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Despite having potent oncolytic activity, in vitro, direct
intratumoral injection of oncolytic vesicular stomati-
tis virus (VSV) into established AE17ova mesothelioma
tumors in C57BI/6 mice had no therapeutic effect. Dur-
ing studies to combine systemic cyclophosphamide
(CPA) with VSV to suppress the innate immune reaction
against VSV, we observed that CPA alone had highly sig-
nificant antitumor effects in this model. However, against
our expectations, the combination of CPA and VSV con-
sistently reduced therapeutic efficacy compared to CPA
alone, despite the fact that the combination increased
intratumoral VSV titers. We show here that CPA-mediated
therapy against AE17ova tumors was immune-mediated
and dependent upon both CD4 T cells and natural killer
(NK) cells. However, intratumoral VSV induced a trans-
forming growth factor-p (TGF-)-dependent suppressive
activity, mediated by CD11b*GR-1% cells that significantly
inhibited both antigen-specific T-cell activation, and CPA-
activated, NK-dependent killing of AE17ova tumor cells.
Overall, our results show that treatment with oncolytic
viruses can induce a variety of immune-mediated conse-
quences in vivo with both positive, or negative, effects on
antitumor therapy. These underexplored immune con-
sequences of treatment with oncolytic viruses may have
significant, and possibly unexpected, impacts on how
virotherapy interacts in combination with other agents
which modulate antitumor immune effectors.
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INTRODUCTION

Malignant mesothelioma is an aggressive neoplasm of the lining of
the pleura or peritoneum for which conventional treatments are only
poorly effective.! Since mesothelioma is often localized and ame-
nable to direct injection,” the use of replication competent viruses,

which replicate selectively in tumor cells,** is attractive as a novel
therapy. In theory at least, even low levels of a replication compe-
tent oncolytic virus accessing a tumor will allow rapid spread of the
virus, lysis of the tumor cells and reductions in tumor burdens.**
Through either natural, or engineered, selectivity for tumor cells,
viral replication should be extinguished in normal cells.* Of the
many different oncolytic viruses which have been developed,*®
vesicular stomatitis virus (VSV) has been shown to be a potent onco-
lytic in a wide variety of cancer models, including mesothelioma.*°
Replication of VSV in normal cells is rapidly extinguished due to
induction of antiviral type-I interferon (IFN) responses (IFN-o./f3).
However, many tumor cells have defects in their IFN response®'*'?
allowing free-ranging infection and lysis.">"*

A significant experimental advantage of VSV is that there are
fully immune-competent rodent models in which the interac-
tions between the virus, the tumor, and the immune system can
be tested.>”!*!>-18 In general, the host immune system is viewed as
an inhibitor of virotherapy because the innate immune response
restricts viral spread.'’>'®?** However, we have shown in the B16
melanoma model that the efficacy of VSV-mediated virotherapy
is mediated by host immune effectors responding to an immuno-
genic virus at the tumor site.>''”?! Therefore, the immune system
may also play a positive role—both to prevent viral spread and
toxicity*” and as an effector of antitumor therapy.®!¢!17202123-25

Therefore, efforts directed toward suppressing the innate
response to oncolytic viruses need to be carefully designed so that
increased viral replication can be achieved without loss of antitumor
immune effects induced by the virus. We, and others, have shown
that immunosuppression with cyclophosphamide (CPA) enhances
delivery/efficacy of oncolytic viruses through reductions in neutral-
izing antibodies, suppression of innate immune effectors,'*?>2¢-?
depletion of regulatory T cells (Treg)***' and activation of immune
cells.??32 Therefore, the pleiotropic immunomodulatory effects
of CPA on the immune system make it an attractive candidate for
combination with oncolytic viruses. However, in vivo administra-
tion of oncolytic viruses is also itself highly immunomodulatory,
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both locally and systemically.'®'”** Therefore, the immune pertur-
bations induced by agents such as CPA may well be significantly
affected by the immune modulations induced by oncolytic viruses
in ways that have been poorly studied to date.

In the present study, we tested the therapeutic efficacy of
VSV for the treatment of the murine AE170ova mesothelioma in
immune-competent C57Bl/6 mice. Despite potent oncolytic effi-
cacy in vitro, VSV had no significant therapeutic effects in vivo.
In order to improve the efficacy of the virus locally, we com-
bined intratumoral VSV with systemic CPA.*?¢"% In this model,
CPA exhibited significant immune-mediated efficacy against
AE170va tumors as a single agent, dependent upon CD4™" T cells
and natural killer (NK) cells. To our surprise, however, combi-
nation with VSV consistently decreased the antitumor efficacy
of CPA alone. We show here that treatment with VSV induces
systemic immune suppressive effects, which inhibit the CPA-
activated NK-mediated killing of AE17ova tumors. Our data
show that treatment with oncolytic viruses induces a variety of
immune-mediated consequences in vivo, which may have a sig-
nificant impact on therapeutic outcome when used both alone,
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Figure 1 Oncolytic properties of VSV in vitro and in vivo. (a) MTT
assays were performed on AE17ova cells infected with various MOI of
VSV-GFP (data as percentage of control cell survival £ s.d). (b) Virus titers
were determined from AE17ova cells infected with VSV-GFP at indicated
MOls. (c) Six-day AE17ova tumors in C57BI/6 mice were injected with
PBS or VSV-GFP every 2 days for four injections. Survival (tumors reach-
ing a size of 1.0cm in any diameter) is shown with time. GFP, green fluo-
rescent protein; MOI, multiplicity of infection; PBS, phosphate-buffered
saline; VSV, vesicular stomatitis virus.
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or in combination with other agents, which modulate antitumor
immune effectors.

