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Abstract

Purpose: Intravenous delivery of oncolytic viruses often
leads to tumor vascular shutdown, resulting in decreased
tumor perfusion and elevated tumor hypoxia. We hypothe-
sized that using 3TSR to normalize tumor vasculature prior to
administration of an oncolytic Newcastle disease virus (NDV)
would enhance virus delivery and trafficking of immunologic
cell subsets to the tumor core, resulting in systemically
enhanced immunotherapy and regression of advanced-stage
epithelial ovarian cancer (EOC).

Experimental Design: Using an orthotopic, syngeneic
mousemodel of advanced-stage EOC,we pretreatedmice with
3TSR (4 mg/kg per day) alone or followed by combination
with fusogenic NDV(F3aa) (1.0 � 108 plaque-forming units).

Results: Treatment with 3TSR normalized tumor vascu-
lature, enhanced blood perfusion of primary EOC tumors,

and induced disease regression. Animals treated with com-
bination therapy had the greatest reduction in primary
tumor mass, ascites accumulation, and secondary lesions
(50% of mice were completely devoid of peritoneal metas-
tases). Combining 3TSR þ NDV(F3aa) led to enhanced
trafficking of immunologic cells into the primary tumor
core.

Conclusions: We have shown, for the first time, that NDV,
like other oncolytic viruses, is a potent mediator of acute
vascular shutdown and that preventing this through vascular
normalization can promote regression in a preclinical model
of advanced-stage ovarian cancer. This challenges the current
focus on induction of intravascular thrombosis as a requisite
for successful oncolytic virotherapy.

See related commentary by Bykov and Zamarin, p. 1446

Introduction

Ovarian cancer is the leading cause of death among all malig-
nancies affecting the female reproductive tract (1). Known as "The
Whispering Disease," ovarian cancer presents with vague symp-
toms, such as abdominal pain, swelling, and indigestion, and
lacks effective screening techniques (2). This lack of specific
symptomology typically results in diagnosis at late stages, when
the 5-year survival rate is as low as 26%, and clinical treatment
strategies have reduced efficacy (1). The standard of care for late-

stage disease has remained unchanged for decades and involves
surgical cytoreduction followed by platinum- and taxane-based
chemotherapy (3). The high propensity of chemoresistance to
these agents reflects theneed for innovative therapies to reduce the
high mortality associated with this silent killer (4).

The idea of whether an immune response can be produced
against neoplastic cells to eliminate cancer has long been con-
templated (5). The role of the immune system in tumorigenesis
was initially suggested based on observations of a greater inci-
dence of cancer in immunodeficient mice and the unveiling of
tumor-associated antigens (TAA; ref. 6). In recent years, immu-
notherapy—a group of treatments aimed at enhancing the body's
immune system to fight cancer—has emerged as a new pillar of
cancer treatment (7). A number of agents, such as PD-1–specific
monoclonal antibodies to block inhibitory pathways down-
stream of antigen recognition (Keytruda, Merck) or personalized
therapeutic vaccines aimedat reprogramming the immune system
against cancer (Sipuleucel-T, Dendreon), have acquired FDA
approval in the treatment of lung and prostate cancers, respec-
tively (8, 9). Although no FDA-approved immunotherapy for
ovarian cancer exists, research correlating increased progression-
free survivalwith greater influxof T cells in tumors of patientswith
advanced ovarian carcinoma, and the emergence of epithelial
ovarian cancer (EOC)–associated antigens, reflect the candidacy
of EOC for immune-based treatments (10, 11).

The recent approval of a modified herpes virus (T-Vec, Amgen)
as a drug for the treatment of melanoma has increased interest in
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the field of oncolytic virotherapy and the potential immunosti-
mulatory roles of these agents (12). Oncolytic viruses (OV)
preferentially infect and kill tumor cells while leaving normal
somatic cells intact (12). In the process, these agents also instigate
innate immunologic cell trafficking in response to viral and cell
death–associated proteins, resulting in enhanced cross-priming of
adaptive immune cells against TAAs (13). Newcastle disease virus
(NDV) is an avian paramyxovirus with longstanding benefit as an
oncolytic agent in animal models (14). NDV has the longest
history of clinical trial testing of any OV and has demonstrated
efficacy against a variety of cancers including advanced colorectal
(15), breast (16), ovarian (17), and metastatic renal cell (18)
cancers, with partial or complete responses reported in each. NDV
has been shown to overcome the immunosuppressive tumor
microenvironment and can directly lead to the induction of
immune responses due to increased production of cytokines,
especially interferon (IFN; ref. 13). Cleavability of the fusion
protein of NDV is a major determinant of its virulence, lending
potential for the modification of this protein to enhance thera-
peutic efficacy (19).

Although a number of studies have demonstrated the effec-
tiveness of intratumoral delivery of OVs to treat primary
tumors, the location of some tumors and/or dissemination of
metastases makes it an impractical route of delivery (20). OVs
can be delivered systemically, which allows for virus-mediated
lysis of microscopic secondary tumors that cannot be resected
during cytoreductive surgery. However, a consequence of sys-
temic OV therapy is the initiation of vascular shutdown within
the tumor following uptake (21–23). Initially, this vascular
shutdown was viewed as a potential benefit of OV therapy, by
sequestering virus and therefore maximizing direct oncolysis
(22, 24). However, the maximum impact of OVs is now
thought to result from their use as cancer vaccines using repeat
dosages to induce greater intratumoral immunity (25). If OVs
induce vascular disruption, uptake of subsequent doses of OV,
or trafficking of immune cells to the tumor will be significantly
impaired. Our approach to normalizing the tumor vasculature

and preventing the OV-induced vascular shutdown represents a
paradigm shift in OV tumor therapy.

