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Antiangiogenic cancer therapy combined with
oncolytic virotherapy leads to regression
of established tumors in mice
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Clinical trials of oncolytic virotherapy have shown low toxicity and encouraging signs of efficacy. However, it
remains critically important to develop methods for systemic viral delivery if such therapies are to be clinically
implemented to treat established tumors. In this respect, much effort is being focused on combining oncolytic
viruses with standard treatment modalities such as inhibitors of VEGFs (an alternatively spliced isoform of
VEGF-A) signaling, which are widely used to treat several different cancers. Here, we have demonstrated that
combining VEGF,¢;s inhibitors with systemic delivery of oncolytic viruses leads to substantial regression and
cure of established tumors in immunocompetent mice. We have shown that manipulating VEGF¢s-mediated
signaling by administering VEGF s to mice harboring mouse melanoma cells that do not express VEGF 45 and
by administering a VEGF inhibitor and then withdrawing treatment to allow VEGF levels to rebound in mice har-
boring mouse melanoma cells expressing VEGF¢s allows tumor-associated endothelial cells transiently to sup-
portviral replication. This approach led to direct tumor cell lysis and triggered innate immune-mediated attack
on the tumor vasculature. It also resulted in long-term antitumor effects, even against tumors in which viral rep-
lication is poorly supported. Since this combinatorial approach targets the tumor endothelium, we believe these

data have direct, wide-ranging, and immediate clinical applicability across a broad range of tumor types.

Introduction

Cancer gene/virus therapy will not achieve its potential until vectors
can be delivered systemically to metastatic disease (1). Many barriers
exist in immunocompetent hosts, including immune inactivation,
mislocalization, specific and nonspecific sequestration, and inad-
equate intratumoral extravasation (1, 2). In virus-immune hosts,
neutralizing antibody (NAD) also inhibits intratumoral delivery,
although it can protect against widespread viral dissemination/tox-
icity (3). Transient immunosuppression can modulate NAb and
other immune effectors to enhance viral delivery (3, 4). We (5-7) and
others (8, 9) have also used cells to protect viruses from circulating
immune elements and to chaperone them into tumors (2).

Vectors directly injected into human tumors fail to migrate
beyond the needle track (10). Thus, replication-competent vec-
tors have been developed that, theoretically, can initiate com-
prehensive, spreading intratumoral infections from low-level
initial seeding (11, 12). A portfolio of oncolytic viruses with
replicative selectivity for tumor cells is being tested (13, 14).
Reovirus (Reo) is selectively cytotoxic to Ras-activated tumor
cells (15) and has efficacy in immunocompetent and -deficient
models (16-20). We conducted phase I clinical trials with sys-
temically delivered Reo (21-23). Interestingly, these and other
studies have shown systemic virus delivery to tumors, despite
high NAD titers (21-24). Nonetheless, significant problems
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persist in achieving efficient systemic viral delivery, and much
effort is now focusing on combining oncolytic viruses with
standard treatment modalities (25, 26).

Tumor vasculature represents both a target for and a barrier to sys-
temic virotherapy (27-30). Many human tumors overexpress VEGF,
particularly VEGFes (an alternatively spliced isoform of VEGF-A), to
support their own growth (27, 31, 32). VEGF s binds to vasculature-
associated VEGFR2 and mediates tumor angiogenesis (33). The bio-
logical importance of this process is underscored by the development
of clinically approved VEGF-targeting therapeutics (Avastin/bevaci-
zumab, sorafenib, sunitinib) (34-37). VEGF has multiple effects on
tumor vasculature, increasing vasodilation, permeabilization, and
disorganization (27, 32). Indeed, VEGF was initially called vascular per-
meability factor (31). Anti-VEGF therapies may “normalize” tumor vas-
culature, an effect that may improve tumor blood flow and increase
delivery of therapies (38). In murine tumor models, the window of
vessel normalization is short (days following treatment) (27, 38).

