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Abstract

We have shown that the antitumor activity of vesicular stomatitis virus (VSV) against B16ova tumors in C57BL/
6 mice is predominantly due to innate antiviral immune effectors. We have also shown that the innate immune-
activating properties of VSV can be harnessed to prime adaptive T-cell responses against a tumor-associated
antigen (TAA) if the virus is engineered to express the cDNA of the antigen. Here, we show that the combination
of VSV expressing OVA as a model tumor antigen, along with adoptive T-cell therapy targeted against the same
antigen, is superior to either treatment alone and induces systemic antitumor activity. In addition, we extend our
findings with the OVA model to the therapeutic use of VSV expressing hgp100, a self TAA against which
tolerance is well established in C57BL/6 mice. In contrast to VSV-ova, T-cell responses raised by VSV-hgp100
were insufficient to improve therapy against B16ova tumors compared with VSV-GFP alone. However, in
combination with adoptive transfer of gp100-specific pmel T cells, intratumoral VSV-hgp100 cured significantly
more mice than either virus or T cells alone. Even in an aggressive model of metastatic disease, antitumor
therapy was generated at levels similar to those observed in the VSV-ova/OT-I model in which a potently
immunogenic, nonself TAA was targeted. Therefore, individual poorly effective virotherapies and T-cell ther-
apies that target self TAA of low immunogenicity, which reflects the situation in patients, can be combined to
generate very effective antitumor therapy.

Introduction

Injection of a potent viral immunogen such as an on-
colytic virus into a tumor will activate an innate immune

reactivity that will limit viral replication and clear the infec-
tion (Pecora et al., 2002; Chiocca et al., 2004; Fulci et al., 2006;
Breitbach et al., 2007; Galivo et al., 2010b; Le Boeuf et al., 2010;
Wongthida et al., 2010a). However, the innate immune re-
sponse to the virus may also have significant antitumor by-
stander effects through the direct and indirect activity of both
antiviral cytokines (Saloura et al., 2010; Wongthida et al.,
2010b) and immune effector cells such as natural killer cells
(Diaz et al., 2007; Kottke et al., 2008; Prestwich et al., 2009).
Moreover, the innate antiviral immune response is also critical
in shaping the subsequent adaptive immune response against
both viral and tumor-associated antigens (TAA) (Ghiringhelli
et al., 2007). Therefore, as it relates to influencing the efficacy of

oncolytic virotherapy, the immune response can be viewed
either as a potent inhibitor or as an essential effector of anti-
tumor therapy—or anywhere in between.

Recently, we have shown that the antitumor therapy of
intratumoral vesicular stomatitis virus (VSV) in the B16ova
model derives predominantly from immune bystander ef-
fects resulting from the innate antiviral immune response
against the viral immunogen at the tumor site. Thus, therapy
was dependent upon viral infection of tumor cells, but not
ongoing replication (Galivo et al., 2010a, 2010b), as well as on
intact innate immune signaling through MyD88 and innate
cytokines and effector cells (Diaz et al., 2007; Wongthida et al.,
2010a, 2010b). In particular, even though improved levels of
intratumoral viral replication were observed when innate
immune signaling was inhibited in vivo in MyD88�/� mice,
therapy was lost because of the lack of intact innate immune
effectors, which are absent in MyD88�/� mice (Wongthida
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et al., 2010a). Therefore, in this model at least, the antitumor
activity of innate antiviral immune effectors predominate
in vivo over the therapeutic effects of viral replication or
adaptive T-cell immunity.

We reasoned, therefore, that by recruiting the effector
mechanisms associated with adaptive T-cell responses
against tumors, it would be possible to enhance the thera-
peutic effects of oncolytic virotherapy with VSV. This would
have two major benefits by enhancing T-cell–mediated
clearance of the local virus-injected tumor and by generating
systemic therapy against metastatic tumors (Prestwich et al.,
2008). In this respect, we and others (Vigil et al., 2008;
Bridle et al., 2010; Castelo-Branco et al., 2010; Zhang et al.,
2010) have enhanced priming of adaptive CD8þ T-cell re-
sponses against TAA by incorporating specific TAA into the
oncolytic virus itself (Diaz et al., 2007). Thus, injection of a
VSV, engineered to encode the OVA antigen into established
B16ova tumors, primed significantly increased numbers of
ova-specific T cells in vivo compared with VSV-GFP (Diaz
et al., 2007) due in large part to escape of the VSV-ova from
the injected tumor into the tumor-draining lymph nodes
(TDLN), where it became an extremely effective vaccine for
both VSV-specific and OVA-specific immune responses
(Diaz et al., 2007).

