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Abstract

The three-way interaction between oncolytic viruses, the tumor microenvironment, and the immune system is
critical to the outcome of antitumor therapy. Classically, the immune system is thought to limit the efficacy of
therapy, leading to viral clearance. However, preclinical and clinical data suggest that in some cases virotherapy
may in fact act as cancer immunotherapy. In this review we discuss the ability of oncolytic viruses to alter the
immunogenic milieu of the tumor microenvironment, and the role of innate and adaptive immunity in both
restricting and augmenting therapy. Strategies to improve virotherapy by immunomodulation, including sup-
pression or enhancement of the innate and adaptive responses, are discussed.

Oncolytic Viruses, the Immune System, and Splitting
the Baby

In a cunning ploy to discover the truth when presented
with a single baby boy claimed by two different mothers,

King Solomon’s response was to threaten to cut the baby in
half. In this way, both parties would, in theory, receive half of
what they desired most. Traditionally, viro-oncologists have
perceived the immune system as nothing more than an in-
hibitor of viral replication through tumors. More recently,
immuno-oncologists have suggested that the very same
‘‘baby’’ may be central to the ability of the virus to generate
antitumor therapy. This immune-mediated therapy is in-
duced, they would argue, by viral triggering of potent anti-
tumoral immune effectors that destroy both infected (the
minority) as well as uninfected (the majority) tumor cells.
Moreover, this therapy may extend beyond what could real-
istically be expected from simple viral spread=oncolysis in an
immune environment bristling with cells and molecules
highly evolved to quench viral replication. Unlike the tricky
situation over which Solomon had to adjudicate, there is
ample scope in this case for compromise, with merit on both
sides of the argument. Moreover, the technology now exists,
in preclinical models at least, to wield the sword of Solomon—

which he never actually needed to use—allowing the im-
mune system to be cut in half (or even smaller bits). In this
way, it will be possible to dissect out the immune responses
to replication-competent viruses and to tumors undergo-
ing oncolytic infection. These studies will show whether the
responses that control increased viral replication can be se-
lectively inhibited, while the responses that lead to immune-
mediated tumor cell killing can be selectively augmented.
Only when these intricate experiments have been done will
it become clear which of the two plaintiffs should claim the
immune system as their own.

Background

Viral infections before cases of cancer remissions have
been noted throughout the last century (DePace, 1912;
Bluming and Ziegler, 1971; Hansen and Libnoch, 1978).
Advances in virus manufacture, genetic engineering, and cell
biology have led to a surge of interest in the use of viruses for
cancer therapy. Oncolytic viruses are self-replicating, theo-
retically tumor selective, and possess an ability to directly
lyse cancer cells. On the basis of the concept that tumor-
selective replication will amplify viral load enhancing anti-
tumor efficacy, while sparing normal tissues, oncolytic
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viruses represent a very attractive novel approach to cancer
therapy. Over the last 20 years the oncolytic activity of a
wide range of viruses has been characterized, and several
have entered clinical trials (Aghi and Martuza, 2005).

Despite the multitude of studies investigating direct viral
effects, until more recently relatively little attention has been
paid to the role of the immune system in oncolytic vir-
otherapy. The immune system is adept at controlling viral
infections, but does not have the sophistication required to
distinguish between malevolent pathogens and therapeutic
viruses. Therefore, its actions will potentially severely limit
the efficacy of virotherapy. In contrast, evidence has accu-
mulated that virus-induced immune activation can generate
innate and adaptive immune responses that are critical to
mediating tumor responses, such that oncolytic virotherapy
can be considered as immunotherapy. In this review we
examine the role that the immune system plays as, simulta-
neously, both an inhibitor and mediator of the efficacy of
oncolytic virotherapy.

The Immune Response to Oncolytic Virotherapy:
Can’t Live with It, Can’t Live without It

The majority of preclinical work involving oncolytic
viruses has involved in vitro assays and immunocompro-
mised xenograft models, focusing on the direct cytotoxic
effect of the viral agent (Stojdl et al., 2000; Grote et al., 2001).
These experiments have, inevitably, formed the perception
that efficacy of oncolytic virotherapy is attributable solely to
the ability of the virus to replicate in, and spread through,
the tumor mass (Kirn et al., 2001). However, an extrapolation
from immunocompromised models that an oncolytic virus
will rapidly replicate, disseminate through, and destroy the
tumor in immunocompetent patients is too simplistic. It is
certainly true that the tumor microenvironment is usually
locally immunosuppressed due to tumor mechanisms of im-
munosubversion (Zitvogel et al., 2006), and therefore likely
to be permissive of viral replication. However, tumors still
commonly contain a host of immune and stromal cells that
are capable of slowing tumor progression (Prestwich et al.,
2008a) and that are still highly competent at controlling viral
infections. Therefore, there is little rationale to support a
view that the immune system will not limit viral replication
and spread within a tumor. Hence the baseline expectation of
introducing an immunogenic, replication-competent vector
into a tumor would be the activation of a potent, rapid innate
immune response, limiting viral replication to at most a few
cycles. Seen in this light, the role of the immune system
would be expected to be heavily inhibitory, and immuno-
suppression should enhance therapeutic efficacy of oncolytic
virotherapy.

Despite these arguments, the efficacy of oncolytic
virotherapy has been well documented in multiple immu-
nocompetent models in the absence of concurrent immuno-
suppression (Parato et al., 2005). These observations are
contrary to the expectation that the immune system would
limit therapy. For this there are three possible explanations:
(1) the innate immune response is inefficient in the context of
the tumor microenvironment, (2) viral replication proceeds
faster than immune-mediated clearance, or (3) virotherapy is,
at least partly, immunotherapy (Fig. 1). According to the
third possibility, the immune system is responsible for anti-

tumor activity, with the activation of immune effectors
leading to bystander killing of tumor cells, while the in-
tratumoral innate immune reactivity would limit viral rep-
lication and spread. If this concept is correct, the immune
system is critical to mediating the efficacy of oncolytic vir-
otherapy, and immunosuppression would actually reduce
tumor therapy.

