109, No. 7 3129

D
ow

nl
oa

de
d 

by
 U

N
IV

 M
A

A
ST

R
IC

H
T

 o
n 

A
ug

us
t 2

8,
 2

00
9 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 M
ay

 2
2,

 2
00

9 
| d

oi
: 1

0.
10

21
/c

r9
00

04
8k



macrophages initially secrete IL-12 to activate NK cells,
while NK cells complete the feedback loop by secreting IFN-
γ, the prototypic macrophage activator, without which
macrophages cannot clear microbes.117 In fact, recruitment
of infiltrating monocytic cells has been shown to coincide
with clearance of over 80% of HSV-derived oncolytic viral
particles.54,78,119 Increased intratumoral presence of macro-
phage/microglia cells has also been reported in human
patients treated with the adenovirus120,121 or HSV1-derived
OV122 indicating the global significance of macrophages in
OV therapy.

It is important to note that while the OV-mediated
induction of an antiviral inflammatory state is thought to be
detrimental toward oncolysis, a recent study indicated that
it could also contribute to tumor killing. During inflammatory
reactions, activated neutrophils adopt a “rigid” phenotype,
which can result in clogging of small capillaries.13 Systemic
delivery of VSV and vaccinia virus has been shown to initiate
very robust recruitment of neutrophils from the vascular
system into the tumor. So robust was this immune cell
infiltration that it resulted in a choking of the blood vessels.
The consequential increase in tumor hypoxia induced tumor
cell apoptosis and contributed to tumor cell killing.65

While neutrophil-mediated choking of tumors may be
beneficial, antibody-mediated neutrophil depletion facilitated
extensive viral replication and spreading throughout the
tumor.65 Additional studies with a variety of tumor models

and oncolytic viruses will need to be performed in order to
determine whether this mechanism of tumor cell death and
inhibition of viral spread is dependent on tumor type, virus
type, or route of OV administration.

Despite their antiviral properties, neutrophils and NK cells
have pleiotropic effects that may also be critical in tumor
killing. For instance, neutrophils, in addition to CD8 T cells,
have been shown to contribute to HSV,49 VSV,50,65 and
measles virus47,123 related virotherapy efficiency. Similarly,
NK cells have been shown to augment the tumoricidal effects
of oncolytic HSV. In a melanoma model, NK cells have been
defined as an essential cellular component for VSV efficacy.50

In this model, NK cells functioned synergistically with the
adaptive immune antitumor response, launched in response
to viral antigens expressed by tumor cells. Therefore, it
appears that NK cells can serve a dual function, both as
potential inhibitors of viral replication and as critical media-
tors to establish an effective antitumor immunity following
viral antigen presentation within the tumor cells. These
findings further confirm the need for a refined approach to
manipulate individual cell populations in order to maximize
therapeutic regimens.

2.4. Intracellular Pathways Affecting Virotherapy
The metabolic/replication potential of a cell has a tremen-

dous impact on OV replication. Intracellular changes in cell

Figure 3. (A) Viral inoculation results in the infection of cancer cells and surrounding non-neoplastic tissue; however, only cancerous
cells will support active viral replication. Just hours following viral inoculation, the tumor microenvironment undergoes a series of dynamic
changes (B) that create a barrier for efficient viral replication and spread: (i) an angiogenic response with vasodilation and leakage of
inflammatory cellular responders; (ii) elaboration of inflammatory cytokines that create an environment that is limiting for viral replication;
(iii) the recruitment and activation of cells from the innate immune system; (iv) components of the ECM create an environment with high
interstitial pressure that limits viral dissemination between individual cancer cells. If these responses to viral infection are not addressed,
viral clearance will be seen within days of viral administration with limited tumor killing (C); however, each component of the host responses
also provides a drug target that can be used to enhance OV efficacy using cotherapy. By tailoring OV therapy with pharmacologic agents,
viral replication and spread can be enhanced with increased tumor killing (D).

3130 Chemical Reviews, 2009, Vol. 109, No. 7 Alvarez-Breckenridge et al.
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signaling cascades can transform a cell into a host that
encourages or discourages OV propagation. For instance, the
cellular stress response, induced by pharmacological treat-
ment, results in a variety of changes that have significant
impact on viral infection and dissemination. These can range
from alterations in protein expression to changes in cell cycle
status.

The acquisition and conservation of cellular genes by wild-
type viruses for specific tasks has been historically docu-
mented.124,125 A defining feature of OV therapy adopts a
similar approach whereby genetically engineered viruses
frequently lack a specific gene whose function must be
provided by the host cell in order to achieve successful viral
propagation. An example of such a gene encoded by HSV-1
is γ34.5. The protein product of this gene, ICP34.5, precludes
the shutoff of host protein synthesis and premature cell
death.126 Notably, however, the carboxyl terminus of ICP34.5
has significant homology to the carboxyl terminus of
mammalian growth arrest and DNA damaging inducible
protein (GADD34),126 a cellular stress protein that circum-
vents apoptosis by suppressing cell division during DNA
repair.127-129 GADD34 recruits protein phosphatase-1 and
dephosphorylates the inactivated mRNA translation initiation
factor eIF2R allowing for viral protein synthesis to occur.
In the context of HSV OV therapy where the viral γ34.5
gene is frequently deleted to limit unintended virulence, the
function of ICP34.5 appears to be provided in trans by
GADD34.129 Taken together, identifying ways of enhancing
GADD34 induction in the presence of HSV lacking γ34.5
may provide a useful strategy for enhancing virulence within
the tumor targets. A similar type of engineering is provided
by the finding that an activated MEK pathway in cells can
substitute for the lack of γ34.5 function and allow robust
replication of the γ34.5 mutant HSV-1 in Vitro and in
ViVo.130,131