RESULTS

VSV is cytotoxic in vitro but has no significant

therapy in vivo

VSV-green fluorescent protein (GFP) induced rapid and extensive
cell killing following infection of AE170ova cells at MOI ranging
from 0.01 to 10 (Figure 1a), associated with ongoing replication of
the virus (Figure 1b). While a decrease in cell killing was observed
at 24 hours for the two lowest MOIs, by 48 hours postinfection,
>90% of the AE170va cells were killed at each MOI (Figure 1a).
In contrast, direct injection of even multiple doses of VSV-GFP
into established subcutaneous AE17ova tumors did not improve
overall survival of virus-treated mice compared to control-treated
mice administered heat-inactivated virus (data not shown) or
phosphate-buffered saline (PBS) (Figure 1c). Moreover, virus
titers recovered from injected tumors consistently decreased with
time following injection, never exceeded the levels of input virus,
and became undetectable within 3 days of the injection (data not
shown). Taken together, these data suggested that intratumoral
injection of VSV in this tumor model did not result in progressive
viral replication, spread, and oncolysis.
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Figure 2 CPA has antitumor activity in the AE17ova model. (a) Six-
day AE17ova tumor-bearing C57BI/6 mice were treated with CPA (3mg/
mouse, i.p.) or PBS followed by intratumoral VSV-GFP 24 hours later (n = 3/
group). 15 minutes after injection (0 hours), 24, 48, 72, or 96 hours later,
virus from tumor lysates was tittered on BHK-21 cells (total pfu of VSV/
tumor). (b) Six-day AE17ova tumor-bearing C57BI/6 mice were treated
with CPA (3mg/mouse, i.p.) or PBS followed by intratumoral PBS or VSV-
GFP 24 hours later (n = 7/group). This cycle of CPA/VSV was repeated two
times, every 6 days. Survival is shown with time. Data is representative of
three different experiments. CPA, cyclophosphamide; i.p., intraperitoneal;
PBS, phosphate-buffered saline; VSV, vesicular stomatitis virus.
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Combination of CPA with VSV detracts
from therapy with CPA alone
We hypothesized that combination with CPA would enhance the
antitumor efficacy of VSV through its ability to suppress the innate
immune response which inhibits replication of oncolytic viruses
invivo.'*?2 Consistent with this hypothesis, over a period of 92 hours
following direct intratumoral injection of VSV, we never observed a
viral burst (increasing levels of virus detected following injection,
followed by a fall off with time) that characterizes models in which
vigorous viral replication is associated with tumor cures by oncolytic
viruses.** Pretreatment with CPA significantly enhanced the levels
of virus detected in AE170va tumors at 24, 48, 72, and 96 hours fol-
lowing viral injection, compared to no CPA, suggesting that CPA
was, indeed, suppressing the innate immune response which inhibits
replication of oncolytic viruses in vivo."*?*** (Figure 2a)

In vivo, treatment with CPA alone significantly enhanced
survival both over mice treated with PBS (P < 0.0001) and over

© The American Society of Gene & Cell Therapy

mice treated with VSV alone (P = 0.0002) (Figure 2b). However,
although the combination of CPA, followed by intratumoral
VSV, significantly prolonged the survival of tumor-bearing mice
compared to VSV treatment alone (P = 0.0152), we consistently
observed that combination therapy decreased the efficacy of CPA
treatment alone (P = 0.0011) (Figure 2b).

Immune consequences of CPA treatment in vivo

One explanation for this unexpected result could be that CPA
may kill the substrate for virus replication (the tumor cells) more
rapidly than the injected virus can replicate, thereby prematurely
extinguishing viral replication, spread, and oncolysis. Consistent
with such a model, in vitro treatment with CPA eradicated
AE170va cells (Figure 3a), with an IC, of ~0.2mg/ml at 72 and
96 hours post-treatment. However, because CPA treatment in vivo
enhanced virus replication in AE17ova tumors (Figure 2a), it
seemed unlikely that the directly cytotoxic effects of CPA were
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Figure 3 CPA modulates immune subsets in vivo. (@) MTT survival assay for AE17ova cells treated with different concentrations of CPA (percentage
of control cell survival £ s.d). (b—f) Spleens from tumor-bearing mice treated with PBS, CPA, VSV, or CPA/VSV according to the schedule of Figure 2b,
were analyzed by flow cytometry for (b) CD4™ T cells, (c) CD8* T cells, (d) NK1.1 cells, or (€) CD47CD25%FoxP3* Treg. CPA, cyclophosphamide;

PBS, phosphate-buffered saline; VSV, vesicular stomatitis virus.
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inhibiting VSV-mediated oncolysis. Therefore, we investigated
the immune sequelae of CPA treatment in this model, with or
without VSV, to understand the mechanisms of inhibition of CPA-
mediated antitumor therapy by VSV.

