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Understanding the host response to oncolytic viruses is
important to maximize their antitumor efficacy. Despite
robust cytotoxicity and high virus production of an
oncolytic herpes simplex virus (oHSV) in cultured human
sarcoma cells, intratumoral (ITu) virus injection resulted
in only mild antitumor effects in some xenograft mod-
els, prompting us to characterize the host inflammatory
response. Virotherapy induced an acute neutrophilic
infiltrate, a relative decrease of ITu macrophages, and
a myeloid cell-dependent upregulation of host-derived
vascular endothelial growth factor (VEGF). Anti-VEGF
antibodies, bevacizumab and r84, the latter of which
binds VEGF and selectively inhibits binding to VEGF
receptor-2 (VEGFR2) but not VEGFR1, enhanced the
antitumor effects of virotherapy, in part due to decreased
angiogenesis but not increased virus production. Neither
antibody affected neutrophilic infiltration but both par-
tially mitigated virus-induced depletion of macrophages.
Enhancement of virotherapy-mediated antitumor effects
by anti-VEGF antibodies could largely be recapitulated
by systemic depletion of CD11b* cells. These data sug-
gest the combined effect of oHSV virotherapy and anti-
VEGF antibodies is in part due to modulation of a host
inflammatory reaction to virus. Our data provide strong
preclinical support for combined oHSV and anti-VEGF
antibody therapy and suggest that understanding and
counteracting the innate host response may help enable
the full antitumor potential of oncolytic virotherapy.
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INTRODUCTION

Oncolytic viruses are being developed as anticancer agents.
Herpes simplex virus (HSV) is an attractive vector because it
can infect a wide variety of different tissues and also has a large
genome that can accommodate therapeutic transgenes.! A num-
ber of different oncolytic HSV (oHSV) mutants have been used in
clinical trials in early dose-escalation safety studies and have not
revealed any serious adverse effects.? Reports of antitumor efficacy
have not matched preclinical results, however, raising the possibil-
ity of immunologic barriers to efficacy.

Although little is known about the host inflammatory
response to oHSV virotherapy in the tumor microenvironment, a
number of studies have investigated HSV-1 pathogenesis in other
disease models such as herpetic stromal keratitis. HSV-1 infection
of corneal epithelial cells induces significant neoangiogenesis and
inflammation mediated by a variety of factors including vascular
endothelial growth factor (VEGF-A).>® These inflammatory sig-
nals in response to HSV-1 infection are similar to the proinflam-
matory and cell-recruitment signals in tumors, mediated in part
by tumor cells as well as macrophages in the tumor microenviron-
ment. Tumor-associated macrophages (TAMs) play profound and
diverse roles in tumors through both direct contacts and para-
crine effects that impact/regulate tumorigenesis, vasculogenesis,
tumor cell growth, extracellular matrix deposition/remodeling,
and response to therapy, and in general are either tumoricidal
(M1-type) or protumorigenic (M2-type) (see reviews, refs. 9-11).

Multiple antiangiogenic therapies are Food and Drug
Administration-approved for cancer such as anti-VEGF-A anti-
body (bevacizumab) and various inhibitors of VEGF receptor
(VEGFR) signaling. Interestingly, recent studies have shown that
VEGF blockade not only reduces VEGF-mediated angiogenesis,
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but also modulates intratumoral (ITu) cytokine expression such
as interleukin-1f, interleukin-6, and CXCL1 and significantly
reduces recruitment of immunosuppressive cells such as macro-
phages, regulatory T cells, and myeloid-derived suppressor cells."?
These effects appear mediated by VEGF-A binding to VEGFR?2, as
determined using the antibody r84 that binds VEGF-A and selec-
tively blocks its interaction with VEGFR2 without interfering with
binding to VEGFR1.">!*

In this study, we sought to determine whether a proangiogenic
response occurs during oHSV virotherapy for cancer, to what
extent it may limit antitumor efficacy, and if it could be counter-
acted by antiangiogenic therapy. We previously noted that oHSV's
exhibit variable antitumor efficacy even in cases where cultured
cells are highly susceptible to virus infection. Here, we primar-
ily studied a sarcoma model highly susceptible in tissue culture
to virus infection but which exhibited very little tumor response
in vivo. The use of a xenograft model enabled us to distinguish
tumor-derived (human) from host-derived (mouse) VEGEF-A
(heretofore referred to as VEGF). Our studies provide compelling
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evidence that oHSV infection induces a marked I'Tu inflammatory
cellular response characterized by neutrophilic infiltration and a
decrease of ITu macrophages. Furthermore, we found that anti-
VEGF antibodies enhance the antitumor effect of virotherapy. The
mechanism was not only via an antiangiogenic effect but also by
modulating the composition of ITu myeloid cells, as the effect of
combination therapy could be recapitulated by myeloid cell deple-
tion before virotherapy.