However, in those studies (Diaz et al., 2007), no tolerance
existed in the C57BL/6 mice against the foreign OVA antigen
and the frequency of endogenous T-cell precursors with
potential reactivity against OVA was high. Therefore, our
goal in the current study was to test whether it would be
possible to combine the innate immune antitumor activity of
intratumoral VSV, with mobilization of specific T-cell re-
sponses against a truly self TAA, against which tolerance is
in place in the immune-competent host and against which
there exists only a very low frequency of T-cell precursors.
We show here that, unlike with VSV-ova, intratumoral in-
jections of VSV expressing an altered-self version of the en-
dogenous TAA gp100 were insufficient to improve on
therapy with VSV-GFP. However, an alternative way to
provide large numbers of potentially tumor-reactive T cells
in vivo is through the adoptive transfer of antitumor T cells,
such as tumor-infiltrating lymphocytes or receptor-
engineered peripheral blood lymphocytes (Rosenberg et al.,
1988; Wang and Rosenberg, 1996; Hawkins et al., 2010; Lei-
segang et al., 2010). Efficacy of adoptive therapy has been
restricted by inadequate persistence and expansion of
transferred T cells in vivo (Yee et al., 2002; Dudley and Ro-
senberg, 2003), limitations that have been addressed by
combination with host lymphodepletion (Maine and Mule,
2002; Gattinoni et al., 2005), active immunization with TAA
(Wang et al., 1995; Parmiani et al., 2002; Smith et al., 2008), or
local pro-inflammatory killing of the tumor to enhance T-cell
trafficking and activation (Sanchez-Perez et al., 2007; Pre-
stwich et al., 2008; Qiao et al., 2008). Therefore, we hypoth-
esized that it would be possible to combine oncolytic
virotherapy with the antitumor potency associated with
mobilization of adaptive T-cell immune responses against
truly self TAA. We show here that the combination of in-
tratumoral VSV-hgp100, with adoptive transfer of pmel T
cells, generated significantly improved therapy, including
cures, against both local and distant tumors compared with
treatment with either virus or T cells alone. This approach
therefore combines direct viral oncolysis, effective tumor

vaccination, and adoptive T-cell transfer to mobilize a ther-
apeutic T-cell response through the use of oncolytic
virotherapy.

Materials and Methods

Cell lines

Murine B16ova melanoma cells (H2-Kb) were derived
from B16 cells transduced with a cDNA encoding the chicken
ovalbumin gene (Linardakis et al., 2002). Cell lines were
grown in Dulbecco’s modified Eagle’s medium (DMEM; Life
Technologies) supplemented with 10% (v/v) fetal calf serum
(FCS; Life Technologies), l-glutamine (Life Technologies),
and 5 mg/ml G418 to select for retention of the ova gene. All
cell lines were monitored routinely and found to be free of
mycoplasma infection.

Naı̈ve OT-I and pmel-1 T cells were isolated from spleen
and lymph nodes of OT-I and pmel-1 transgenic mice, re-
spectively. Single cell suspensions were prepared by crush-
ing tissues through a 100-mm filter, and red blood cells were
removed by incubation in ACK buffer (sterile distilled H2O
containing 0.15 M NH4Cl, 1.0 mM KHCO3, and 0.1 mM
EDTA adjusted to pH 7.2–7.4) for 2 min. CD8þ T cells were
isolated using the MACS CD8a(Ly-2) microbead magnetic
cell sorting system (Miltenyi Biotec).

Mice

C57BL/6 mice (Thy1.1þ and Thy1.2þ) were purchased
from the Jackson Laboratory at 6–8 weeks of age. The OT-I
mouse strain is on a C57BL/6 background (H-2Kb) and ex-
presses a transgenic T-cell receptor Va2 specific for the
SIINFEKL peptide of ovalbumin in the context of MHC class
I, H-2Kb (Hogquist et al., 1994). Pmel-1 breeding colonies
were purchased from the Jackson Laboratory at 6–8 weeks of
age. The pmel-1 mouse expresses a transgenic T-cell receptor
aV1/bV13 recognizing an epitope of pmel-17 corresponding
to amino acids 25–33 of gp100 presented by H-2Db class I
molecules (Overwijk et al., 2003).

Viruses

VSV-GFP and VSV-ova (Indiana serotype) were generated
by cloning the cDNA for the green fluorescence protein
(GFP) or chicken ovalbumin into the plasmid pVSV-XN2 as
described previously (Fernandez et al., 2002). pVSV-hgp100
was constructed by PCR amplifying the human gp100 gene
cDNA prepared from Mel88 cells using forward
(50-ATCTCGAGATGGATCTGGTGCTAAAAAGATGC-30) and
reverse (50-ATGCTAGCTCAGACCTGCTGCCCACT-30)
primers. The PCR product was digested and inserted into the
XhoI and NheI sites of the VSV-XN2 vector, genomic plasmid
of VSV Indiana serotype (a kind gift from Dr. John Rose, Yale
University) to yield pVSV-hgp100. Recombinant VSV-
hgp100 was recovered based on the method described pre-
viously (Lawson et al., 1995; Ramsburg et al., 2005). Bulk
amplification of plaque-purified VSV was performed by in-
fecting BHK-21 cells (multiplicity of infection¼ 0.01) for
24 hr. Filtered supernatants were harvested and subjected to
two rounds of 10% sucrose (10% w/v) in 1�phosphate-
buffered saline (PBS; Mediatech) cushion centrifugation at
100,000�g for 1 hr at 48C. The pelleted virus was re-
suspended in 1�PBS, aliquoted, and stored at �808C. VSV
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stocks were titrated on BHK-21 cells using standard plaque
assay (Diaz et al., 2007).