In this respect, treatment of C57Bl/6 mice with CPA
induced significant increases in systemic levels of CD4" and
CD8™ T cells, as well as NK cells, compared to PBS-treated
mice (Figure 3b-d). Consistent with previous reports,’’ CPA

Interference Between VSV and Cyclophosphamide

also led to significant depletion of Tregs (P = 0.0026 wrt PBS)
(Figure 3e). In contrast, intratumoral injection of VSV alone
did not significantly alter systemic levels of CD4%, CD8%, NK,
or Treg cells compared to PBS-treated controls (Figure 3b-e).
When CPA was combined with intratumoral injection of VSV,
the significant CPA-induced increases in CD4%, CD8%, and
NK cell levels, as well as the reduction in Treg numbers were
preserved (Figure 3b-e).
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Figure 4 Antitumor efficacy of CPA depends upon CD4" and NK cells. (a-d) AE170va tumor-bearing C57BI/6 mice (n = 7) were depleted of CD8
cells (Lyt 2.43), or CD4 cells (GK1.5) or with IgG control. At day 6-7, mice were treated with (a,c) PBS or (b,d) CPA followed by i.t. (a,b) PBS or (c,d)
VSV-GFP 24 hours later. This cycle of CPA/VSV treatment was repeated two times, every 6 days. (e) AE17ova tumor-bearing C57BI/6 mice (n = 7) were
depleted of NK cells (anti-asialo-GM-1) or with 1gG control. At day 6-7, mice were treated with CPA followed by i.t. PBS 24 hours later. This cycle of
CPA/PBS treatment was repeated two times, every 6 days. (f,g) AE17ova tumor-bearing C57BI/6 mice were depleted of Treg cells (PC61 antibody) or
with 1gG control. At day 6-7, mice were treated with PBS followed by i.t. PBS 24 hours later (f) or with CPA followed by i.t. VSV 24 hours later (g). This
cycle of CPA/PBS treatment was repeated two times, every 6 days. CPA, cyclophosphamide; IgG, immunoglobulin G; i.t., intratumoral ; NK, natural

killer; PBS, phosphate-buffered saline; VSV, vesicular stomatitis virus.
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Antitumor efficacy of CPA is immune mediated
Depletion of neither CD41 nor CD8™ T cells alone affected growth
of AE170va tumors compared to treatment with immunoglobulin
G (IgG) control antibody (Figure 4a). When combined with either
CPA alone (Figure 4b), VSV alone (Figure 4c) or CPATVSV
(Figure 4d), depletion of CD8% T cells did not significantly
affect survival compared to nondepleted controls (Figure 4a).
In contrast, depletion of CD4% T cells significantly decreased
survival of mice treated with CPA, either with (Figure 4d) or
without (Figure 4b) VSV, compared to similarly treated control
IgG-treated mice. In addition, depletion of NK cells significantly
reduced CPA-mediated therapy of AE17ova tumors both in the
absence (Figure 4e), or presence (data not shown), of VSV treat-
ment compared to IgG control-treated animals (P = 0.0044 CPA;
P =0.023 CPA/VSV) (Figure 4e).

PC61-mediated Treg depletion alone consistently slowed the
development of AE170va tumors, but this did not reach signifi-
cance compared to control IgG-treated mice (P = 0.069 for PC61
compared to IgG, Figure 4f). Similarly, we did not observe any
significant changes in survival of mice depleted with PC61 anti-
body and treated with CPA, VSV, or CPA/VSV compared to the
corresponding, mock-depleted groups—P = 0.064 for PC61 com-
pared to nondepleted, CPA/VSV-treated mice (Figure 4g).

Therefore, CPA-mediated therapy of AEl17ova tumors is
immune mediated and depends upon both CD4* T cells and
NK cells.

© The American Society of Gene & Cell Therapy

Intratumoral VSV activates suppressor activity
Although depletion of Treg did not affect CPA/VSV-mediated ther-
apy (Figure 4), we observed significant toxicity in mice depleted of
Treg and treated with VSV alone. These animals quickly became
extremely lethargic with forced breathing, which eventually
required euthanasia. Therefore, we were not able to determine the
contribution of Treg to survival of mice treated with VSV alone.
However, these observations indicated that Treg provide an impor-
tant protection to mice infected with VSV. Moreover, the fact that
we did not observe such toxicity in VSV-treated, nondepleted mice
suggested that VSV infection may activate suppressor-like activi-
ties in vivo to protect from toxicity.

