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Adaptive Antiviral Inmunity Is a Determinant
of the Therapeutic Success of Oncolytic Virotherapy
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Oncolytic virotherapy, the selective killing of tumor cells
by oncolytic viruses (OVs), has emerged as a promis-
ing avenue of anticancer research. We have previously
shown that KM100, a Herpes simplex virus type-1 (HSV)
deficient for infected cell protein 0 (ICPO), possesses sub-
stantial oncolytic properties in vitro and has antitumor
efficacy in vivo, in part by inducing antitumor immu-
nity. Here, we illustrate through T-cell immunodepletion
studies in nontolerized tumor-associated antigen mod-
els of breast cancer that KM100 treatment promotes
antiviral and antitumor CD8% cytotoxic T-cell responses
necessary for complete tumor regression. In tolerized
tumor-associated antigen models of breast cancer, anti-
viral CD8% cytotoxic T-cell responses against infected
tumor cells correlated with the induction of significant
tumoristasis in the absence of tumor-associated antigen-
specific CD8 cytotoxic T-cells. To enhance oncolysis, we
tested a more cytopathic ICPO-null HSV and a vesicular
stomatitis virus M protein mutant and found that despite
improved in vitro replication, oncolysis in vivo did not
improve. These studies illustrate that the in vitro cytolytic
properties of OVs are poor prognostic indicators of in
vivo antitumor activity, and underscore the importance
of adaptive antiviral CD8% cytotoxic T-cells in effective
cancer virotherapy.
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INTRODUCTION

Oncolytic virotherapy, which involves the selective killing of
cancerous cells by viruses, is a promising avenue of anticancer
research. Although Herpes simplex virus type-1 (HSV)-based
oncolytic viruses (OVs) have been shown to be safe with promis-
ing efficacies in clinical trials, research is required to understand
how OV’ successfully mediate tumor regression.

Recent studies have underscored the importance of the
infected cell protein 0 (ICPO) in counteracting type I interferon
(IFN)-mediated blocks to viral replication."” IFNs upregulate a
variety of IFN-stimulated genes that in turn mediate its antiviral
and antiproliferative effects.’ IFN unresponsiveness is also often

a consequence of carcinogenesis, allowing the tumor to subvert
these proapoptotic and antiproliferative effects.** These observa-
tions provided a basis for developing OV lacking proteins key for
inhibiting the host IFN response, such as M protein mutants of
vesicular stomatitis virus (VSVAM51) and ICPO-null HSV.”10

During OV infection in vivo, tumor-associated antigens
(TAAs) liberated by oncolysis are internalized by antigen-pre-
senting cells and proteolytically processed into immunodominant
peptides that are presented on the cell surface by MHC 1. Upon
migration to local lymph nodes, antigen-presenting cells present
these peptides to CD8* T-cells, driving their proliferation and
expansion into effector, or cytotoxic T-lymphocytes (CTLs), and
memory populations. CTLs home to the tumor where they bind
to MHC I:peptide complexes on tumor cell membranes. Upon
successful recognition of these complexes, CTLs release granules
containing perforin and granzyme to induce cytolysis, allowing
OVs to indirectly drive antitumor immunity."'-**

Many replication-defective virus-based cancer immunother-
apeutics have been developed to express peptides derived from
CTL epitopes of TAAs."” Although sustained CTL responses
are initiated, the frequency and persistence of these responses
are low and do not necessarily correlate with improved clinical
outcome.'>'® These poor therapeutic results are largely due to
mechanisms of peripheral and central tolerance that dampen
TAA-specific CTL responses, as well as the poor binding affin-
ity and immunogenicity of TAA immunodominant epitopes.'”
By re-engineering OV’ to express endogenous TAAs, or foreign
antigens expressed in the tumor or only by the OV, it was hoped
that these tolerogenic mechanisms could be overcome and tumor
regression could be achieved.?’** However, few of these studies
have assessed the therapeutic contribution of CTL responses
against OV-derived immunogenic proteins in the stringent
context of tolerized TAA models of cancer. Since viral proteins
are foreign, immunologic tolerance wouldn’t apply, allowing
for increased binding and improved tumor regression. Recent
research illustrated that vaccination strategies utilizing OVs
encoding immunogenic model antigens like ovalbumin are effec-
tive therapeutically,”® and that the genomes and antigens from
OVs persist long after treatment,”? further underscoring the
potential utility of OV-derived immunogenic proteins as adopted
tumor cell targets.
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We have shown that ICP0-null HSV possesses oncolytic prop-
erties in cancer cells harboring defects in the type I IFN response
in vitro and in vivo in the polyoma middle T antigen murine
model of breast cancer.'** Upon characterization of the require-
ments for ICPO-null HSV oncolysis in vivo in nontolerized and
tolerized TAA models of breast cancer, we found that antitumor
and antiviral CTL responses in nontolerized TAA models led to
tumor regression whereas antiviral CTL responses in tolerized
TAA models led to tumoristasis. Furthermore, the sensitivities
of cancer cell lines to in vitro oncolysis by ICP0O-null HSV and
VSVAMS51 mutants were poor predictors of in vivo antitumor
activities. This study underscores the importance of selecting
tumor models that faithfully recapitulate tumor immunological
phenomena for in vivo studies of antitumor properties of viruses.

