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Oncolytic viral (OV) therapy is a promising therapeu-
tic modality for brain tumors. Vasculostatin (Vstat120)
is the cleaved and secreted extracellular fragment of
brain-specific angiogenesis inhibitor 1 (BAI1), a brain-
specific receptor. To date, the therapeutic efficacy of
Vstat120 delivery into established tumors has not been
investigated. Here we tested the therapeutic efficacy of
combining Vstat120 gene delivery in conjunction with
OV therapy. We constructed RAMBO (Rapid Antiangio-
genesis Mediated By Oncolytic virus), which expresses
Vstat120 under the control of the herpes simplex virus
(HSV) IE4/5 promoter. Secreted Vstat120 was detected
as soon as 4 hours postinfection in vitro and was retained
for up to 13 days after OV therapy in subcutaneous
tumors. RAMBO-produced Vstat120 efficiently inhibited
endothelial cell migration and tube formation in vitro
(P =0.0005 and P = 0.0184, respectively) and inhibited
angiogenesis (P = 0.007) in vivo. There was a significant
suppression of intracranial and subcutaneous glioma
growth in mice treated with RAMBO compared to the
control virus, HSVQ (P = 0.0021 and P < 0.05, respec-
tively). Statistically significant reduction in tumor vascu-
lar volume fraction (VVF) and microvessel density (MVD)
was observed in tumors treated with RAMBO. This is the
first study to report the antitumor effects of Vstat120
delivery into established tumors and supports the further
development of RAMBO as a possible cancer therapy.
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INTRODUCTION

Glioblastoma multiforme is the most common and malignant
form of brain tumors, and even after decades of research, the
median survival of patients treated with radiation and chemo-
therapy remains <15 months.! Despite the molecular heterogene-
ity of genetic alterations observed in malignant gliomas, increased
vascularity and microvascular proliferation remain one of its

histopathologic hallmarks. The concept of using antiangiogenic
strategies to block tumor vasculature as a therapeutic strategy
for glioma is currently being tested in human patients.* Although
these studies have yielded encouraging results, it is becoming
increasingly obvious that a multipronged therapeutic approach
combining antiangiogenic agents with cytotoxic agents will be
essential to combat this deadly disease.

Another promising new direction in cancer therapy is the use
of oncolytic viruses (OV), which exploit tumor-specific conditions
to infect and/or replicate in cancer cells leading to their oncolytic
destruction.’ Phase I/II clinical testing of OV has demonstrated
the relative safety of this approach in human patients up to doses
of 10° plaque-forming units (pfu) with no therapy-associated tox-
icity or adverse events.** Future large randomized phase III clini-
cal trials will evaluate therapeutic efficacy of this approach.

One of the major limitations in OV therapy is the rapid innate
immune responses initiated in tumors upon infection. This anti-
viral immune response is accompanied by the secretion of sev-
eral proangiogenic factors®!' that can induce angiogenesis and
encourage growth of residual tumor after viral clearance. Corneal
infection of wild-type herpes simplex virus type 1 (HSV-1) has
also been linked to increased expression of angiogenic factors,
such as vascular endothelial growth factor, matrix metallopro-
teinase 9, Cox-2, and reduced expression of antiangiogenic fac-
tors, such as thrombospondin 1 (TSP-1) and TSP-2 (refs. 11,12).
Consistent with these studies, we and others have recently reported
a significant increase in cysteine-rich 61 (CYR61), and reduc-
tion of antiangiogenic TSP-1 after oncolytic HSV-1 treatment.'>'?
CYR61-mediated o, B, (ref. 13) integrin activation and reduced
TSP-1 (antiangiogenic ligand for CD36 on endothelial cells) lev-
els have been implicated in increased angiogenesis of the residual
tumor that regrows following OV-mediated tumor destruction
and viral clearance.'

Vasculostatin (Vstat120) is the extracellular fragment of brain-
specific angiogenesis inhibitor 1 (BAIl), and has been shown to
be a potent antiangiogenic and antitumorigenic factor. Vstat120
contains five TSP type 1 repeats (amino acids 264-315, 357-407,
412-462, 470-520, and 525-575) and an integrin-antagonizing
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RGD motif (amino acids 231-233) (ref. 15). Both the TSRs as well
as the RGD integrin-binding domains of BAI1 have been shown
to have antiangiogenic functions.'®” The RGD integrin-binding
motif of BAI1 has been shown to be angiostatic by antagonizing
activation of o B, family of integrins.'"® The five TSP1 domains
of Vstat120 have also been shown to be antiangiogenic in vitro
and in vivo.”* Although armed oncolytic HSV-1-derived viruses
expressing a variety of angiostatic factors have been described,”*
we hypothesized that efficient production of Vstat120 expressed
under the IE4/5 HSV promoter would counter the reduction of
TSP-1 and increased CYR61 integrin activation in the glioma
microenvironment thereby leading to enhanced antiglioma effi-
cacy of OV (Figure 1).