To investigate these effects further, we studied the effects of
intratumoral VSV on T-cell activation. Splenocytes from mice
treated with VSV alone secreted significantly higher levels of
IFN-y than splenocytes from mice treated with PBS (P < 0.001)
(Figure 5a), confirming our previous observations that VSV
induces generalized immune cell activation.'® CPA also induced
increased splenocyte activity (P < 0.01 compared to PBS)
(Figure 5a), an effect maintained in mice treated with both CPA
and VSV (Figure 5a). Further dissection of this immune activa-
tion indicated that mice treated with VSV prime T-cell responses
specific for viral proteins (P = 0.0038 for responses to VSV-N
compared to controls) (Figure 5b). We consistently observed
a trend toward priming of tumor antigen-specific responses
(anti-ova) following intratumoral VSV, although these were not
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Figure 5 VSV induces immune suppressors. (a) Splenocytes from mice treated with two rounds of PBS, CPA, VSV, or CPA/VSV were harvested 24
hours following the final injection of VSV or PBS and 10°¢ cells were plated, in triplicate from each mouse. Forty-eight hours later, supernatants were
harvested and assayed for IFN-y by ELISA. (b) Splenocytes prepared as in a pulsed with no peptide, SIINFEKL (ova), or RGYVYQGL (VSV-N protein)
were assayed for IFN-y-producing cells by ELISPOT. (c) Naive OT-I CD8™ T cells activated with H-2K"-restricted ova peptide SIINFEKL either alone, or
with splenocytes from mice treated with PBS, CPA, VSV, or CPA/VSV 24 hours following the final injection, were assayed for IFN-y by ELISA. The sup-
pressive activity in splenocyte cultures is reflected by inhibition of IFN- y responses of naive OT-I T cells activated by SIINFEKL. (d) The experiment of
c was repeated in the presence of recombinant human TGF-f sRIl/Fc chimera added to each OT-I/splenocyte culture in order to inhibit the activity
of TGF-B which may be being secreted by the added splenocytes. CPA, cyclophosphamide; IFN-y, interferon-y; ELISA, enzyme-linked immunosorbent
assay; ELISPOT, enzyme-linked immunospot; PBS, phosphate-buffered saline; TGF-B, transforming growth factor-B; VSV, vesicular stomatitis virus.

144

www.moleculartherapy.org vol. 19 no. 1 jan. 2011



© The American Society of Gene & Cell Therapy

always significant (P = 0.08 for responses to OVA compared to
controls) (Figure 5b).

Consistent with the hypothesis that generalized immune
activation by VSV (Figure 5a,b) may include activation of sup-
pressor activities, splenocytes from mice treated with VSV mod-
erately suppressed the activation of OT-I T cells compared to
splenocytes from PBS-treated mice (P = 0.02) (Figure 5c¢). In
contrast, splenocytes from CPA treated mice enhanced antigen-
specific T-cell activation (P < 0.01 compared to PBS-treated
mice) (Figure 5c), probably associated with the ability of CPA to
deplete Treg (Figure 5c). Significantly, however, in splenocytes
from mice treated with CPA and VSV, VSV-mediated suppressive
effects were dominant (P = 0.001 compared to CPA-treated mice)
(Figure 5¢).

Since splenocytes from VSV-treated mice secrete relatively
high basal levels of IFN-y (Figure 5a,b), the apparently moderate
suppressive activity of these splenocytes on antigen-specific T-cell
activation in Figure 5c is probably underestimated in this assay.
When transforming growth factor (TGF)-3 was blocked in these
cultures, the inhibition exerted by splenocytes from VSV- or CPA/
VSV-treated mice on antigen-specific T-cell activation (Figure 5¢)
was completely reversed (P < 0.001 for both VSV and CPA/VSV-
treated mice compared to PBS-treated mice) (Figure 5d). Indeed,
in the presence of TGF-f blockade, splenocytes from VSV-treated
mice significantly enhanced antigen-specific T-cell activation
of OT-I over that seen with splenocytes from untreated mice
(Figure 5d).
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VSV-induced suppression of CPA-activated