RESULTS

In vitro oncolytic activities of ICPO-null HSV

in two breast cancer cell models

The molecular basis for tumor-selective killing by OVs is depen-
dent on tumor-associated defects in antiviral cytokine signaling
pathways, including IFN.** We have previously shown that the
ICPO-null HSV KM100 possesses in vivo antitumor properties in
the polyoma middle T antigen breast cancer model,** with com-
plete tumor regression occurring in 80% of mice and concomitantly
with a humoral immune response.® Although these and other
studies underscored the importance of defective IFN signaling in
tumor cell permissiveness to KM 100 oncolysis, the exact nature of
the antitumor immune response remained unknown.'®*

Toward evaluating the in vivo antitumor properties of KM100
in other murine breast cancer models, we first assayed the in vitro
cytopathic effects of KM 100 in HER-2/neu breast tumor explants
and in the neu®™"°™ breast carcinoma cell line NOP32. Primary
HER-2/neu and NOP32 cells were infected with KM100, wild-
type (wt) HSV (KOS) for a positive control of cell death, or an
ICPO-null HSV (n212) to compare the cytolytic properties of a
less-attenuated HSV. Although all cell types were sensitive to KOS
infection at all multiplicities of infection (MOIs), both tumor cell
cultures were relatively insensitive to KM100 infection, with an
MOI of 10 required to induce 50% cytopathic effects (Figure 1a).
n212 infection resulted in an intermediate level of tumor cell
death, as cytolysis occurred at MOIs as low as 0.5. These results
were recapitulated when viral titers were quantified (Figure 1b)
and correlated with the IFN responsiveness of both tumor types
(Figure 1c). As KM100 is an IFN-sensitive OV, it is not surprising
that both cell cultures were relatively resistant to oncolysis at low
MOIs. Though measurable differences in the IFN responsiveness
of HER-2/neu tumor and NOP32 cultures was evident, they may
be due to the presence of contaminating fibroblasts in the HER-2/
neu primary tumor explant cultures.

In vivo antitumor activity of KM100 in nontolerized
TAA models of breast cancer

Having ascertained the in vitro oncolytic activities of ICP0O-null
HSVs, we next evaluated their antitumor properties in vivo. HER-
2/neu tumor-bearing wt FVB mice were intratumorally treated
with either KM 100 or n212 and tumor growth was measured until
complete regression was achieved or until established endpoint
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Figure 1 KM100 displays limited oncolytic activity in IFN-responsive
NOP32 cells and HER-2/neu primary tumor explants cells. (a) HER-
2/neu tumor explant cells and the neu°™°™ transgenic cell line NOP32
were infected at varying multiplicities of infection (MOls) for 3 days with
wild-type Herpes simplex virus strain KOS, the infected cell protein 0-null
HSV n212, or the oncolytic KM100, and cytopathic effects were visualized
by Giemsa staining. (b) Parallel cultures of HER-2/neu and NOP32 cells
were infected at a MOI of 2.5 and harvested for quantification of total
infectious virus by plaque assay. Data are expressed as means + SD. Limit
of detection of plaque assay, log,, = 2.3 (c) Interferon (IFN) responsive-
ness assays were performed as in Materials and Methods. Shown are the
average, log-transformed green fluorescent protein (GFP) fluorescence
ratios of tumor cell cultures pretreated with regular growth medium
(~IFN) or with varying doses of IFN (+IFN) from three experiments per-
formed in triplicate. Low ratio values denote cellular IFN unresponsive-
ness. Data are representative of three independent experiments.

parameters were observed. Treatment of HER-2/neu tumors with
either KM100 or n212 significantly increased survival of tumor-
bearing mice compared to mock treated tumor-bearing mice
(Figure 2a). However, no significant differences in survival were
noted between the two treatment groups, irrespective of the ICPO-
null HSV virus used (KM100 or n212) or of the dose of virus
administered (2 x 10°pfu or 2 x 107 pfu) (Figure 2a and data not
shown). Tumor growth was stabilized until 20 days post-ICP0-
null HSV treatment for all groups (Figure 2b), with complete
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Figure 2 Infected cell protein 0-null herpes simplex viruses (HSVs)
possess equivalent in vivo antitumor properties in the HER-2/neu
murine breast cancer model. Subcutaneous HER-2/neu breast tumor-
bearing wt FVB mice were intratumorally treated with three doses of
2 x 107 pfu of either n212 or KM100 or an equivalent amount of phos-
phate-buffered saline (PBS) on days 0, 1 and 3. (a) Kaplan—Meier survival
analysis of ICPO-null HSV treatments. Statistical significance was deter-
mined by the log-rank test, where P < 0.05. (b) Intergroup comparisons
of the fold changes in HER-2/neu tumor volume within each ICPO-null
HSV or PBS control group. Statistical significance was determined by
the Koziol distribution free test when P < 0.001.% (c) Intragroup com-
parisons of the fold changes in HER-2/neu tumor volume measurements
between the PBS control (upper panel), n212 (lower left), and KM100
(lower right) treatment groups. Error bars indicate SE of experimental
means within treatment groups from a and b. Arrows indicate time of
virus injection. Data were generated from 10 mice per treatment group,
combined from two independent experiments.

regression occurring in 20% of mice in each treatment group
(Figure 2c). Intergroup comparison of tumor growth illustrated
statistically significant differences between all virus treatment
groups and the phosphate-buffered saline (PBS) control treated
mice, as determined by the Koziol distribution free statistical test
(Figure 2b).** All mice that completely regressed their tumors
were subsequently challenged with a subcutaneous injection of 10°
HER-2/neu tumor cells at 80 days postviral treatment, and found
to be refractory to this tumor rechallenge. Taken together, these
data demonstrate that ICP0O-null HSVs possess antitumor activi-
ties in the nontolerized HER-2/neu murine breast cancer model.

KM100-induced antitumor immunity depends

on the induction of TAA-specific CTLs

in a nontolerized TAA model of breast cancer

We next investigated the contribution of individual T-cell subsets
to KM100-induced antitumor immunity. CD8*, CD4*, or CD8*
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and CD4* T-cells were immunodepleted in vivo in HER-2/neu
tumor-bearing wt FVB mice and challenged with intratumoral
administration of KM100. We did not observe any significant dif-
ferences in the rates of HER-2/neu tumor growth of the immu-
nodepleted mice relative to PBS control or total rat IgG isotype
control administered mice (Figure 3 and data not shown). To
ensure that both T-cell subsets were sufficiently depleted, splenic
lymphocytes were isolated and analyzed for cell surface expression
of CD3 and either CD4 or CD8 by flow cytometry. CD8F T-cell
depletion, but not CD4%1 T-cell depletion, significantly abrogated
the antitumor properties of KM100 (Figure 3a). These results
were confirmed by intergroup comparisons of tumor growth
across the treatment groups, with significant differences occur-
ring between the CD8" T-cell depleted groups and control and
CD4% T-cell depleted groups (Figure 3b), and intragroup com-
parisons of tumor growth after KM100 treatment, with complete
regression occurring in 20% to 30% of non-CD8* T-cell depleted
groups (Figure 3c). These data demonstrate the importance of
CD8™" T-cells in establishing antitumor immunity after KM100
administration.