We have created an armed oncolytic HSV-1 that expresses
Vstat120 under the expression of an immediate early IE4/5
HSV promoter. Based on the potent and rapid induction of
antiangiogenic Vstat120, we named this virus RAMBO (Rapid
Antiangiogenesis Mediated By Oncolytic virus). Treatment of
mice bearing intracranial and subcutaneous gliomas revealed a
significant increase in antitumor efficacy of RAMBO compared to
the control HSVQ virus. This is the first study to investigate thera-
peutic efficacy of Vstat120 delivery in established tumors.
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Figure 1 Rationale for the construction of Vstat120 expressing OV.
Increased CYR61 and reduced TSP-1 expression in the tumor microen-
vironment upon OV treatment. Increased CYR61 would lead to integ-
rin-mediated activation of endothelial cells resulting in angiogenesis.
Reduction in antiangiogenic TSP-1 would further tilt the scale toward
increased angiogenesis. Vstat120 expression by RAMBO would counter
both of these effects and inhibit angiogenesis of the residual disease. OV,
oncolytic virus; RAMBO, Rapid Antiangiogenesis Mediated By Oncolytic
virus; TSP-1, thrombospondin 1; Vstat120, vasculostatin.
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RESULTS

Engineering of RAMBO

To test the efficacy of Vstat120 gene delivery by OV, we created
RAMBO, an oncolytic HSV-1 expressing Vstat120. The engineer-
ing strategy for RAMBO was to incorporate the cDNA encoding
for human Vstat120, driven by the HSV-1 IE4/5 promoter, within
the backbone of an attenuated HSV-1 virus (HSVQ). HSVQ is
deleted for both the copies of y34.5 genes and possesses a gene
disrupting insertion of green fluorescent protein within the viral
UL39 locus encoding for ICP6 gene (Supplementary Figure
S1). We employed the HSVQuik technology to create RAMBO
(detailed in Materials and Methods section).?® Correct insertion
of the Vstat120 expression cassette into the isolated RAMBO-
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Figure 2 Verification of RAMBO and Vstat120 production in vitro and
in vivo. (@) Xhol restriction digest of pVasculo-transfer plasmid expressing
IE4/5 promoter-Vstat120 cassette (lane 1), control fHSVQ1-BAC (lane 2),
and RAMBO-BAC (lane 3). The expected 4.2 and 2.5kb restriction frag-
ments are indicated by arrow heads. (b) PCR of recombinant RAMBO-
BAC. DNA from control plasmid pVasculo-transfer (lane 1), fHSVQ1 (lane
2), or RAMBO-BAC (lane 3) was used as a template to detect the presence
of Vstat120 gene by PCR using Vstat120-specific primers. (c) Southern
blot analysis of HSVQ and RAMBO viral isolates digested with Xhol, and
probed for a Vstat120-specific fragment. Hybridization of the expected
0.3kb fragment to Xhol-digested DNA in RAMBO (lane 1) and pVasculo-
transfer (lane 3) but not in HSVQ (lane 2) digested lanes is indicated by
an arrow. (d) Immunoblot of LN229 glioma cells infected with RAMBO or
HSVQ at a multiplicity of infection of 0.05. The cell lysate and ECM were
harvested at 0, 2, 4, 6, 8, and 10 hours after infection as described in
Materials and Methods. Temporal pattern of expression of Vstat120 was
investigated by western blot analysis of the cell lysate and ECM. Note that
the production of Vstat120 coincides with the turning on of the imme-
diate early viral ICP4 gene. (e) Immunoblot of Vstat120 propagation in
subcutaneous gliomas (U87AEGFR-Luc) treated with RAMBO in vivo over
time. Mice with subcutaneous tumors were treated with a single intratu-
moral injection of RAMBO (8 x 10° plaque-forming units), and the mice
were killed on days 1, 2, 3, 4, 5, 7, 11, and 13 following therapy. The
harvested tumor was lysed and analyzed for expression of Vstat120 by
western blot analysis. Note the detectable presence of Vstat120 within
the tumor even 13 days after OV therapy. ECM, extracellular matrix; kb,
kilobase; RAMBO, Rapid Antiangiogenesis Mediated By Oncolytic virus;
Vstat120, vasculostatin.
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BAC was confirmed by Xhol restriction digest (Figure 2a) and
PCR amplification (Figure 2b). The selected RAMBO-BAC was
then used to generate the infectious recombinant RAMBO virus.?
Southern blot analysis of Xhol-digested HSVQ and RAMBO was
used to confirm the correct recombinant virus (Figure 2c).

In vitro and in vivo production of Vstat120 by RAMBO

Next, we tested the temporal pattern of expression of Vstat120
in glioma cells infected with RAMBO in vitro and in vivo. Cell
lysates and secreted extracellular matrix (ECMs) of LN229 cells
infected with HSVQ or RAMBO were harvested at the indicated
time points, and the expression of Vstat120 was probed by west-
ern blot analysis (Figure 2d). Vstat120 was detected in cell lysate
and secreted ECM as soon as 4 hours after RAMBO infection of
cells in vitro. To confirm production of Vstat120 in vivo, mice with
established subcutaneous tumors (U87AEGFR-Luc) were treated
with a single dose of 8 x 10° pfu of RAMBO by direct intratumoral
injection. The mice were killed at the indicated time points fol-
lowing injection, and the harvested tumors were analyzed for
Vstat120 expression by western blot analysis (Figure 2e). Vstat120
expression could be detected in tumors treated with RAMBO for
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13 days after OV therapy. Collectively, these results indicated
efficient in vitro and in vivo production of Vstat120 that persists
for a lengthy time upon infection with a single dose of RAMBO.
Western blot analysis of RAMBO-treated intracranial tumors in
mice confirmed Vstat120 expression by RAMBO but not HSVQ
in vivo (Supplementary Figure S2).