In order to meet oxygen and nutrient demands, tumors initiate
a crude version of the process of angiogenesis by secreting factors
such as vascular endothelial growth factor (VEGF) in response to
hypoxia, oncogenes, and loss-of-tumor suppressor genes (26).
The resultant vessels are plagued by structural abnormalities such
as irregular branching, loss of basement membrane integrity, and
inadequate or absent perivascular cells, cumulating in heterolo-
gous flow and increased vessel permeability (27). The inefficiency
of these vessels hinders delivery of cancer therapies, such as
chemotherapy, to the tumor core (28). This limited vascular
perfusion also selects for hypoxia and acidity in the tumor
microenvironment, which have been shown to limit drug effec-
tiveness and exacerbate metastasis (29). The current therapeutic
strategy of "vascular normalization" uses molecules that inhibit
proangiogenic factors or upregulate antiangiogenic factors to
restore a proper balance of these signals and repair tumor vascu-
lature (30). Blocking VEGF is the most common method to
achieve vascular normalization, and anti-VEGF agents such as
bevacizumab have had clinical success against cancer, primarily
when combined with chemotherapy (31). However, anti-VEGF
therapies have been associated with side effects such as gastroin-
testinal perforation and venous thromboembolism (32).

Thrombospondin-1 is a naturally occurring inhibitor of
angiogenesis found on the cell surface and extracellular matrix
of various cell types (33). This protein contains three homol-
ogous thrombospondin type 1 repeat domains (3TSR) that
harbor the majority of its antiangiogenic properties through
association of the CD36 receptor on endothelial cells, leading
to inhibition of endothelial cell proliferation and migration
(34, 35). As an antiovarian cancer agent, 3TSR also has the
added benefit of directly inhibiting tumor cell proliferation and
migration through TGFb activation (36). As a small bioactive
recombinant peptide, 3TSR has been shown to have significant
antitumor effects in various models either alone or in combi-
nation with chemotherapy (35, 37). 3TSR potently induces
vascular normalization in a murine model of advanced-stage
EOC and enhances tumoral uptake of chemotherapy drugs
delivered intraperitoneally (37).

We hypothesized that pretreatment with 3TSR ahead of NDV
delivery would abate the vascular shutdown common with onco-
lytic virus therapy and increase the quantity of viruses and
immunologic cells that infiltrate the tumor, leading to regression
of advanced-stage EOC.

Materials and Methods

Reagents and cell lines

Spontaneously transformed murine ovarian surface epithelial
cells (ID8; generously donated by Drs. K. Roby and P. Terranova,
Kansas State University, Manhattan, KS) and human progressive
ovarian epithelial adenocarcinoma cells (CAOV-3; ATCC) were
cultured in Dulbecco's modified Eagle medium (DMEM, Gibco)
with 10% FBS and 1% antibiotic/antimycotic (ABAM; Gibco).
Normal human ovarian surface epithelial (NOSE) cells (gener-
ously donated by Dr. J. Liu, MD Anderson Cancer Center, Hous-
ton, TX) were cultured in DMEM (Gibco) with 10% FBS, 1%
antibiotic/antimycotic (ABAM;Gibco) and 2% L-glutamine. 3TSR
was generatedwith recombinant versions of the 3 Type I repeats of
Thrombospondin-1 as previously described (37).

Translational Relevance

Ovarian cancer is a disease for which treatment efficacy has
not changed appreciably in decades. This article describes a
therapeutic approach that could dramatically improve our
ability to treat women with advanced-stage ovarian cancer.
We have shown that treatment with the TSP-1 peptide 3TSR
induces tumor regression and promotes vascular normaliza-
tion. The resultant improvement in tumor tissueperfusion and
reduced tumor hypoxia decreased the immunosuppressive
tumor environment and increased oncolytic viral-induced
uptake of immune cells. 3TSR inhibited the vascular shutdown
induced by Newcastle disease virus (NDV) and combination
therapy with 3TSR and NDV(F3aa) reduced primary tumor
growth and metastatic disease compared with controls and
each treatment as a monotherapy. We anticipate rapid trans-
lation of this approach into a clinical trial in women with
advanced-stage ovarian cancer. NDV has a rich history of
efficacy in gynecologic malignancies and, combined with
3TSR, offers the opportunity to dramatically improve survival
from this disease.

Combination Therapy in Advanced-Stage Ovarian Cancer
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Mouse model

All mice were purchased from the Charles River Laboratories
and housed in accordance with the Canadian Council on Animal
Care and approved by the Animal Care Committee at the Uni-
versity of Guelph. Tumors were induced as described previously
(38), in generation of an orthotopic, syngeneic, immunocompe-
tent mouse model of EOC. Briefly, ID8 cells (1.0 � 106 in 6 mL)
were injected directly under the left ovarian bursa of C57Bl-6mice
using a Hamilton syringe (Fisher Scientific). At 60 days after
tumor induction (PTI), mice form large ovarian masses, numer-
ous secondary peritoneal lesions, and accumulate abdominal
ascites, which replicates the symptoms of women with stage III
(advanced) EOC. Mice (n¼ 12–15 per group) were left untreated
or treated with either 3TSR (4 mg/kg, intraperitoneal injection,
once daily starting at day 60), NDV(F3aa; 1.0 � 108 PFU, intra-
venous injection, one time on day 74), or a combination of both.
Mice were euthanized 90 days after tumor induction. Immedi-
ately, primary tumors were collected, and the peritoneum was
assessed for metastatic spread using a lesion scoring system that
was previously reported (38). Briefly, abdomens with no visible
secondary tumors were scored a 0, presence of one or two
secondary lesions scored a 1, three to 10 lesions were scored 2,
and >10 lesions received a score of 3.