RESULTS

Human sarcoma xenografts exhibit variable response
to oHSV despite robust virus effects in cell culture

The ICP-6 mutant oncolytic virus rRp450 showed robust virus
production of 3-4 logs in a panel of sarcoma cell lines (Figure 1a).
Replication correlated with cytotoxicity, as shown for A673 cells
with no viable cells remaining by day 3 post-infection at even the
lowest multiplicities of infection (MOI) tested (Figure 1b). Mice
bearing Ewing sarcoma A673 or osteosarcoma 143.98.2 xenografts
were treated with two doses of ITu rRp450 or phosphate-buffered
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Figure 1 Analysis of rRp450 efficacy in sarcoma models. (@) Tumor cells were infected with rRp450 at the indicated MOI and harvested for HSV
titer as determined by standard plaque assay at 1, 24, 48, and 72 hours post-infection (n = 4). Error bars represent SEM. (b) A673 cells were infected
at the indicated MOI and cell viability was measured on days 2, 4, and 6 by MTT assay (n = 4). Error bars represent SD. (c) Mice bearing A673
tumors received two intratumoral injections of rRp450 at 1 x 107 pfu or PBS control, on days 0 and 2, and then followed for tumor growth (n = 7).
(d) Mice bearing 143.98.2 tumors received two intratumoral injections of rRp450 at 1x 107 pfu or PBS as a control on days 0 and 2, and were fol-
lowed for tumor growth (n = 5-10). CR, complete response; ITu, intratumoral; MOI, multiplicity of infection; oHSV, oncolytic herpes simplex virus;
PBS, phosphate-buffered saline; pfu, plaque-forming unit; PD, progressive disease; PR, partial response; SD, stable disease.
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saline (PBS, control) and followed for survival. In the A673 model,
all of the control mice showed tumor progression and required euth-
anization by day 13, whereas oHSV (rRp450)-treated mice showed
slowing of tumor growth, albeit only to a moderate degree (seven
of seven stable disease (SD)) and ultimately progressed, except one
animal that exhibited long-term SD (Figure 1c). Interestingly, all
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Figure 2 Recruitment of myeloid cells in oHSV-injected tumors.
A673 xenograft tumors were injected with rRp450 or PBS control. (a)
The relative numbers of CD11b™ myeloid cells in the spleen (n = 4-5,
t-test) and infected flank tumors (n = 6, t-test) were determined 3 days
after virus injection by flow cytometry. In a separate experiment, (b,c)
spleens and (d,e) tumors were collected 24 hours after virus injection
and analyzed by hematoxylin and eosin (H&E) and by Ly6G immuno-
histochemistry staining (4X objective). The spleen served as a control,
and brown staining is restricted to the red pulp and absent from the
white pulp. oHSV, oncolytic herpes simplex virus; PBS, phosphate-
buffered saline.

a
600 +
Human
C
£ A
g —_ P < 0.0001
<l I 5
& 400 1 A
(=]
£ o
D
£
w200 4 L
(O]
|
z %
0
PBS oHSV

© The American Society of Gene & Cell Therapy

of the virus-treated mice bearing 143.98.2 tumors responded with
significant tumor shrinkage (2/10 complete responses and 8 partial
responses, though by day 30 one tumor progressed (progressive dis-
ease, Figure 1d)). These data revealed a disconnect between tumor
cell autonomous susceptibility to oHSV infection and in vivo anti-
tumor effects in the A673 model. Given the absence of T cells in the
animals, these data raised the possibility of an innate inflammatory
response to virus infection that might be limiting the antitumor effi-
cacy of virotherapy.

oHSYV infection recruits CD11b* myeloid cells and
induces stroma-derived VEGF production in A673
xenograft tumors

During native HSV infection, the host inflammatory response
results in myeloid cell infiltration and local production of pro-
angiogenic factors such as VEGE’ We sought to determine
whether oHSV injection causes a similar cellular infiltrate in the
tumor microenvironment. ITu oHSV increased the presence of
CD11b" cells in A673 tumors by fourfold, with no change of cell
numbers in the spleen (Figure 2a). Consistent with these data,
we stained virus-infected tumors for neutrophils using an anti-
Ly6G antibody and saw a robust infiltration as early as 24 hours
post-infection (Figure 2b-e). Interestingly, the infiltration was
predominantly along the tumor periphery, though neutrophils
were scattered throughout the tumor as well. ITu human VEGF
(hVEGF) levels decreased by 3.4-fold following oHSV injection
(Figure 3a, P < 0.0001), presumably due to tumor cell destruc-
tion. Mouse VEGF (mVEGF) levels increased by 3.6-fold in virus-
treated mice compared with controls (Figure 3b). A caveat of
these experiments is that we do not know the relative numbers
of tumor or stromal cells in the tumors and we have thus normal-
ized the levels to total protein; because the tumors may differ in
their composition of stroma including fibrosis and necrosis, we
cannot ascertain the data reflecting changes in expression on a
per cell basis. Nevertheless, these findings suggest that virus treat-
ment elicited an innate host response involving myeloid cells and
proangiogenic chemokines.