RAMBO replicates efficiently and is cytotoxic

to glioma cells in vitro

We compared the in vitro cytotoxicity of a panel of glioma cell
lines infected with RAMBO to HSVQ. Four established human
glioma cell lines (LN229, U87AEGFR, Gli36AEGFR-H2B-RFP,
and U343) were treated with HSVQ or RAMBO at 0, 0.05, 0.1, 0.5,
or 1 multiplicity of infection (MOI). Three days postinfection, cell
viability was assessed (Figure 3a). No statistically significant dif-
ference between RAMBO- and HSVQ-mediated cytotoxicity was
apparent for any of the tested glioma cell lines. Next, we compared
the replication of RAMBO to HSVQ in glioma cells by a virus
yield assay. Glioma cell lines (LN229, U343, and U87AEGFR) were
infected with RAMBO or HSVQ, and 72 hours after infection, the
number of infectious viral particles (pfu) produced in each cell
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Figure 3 Cytotoxicity of RAMBO and HSVQ toward glioma cell lines and normal human astrocytes. (a) The in vitro cytotoxicity of RAMBO was
compared to HSVQ in LN229, U87AEGFR, Gli36AEGFR-H2B-RFP, and U343 cells. The percentage of viable cells relative to uninfected cells was mea-
sured by crystal violet assay on day 3. (b) Cytotoxicity of RAMBO and HSVQ toward normal human astrocytes (NHA). NHA cells were infected with
HSVQ or RAMBO at the indicated MOls. After 72 hours, the percent survival was assessed by a standard colorimetric crystal violet assay. Data shown
are the mean £ SD % survival relative to uninfected cells. Note, no significant difference in the number of viable cells infected with HSVQ or RAMBO
at each MOI. MOI, multiplicity of infection; RAMBO, Rapid Antiangiogenesis Mediated By Oncolytic virus; Vstat120, vasculostatin.
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line was assessed. Supplementary Table S1 shows the results of
viral titration in each indicated cell line. Collectively, these results
indicate that RAMBO could efficiently infect/replicate in glioma
cells in vitro.

We next compared the cytotoxicity of RAMBO and HSVQ
toward normal human astrocytes in culture. Normal human astro-
cyte cells were infected with RAMBO or HSVQ at the indicated
MOIs. Three days later, cytotoxicity was measured by crystal violet
assay. Figure 3b shows no significant difference in the number
of viable cells at all tested MOIs between RAMBO- and HSVQ-
infected normal human astrocyte cells. G207 is an oncolytic HSV-
1-derived virus with similar mutations as HSVQ. This virus has
been tested in HSV-1-susceptible mice and nonhuman primates,
and was found to be safe when injected intracerebrally or intraven-
tricularly up to doses as high as 107 (mice) and 10° (monkeys).?
Further clinical testing of G207 has revealed no apparent toxic-
ity with injections of G207 directly into intracranial tumors or
after resection into the adjacent brain.” However, detailed tox-
icity and biodistribution studies would need to be carried out

a *k
x
- 18 ] @ rBs
16
14 WHsva
292
z B RAMBO
210
58
o 6
g 4
(3
2
<,
PBS HsvQ RAMBO
b *k
*

400 ’7 @rBs
3 350 BHsva
= 300

RAMBO

£ 250 U
&
3 200
o 150
& 100
3 50

0

PBS HSvQ RAMBO
C *k
° | | @
= * PBS
£ 4 .
c 2 . #HsvQ
£<
S©c 3
22 A RAMBO
©
{ ==l
o c
I o
24 +
Q
o
0

PBS HSVQ

RAMBO

288

© The American Society of Gene & Cell Therapy

prior to the clinical evaluation of RAMBO for safety and efficacy
in human patients.

RAMBO exhibits potent antiangiogenic

effects in vitro and in vivo

Vstat120 has been shown to exert its antiangiogenic effects
against both human and mouse endothelial cells in vitro and
in vivo.®® To evaluate the functionality of Vstat120 produced by
RAMBO, we tested whether conditioned medium (CM) from
glioma cells infected with RAMBO-inhibited cell migration and
tube formation of human dermal microvascular endothelial cells
(HDMEC:s) as previously described.’” HDMECs pretreated with
CM derived from phosphate-buffered saline- (PBS), HSVQ-,
or RAMBO-treated U251T2 cells (verification of Vstat120 CM;
Supplementary Figure S3) were assessed for their ability to form
tubes on Matrigel-coated plates. The number of tubes formed in
the center of each well (n = 4/group) was quantified. Figure 4a
shows a significant reduction in the number of tubes formed by
endothelial cells treated with CM from RAMBO-infected cells
compared to those made by PBS- or HSVQ-treated cells (P = 0.027
and P = 0.018, respectively). The bottom panel shows representa-
tive pictures of tubes formed by endothelial cells treated with PBS,
HSVQ, and RAMBO CM.