NK effectors

Consistent with the importance of NK cells to CPA-mediated
therapy (Figures 3d and 4), splenocytes from mice treated
with CPA had high levels of cytolytic activity against AE17ova
tumor targets (Figure 6a). In contrast, splenocytes from mice
treated only with VSV had no increased cytolytic activity against
AE17ova (Figure 6a). Significantly, however, splenocytes from
mice treated with CPA/VSV had significantly reduced levels
of cytolytic activity against AE17ova compared to mice treated
with CPA alone (Figure 6a). The CTL assay of Figure 6a cor-
related very well with levels of tumor necrosis factor-o. (TNF-o)
released from splenocytes from mice treated with PBS, CPA,
VSV, or CPA1VSV (Figure 6b). Thus, although splenocytes from
CPA-treated mice released high levels of TNF-o, upon coculture
with AE17ova (Figure 6b), this activity was completely inhib-
ited in splenocytes from mice treated with both CPA and VSV
(P <0.0001 for CPA/VSV-treated mice compared to CPA-treated
mice) (Figure 6b). When the assay of Figure 6b was repeated
using splenocytes depleted of NK cells, the ability of splenocytes
from CPA-treated mice to release TNF-c in response to AE170va
was lost (Figure 6¢) confirming our in vivo results (Figure 4)
that NK cells mediate tumor cell killing in the AE170va model.
In addition, and consistent with the immune activation data of
Figure 5, blockade of TGF-f in splenocyte/tumor cell cocultures
from VSV-treated mice (CPA) restored levels of NK-mediated
TNF-ou release to levels comparable to those of splenocytes
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Figure 6 CPA activates NK-mediated cytotoxicity against AE17ova. (a) *'Cr-labeled AE170va tumor cell targets were cocultured with splenocytes
and tumor-draining lymph nodes from mice treated as shown. % lysis of target cells is shown. (b) Supernatants from AE17ova tumor cells cocultured
with splenocytes from mice treated with PBS, CPA, VSV, or CPA/VSV, as in Figure 5, were assayed for TNF-o (effector:target ratio of 10:1). (c,d)
The experiment of b was repeated using splenocytes predepleted of NK cells (c) or in the presence of recombinant human TGF-B sRll/Fc chimera to
inhibit TGF-B (d). CPA, cyclophosphamide; PBS, phosphate-buffered saline; TGF-B, transforming growth factor-8; TNF-o, tumor necrosis factor-c;

VSV, vesicular stomatitis virus.
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from CPA-treated mice alone (no significant difference between
CPA-treated and CPA/VSV-treated mice) (Figure 6d).

These data indicate that intratumoral VSV induces TGF-
B-dependent suppressive activity in vivo, which inhibits both
antigen-specific T-cell activation (Figure 5) and CPA-activated
NK tumor cell killing (Figure 6). Importantly, this VSV-induced
suppressive activity was dominant in mice treated with both CPA
and VSV (Figure 5c¢,d) and mirrored the in vivo suppressive
effects observed when CPA was combined with VSV for treatment
of AE170va tumors.

Intratumoral VSV induces CD11b*GR-1% suppressors

Splenocytes from both VSV- and CPA/VSV-treated mice inhibited
IFN-y production from antigen-activated OT-1 T cells (Figure 5c,
columns 2 versus 4 and 5). However, depletion of GR-17 cells from
those splenocyte populations relieved that inhibition (Figure 7a,
columns 1 versus 3 and 4) to an extent that closely mimicked the
effect produced by inhibiting TGF-f3 (Figure 5d, columns 1 versus
3 and 4). Similar relief of inhibition of NK cell activation against
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Figure 7 VSV-induced suppression is mediated by CD11b*GR-1*
cells. (a,b) Naive OT-1 CD8" T cells were activated with SIINFEKL pep-
tide and cocultured with splenocytes from mice treated with PBS, CPA,
VSV, or CPA/VSV predepleted of either (a) GR-1* or (b) CD11b™ cells.
Seventy-two hours later, supernatants were assayed for IFN-y. Both
CPA and VSV treatments are statistically different from PBS treatment
(P=0.03 and P < 0.01, respectively in (a); all three treatments are sig-
nificantly different (P < 0.01) from PBS in (c). (c,d) Supernatants from
AE170va cells cocultured with splenocytes (effector:target ratio 10:1)
from mice treated with PBS, CPA, VSV, or CPA/VSV and predepleted of
either (c) GR-1% or (d) CD11b" cells were assayed for TNF-a.. In both (c)
and (d) all three treatments are significantly different from PBS, P < 0.001
in all cases. (e) Tumors from mice treated as shown were assayed for IL-6.
CPA, cyclophosphamide; IFN-y, interferon-y; IL, interleukin; PBS, phos-
phate-buffered saline; TNF-0, tumor necrosis factor-o; VSV, vesicular
stomatitis virus.
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AE170va targets was also observed by depletion of GR-11 cells
from splenocytes of mice treated with either VSV or VSV/CPA
(Figure 6b compared to Figure 7c). Again, depletion of GR-1*
cells closely mirrored the effects of inhibition of TGF-[3 on NK cell
activation against AE17ova (Figure 6d compared to Figure 7c).

A similar, but even more marked, relief of inhibition of both
antigen-specific T-cell activation (Figure 7b), and NK cell activa-
tion against AE17ova (Figure 7d), was observed upon depletion
of CD11b™ cells from splenocytes from mice treated with VSV or
CPA/VSV compared to those from mice treated only with PBS
(Figure 7b,d).