Myeloid cells are responsible for virus-induced
stroma-derived VEGF

Our observation that virus-induced, host-derived mVEGF cor-
responded with a myeloid cellular infiltration suggested that
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Figure 3 Induction of mVEGF in oHSV-injected tumors. A673 xenograft tumors were injected with rRp450 or PBS control and tumors were
harvested at 3 days. The amount of (a) tumor-derived hVEGF (n = 7) and (b) stroma-derived mVEGF was determined by ELISA (n = 7). Error bars
represent SEM. ELISA, enzyme-linked immunosorbent assay; hVEGF, human vascular endothelial growth factor; mVEGF, mouse vascular endothelial
growth factor; oHSV, oncolytic herpes simplex virus; PBS, phosphate-buffered saline.
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Figure 4 Depletion of CD11b* cells in oHSV-injected tumors.
(a) A673 tumor-bearing animals were administered intraperitoneally
either af-gal antibody (control) or a-CD11b antibody on the indicated
days and either intratumoral PBS (control) or rRp450 (oHSV) on day 0.
(b) Tumors were collected at day +3 and analyzed by flow cytometry.
Shown are representative scatter plots from an n = 3 experiment illus-
trating the baseline CD11b™ and GR1* populations, their depletion by
anti-CD11b antibody injection, and their increase with oHSV infection.
Only one scatter plot is shown for CD11b depletions because all six were
essentially identical, with absence of CD11b cells regardless of PBS or
oHSV injection. (c¢) Tumors were analyzed by ELISA for murine VEGF
production (n = 5-8). Error bars represent SEM. ELISA, enzyme-linked
immunosorbent assay; IP, intraperitoneal; IT, intratumoral; oHSV, onco-
lytic herpes simplex virus; PBS, phosphate-buffered saline; VEGF, vascular
endothelial growth factor.

these cells may be responsible for increased production of
mVEGE similar to models of HSV-1-induced keratitis.'> We
used a systemic cellular depletion strategy (Figure 4a) to test
this hypothesis. Intraperitoneal (IP) anti-CD11b antibody effec-
tively depleted I'Tu CD11b cells (Figure 4b) and prevented the
virus-induced increase in stroma-derived mVEGF (Figure 4c).
These findings suggest that CD11b* myeloid cells are responsible
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either directly or indirectly for increased mVEGF following
oHSV injection.

VEGF blockade enhances the antitumor efficacy of
oHSV

Although the ITu hVEGF and thus total VEGF (hVEGF +
mVEGF) decreased following oHSV, the increase in mVEGF
suggested that VEGF blockade may enhance antitumor efficacy
of virotherapy. We thus followed A673 tumor growth in animals
bearing large tumors (mostly 500-1,000mm?®) given ITu oHSV
in combination with the anti-hVEGF antibody bevacizumab or
the anti-h/mVEGF r84. Although bevacizumab is human spe-
cific (data not shown), r84 binds both hVEGF and mVEGE"
Because of its different binding epitope, r84 selectively blocks
VEGF binding to VEGFR2 but allows binding to VEGFRI to
remain intact.'* All mice given I'Tu saline and IP control antibody
showed tumor progression and required euthanization by day
17 (Supplementary Figure Sla). Mice given ITu oHSV showed
minimal slowing of tumor growth with six of seven animals expe-
riencing progressive disease requiring euthanization by day 24
and only one with SD that ultimately progressed (Supplementary
Figure S1b). Animals treated with bevacizumab alone dem-
onstrated a more durable response with two of seven animals
exhibiting a complete response; however, five of seven progressed
(Supplementary Figure S1c). Animals given the combination of
bevacizumab and oHSV showed a response rate of 75% (six of
eight) with four SDs beyond 30 days, one partial response that
remained a SD at day 60, one complete response, and two progres-
sive diseases (Supplementary Figure S1d). Interestingly, all ani-
mals treated with saline and r84 showed tumor progression and
required euthanization by day 14 (Supplementary Figure Sle).
Previous studies showed prevention of tumorigenesis of A673
by a r84-like antibody, but effects on established tumors were
not tested.”” In contrast, animals given oHSV and r84 showed a
number of durable responses with 57% (four of seven) having SD
that lasted beyond 30 days (Supplementary Figure S1f). Three of
these animals eventually progressed.

The antitumor effects of combination therapy were even more
dramatic in a repeat experiment with bevacizumab using some-
what smaller tumors (200-350 mm?). As before, control mice pro-
gressed rapidly and had to be killed within 10 days (Figure 5a).
Median survival was prolonged to 18.5 and 28 days for bevaci-
zumab-treated and oHSV-treated mice, respectively (Figure 5b).
Statistically, there was no difference in survival between bevaci-
zumab-treated mice and oHSV-treated mice (P = 0.44). Median
survival was markedly increased by combination therapy, with
survival of 85% when the experiment was terminated at 60 days.

Altogether, our findings suggest that VEGF blockade enhances
the antitumor efficacy of oHSV virotherapy. Notably, the effect was
similar for both anti-VEGF antibodies, even though bevacizumab
has no effect on mVEGE, suggesting that the tumor-derived hVEGF
remains predominant following virotherapy in this tumor model.

Bevacizumab represses oHSV replication in A673
tumors

We next measured the effect of bevacizumab on ITu virus repli-
cation to determine whether the improved antitumor efficacy of
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Figure 5 Treatment of A673 xenografts with combination bevacizumab and oHSV. Mice bearing A673 xenografts were treated with ITu oHSV,
IP bevacizumab or a combination of both and followed for (a) tumor growth (n = 7-8) and (b) survival (n = 7-8). Error bars represent SEM. (c)
Intratumoral virus production was measured in a separate cohort. Tumors were harvested at times shown and measured for infectious virus particles
by plaque assay. Bevacizumab reduced virus production in the tumors, likely due to the antiangiogenic effects causing tumor cell death and limiting
virus spread and production (n = 6). Error bars represent SEM. Bev, bevacizumab; IP, intraperitoneal; [Tu, intratumoral; oHSV, oncolytic herpes simplex

virus; pfu, plague-forming unit.

combination therapy may be in part due to enhanced virus pro-
duction. In contrast to our expectations, oHSV replication was
repressed in bevacizumb-treated mice at all time points compared
with control mice (Figure 5c). oHSV was still detectable at 144
hours post-injection suggesting low-level persistent virus replica-
tion. These data show that VEGF blockade inhibits I'Tu virus pro-
duction, likely due to antiangiogenic effects leading to tumor cell
necrosis, suggesting that enhanced antitumor efficacy of combina-
tion therapy is due to factors other than more efficient or wide-
spread virus infection.