KM100 induces OV- and tumor-specific CTLs

in a nontolerized TAA model of breast cancer

Since CD8* T-cell depletion completely ablated the in vivo anti-
tumor properties of KM100, we next evaluated the roles for CTLs
in antitumor and anti-HSV immunity. Splenocytes from HER-
2/neu tumor-bearing wt FVB mice were recovered 8 days post-
KM100 treatment and the percentages of HER-2/neu-specific
and HSV-specific CD8* T-cells were enumerated by intracellu-
lar IFN-y staining following restimulation with either the CD8*
T-cell immunodominant peptide derived from HER-2/neu
(PDSLRDLSVF) or purified HSV lysate. Ex vivo restimulation
with both HER-2/neu immunodominant peptide and HSV lysate
was capable of driving antigen-specific intracellular IFN-y expres-
sion in CTLs, whereas unstimulated cells or those treated with
an irrelevant peptide derived from lymphocytic choriomeningi-
tis virus (LCMV) gp-1 (KAVYNFATC) did not (Figure 3d and
data not shown). These data not only indicate KM100 primes CTL
responses to HER-2/neu, but that this is crucial to establishing
therapeutic antitumor immunity.

KM100 possesses limited in vivo antitumor activity
and fails to induce TAA-specific CTLs in a tolerized
TAA model of breast cancer

In agreement with other studies, we have shown OV’ are capable
of mounting TAA-specific immune responses mediated by CTLs
in nontolerized TAA cancer models (Figure 3).?! Given that CTLs
eliminate virally infected cells by mediating TAA- or viral antigen-
dependent killing following peptide:MHC I recognition, it is not
surprising that CD8* T-cell immunodepletion severely abrogated
tumor regression following KM100 administration. Since a major
barrier to successful antitumor immunity following therapeutic
TAA vaccination involves central and peripheral tolerance, we
investigated whether KM100 possesses antitumor properties in
cancer models that faithfully recapitulate TAA and tissue-specific
immunological tolerance. Therefore, we treated HER-2/neu tumor-
bearing transgenic FVB HER-2/neu-202 (FVB-N202) mice with
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KM100 and monitored tumor growth and animal survival. KM100
treatment not only significantly improved the survival of FVB-
N202 mice (Figure 4a; P < 0.05), but also significantly reduced
HER-2/neu tumor growth (Figure 4b; P < 0.001). However, com-
plete tumor regression was not observed in KM100-treated FVB-
N202 mice (Figure 4c).

Given the roles for CD8 T-cells in the regression of HER-
2/neu tumors in nontolerized wt mice (Figure 3a,b,c), we inves-
tigated the induction of TAA-specific CTLs in the tolerized TAA
tumor model. As determined by intracellular IFN-y staining,
while a large proportion of splenic CTLs were specific for HSV
antigen, few were specific for the neu CTL epitope (Figure 4d).
Previous research found that vaccination with the HER-2/neu
immunodominant peptide induced protective, high-avidity anti-
tumor CTLs in nontolerized wt FVB mice but not in tolerized
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transgenic FVB-N202 mice.* Similarly, the capacity of KM100 to
liberate TA As and/or elicit antitumor CTL responses was impaired
in transgenic FVB-N202 mice.

To recapitulate this effect in another mouse strain, and to
expand this work to another OV, we studied the oncolytic proper-
ties of KM100 and VSVAMS51 in the tolerized TAA breast can-
cer model neu® O™ in C57/BL6 mice.*® Spontaneous neu®" /O
mammary tumors and cell lines derived thereof express the rat
neu oncoprotein fused at its C-terminus to the CD8* (OT-I) and
CD4™" (OT-1I) T-cell epitopes from the model antigen ovalbumin.
Ovalbumin-specific T-cell responses are then used as surrogate
markers for antitumor T-cell responses.”> The NOP32 cell line was
derived from a neu®™ O™ primary tumor whose in vivo growth
was arrested after OT-I and OT-II T-cell adoptive transfer, and
therefore displays a stable disease phenotype.*® Although both
KM100 and VSVAMS51 are capable of infecting NOP32 cells, this
cell line is relatively insensitive to oncolysis in vitro at low MOIs
(Figure 1 and Supplementary Figure S1).

We treated NOP32 tumor-bearing transgenic neu®™"°T" mice
with VSVAM51 or KM100 and monitored tumor growth and ani-
mal survival. Both VSVAM51 and KM100 treatment significantly
improved the survival of neu®"™"°™ mice (P < 0.05; Figure 5a) and
reduced NOP32 tumor growth (P < 0.001; Figure 5b). Like the
tolerized FVB-N202model (Figure4), treatment of neu®™/°™ mjce
with either OV failed to induce both complete tumor regression
(Figure 5¢) and antitumor CTL responses, as measured by intra-
cellular IFN-v staining of CTLs restimulated with the ovalbumin
CD8* T-cell immunodominant peptide, SIINFEKL (Figure 5d).
Similar to KM100 treatment of HER-2/neu tumors in transgenic
FVB-N202 mice, VSVAM51 and KM100 treatment of NOP32
tumors in neu®™°™ " mice elicited potent antiviral CTL responses,
as determined by intracellular IFN-y staining of HSV glycoprotein
B-specific (HSV gB) and VSV nucleoprotein (NP)-specific CTLs
in the peripheral blood. In an effort to translate these studies into
a nontolerized model, we attempted to engraft wt C57BL/6 mice
with NOP32 tumors and found that engraftment rates were very