To rationalize these contrasting influences of the immune
system on oncolytic virotherapy, it is necessary to consider
how viral infection of tumors will influence the immune re-
sponse, along with examining data regarding the impact of
innate and adaptive responses on therapeutic efficacy.

Mechanisms of Immune Activation: Danger
and Pathogen-Activated Molecular Patterns

In 1989, Janeway proposed that resting antigen-presenting
cells (APCs) are inactive, but could be activated via pattern
recognition receptors (PRRs) binding to specific classes of
pathogen-associated molecular patterns (PAMPs), allowing
the APCs to recognize ‘‘infectious nonself’’ (INS) ( Janeway,
1989). This concept has found support in the discovery of
several classes of pathogen sensors, including the Toll-like
receptors (TLRs), retinoic acid-inducible gene-1 (RIG-1)-like
receptors (RLRs), nucleotide oligodimerization domain (NOD)-
like receptors (NLRs), and some members of the group of C-
type lectin receptors ( Joffre et al., 2009). Dendritic cells (DCs),
now identified as the professional APCs of the immune
system, express a wide repertoire of these PRRs ( Joffre et al.,
2009).

In 1994 Matzinger formulated the ‘‘danger’’ theory of im-
mune activation. This model suggests that the prime role of
the immune system is to react to cellular or tissue distress, as
opposed to nonself (Matzinger, 1994). According to this hy-
pothesis, endogenous danger signals from stressed or dying
cells rather than exogenous PAMPs activate APCs, providing
the required costimulation to activate lymphocytes.

The INS and danger models of immune recognition are
fundamentally different. The initiator of the immune re-
sponse in the INS model is microbial nonself, in contrast to
endogenous alarm signals within the danger model. In terms
of tumor recognition, both theories predict the common
phenomenon of a failure of the immune system to reject a
tumor despite the presence of tumor-associated antigens
(TAAs). According to the INS concept, tumors will lack
the required microbial signals to activate APCs via PRRs.
The danger theory predicts that, if tumors are growing
‘‘healthily,’’ insufficient alarm signals will be produced to
activate APCs.

Oncolytic Viruses: Provision of PAMPs and/or
‘‘Danger’’ Signals in the Tumor Microenvironment

Multiple mechanisms by which tumors can evade immune
control have been identified, several of which may be present
in an individual tumor (Real et al., 2001). These mechanisms
include reduced immunogenicity, resistance to immune cell
killing, and immune subversion (Zitvogel et al., 2006). The
multitude of mechanisms identified illustrates the challenge
to be overcome in generating effective antitumor immunity.
According to the concepts of INS and ‘‘danger,’’ the provi-
sion of PAMPs or danger signals may ‘‘break’’ tumor toler-
ance. The ability of oncolytic virotherapy to stimulate an
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effective innate or adaptive antitumor immune response
will depend on an ability to supply PAMPs and=or danger
signals, and overcome preexisting tumor immunoevasion
strategies. Viruses may influence the immune response by
inducing immunogenic features of tumor cell death, altering
the cytokine milieu, and by direct effects on infiltrating im-
mune cells including dendritic cells (DCs).

Influence of Oncolytic Virotherapy on the
Immunogenic Milieu of the Tumor Microenvironment

Immunogenic tumor cell death

Oncolytic virus-induced tumor cell death is expected to
release TAAs into the tumor microenvironment. According to
the INS and danger models, additional features will deter-
mine whether cell death is immunogenic. Apoptotic death
appears to be a heterogeneous process, including stimulus-
specific processes. Some of the molecular properties of immu-
nogenic cell death have been elucidated, including preapoptotic
calreticulin exposure, heat shock protein (HSP) expression and
release of high-mobility group box-1 (HMGB1) (Tesniere et al.,
2008), and the translocation of intracellular uric acid to the
surface of injured cells (Shi et al., 2003). Endo and colleagues
reported evidence that oncolytic adenovirus induced im-
munogenic cell death via the release of uric acid from human
tumor cells (Endo et al., 2008). However, other molecular
patterns of immunogenic cell death have yet to be studied in
the context of oncolytic virotherapy.

Tumor-derived cytokines

Oncolytic viruses may alter the immune milieu of the
tumor microenvironment by altering the cytokine profile. For

example, reovirus infection of human melanoma cell lines
reduced secretion of the immunosuppressive cytokine in-
terleukin (IL)-10, while inducing the production of pro-
inflammatory IL-6 and the chemokines IL-8, RANTES
(regulated on activation, normal T cell expressed and se-
creted), and macrophage inflammatory protein (MIP)-1a=b
(Errington et al., 2008b). Similarly we have observed that
vesicular stomatitis virus (VSV) infection of the murine
melanoma line B16ova induced a rapid proinflammatory
cytokine response including IL-6, tumor necrosis factor
(TNF)-a, and type I interferons (F. Galivo, unpublished data).
Interestingly, most of the cytokines that we, and others, have
shown to be induced in the tumor microenvironment after
viral injection have been reported to have potent antitumor
activity. Indeed, the gene therapy literature of the 1990s is
strewn with articles reporting that tumor cell transfection
with genes encoding cytokines, chemokines, or interferons
leads to both aggressive immune-mediated rejection of the
modified cells as well as the generation of antitumor im-
munity (Dranoff et al., 1993; Rosenthal et al., 1994; Forni et al.,
2000; Parmiani et al., 2000; Lollini et al., 2006). In this respect,
it is noteworthy that even the most potent antiviral cyto-
kines, such as IFN-a and -b, have potent antitumor activities
when expressed as transgenes from tumor-transfected cells,
or even when given as recombinant proteins (Dranoff et al.,
1993; Parmiani et al., 2000; Gogas et al., 2006). It seems rea-
sonable, therefore, to view the direct intratumoral injection of
potently immunogenic replication-competent viruses, and
the subsequent innate immune response, as a particularly
efficient way to induce multiple cytokines within the tumor
microenvironment. From this perspective, oncolytic virothe-
rapy may be seen merely as a means of pulling the trigger
on induction of positive antitumor immunotherapeutic