We initially hypothesized that transient destabilization of tumor
vasculature by VEGF;6s may facilitate intratumoral delivery of onco-
lytic viruses. Although administration of a proangiogenic factor to
cancer patients seems counterintuitive, we aimed to identify dose
schedules that transiently destabilize vasculature, thereby enhanc-
ing virus delivery, without promoting long-term tumor growth.
Using non-VEGF-expressing tumors in immunocompetent mice, we
achieved long-term cures in mice treated with VEGFs followed, after
a specific interval, by i.v. Reo. Although VEGF6s enhanced vascular
leakage, therapeutic effects derived mainly from VEGF;¢s-mediated
stimulation of endothelial cells transiently to support viral replica-
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Figure 1

VEGF 165 conditions tumors for systemic Reo therapy. (A) Mice bearing B16 tumors established subcutaneously 7 days previously in
C57BL/6 mice (5/group) were treated with a single injection per day for 1, 3, or 5 consecutive days of VEGF s (1 ug/injection) (VEGF x1, x3,
or x5); 5 daily injections of PBS (PBS x5); 3 daily injections of PBS followed 24 hours later by a single i.v. injection of Reo (5 x 108 TCIDsg)
(PBS x3 + Reo); or 3 daily injections of VEGF 65 followed 24 hours later by a single i.v. injection of Reo (VEGF x 3+Reo). Survival (tumor
reaching 1.0 cm in diameter) was followed over time. (B) C57BL/6 mice bearing B16 tumors established 7 days previously in C57BL/6 mice
(7-8/group) were treated (days 1-3) with a single injection per day for 3 consecutive days of VEGF g5 or PBS, followed 24 hours later (days
4, 5) by a single i.v. injection per day for 2 consecutive days of Reo or PBS. This regimen was then repeated (days 8—-12 and 15-19) twice in
surviving mice. Survival (tumor reaching 1.0 cm in diameter) was followed over time. (C and D) Subcutaneous B16 tumors were examined
histologically after being excised 24 hours following a single i.v. injection of Reo administered 24 hours after a single injection per day for
3 consecutive days of either (C) VEGF65 or (D) PBS. (E—G) Subcutaneous B16 tumors were examined histologically after being excised
72 hours following 2 daily i.v. injections of Reo administered 24 hours after a single injection per day for 3 consecutive days of either (E)
PBS or (F and G) VEGFes. Intratumoral hemorrhage/necrosis is shown in F. Perivascular immune infiltrates (thick red arrow) and indistinct

tortuous blood vessels (thin red arrow) are shown in G. Original magnification, x20.

tion. Appropriately timed systemic virus delivery led to replication in
and lysis of tumor-associated endothelial cells and innate immune-
mediated antivascular effects with subsequent vascular collapse. By
extending this principle to tumors overexpressing VEGF s, we com-
bined clinically approved VEGFjes inhibitors with virus delivery to
achieve long-term cures. Therefore, we have developed here what we
believe is a novel method by which clinically approved inhibitors of
VEGF 65 can be combined with systemic delivery of oncolytic viruses
to treat established tumors. Since this approach targets the tumor
endothelium rather than any specific tumor type, these data support
immediate clinical testing of combinations of oncolytic virotherapy
and agents that modulate VEGF signaling to tumor vasculature
across a potentially broad range of cancers.

Results

Systemic VEGF 165 conditions tumors for virotherapy. Up to § daily
doses (1 ug) of VEGFs did not promote growth of VEGFi6s-non-
producing B16 tumors (Figure 1A). At least 3 daily VEGFs injec-
tions were required to induce vascular leakage as determined by
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wet/dry lung weight ratios (data not shown) (6). Although i.v. Reo
is minimally therapeutic in the B16/C57BL/6 model (Figure 1A),
3 daily VEGFss injections followed by 1 i.v. Reo injection was
therapeutic (P < 0.01 vs. VEGFss or Reo) (Figure 1A). Two daily
VEGF s injections followed by Reo i.v. was not superior to Reo
alone. The effect of (VEGFjss5) x 3 + Reo was not increased with
4 or 5 VEGF¢s injections (data not shown).

Evaluation of multiple VEGF¢s/Reo schedules revealed that
a regimen of VEGF s (days 1, 2, 3) followed 24 hours later by
i.v. Reo (days 4, 5), which was repeated 3 times (days 1-5, 8-12,
and 15-19), generated significant antitumor therapy (P < 0.001)
compared with control regimens ((PBS x 3) + (Reo x 2) or
(VEGF 65 x 3) + (PBS x 2)) (Figure 1B).