HDMEC:s treated with CM from PBS-, HSVQ-, or RAMBO-
infected U251T2 glioma cells were compared for their ability to
migrate in a transwell assay. The cells were plated in the upper
portion of the transwell chambers and allowed to migrate toward

Figure 4 Antiangiogenic effect of RAMBO. (a) Inhibition of endothe-
lial cell tube formation: HDMECs were incubated with CM derived
from U251T2 cells treated with PBS, HSVQ, or RAMBO. The cells were
then plated on Matrigel, and HDMECs were allowed to form tubes
for 6 hours. The number of tubes >200um were quantified (n = 4/
group). Data are presented as mean + SEM of number of tubes/view
field. The bottom panel shows representative images of tube forma-
tion. Note, the statistically significant reduction in tube formation of
HDMECs incubated with CM from RAMBO-treated cells compared to
PBS- (**) or HSVQ- (*) treated cells, respectively (**P = 0.0273 and
*P = 0.0184, respectively). (b) Inhibition of endothelial cell migration:
HDMECs were incubated with CM derived from U251T2 cells treated
with PBS, HSVQ, or RAMBO. The cells were plated in the upper cham-
ber of transwell chambers and allowed to migrate toward complete
HDMEC media used as a chemoattractant in the bottom chamber.
The migrated cells on the bottom side of the filter were quantified as
described (n =14, 15, and 16 view fields for PBS, HSVQ, and RAMBO,
respectively). Data are presented as mean + SEM of number of cells/
view field. Note, the statistically significant reduction in migration of
HDMECs incubated with CM from RAMBO-treated cells compared to
PBS- (**) or HSVQ- (*) treated cells, respectively (**P = 0.0004 and
*P = 0.0005, respectively). (c) In vivo inhibition of angiogenesis upon
RAMBO infection of glioma cells: the antiangiogenic capabilities of
RAMBO were tested using the Trevigen Direct in vivo Angiogenesis
Assay (DIVAA) kit. Angioreactors filled with U87AEGFR cells treated
with PBS, HSVQ, or RAMBO were mixed with basement membrane and
implanted subcutaneously into the rear flanks of nu/nu mice. After 11
days, the mice were killed, and the angioreactors were removed. The
amount of angiogenesis that occurred in the angioreactors was quanti-
fied using the Wako Hemoglobin B kit. Data shown are the mean + SEM
amount of hemoglobin in the tubes. Note, both visually and graphi-
cally the significant reduction in angiogenesis for samples infected
with RAMBO compared to HSVQ (n = 7/group and P = 0.007) and
PBS control (P = 0.0022). CM, conditioned medium; HDMEC, human
dermal microvascular endothelial cell; PBS, phosphate-buffered saline;
RAMBO, Rapid Antiangiogenesis Mediated By Oncolytic virus.
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Figure 5 Increased antitumor efficacy of RAMBO compared to HSVQ. (a) Antitumor efficacy of RAMBO against subcutaneous Gli36AEGFR-H2B-
RFP. Mice with subcutaneous Gli36AEGFR-H2B-RFP tumors (range = 150-250 mm?) were treated with PBS or 1 x 10° plaque-forming units (pfu) of
HSVQ or RAMBO on days 0, 6, 9, and 12 (n = 6/group) by direct intratumoral injection. Mice were closely monitored for tumor growth and were
euthanized when their tumors reached 2,000 mm?, or when they lost >20% of body weight. The tumor growth of individual mice treated with PBS
(top panel), HSVQ (middle panel), and RAMBO (bottom panel) is shown as a function of time. (b) Kaplan-Meier survival curve of mice with sub-
cutaneous Gli36AEGFR-H2B-RFP tumors treated with PBS, HSVQ, or RAMBO. Mice treated with RAMBO showed a significant improvement in their
survival compared to mice treated with HSVQ (P = 0.038). (c) Kaplan—Meier survival curve of mice implanted with intracranial U87AEGFR glioma
treated with PBS, HSVQ, or RAMBO. Briefly, athymic nude mice bearing intracranial U78AEGFR gliomas were treated with PBS or 1 x 10°pfu of HSVQ
or RAMBO 7 days after tumor cell implantation. The mice were then closely monitored for survival. Note, the statistically significant improvement in
median survival of mice treated with RAMBO- compared to HSVQ-treated mice (P = 0.002). (d) In a separate intracranial glioma experiment (same
as outlined in €) mice were treated with HSVQ or RAMBO, and killed on the days indicated after oncolytic virus (OV) therapy. The harvested brains
were then fixed and sectioned for hematoxylin and eosin stain (H&E). Shown are representative images of the H&E sections indicating the reduction
in tumor size (arrows) after treatment with HSVQ or RAMBO. Note, the similar rate of tumor regression following OV therapy for RAMBO- and HSVQ-
treated mice, and then regrowth of the residual tumor for HSVQ-treated mice by day 20, as compared to day 39 for the RAMBO-treated mice. PBS,
phosphate-buffered saline; RAMBO, Rapid Antiangiogenesis Mediated By Oncolytic virus.
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Figure 6 Reduced microvessel density and perfusion in animals treated with RAMBO compared to HSVQ. Mice with subcutaneous U87AEGFR-Luc
tumors were treated with single dose (8 x 10° plaque-forming units) of PBS, HSVQ, or RAMBO 6 days after tumor cell implantation. (a) Representative
pictures of immunohistochemistry for CD31 staining of tumors derived from mice 12 days after therapy with either PBS (top), HSVQ (middle), or
RAMBO (bottom). (b) Quantification of microvessel density (MVD) in tumors treated with PBS, HSVQ, or RAMBO. Data shown are mean MVD + SEM
for each group (n = 2—4 sections/tumor and n = 4 tumors/group). Note, the significant difference in MVD for RAMBO versus HSVQ (*P = 0.0001), PBS
versus RAMBO (**P = 0.0001), and PBS versus HSVQ (***P = 0.0038). In a separate experiment, mice bearing established subcutaneous U87AEGFR-
Luc tumors treated with PBS, HSVQ, or RAMBO were compared for vascular perfusion by fluorescent molecular tomography (FMT). Mice were intra-
venously injected with AngioSense680 and underwent FMT imaging day before (left panel) and 12 days after therapy (right panel). (c) Representative
images of FMT of mice treated with PBS, HSVQ, or RAMBO. Local fluorochrome concentrations were color coded. Shift toward red indicates higher
fluorochrome concentration and shift toward blue indicates lower fluorochrome concentration. Higher fluorochrome concentration indicates higher
vascular perfusion in that area. The very large size of PBS-treated tumors resulted in some areas of very high perfusion (red area representing probe
concentrations of 115-150 nmol/l) along with large areas of necrosis with poor to no perfusion (no color to blue color representing probe concentra-
tions of 0-38 nmol/l). (d) Mean VVF change for mice treated with PBS, HSVQ, or RAMBO. Relative vascular volume fractions (VVFs) were calculated
by dividing the total fluorochrome concentration in each tumor by the corresponding tumor volume. VVF change was calculated by subtracting the
pretherapy VVF for each mice from the post-therapy VVF. Data shown are the mean VVF change + SEM. PBS-treated tumors grew aggressively and
were large tumors with local hot spots of perfused vessels but largely devoid of perfusion. VVF values for PBS-treated tumors thus had a trend to be
lower than that for HSVQ and RAMBO. Between the relatively similar sized HSVQ and RAMBO tumors, HSVQ had in general better perfusion (range of
about 0-75nmol/l) than RAMBO (0-38 nmol/l). Note, the statistically significant reduction in VVF change for the tumors of mice treated with RAMBO
compared to HSVQ-treated tumors (P < 0.05) (n = 4 and n = 3, respectively). PBS, phosphate-buffered saline; RAMBO, Rapid Antiangiogenesis
Mediated By Oncolytic virus.