Figure 3 The in vivo antitumor properties of KM100 are dependent
on CD8* T-cells in the HER-2/neu breast cancer model. Individual
components of the T-cell compartment were immunodepleted in HER-
2/neu tumor-bearing wild-type mice as in Materials and Methods, and
three doses of 2 x 107 pfu of KM100 were administered intratumorally
as in Figure 2. (a) Kaplan—Meier survival analysis of T-cell-depleted
animals, isotype control antibody (rat 1gG) and phosphate-buffered
saline (PBS) administered mice following KM100 treatment. Statistical
significance was determined by the log-rank test, where P < 0.05. (b)
Intergroup comparisons of the average fold changes in HER-2/neu tumor
volume within each KM100 or PBS control group. Statistical significance
was determined by the Koziol distribution free test when P < 0.001.23 (c)
Intragroup comparisons of the fold changes in HER-2/neu tumor volume
measurements between the control and KM100 treatment groups. Error
bars indicate SE of experimental means within treatment groups from a
and b. Arrows indicate time of injection. Antibody-only administration
had no significant effects on fold changes in tumor volume or survival.
(d) Splenocytes from HER-2/neu tumor-bearing wt mice treated 8 days
earlier with KM100 were restimulated ex vivo with the H2-D9-restricted
CD8* T-cell immunodominant epitope peptides of neu (left panel),
Herpes simplex virus (HSV) lysate (right panel) or an irrelevant peptide
(LCMV gp-1; data not shown), and HER-2/neu- and HSV-specific CD8*
T-cells were enumerated by intracellular IFN-y staining. Error bars repre-
sent the SE of experimental means. Data were generated from 10 mice
per treatment group, combined from two independent experiments.
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Figure 4 KM100 possesses limited in vivo antitumor properties
in the tolerized HER-2/neu tumor antigen breast cancer model.
Subcutaneous HER-2/neu tumor-bearing transgenic FVB-N202 mice
were intratumorally treated with 2 x 107 pfu of KM100 as in Figure 2.
(a) Kaplan-Meier survival analysis of KM100 treatments. Statistical
significance was determined by the log-rank test, where P < 0.05.
(b) Intergroup comparisons of the fold changes in HER-2/neu tumor
volume within each treatment group. Statistical significance was
determined by the Koziol distribution free test when P < 0.001.%
(c) Intragroup comparisons of the fold changes in HER-2/neu tumor vol-
ume measurements between the phosphate-buffered saline (PBS) con-
trol (left panel) and KM100 (right panel) treatment groups. Error bars
indicate SE of experimental means within treatment groups from a and
b. Arrows indicate time of injection. (d) Splenocytes from HER-2/neu
tumor-bearing HER-2/neu transgenic FVB mice treated 8 days earlier
with KM100 were restimulated ex vivo with the H2-Dd-restricted CD8*
T-cell immunodominant epitope peptide of neu (left panel), HSV lysate
(right panel) or an irrelevant peptide (lymphocytic choriomeningitis
virus gp-1; data not shown), and HER-2/neu- and HSV-specific CD8*
T-cells were enumerated by intracellular interferon-y (IFN-y) staining.
Error bars represent the SE of experimental means. Data were generated
from two experiments involving 5 mice per treatment group.

low. Of the engrafted tumors, 60% regressed following treatment
with PBS (data not shown), thereby indicating that the presence
of the highly immunogenic neu®""°™ chimeric protein biased
the immune response. These data indicate VSVAM51 and KM100
possess in vivo tumoristatic properties in tolerized TAA models of
breast cancer that coincide with the induction of antiviral, but not
antitumor, CTL responses.

Antiviral CTLs may potentiate tumoristasis in
tolerized TAA cancer models and commence rejection
in nontolerized TAA cancer models

Although neither VSVAM51 nor KM100 were capable of induc-
ing the levels of tumor-specific CTLs required to drive complete
tumor regression in either tolerized TAA breast cancer model,
the prominent induction of antiviral CTLs in all models tested
may have allowed for tumoristasis. To determine whether the
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Figure 5 KM100 possesses limited in vivo antitumor properties in the
neuOT-1/OT-Il transgenic breast cancer model. Subcutaneous NOP32
tumor-bearing neu®™°™ transgenic mice were intratumorally treated with
2 x 107 pfu of KM100 or 5 x 108pfu VSVAMS51 as in Figure 2. (a) Kaplan—
Meier survival analysis of oncolytic virus treatments. Statistical significance
was determined by the log-rank test, where P < 0.05. (b) Intergroup
comparisons of the fold changes in NOP32 tumor volume within each
treatment group. Statistical significance was determined by the Koziol dis-
tribution free test when P < 0.001.33 (c) Intragroup comparisons of the fold
changes in NOP32 tumor volume measurements between the phosphate-
buffered saline (PBS) control (upper panel), VSVAM51 (lower left) and
KM100 (lower right) treatment groups. Error bars indicate SE of experi-
mental means within treatment groups from a and b. Arrows indicate time
of injection. Data were generated from five mice per treatment group, and
four mice from the PBS control group. (d) Peripheral blood mononuclear
cells from NOP32 tumor-bearing neu®™°™ transgenic FVB mice treated 8
days earlier with either VSVAMS51 or KM100 were restimulated ex vivo with
the H2-K—restricted CD8* T-cell immunodominant epitope peptides of
ovalbumin (OVA) (upper panel), vesicular stomatitis virus (VSV) nucleopro-
tein (lower right), herpes simplex virus glycoprotein B (HSV gB) (lower left)
or an irrelevant peptide (lymphocytic choriomeningitis virus gp-1; data not
shown), and OVA-, VSV- and HSV-specific CD8™ T-cells were enumerated
by intracellular interferon-y (IFN-y) staining. Error bars represent the SE
experimental means. Data were generated as in a and c.
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Figure 6 Oncolytic virus-mediated protein presentation to CD8"
T-cells is sufficient for tumor cell death. Female wt C57BL/6 mice were
subcutaneously vaccinated with three injections of either 5 x 108pfu
VSVAMS51 or 2 x 107pfu KM100. Ten days later, the local superficial
inguinal lymph nodes and spleens were harvested, and MAC-sorted
CD8ot pooled splenocytes were cocultured in the presence of NOP32
cells infected with the corresponding oncolytic virus. (a) IFN-y staining of
CD8* T-cells cocultured with VSVAM51-infected (left panel) or KM100-
infected NOP32 cells (right panel) at the indicated multiplicities of infec-
tion (MOIs). (b) Cellular viability of VSVAM51- or KM100-infected NOP32
cells cocultured with CD8* T-cells from a as determined by 5-carboxyflu-
orescein diacetate-acetoxymethyl ester staining for membrane integrity
(left panel) and alamar Blue staining for cellular metabolism (right panel).
Errors bars denote SE of experimental means. Data are representative of
two experiments. PBS, phosphate-buffered saline; VSV, vesicular stomati-
tis virus, IFN, interferon.