Production of NDV

NDV(F3aa) carrying a transgene encoding full-length enhanced
green fluorescent protein (GFP) was rescued using plasmids
kindly provided by Dr. Peter Palese (Mount Sinai School of
Medicine, New York, NY) and a recombinant modified vaccinia
virus (Ankara strain) expressing T7 RNA polymerase and ampli-
fied in specific pathogen-free embryonated chicken eggs as pre-
viously reported (39). NDV(F3aa)-GFP-containing allantoic fluid
was harvested and clarified by centrifugation (1,500 � g). The
virus was first filtered using Supracap TM 50 Depth Filter
Capsules (Pall), followed by purification and concentration
by tangential flow filtration using a Centramate LV holder
(Pall) and a 100 kDa Omega Screen channel-cassette. Next,
NDV underwent a sucrose gradient centrifugation using a SW41
rotor at 120,000 � g for 3.5 hours to remove contaminating
chicken host proteins, where the virus was collected between
the 40% and 50% sucrose band. Finally, viruses were dialyzed
in PBS using a 10-kDa Slide-A-Lyzer dialysis cassette (Thermo
Fisher Scientific) to remove any remaining sucrose. Purified
viruses were aliquoted and directly frozen (�80�C) until use.
Viruses were titrated using DF-1 cells by the 50% tissue culture
infective dose (TCID50) method and calculated using the
Spearman–Karber method (40). For each treatment, virus ali-
quots were taken from the �80�C freezer, thawed on ice, and
diluted to the appropriate volume with PBS.

Cell viability assays

ID8, CAOV-3, and NOSE cells were seeded in 96-well plates
(1 � 104 cells/well). The next day, cells were infected in triplicate
with the indicated viruses at various multiplicities of infection
(MOI; 0.2–50 PFU/cell). Following a 48-hour incubation, resa-
zurin (resazurin sodium salt; Millipore-Sigma) was added to a
final concentration of 20 mg/mL. After a 4-hour incubation, the
fluorescence was read at excitation and emission wavelengths of
535/25 nm and 590/35 nm, respectively. These assays were
repeated in triplicate.

Cell growth curve

ID8 (2.5� 104 cells/well), CAOV-3 (2.5� 104 cells/well), and
NOSE (5 � 104 cells/well) cells were seeded into 12-well plates.
The next day, cells were infected in triplicate with anMOI of 0.5 or
mock infected (1� PBS). Cells were harvested at 24, 48, and 72
hours after infection (p.i.) and counted. Dead cells were excluded
by trypan blue staining.

Apoptosis assay

ID8 (2.5� 104 cells/well), CAOV-3 (2.5� 104 cells/well), and
NOSE (5 � 104 cells/well) cells were seeded into 12-well plates.
The next day, cells were infected in triplicate with anMOI of 0.1 or
mock infected (1� PBS). Cells were harvested at 24 hours p.i. and
stained for Annexin V (Thermo Fisher Scientific) and 7-aminoac-
tinomycin D (7AAD; Thermo Fisher Scientific) and analyzed by
fluorescence-activated cell sorting (FACS).

One-step viral growth curves

Cells were infected with NDV(F3aa)-GFP at an MOI of 0.5 in
basal DMEM for 1 hour, rocking at room temperature. Cells
were then washed 2� with PBS and incubated at 37�C. Aliquots
(500mL)were taken in triplicate at 8, 12, 24, and48hours p.i., and
titers were assessed by TCID50 in DF-1 cells.

IFN-sensitivity assay

ID8 cells were seeded in 96-well plates (1 � 104 cells/well).
Cells were pretreated with or without an anti-IFNAR antibody
(Bio X Cell) at a concentration of 10 mg/mL. An hour later, cells
were pretreated with increasing amounts of recombinant murine
IFNb (eBioscience) ranging from 0 to 6,000 pg/mL for 2 hours
coupled with or without infection with NDV(F3aa)-GFP (MOI¼
12.5). Viability was assessed after 72 hours using the previously
described resazurin assay. The percentage of live cells was deter-
minedbynormalization tomock-infected controls. This assaywas
repeated in triplicate.

IFNb ELISA

ID8 (2.5� 104 cells/well), CAOV-3 (2.5� 104 cells/well), and
NOSE (5� 104 cells/well) cells were seeded in a 12-well plate and
left to adhere overnight. The next day, cells were infected in
triplicate at an MOI of 0.5, and supernatant was collected at
12, 24, 48, and 72 hours p.i. A mock-infected control was
included, and supernatant was collected at 72 hours. LumiKine
XpressmIFNb and hIFNb kits (InvivoGen)were used according to
themanufacturer's protocols, and quantities ofmIFNb andhIFNb

were calculated using a standard curve.