The use of drugs to induce DNA damage also results
in the stimulation of numerous cellular pathways. While
different classes of these chemotherapeutic agents induce
various DNA repair mechanisms, cisplatin will serve as
a representative example. The DNA adducts formed from
cisplatin treatment leads to activation of cell cycle
checkpoints and a temporary induction of S-phase arrest
followed by an extended G2/M arrest.132,133 When mild
to moderate DNA damage is induced, cytotoxicity is not
fully achieved since nucleotide excision repair is activated
to remove DNA adducts and promote cellular survival.
However, if extensive DNA damage is achieved, DNA
repair fails to keep pace with DNA damage, repetitive
futile rounds of mismatch repair create single-strand DNA
breaks, and the serine/threonine kinase ATM and Rad3-
related (ATR) is activated during S phase.134 ATR targets
a variety of substrates, including cell-cycle checkpoint
kinases and DNA repair proteins.135 If ATR fails to
arrest the cell cycle, single-strand breaks are converted
into double-strand breaks during subsequent cell cycles
resulting in the activation of serine/threonine kinase ataxia-
telangiectasia mutated (ATM), cell-cycle arrest, and apop-
tosis.136

Interestingly, the DNA repair pathway has a drastically
different impact on adenovirus and HSV. For instance, while
DNA damage machinery is an obstacle to adenovirus
replication,137,138 DNA damaging agents have been demon-
strated to reactivate HSV-1 from latency.135 Wild-type HSV
infection with subsequent viral gene expression is dependent

upon the activation of ATM, the recruitment of downstream
DNA repair complexes such as Mre11, and the formation
of stable replication structures.135 Adenovirus can be com-
bined with chemotherapeutic agents that induce a G2 arrest
rather than DNA repair. Various groups have demonstrated
that infection with wild-type or E1 adenovirus mutants cause
a dose dependent G2 arrest that is favorable for DNA
replication139-142 due to the ample supply of nucleotides that
are present in this phase of the cell cycle. In total, these
findings demonstrate that certain chemotherapeutic agents
have the potential for multimodal therapy with OVs;
however, strategies must be developed to select appropriate
viruses that will synergize with specific drug-induced cellular
effects.

In an effort to pair particular viruses with appropriate
cellular responses, a variety of intracellular signaling cascades
that are prototypically dysregulated in cancer can be used
for OV targeting. For instance, a hyperactive Ras pathway
has been demonstrated as a tumor-selective target for
oncolytic HSV lacking ICP34.5. An additional hallmark of
tumor cells is the presence of angiogenesis with accompany-
ing vascular endothelial growth factor (VEGF) production.
Signaling cascades within the tumor and accompanying
VEGF secretion into the tumor microenvironments creates
an angiogenic milieu that can be further exacerbated by OV
administration; thereby, creating an environment that limits
OV potency. Lastly, the Akt pathway is canonically upregu-
lated in many tumors, and the activation status of this cellular
kinase is a critical factor in determining permissiveness to
myxoma virus infection. The myxoma viral protein M-T5
physical interacts with Akt, further enhances the Akt
activation status, and facilitates completion of the myxoma
virus replication cycle.143 Collectively, these are just a few
examples of cell signaling pathways that have been associ-
ated with OV efficacy. By understanding these pathways
more fully, it will be possible to design combinatorial
approaches that alter specific cellular cascades in the presence
of administered virus.

3. Pharmacological Modulation of Host Factors
To Enhance OV Therapy

The growing body of literature on the limitations induced
by the various intra- and extracellular host defense responses
to OV therapy has led to the development of several
strategies to combat these undesirable changes to enhance
tumor oncolysis. While “armed viruses” expressing genes
that facilitate evasion of immune responses or destruction
of tumor stroma have been constructed and shown to be
efficacious in several preclinical studies,104,144-146 we will
not discuss those in this review. On the other hand exploiting
pharmacological agents to manipulate cancer cells and their
microenvironment to enhance OV therapy is another promis-
ing approach. Results from the preclinical testing of several
pharmacological drugs in combination with OV therapy have
revealed the potential of this strategy to synergize with OV
therapy. In the following sections, we will discuss various
pharmacologic approaches that have been shown to augment
virotherapy (Table 3).

3.1. Immune Modulators
Recent studies investigating the impact of combating the

antiviral host immune responses with pharmacologic agents
has led to the identification of several drugs that synergize
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with OV therapy. The effects of cobra venom factor (CVF)-
mediated depletion of serum complement proteins, cyclo-
phosphamide (CPA)-mediated depletion of peripheral blood
mononuclear cells (PBMC), and clodronate liposome (CL)-
mediated exhaustion of phagocytic cells have been shown
to increase OV persistence. In this section, we will discuss
these drugs and their mechanism of OV enhancement.