Combined therapy with bevacizumab and oHSV
enhances antiangiogenesis

Having ruled out enhanced virus replication to account for
improved antitumor efficacy, we sought to determine the effect of
combination therapy on angiogenesis. Despite a downregulation
of tumor-derived VEGF following virus injection, addition of two
doses of bevacizumab (3 days apart) further reduced ITu hVEGF by
4.3-fold 6 days after virus injection (Figure 6a, P < 0.05). Analysis
of mVEGF concentrations again showed an increase in oHSV-
treated mice, unaffected by bevacizumab (as expected due to its
known species specificity; Figure 6b). We also detected apoptotic
pericytes and endothelial cells in the bevacizumab-treated groups
(Figure 6¢,d), but because such vessels were rare, we were unable
to determine whether they were increased in animals treated with
combination therapy. Only the combination group showed a sta-
tistically significant decrease in vessel numbers though both beva-
cizumab groups showed a similar decrease in the vessel area per
high powered field (microvessel density) (Figure 6e,f). Although
the differences were mild, the findings of further decreased hVEGF
levels and vascularity suggest that enhanced antiangiogenesis may
play a role in the improved efficacy of combination therapy.

Enhanced efficacy of combination therapy is
unrelated to VEGF levels

To confirm target inhibition by anti-VEGF antibodies, we mea-
sured VEGF levels in an in vitro assay (data not shown, but the
activity of both antibodies on VEGF was confirmed) and deter-
mined their effect on virus-induced ITu hVEGF and mVEGF
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Figure 6 Effects of the combination of intratumoral oHSV and
intraperitoneal bevacizumab on the tumor vasculature. A673
tumor-bearing animals were administered either ITu PBS and IP rat
IgG control antibody, ITu rRp450 and IP rat IgG control antibody, ITu
PBS and IP bevacizumab or ITu rRp450 and IP bevacizumab. Tumors
were harvested 3 days post-infection and either analyzed by ELISA for
(a) hVEGF (n = 4-5) and (b) mVEGF (n = 4-6), evaluated by immuno-
histochemistry for apoptosis by TUNEL staining and for (c) pericytes
by o-smooth muscle actin (a-SMA) staining or (d) endothelial cells
by CD31 staining. Error bars represent SD (in a,b). Tumors were also
quantified for (e) vessel numbers (n = 6, 10 high power fields per
tumor) and (f) microvessel density (total vessel area per high power
field; n=6, 10 high power fields per tumor). Error bars represent SEM.
Data were compared with PBS and only those indicated by an aster-
isk reached statistical significance. Bev, bevacizumab; ELISA, enzyme-
linked immunosorbent assay; hpf, high power field; hVEGF, human
vascular endothelial growth factor; mVEGF, mouse vascular endothe-
lial growth factor; IP, intraperitoneal; ITu, intratumoral; oHSV, onco-
lytic herpes simplex virus; PBS, phosphate-buffered saline; TUNEL,
terminal deoxyribonucleotidyl transferase-mediated dUTP nick end
labeling.
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Figure 7 Effect of VEGF blockade on the tumor microenvironment. Tumor-bearing animals were treated with either PBS (control) or oHSV by
intratumoral injection and intraperitoneal IgG (control) or anti-VEGF antibodies r84 or bevacizumab. All treatments were given on day 0. Tumors were
harvested on day +3 and analyzed for (a) tumor-derived hVEGF (n = 4-5), (b) host-derived mVEGF (n = 4-7), (c) CD11b cells by flow cytometry (n
= 4) including neutrophils (CD11b*Gr1*F4/80-), myeloid-derived suppressor cells (CD11b*Gr1-F4/80-), and macrophages (CD11b*Gr1-F4/80%),
and (d) MHC class ll-positive macrophages. Error bars represent SEM. Bev, bevacizumab; hVEGF, human vascular endothelial growth factor; mVEGF,
mouse vascular endothelial growth factor; IP, intraperitoneal; [Tu, intratumoral; MDSC, myeloid-derived suppressor cell; MHC, major histocompat-
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a b
PBS oHSV P-012
2,500
2000 0 gg : gg 1PD 2
0 1 -> =
e 1,500 0PR 0PR |4 2
g 1,000 0CR 0CR 5
< 500 2
5 o £
€ 2,000 8 PD 5PD by
=]
§ 1,500 g gg 0SD ‘ g
F 1,000 0CR Anti-CD11b %
500 é
0 0 20 40 0 20 40 60
) o (hours): 3 72 144 3
Days post first virus injection L T
Tu: oHSV oHSV
IP: afp-gal a-CD11b