IHC

Primary ovarian tumors collected 90days PTIwerefixed in 10%
neutral buffered formalin overnight, washed with 70% ethanol
for 24 hours, and transferred to PBS. Tissues were embedded in
paraffinwax and cut into 5-mmsections using a rotarymicrotome.
Prior to staining, tissues were deparaffinized using reagent-grade
xylene and subjected to a series of decreasing ethanol concentra-
tions for rehydration. Endogenous peroxidase activity was
quenched through a 10-minute incubation period in 3% hydro-
gen peroxide followed by antigen retrieval using citrate buffer
with Tween 20. To reduce nonspecific binding of antibodies,
samples were blocked in 5% bovine serum albumin (with
0.02%sodiumazide) for 10minutes at room temperature. Tumor
sections were exposed to the following primary antibodies

Matuszewska et al.
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overnight at 4�C to assess infiltration of immunologic cell sub-
populations: anti-CD68 (1:100, Novus), anti-CD8 (1:200,
Novus), anti-CD4 (1:1,000, Abcam), anti-NKG2D (1:200,
Abcam), anti-Foxp3 (1:1,000, Abcam), anti-CD138 (1:400, Stem-
cell), and antineutrophil (1:200, Abcam). Biotin-conjugated sec-
ondary antibodies (1:100; Invitrogen) were added for 2 hours at
room temperature, followed by treatment with ExtrAvidin (1:50,
Sigma-Aldrich) for 1 hour. Tissues were exposed to SigmaFast
3,30-diaminobenzidine (DAB; Sigma-Aldrich) for visualization of
staining and counterstained using Carazzi's hematoxylin. For
each slide, areas of greatest positive staining within the tumor
core were captured (n ¼ 8 tumors per experimental group, 3–4
areas of interest per section). Histologic analysis was performed
by manual count of cell nuclei and reported as a percentage
against total cell nuclei.

Immunofluorescence: Vascular normalization

Tumors from each of the 4 treatment groups [PBS, 3TSR only,
NDV(F3aa) only, and 3TSR þ NDV(F3aa)] were collected at day
90, embedded in cryomatrix, and flash frozen. Cryosections (5
mm) were mounted on slides. Sections were fixed using reagent-
grade acetone and stored at �20�C. Frozen sections were washed
with PBS, and nonspecific binding was blocked using 5% bovine
serum albumin in PBS for 10minutes. Sections (n¼ 4 tumors per
experimental group, 3–4 areas of interest per section) were sub-
jected to immunofluorescence colocalization, in which they were
simultaneously stained overnight using anti-CD31 (1:50, Abcam)
to detect vascular endothelial cells and anti-alpha-smoothmuscle
actin (a-SMA; 1:600, Sigma) to identify vascular pericytes. Slides
were stained with secondary antibodies against anti-CD31 (Alexa
Fluor594nm, red, 1:100) and a-SMA (Alexa Fluor488nm, green,
1:100) for 1 hour at room temperature. Slides were counter-
stained and cured using Prolong Gold anti-fade mountant with
DAPI. Representative images (3–4 per section, 200� magnifica-
tion) were obtained under both the 594-nm and 488-nm chan-
nels using an inverted fluorescent microscope (Olympus) and
Metamorph imaging software (Burlingame). These images were
overlaid using Metamorph, and normalized vasculature was
reported as the percentage of blood vessels exhibiting CD31 and
a-SMA double-positive staining in each treatment group.

Immunofluorescence: Tissue hypoxia

Primary tumors from each treatment group were collected
during necropsy at 90 days PTI and processed as described for
IHC. Sequential tumor sections were mounted on slides (2 sec-
tions per slide) and deparaffinized as described. Endogenous
peroxidase activity and nonspecific binding were blocked using
0.02% sodiumborohydride in PBS for 12minutes and 5%bovine
serum albumin for 15 minutes, respectively. Sections were sub-
jected to immunofluorescence colocalization, in which they were
stained with anti-CD31 (1:25) and anti-a-SMA (1:600) simulta-
neously, at 4�C overnight. Sections were stained with secondary
antibodies against anti-CD31 (Alexa Fluor594nm, red, 1:100)
and a-SMA (Alexa Fluor488nm, green, 1:100) for 1 hour at room
temperature. Tissues were once again blocked with 5% bovine
serum albumin for 5 minutes and exposed to antihypoxyprobe-1
antibody (1:25, Hypoxyprobe) at 4�C overnight. Sections were
stained with a secondary antibody against hypoxyprobe-1 (Alexa
Fluor594nm, red, 1:150) for 1 hour at room temperature. Slides
were counterstained and cured using Prolong Gold antifade
mounting medium. Representative images (N ¼ 4 tumors per

experimental group, 3–4 areas of interest per section, 200�
magnification) were obtained for both the CD31/ a-SMA colo-
calized sections and hypoxyprobe-1–stained sections. Sequential
sections were overlaid, and hypoxia was pseudocolored blue
using Metamorph software.

Western blot analysis: Expression of immunosuppressive

cytokines

Tumor tissues were collected at 90 days PTI from mice treated
with PBS control (n ¼ 3) or 3TSR (4 mg/kg/day IP starting at 60
days PTI; n¼ 3) andwere prepared in RIPA lysis buffer containing
protease and phosphatase inhibitors and protein concentrations
weredeterminedusing aDCprotein assay (Bio-Rad Laboratories).
Samples (40 mg of total protein) were boiled in a denaturing SDS
sample buffer and subjected to SDS-PAGEusing either 8%or 15%
resolving gels. Proteinswere transferred to polyvinylidene difluor-
ide PVDF membranes (Bio-Rad Laboratories) and blocked at
room temperature for 1 hour in 5% skim milk with TBST.
Membranes were probed overnight at 4�C for anti-VEGF
(1:600 Abcam), anti-CCL22 (1:600; Abcam), anti-IL6 (1:1,000;
Cell Signaling Technology), anti-IL-10 (1:500; Abcam), or anti-
TGFb1 (1:800; Abcam). Followingwasheswith TBST,membranes
were incubated for 1 hour at RT with appropriate IgG HRP-linked
secondary antibodies (Cell Signaling Technology, Inc.). Antibody
expression was visualized with Western Lightning Chemilumi-
nescence Reagent Plus (PerkinElmer BioSignal, Inc.). To ensure
equal loading of samples, blots were probed with GAPDH
(1:1,000; Cell Signaling Technology) for 1 hour at room temper-
ature followed by anti-rabbit IgG secondary antibody for 1hour at
room temperature. Computer-assisted densitometry was per-
formed using AlphaEase FC software (AlphaInnotech), and
results were quantified and reported as integrated densitometry
values relative to GAPDH.