presentation of immunodominant KM100 and VSVAMS51 pro-
teins were capable of driving the selective killing of OV-infected
tumor cells, we performed ex vivo HSV gB epitope or VSV NP
epitope presentation assays. C57BL/6 mice were subcutaneously
vaccinated with three doses of VSVAMS51 or KM100, and after 10
days their splenocytes and inguinal lymph nodes were recovered.
MAC-sorted CD8o.t T-cells were cocultured with NOP32 cells
infected with VSVAMS51 or KM100 at MOIs that are insufficient
for oncolysis (Figure 1, and Supplementary Figure S1). After 2
days, HSV gB or VSV NP epitope presentation to CD81 T-cells
was gauged by intracellular IFN-y staining and CTL tumor killing
was measured by two cellular viability assays: 5-carboxyfluorescein
diacetate-acetoxymethyl ester (CFDA-AM) staining, which mea-
sures cellular membrane integrity, and alamar Blue staining, which
measures cellular metabolism. Vaccination of C57BL/6 mice with
either KM100 or VSVAMS51 induced large proportions of HSV-
and VSV-reactive CTLs that recognized KM100- or VSVAMS51-
infected NOP32 cells, respectively (Figure 6a). This OV antigen
presentation occurred concomitantly with significant reductions
in the metabolic rate and membrane integrity of the NOP32 tumor
cells relative to cocultures containing T-cells derived from PBS-
vaccinated mice (Figure 6b). We also compared the capacity for
both bulk splenocytes and CD8o™ T-cells from mice vaccinated
with KM100 to kill VSVAM51-infected NOP32 cells and found that
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at no effector:target ratio did cells isolated from KM100-vaccinated
mice kill VSVAM51-infected NOP32 cells and vice versa (data not
shown). These data indicate that OV infection of NOP32 cells did
not elicit a general effect on the sensitivity of these cells to killing by
T-cells. In addition, splenocytes negatively sorted for CD8c. from
OV-vaccinated mice were found to be entirely incapable of killing
NOP32 tumor cells infected with the respective OV at effector-to-
target ratios as high as 10:1. These studies also illustrated expres-
sion of immunogenic OV proteins is sufficient for breast tumor
cell lysis in the presence of OV-specific CTL, and underscore the
potential utility of OV-specific CTL in mediating tumor growth
suppression in the absence of tumor-specific CTLs. In an effort
to determine whether OV antigens persisted in NOP32 tumors
following either KM100 or VSVAMS51 treatment, immunohis-
tochemical staining of pan-HSV and VSV antigens was employed.
As illustrated in Supplementary Figure S2, pockets of tumor cells
positively immunostained for HSV antigens for up to 45 days after
the last dose of KM100 was intratumorally administered and 33
days post-VSVAM51 treatment. Taken together with other studies
that documented long-lasting OV antigen persistence occurring
concomitantly with OV-induced tumoristasis,”* it is likely that
antiviral CTLs mediate durable, lasting tumoristasis in the pres-
ence of immunological and tolerogenic barriers that limit epitope
spreading to TAAs.

DISCUSSION

Given the lack of success of existing cancer immunotherapeutics,
it is worthwhile to examine the immune mechanisms that medi-
ate the complex interplay between OVs, the tumor microenviron-
ment and their hosts. Previous studies illustrated the importance
of the immune system in mediating indirect tumor regression by
various OV, but few have investigated the specific contributions
of antiviral and antitumor immunities in tolerized TAA models.

We found that KM 100 possessed substantial antitumor proper-
ties in the nontolerized HER-2/neu model, with 20% of mice com-
pletely regressing their tumors. To improve this therapeutic effect,
we compared the antitumor properties of KM100 and n212, an
ICPO-null HSV mutant that retains VP16 function and replicates
more efficiently than KM100, particularly under low multiplic-
ity conditions (Figure 1).** Only n212 was capable of mediating
cytolysis at MOIs achievable in vivo in HER-2/neu tumor cells in
vitro. However, KM 100 was at least as capable as n212 at curing
mice, improving their lifespan and inducing tumor regression in
vivo, despite the large replicative advantage of n212. Although
this finding would indicate that the in vivo antitumor properties
of OVs are dependent on criteria beyond cytolysis-driven TAA
liberation, additional studies need to be undertaken to assess the
antitumor properties of n212 and KM100 administered at lower
doses, as it is possible that the viral doses used may have been too
high to discriminate between the viruses.

Although not as immunogenic as the polyoma middle T
antigen, we reasoned that the rat HER-2/neu oncoprotein could
potentially drive a misleading CTL response against the tumor.
KM100 treatment not only induced a potent adaptive antiviral
CTL response, but also substantial antitumor CTL responses that
were sufficient for tumor regression and subsequent tumor protec-
tion. Although this observation is in agreement with other studies
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showing that multiple OVs are capable of inducing an impres-
sive TAA-specific immune response mediated by CTLs against
primary'!"'42"337 and metastatic tumors,* our immunodepletion
studies illustrated no contribution for CD4" T-cells in KM100-
induced antitumor immunity. Although in apparent disagreement
with other studies,” our results may be specific to the particular
models of breast cancer used to study oncolysis, the OV vector
used and the depletion or knockout methodological approaches
used. Although antiviral CD4%" T-cells would very likely play a
role in priming and maintaining CTL activities, CTLs would nev-
ertheless be the direct effector immune cell population involved
in tumoristasis.