Figure 8 Effect of systemic CD11b™ cell depletion on efficacy of oHSV virotherapy. Sustained antibody-mediated depletion of CD11b™ myeloid
cells was achieved before and following intratumoral injection of PBS (control) or oHSV. (a) Animals were followed for tumor growth (n = 8).
(b) In a separate cohort, tumors were harvested at the times shown and analyzed by plaque assay for infectious virus. In contrast to the effects of
bevacizumab, which reduced virus replication, depletion of CD11b" cells had no effect on intratumoral virus production (n = 5-6). Error bars rep-
resent SEM. CR, complete response; IP, intraperitoneal; ITu, intratumoral; oHSV, oncolytic herpes simplex virus; PBS, phosphate-buffered saline; PD,
progressive disease; pfu, plaque-forming unit; PR, partial response; SD, stable disease.

levels. As expected and consistent with our previous results, beva-
cizumab decreased baseline and post-virus hVEGF levels and
had no effect on mVEGF levels, which were higher following ITu
oHSV (Figure 7a,b). Although r84 treatment diminished baseline

mVEGF levels, consistent with its known effects on mVEGEF, it
unexpectedly stimulated baseline hVEGF and post-virus hVEGF
and failed to prevent the virus-induced increase in mVEGF levels.
Because bevacizumab blocks binding of VEGF to both VEGFR1
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Figure 9 Model of enhancement of oHSV efficacy by VEGF blockade.
A model consistent with our data is that virus infection of tumor cells
stimulates an innate neutrophilic infiltration and, through an unknown
mechanism, depletes M1-type tumor-associated macrophages. Infection
also induces production of host-derived mVEGEF, either directly or indi-
rectly via myeloid cells. The increase in stroma-derived mVEGF is an
example of the virus effects on the local tumor microenvironment, but
in the A673 model is overshadowed by tumor-derived hVEGF and likely
plays only a minor role in angiogenesis. (We postulate that the effect
of stroma-derived mVEGF may be more impactful in models with less
tumor-derived hVEGF production). The virus-induced CD11b" infiltrate
results in production of protumor growth and proangiogenic factors
from neutrophils and M2-type macrophages (+ factors represented by
small arrows) that are no longer offset by M1-type macrophages. The
combination of oHSV and anti-VEGF is more antiangiogenic, and the
resulting tumor cell death is likely responsible for decreased intratumoral
virus spread and production. Despite lower virus production, the com-
bination results in improved antitumor effects due in part to modulation
of the intratumoral myeloid cell composition, specifically by a mitigation
of the decrease in tumoricidal M1-type macrophages. These effects are
dependent on VEGFR2 signaling as they were seen with bevacizumab
and r84. Modulation of myeloid cells is in part responsible for the com-
bined effects of oHSV with VEGF blockade as it could be recapitulated
by combining oHSV with depletion of CD11b cells, possibly by prevent-
ing a virus-induced predominance of M2-type compared with M1-type
macrophages. The "?" denotes unknown mechanism. Bev, bevacizumab;
hVEGF, human vascular endothelial growth factor; mVEGF, mouse vas-
cular endothelial growth factor; oHSV, oncolytic herpes simplex virus;
VEGEFR, vascular endothelial growth factor receptor.

and VEGFR2, but r84 only blocks binding to VEGFR2, this finding
suggests that VEGFRI signaling in the absence of VEGFR2 sig-
naling results in increased production and/or secretion of VEGE
In addition, these data may explain the more rapid progression of
tumors treated with r84 alone (Supplementary Figure Sle). In
this experiment, we did not clearly see an increase in mVEGF with
oHSV alone or in combination with bevacizumab as was shown in
Figure 6b. We attribute the difference to the tumors being larger
in this experiment, which masked the differences between treat-
ment groups, as the outlying higher values with virus were from
smaller tumors similar to those used in Figure 6b. Regardless,
these data clearly show that the enhanced antitumor effect of
virotherapy by anti-VEGF antibodies does not correlate with ITu
VEGEF levels. Given the previously described effects of anti-VEGF
antibodies on myeloid cell infiltration,'? we hypothesized that the
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enhanced antitumor effect of oHSV with VEGF blockade may be
due in part to the modulation of the myeloid stroma microenvi-
ronment rather simply an antiangiogenic effect.

r84 and bevacizumab partially mitigate virus-induced
depletion of macrophages

We performed a myeloid cellular subset analysis in tumors
to further define the effects of virus and anti-VEGF antibod-
ies. In control antibody-treated animals, ITu oHSV induced
a marked neutrophilic infiltration (CD11bTGR1"F4/80
cells, Figure 7c). Although myeloid-derived suppressor cells
(CD11bTGR11F4/80%)'¢ were relatively unaffected by virus, the
percentage of TAMs (CD11btGR1-F4/80%) dropped signifi-
cantly following oHSV injection. Further analysis of these cells
using major histocompatibility complex (MHC) class II staining
revealed a selective depletion of MHC class II expressing TAMs
(CD11b*GR1-F4/80%class 1I") by virus (Figure 7d), suggesting
virus infection alters the balance of ITu macrophages. Although
the neutrophilic infiltration was unaffected by pre-treatment with
either r84 or bevacizumab, these anti-VEGF antibodies partially
prevented the drop in MHC class II expressing macrophages.
Given the lack of correlation of VEGF levels with combined oHSV
and anti-VEGF efficacy, these data suggest that anti-VEGF anti-
bodies may enable the antitumor effects of virotherapy in part by
modulating the ITu composition of myeloid cells.