These data indicate that intratumoral VSV-induced
CD11bTGR-1% suppressor cells, suggesting that these cells may
be myeloid-derived suppressor cells (MDSC).*** Consistent
with this hypothesis, intratumoral VSV induced increased lev-
els of CD11b*GR-1" cells in the tumor-draining lymph nodes,
both with (P = 0.03 compared to PBS-treated mice), or without
(P=0.01), CPA treatment. A trend toward increased intratumoral
infiltration with CD11bTGR-1% cells was detected in tumors,
although there was considerable variation between tumors and
no statistically significant difference could be seen over several
experiments. In vivo depletion experiments to investigate the
role of VSV-induced GR1+ve suppressor cells on CPA-mediated
therapy of AE170ova tumors were highly variable and inconsis-
tent in their results. Finally, cytokine multiplex assays showed
that interleukin-6 (IL-6), a known inducer of MDSC activity,*
was induced at high levels in tumors of mice treated with VSV, in
comparison to control PBS- or CPA-treated mice (P = 0.002 for
both) (Figure 7e).

Taken together, these data show that intratumoral VSV induces
a MDSC-like suppressor activity mediated by CD11b*tGR-
1*cells, which can be recovered from the lymphoid organs of
virus-treated mice, which may be mediated, at least in part, by a
strong induction of IL-6 by virus injection in vivo.

DISCUSSION

We show here that, despite potent oncolytic activity in vitro
(Figure 1a,b), VSV generated no significant therapy in vivo in
the AE17ova mesothelioma model (Figure 1c). Upon direct
intratumoral injection, we could not detect appreciable ongo-
ing viral replication, suggesting that innate immune reactivity to
VSV restricted viral replication, spread, and oncolysis.'>-!19202¢
Therefore, we tested combination therapy with CPA based on
its multiple immunomodulatory activities, including suppres-
sion of innate immunity.'****** Unexpectedly, CPA alone gen-
erated considerable therapy, consistently curing about 50% of
mice (Figure 2b). However, even though virus replication was
enhanced within tumors by the combination (Figure 2a), treat-
ment with both CPA and VSV significantly reduced therapy com-
pared to CPA alone, suggesting that factors other than direct viral
oncolysis are important in this model.

Therefore, we sought to understand why intratumoral VSV
inhibited the immune-mediated therapy of CPA. Splenocytes
from CPA-treated mice lysed AE17ova targets very efficiently
(Figure 7a) and secreted TNF-c. in response to the tumor cells
(Figure 7b), an activity which disappeared upon depletion of NK
cells (Figure 7c). Taken together with the in vivo depletion results
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(Figures 4 and 5), these data indicated that CPA-activated immune
effectors, of which NK cells are a major component, which could
kill AE17ova tumors directly both in vitro and in vivo. VSV treat-
ment in vivo also induced generalized T-cell activation, evidenced
by increased IFN-y secretion by splenocytes'® (Figure 6a,b).
Since VSV inhibited CPA-activated, NK-mediated tumor cell
killing (Figures 2b and 7a), we hypothesized that VSV-induced
immune activation may also include activation of suppressive
cells. Consistent with this, although Treg were not increased in the
spleens of VSV-treated mice (Figure 3e), VSV treatment induced
a TGF-B-dependent activity in splenocytes which suppressed both
antigen-specific T-cell activation (Figure 6c,d) and CPA-activated
NK tumor cell killing (Figure 7b-d). Studies in SCID mice of the
VSV/CPA combination therapy were difficult to interpret because
of significant toxicities associated with virus dissemination from
injected tumors.

VSV-induced suppression was dominant in splenocytes from
mice treated with both CPA and VSV (Figures 6¢,d and 7b-d),
similar to the in vivo data showing suppression of CPA-mediated
tumor therapy when CPA was combined with VSV (Figure 2b). We
do not believe that this suppressive activity was mediated through
conventional Treg. This is because CPA treatment at the levels
used here inhibit Treg activity in vivo”?® and yet the suppressive
activity was still present in mice treated with both CPA and VSV.
Second, treatment with PC61 depleting antibody did not allevi-
ate the VSV-induced suppression of CPA therapy (Figure 4f,g).
Finally, VSV-induced suppression was efficiently relieved by
depletion of both GR-17 and, more effectively, CD11b* cells from
splenocytes of mice treated with either VSV alone or with CPA/
VSV (Figure 7). These data suggest that VSV treatment in vivo
induces a population of MDSC, which expand in vivo in patho-
logical conditions—such as infection with viruses”—with a well-
documented ability to suppress immune responses.*** In mice,
MDSCs are CD11b+TGR-17 cells although there are functionally
distinct subsets within this population.* Consistent with the
VSV-mediated induction of suppressive MDSC-like effectors, we
also observed that intratumoral VSV induced high levels of IL-6,
which has been shown to mediate the expansion and activation of
MDSC in vivo.* Finally, we show here a close correlation between
depletion of CD11bTGR-1" cells, blockade of TGF- and relief of
VSV-induced suppressive activity (Figures 6 and 7).