Tumors harvested 24 hours after (VEGF;65s x 3) + Reo treat-
ment contained necrotic tumor and perivascular lymphocyte
infiltrates (Figure 1, C and D). By 72 hours, extensive vasodila-
tion, necrosis, and intratumoral hemorrhage were observed in
regressing tumors. Frequently, the integrity of intratumoral ves-
sels could not be determined (Figure 1, E-G).
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Figure 2

VEGF¢5 sensitization to Reo therapy involves host cells. (A) Viral titers

from organs of mice bearing 10-day tumors treated with a single injection

per day for 3 consecutive days of VEGF1g5 or PBS, followed 24 hours later by a single i.v. injection per day for 2 consecutive days of Reo. (B) Mice
bearing 5-day established B16 tumors (5/group) were left intact (2 i.p. injection of IgG, days 6, 7 [No Depln]) or were depleted of CD8 (a-CD8),
CD4 (a-CD4), or NK cells (a-NK). Mice were then treated (days 8—10) with VEGF+¢5 or PBS, followed by Reo or PBS (control) (days 11, 12) asin
A. (C) Top panel: viral titers recovered from B16ova or B16 cells infected in vitro with Reo (MOI 0.1). Bottom panel: mice bearing 7-day established
B16ova tumors were treated with VEGF¢s or PBS (days 1-3), followed by Reo or PBS (days 4, 5) as in A. This regimen was repeated (days 8—12
and 15—19) twice. Mice surviving by day 60 are shown. (D) MyD88-deficient mice bearing 7-day established B16 tumors (7—8/group) were treated
with VEGF 65 or PBS (days 1-3) followed by Reo or PBS (days 4, 5) as in A. This regimen was repeated (days 8—12 and 15-19) twice. (E) RT-PCR
with primers for endothelial TIE2, tumor-specific gp100, or GAPDH using RNA from B16 tumors 48 hours following 2 i.v. injections of PBS or Reo
24 hours following 3 consecutive daily injections of either VEGF1es or PBS. **Positive for TIE2 upon nested PCR.

Systemic VEGF 65 enbances virus localization in tumors. One cycle of
(VEGFj6s x 3) + (Reo x 2) significantly increased systemic reoviral
delivery to subcutaneous tumors (P < 0.001 vs. (PBS x 3) + (Reo x 2))
(Figure 2A). Increased viral titers were also recovered from normal
organs, albeit atleast 3 logs lower than in tumor (Figure 2A). Highest
levels of non-tumor-associated virus were recovered from the tail,
perhaps through endothelial damage at injection sites (Figure 2A).
Despite virus detection in nontumor tissues, no overt toxicity was
observed in mice treated with (VEGFjes x 3) + (Reo x 2).

VEGF-enhanced virotherapy depends upon host immune components.
Therapy associated with (VEGFes x 3) + (Reo x 2) was lost in NK-,
CD4*-, and CD8"-depleted mice (Figure 2B), showing that host
immune cells are necessary for VEGF,gs-enhanced Reo therapy.
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We characterized further the relative importance of VEGF¢s-
mediated enhanced virus access to, and replication in, established
tumors compared with host antiviral immune reactivity. There-
fore, we tested (VEGFi¢s x 3) + (Reo x 2) against Bl6ova tumors,
a B16 variant that supports very poor Reo replication (Figure 2C)
and cytotoxicity (not shown) in vitro. Even so, 3 weekly cycles of
(VEGF¢s x 3) + (Reo x 2) were as successful against Bl16ova tumors
(Figure 2C) as against B16 tumors (Figure 1B), indicating that viral
activity against nontumor cells is critical.