In vivo studies

All procedures were approved by the Mayo Foundation
Institutional Animal Care and Use Committee. To establish
subcutaneous tumors, 5�105 B16-derived tumor cells in
100 ml of PBS were injected into the animals’ flanks. Viral
injections (50 ml) were administered intratumorally at days 7,
9, 11, 13, 15, and 17 after tumor establishment.

For adoptive transfer experiments, mice were adminis-
tered naı̈ve (106 cells in 100 ml PBS) or activated (107 cells in
100 ml) OT-I T cells intravenously at day 7 after tumor im-
plantation. Animals were examined daily, and tumor sizes
were measured thrice weekly using calipers. Animals were
euthanized when tumor size was greater than 1.0 by 1.0 cm
in two perpendicular directions.

For in vivo proliferation and activation of naı̈ve OT-I cells,
OT-I T cells (Thy1.2þ) were adoptively transferred to mice
(Thy1.1þ) harboring 7-day established B16ova. VSV stocks
were injected intratumorally on day 8, and TDLN, tumors,
and spleens were harvested for analysis.

In vitro T-cell activation and co-cultures

OT-I mice have been previously described (Hogquist et al.,
1994) and were bred at Mayo Clinic. Spleens and peripheral
lymph nodes were harvested from OT-I mice and dissociated
to obtain a single cell suspension. Red blood cells were lysed
with ACK lysis buffer. Cells were resuspended at 1�106

cells/ml in Iscove’s modified Dulbecco’s medium (Gibco)þ
5% FBSþ 1% Pen/Strepþ 40mM 2-ME. Media was supple-
mented with SIINFEKL peptide at 1mg/ml and hIL-2 at
50 U/ml. After 2 days, cells were split into new media sup-
plemented with IL-2. Cells were used for adoptive transfer or
in vitro assays following 4 days of activation.

Dendritic cell isolation and co-culture

Inguinal TDLN were recovered from mice and dissociated
in vitro to achieve single-cell suspensions. Dendritic cell
populations (CD11Cþ or CD11CþCD8aþ) were isolated us-
ing MACS microbead magnetic cell-sorting system kits fol-
lowing the manufacturer’s protocol (>90% purity) (Miltenyi
Biotec). Isolated cells were co-cultured with 1�106 naı̈ve OT-
I cells (1:10 ratio) for 60 hr at 378C in a 10% CO2 incubator.
Cell-free supernatants and cells were harvested for ELISA
and FACS analysis, respectively.

ELISPOT and ELISA analysis for interferon
gamma secretion

Cell-free supernatants were tested for interferon gamma
(IFN-g) production by ELISA as directed in the manufac-
turer’s instructions (BD OptEIA Mouse IFN-g ELISA Set; BD
Biosciences Pharmingen). For ELISPOT, spleens were har-
vested from mice, 1�105 cells/well were plated in a 96-well
plate in triplicate and restimulated for 48 hr at 378C with
stimulating peptides at 5mg/ml. Peptide-specific IFN-g–
positive spots were detected according to the manufacturer’s
protocol (Mabtech Inc.) and were quantified by computer-
assisted image analyzer.

The synthetic H-2Kb–restricted peptides hgp10025–33,
KVPRNQDWL, ova, SIINFEKL, and VSV N protein–derived
RGYVYQGL were synthesized at the Mayo Foundation Core
Facility.

Flow cytometry and IFN-g intracellular staining assay

Cells (1�106) were washed and resuspended in PBS con-
taining 0.1% bovine serum albumin (wash buffer) and in-
cubated with directly conjugated primary antibodies for
30 min at 48C. Cells were then washed and resuspended in
500ml PBS containing 4% formaldehyde. Cells were analyzed
by flow cytometry, and data were analyzed using Flowjo
software. For intracellular staining, cell suspensions were
incubated for 4 hr in the presence of Golgi Plug reagent,
stained, fixed, and permeabilized using a Cytofix/Cytoperm
kit from BD Biosciences according to the manufacturer’s
instructions. All antibodies were obtained from BD
Biosciences.

Statistics

Survival data from the animal studies were analyzed by
Log-rank test using GraphPad Prism 4 (GraphPad Software).
In vitro experiments were analyzed using JMP Software (SAS
Institute, Inc.). Statistical significance was determined at the
level of p< 0.05 (Diaz et al., 2007).