The complement system consists of a series of serum
proteases that result in the destruction of virions/infected cells
through a number of routes, including the formation of
membrane attack complexes on the surface of infected cells
and enveloped viruses; production of anaphylatoxins that
recruit additional immune mediators to the site of infection;
phagocytosis of opsonized virions and infected cells; and
the direct neutralization of virus following complement
binding to the virion surface.147 Therefore, drugs that can
temporarily inhibit complement could provide a therapeutic
advantage to OV therapy. CVF is the prototypical comple-
ment inhibitor that depletes the C3 component of the
complement system. In fact, in ViVo depletion of complement
by systemic administration of CVF has been shown to
facilitate OV infection.76 However the benefits of CVF are
short-lived, since there was no evidence of increased OV
persistence in tumors after infection.12

Upon antigen recognition, the Fc region of antibody binds
complement C1 and activates the complement cascade.
Treatment of animals with CPA has been shown to reduce
the serum neutralization of virus, partly due to reduction in
IgM and anti-HSV antibody levels in treated animals.148 In
contrast to CVF, treatment of animals with CPA prior to
OV therapy also reduced viral clearance and increased viral
propagation in ViVo.12,75 This translated into increased cancer
cell killing in ViVo even at very low doses.52 CPA is also a
DNA alkylating agent leading to DNA damage and tumor
cell apoptosis.12 However in Vitro treatment of glioma cells
with 4-hydroperoxy-CPA (the activated form of CPA) did
not increase OV replication, indicating that the observed
augmentation in OV efficacy was not a direct effect of CPA
on viral replication. The increase in therapeutic efficacy has

been attributed to CPA-mediated reduction in PBMC counts
that can limit the antiviral cytokine response, ultimately
contributing to the enhanced anticancer efficacy.12 This is
corroborated by recent findings showing diminished intra-
tumoral infiltration of macrophages/microglia and NK cells
and lower levels of IFN-γ in gliomas treated with OV and
CPA.78 Collectively, these findings indicate that CPA-
mediated improvement in OV efficacy is a product of the
immunosuppressive action of CPA rather than synergistic
cell killing between CPA-mediated cellular apoptosis and
OV-mediated lytic destruction of cancer cells.

Among the pleiotropic immunomodulatory effects associ-
ated with CPA, lower doses of CPA have also been shown
to enhance the immune response against tumors149-151 by
transiently depleting regulatory T cells (Tregs) that suppress
antitumor CD8 T cells.149-156 In order to achieve this biphasic
response, it will be critical to establish a dosing schedule
for modulating the different phases of the immune response.
This will allow for an initial enhancement of viral oncolysis
followed by the production of a delayed immuno-enhancing
effect by suppressing Tregs, a step that is critical for the
later adaptive immune response and vaccine-like effect
against the tumor.2 As a result, CPA is impacting the tumor
microenvironment by limiting both the influx of antiviral
cellular mediators and the antiviral cytokine milieu, hence
setting the stage for reduced viral clearance and maximizing
oncolysis.

Apart from HSV-1 derived OVs, CPA has also been shown
to increase the oncolytic capacity of other OVs derived from
HSV-2,53 adenovirus,54 and reovirus.157,158 Based on the very
promising preclinical results seen with CPA and OVs, the
combination of CPA with measles virus is currently being
evaluated for safety and efficacy in human patients.159

More recently CLs have been used to investigate the
importance of macrophages in OV clearance in ViVo.
Clodronate encapsulated in liposomes is engulfed by phago-
cytic cells resulting in intracellular accumulation of apoptosis
inducing clodronate.55 CL-mediated depletion of peripheral
phagocytic cells resulted in a 5-fold increase in OV titers in

Table 3. Oncolytic Viral Cotherapiesa

antitumor activity

class drug
DNA

alkylation
immune
response

cell
signaling

anti-
angiogenic

FDA
approved

OV
enhancement cotherapy

immune modulators

CVF no no no no no complement (C3) depletion herpes
CPA yes yes no no yes IgM reduction; Treg modulation herpes, adenovirus,

measles, reovirus
clodronate no no no no no macrophage depletion herpes

HDACi

VPA no yes yes no yes attenuation of IFN-responsive
genes

herpes

TSA no no yes yes no inhibition of cyclin D1
and VEGF

herpes, VSV

antiangiogenic agents

cilengitide no no no yes no integrin antagonist stabilizing
tumor vasculature

herpes

TSP-1 no no no yes no limit neovascularization herpes
bevacizumab no no yes yes yes abrogating VEGF-receptor

signaling
adenovirus

DNA alkylators

cisplatin yes no no no yes GADD34 upregulation
complements γ34.5 deficiency

herpes

TMZ yes no no no yes activation of DNA repair
machinery (herpes); G2
arrest (adenovirus)

herpes, adenovirus

cellular kinase inhibitors
rapamycin no no yes no yes mTOR inhibition;

immunosuppressant
myxoma, adenovirus,

VSV
erlotinib no no yes yes yes blocks EGFR signaling herpes

a Legend: CPA, cyclophosphamide; CVF, cobra venom factor; HDACi, histone deacetylase inhibitors; TMZ, temozolomide; TSA, trichostatin
A; TSP-1, thrombospondin-1; VPA, valproic acid.
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intracranial glioma. While these findings partly recapitulated
the effect of CPA on OV replication, they were unable to
achieve the enhanced survival demonstrated with CPA.1 A
potential reason for these findings may relate to the inability
of clodronate to cross the blood-brain barrier, thereby
limiting its ability to deplete phagocytic microglial cells in
addition to peripheral macrophages.