complete HDMEC media used as a chemoattractant in the bottom
chamber. The migrated cells on the bottom side of the filter were
visualized and quantified. Figure 4b shows a statistically signifi-
cant reduction in the migration of endothelial cells treated with
CM derived from RAMBO-infected cells compared to PBS- and
HSVQ-treated cells (P = 0.0004 and P = 0.0005, respectively).
Next, we tested the angiostatic effect of RAMBO treatment
in vivo using a Directed In Vivo Angiogenesis Assay as described
in Materials and Methods. Quantification of the amount of
hemoglobin in each angioreactor revealed a statistically signifi-
cant reduction in angiogenesis in RAMBO-treated angioreactors
compared to PBS and HSVQ (P = 0.0022 and P = 0.007, respec-
tively) (Figure 4c). The bottom panel shows representative images
of angioreactors at the time of harvest. Visually, the amount of
angiogenesis initiated into the tubes through the one open end

290

was greatly reduced in RAMBO-treated angioreactors compared
to the PBS and HSVQ samples. These results indicate the potent
in vitro and in vivo angiostatic effect of RAMBO compared to
HSVQ.

RAMBO has improved antitumor efficacy against

in vivo subcutaneous and intracranial gliomas

We first tested the antitumor efficacy of RAMBO against sub-
cutaneous Gli36AEGFR-H2B-RFP glioma tumors in athymic
nude mice. Mice with subcutaneous tumors (150-250 mm?®) were
treated with PBS, HSVQ, or RAMBO, and then were closely mon-
itored for tumor growth. Figure 5a shows the tumor growth of
individual mice from PBS- (top panel), HSVQ- (middle panel),
and RAMBO- (bottom panel) treated groups. All mice treated
with PBS rapidly progressed after treatment. There was a trend
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toward enhanced survival in mice treated with HSVQ compared
to PBS treatment. One out of the six HSVQ-treated mice appeared
to have had stable disease until day 22 after which it rapidly pro-
gressed. Half of the RAMBO-treated mice showed a complete
response, and one out of the six mice had a stable disease up to day
25 and then progressed. Figure 5b shows Kaplan-Meier survival
curve of mice treated with PBS, HSVQ, or RAMBO. There was a
statistically significant increase in survival of mice (n = 6/group)
treated with RAMBO compared to HSVQ (median survival = 62.5
and 16.5 days, respectively) (P = 0.038).

Next, we compared the antitumor efficacy of RAMBO to
HSVQ in mice bearing intracranial glioma (U78AEGFR). Seven
days after tumor implantation, the mice were treated with a single
dose of PBS, HSVQ, or RAMBO by direct intratumoral injection.
The survival of mice in each group (n = 5/group) was analyzed by
Kaplan-Meier curve (Figure 5¢). Control mice treated with PBS
died of tumor burden with a median survival of 20 days. Mice
treated with RAMBO had more than a doubling of the median
survival compared to HSVQ-treated mice (median survival = 54
and 26 days, respectively) (P = 0.002). One out of the five RAMBO-
treated mice survived >120 days at which time the mouse was
killed and was found to be tumor free by histologic examination.
Conversely, all HSVQ-treated mice had to be killed by day 27 due
to tumor burden (tumor confirmed by gross histology).