Results

Virus-expressed antigen activates
TAA-specific T cells that traffic to tumors

Intratumoral injection of VSV-GFP generates significant
antitumor therapy in the B16ova model (Diaz et al., 2007;
Galivo et al., 2010b; Wongthida et al., 2010a), suggesting that
appreciable amounts of OVA antigen will be released from
dying B16ova tumor cells in vivo. Despite this, VSV-GFP was
largely ineffective at activating naı̈ve ova-specific OT-I T cells
adoptively transferred into mice before intratumoral injec-
tion of virus (Fig. 1A, B). In contrast, significantly increased
levels of adoptively transferred OT-I T cells (specific for the
tumor-associated OVA antigen) persisted in spleens, TDLN
(Fig. 1Ai), and tumors (Fig. 1Aii) following intratumoral in-
jection of VSV-ova. In addition, VSV-ova led to significantly
higher levels of activation of adoptively transferred OT-I
cells, as measured by IFN-g secretion in the TDLN (Fig. 1B)
as well as in other sites (data not shown), compared with
VSV-GFP or PBS treatments. Despite being injected directly
into the tumor, VSV was detected at high levels within
15 min of injection in the TDLN (Fig. 1C). Therefore, we
believe that the increased ability of VSV-ova, compared with
VSV-GFP, to activate naı̈ve OT-I T cells in vivo was due
primarily to presentation of virus-expressed OVA antigen by
lymph node resident APC, themselves activated by the
presence of immunogenic virus particles and proteins (Ga-
livo et al., 2010b). Consistent with this hypothesis, only the
CD11Cþ component of TDLN, recovered from B16ova
tumor–bearing mice injected with VSV-ova, induced the pro-
liferation of IFN-g (data not shown) and the secretion of IFN-
g (T-cell activation) (Fig. 1D) from naı̈ve OT-I T cells in vitro.
Further purification of the CD11Cþ cells recovered from
TDLN showed that CD11CþCD8aþ, but not CD11CþCD8a�,
dendritic cells were responsible for the in vivo uptake and
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presentation of the VSV-ova–derived SIINFEKL epitope to
naı̈ve OT-I T cells in vitro (Fig. 1E).

VSV-ova activates naı̈ve OT-I T cells
in vivo and induces systemic antitumor activity

Consistent with an added therapeutic value of in vivo
priming of endogenous antitumor T-cell responses in addi-
tion to direct oncolytic therapy of B16ova tumors, in-
tratumoral injection of VSV expressing the OVA TAA was
consistently more effective than the non–OVA-expressing
counterpart VSV-GFP ( p¼ 0.001 compared with VSV-GFP
and p< 0.0001 compared with heat-inactivated [HI] virus)
(Fig. 2A) (Diaz et al., 2007). However, therapy with VSV-ova
was still not complete, probably because of the rapid growth
of the subcutaneous B16ova tumors during development of
the anti-ova T-cell response. Increasing the frequency of
potentially reactive T cells at the time of T-cell priming by

VSV-ova in vivo by adoptive transfer of naı̈ve OT-I T cells
prior to intratumoral virus injection markedly decreased the
rate of tumor progression (Fig. 2B, C) and increased survival
of B16ova tumor–bearing mice compared with injection of
VSV-ova or adoptive transfer alone (Fig. 2A–C). Thus, the
combination of oncolytic virotherapy with VSV-ova and
adoptive transfer of naı̈ve OT-I T cells induced tumor re-
gressions and cures in seven of eight mice, compared with
long-term cures in only two of eight mice treated with VSV-
ova alone (Fig. 2B).

In the absence of intratumoral VSV treatment, the adoptive
transfer of naı̈ve OT-I was consistently less effective than
transfer of activated OT-I against B16ova tumors ( p¼ 0.008)
(Fig. 2A, D). In contrast, in combination with intratumoral
VSV-ova treatment, adoptive transfer of naı̈ve OT-I was con-
sistently and significantly more effective than treatment with
virus or naı̈ve T cells alone, but was not significantly ( p¼ 0.25)
superior to the use of virus in combination with activated OT-I.

FIG. 1. Vesicular stomatitis
virus (VSV) encoding a tumor-
associated antigen (TAA) in-
duces antigen-specific T-cell ac-
tivation. Naı̈ve OT-I (Thy1.2þ) T
cells were adoptively trans-
ferred on day 7 after implan-
tation of B16ova tumors
into C57BL/6 (Thy1.1þ) mice
(three mice/group). Twenty-
four hours later, phosphate-
buffered saline (PBS), VSV-GFP,
or VSV-ova were injected in-
tratumorally. Three days later,
(Ai) spleens and tumor-drain-
ing lymph nodes (TDLN) or
(Aii) tumors were harvested
and analyzed by flow cytome-
try for (A) Thy1.2þ cells or (B)
interferon gamma (IFN-g)–pro-
ducing Thy1.2þ cells after puls-
ing with or without SIINFEKL
peptide in TDLN. (C) 15 min,
24 hr, or 48 hr following in-
tratumoral injection of B16ova
tumors with VSV, TDLN were
harvested and viral titers deter-
mined by plaque assay
(three mice/group). (D, E) Se-
ven days following implanta-
tion of B16ova tumors in
C57BL/6 mice (three mice/
group), tumors were injected
intratumorally with PBS, VSV-
GFP, or VSV-ova. Twenty-four
hours later, inguinal TDLN
were fractionated using mag-
netic beads into CD11Cþ and
CD11C� populations, which
were subsequently co-cultured
with naı̈ve OT-I T cells for 60 hr.
(D) T-cell activation was mea-
sured by IFN-g secretion by