3.2. Histone Deacetylase Inhibitors
Histone acetylation/deacetylation is a major factor in

regulating chromatin structural dynamics during transcription.
Histone deacetylase inhibitors (HDACi) have been shown
induce cellular apoptosis, exert antiangiogenic activities, and
also interfere with transcriptional activation of antiviral genes
after IFN stimulation or viral infection.56,160-162 They are
currently being pursued as potential anticancer agents163-168

alone and in conjunction with chemotherapy.169-171 HDAC
activity is critical for IRF-3 gene expression in virus-infected
cells,160 and its inhibition can prevent the transcriptional
activation of ISG in response to viral infec-
tions.160-162,160,162,172-178 Given the strong antiviral and an-
titumorigenic effects of HDACi, they are currently being
investigated as potential agents to modulate OV efficacy. We
will discuss the use of valproic acid (VPA) and trichostatin
A (TSA) in conjunction with OV therapy.

VPA is an inhibitor of HDAC and is clinically used as an
anticonvulsant and mood-stabilizing drug. VPA has also been
shown to have anticancer effects in animal models and is
currently being evaluated as an antineoplastic agent for
several human malignancies. Apart from its direct anticancer
effects, treatment of glioma cells with VPA has been shown
to enhance the oncolytic efficacy of oncolytic HSV-1.179 This
has been attributed to VPA-mediated inhibition of IFN-� and
IFN-mediated proteins signal transducer and activator of
transcription 1 (STAT1), PKR, and promyelocytic leukemia
(PML) in infected cells.179 The significance of this finding
is heightened since STAT1 is a key transcription factor that
mediates IFN signaling and its activation is responsible for
establishing an intracellular antiviral state.180

TSA is a promising HDACi that functions as a potent
inhibitor of cyclin D1 and arrests cell-cycle progression.181-183

Similar to VPA, treatment of cancer cells with TSA, in
combination with OV therapy, has also been shown to
increase oncolysis. Combination of HDACi with VSV in a
variety of cancer cells enhanced antitumor efficacy primarily
by TSA-mediated increase in mitochondrial depolymerization
and cleavage of caspases 3 and 9.56 Enhanced antitumoral
and antiangiogenic effects of TSA in conjunction with
oncolytic HSV have also been reported.184 However unlike
VPA, TSA treatment did not affect the IFN response and
the observed synergistic killing has been attributed to
enhanced degradation of cyclin D1 and VEGF inhibition.184

Reduction in VEGF expression by TSA may also contribute
to enhanced OV efficacy. TSA treatment of cancer cells has
been shown to upregulate expression of cell surface receptors
that are critical mediators of adenoviral cell entry: cox-
sackie-adenovirus receptor (CAR) and Rv integrins. Con-
sistent with this, TSA has been shown to enhance antitumor
efficacy of conditionally replication competent adenovirus
in glioblastoma cells.185-187

Considering the diversity of cellular pathways that are
targeted by HDACi, it is not surprising that studies evaluating
the effect of these drugs in conjunction with OVs have
uncovered a variety of cellular effects contributing to

oncolysis with different OVs. Future studies will elucidate
critical cellular pathways that should be targeted for further
study in order to enhance OV therapy.

3.3. Antiangiogenic Agents
Increased angiogenesis is one of the hallmarks of solid

tumor growth and has been shown to be an essential
prerequisite for cancer growth. Changes in the tumor
“secretome” (secreted proteins) after OV therapy have been
shown to disrupt the homeostasis maintained between
angiogenic and angiostatic factors resulting in increased
growth of blood vessels after OV therapy.74,80,188 Antiangio-
genic agents are therapeutic drugs that destroy tumor
vasculature resulting in increased hypoxia. While hypoxia-
mediated “choking” of cancer cells has antitumor efficacy,
hypoxia has also been shown to induce intracellular changes
that support viral replication.189 Apart from direct effects of
hypoxia, increased vascularity is associated with an enhanced
inflammatory response suggesting that antiangiogenic agents
can be used to reduce antiviral inflammation in tumors. Thus,
antiangiogenic agents have been investigated as a potential
avenue for reducing the antiviral state in the tumor microen-
vironment and improving both OV infection and replication.
We will discuss the use of antiangiogenic agents used in
conjunction with OV therapy: cilengitide (cRGD), throm-
bospondin-1 (TSP-1) peptides, and bevacizumab.

cRGD is a cyclic RGD peptide that was originally
identified as an antagonist for the integrins Rv�3 and Rv�5.190

These integrins are overexpressed in proliferating cancer cells
and tumor endothelium,191 and their interaction with the
extracellular matrix mediates various intracellular signals
involved in adhesion, migration, and proliferation. cRGD has
been shown to function as an antiangiogenic factor that
induces endothelial cell death and disrupts the enzymatic
activity of matrix metalloproteases (MMPs).192 In preclinical
studies, cRGD has been found to have significant antitumor
efficacy in the treatment of glioblastoma in animal models,193

and is currently being evaluated in clinical trials for efficacy
in human patients. cRGD has also been shown to limit
leukocyte recruitment to synovial sites of chronic inflam-
mation,194 reduce myeloid cell adhesion, and reduce transen-
dothelial cell migration.195,196