In a separate experiment, mice with intracranial gliomas
(U78AEGFR) treated with HSVQ or RAMBO were killed on
days 1, 2, 3, 8, 13, 18, 23, and 32 after viral therapy, and the brains
were preserved for immunohistochemistry and histopathologi-
cal analysis. Histopathological analysis of high-resolution scans
of the cryosectioned mouse brains revealed equal regression of
the gliomas (arrows) following treatment with either RAMBO
or HSVQ (Figure 5d). Regrowth of the residual tumor became
evident, in HSVQ-treated mice 13 days after OV treatment (day
20), and two of the three mice killed at this time point had sig-
nificantly large tumors and were symptomatic of tumor burden,
whereas none of the RAMBO-treated mice showed regrowth of
the residual disease until 39 days after OV therapy. This suggested
that RAMBO treatment of intracranial tumors was able to sup-
press the regrowth of residual tumor after oncolysis compared to
HSVQ-treated mice.

Changes in MVD and VVF in established
tumors treated with RAMBO
To determine whether RAMBO therapy of tumors resulted in
impaired vascular supply recruitment needed for tumor regrowth,
we compared the microvessel density (MVD) and vascular volume
fraction (VVF) of tumors treated with HSVQ or RAMBO. Six days
after subcutaneous glioma cell implantation (U87AEGFR-Luc)
the mice were treated with a single intratumoral injection of PBS,
HSVQ, or RAMBO. Twelve days after OV therapy, tumors were
harvested, and sections were stained for CD31, a vascular marker,
to visualize vessels (Figure 6a). Enumeration of the microvessels
revealed a statistically significant reduction in MVD for tumors
treated with RAMBO compared to HSVQ and PBS (P = 0.0001
and P = 0.0001, respectively) (Figure 6b).

In a separate experiment, the changes in VVF were assessed
by fluorescent molecular tomography (FMT) in live animals
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(Figure 6¢,d). Figure 6¢ shows representative FMT images of mice
treated with PBS, HSVQ, or RAMBO. Mice bearing subcutaneous
U87AEGFR-Luc tumors were treated as described above and then
injected with a vascular marker, AngioSense680, and underwent
FMT imaging a day prior to OV injection (Figure 6c, left panel)
and then 12 days after OV injection (Figure 6c, right panel). Local
fluorescence concentrations were color coded. A shift toward red
indicates a higher fluorochrome concentration and a shift toward
blue indicates lower fluorochrome concentration. Higher fluoro-
chrome concentration indicates higher vascular perfusion in that
area. Relative VVFs were calculated by dividing the total fluo-
rochrome concentration in each tumor with the corresponding
tumor volume. Figure 6d shows the change in VVF in each mice
treated by PBS, HSVQ, or RAMBO. VVF change is calculated by
subtracting the pretherapy VVF for each mice from the post-ther-
apy VVE The aggressive growth of PBS-treated tumors resulted
in larger tumors that had areas of necrosis and poor vascular-
ity (0-38nmol/l fluorochrome concentrations) along with some
areas of very high perfusion (113-150 nmol/l fluorochrome con-
centrations). Thus, tumor size normalized VVF change for PBS-
treated tumors had a trend to be lower than that for HSVQ and
RAMBO. Between the relatively similar sized HSVQ and RAMBO
tumors, HSVQ had better perfusion (0-75nmol/l fluorochrome
concentration) than RAMBO (0-38 nmol/l fluorochrome con-
centrations). There was a statistically significant reduction in VVF
change in tumors of mice treated with RAMBO relative to HSVQ-
treated tumors (P < 0.05).

DISCUSSION
Development of tumor vasculature is a critical step during tumor
progression, and is critical for the growth and progression of solid
tumors. BAI1 has been shown to have angiostatic effects and is
absent in ~72% of the human glioblastoma multiforme specimens
tested, whereas the surrounding non-neoplastic tissue retains
BAI1 expression.® This suggests the possibility that the loss of
this protein imparts a growth advantage to the tumor aiding in its
vascular development. Here, we report the preclinical efficacy of
RAMBO: a novel HSV-1-derived OV expressing antiangiogenic
Vstat120 under the control of an immediate-early viral promoter.
This is the first study investigating the potential of Vstat120 gene
delivery as a therapeutic modality in established tumors in vivo.
Our results indicate that Vstat120 produced by RAMBO is func-
tional and does not interfere with tumor cell oncolysis. Treatment
of subcutaneous and intracranial gliomas with RAMBO revealed
efficient antitumor and antiangiogenic effects compared to con-
trol HSVQ. Immunohistochemistry and FMT analysis of mouse
xenografts treated with RAMBO revealed a significant reduction
in MVD and VVE

OV treatment of experimental rat gliomas has been shown to
result in vascular hyperpermeability in the tumor.* The increased
vascular leakage in OV-treated gliomas was associated with tumor
tissue inflammation and CD45* leukocyte infiltration, which has
been associated with increased viral clearance.>* The key role
played by blood vessels in facilitating tissue inflammation is bol-
stered by the observation that increased MVD in transgenic mice
engineered to overexpress vascular endothelial growth factor A
(VEGF-A) or placental growth factor results in an exaggerated
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and prolonged inflammatory response.’>** Together, these stud-
ies emphasize the key role played by increased vessel density in
facilitating tissue inflammation. The increased MVD characteris-
tic of solid tumors may aggravate antiviral host responses leading
to rapid viral clearance and reduced antitumor efficacy.