ELISA. The CD11Cþ population of D was further fractionated into CD11CþCD8aþ or CD11CþCD8a� populations and co-cultured
with naı̈ve OT-I. (E) T-cell activation was measured by IFN-g secretion by ELISA. *p< 0.05, ***p< 0.001. Color images available
online at www.liebertonline.com/hum
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These data are consistent with a model in which adoptive
transfer, prior to intratumoral virus injection, sufficiently
increased the frequency of antigen-specific T cells available
for rapid in vivo activation to generate significantly improved
therapy of B16ova tumors compared with oncolytic vir-
otherapy or T-cell–mediated therapy alone.

A major goal of combining the activation of tumor
antigen–specific T-cell responses with the local efficacy of
oncolytic virotherapy was to generate systemic immunity
against tumors that cannot be directly accessed with virus
injection. When mice bearing established B16ova tumors on
both right and left flanks were treated with intratumoral
injection of VSV on the right-sided tumor as before, VSV-ova
was significantly more effective than VSV-GFP at controlling
growth of the injected tumors (Fig. 3A). This also translated
into a significant enhancement in control of the contralateral,
left-sided (uninjected) tumor, which was reflected in im-
proved survival ( p< 0.00001 compared with HI virus and
p¼ 0.0003 compared with VSV-GFP). However, adoptive
transfer of naı̈ve OT-I T cells prior to intratumoral injection
of VSV-ova, generated significantly improved control of the
uninjected tumor compared with combination of VSV-GFP
with adoptive OT-I therapy ( p¼ 0.0009) (Fig. 3B–E), result-
ing in long-term cures in 50% of the mice in Fig. 3A. Taken
together, these data show that the combination of antigen-
expressing oncolytic virotherapy with adoptive transfer of
antigen-specific T cells generated significantly improved

therapy against distant established tumors compared with
either modality alone.

Antigen-expressing VSV can break
tolerance to a self antigen

Our main goal was to compare how the results of the VSV-
ova/OT-I model, used in mice with no intrinsic immuno-
logical tolerance to the (foreign) OVA TAA, would compare
with the use of antigen-expressing VSV to target a truly self
TAA, against which tolerance is well established in C57BL/6
mice. To do this, we constructed VSV-hgp100 in which the
human homologue of the murine melanocyte/melanoma
antigen gp100 (Kwon et al., 1991; Schreurs et al., 1997; Zhai
et al., 1997) is expressed from the virus. The homologous
murine and human epitopes of gp100 that are presented in
the context of H-2Db (amino acids 25–33) differ in the three
NH2-terminal amino acids, a difference that confers greater
avidity on MHC class I binding of the human peptide—
thereby increasing its ability to break tolerance to the murine
self antigen in C57BL/6 mice (Overwijk et al., 1998). To verify
the immunological function of the VSV-hgp100 virus, we
confirmed that vaccination with VSV-hgp100 could effec-
tively break tolerance to gp100 in C57BL/6 mice (Fig. 4A).
However, despite the fact that B16 tumor–bearing mice
treated by intratumoral injection of either VSV-GFP or VSV-
hgp100 survived significantly longer than those treated with

FIG. 2. Combination onco-
lytic virotherapy and adoptive
T-cell therapy for local dis-
ease. (A) 1�106 naı̈ve or (D)
1�107 activated OT-I T cells
were adoptively transferred
into C57BL/6 mice bearing 7-
day established B16ova tu-
mors (eight mice/group). On
the same day, mice were in-
jected intratumorally with
5�108 plaque-forming units
(PFU) of heat-inactivated (HI)
virus, VSV-GFP or VSV-ova
every other day for six injec-
tions. (A, D) Survival (tumor
less than 1.0 cm in any diam-
eter) or (B, C) growth of indi-
vidual tumors is shown.
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HI virus, there was no difference in survival or tumor
growth between VSV-GFP– or VSV-hgp100–treated mice
(Fig. 4B).