Its promising activity as an antiangiogenic and antine-
oplastic agent combined with its role as an anti-inflammatory
agent suggested that it would enhance OV efficacy. Kuro-
zumi et al. have tested this hypothesis in a syngeneic rat
glioma model.197 Consistent with its known function, treat-
ment of animals with cRGD led to a significant reduction in
the number of blood vessels and reduced OV-induced
vascular permeability in ViVo.80 Notably, cRGD pretreatment
also participated in limiting OV-induced pro-inflammatory
cytokine profile, including IFN-γ and INF-γ-induced pro-
teins, such as CXCL9 and CXCL11, in ViVo. This reduction
in OV-induced inflammatory cytokine expression was ac-
companied by a decrease in infiltrating CD45 leukocytes80

and increased OV propagation in ViVo. More significantly,
cRGD administered to animals prior to OV therapy was able
to significantly enhance therapeutic efficacy of OVs in
animals with intracranial tumors.80 Future studies will
elucidate the impact cRGD on the interplay between its
antiangiogenic and anti-inflammatory responses and whether
other antiangiogenic drugs can recapitulate the findings of
cRGD when administered with OVs.
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While blood vessels serve as entry points for circulating
“soldiers” of the immune system, viral infection is also often
accompanied by the secretion of several pro-angiogenic
factors74,198,199 that can induce angiogenesis and encourage
growth of residual tumor after viral clearance. Corneal infection
of wild-type HSV-1 has also been linked to increased expression
of angiogenic factors such as VEGF, MMP9, and Cox-2 and
reduced expression of antiangiogenic factors such as TSP-1 and
TSP-2.74,188,198,200-202 Consistent with these studies, we and
others have recently reported a significant increase in cysteine-
rich 61 and reduction of antiangiogenic TSP-1 after oncolytic
HSV-1 treatment.188,203 Reduction of TSP-1 (antiangiogenic
ligand for CD36 on endothelial cells) levels have been
implicated in tumoral angiogenesis of residual tumor that
regrows after OV-mediated tumor destruction and viral
clearance.204,205 TSP-1 and TSP-2 are critical targets of HSV-
induced keratitis due to their post-transcriptional downregulation
in keratinocytes and subsequent neovascularization following
ocular HSV infection.198

In the context of oncolytic HSV G207 and subcutaneous
glioblastoma model, viral infection significantly reduced levels
of TSP-1 and TSP-2 while concomitantly resulting in increased
microvessel density.74 To mitigate this response, G207 treat-
ment was combined with a recombinant peptide composed
of the three type-1 repeats (3TSR) of TSP-1. In this two-
armed treatment approach, the HSV-induced angiogenic
response was limited, while the resumption of tumor growth
was also delayed.74 Moreover, since several TSP-1 and TSP-2
derived angiogenesis inhibitors have already undergone phase
I clinical trials,206 this data suggests that the combined
treatment of tumors with G207 and a TSP-1 derived
angiogenesis inhibitor has the potential of increasing tumor
cell death by viral replication while negating the unwanted
angiogenic response that accompanies HSV infection.

Bevacizumab is a humanized anti-VEGF monoclonal
antibody that interferes with VEGF signaling.207 It is the first
antiangiogenic drug that has been approved by the FDA for
treatment of tumors. The aberrant angiogenic signaling in
tumors results in a vasculature that is leaky and tortuous
resulting in high interstitial pressure and poor circulation,
both of which present obstacles for efficient delivery of
therapeutics. Treatment of tumors with bevacizumab has been
shown to result in a transient normalization of the abnormal
tumor vasculature, reduced interstitial pressure, and improved
drug delivery into tumor tissue.208 Since a previously noted
obstacle to OV therapy is an aberrant angiogenic vasculature,
cotreatment of bevacizumab and OVs was hypothesized to
improve viral distribution within an anaplastic thyroid
carcinoma model. Bevacizumab was not able to individually
induce a reduction in tumor growth, confirming the lack of
antitumor activity against this thyroid tumor model.209

However, when combined with oncolytic adenovirus, the
cotherapy significantly reduced tumor growth compared with
single treatments.210 Bevacizumab-induced reduction in
interstitial fluid pressure is thought to have aided in improved
viral distribution.210

Therefore, it seems that a variety of angiogenesis modula-
tors may help stimulate the ability of oncolytic viruses to
destroy tumors effectively.

3.4. Cisplatin and Temozolomide as Examples of
DNA Alkylating Agents

DNA alkylating agents destroy the genome of dividing
cancer cells resulting in cancer cell apoptosis. However

increased production of DNA repair enzymes combats the
antitumor efficacy of these agents and often results in
chemoresistance. While this resistant population is refractory
to further chemotherapy, these cells are often excellent
vehicles for viral replication and are sensitized to OV therapy.
In this section, we will discuss the use of DNA damaging
drugs such as cisplatin and temozolomide (TMZ) in conjunc-
tion with OV therapy.