FIG. 1. Different views on the mechanisms of oncolytic virotherapy. (A) Therapy from viral replication, spread, and lysis.
Oncolytic virus (green) can infect either tumor (red) or normal (light blue) cells. The virus is either engineered to replicate
only in tumor cells, or exploits defects in the antiviral innate immune response of tumor cells that allows its progressive
spread through tumor but not normal cells. The antitumor effect relies solely on viral replication (dying tumor cells are gray).
(B) Innate immunity to the virus is the enemy of oncolytic virotherapy. Viral infection of a tumor must also take into account
the infiltrating immune cells that sense and respond to viral infection (blue circles). On exposure to virus, these cells secrete
potent antiviral cytokines=interferons and other effector molecules. Many tumors are not completely defective in their
responses to type I interferons and this innate activation within the tumor environment prevents viral replication and
spread—even in tumor cells. This leads to clearance of the virus, extinction of the infection, and vastly reduced oncolysis and
therapy. (C) Innate immunity to the virus is oncolytic virotherapy. In this view, the antiviral cytokines and interferons
released by tumor-infiltrating immune cells in response to virus have significant antitumor activity themselves. These
molecules act to shut down viral replication but also have directly antitumor effects by (1) killing tumor cells directly and=or
(2) recruiting further antitumor immune effectors into the tumor (yellow circles), which finish off the job themselves. In this
model, antitumor efficacy is mediated by the bystander killing of tumor cells induced by the immune response to viral
infection.
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reactivities—which the immunogene transfer community
has spent a couple of decades trying to optimize. Moreover,
these beneficial therapeutic consequences may not only have
minimal dependence on viral replication but will act swiftly,
and very effectively, to prevent it.

Dendritic cells

Tumor-infiltrating DCs have been identified in many human
cancers (Movassagh et al., 2004; Treilleux et al., 2004; Perrot et al.,
2007), and the ability of infiltrating DCs to mature is reported to
be impaired (Almand et al., 2000; Vicari et al., 2002; Perrot et al.,
2007). DCs are critical to mediating the immune response to
dying tumor cells (Casares et al., 2005; Apetoh et al., 2007), and
the reversal of dysfunction of tumor-infiltrating DCs may be
required for successful cancer immunotherapy.

A host of pathogen recognition receptors (PRRs) have now
been implicated in viral recognition by DCs. The membrane-
based TLR pathway is paralleled by a cytosolic system of
RIG-1-like receptors (RLRs) (Pichlmair and Reis e Sousa,
2007). Both pathways appear capable of responding to DNA,
single-stranded RNA, and double-stranded RNA, signaling
for the induction of type I IFN (Pichlmair et al., 2006). In
addition, endogenous danger signals may also mediate the
DC response to oncolytic viruses. This was demonstrated by
our observation that medium from reovirus-infected tumor
cells, filtered to remove viral particles, was able to activate
DCs (Errington et al., 2008a).

We have observed that DCs loaded with the human
melanoma cell line Mel888 fail to mature in response to the
Toll-like receptor (TLR)-4 ligand lipopolysaccharide (LPS).
Reovirus was able to mature Mel888-loaded DCs and reverse
the hyporesponsiveness to LPS, both in terms of upregula-
tion of DC costimulatory molecules (Fig. 2A) and cytokine
secretion (Fig. 2B). These data imply that reovirus has the

potential to reverse preexisting DC dysfunction, overcoming
at least one tumor immunoevasion strategy, and highlight
the immunostimulatory potential of oncolytic viruses within
the tumor microenvironment.

The immunomodulatory effects of various oncolytic
viruses are, however, virus specific. Wild-type measles in-
fects human DCs and impairs function (Grosjean et al., 1997).
A wild-type Western Reserve vaccinia virus impaired DC
function, whereas a modified virus Ankara strain enhanced
DC allostimulatory properties (Greiner et al., 2006). An on-
colytic adenovirus had a neutral effect on DC function
(Schierer et al., 2008). These examples demonstrate that the
impact on DCs is dependent on the type and strain of virus.
Indeed, these considerations may eventually define at least
one possible metric for selection of the most appropriate
oncolytic virus from the host of possible candidates (Pandha
et al., 2009) for any specific clinical application.

The Innate Immune Response
and Oncolytic Virotherapy

Viral replication is limited in immunocompetent models

The anticipated ability of the innate immune response to
limit viral replication has been demonstrated in several
models (Fulci et al., 2006; Breitbach et al., 2007) and clinical
studies (Pecora et al., 2002; Chiocca et al., 2004). For example,
after herpes simplex virus (HSV) therapy of a rat glioma
model, HSV gene expression rapidly decreased after 72 hr in
association with a rapid infiltration of natural killer (NK)
cells, and macrophages=microglia (Fulci et al., 2006). Simi-
larly, after intravenous administration of an oncolytic vac-
cinia virus in glioma-bearing rats, levels of recoverable virus
fell rapidly 72 hr after administration (Lun et al., 2009).

Innate antitumor activity

Manipulation of the innate immune response in favor of
antitumor activity represents a potentially critical target for
achieving successful tumor immunotherapy (Rosenberg et al.,
2004). The innate immune response may be directly cytotoxic
to tumors, while shaping the subsequent cognate immune
response (Ghiringhelli et al., 2007). Among innate effectors,
the strongest evidence of an anticancer role exists for NK
cells (Waldhauer and Steinle, 2008). Tumor-infiltrating NK
cells in humans correlate with a favorable prognosis (Coca
et al., 1997; Ishigami et al., 2000; Takanami et al., 2001; Vil-
legas et al., 2002). However, in many human tumors infil-
trating NK cells are sparse (Albertsson et al., 2003; Esendagli
et al., 2008). DCs, in addition to their role in adaptive T cell
priming, play a pivotal role in coordinating the innate re-
sponse, recruiting and reciprocally interacting with NK cells
(Fernandez et al., 1999; Reschner et al., 2008). The influence of
oncolytic virotherapy on the recruitment of innate immune
effectors, and the reciprocal DC–NK cell axis, are likely to be
fundamental to the outcome of the innate immune response.