Myeloid cell depletion enhances oHSV antitumor
efficacy

To directly determine whether ITu myeloid cells mitigate the anti-
tumor activity of oHSV, we achieved sustained systemic depletion
of CD11b™ cells before and following virus injection. Depletion
of CD11b™ cells resulted in an enhanced antitumor effect of viro-
therapy, with three of eight mice exhibiting a complete response
(Figure 8a). As before with bevacizumab, the effect did not appear
to be due to enhanced virus production as only a small increase
in oHSV replication was observed that did not reach statistical
significance (Figure 8b). These data confirm that the cellular host
response to virus infection mitigates antitumor effects of viro-
therapy. Further, our data strongly suggest the enhancement of
virotherapy by anti-VEGF antibodies is due in part to their modu-
lation of virus-induced changes in ITu myeloid cells.

DISCUSSION

We studied a sarcoma model highly susceptible to cytolytic oHSV
infection in tissue culture but which lacks significant antitumor
response in vivo. We found that I'Tu oHSV injection is associated
with an acute inflammatory neutrophilic infiltrate, concomi-
tant decrease of TAMs, and upregulation of host-derived VEGF
dependent upon I'Tu CD11b™ cells. Despite the increased mVEGF
following virus infection, total ITu VEGF levels fell after virus
injection due to the decreased tumor-derived contribution, yet the
antiangiogenic effects of virus alone were mild. VEGF blockade
with bevacizumab further decreased angiogenesis and partially
mitigated the drop in TAMs, the latter being likely due to interfer-
ence with VEGFR2 signaling as it was observed with both bevaci-
zumab and r84. Most importantly, the enhanced antitumor effect
of oHSV with VEGF blockade was in large part recapitulated by
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oHSV combined with systemic depletion of CD11b™ cells, pro-
viding strong support for the notion that the ITu myeloid cell
response to virus infection modulates the efficacy of virotherapy.

A model consistent with our observations is shown in
Figure 9. Because M1-type macrophages are tumoricidal whereas
M2-type are tumorigenic,' a selective decrease of M1-type mac-
rophages by virus infection without affecting the M2-type mac-
rophages might be counterproductive for virus-driven antitumor
effects and would explain our findings. Prevention of this imbal-
ance either by anti-VEGF therapy or depletion of CD11b% cells
altogether would then be antitumorigenic.

Our data are partly consistent with previous observations of
increased innate inflammatory cell infiltration following injec-
tion of oHSV. Prior administration of the antiangiogenic agent
cilengitide markedly decreased the overall extent of leukocyte
infiltration and improved antitumor efficacy of oHSV in an
immunocompetent rat glioma model.”” Infection of glioma cell
lines with the oHSV G207 but not G47A decreased thrombospon-
din-1 and thrombospondin-2 levels without affecting VEGF and
matrix metalloproteinase levels, leading to an overall increase in
microvascular density.”® In fact, tissue studies in clinical trials of
patients injected with oHSV are consistent with a proangiogenic
host response.”” The neutrophilic infiltration we observed was
similar to that seen with oHSV-2 mutant.”® In contrast to studies
of bevacizumab on adenovirus in xenograft models of thyroid car-
cinoma? and on oHSV in a gliomamodel,”? however, we did not
find enhanced virus replication due to bevacizumab. In fact, we
found less virus in tumors treated with bevacizumab, likely due to
inhibition of virus spread from cell death. Furthermore, preven-
tion of the cellular infiltrate by depletion of CD11b™ cells either
had little or no effect on virus production.

Wild-type HSV-1 infection of the mouse cornea results in
upregulation of matrix metalloproteinase-9 and VEGF by infil-
trating neutrophils.”® We have previously shown that inhibition
of matrix metalloproteinase activity by an oHSV-expressing tis-
sue inhibitor of metalloproteinases-3 decreases angiogenesis,
recruitment of bone marrow-derived endothelial precursors, and
leads to better antitumor efficacy in xenograft tumor models.”
oHSV armed with various antiangiogenic molecules have shown
improved antitumor effects.?*** Our findings raise the possibil-
ity that these viruses engineered to be enhanced for antiangio-
genic activity may also be functioning in part by modulating the
innate cellular immune response to virus infection.

Whether or not the innate inflammatory response is deleteri-
ous to oHSV’s antitumor effect appears to depend on the tumor
model. Whereas A673 tumors exhibited minimal response to
oHSV itself, virotherapy alone was highly effective at shrinking
143.98.2 tumors. The difference was not due to differences in
tumor cell autonomous susceptibility to virus infection, which
were similar in cultured cells. One testable possibility is that
143.98.2 cells induce a less robust innate host reaction following
oHSYV infection. It will be interesting to determine in future stud-
ies whether the VEGF and cellular inflammatory responses vary
among different tumor models.

Although the current studies are limited to the innate host
immune response, the adaptive T-cell response also plays an
important role in the efficacy of oncolytic virotherapy.>-** Further
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studies will be needed to determine whether modulation of the
innate response, as we have done with VEGF blockade, will
compromise the downstream adaptive immunity to tumor anti-
gens. Targeted therapy for specific counterproductive aspects of
the immune response, while ultimately preserving the adaptive
immune response, is likely to be a more effective strategy than
global immunosuppression.