Cisplatin mediates apoptosis and cell-cycle arrest through
the formation of platinum-DNA adducts in replicating
cancer cells. However, this apoptotic effect is accompanied
by a triad of toxic side effectssnephrotoxicity, ototoxicity,
and neurotoxicityswhich limit its maximal dosing.211 The
inevitable build up of drug-induced chemoresistance further
limits its efficacy. Oncolytic HSV-1 NV1066, with a deleted
γ34.5 locus, has been shown to synergize with cisplatin for
cancer cell killing in Vitro and hence permit dose reductions
of both agents.212 Cisplatin-induced GADD34213 has been
implicated as the reason for this synergy. Consistent with
this, inhibition of GADD34 with small interfering RNA
(siRNA) eliminated the synergism between it and NV1066.212

This finding suggests that the mechanism of enhanced
efficacy was due to GADD34 substituting in part for the
γ34.5 deletion in NV1066.

While this has significant implications for future clinical
trials, it is important to note that only low doses of cisplatin
synergized with OV therapy and high doses of cisplatin
antagonized OV therapy by limiting viral replication.214

Cellular stress response initiated by low-dose cisplatin
activates antiapoptotic prosurvival pathways that create a
cellular environment that facilitates viral replication, while
high dose had the opposite effect. The evolution of resistant
cancer cells thus sets up the stage for effective oncolysis.212

TMZ is a DNA alkylating agent and is FDA approved for
the treatment of malignant glioma.215 TMZ spontaneously
converts to its activated metabolite 5-(3-methyltriazen-1-
yl)imidazole-4-carboxamide, which then methylates guanine
nucleotides at the O6 and N7 positions136 in DNA. During
DNA replication, methylated G eventually results in a G f
A transition causing genetic instability and ultimately cell
death.216 This effect is countered by the DNA repair enzyme
O6-methylguanine-DNA methyltransferase (MGMT), which
demethylates alkylated guanine. Thus MGMT repairs TMZ-
induced DNA damage, and its expression negatively cor-
relates with response to therapy.217,218

While DNA damage done by TMZ treatment is cytotoxic,
it also results in the induction of DNA repair genes such as
GADD34 and ribonucleotide reductase (RR). Induction of
these cellular DNA repair enzymes would be predicted to
support enhanced viral replication of an oncolytic HSV-1
deficient in both γ34.5 and RR. Consistent with this, Aghi
et al. found strong anticancer synergy of γ34.5- and RR-
negative HSV (G207) in MGMT negative cells, which was
reduced upon MGMT reconstitution.216 Interestingly treating
cells with O6-benzylguanine, an inhibitor of MGMT, ren-
dered resistant cells sensitive to G207.219,220 Since both
GADD34 and RR lead to build up of TMZ resistance,
increased OV efficacy would be predicted in patients who
have failed prior TMZ treatment.216

Interestingly oncolytic adenovirus has also been shown
to synergize with TMZ in a melanoma model. This enhance-
ment has been attributed to TMZ-induced cell-cycle arrest
in G2 phase, which favors adenoviral replication.221,222 This
interesting discovery points to the differing roles of TMZ-
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induced synergy with viral oncolysis. Whereas DNA repair
pathways are beneficial for HSV replication,135 they inhibit
adenoviral replication.138 As a result, TMZ likely enhances
adenoviral replication in a DNA repair independent pathway.

3.5. Cellular Kinase Inhibitors
Cellular kinases play a key role in the regulation of

signaling events that govern multiple pathways affecting
growth, proliferation, migration and angiogenesis. In cancer,
these pathways are usurped to support unchecked cellular
replication. Advances in understanding of the various check
points in these signaling cascades has led to the identification
of several small-molecule therapeutics that target specific
kinases to disrupt the protumorigenic signaling in cancer
cells. In this section, we will discuss the effects of two small-
molecule kinase inhibitors, rapamycin and erlotinib, on
oncolysis.

Mammalian target of rapamycin (mTOR) is a serine/
threonine kinase with pleiotropic cellular effects encompass-
ing activation of protein kinase C signaling, transcription and
translation regulation, actin reorganization, and membrane
trafficking.223 Rapamycin (Sirolimus) is an inhibitor of
mTOR and has been shown to have efficacy as (a) an
antineoplastic agent,224 (b) an antiangiogenic agent, and (c)
a licensed immunosuppressant based on its cytostatic effect
on T cells and its ability to decrease the production of
neutralizing antibodies.225 In this latter capacity, rapamycin
has been used as an alternative to cyclosporine in the
treatment of transplant patients.226

Conditionally replicating adenovirus causes nonapoptotic
programmed cell death in tumor cells by inducing autoph-
agy.227 Autophagy is a protein degradation system observed
in cells experiencing environmental stress induced by amino
acid starvation or viral or bacterial infections.228-230 Interest-
ingly, rapamycin has also been shown to induce autophagy,231

suggesting that adenovirus-based OV therapy would be
augmented by rapamycin cotreatment. Oncolytic adenovirus
delta-24-RGD led to an upregulation of Atg5, a critical
component of the autophagy pathway,232 and in combination
with RAD001 (an analog of rapamycin) led to a synergistic
antitumor effect along with induced autophagy in Vitro.232

Beyond inducing autophagy, RAD001 in uninfected cells
result in a slower rate of tumor progression thereby allowing
the virus to have more time to initiate its anticancer effect.
Interestingly myxoma virus has been shown to synergize with
rapamycin albeit the mechanism of synergy is thought to be
different.233 Pretreatment with rapamycin has been demon-
strated to increase the levels of activated Akt, which creates
an environment more conducive for myxoma virus tropism
and virus spread even in a variety of human tumor cell lines
that are normally not permissive for myxoma infection.233

Future studies will delineate whether the immunosuppressant
and antiangiogenic effects of mTOR inhibition also contrib-
ute to the increased oncolysis seen in ViVo.