It is clear, therefore, that CPA has multiple pleiotropic effects in
vivo which contribute to the antitumor efficacy that we observed
in this model. Both we, and others, have previously reported that
CPA induces the depletion of Treg,”*** that it mediates antitu-
mor effects through activation of NK cells,”** and that both of
these mechanisms are effective against murine mesothelioma.*»*
However, a novel aspect of our current studies is the critical role
for CD4" T cells in CPA-mediated therapy of AE17ova tumors
(Figure 4). Our ongoing studies suggest that CPA functionally
inhibits a population of Treg cells, which releases suppression of
both CPA-activated NK cells and of a subset of CD4* T cells with
direct cytotoxic activity against tumor cells.”” Therefore, depletion
of CD4* T cells (Figure 4) most likely both depleted endogenous
Treg (thereby enhancing the activity of CPA-activated NK cells with
antitumor activity) and removed cytotoxic CD4™T cells, which
are themselves direct effectors of therapy. Further characterization
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of these functionally important subsets of CD4* T cells, and the
effects of CPA and VSV on their activation, are ongoing.

Taken together, our data support a model in which CPA acti-
vates various immune cells with direct antitumor activity, of which
NK cells are a major component. However, when CPA is combined
with intratumoral virus, VSV induces a CPA-insensitive, TGF-f3-
dependent, MDSC-like activity, possibly through IL-6 induction.
We believe that this suppressive activity is separate from Treg, but
may activate additional Treg in vivo through TGF-3. We propose
that this MDSC activity then inhibits CPA-activated, antitumor
NK cell effectors, through TGE-[3 production, leading to decreased
therapy compared to CPA alone. Our data from Figure 2 also
suggest that the CPA-mediated suppression of innate immune
responses to VSV induces increased intratumoral viral titers,
which allow for enhanced viral replication and, potentially, better
antitumor effects compared to no CPA. However, the suppressive
activity induced by VSV is still dominant in reducing overall anti-
tumor therapy of CPATVSV compared to CPA alone.

In light of our results, along with other published data,*"* it is
clear that the efficacy of intratumoral VSV can differ significantly
between tumor models. We have observed that the suppressive
activity induced by VSV that we describe here is not dependent
upon the tumor model used in the C57Bl/6 mice. In contrast, how-
ever, the therapeutic outcome of intratumoral VSV does depend
closely upon the phenotype of the tumor being treated, both in its
sensitivity to viral replication and/or to immune-mediated anti-
viral effectors (such as NK cells), which are also induced by VSV
administration in vivo. Interestingly, CPA has significant efficacy
against Bl6ova tumors, which are sensitive to NK-mediated killing;
in contrast, it has no therapeutic effect against the B16 melanoma
model, which is largely insensitive to NK-mediated killing due
to lack of innate immune sensor molecules, such as the receptor
for IL-28.516172021 In this respect, we have shown recently that the
lack of expression of IL-28r by AE170va cells also represents one
mechanism by which these tumors are unable to respond to innate
antiviral immune signaling to confer sensitivity to VSV-induced
immune clearance (C. Willmon, manuscript in preparation).

Our results are significant in several respects. We show that
administration of an oncolytic virus in vivo, even intratumorally,
leads to multiple immune modulatory effects, which can have
both positive and negative consequences for tumor therapy.* In
particular, virus activates local innate immune responses, which
can negatively impact viral replication, spread, and oncolysis, but
which can also have significant antitumor effects.*'*7?**! However,
as we demonstrate here, antiviral immune responses can also
include immune suppressive components. Virus-induced activa-
tion of suppressor cells is important during natural viral infec-
tions to control, and restrict, the extent of the antiviral immune
response.**** However, such suppressive effectors can also inhibit
concomitantly acting antitumor, immune-mediated therapies,*
induced either by the virus itself or, as is the case in the present
study, by an additional agent used in combination with the virus.
Thus, although immune modulators, including CPA, have been
successfully combined with oncolytic virotherapy,'***-% it is
clear that oncolytic viruses themselves induce a variety of (often
underexplored) immune-mediated consequences in vivo, which
can have both positive, or negative, effects on antitumor therapy.
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As combinations between oncolytic virus and other treatment
modalities become more common,” the immune sequelae of
administration of oncolytic viruses should be considered more
closely—especially when the additional therapeutic agents activate
antitumor immune effector mechanisms.

MATERIALS AND METHODS

Virus and cell lines. AE170va cells are mouse mesothelioma cells trans-
duced with chicken ovalbumin*? (provided by Dr Delia Nelson, University
of Western Australia). VSV-GFP (Indiana serotype) was a gift from
Dr Glen Barber (University of Miami, FL).”