In conclusion, we found that systemic VEGF blockade signifi-
cantly enhances oHSV virotherapy in part due to enhanced anti-
angiogenesis but also due to modulation of the innate cellular host
response. Our results may also explain in part, the improved effi-
cacy, we previously observed using intravenous oHSV and bevaci-
zumab.*® Because bevacizumab is Food and Drug Administration
approved, clinical trials in combination with oHSV virotherapy
are thus warranted. Our findings add to the growing literature
supporting the notion that understanding and circumventing
host-derived barriers may help enable the full antitumor potential
of oncolytic virotherapy for cancer.

MATERIALS AND METHODS

Cells and viruses. Human cancer cell lines RD (embryonal RMS), Rh30
(alveolar RMS), 143.98.2 (OS), and A673 (Ewing sarcoma) were all
obtained from ATCC (Manassas, VA). Although A673 is catalogued as an
RMS, it was derived from a human peripheral neuroepithelioma (25) and
the presence of the EWS/FLII transcript (26) confirmed it to be a mem-
ber of the Ewing sarcoma family tumors. The African Green Monkey kid-
ney cell line, Vero, was purchased from ATCC and used in the standard
plaque assay. RD and A673 cells were grown in Dulbecco’s modified Eagle’s
medium and 10% fetal bovine serum supplemented with 100 U/ml peni-
cillin, and 100 mg/ml streptomycin. Vero was grown in MEM-E (ATCC)
and 10% fetal bovine serum supplemented as above. ICP6-deleted rRp450
HSV-1 (oHSV) was kindly provided by E. Antonio Chiocca (Ohio State
University, Columbus, OH).

Animal studies. Animal studies were approved by the Cincinnati Children’s
Hospital Medical Center Institutional Animal Care and Use Committee.
Mice were euthanized per institutional guidelines once tumor size reached
10% of body weight. Six to eight weeks old female athymic nude (nu/nu)
mice (Harlan Sprague Dawley, Indianapolis, IN) were injected subcu-
taneously with A673 Ewing sarcoma cells (5x10°) in 30% matrigel (BD
Biosciences, San Diego, CA). Tumor volume was determined by V = (L
x W?) x 1/6, where V is the volume, L is the length of the tumor, and
W is the width. When tumor volume exceeded 200 mm?®, mice were ran-
domized to receive treatment. rRp450 virus injections were given ITu at
1.0 x 107 plaque-forming units (pfu)/dose in 100 pl of PBS given in a frac-
tionated fashion as previously described.** Control animals were injected
similarly with 100 ul PBS. Bevacizumab and r84 antibody or nonspecific
rat IgG (control) were given by IP injection at 10mg/kg. For survival
experiments, bevacizumab and r84 were given at 10 mg/kg twice weekly.
For tumor vasculature studies, animals bearing A673 tumors ranging from
150-1,000 mm® were injected with either PBS (ITu) and the rat IgG con-
trol antibody (IP) at 10 mg/kg, rRp450 (ITu) at 1.0 x 107 pfu and the rat
IgG control antibody (IP) at 10mg/kg, PBS (ITu) and bevacizumab (IP)
at 10mg/kg, or rRp450 at 1.0 x 107 pfu and bevacizumab (IP) at 10 mg/kg.
ITu virus or PBS were given on days 0 and 2, while antibodies were given
twice weekly.

Immunohistochemistry. The spleen and tumor from each mouse in each
treatment group were harvested at 24 hours after virus injection, incu-
bated overnight in 30% sucrose and snap-frozen using Tissue-Tek Optimal
Cutting Compound (Fisher Scientific, Pittsburgh, PA). Tissues were cut
into 5-p frozen sections and stained with monoclonal rat anti-Ly6g (Clone
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1A8, 1:25 dilution) for neutrophil-specific marker or its isotype control
IgG2a (both from BioLegend, San Diego, CA) for immunohistochemis-
try using a Mouse-on-Mouse kit and 3,3’-diaminobenzidine peroxidase
substrate according to the manufacturer’s protocol (Vector Laboratories,
Burlingame, CA). Harris hematoxylin was used for counterstaining.
Parallel slides were stained using standard hematoxylin and eosin stain-
ing by the Nationwide Children’s Hospital Research Institute biopathology
core.

In vitro viral cytotoxicity assay. A673 cells were seeded in 96-well plates.
After 2 hours, rRp450 at MOI 0, 0.1, 0.01, 0.001 or bevacizumab at concen-
trations 10, 100 ug/ml were added in quadriplicates. Cultures were assessed
for cell viability on days indicated by Celltiter 96 (Promega, Madison, WI)
according to the manufacturer’s instructions.

In vitro viral replication assays. Cells were plated in 12-well dishes at
5x10° cells per well, adhered at 37 °C for 2 hours, and infected using
5%10° (MOI of 0.01) or 5x10* (MOI of 0.1) virus in a total volume of
0.1 ml. Plates were gently shaken every 10 minutes for 1 hour. Inoculum
was removed after 1 hour and replaced with 0.5ml fresh media. At times
indicated, cells were scraped, freeze-thawed two times, diluted, and titered
by standard plaque assay.

In vivo viral replication assays. A673 xenograft tumors were established
in athymic nude mice by injecting 1.0 x 10°~5.0 x 10° cells subcutaneously
in the right flank. Tumor growth was measured by the length and width
using calipers two times per week. When tumor volume was 250-350 mm?,
animals were randomized to receive IP bevacizumab or IP rat IgG isotype
(control) at day —3 and ITu oHSVat day 0. Mice were killed at day +3 and
tumors harvested for plaque assays.