In this respect, B16 in C57BL/6 mice was consistently cured by
3 cycles of (VEGFigs x 3) + (Reo x 2) (Figure 1B), but no thera-
peutic effect was seen in MyD88-deficient mice (Figure 2D).
Significantly, although B16 tumors express MyD88 (data not
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Figure 3

VEGF 65 burst conditions endothelial cells for Reo replication. (A) HUVEC or B16 tumor cells were cultured in triplicate wells in vitro for 48 hours
in the absence of VEGFs5 (see groups a, b, and d—f) or continually with VEGF1es present in the medium (group c) at 10 ng/ml. Cultures were
then exposed to mock infection (group a) or to Reo (MOI of 0.1) (groups b—f) in the presence of added VEGFs5 at 10 ng/ml (groups a and c) or
at 0.1 ng/ml (group d), 1.0 ng/ml (group e), or 6 ng/ml (group f). 72 hours later, viral titers were determined by plaque assay. (B and C) HUVEC
(B) or B16 tumor cells (C) were cultured in triplicate wells in vitro for 48 hours continually with VEGF1s5 present in the medium at 6 ng/ml (rows 1,
2, and 5) or in the absence of VEGF¢s5 (rows 3 and 4). Cultures were then exposed to mock infection (row 5) or to Reo (MOI of 0.1) (rows 1-4)
in the presence of no VEGFi¢s (row 3), VEGF1ss at 12 ng/ml (row 2), or VEGF1gs at 6 ng/ml (rows 1 and 4). 72 hours later, surviving cells were
visualized by crystal violet staining. (D and E) RT-PCR analysis for expressionof 7& ('3 and 7 & ('3 genesin HUVEC (D) or B16 tumor cells

(E) treated as described in treatments 1—4 in B and C above.

shown), the tumor-associated stroma, including host-derived
endothelium, does not. Therefore, intact innate immune signal-
ing through MyD88 nontumor cells is required for therapeutic
efficacy of 3 x (VEGFes x 3) + (Reo x 2).

To identify the host-derived compartment targeted by VEGFes-
enhanced Reo activity, we examined the effects of therapy on
tumor-associated endothelium. Consistent with our difficulty in
evaluating vessel density in regressing B16 tumors in vivo (Figure 1,
C-G), (VEGFjss x 3) + (Reo x 2) markedly reduced mRNA for the
endothelial-associated marker TIE2 (Figure 2E). In contrast, there
was little change in expression of the tumor cell-associated marker
gp100 at this stage (Figure 2E).

Taken together, the data in Figure 2 suggest that VEGFj6s/Reo
therapy may be mediated, at least initially, through viral-induced
oncolysis and/or immune attack of VEGF¢s-activated endothelial
cells rather than by direct viral replication/oncolysis in tumor cells.

VEGPF 65 burst conditions endothelial cells for viral replication. Consis-
tent with this hypothesis, HUVEC grown without VEGFss sup-
ported Reo replication when VEGF¢s was reintroduced at supra-
threshold levels, an effect that was absent in B16 cells (Figure 3A).
VEGF;es-mediated conditioning of HUVEC for Reo replication
1554
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was only induced in cells that had previously been deprived of
VEGF¢s. Boosting preexisting VEGF¢s levels (from 6 ng/ml to
12 ng/ml) or sustained exposure yielded either low (~3 x 10° median
tissue culture infective dose [TCIDso]) (data not shown) or no Reo
replication in HUVEC (Figure 3A). HUVEC initially grown with-
out VEGF6s and then pulsed with VEGF ;65 were extensively lysed
by Reo (Figure 3B). As before, Reo cytotoxicity against B16 was
unaffected by the presence/absence of VEGF¢s (Figure 3C).
HUVEC grown continuously in VEGF,¢s maintained low, but
detectable VEGFR1/2 expression (Figure 3D). Boosting preexisting
VEGF¢s levels in vitro gave variable results over several experiments.
In some, there was no detectable increase in VEGFR1/2 expression;
in others, we observed an increase in VEGFR2 (Figure 3D). HUVEC
grown without VEGF;es for 72 hours consistently downregulated
VEGFR1/2 expression (Figure 3D). HUVEC grown for 48 hours
without VEGFjes, followed by de novo VEGF s exposure, signifi-
cantly induced VEGFR1/2, mirroring the increased reoviral replica-
tion under similar conditions (Figure 3A). B16 cells expressed neither
VEGFR1 nor VEGFR2 irrespective of VEGFes exposure (Figure 3E).
Taken together, these data show that endothelial cells pulsed with
VEGFs become permissive for reoviral replication and oncolysis.
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