Statistical analysis

GraphPad Prism v7 software (Prism v7; GraphPad Software,
Inc.) was used for statistical analysis and graph preparation. Each
in vitro treatment group was represented by at least 3 biological
replicates (repeated in triplicate) in all experiments. Data from the
in vitro model were analyzed using a one-way ANOVA, and a
Tukey test was used to determine statistical differences among
treatment group means. A two-way ANOVA was performed for in
vivodata andwas also followedby a Tukey post hoc test. Differences
among treatment groups were considered significant if P < 0.05.
Graphs are presented as means per group � SEM.

Results

Combination antiangiogenic (3TSR) and oncolytic virus

[NDV(F3aa)] therapy induces regression of advanced-stage

ovarian cancer in vivo

In our orthotopic, syngeneic mouse model of EOC, we
started treatment with 3TSR at 60 days PTI to replicate the
stage of disease progression in which the majority of women are
diagnosed. Compared with saline controls, mice treated with
3TSR or NDV(F3aa) alone had significantly (P < 0.01) reduced
primary tumor size at endpoint (90 days PTI). Mice undergoing
combination therapy yielded the greatest reduction in primary
disease at endpoint compared with saline controls (P < 0.0001)
as well as either treatment alone (Fig. 1A). Consistent with our
hypothesis that vascular normalization using 3TSR would abate

Combination Therapy in Advanced-Stage Ovarian Cancer

www.aacrjournals.org Clin Cancer Res; 25(5) March 1, 2019 1627

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
lin

c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/2

5
/5

/1
6
2
4
/2

0
5
5
5
5
1
/1

6
2
4
.p

d
f b

y
 g

u
e
s
t o

n
 2

7
 A

u
g
u

s
t 2

0
2
2



the vascular shutdown caused by an oncolytic virus, primary
tumors retrieved from NDV(F3aa)-only–treated mice were
highly blanched and appeared to have reduced vascular perfu-
sion (Fig. 1, arrow), whereas this was not observed in mice
treated with 3TSR.

The effect of 3TSR and NDV(F3aa) on the extent of secondary
lesions was also evaluated. At necropsy, the peritoneal cavities of
mice were examined for visible secondary lesions, and each
mouse was scored according to a grading system previously
described (39). All treatments resulted in a significant decrease
in the number of secondary lesions compared with sham-treated
controls (P < 0.01). Animals treated with combination therapy
had less secondary lesions than all other groups tested, and 50%
of animals in the 3TSR þ NDV(F3aa) group were completely
devoid of visible secondary lesions at endpoint (Fig. 1B). Ascites
fluidwas collected, and the volumeoffluidwasmeasured for each
mouse. There was a significant reduction in ascites volume in
animals treated with both 3TSR and NDV(F3aa) compared with
controls (Supplementary Fig. S1).

3TSR induces a potent vascular normalization, which is

associated with significantly reduced tumor tissue hypoxia

We characterized the vascular density and maturity in tumors
collected from the various treatment groups. CD31 and a-SMA
were evaluated in cryosections of primary tumors at 90days PTI by
immunofluorescence microscopy to quantify the extent of tumor
vascularization and the proportion of mature vessels. Quantifi-
cation of the total number of CD31- and a-SMA–positive blood
vessels per field of view revealed a significantly greater proportion
of pericyte-covered vessels in groups treated with 3TSR (P <

0.0001). NDV(F3aa)-only–treated animals presented with pri-
mary tumor vessels that had phenotypic loss of structure and focal
necrosis. Combining NDV(F3aa) with 3TSR yielded luminal,
pericyte-covered vessels more characteristic of those found in
normal capillary beds (Fig. 2A).

We evaluated tumor tissue perfusion with and without 3TSR-
induced vascular normalization. At 90 days PTI, mice were
injected with 60 mg/kg weight hypoxyprobe-1 i.p. 2 hours prior
to endpoint. Hypoxyprobe-1 distributes to all tissues, causing
formation of thiol adducts in cells with an oxygen concentration
of less than 14 mmol/L (41, 42). IHC was then performed on
primary tumor sections to probe for these hypoxic adducts as an
indirect measure of vascular blood perfusion. Quantification of
staining intensity per field of view revealed significantly (P < 0.01)
decreased hypoxia, resulting from enhanced vascular perfusion in
primary tumors of all mice treated with 3TSR compared with PBS
or NDV(F3aa) alone (Fig. 2B). Further, we performed immuno-
fluorescence colocalization imaging of vascular endothelial cells
and vascular pericytes, followed by immunofluorescence imaging
of hypoxyprobe-1 on sequential tumor sections to localize tumor
hypoxia in the context of vascularmaturity. Indeed, vessels within
fields of view of low hypoxia had a significantly (P < 0.01) greater
proportion of CD31- and a-SMA–positive vessels compared with
highly hypoxic tissues (Fig. 2C). In order to further validate that
normalized vasculature reduces hypoxia in tumors and increases
oxygen diffusion distance, the average distance between vessels
and the edge of hypoxic regions was measured. The average
distance between normalized vessels and hypoxic regions was
113.76 mm, whereas this value for nonnormalized (aSMA-
negative vessels) was 19.10 mm (Fig. 2D).