Consistent with these observations, we have shown that reduc-
tion of tumoral blood vessel density by a single dose of angiostatic
cRGD peptide treatment prior to oncolytic HSV-1 treatment
reduced OV-induced hyperpermeability and tumor inflamma-
tion, and prolonged tumoral viral propagation, hence enhancing
antitumor efficacy of OV.*? This observation is strengthened by a
recent observation that treatment of tumors with bevacizumab
(anti-VEGF monoclonal antibody) was also shown to improve
spread and antitumor efficacy of oncolytic adenovirus in vivo.””
Here, we show that RAMBO, an armed OV expressing Vstat120,
had a significantly greater antitumor effect compared to the OV
treatment alone. RAMBO-treated tumors also showed a signifi-
cant reduction in tumor MVD and VVE Although the increase
in antitumor efficacy of RAMBO may be attributed to its abil-
ity to counter OV-induced angiogenic changes in the tumor
microenvironment, future studies will elucidate whether Vstat120
expression also affects intratumoral OV propagation and antiviral
immune responses in the tumor.

Vstat120 is the extracellular portion of BAII that is secreted as
a result of proteolytic processing at a conserved G protein—coupled
receptor proteolytic cleavage site (GPS).? BAIl is a seven trans-
membrane receptor expressed primarily in normal brain but absent
in a majority of primary glioblastoma multiforme, glioma cell lines,
and metastatic brain cancers.'****-* Reduced expression of BAIl
has also been noted in a variety of other malignancies, including
pulmonary adenocarcinoma, and pancreatic and gastric cancers*'~*
suggesting that its loss may confer a growth advantage and restora-
tion of its expression may have a therapeutic effect. In agreement
with this, stable overexpression of human BAIl1 and Vstat120 in
glioma cells has been shown to suppress the growth of multiple
subcutaneous and intracranial tumors.'>* Suppression of the tumor
growth, even in the presence of the strong pro-oncogene Epidermal
Growth Factor Receptor variant III (EGFRVIII), may have been
through Vstat120’s ability to bind to CD36 via its TSP-1 repeats or
through integrin binding via its RGD motif to o3, on endothe-
lial cells.'®* More recently, BAI1 has been shown to function as an
engulfment receptor on macrophages.* Future studies will elucidate
whether Vstat120 also plays a role in macrophage engulfment and
how this may contribute toward its therapeutic efficacy in vivo.

In conclusion, this study underscores the significance of com-
bining angiostatic strategies with OV therapy. This is the first
study describing the therapeutic efficacy of Vstat120 gene delivery
in established tumors, and future work with this virus could lead
to a new therapeutic modality to combat cancer.

MATERIALS AND METHODS

Cells and viruses. U343, U87, U87AEGFR, LN229, Gli36AEGFR-H2B-
RFP, U251-T2, US7AEGFR-Luc, human glioma cells, and Vero cells were
maintained as described.*® Normal human astrocytes and HDMECs were
purchased from ScienCell (Carlsbad, CA; cat. no. 1800). U87AEGFR and
U87AEGFR-Luc cell lines express a truncated, constitutively active, mutant
form of epidermal growth factor receptor (EGFRVIII) and U87AEGFR-Luc
cells constitutively express luciferase as well. Gli36AEGFR-H2B-RFP cells
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also express the EGFRVIII receptor and has a histone-2B-RFP.** RAMBO
was generated as previously described.”

Cytotoxicity assays. Cytotoxicity of RAMBO and HSVQ was assessed by
crystal violet assay.”* Indicated cell lines were infected at the indicated MOI,
and at the days indicated, the cells were fixed with 1% glutaraldehyde, and
stained with 0.5% crystal violet. After washing, the crystals were dissolved
in Sorenson’s buffer (0.025mol/l sodium citrate, 0.025 mol/l citric acid in
50% ethanol) and absorbance read at A_, nm.

Western blot analysis. Inmunoblots were performed on cell lysates, CM, or
extracellular-matrix (ECM) as previously described.* Immunoblots were
probed with rabbit anti-N-terminal BAI1,"antthuman GAPDH (Abcam,
Cambridge, MA), anti-ICP4 (Abcam), or anti-gC (Abcam) antibodies, fol-
lowed by goat anti-rabbit (Dako, Carpinteria, CA) or sheep anti-mouse
(Amersham Biosciences, Pittsburgh, PA) secondary antibodies, and visu-
alized by enhanced chemiluminescence (GE Healthcare, Pittsburgh, PA).

Animal surgery. All animal experiments were performed according to
the Subcommittee on Research Animal Care of the Ohio State University
guidelines and have been approved by the Institutional Review Board.
Athymic nude mice, 6-8-week-old, (Charles River Laboratories, Frederick,
MD) were used for all studies. Directed In Vivo Angiogenesis Assay was
performed as per manufacturer’s instructions (Trevigen, Gaithersburg,
MD). Briefly, angioreactors filled with growth factor reduced basement
membrane extract containing (2.5 x 10°) U87AEGEFR glioma cells treated
with PBS or (1.875 x 10*pfu) of HSVQ or RAMBO, and were implanted
subcutaneously in mice for 11 days. Angioreactors were excised out, and
hemoglobin content was quantified by a standard hemoglobin assay (Wako
Diagnostics, Richmond, VA).