MTT assays. Viability of cells infected with different MOIs of VSV-GFP,
or treated with dilutions of CPA (Baxter, Deerfield, IL), was assessed at
indicated time points as per the manufacturer’s instructions (Promega,
Madison, WI).

ELISPOT analysis. 1 x 10° cells from spleens or tumor-draining lymph
nodes were stimulated for 48 hours with appropriate peptides (5 pg/ml)
(SIINFEKL, chicken ovalbumin and RGYVYQGL, VSV N protein, synthe-
sized at the Mayo Foundation Core Facility, Rochester, MN). IFN—*{+ spots
were quantified by a computer-assisted image analyzer.

$1Chromium cytotoxicity assay. AE17ova tumor cell targets labeled with
20 pl 51Cr for 1.5 hours were cocultured with splenocytes/tumor-draining
lymph nodes at different effector:target ratios. After 4 hours, cells were spun
down and 35 pl of supernatant was transferred to scintillation plates. % lysis
was calculated using the formula: % lysis = 100 x (cpm experiment — cpm
spontaneous release)/(cpm maximum release — cpm spontaneous release).

Suppression of IFN-y secretion from activated T cells. T cells of OT-I
transgenic mice express the V2 chain of the OT-I T-cell receptor, which
recognizes the SIINFEKL peptide from chicken ovalbumin in the context
of H-2Kb as expressed by Bl6ova cells.** To assay for T-cell suppressive
activity, 250,000 freshly harvested splenocytes were plated with 105 naive
OT-1CD8* T cells with 1 ug/ml SIINFEKL peptide* and 50 IU/ml human
IL-2 (Mayo Clinic Pharmacy, Rochester, MN) as described.* Splenocytes
were isolated from mice 24 hours following the final injection of virus (or
PBS) from mice treated with two rounds of (CPA/VSV)—that is 8 days
following the first injection of CPA or PBS. Supernatants were assayed for
IEN-y by enzyme-linked immunosorbent assay. Suppressive activity in
splenocyte cultures is reflected by their ability to inhibit IFN-y responses
of naive OT-I T cells when activated with SIINFEKL. Dependence of
suppression on TGF-B* was assayed using recombinant human TGF-B
sRII/Fc chimera (R&D Systems, Minneapolis, MN), a 159-amino acid
extracellular domain of human TGF-} receptor type II fused to the Fc
region of human IgG1. Splenocyte/lymph node cultures were depleted
by coculture with anti-MAC3, anti-asialo-GM-1 (Cedarlane, Burlington,
NC), anti-CD8 (Lyt2.4.3), anti-CD4 (GK1.5) (Core Facility, Mayo Clinic,
Rochester, MN), anti-CD11b (Miltenyi, Auburn, CA) or anti-GR-1 anti-
bodies (BioXcell, West Lebanon, NH). Depletion was confirmed by fluo-
rescence-activated cell sorting.

In vivo studies. All procedures were approved by the Mayo Foundation
Institutional Animal Care and Use Committee in compliance with the
Guide for the Care and Use of Laboratory Animals. To establish subcutane-
ous tumors, 1 x 10° AE17ova cells in 100 pl PBS were injected into the flank
of C57Bl/6 mice. Once subcutaneous tumors reached ~200 mm?, intrap-
eritoneal injections of CPA (3 mg/mouse) were followed 24 hours later by
intratumoral injections (saline or 5 x 10° plaque-forming unit VSV-GFP)
every 6 days. This regimen of CPA/virus was repeated every 6 days until
the tumor reached 1.0 cm in the longest diameter or for a maximum of five
rounds (five CPA or PBS injections and five virus or PBS injections). Mice
were killed if tumor burden exceeded 1 x 1 cm.
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Immune cell depletions were performed by intraperitoneal injections
(0.1 mg/mouse) of anti-CD8 (Lyt 2.43) or anti-CD4 (GK1.5) (Core Facility,
Mayo Clinic), anti-NK cell (anti-asialo-GM-1; Cedarlane), and IgG control
(ChromPure Rat IgG; Jackson ImmunoResearch, West Grove, PA) 4 days
after tumor implantation and then weekly. For Treg depletion, 0.5mg of
PC61 antibody (Core Facility, Mayo Clinic) was given intraperitoneal 4 days
after tumor implantation and 3 days before viral injection. Fluorescence-
activated cell sorting analysis of spleens/lymph nodes confirmed subset-
specific depletions.

Cytokine analysis. Cytokines were assayed from tumors using the Procarta
Cytokine Assay Kit (Panomics, Fremont, CA) on a Luminex 100 instru-
ment (Bio-Rad, Hercules, CA).

Statistical analyses. For comparison of two individual data points, two-
sided Student’s t-test was applied to determine statistical significance.
ANOVA with post-hoc testing was used for groups of three or more.
Survival curves were plotted according the Kaplan-Meier method, and sta-
tistical significance in the different treatment groups was compared using
the log-rank test.
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