Figure 1.

Combined vascular normalization andoncolytic virus therapy induce significant regression of advanced-stageovarian cancer.Micewere injectedwith 1� 106 ID8 cells

under the ovarian bursa, and tumors were allowed to develop without intervention until 60 days PTI. At this stage, mice exhibited disease similar to that

of women with stage III ovarian cancer, and either received 4 mg/kg 3TSR i.p. for 15 days, a one-time i.v. injection of 1.0 � 108 PFU NDV(F3aa) at day 74 PTI, or a

combination of both.At day90PTI,micewere sacrificed, andprimary tumorswere collected andweighed.A,All treatments significantly (P<0.01) decreasedprimary

tumor weight at endpoint, compared with PBS-treated controls. Combination 3TSR þ NDV(F3aa) treatment yielded the largest reduction in primary tumor

weight. All animals treated with NDV(F3aa) alone exhibited blanched tumors (arrows) consistent with vascular shutdown. B, All treatment groups had significantly

reduced (P < 0.05) numbers of secondary lesions at endpoint compared with controls. Fifty percent of the animals in the 3TSR þ NDV(F3aa) combination

group were completely devoid of secondary tumors at endpoint. Metastatic lesions are indicated with arrows. Means � SEM are shown. Data represent

results from three separate animal trials (N ¼ 12–15 per experimental group). Data were analyzed by one-way analysis of variance with the Tukey multiple

comparison test; � , P < 0.05; �� , P < 0.01; ����, P < 0.0001.
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NDV(F3aa) significantly reduces the viability of ovarian cancer

cells in vitro, while leaving normal cells intact

The direct oncolytic effects of NDV(F3aa)-GFP, assessed by a
decrease in cell viability, were investigated in spontaneously

transformed murine ovarian cancer cells (ID8) and human
ovarian adenocarcinoma cells (CAOV-3). Cells were treated
with NDV(F3aa)-GFP at increasing MOIs from 0 to 50 PFU/
cell, and cytotoxicity was quantified using a resazurin cell

Figure 2.

3TSR pretreatment induces vascular normalization and

reduces ovarian tumor hypoxia. Primary murine ovarian

tumors were collected at day 90 PTI. A,

Immunofluorescence colocalization of vascular

endothelial cells (CD31, red) and vascular pericytes

(a-SMA, green) was performed on frozen primary

ovarian tumor sections from each of the treatment

groups [PBS, 3TSR only, NDV(F3aa) only, and 3TSR þ

NDV(F3aa)]. Colocalization revealed an increased

proportion ofmature, pericyte-covered blood vessels in

tumors of animals pretreatedwith 3TSR and phenotypic

loss of vessel structure as well as focal necrosis in

those treated with NDV(F3aa) alone. B, Pretreatment

with 3TSR prior to delivery of NDV(F3aa) significantly

(P < 0.01) decreased the formation of hypoxia-driven

adduct formation in primary tumor tissues compared

with NDV(F3aa) alone. C, Immunofluorescence

trilocalization of vascular endothelial cells (CD31, red),

vascular pericytes (a-SMA, green), and hypoxia

(hypoxyprobe, blue) revealed that areas of EOC tumors

surrounding abnormal vessels were more hypoxic

compared with those surrounding normalized vessels.

D, Trilocalization of vascular endothelial cells (CD31,

red), pericytes (a-SMA, green), and hypoxia (Hpi, cyan)

also revealed significantly increased oxygen gradient

distance in normalized vessels compared with those

lacking pericyte coverage. Images were collected at

100� and 200� magnification. Means � SEM are

shown. Data represent results from N ¼ 4 tumors per

experimental group and 3 or 4 areas of interest per

section. Pimo, pimonidazole. For A–C, data were

analyzed by one-way analysis of variance with the

Tukey multiple comparison test. For D, data were

analyzed by a paired t test (N ¼ 20 sections per

experimental group).� , P < 0.05; ��� , P < 0.001;
���� , P < 0.0001.
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viability assay. In our in vivo efficacy studies, we never observed
signs of NDV(F3aa)-induced toxicity in any mice. Therefore,
to investigate the safety of NDV(F3aa) in greater detail,
NOSE cells, a minimally transformed human cell line that
survives multiple passages, but does not form tumors in mice,
were also included in the assay. At each MOI, NOSE cells were
the least susceptible to cell death (Fig. 3A). At an MOI of 0.1
only ID8 and CAOV-3 cells showed a drop in viability to 52%
and 77% (P < 0.0001; Fig. 3B and C), whereas there was no
significant change at this MOI in the NOSE cells (Fig. 3A).
Additionally, the mean 50% effective concentration (EC50) for
each of these cell lines was calculated. CAOV-3 which were
most susceptible to NDV(F3aa)-GFP-mediated oncolysis,
reached an EC50 with an MOI of 0.12, the ID8 cells required
almost a 10-fold higher amount of virus at an MOI of 1.1, while
NOSE cells did not reach an EC50 in this assay. Cytotoxicity was
confirmed by microscopy, noted by the presence of cytopathic
effect, floating cells and cell counting using trypan blue exclu-
sion at 24, 48, and 72 hours after infection of NDV at an MOI of

0.5. Cell growth curve results showed a 2-fold decrease in
cell numbers in ID8 cells (P < 0.05) and significant drop in
CAOV-3 cells (P < 0.01), while no notable changes were seen
in NOSE cells (Fig. 3A). Annexin V staining of ID8, CAOV-3,
and NOSE cells also confirmed significant cell death by apo-
ptosis in CAOV-3 cells treated with NDV (P < 0.01; Supple-
mentary Fig. S2).