In the context of viral infection, virus-infected DCs play a
role in NK cell activation (Andoniou et al., 2005; Ebihara et al.,
2007). However, only limited data are available characteriz-
ing the innate immune response after oncolytic virotherapy.
Predominantly from murine model systems, these data have
highlighted a central role for the innate immune system
in mediating tumor responses. We have, in particular,

FIG. 2. Reovirus activates tumor-loaded DCs, reversing
their hyporesponsiveness to LPS. DCs were loaded with
Mel888 cells (at a 1:3 ratio)� reovirus (Reolysin) overnight,�
LPS (250 ng=ml) added after 8 hr. (A) After 24 hr CD86 ex-
pression on DCs was determined by flow cytometry. Median
fluorescence intensity (MFI) is shown. IDC, immature den-
dritic cells. (B) IL-12p70 secretion was determined by ELISA
of 24-hr supernatants. Error bars indicate the SE.
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examined the role of the innate immune response in the
context of reovirus and VSV therapy.

The murine melanoma line B16ova is resistant to the direct
oncolytic effect of reovirus replication in vitro, in contrast to
parental B16 cells (Fig. 3A); the resistance of B16ova may be
due to the absence of the reovirus receptor JAM-1 (Prestwich
et al., 2009a). Reovirus replication was not detected after in-
jection of reovirus into subcutaneous B16ova tumors, in
contrast to rapid replication in permissive JAM-1-positive
B16 tumors (Fig. 3B). Despite in vitro resistance, and failure to
support viral replication, B16ova tumors regressed in vivo
after direct injection of reovirus. Antibody depletion experi-
ments revealed that therapy was dependent on NK cells
( p¼ 0.008) (Fig. 3C). In view of the resistance of B16ova to a
direct oncolytic effect of reovirus, these data demonstrate a
role for innate NK cell activity. We have extended these
observations to a human in vitro system. DCs loaded with

reovirus-infected Mel888 cells secreted a range of chemo-
kines inducing NK cell migration. The secretion of IFN-b by
loaded DCs induced NK cell cytotoxicity toward Mel888 -
cells, while NK cells reciprocally matured the DCs (Prestwich
et al., 2009b). On the basis of these murine in vivo and human
in vitro observations, reovirus therapy recruits NK cells into
the tumor microenvironment, induces DC maturation, and
activates NK cell cytotoxicity, implicating a role for NK cells
in antitumor efficacy.

Our observations with VSV have also demonstrated an
absolutely critical role for innate immunity in tumor re-
gression. We have observed that VSV replicates extremely
aggressively in vitro in B16ova cells. Moreover, as expected
from this in vitro correlate, intratumoral injections of VSV in
B16ova led to significant tumor regressions and cures.
However, more unexpectedly, this therapy was associated
with a pronounced leukocyte infiltrate, and tumor regression

FIG. 3. The B16ova cell line is resistant in vitro to reovirus, but regresses in vivo in an NK cell- and CD8þ T cell-dependent
manner. (A) B16 and B16ova cell lines were infected with reovirus (Reolysin) for 48 hr, before assessment of cell death by
administration of propidium iodide (PI). Error bars, SE. (B) C57BL=6 mice were seeded subcutaneously with 5�105 B16 or
B16ova cells. After 7 days tumors were injected with a single dose of 5�108 plaque-forming units (PFU) of reovirus. Tumors
were harvested at the indicated time points, and viral titer was determined by plaque assay. Error bars, SE. LN, lymph node.
(C–E) C57BL=6 mice were seeded subcutaneously with 5�105 B16ova cells. A 0.1-mg amount of depleting antibody [(C) anti-
NK (asialo), (D) anti-CD8, (E) anti-CD4] or control antibody was given intraperitoneally 4 days after tumor implantation
(n¼ 8 per group), and every week for the duration of the experiment. Reovirus (5�108 PFU) or heat-inactivated reovirus, as a
control, was injected intratumorally on days 7, 9, 11, and 13 after tumor implantation. (C) IgG controlþ reovirus versus NK
cell depletionþ reovirus; p¼ 0.008. (D) IgG controlþ reovirus versus CD8þ cell depletionþ reovirus; p< 0.0001. (E) IgG
controlþ reovirus versus CD4þ cell depletionþ reovirus; p¼ 0.28 (by log-rank test).
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was completely dependent on NK cells and CD8þ T cells
(Diaz et al., 2007). This dependence on NK cells was also
observed in a different experimental system in which VSV
was administered loaded onto adoptively transferred cyto-
toxic T cells (Kottke et al., 2008). Consistent with these data,
an oncolytic HSV, HSV-1716, induced an inflammatory in-
filtrate containing NK cells, monocytes, and T cells (Thomas
and Fraser, 2003). Furthermore, the efficacy of intratumoral
therapy of metastatic melanoma by HSV was abrogated in
syngeneic models lacking NK or T cell subsets (Miller and
Fraser, 2003). Similar to our reovirus data, HSV-1716 was
found to induce the production of chemokines CXCL9 and
CXCL10 from human DCs, and to induce NK and CD8þ

T cell migration into murine tumors (Benencia et al., 2005).
Therefore, innate NK cells, in addition to T cells, are required
to mediate antitumor efficacy after therapy with reovirus,
VSV, and HSV in different model systems.

These results dramatically highlight the emerging friction
that exists between two extreme views of the immune system
as it relates to the efficacy of oncolytic virotherapy. On the
one hand, innate immune quenching of viral replication can
be seen as a potential show stopper; on the other, there are
clear experimental data indicating that without it, vir-
otherapy may not be able to work at all. Of course, the re-
ality, as ever, lies in between these two polarized views.

Therapeutic manipulation of the innate
immune response

Attempts have been made to modulate the innate immune
response, aiming either to limit the innate response in order
to enhance viral replication, or to enhance innate antitumor
activity. The outcomes with these conflicting strategies pro-
vide insight into the role of the innate response to oncolytic
virotherapy.

a. Suppressing the innate immune response to reduce
viral clearance.