CD11b* myeloid cell depletion with monoclonal antibody. To deplete
CD11b* myeloid cells (GR1"F4/80-), 6-8 weeks old athymic nude mice
bearing A673 tumors were administered IP with either 400 pg of anti-p-
gal control antibody (clone GL113) or 400 pg of anti-CD11b* antibody
(clone M1/70) on days -2, -1, 0, +1, +2 and ITu with either 100 pl of PBS
(control) or 1.0 x 107 pfu rRp450 (oHSV) in 100 ul of PBS on day 0. Tumors
were collected at day +3 and analyzed by flow cytometry for cellular infil-
trate and by enzyme-linked immunosorbent assay for mVEGF levels. For
tumor growth and survival studies, animals bearing A673 tumors ranging
from 150-800 mm® were administered IP with o-CD11b at days -2, -1, 0,
+1, +2, and daily on days +5 through +9 for a total of 10 doses and PBS or
rRp450 (oHSV) at day 0 and 7.

Enzyme-linked immunosorbent assay for VEGF production. Harvested
tumors were snap-frozen in liquid nitrogen and stored at —80 °C until
processed. Tumors were homogenized with a Powergen tissue homog-
enizer (Fisher Scientific) in 1ml of a protease cocktail inhibitor (Roche,
Indianapolis, IN). The tumor lysates were freeze-thawed twice and cen-
trifuged at 4,000g at 4 °C for 10 minutes. The supernatants were assayed
for mVEGF and hVEGF using appropriate sandwich ELISA kit (R&D
systems, Minneapolis, MN) according to the manufacturer’s instructions.
Purified recombinant protein provided in the kits was used as positive con-
trols and to create standard curves.

Flow cytometry. Animals bearing A673 tumors >200 mm?® were adminis-
tered IP with either rat IgG (control), bevacizumab, or r84 and PBS (con-
trol) or rRp450 (0HSV) at day 0. Animals were killed on day 3. Harvested
tumors were digested using Liberase Blendzyme 3 (Roche, Mannheim,
Germany) and passed through a 100nm filter to achieve a homoge-
neous cellular suspension and remove tumor extracellular matrix. After
obtaining single cell suspensions, 1x 10° cells were stained with antibod-
ies against GR-1 (FITC, clone Ly6G, generated in-house), MHC Class II
(PerCP, clone 3F12-35, generated in-house), CD11b (clone M1/70; BD
Biosciences), CD11c (eFluor450(PB), clone N418; eBioscience, San Diego,
CA), and F4/80 (APC, clone BM8; eBioscience) according to standard
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surface staining protocol. Data was acquired on LSRII flow cytometer and
analyzed using FACSDiva software (BD Biosciences).

Protein assay. Supernatants from tumor lysates were diluted 1:20 with
double deionized water. Protein was assayed using the bicinchoninic
acid method (Pierce, Rockford, IL) according to the manufacturer’s
instructions.

Immunofluorescence. After harvesting tumors on day 3 post-injection, the
tumors were formalin-fixed and paraffin-embedded. Sections were cut at
5 um and placed on charged glass slides. Tumor tissue slides were heated
at 65 °C for 30 minutes, deparaffinized, and rehydrated. Antigen Retrieval
Solution (DAKO, Carpinteria, CA), 3% hydrogen peroxide, and Protein
Block Solution (DAKO) were sequentially applied to prepare the tissue
slides. They were then incubated with Meca-32 primary monoclonal anti-
body (1:10, Developmental Studies Hybridoma Bank, University of Iowa,
Iowa City, IA) for 60 minutes at room temperature. Biotinylated secondary
antibody (Vector Laboratories) was applied at 1:200 dilution for 30 min-
utes and detected using Fluorescein Avidin D (Vector Laboratories). The
slides were mounted with Vectashield medium containing DAPI (Vector
Laboratories). Terminal deoxyribonucleotidyl transferase-mediated dUTP
nick end labeling (TUNEL) staining was performed using the ApopTag
Red In Situ Apoptosis Detection Kit (Millipore, Billerica, MA) according
to the manufacturer’s instructions. Staining with Meca-32 antibody (1:10
dilution) was incorporated into the TUNEL protocol.

Microvessel numbers and density. Tumor tissue slides were analyzed
by fluorescence microscopy using the Nikon 90i with NIS-Advanced
Elements software (Nikon Instruments, Melville, NY). Ten vascular
“hotspots” were identified on each section and used for vessel quantifica-
tion. Mean vessel numbers within each tumor tissue slide were determined
using manual measurements by two blinded independent investigators.
Data are expressed as numbers of vessels per 200x field. Vascular area was
determined from the individual vascular cross-sectional measurements
and quantified using the NIS-Advanced Elements software. Microvessel
density was calculated as the ratio of the total microvascular area per 200x

field (high power field).

Statistical analysis. Comparisons between two means were performed
with an unpaired Student’s ¢-test and more than two means by analysis of
variance. Survival was analyzed by log-rank. All statistics were done using
GraphPad Prism 5 software (GraphPad Software, La Jolla, CA).

SUPPLEMENTARY MATERIAL
Figure S1. In vivo efficacy of rRp450 combined with VEGF blockade.
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