Combination viro-/adoptive T-cell therapy
is effective against local injected tumors

It seemed probable that the inability of VSV-hgp100 to
improve therapy of B16ova tumors relative to VSV-GFP (Fig.
4B), unlike the improvement observed with VSV-ova (Fig.
2A), was due to a lower frequency of endogenous gp100-
reactive T cells compared with ova-reactive, non–self-
reactive T cells. Therefore, to increase this precursor
frequency in vivo, gp100-specific pmel T cells (Overwijk et al.,
2003) were adoptively transferred prior to intratumoral VSV
treatment. Adoptive transfer of naı̈ve pmel cells alone had no
therapeutic effects in this model (Fig. 5A). However, the
combination of pmel cells with VSV-hgp100 generated sig-
nificant regressions of B16ova tumors, compared with virus
alone (Fig. 5B, C), which also translated into long-term cures
in 70%–80% of treated mice (Fig. 5A–C) ( p¼ 0.016 VSV-
hgp100þ naı̈ve pmel compared with VSV-hgp100 alone).
Therefore, a combination of adoptive transfer of naı̈ve antigen-

specific cells and antigen-expressing oncolytic virotherapy
generated significant increases in antitumor therapy, including
long-term cures, even when targeted against an endogenous
self TAA.

Combination therapy is effective against
systemic tumors

Next, we tested the combination of VSV-hgp100 and
adoptive transfer of pmel T cells for activity against systemic,
noninjected tumors in the metastatic model of Fig. 3. As
before, expression of hgp100 by VSV did not improve ther-
apy compared with VSV-GFP (Fig. 6A); in addition, the
combination of systemically administered naı̈ve pmel with
intratumoral VSV-GFP was not significantly more effective
than either naı̈ve pmel or intratumoral VSV-GFP alone. In
contrast, the combination of VSV-hgp100 with pmel gener-
ated highly significant improvements in both numbers of
long-term cures, as well as delay of tumor progression of
both the injected and noninjected tumors (Fig. 6A–E). Similar
results were obtained using the combination of intratumoral
VSV with activated pmel T cells (data not shown), although,
as for the VSV-ova/OT-I model, naı̈ve T cells tended to

FIG. 3. Combination oncolytic virotherapy and adoptive T-cell therapy for metastatic disease. Naı̈ve OT-I T cells (1�106)
were adoptively transferred into C57BL/6 mice bearing two B16ova tumors that had been established on both flanks 7 days
previously (eight mice/group). On the same day, tumors on the right flank were injected intratumorally with 5�108 PFU of
HI virus, VSV-GFP, or VSV-ova every other day for six injections. (A) Survival (tumor less than 1.0 cm in any diameter) or (B–E)
growth of individual tumors is shown.
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generate better therapy in combination with VSV-hgp100
than activated T cells. These data show that self TAA can be
targeted effectively using a combination of both oncolytic
virotherapy and adoptive T-cell therapy even in a stringent
model of systemic disease.

Discussion

In the B16ova model used in this study, the therapeutic
effects of VSV are predominantly due to the antitumor ac-
tivity of antiviral innate immune effectors in response to VSV
at the tumor site (Diaz et al., 2007; Galivo et al., 2010a, 2010b;
Wongthida et al., 2010a, 2010b). In contrast, ongoing viral
replication (as opposed to infection) and adaptive immune
responses to either virus or tumor play, at most, only minor
roles in antitumor therapy (Diaz et al., 2007; Galivo et al.,
2010a, 2010b; Wongthida et al., 2010a, 2010b). We have
shown previously that it is possible to mobilize antigen-
specific T-cell responses against TAA in combination with
oncolytic virotherapy by expressing the OVA TAA from VSV
(Diaz et al., 2007). As we confirm here, VSV-ova was shown

to be a more potent oncolytic agent than VSV-GFP (Diaz et al.,
2007). Moreover, we showed that intratumoral VSV-GFP
significantly enhanced the efficacy of adoptive transfer of
OVA-specific OT-I T cells, but only in the context in which
the T-cell–targeted TAA was expressed endogenously by the
tumor cells and not by the intratumorally injected virus
(Diaz et al., 2007). However, from these previous studies, it
was not clear how the efficacy of VSV-ova in C57BL/6 mice
would compare with that of a VSV expressing a truly self
TAA, against which tolerance is in place in an immune-
competent host, either alone or in combination with adoptive
T-cell transfer. Therefore, the goal of this current study was
to investigate how oncolytic virotherapy with VSV could be
used to activate or mobilize antigen-specific T-cell responses
against self TAA.

We show here that expression of the OVA TAA by VSV
significantly enhanced T-cell activation and accumulation
in vivo in the lymphoid organs and in the tumor (Fig. 1).
These data suggest a model in which VSV-expressed OVA
antigen is carried directly to the TDLN, probably by free virus
escaping from the tumor. Upon reaching the TDLN, OVA is
released following viral infection of lymph node cells and
cross-presented to naı̈ve T cells by activated CD11CþCD8aþ

dendritic cells in the context of a highly inflammatory envi-
ronment induced by the presence of virus. This model is
consistent with our observation of induction of a highly pro-
inflammatory cytokine environment in the TDLN within 6 hr
of intratumoral injection of VSV in vivo (Galivo et al., 2010b).