Cyclophosphamide. Cyclophosphamide (CPA) is an alkylat-
ing agent used in cancer treatment, and as an immunosup-
pressive agent in autoimmune disorders. CPA has a complex
range of effects and may enhance viral replication via a re-
duction in neutralizing antibodies (Ikeda et al., 1999; Qiao et al.,
2008c), a reduction in regulatory T cells (Treg cells) (Di Paolo
et al., 2006), reduced vascular tumor permeability (Kurozumi
et al., 2007), and reduced innate immune cell infiltration
(Fulci et al., 2006). CPA has been combined with virotherapy
on the basis that it will inhibit immune-mediated viral elimi-
nation, potentiating viral replication and hence enhancing
tumor oncolysis. Immunomodulation with CPA increased
viral replication and therapeutic efficacy in several models
(Ikeda et al., 1999; Kambara et al., 2005; Di Paolo et al., 2006;
Fulci et al., 2006; Kurozumi et al., 2007; Thomas et al., 2008; Lun
et al., 2009). In rat glioma models, pretreatment with CPA
inhibited an HSV-mediated increase in the infiltration of
tumor-associated phagocytic cells, promoting HSV replica-
tion and improving survival (Fulci et al., 2006). CPA increased
vaccinia virus replication and efficacy, also in a rat glioma
model (Lun et al., 2009). Pretreatment with CPA was required
to mediate the effect on viral replication (Fulci et al., 2006;
Lamfers et al., 2006), and the CPA-mediated enhancement of

viral replication generally correlated with antitumor activ-
ity (Kambara et al., 2005; Fulci et al., 2006; Lun et al., 2009).
Similarly, another immunosuppressive agent, cyclosporine,
enhanced the efficacy of a reovirus injection in a colorectal
cancer murine model (Smakman et al., 2006).

These data support the hypothesis that innate immuno-
suppression will benefit virotherapy. Although we do not
argue against this, we do suggest that it is important to
keep alternative and or additional interpretations in mind.
Hence, although cyclophosphamide is undoubtedly an im-
munosuppressive agent, it can also have apparently im-
munostimulatory activities. In particular, cyclophosphamide
has been extensively shown to enhance immune-based tu-
mor rejection regimens through an activity associated with
cytokine induction and promoting homeostatic proliferation
of lymphocyte populations (Bracci et al., 2007). Of particular
interest, and reminiscent of the activity of oncolytic viruses
(Lichty et al., 2004), CPA can induce a cytokine storm within
tumors. The parallels with the immune consequences of
oncolytic virus injection into tumors are marked, although a
direct comparison between the cytokine storms induced in
tumors by both agents has not been systematically studied.
Moreover, CPA-induced cytokine storms can significantly
enhance the activity of lymphocytes either endogenously
present in a tumor-bearing host or adoptively transferred to
treat a tumor (Brentjens et al., 2009). This is important in light
of the findings discussed previously, that the efficacy of
oncolytic virotherapy can be directly dependent on lym-
phocyte populations in vivo. It is interesting to speculate
whether at least some of the reported activities of CPA in
combination with oncolytic viruses may be associated with,
or even attributable to, cytokine storm-like induction at the
tumor site. Therefore, we believe that it is important to bear
in mind that immune modifiers such as cyclophosphamide
have multiple, pleiotropic effects; while the overall result
may be ‘‘immunosuppressive,’’ other mechanisms may be
operative that, if not looked for, may not be found.

Antiangiogenic agents. Immune cells traffic into tumors via
the tumor vasculature. Therefore any effects of viral therapy
on the tumor microvasculature can impact on the immune
response. Therapy of a rat glioma with an HSV-1-derived
oncolytic virus is associated with increased vascular perme-
ability and leukocyte infiltration. Pretreatment with an an-
giogenesis inhibitor, cyclic RGD peptide, was found to
reduce vascular permeability, inflammation, and leukocyte
infiltration (Kurozumi et al., 2007). This reduction in the host
immune response enhanced viral propagation and the anti-
tumor efficacy of therapy.

Histone deacetylase inhibitors. The type I interferon response
is a major component of the cellular innate antiviral re-
sponse. Histone deacetylase inhibitors (HDIs) are small
molecules that are under development as anticancer agents.
In addition, HDIs reduce the cellular antiviral immune re-
sponse, impeding the type I IFN response. HDIs have been
shown to enhance the spread and anticancer efficacy of VSV
in vitro and in vivo in multiple systems, in association with an
abrogated type I IFN response (Nguyen et al., 2008). HDIs
also enhance the oncolytic activity of vaccinia virus and HSV
(Nguyen et al., 2008).
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Engineering viruses to evade innate immune elimination. En-
gineering viruses to express immunomodulatory genes is an
alternative approach to combining viruses with drug ther-
apy. A recombinant VSV has been designed to express a
protein from cytomegalovirus that downregulates the NK
cell-activating ligand, CD155 (Altomonte et al., 2009). This
vector inhibited the recruitment of NK cells and natural killer
T (NKT) cells in vivo, and demonstrated enhanced replication
and therapeutic efficacy compared with the control vector.
An oncolytic measles virus strain armed to express the wild-
type P gene, which inhibits type I IFN production and the
antiviral type I IFN response, demonstrated increased effi-
cacy in myeloma xenografts (Haralambieva et al., 2007).

Drawbacks of innate immunosuppression. The relationship
between tumor, oncolytic virus, and innate inflammatory
response is complex. If the innate immune system mediates
part of the therapeutic efficacy of oncolytic viruses, inhibition
of the innate immune response potentially impairs therapy.
In a study using a murine colorectal tumor model, the sys-
temic delivery of VSV or vaccinia virus resulted in infection
of only a small proportion of tumor cells, yet extensive by-
stander death of uninfected tumor cells (Breitbach et al.,
2007). The viral infection was found to trigger a dramatic
reduction in tumor blood flow, leading to apoptosis of un-
infected tumor cells. VSV therapy upregulated expression of
genes encoding the neutrophil chemoattractants CXCL1 and
CXCL5, and induced extensive tumor infiltration by neu-
trophils. Neutrophil depletion enhanced viral spread and
replication within the tumor, yet blood flow was not reduced
and bystander killing was lost. Measles virus has also been
shown to promote neutrophil infiltration into tumors, which
correlated with tumor regression (Grote et al., 2003). These
data suggest that the inflammatory infiltrate can be required
for therapy. In addition, they highlight the important concept
that enhanced viral replication and spread within a tumor
does not necessarily result in increased therapeutic efficacy.