Ovarian cells support low levels of NDV(F3aa)-GFP viral

protein expression and replication

To evaluate the onset and duration of viral protein expres-
sion, ID8 and CAOV-3 cell lines were infected with NDV(F3aa)-
GFP at an MOI of 0.5 and expression of the GFP transgene was
visualized at various time points p.i. There was restricted
expression in ID8 cells at all of the time points as evidenced
by the limited number of GFP-positive cells (Fig. 4A). Con-
versely, infection of CAOV-3 cells with NDV(F3aa)-GFP yielded
much higher expression of GFP as early as 8 hours p.i. (Fig. 4B).
To investigate the extent to which ID8, CAOV-3, and NOSE cell

Figure 3.

NDV(F3aa) has direct oncolytic effects on murine and human ovarian cancer cells, but not on NOSE cells. A, NOSE cells; B, spontaneously transformed

murine EOC cells (ID8); and C, human EOC cells (CAOV-3) were seeded in triplicate and treated with serial dilutions of NDV(F3aa) for 48 hours.

Resazurin was added for an incubation period of 4 hours. The percentage of live cells was determined by normalization to mock-infected controls.

Increasing MOI of NDV(F3aa) resulted in decreased metabolic activity of murine and human ovarian cancer cells, but NOSE cells were unaffected at

the MOIs tested (N ¼ 3). Means � SEM are shown. Data were analyzed by one-way analysis of variance with the Tukey multiple comparison test

(� , P < 0.05; ���� , P < 0.0001) and compares viability at each MOI to untreated cells (MOI of 0).
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lines are able to support NDV(F3aa) replication, and viral
spread, we generated a single-step viral growth curve. The
kinetics of viral replication did not differ between the three
cell lines (Fig. 4C).

Lytic and replicative efficacy of NDV(F3aa) in ID8 cells is

hindered by sensitivity to interferon

It is well documented that NDV is sensitive to type I IFNs and
that defective antiviral signaling is one of the mechanisms that

Figure 4.

Murine ID8 cells have limited viral replication

but maintain sensitivity to interferon. A,

Immunofluorescence examination of

NDV(F3aa)-GFP-infected ID8 cells (MOI of

0.5) at various timepoints p.i. revealed limited

expression of theGFP transgene in these cells,

consistent with low replication. B, For direct

comparison, CAOV-3 cells were infected with

NDV(F3aa)-GFP under the same conditions

and revealed a high level of GFP transgene

expression. C, A one-step viral growth curve

was established for NDV(F3aa) in ID8 cells

infected at anMOI of 0.5, and supernatantwas

collected and titered using TCID50 after the

indicated time points p.i. D, Sensitivity of ID8

cells to exogenous type I interferon was

demonstrated by pretreating with and

without a type I IFN receptor (IFNAR)–

blocking antibody for 1 hour, and then IFNb

(0–6,000 pg/mL) was added for 2 hours,

followed by NDV(F3aa)-GFP infection at an

MOI of 10. E, Representative images of

NDV(F3aa)-GFP infected cells with (left) only

rIFNb pretreatment or with (right) IFNAR

blockade þ rIFNb pretreatment at 48 hours

p.i. F, ID8 cells were infected at anMOI of 0.01,

and supernatantwas collected at 4, 12, 24, and

48 hours p.i., in addition to a mock-infected

control group. Means � SEM are shown. Data

represent results from three independent

experiments (N ¼ 3). Data were analyzed

using a multiple t test comparing with and

without IFNAR blockade results at each time

point; ��� , P < 0.001; ���� , P < 0.0001. F, IFNb

induction in ID8, CAOV-3, and NOSE cells

after infection with NDV(F3aa) at an MOI of

0.5. Supernatants were collected at 12, 24, 48,

and 72 hours p.i. Levels of IFNb in the

supernatant were assessed by murine and

human IFNb ELISA (N¼ 3). Means� SEM are

shown. Data were analyzed by one-way

analysis of variance with the Tukey multiple

comparison test; � , P < 0.05. h, hours.
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contribute to the tumor selective replication of NDV (43–46).
To examine whether treatment with IFN would render ID8 cells
refractory to NDV(F3aa) infection, these cells were treated with
increasing amounts of recombinant mouse IFN (rIFNb; 0–
6,000 pg/mL) 2 hours prior to infection with NDV(F3aa)-GFP
at an MOI of 12.5, and cell viability was assessed. To confirm
that protection by IFNb occurs through the IFN receptor, a
second experiment was conducted where cells were pretreated
with a type I IFN receptor (IFNAR)–blocking antibody for
1 hour prior to treatment with rIFNb and NDV(F3aa). Assess-
ment of cell viability after 72 hours revealed that ID8 cells are
responsive to IFNb and increased concentrations protected ID8
cells from the cytolytic effects of NDV(F3aa)-GFP (Fig. 4D).
Furthermore, this protective effect was ablated in the presence
of IFNAR-blocking antibodies. To determine whether pretreat-
ment with rIFNb also blocks viral protein expression and not
just cytotoxic effects of NDV(F3aa)-GFP, we evaluated expres-
sion of the GFP transgene at 48 hours p.i. in rIFNb-treated
cells with and without IFNAR blockade. For the rIFNb-respon-
sive ID8 cell lines, pretreatment with rIFNb also led to cessation
of NDV-mediated transgene expression (Fig. 4E). To assess
the extent to which ID8, CAOV-3, and NOSE cells are impaired
in their ability to produce IFNb, cells were infected with NDV
(F3aa)-GFP at an MOI of 0.5 and supernatant was collected 12,
24, 48, and 72 hours p.i., and the levels of IFNb were measured
by ELISA. In transformed CAOV-3 and ID8 cells, production of
IFNb peaked at 24 hours p.i. releasing 161 pg/mL and 2,880 pg/
mL, respectively (Fig. 4F). Although ID8 cells were able to
produce IFNb in response to NDV(F3aa)-GFP, they did so at
a much lower extent than the NOSE cells. CAOV-3 cells pro-
duced the lowest amount of IFNb in response to viral infection.
At 72 hours p.i., CAOV-3 cells produced 30� less IFNb than the
NOSE cells (P < 0.05).