The expression of the foreign, nonself OVA TAA by the
oncolytic virus was itself sufficient to enhance therapeutic
efficacy compared with VSV-GFP, consistent with the gen-
eration in vivo of anti-ova T-cell responses (Fig. 2) (Diaz et al.,
2007). In addition, generation of cytotoxic T lymphocyte
(CTL) responses against tumor cells may have been pro-
moted by the induction of tumor cell apoptosis by VSV
matrix leading to cross-priming of antigen-presenting cells
with tumor antigens, as reported by Zhao and colleagues
(Zhao et al., 2008). In contrast, treatment with VSV expres-
sing even an immunogenicity-enhanced, altered-self version
of gp100 was not able to improve antitumor efficacy com-
pared with VSV-GFP alone (Fig. 4B). This was despite the
fact that VSV-hgp100 could break tolerance to gp100 fol-
lowing vaccination (Fig. 4A). This lack of therapeutic im-
provement by VSV-gp100 presumably reflects the paucity of
(low affinity) gp100-reactive T cells, which can be activated
in vivo, compared with the plentiful numbers of high-affinity,
anti-OVA T cells activated by VSV-ova.

These data also suggest, therefore, that the use of VSV
expressing several different self TAA may still be able to
have an impact on tumor growth in the absence of adoptive
transfer of antigen-specific T cells. Thus, it may be that VSV
expressing a range of TAA will be able to prime individually
low levels of tumor-reactive T cells against any given TAA.
However, cumulatively, sufficient supra-threshold numbers
of T cells, with specificity for multiple antigenic targets, may
be generated in vivo to achieve tumor rejection.

However, even the anti-ova T-cell response activated
de novo by VSV-ova was unable to cure all the treated mice (Fig.
2A). This was probably, at least in part, because of the rapid
growth of the B16ova tumors during the time taken for T-cell
expansion following virus injection. Therefore, we reasoned
that the T-cell–activating properties of VSV expressing even

FIG. 4. VSV expressing a poorly immunogenic self antigen
can break tolerance to that antigen. (A) C57BL/6 mice bearing
7-day established B16 tumors (three mice/group) were
injected intravenously (iv), intraperitoneally (ip), subcutane-
ously (sc), or intradermally (id) with 5�106 PFU of VSV-
hgp100. Seven days later, the number of IFN-g–producing
splenocytes were measured by ELISPOT following stimula-
tion by no peptide, VSV-specific peptide, or gp100 specific
peptide. (B) C57BL/6 mice bearing 7-day established B16 tu-
mors (eight mice/group) were injected intratumorally every 2
days with 5�108 PFU with HI virus, VSV, or VSV-hgp100 for
a total of three injections. Survival with time is shown.
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a self TAA, such as gp100, could be optimally exploited in
combination with adoptive transfer of TAA-specific T cells.
This would provide a pre-existing pool of T cells that could
then be rapidly mobilized in vivo against the tumor by VSV-
gp100-mediated immune activation. Consistent with this
hypothesis, combination of adoptive transfer of T cells with
specificity for either the foreign OVA or the endogenous
gp100 tumor-associated antigens with intratumoral injection
of VSV expressing the target TAA generated significantly
increased numbers of long-term cures compared with the
virus or T-cell therapies alone for treatment of both local
injectable tumors (Figs. 2, 5) as well as in much more strin-
gent models of metastatic, uninjected tumors (Fig. 3, 6).

Our data also show that antigen-expressing oncolytic vi-
rus is more effective in combination with adoptive transfer of
naı̈ve antigen-specific T cells than with pre-activated T cells
(Fig. 2D and data not shown). We believe that adoptive
transfer of a substantial reservoir of naı̈ve antigen specific T
cells is functionally equivalent to prior immunological
priming. This population of T cells is then immediately
available in lymphoid organs to be rapidly activated by the
immunological boost provided by viral-mediated TAA ex-
pression in the TDLN. In contrast, adoptive transfer of pre-
activated T cells (OT-I or pmel) allows for substantially less
expansion of the T-cell response following boosting by VSV-
TAA. In addition, VSV infection is associated with a gener-
alized immune activation, characterized by increased levels
of IFN-g secretion by splenocytes (Galivo et al., 2010b). This
viral-induced immune activation may differentially affect the
expansion and/or survival of pre-activated T cells (such as
through the induction of activation-induced cell death) rel-
ative to naı̈ve T cells. Finally, the better therapeutic efficacy
of naı̈ve, as opposed to activated, T cells may also be due to
the recently reported activity of intratumoral VSV to affect
rapid vascular shutdown within the tumor (Breitbach et al.,
2007). Such viral-induced vascular shutdown may occlude
circulating T cells from the tumor at early periods following
virus and T-cell treatments; hence, although adoptively
transferred activated T cells may have reduced in numbers

significantly by the time such effects have diminished in vivo,
longer lasting/circulating naı̈ve T cells may still be available
at higher numbers. If this hypothesis is true, then the relative
timing of virus and naı̈ve/activated T cells is likely to be
very important for the final therapeutic outcome.