Epidermal growth factor receptor (EGFR) is a receptor
tyrosine kinase that controls cell-signaling molecules in-
volved in diverse cellular functions, including cell prolifera-
tion, differentiation, motility, and survival. EGFR overex-
pression or activating mutations have been implicated in
multiple malignancies.234 Erlotinib is a small-molecule
inhibitor that blocks the activation of EGFR tyrosine kinase
and has been demonstrated to have antitumor efficacy in
several human malignancies.235-238 Antitumor activity of
erlotinib in combination with oncolytic HSV, was recently

tested in malignant peripheral nerve sheath tumors (MP-
NSTs).239 Notably, MPNST has aberrant EGFR signaling,240,241

making this a suitable model for this cotherapy. Despite the
evidence of additive efficacy in Vitro, oncolytic HSV and
erlotinib cotreatment demonstrated only a trend toward
increased antitumor efficacy in ViVo.239 Together these
findings underscore the need to test the dosing and scheduling
of different therapeutic regimens within in ViVo animal
models in order to identify cotherapies that will augment
each other without increasing toxicity.

3.6. ECM Modulating Agents
One of the major barriers for effective drug delivery within

the tumor parenchyma is the ubiquitous ECM secreted by
glioma cells. This matrix forms a complex scaffold that
modulates tumor cell proliferation, cell adhesion, and motil-
ity. Increased expression and extracellular accumulation of
ECM increases the fractional volume and tortuosity of the
extracellular space resulting in reduced interstitial space and
increased internal pressure in the tumor.242,243 All of these
together present a formidable barrier toward passive molec-
ular diffusion and spread of macromolecular therapeutics
such as OVs.244,245 Selective targeting of these components
of the ECM can be exploited to enhance virotherapy. In this
section, we will discuss the approaches used to modulate
tumor ECM and enhance OV dissemination in tumor.

The limiting nature of tumor ECM on virotherapy was
first observed in studies wherin treatment of tumors with
trypsin or a mixture of collagenase and dispase was found
to increase the spread and therapeutic efficacy of a nonrep-
licative viral vector.246 However, the nonspecific nature of
these enzymes precludes any conclusions about the mech-
anism of this enhancement.104 Fibrillar collagen is thought
to be a major barrier to macromolecular transport in the
tumor interstium.247-249 Hence, direct degradation of the
fibrillar collagen was tested as a possible mechanism of
improving viral distribution.104 McKee et al. tested the co-
injection of an oncolytic herpes virus (MGH2) with colla-
genase in a melanoma model. Collagenase treatment resulted
in broad, uniform distribution of viral particles through the
tumor along with substantial tumor regression and enhanced
efficacy.104 Hyaluronic acid is also a major component of
the ECM that is enriched in multiple tumor types.250

Coadministration of hyaluronidase (rHuPH20) with OVs has
been shown to increase viral transduction and improved
antitumor immunity.246,251-253

The widespread ability of MMPs to degrade multiple
different components of the ECM represents another ideal
agent for enhancing extracellular viral spread.254 Using a soft
tissue sarcoma model treated with oncolytic HSV, Mok et
al. were able to demonstrate that MMP-1 and -8 expression
lead to a selective reduction in tumor sulfated GA content.146

MMP-8 may prove particularly useful since it is able to both
improve viral spread through ECM modification and also
decrease the dissemination of metastases.255

It is important to note that despite promising findings of
increased OV spread and efficacy in preclinical models,
increased intratumoral hemorrhages in tumors treated with
collagenase has also been noted.104 This strategy has to be
carefully evaluated for its impact on tumor microenvironment
prior to successful application in human patients.
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3.7. Stealth Agents
Systemic delivery of OVs is a prerequisite for successful

targeting of disseminated cancer. However, pharmacoki-
netic studies have revealed that OV present in the
circulating plasma is rapidly neutralized and cleared by
the liver.256 Apart from rapid clearance of virus particles in
serum, nonspecific cellular entry also poses a significant
challenge for this approach of OV delivery. To overcome
this problem both cellular and polymer-based stealth agents
have been exploited to enhance systemic delivery of OVs
to the target tissue. In this section, we will discuss cellular
and polymer-based methods exploited to secretly deliver “OV
cargo” hidden from the inhibitory effects of the circulatory
system.