To transpose these results into the corresponding tolerized
TAA breast cancer model, we treated HER-2/neu tumor-bearing
transgenic FVB-N202 mice. Although we could not detect antitu-
mor CTL responses, KM100 treatment induced potent antiviral
responses and significantly abrogated tumor growth and improved
survival. These results were recapitulated in the tolerized TAA
breast cancer model neu®™°T! jn C57BL/6 mice. Furthermore,
VSVAMS51, another promising OV, induced substantial tumori-
static effects independent of an antitumor CTL response.
Therefore, these findings are independent of the mouse strain,
tolerized TAA cancer model or OV used. These studies indicate
the in vivo antitumor properties of OVs are more dependent on
the tumor immunological context than their intrinsic cytolytic
capacities in vitro. Our data imply that CTL responses generated
as a result of OV administration are better predictors of in vivo
efficacy than are the kinetics of in vitro OV replication.

The failure of these OV's to induce TA A-specific CTL responses
in tolerized antigen cancer models are most likely due to central
tolerance to the neu oncogene, or forms of peripheral tolerance
such as local immunosuppression mediated by transforming
growth factor-p and interleukin-10.2% CD4+CD25% T-regulatory
cells, in particular, substantially dampen HER-2/neu-specific CTL
recruitment to the tumor following HER-2/neu vaccination in
HER-2/neu tumor-bearing transgenic N202 mice.** T-cells that
are reactive to TAAs may also become exhausted and dysfunc-
tional due to chronic stimulation within the tumor microenviron-
ment.*"** Despite the existence of these immunological barriers to
complete regression and the absence of antitumor CTL responses,
we observed significant tumoristasis following OV treatment.
We hypothesize that tumor cells expressing foreign viral antigens
stimulate CD8* T-cells that are not susceptible to the same cen-
tral tolerance mechanisms that delete autoreactive T-cells, or to
exhaustion following chronic stimulation from the tumor. Tumor
cells would express this novel antigen upon OV administration,
making them targets for the immune system as virally infected
cells. The cumulative effects of lytic reactivation by HSV-based
OVs and persistent viral antigen presentation by OV-infected
tumor cells would then allow for a protracted antiviral response,
abrogating tumor growth.%

The induction of OV-specific CTLs in vivo was sufficient to kill
infected tumor cells in vitro at relatively low effector:target ratios.
These data indicate that the expression and MHC I-restricted
presentation of immunodominant OV proteins likely mediate
tumoristasis in tolerized TAA cancer models in vivo. However, the
presence of immunological barriers to tumor rejection, such as
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CD41CD25% T-regulatory cells, may limit the necessary epitope
spreading of CTL responses to TAAs required for complete tumor
regression. This could potentially be overcome by coadministra-
tion of OVs with chemotherapeutic agents that favour epitope
spreading, such as anthracyclins.*

In summary, these data indicate the in vitro cytolytic capacity of
OV and antiviral cytokine sensitivities of tumor cells are poor prog-
nostic indicators of the in vivo antitumor properties of viruses on
those tumor cell populations. Instead, central and peripheral forms
of immunological tolerance to TAAs are the key determinants of
whether an OV can induce antitumor CTL responses. These studies
underscore the importance of selecting appropriate cancer models
that faithfully recapitulate tumor immunological phenomena to
study the in vivo antitumor properties of OVs and that failure to do
so biases the immunological response to OV treatment due to the
lack of natural systemic and local immunosuppression. Although
these immunological barriers prevent complete tumor regression
by OVs, the induction of OV-specific CTL responses likely provide
for tumor growth stabilization and tumoristasis. These data not
only highlight the significance of antiviral CTL responses against
OV-infected tumor cells in vivo, but also illustrate the potential
importance of epitope spreading from OV antigens to immu-
nodominant TAAs. Rather than developing OVs with improved
replicative capacities in vitro, it would be more beneficial to develop
multi-modal anticancer platforms that promote epitope spreading
from immunodominant OV antigens to TAAs.

MATERIALS AND METHODS

Peptides. Peptides used include the CD8" T-cell immunodominant
epitope OVA,_ . peptide [SIINFEKL (2pg/ml); Pepscan Systems;
Lelystad, the Netherlands], the H2-D4-restricted CD8* T-cell immu-
nodominant epitope neu,,, . peptide [PDSLRDLSVF (2 ug/ml); Pepscan
Systems],* the H2-K-restricted CD8™ T-cell immunodominant epitope
of HSV gB,, .. peptide [SSIEFARL (8ug/ml); Pepscan Systems],** the
H2-Kb-restricted CD8' T-cell epitope vesicular stomatitis virus nucleo-
protein NP, - peptide [RGYVYQGL; Biomer Technologies; Hayward,
CA]J, or an irrelevant peptide derived from the H2-K'-restricted CD8"
T-cell immunodominant epitope of LCMV gp-1 (KAVYNFATG;
Biomer Technologies).*

33-41

Cell culture. Human osteosarcoma cells (U20S; American Type Culture
Collection; ATCC, Manassas, VA) and African Green Monkey kidney epi-
thelial cells (Vero; ATCC) were maintained in Dulbeccos modified Eagle’s
media (DMEM) supplemented with 10% fetal bovine serum (FBS). NOP32
cells were grown in DMEM containing 10% FBS and 1:50 w/v B-27 supple-
ment (Gibco, Carlsbad, CA), while HER-2/neu tumor explant cells were
grown in DMEM supplemented with 10ng/ml epidermal growth factor
(Gibco). All media contained 2 mmol/l L-glutamine, 100 U/ml penicillin,
and 100 pg/ml streptomycin (all Gibco). All cell lines were grown at 37°C
under humidified conditions.

Virus culture. HSV recombinants used in these studies include wt strain
KOS (KOS), KM100 (ICP0"'?VP16™814)%¢ and the ICPO-null mutant n212,
which was generated by icp0 allele deletions through linker insertion.*”
KOS was propagated in Vero cells, while KM100 and n212 were propagated
on U20S cells in the presence of 3mmol/l hexamethylene bisacetamide
(Sigma; St. Louis, MO). All HSV-1 constructs were purified and concen-
trated via sucrose cushion ultracentrifugation. VSV recombinants used
for experimentation include VSV strain Indiana expressing GFP under
the VSV genome promoter (VSVgfp) and the corresponding M protein
mutant (VSVAMS51gfp). Both VSV constructs were propagated on Vero
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cells, and purified and concentrated via sucrose cushion ultracentrifuga-
tion. For HSV and VSV viral infections, cells were seeded into either 12- or
24-well dishes 24 hours prior to infection at 37 °C under humid conditions.
Cells were then infected in serum-free DMEM for 1 hour at the indicated
MO, at which point fresh 5% FBS DMEM growth medium was replaced.