For intracranial tumor studies, anesthetized mice were fixed in a
stereotactic apparatus, and a burr hole was drilled at 2 mm lateral to the
bregma, to a depth of 3mm. Seven days after tumor cell implantation
of US7AEGEFR cells (10° cells), anesthetized mice were stereotactically
inoculated with 10°pfu of HSVQ or RAMBO at the same location.
Animals were observed daily and were euthanized at the indicated time
points or when they showed signs of morbidity.

For subcutaneous studies, glioma cells (either U87AEGFR-Luc
(1.5 x 10°) or Gli36AEGFR-H2B-RFP (1.5 x 10° cells) were implanted
subcutaneously into the rear flank of mice. Mice with U87AEGFR-Luc
tumors were treated 6 days after tumor implantation (average tumor
volume 77-177 mm®) with 8 x 10°pfu of RAMBO or HSVQ. FMT was
performed to assess changes in tumor VVE® Briefly, mice were injected
intravenously with 2 nmol of a vascular imaging agent (AngioSense680;
VisEn Medical, Bedford, MA). Fifteen minutes after probe injection,
mice underwent FMT imaging using a commercial FMT imaging system
(FMT2500; VisEn Medical). The system generates a three-dimensional
quantitative map of fluorescence by utilizing a Born forward model. Data
generated were expressed as local fluorochrome concentration (mean
fluorescence within the selected volume).

Mice bearing Gli36AEGFR-H2B-RFP tumors (150-250 mm?*) received
injections of 1 x 10°pfu of RAMBO or HSVQ diluted in Hanks balanced
salt solution on days 0, 6, 9, and 12. Measurements of tumor volumes were
taken as indicated, and mice were killed when tumor volumes exceeded
2,000mm?® or >20% of body mass was lost. Mice with a tumor growth
of >20% from the termination of treatment (day 12) were deemed to
have progressed. Mice with a 20% reduction in tumor volume after last
treatment were considered to be responders; mice whose tumors remained
within 20% after the treatment were deemed to have stable disease.

Immunobhistological analysis. Tumors were fixed in 4% buffered paraform-
aldehyde followed by 30% sucrose at 4 °C, then embedded in OCT and fro-
zen at —80°C. Each tumor section was randomly divided into two to four
pieces, and (10 um) sections from each piece were stained with mouse anti-
CD31 (Pharmingen, San Jose, CA) to visualize endothelial cells lining the
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blood vessels (1 = 3 mice/group). The three most vascularized areas within
the tumor (“hot spots”) were chosen at low magnification, and vessels were
counted in a representative high magnification (x200) field in each view
field.”* Single immunoreactive endothelial cells, or endothelial cell clusters
separate from other microvessels, were counted as individual microvessels.
Mean MVD was calculated as the average of the counts/view field. Vessels at
the periphery of the tumor were disregarded in the MVD counts. The MVD
for each therapy group was then averaged together (1 = 2-4 sections/tumor,
and n = 4 tumors/group) to get the final count £ SEM.

In vitro endothelial cell assays. U251T2 glioma cells were infected with
HSVQ or RAMBO (MOI 2) at 4°C for 30 minutes. After 14 hours, CM was
harvested, cellular debris was removed by centrifugation, and free float-
ing viral particles were removed by further centrifugation at 27,700g for
1 hour. The CM was then concentrated 100fold in Amicon Ultra centrifuge
tubes (Millipore, Billerica, MA).

For the endothelial cell migration assays, HDMECs cultured in 0.5%
serum-containing media overnight were pretreated with concentrated
CM for 30 minutes. 10° cells were plated in the upper chamber of transwell
chambers (ISC BioExpress, Kaysville, UT) with an 8 um pore size, and
complete HDMEC media was used as a chemoattractant in the bottom
chamber. The cells were allowed to migrate for 6 hours, and were then fixed
and stained with 0.5% crystal violet. The migrated cells were quantified as
number of cells/view field (N = 3 view fields/filter, and 6 filters/group).
For the tube formation assay, 40,000 HDMECs cultured as above were
plated on 250ul of Matrigel (BD Biosciences, Bedford, MA) diluted to
75% concentration in complete HDMEC medium, and incubated at 37°C
for 7 hours. Pictures of the formed tubes (200 um or larger, and connected
at both ends) were quantified by counting one x10 microscopic view/well,
and the data presented as means of four wells.

Statistical analysis. Student’s t-test was used to analyze changes in cell kill-
ing, HDMEC transwell migration, tube formation assay data, differences
in amount of hemoglobin in Directed In Vivo Angiogenesis Assay, and
changes in MVD and FMT analysis. A P value <0.05 was considered statis-
tically significant in Student’s t-test. Kaplan-Meier curves were compared
using the logrank test. All statistical analyses were performed with the use
of SPSS statistical software (version 14.0; SPSS, Chicago, IL).

SUPPLEMENTARY MATERIAL

Figure $1. Schematic diagram of the genetic structure of wild type
HSV-1, HSVQ and RAMBO.

Figure $2. Western-blot analysis of Vstat120 expression in intracranial
glioma (U87AEGFR) xenografts.

Figure $3. Western-blot analysis of Vstat120 expression in cell lysate,
extracellular matrix (ECM) and conditioned medium (CM) of U251
glioma cells treated with PBS, HSVQ or RAMBO (MOI=2).

Table $1. Effect of Vasculostatin production on viral replication.
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