One of the theoretical cornerstones for the development of
many oncolytic viruses has been that an intact antiviral innate
immune response is fully operational in normal cells but not
in tumor cells. Therefore, a clear and present danger associ-
ated with suppressing the innate response is increased toxic-
ity. Doses of cyclophosphamide that ablate neutralizing
antibody production have been shown to lead to severe reo-
virus toxicity (Qiao et al., 2008c). We have also observed
massive spread of VSV in normal tissues and severe toxicity in
IFN-a=b knockout mice. These observations indicate the need
to introduce yet further considerations on the importance of
the immune system to the overall efficacy of oncolytic vir-
otherapy. Thus, excellent antitumor efficacy will be of no
value in the event of unacceptable toxicity caused by viral
dissemination and uncontrolled replication in normal tissues.

b. Enhancing the innate immune response. In contrast to
interventions designed to reduce the host innate type I IFN
response, oncolytic viruses have been constructed to express
IFN-b. The expression of IFN-b has been hypothesized to
limit viral replication in normal tissues while allowing rep-
lication in tumor tissues, which are commonly resistant to
the antiviral effects of type I IFNs. In addition, IFN-b may
have beneficial immunological effects via the induction of
tumor-specific cytotoxic lymphocytes (Brown et al., 2002) and

antiangiogenic effects (Dong et al., 1999). A vaccinia virus
engineered to express IFN-b ( JX-795) was found to have
superior tumor selectivity and efficacy, in association with
the generation of antitumor immunity, when compared with
a control vector lacking IFN-b (Kirn et al., 2007). Similarly,
we have found that an IFN-b insert into VSV enhanced in-
flammatory cytokine production and NK cell activation,
leading to enhanced bystander killing of tumor cells (our
unpublished data).

Adaptive Antitumor Immunity and Oncolytic Viruses

Oncolytic viruses are expected to release TAAs into the
tumor microenvironment, while interacting with DCs via
PRRs and=or endogenous ‘‘danger’’ signals. Indeed, virally
infected cells are more effective at delivering nonviral anti-
gen for in vivo cross-priming of APCs than noninfected cells
(Schulz et al., 2005). An extensive body of evidence has now
emerged supporting the concept that oncolytic virotherapy
can generate antitumor immunity. In many of these experi-
ments it is difficult to determine the relative importance of
direct viral oncolysis versus immune-mediated bystander
killing of uninfected tumor cells. The most informative
studies have demonstrated the potential importance of an
adaptive antitumor immune response by showing activity
toward noninjected disease, or responses in tumors that are
resistant to direct oncolysis. Our groups have used reovirus
and VSV to examine the adaptive immune response.

In human in vitro assays, reovirus infection of human
Mel888 cells generated an anti-Mel888 cell immune response,
and cross-primed an expansion of MART (melanoma antigen
recognized by T cells)-1-reactive cytotoxic T cells (Prestwich
et al., 2008b). A modified priming system precluding direct
oncolysis, and the use of ultraviolet-treated replication-
incompetent reovirus, has shown that direct oncolysis and
viral replication are not prerequisites for priming adaptive
antitumor immunity. The B16ova tumor cell line, which is not
permissive of reovirus replication and is resistant to direct
oncolysis, has provided useful insights into the importance
of the immune response. CD8þ cytotoxic T cells ( p< 0.0001)
(Fig. 3D) but not CD4þ T cells ( p¼ 0.28) (Fig. 3E) were re-
quired to mediate regression of tumors after direct injection.
In addition, reovirus purged B16ova lymph node and splenic
metastases in association with the generation of anti-B16 im-
munity. The efficacy of reovirus toward lymph node and
splenic metastases was completely abrogated in severe com-
bined immune-deficient (SCID) mice (Prestwich et al., 2009a).
These findings that reovirus acts as an immune ‘‘adjuvant,’’
independent of direct oncolysis and viral replication are of
particular importance in view of the reduced sensitivity of
primary tumor samples to direct oncolysis (Errington et al.,
2008b; Tumilasci et al., 2008; van Houdt et al., 2008).

We have also demonstrated that VSV therapy generates
antitumor immunity. Intratumoral injection of VSV into
B16ova tumors generated tumor-reactive infiltrating lym-
phocytes (Diaz et al., 2007). However, the efficiency of
priming was significantly greater when the tumor cells were
killed by oncolysis in the lymph nodes as opposed to a
subcutaneous tumor in the periphery (Qiao et al., 2008a). In
addition, lymph node purging was abrogated in SCID mice,
demonstrating the central role of the adaptive immune re-
sponse in mediating antitumor activity.
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The range of oncolytic viruses that have been reported to
facilitate the generation of adaptive antitumor immunity re-
flects the broad applicability of the principle. Oncolytic HSV
strains induce systemic antitumor protection (Toda et al., 1999;
Miller and Fraser, 2003; Li et al., 2007a,b). For example, an
attenuated HSV injected intratumorally into one flank of mice
with established bilateral colorectal or melanoma tumors in-
duced regression of the contralateral tumors in association
with antitumor cytotoxic T cells (Toda et al., 1999). Infection of
a human melanoma cell line with an attenuated vaccinia virus
generated an anti-TAA response (Greiner et al., 2006). In
murine models, tumor delivery of oncolytic vaccinia virus by
cytokine-induced killer (CIK) cells induced antitumor im-
munity (Thorne and Contag, 2008). In a finding similar to
our data with reovirus and B16ova, the locoregional deliv-
ery of Newcastle disease virus (NDV) induced tumor delay
in liver metastases, which are resistant in vitro (Apostolidis
et al., 2007). In a human assay, tumor lysates induced by
oncolytic parvovirus H-1 stimulated DC maturation and
cross-presented melanoma-associated antigens (Moehler et al.,
2005). One of the most unexpected viruses to act in this
manner was an oncolytic measles strain derived from the
Edmonston vaccine strain. Measles virus is associated with a
transient immunosuppressive effect, yet the oncolytic measles
virus primed antitumor CD8þ T cells in an autologous human
mesothelioma system (Gauvrit et al., 2008).