Murine tumor models. All animal work was performed in full compli-
ance with the Canadian Council on Animal Care and approved by the
Animal Research Ethics Board of McMaster University. HER-2/neu
tumor cells were surgically isolated from HER-2/neu transgenic mice that
spontaneously develop mammary adenocarcinomas (FVB-N202; Jackson
Laboratories, Bar Harbor, MN)*. Tumor explants were grown to conflu-
ence in DMEM supplemented with 10% FBS and 10ng/ml epidermal
growth factor (Gibco). Monolayers were trypsinized and rinsed twice in
ice-cold PBS. A total of 11 HER-2/neu tumor explant cultures were created
at various times for experimentation, with the same culture isolates being
used within each dataset described in a figure. All tumor explant cultures
were equivalently sensitive to KM 100 infection. For in vivo modeling, cell
suspensions were concentrated to 1 x 10° cells/200 pl and injected into the
left flank of either 6-8 week old female wt FVB mice or transgenic FVB-
N202 mice (Jackson Laboratories). Once tumors reached an approximate
ellipsoid volume of 65 mm?®, mice were injected intratumorally with 50 ul
PBS or virus as indicated. Tumor volumes were determined by the fol-
lowing formula, which is representative of an ellipsoid:(4/3) (r) (length)
((width)?). Regression analyses were plotted as tumor growth curves over
time and represent average fold increases or decreases in tumor volume.
neu®™ " C57BL/6 mice® were received from B. Nelson and bred at the
McMaster Central Animal Facility according to Canadian Council on
Animal Care regulations. The genotypes of these mice were confirmed
throughout the breeding process by PCR analysis for the presence or
absence of the neu oncogene using primers specific for the neu gene. Six-
to eight-week-old heterozygous neu®™" mice were injected with 10°
NOP32 cells into the left flank. Treatment conditions and tumor volume
measurements were completed as previously described for the HER-2/neu
tumor model.

Interferon responsiveness assays. Sub-confluent cell cultures were incu-
bated in the presence of varying amounts of human IFN-o. (Sigma) for
12 hours and subsequently challenged with infection by the IFN-sensitive
virus VSV expressing gfp (VSVgfp). Twenty-four hours later, GFP fluo-
rescence was quantified in cell cultures as a direct measure of the capacity
for cell types to respond to IFN treatment using a Typhoon Trio Variable
Mode Imager (Amersham Biosciences, Piscataway, NJ). Mean GFP fluores-
cence intensities were normalized to those of mock treated (noninfected)
samples. The relative ratio of GFP fluorescence in cultures untreated to
those pretreated with IFN was subsequently calculated. Briefly, if a cell type
is unresponsive to IFN pretreatment, then the replicative capacity of VSV
and the intensity of GFP fluorescence would be approximately equivalent
to those cultures pretreated with media alone.

Cytopathic effect and plaque assays. Cytopathic effects were measured
3 days postinfection following methanol fixation and Giemsa staining
(Sigma) unless otherwise indicated. Viral titers from parallel cultures
were measured via plaque assays. Total virus (cell and supernatant) was
harvested by three rounds of freeze-thawing, followed by centrifugation
at 3,000rpm for 5 minutes. ICPO-null HSV samples were serially diluted
on U20S cells in the presence of 3 mmol/l hexamethylene bisacetamide,
and cell monolayers were maintained in DMEM supplemented with 2%
human serum (Gibco), 3mmol/l hexamethylene bisacetamide and 1%
FBS. KOS was titered on Vero cells in the absence of hexamethylene bisac-
etamide. After the indicated times postinfection, cells were methanol-fixed
and Giemsa-stained to allow for plaque quantification.

Cellular viability assays. The fluorescent indicator dyes alamar Blue
(Medicorp, Montreal, CA) and CFDA-AM (Molecular Probes, Eugene,
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OR) were used to evaluate the cellular metabolic rate and intracellular
esterase activity of treated cultures, respectively.” At the indicated times
posttreatment, culture supernatants were aspirated and replaced with
4pumol/l CFDA-AM and 5% w/v alamar Blue diluted in PBS. The cells were
scanned with a Safire fluorometric plate reader (Tecan, Raleigh, NC) after a
1 hour incubation, where the excitation and emission wavelengths for ala-
mar Blue were 530 nm and 595 nm, respectively, while those of CFDA-AM
were 485nm and 530 nm, respectively.

T-cell depletion assays. Depletions of different components of the T-cell
compartment in HER-2/neu tumor-bearing mice were completed using
purified monoclonal antibodies derived from hybridomas obtained
from the ATCC: GK1.5 (anti-CD4) and 2.43 (anti-CD80o). One hundred
(GK1.5) or two hundred (2.43) micrograms were injected intraperitoneally
either 7 days (2.43) or 2 days (GK1.5) before viral challenge and then twice
a week for the duration of the experiment. Total rat IgG (Sigma) was used
as a control antibody treatment. In an effort to assess the efficiencies of the
depletions, the indicated lymphocyte classes in peripheral blood mono-
nuclear cells were investigated by flow cytometric analysis of cell surface
staining for CD3 and CD4 or CD3 and CD8.

Immunohistochemistry. Mice were sacrificed at varying times post-OV
treatment, and NOP32 tumors were resected and frozen in Tissue-Tek
Optimal Cutting Temperature media (Ted Pella, Redding, CA) in liquid
nitrogen. Cryosections were cut at 10 um thickness using a cryostat and
were fixed in 3% paraformaldehyde for 15 minutes at room temperature,
washed in Tris-buffered saline (TBS), and incubated at room temperature
in 3% hydrogen peroxide diluted in methanol. After two 5-minute washes
in TBS, sections were blocked in 5% goat serum TBS for 1 hour at room
temperature, and then incubated with polyclonal rabbit primary antibod-
ies diluted in blocking buffer overnight at 4°C. Primary antibodies used
were specific for HSV antigens (1:2,500, DAKO, Carpinteria, CA) or VSV
antigens (1:2,500 of polyclonal serum),” as indicated. After hybridization,
sections were washed three times with TBS, and immunostaining was
detected using the DAKO Envision detection kit (DAKO). Immunostained
sections were washed three times with TBS, and sections were developed
using AEC chromogen, immersed in distilled water and counterstained
with hematoxylin according to the manufacturer’s instructions. Images of
positively immunostained tumor sections were captured using a Leica DM
IRE2 microscope.