Soluble polymers based on N-(2-hydroxypropyl)methacry-
lamide (HPMA) have been used as a drug carrier in several
preclinical and clinical investigations.257 Conjugation of such
polymers to small molecules has been shown to increase their
antitumor activity compared with the free drug.258 Polymer
coating of conditionally replicating adenovirus has been
shown to provide the virus with steric protection from
subsequent serum neutralization, antibody binding, and
clearance by the innate immune system.256 This resulted in
increased bioavailability of the OV, along with reduction in
toxicity compared with the uncoated OV in vivo.256

While this coating is promising, it also ablates viral binding
to its endogenous receptors. Such tropism-ablated pHPMA
viruses can be linked to a targeting ligand or biological
effector molecules to enhance tissue tropism and penetration,
respectively.259 Such an approach would maximize systemic
viral propagation and minimize non-target-cell uptake of the
therapeutic virus. Examples of potential targeting ligands that
have been used include basic fibroblast growth factor, VEGF,
and oligopeptides.260-262

Tumor-specific retargeting of OV by this technology has
been tested for safety and efficacy using amino-reactive
copolymers of HPMA covalently linked to epidermal growth
factor (EGF). EGF is a ligand for EGFR, a receptor
overexpressed in a variety of cancers.263-265 Amino-reactive
copolymers of HPMA covalently linked to EGFR revealed
preclinical efficacy in ovarian cancer models in ViVo.266 This
approach revealed a significant antitumor efficacy ac-
companied by a significant reduction of all toxicities,
including peritoneal adhesion formation and bowel obstruc-
tion.267 Polymer coating of the virus did not inhibit viral
unpackaging and permitted virotherapy after cell entry.
Notably, this polymer coating is not inherited by progeny
virus upon replication, allowing subsequent OV particles to
infect using normal cell surface receptors. This avoids the
possibility of creating new pathology, and maximizes the
likelihood of neutralization of virus that escapes from the
tumor into the bloodstream or ascitic fluid.266 This strategy
has shown promising preclinical results, and future trials will
uncover the safety and efficacy of this approach.

An additional approach for avoiding systemic antiviral
immunity is the use of a carrier cell.268 In this method, cells
with tumor homing abilities are exploited as vehicles to
“smuggle” OV to the tumor site. This approach has dem-
onstrated promising results for herpes virus,269 parvovirus,270

and VSV.73 Cytokine-induced killer (CIK) cells have been
shown to be effective carriers of oncolytic vaccinia virus in
ViVo.271,272 Infected CIK cells could efficiently deliver OVs
to tumor sites and enhanced antitumor efficacy in several
animal models. Similarly, mesenchymal progenitor and

circulating endothelial cells have also been used as vehicles
to carry OV to tumor sites.273 The ability of transformed cells
to support viral replication has led to some very innovative
studies investigating the use of immortalized human cells
as possible delivery agents for OV.268 While these studies
have established the feasibility of this approach, there are
obvious concerns about the tumorigenic potential of these
cells, and future studies will delineate the safety and efficacy
of this approach.

A particular application of this “Trojan Horse approach”
exploits adoptive T cell therapy. Qiao et al. have identified
a way to use autologous T cells as a platform for carrying
viral vectors to lymph nodes. Since cancer cell trafficking
mimics T cell trafficking to lymph nodes, T cells could be
exploited as carriers to target OV particles to metastatic
cancer cells in the lymph nodes.274 Autologous T cells loaded
with oncolytic VSV could effectively purge lymph nodes
and the spleen of metastatic cells. The antitumor efficacy of
this approach was also dependent on an intact immune
system indicating that apart from direct oncolysis this
approach was also able to activate protective antitumor
immunity.275

Collectively these findings demonstrate the significant
strides that are being made in the realm of systemic OV
delivery to enhance oncolysis. This will open the doors for
OV therapy to be used against localized and disseminated
metastatic disease.

4. Summary and Future Directions
Although a significant body of evidence exists that

delineates the multivariate host response to OVs, there is
clearly a need for additional studies in this field. Just as the
contributions of specific populations of immune cells to OVs
must be increasingly examined, there is also a need to define
a particular set of antiviral effectors responsible for limiting
OV survival. These factors include cytokines, neutralizing
antibodies, intracellular signaling cascades, cell-cycle check-
points, and angiogenesis. As these mechanisms are increas-
ingly defined, the next step will be assessing a variety of
multimodal treatments that are able to complement the
individual mechanisms of action for drug and virus to
synergize for enhanced tumor clearance while limiting
unwanted toxicity. Additionally, as these factors are assessed,
they must be placed in the context of both different tumor
types and OV candidates. As data is collected, this will call
for a further requirement to design each OV regimen for the
particular context of a specific tumor.

As the key sets of antiviral responses are defined, however,
it is also critically important to understand the clinical
implications that accompany the use of these drugs. First,
while many of the drugs that have been listed are promising
in preclinical studies, approaches, for example, that use
trypsin to modulate the extracellular matrix are not clinically
feasible due to its relative nonspecific activity. Similarly,
macrophage attenuation in the clinical setting will need to
be accomplished using a pharmacological approach other
than clodronate liposomes. Second, inhibition of these
antiviral defense mechanisms raises safety concerns. A
delicate balance must be achieved in identifying specifically
targeted drugs that limit the essential antiviral pathways while
also leaving the host uncompromised to defend against
disseminated viral infection and replication. Taken together,
the challenge will be to determine which viruses work best
for specific cancers while defining the proper dose, schedule,
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route of administration, and appropriate cotreatments that
ultimately lead to enhanced efficacy in the clinic.
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