Improving oncolytic virotherapy as adaptive
immunotherapy

Attempts have been made to enhance the immuno-
therapeutic potential of oncolytic viruses by incorporating
immunostimulatory transgenes. Granulocyte-monocyte colony-
stimulating factor (GM-CSF) promotes the differentiation of
progenitor cells into dendritic cells, and has been successfully
used in strategies to generate tumor-reactive cytotoxic lym-
phocytes (Dranoff et al., 1993). Vaccinia virus, measles, HSV,
and adenoviruses have been engineered to incorporate GM-
CSF with the aim of augmenting the generation of antitumor
immunity (Grote et al., 2003; Liu et al., 2003; Kim et al., 2006;
Lei et al., 2009). In a model of bilateral flank lymphoma, HSV
expressing murine GM-CSF was injected into one side (Liu
et al., 2003). HSV-GM-CSF improved tumor reduction in the
injected and noninjected flanks, compared with control HSV
lacking GM-CSF. This response was associated with en-
hanced splenocyte production of IFN-g on tumor stimula-
tion. Similarly, measles virus expressing murine GM-CSF
showed greater efficacy compared with the vector lacking
GM-CSF after intratumoral injection (Grote et al., 2003).

Chemokines have also been inserted into oncolytic viral
vectors, in order to promote the recruitment of immune ef-
fectors to the tumor microenvironment. Oncolytic adenovi-
rus expressing the chemokine RANTES recruited DCs to the
tumor microenvironment, eliciting antigen-specific CTL and
NK cell responses, and promoted tumor regression (Lapteva
et al., 2009). Similarly, oncolytic adenovirus expressing MIP-
1a and Fms-like tyrosine kinase-3 (FLT-3) ligand enhanced
DC and T cell recruitment, and the generation of antitumor
immunity. Interestingly, although both antiviral and antitu-
mor responses were enhanced, the expression of chemokines
improved antitumor therapy (Ramakrishna et al., 2009). In a
similar immunotherapeutic approach, oncolytic viruses have

been coinjected with DCs. Immature DCs injected into tu-
mors with an oncolytic HSV-1 improved tumor control in
association with antitumor immunity (Farrell et al., 2008).

Other immunotherapeutic strategies can enhance the adap-
tive antitumor immune response induced by virotherapy.
Cytotoxic T lymphocyte antigen (CTLA)-4 transmits inhibi-
tory signals to T cells. Anti-CTLA-4 antibody prevents nor-
mal downregulation of T cells, prolonging T cell activation.
The combination of anti-CTLA-4 with VSV improved ther-
apy of a mammary tumor model, in a CD4þ and CD8þ T cell-
dependent manner (Gao et al., 2009). Treg cells suppress the
generation of adaptive responses, and it has been hypothe-
sized that Treg cell depletion would enhance antitumor im-
munity. However, Treg cell depletion after VSV therapy was
found to have a negative therapeutic effect, relieving sup-
pression of the antiviral immune response, leading to rapid
viral clearance (Diaz et al., 2007). This highlights the impor-
tant principle of investigating antiviral as well as antitumor
immune responses.

The choice of viral vector is likely to have a significant
impact on the nature of the immune response. We hypoth-
esized that the ability of VSV to generate antitumor immune
responses may be enhanced by expression of immuno-
stimulatory transgenes, including CD40 ligand (CD40L),
heat shock protein-70, and CCL-21. However, transgene ex-
pression demonstrated no additional benefit against estab-
lished subcutaneous B16ova tumors. VSV with or without a
transgene was associated with a rapid innate inflammatory
response, characterized by generalized T cell activation, and
priming toward viral epitopes. Viral antigens are nonself,
with high precursor T cell frequencies, and are commonly
immunodominant. This is in contrast to TAAs, to which
precursor T cell frequencies are low and a state of T cell
anergy may exist. Therefore, the immunodominance of VSV
antigens over TAAs was not unexpected. The lack of benefit
with immunostimulatory transgenes may be due to the al-
ready maximal nature of the immune response to this highly
immunogenic vector. This is supported by the observation
that a poorly immunogenic nonreplicating adenoviral vector
expressing CD40L generated an adaptive antitumor response
and had greater therapeutic efficacy that the VSV–CD40L
construct. Highly immunogenic vectors may therefore be
ineffective at priming antitumor responses in the face of a
maximal innate response.

We have found that the most efficient way to prime a T
cell response toward a TAA is to engineer the viral vector to
express the TAA. T cell responses toward a TAA were effi-
ciently primed in vivo after direct injection of VSV expressing
the TAA (Diaz et al., 2007). We believe that this response is at
least partly mediated by trafficking of the virus to lymph
nodes, where priming toward virally encoded antigens will
be very efficient (Diaz and Galivo unpublished data).

These observations provide important insights into future
strategies for optimizing the immunotherapeutic potential of
oncolytic viruses. The therapeutic and immunological con-
sequences of virotherapy are likely to vary widely, depend-
ing on the viral platform. The genes inserted into viral
vectors need to be chosen with regard to the immunogenic
properties of the vector, and a combination of vectors may
provide optimal immune priming while harnessing direct
oncolytic mechanisms. For example, a replication-defective,
poorly immunogenic vector expressing a TAA and=or co-
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stimulatory molecules may be used to initiate an immune
response, which may be subsequently boosted with an on-
colytic virus to kill tumor cells releasing TAA in the context
of immunological ‘‘danger.’’ Alternatively, standard tumor
vaccine approaches may be combined with an immuno-
stimulatory oncolytic viral boost.