Cell surface and intracellular cytokine staining. Peripheral blood was
harvested from mice 8 days following T-cell immunodepletion by sub-
mandibular or retro-orbital bleeding. To each blood sample, 2 ml of ACK
lysis buffer (150 mmol/I NH ,Cl, 10 mmol/IKHCO,, 100 mmol/INa,EDTA,
pH 7.3) was added. After 5 minutes, Hanks Balanced Salt Solution was
added and cultures were spun at 1,500 rpm for 10 minutes. Pellets were
resuspended in ACK lysis buffer, and incubated for an additional 5 min-
utes, diluted in Hanks Balanced Salt Solution and centrifuged again at
1,500rpm for 10 minutes. Cells were then surface stained with CD4-
PE-Cy5 ADb (1:200; clone RM4-5), rat anti-mouse CD8-PE-Cy7 Ab (1:100;
clone 53-6.7) and CD3-APC-Cy7 Ab (1:100; clone 145-2Cl11; all BD
Biosciences, Mississauga, CA) in FACS buffer (0.5% bovine serum albu-
min in PBS) for 30 minutes on ice. Cells were then washed with FACS
buffer, fixed and permeabilized with Cytofix/Cytoperm (BD Biosciences)
for 20 minutes on ice. After two washes with Cytoperm solution, cells
were resuspended in FACS buffer and filtered. Data were acquired using a
FACS LSRII flow cytometer and FACSDiva flow data acquisition software
and analyzed using Flow]Jo software (Tree Star, Ashland, OR). Splenocytes
from individual treated mice were harvested, dissociated and incubated
in ACK buffer, diluted in Hanks Balanced Salt Solution and centrifuged
at 1,500 rpm for 10 minutes. Cell pellets were resuspended in 10% FBS
RPMI, plated at a density of 2 x 10° cells per well and restimulated with
1 pg/ml of the aforementioned peptides or 20 ug/ml of HSV lysate for 5
hours at 37°C. Cultures were incubated in the presence of GolgiPlug and
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anti-CD28 antibody (all BD Biosciences). Cells were then treated with
FcBlock, cell surface stained as above, washed with FACS buffer and fixed
and permeabilized with Cytofix/Cytoperm (BD Biosciences) for 20 min-
utes on ice. Cells were then washed twice with Cytoperm solution (BD
Biosciences) and incubated with IFN-y-APC Ab (1:100 in Permwash
buffer; clone XMG1.2, BD Biosciences) for 30 minutes on ice. After two
washes with Cytoperm solution, cells were resuspended in FACS buf-
fer and filtered. Data were acquired using a FACS LSRII flow cytometer
and FACSDiva flow data acquisition software and analyzed using FlowJo
software.

Viral antigen presentation assay. Naive C57BL/6 mice were subcutane-
ously vaccinated three times with either 2 x 107 pfu of KM100, 5 x 10%pfu
VSVAMS51 or PBS in 50 ul, with injections made 36 hours apart. Ten days
after the first injection, spleens and inguinal lymph nodes were removed,
and pooled cultures were positively selected for CD8ow by magnetic-ac-
tivated cell sorting using a Vario magnetic-activated cell sorter (Miltenyi
Biotec, Bergisch Gladbach, GR) and a CD80tt T-cell magnetic-activated
cell sorting isolation kit (Miltenyi Biotec) according to the manufacturer’s
recommendations. Confirmation of homogeneity and cell surface phe-
notype was performed using flow cytometric analysis of CD3, CD4, and
CD8 expression as described above. NOP32 tumor cells were infected with
either VSVAM51 or KM100 at the indicated MOIs for 16 hours as described
above, washed three times in PBS, and then cocultured with CD8o/™ sple-
nocytes in 10% FBS RPMI. Cocultured cells were plated at target-to-effec-
tor cell ratios of 1:1, 1:5, and 1:10 in a 96-well plate, where 5 x 10* target
cells were plated per well. For control purposes, CD8a:™ splenocytes were
plated in the presence of 100 ng/well of phorbol myristate acetate (Sigma)
and 250 ng/well of ionomycin (Sigma) in a 50 ul volume with effector cells
to ensure cytokine production. A positive control for viral antigen-specific
cytokine release involved incubation of effector and target cells with 1 pg/
ml of either the immunodominant peptides of HSV gB (SSIEFARL), VSV
nucleoprotein (RGYVYQGL) or LCMV gp-1 (KAVYNFATC). Cultures
were treated with Brefeldin A and anti-CD28 antibody after 1 hour, and
incubated for 12 hours. Immunoreactivity to viral antigen was tested by
intracellular IFN-yimmunostaining as described above. The cellular
membrane integrity and intracellular metabolic activities of target cells
were determined by CFDA-AM and alamar Blue assays cellular viability
assays, respectively.

Statistical analyses. All phenotypic analyses of T-cell responses, includ-
ing immunodepletion experiment data, and single parametric viral
replication analysis were analyzed by Student’s two-tailed t-tests using
GraphPad Prism version 4.0 (GraphPad Software, San Diego, CA).
Differences between datasets involving multi-parametric analyses of
viral replication were determined by either one- or two-way analyses of
variance with Tukey’s or Bonferroni post hoc tests, respectively. All ani-
mal survival datasets were evaluated by Kaplan-Meier survival analyses
using log-rank tests, whereas comparisons of the changes in tumor vol-
ume between treatment groups were evaluated using Koziol distribution-
free tests.™

SUPPLEMENTARY MATERIAL

Figure S$1. Sensitivity of NOP32 cells to VSVAMS51 infection.

Figure $2. Immunohistochemical staining of OV antigens in NOP32
tumors.
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