Despite efficient activation of anti-ova T cells in vivo (Fig.
1) (Diaz et al., 2007), intratumoral VSV-ova could not induce
large numbers of regressions of uninjected B16ova tumors on
the contralateral flank (Fig. 3). This is probably, at least in
part, due to the ongoing growth of the contralateral B16ova
tumors during development of the antitumor T-cell response.
However, by providing a pool of TAA-specific T cells using
adoptive transfer, intratumoral injection of VSV-ova or VSV-
hgp100 was able to activate a potent T-cell response that was
effective systemically against uninjected, well-established
B16ova tumors leading to significant numbers of tumor cures
(Figs. 3, 6). Therefore, combination therapy of adoptive T-cell
transfer with oncolytic virus expressing a self antigen enables
the mobilization of antigen-specific T-cell responses against
systemic tumors that cannot be accessed directly with virus
injection. Of particular significance, we observed that both
VSV-hgp100 and pmel T cells as single agents were signifi-
cantly less effective than either VSV-ova or OT-I, respectively
(Figs. 2, 5). However, when used in combination, VSV-hgp100
and pmel T-cell therapy routinely generated similar levels of
long-term cures in the aggressive two-sided tumor model as
did the combination of VSV-ova and OT-I (Figs. 3, 6).

Overall, our results suggest several novel methods by
which the efficacy of oncolytic virotherapy can be improved
clinically by recruiting effector mechanisms associated with
antigen-specific T-cell responses. Thus, oncolytic viruses en-
gineered to express (multiple) TAA known to be expressed
by a specific tumor type can be generated for intratumoral
injection. In addition to direct activity against the local tu-
mor, this will also provide direct in vivo vaccinating effects,
provided that supra-threshold levels of TAA-specific T-cell
responses can be achieved. In addition, these VSV-TAA
could be used in patients who have previously undergone
adoptive transfer of their own T cells with specificity for their

FIG. 5. Combination onco-
lytic virotherapy and adoptive
T-cell therapy is effective
against endogenous TAA, lo-
cal disease. Naı̈ve pmel T cells
(1�106) were adoptively
transferred into C57BL/6 mice
bearing subcutaneous B16ova
(8 mice/group). Four to 6 hr
later, tumors were injected
with 5�108 PFU of HI virus,
VSV-GFP, or VSV-hgp100 ev-
ery other day for total of six
injections. (A) Survival with
time or (B, C) growth of indi-
vidual tumors are shown.
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tumor cells, either with or without preconditioning chemo-
therapy (Mansoor et al., 2005; Morgan et al., 2006; Powell
et al., 2006; Rosenberg et al., 2008; Hawkins et al., 2010). This
would allow for the activation and expansion of antitumor T
cells in the same way that we have observed in our pre-
clinical models here. Finally, alternative conventional prior
priming vaccinations against known TAA may be sufficient
to expand the numbers of potentially tumor-reactive T cells
in vivo to levels similar to those provided by the adoptive
transfer step. Subsequent intratumoral oncolytic virus ex-
pressing the same range of TAA as used in the priming stage
would then expand the T-cell response against tumors. In
addition, our studies here use multiple injections of virus,
which necessitates repeated clinical access to a tumor site. To
make the approach more clinically practical, we are currently
investigating the efficacy of combining adoptive T-cell ther-
apy with truly systemic injections of VSV expressing a range
of TAA, a strategy in which the oncolytic virus serves also or
even predominantly as a prime/boost vehicle to support the
expansion and activation of the adoptively transferred T
cells. Validation of this approach, using a prime/boost
strategy targeted to a defined melanoma-specific antigen and
VSV virotherapy, was recently reported by Bridle and col-
leagues with impressive therapeutic results against brain
metastases of B16 (Bridle et al., 2010).

In summary, these current data extend our previous
findings with the OVA model (Diaz et al., 2007) to show that
VSV expressing a TAA (ova or gp100) can significantly en-
hance the therapeutic efficacy of either virotherapy or

adoptive T-cell therapy alone. In addition, our data here
demonstrate the therapeutic use of combination oncolytic
virotherapy with adoptive T-cell therapy to target a self TAA
against which tolerance is well established in C57BL/6 mice,
and that this combination therapy is effective in the context
of an aggressive model of metastatic disease. Finally, we
show that poorly effective virotherapies and T-cell therapies,
which target self TAA of low immunogenicity, as would be
the situation in patients, can be combined to generate very
effective antitumor therapy. These data indicate new ap-
proaches by which the antitumor effector mechanisms as-
sociated with tumor antigen–specific T-cell immunity can be
recruited in vivo to combine with, and further enhance, the
potency of oncolytic virotherapy alone.
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