Clinical Evidence of the Immunotherapeutic Potential
of Oncolytic Viruses in Clinical Trials

Clinical observations support the concept that oncolytic
virotherapy can overcome immune tolerance, and generate
immune-mediated activity toward distant tumors. For ex-
ample, a targeted vaccinia virus expressing GM-CSF injected
into melanoma deposits induced regression of noninjected
regional dermal metastases in four of seven patients in as-
sociation with an immune infiltrate (Mastrangelo et al., 1999).
A phase I study investigating the injection of the vaccinia
virus JX-594 into primary and secondary liver tumors in 10
evaluable patients, showed a partial response in 3 patients
and stable disease in 6 patients. There was evidence of a
functional response in noninjected tumors in three of seven
evaluable patients (Park et al., 2008). Although there was
evidence of viral dissemination to noninjected tissue, these
responses may also have been immune-mediated (Prestwich
et al., 2008c). Furthermore, in a phase I study investigating
the injection of HSV-GM-CSF into subcutaneous metastases,
posttreatment biopsies revealed a dense immune infiltrate. In
addition, inflammation was observed in noninjected metas-
tases in 4 of 30 patients (Hu et al., 2006). In a phase II study
with repeated intratumoral injections of HSV-GM-CSF into
melanoma lesions, a 26% response rate (RECIST) (assessment
included injected and noninjected lesions) was observed
(Senzer et al., 2009).

Viral Delivery and Immunological Consequences

Systemic viral delivery is limited by liver sequestration,
complement, preimmune IgM, and neutralizing antibodies.
Strategies designed to enhance viral delivery may in addition
have immunotherapeutic consequences.

Cellular delivery of viruses has shown promise as a
method of chaperoning viruses to tumors (Thorne and
Contag, 2008). The cell carrier may be biologically active,
providing a combination of both viroimmunotherapy strat-
egies. For example, adoptive T cell therapy of specific cyto-
toxic lymphocytes may be combined with virus delivery. In
this setting the proinflammatory consequences of viral ther-
apy enhanced the persistence and proliferation of transferred
T cells in the tumor microenvironment (Qiao et al., 2008b).
Dendritic cells have also been found to be efficient virus
carriers (Ilett et al., 2009), offering the opportunity to combine
viral therapy with a dendritic cell vaccine approach. Vaccinia
virus delivery by CIK cells exhibited a synergistic interaction,
with viral infection sensitizing tumor targets to the killing
activity of CIK cells (Thorne et al., 2006).

CPA inhibits the generation of neutralizing antibodies and
can enhance viral delivery (Qiao et al., 2008c). As previously
discussed, immunosuppressive agents such as CPA may
additionally modulate the tumor microenvironment, with
consequences for the outcome of therapy. These strategies
offer the possibility of combining efficient viral delivery with
immunomodulation=immunotherapy.

Future Perspectives

The mechanisms of activity of oncolytic viruses are com-
plex, involving direct oncolysis, vascular effects, and innate
and adaptive immunity. The extent of viral replication does
not necessarily correlate with therapeutic efficacy. Immune
interactions may be either beneficial or detrimental; the re-
ality is likely to lie between these two extremes. The varia-
tions in tumor models, anatomical location of the tumor, and
properties of the different viruses are likely to explain dif-
ferences in the overall impact of the immune response. It is
clear that immunomodulation has the potential to improve
oncolytic virotherapy, and the timing and nature of inter-
vention are likely to be critical to its effect. One appealing
possibility is that early transient immunosuppression may
enhance viral replication, followed by a restoration of im-
mune activity to harness the immunotherapeutic potential of
virotherapy.

Translation of these preclinical observations into the clinic
is challenging. Murine models are limited in their ability to
predict outcome in trials. For this reason it is critical that
preclinical assessments continue to include human assays,
particularly primary tumor samples wherever possible.
Clinical trials have generally conformed to the traditional
phase I–III format. There is a clear need for clinical studies to
be additionally designed to answer scientific questions re-

FIG. 4. Future perspectives. The immune response to on-
colytic virus comprises multiple components, some positive
and some detrimental to therapy. In the future, it may be
possible to identify those components that are specifically
responsible for mediating viral clearance (detrimental to
therapy) and those that are responsible for mediating anti-
tumor efficacy (positive effect on therapy). Furthermore, it
may be possible to block the former (such as the antiviral
IFN-a=b response) while simultaneously augmenting the
latter (expression of potently antitumor cytokines and in-
terferons that are induced by IFN-a=b but that, per se, have
no antiviral effects). In this way, virus design may be able to
incorporate the best of both worlds—factors to reduce viral
clearance (more direct oncolysis) and to increase recruitment
of antitumor effectors (e.g., NK cell-recruiting cytokines).
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garding the optimal route of delivery, mechanisms of anti-
tumor activity, immune interactions, and effects on tumor
blood flow. When possible, immunological assays should
include histological assessment of tumor infiltration, assays
of neutralizing antibody generation, and evaluation of sys-
temic immune responses.

It is no longer possible to be dogmatically polarized in
one’s view of the role of the immune system in the efficacy of
oncolytic virotherapy. Whether we like it or not, the immune
system exerts multiple effects on the outcome of therapy:
some positive, some negative (Fig. 4). The nature and extent
of the antiviral immune response to oncolytic virus infection
mediate an intricate balance between safety against systemic
virus toxicity, restriction of viral replication=oncolysis, and,
potentially, significant immune-mediated antitumor therapy.
The challenge for the future is to understand how to accen-
tuate the positive and how to nullify the negative. This can
be achieved only by testing viruses in models that come as
close as possible to the immune environment that will be
encountered in the tumors of patients. It will require cross-
fertilization between the disciplines of virology and immu-
nology. We will need to appreciate how pleiotropic agents,
which either negatively or positively impact therapy in
preclinical models, may be having effects on the host im-
mune system that we have not fully appreciated. We would
suggest that the principle that oncolytic virotherapy may act,
at least in some circumstances, as much as an immuno-
therapy as a virotherapy is both clearly established and ra-
ther encouraging. To date, the field has concentrated on
developing viruses that replicate robustly and extensively in
tumors—but with only moderate success. In retrospect, ex-
pecting extensive replication within a tumor, albeit an im-
munosuppressive tumor, may be asking a great deal. By
viewing at least certain components of the immune system as
a partner, rather than the enemy, it should now be possible
to explore additional avenues of oncolytic virus design in
which immune activation becomes as much a part of the
solution as it has previously been viewed as the problem.
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