3TSR-induced vascular normalization enhances trafficking of

immunologic cells into primary EOC tumors, especially when

combined with NDV(F3aa) treatment

As type I IFNs are potent activators of the immune system, we
sought to investigate whether the disease regression seen
with 3TSR þ NDV(F3aa) treatment correlated with tumor-
infiltrating leukocytes. We used IHC analysis against classic
immunologic cell markers to investigate the relative intratu-
moral immune cell trafficking between treatment groups. Com-
pared with controls, treatment with 3TSR alone significantly
(P < 0.05) enhanced the infiltration of macrophages (Fig. 5A),
natural killer (NK) cells (Fig. 5C), and T cells (Fig. 5D and E)
into the tumor core. Although NDV(F3aa) treatment alone only
improved infiltration of CD8þ leukocytes compared with con-
trols, combining 3TSR þ NDV(F3aa) resulted in greater intra-
tumoral influx of macrophages, NK cells, cytotoxic T cells, and
T-helper cells compared with either treatment alone (Fig. 5).
Combination therapy did not enhance primary tumor infiltra-
tion of neutrophils (Fig. 5B) or B cells (Fig. 5F) compared with
single treatments.

Effector immune cells induced by 3TSRþNDV(F3aa) treatment

are active and proliferating in the tumor core

Given that leukocytes face a number of obstacles to activa-
tion within the tumor microenvironment, we wanted to con-
firm that the increased number of immunologic cells trafficking
to the tumor core as a result of 3TSR þ NDV(F3aa) were

proliferating or expressed markers of activation. We chose to
investigate T-cell proliferation and NK cell function, given
the significant influx of these lymphocytes into the tumors
of our ID8 mouse model following combination treatment
(11, 47, 48). Immunofluorescence colocalization on primary
tumors revealed a greater proportion of activated NK cells
(based on their expression of the early activation marker CD69)
in tumors of mice treated with NDV(F3aa; P < 0.05), compared
with controls or mice treated with 3TSR alone (Fig. 6A). The
proportion of activated NK cells was significantly (P < 0.05)
enhanced in primary tumors of mice treated with 3TSR þ NDV
(F3aa; Fig. 6A). Likewise, immunofluorescence colocalization
of CD8þ T cells and the proliferation marker Ki67 confirmed
enhanced influx of proliferating CD8þ T cells in all treatment
groups compared with controls (Fig. 6B).

3TSR treatment reduces intratumoral levels of

immunosuppressive cytokines

As TSP-1 has been implicated in regulating the tumor micro-
environment, we sought to determine whether 3TSR treatment
may inhibit the immunosuppressive environment in ovarian
tumors. Tumors from control (PBS) mice or mice treated at 60
days PTI were evaluated for the expression of immunosuppres-
sive cytokines VEGF, CCL22, IL6, IL10, and TGFb1. 3TSR
treatment resulted in reduced (P < 0.05) levels of all of the
immunosuppressive cytokines, compared with PBS controls
(Fig. 6C).

Discussion

In the present study, we show a novel opportunity for combi-
nation therapy using 3TSR (vascular normalization) and an
oncolytic virus to enhance infiltration of leukocytes into primary
tumors. In our mouse model of advanced EOC, daily treatment
with 3TSR in combination with a one-time intravenous injection
of oncolytic NDV(F3aa) resulted in significant disease regression
compared with either treatment alone, as evidenced by lower
primary tumor size and reduced burden of secondary disease (Fig.
1). As predicted, 3TSR treatment alone did yield some tumor
regression in our model, likely as a result of the inhibition of
tumor cell proliferation and migration through TGFb activation
via the RFK sequence of 3TSR (49) and direct tumor cell apoptosis
via signaling through the CD36 receptor (37). Interestingly, 3TSR
treatment on its own increased the number of tumor-infiltrating
leukocytes in primary ovarian tumors. Although thrombospon-
din-1 has been implicated in regulating inflammatory responses
(50), its role in tumor immunity has not been studied. This
immunogenic effect, combined with its ability to induce tumor
cell and tumor endothelial cell apoptosis, may be responsible for
its ability to induce regression of advanced-stage ovarian cancer as
a single agent (37). NDV(F3aa) injection alone also resulted in
tumor regression, which we predicted was likely due to direct
oncolysis of tumor cells by the virus. Blanched tumors retrieved
from mice treated only with NDV(F3aa) insinuated the phe-
nomenon of vascular shutdown in these tumors. OV-induced
vascular shutdown has been established as a consequence of
systemic OV therapy with vaccinia virus (a poxvirus) and
vesicular stomatitis virus (a rhabdovirus; refs. 22, 51). Our
results have extended the phenomenon of vascular shutdown
to a third virus, namely, NDV, which is a paramyxovirus. All of
these viruses are in human clinical trials and, collectively,
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suggest that vascular shutdown may be a relatively common
phenomenon among OVs. This OV-induced vascular shutdown
is likely to lead to reduced tumor perfusion and increased
hypoxia, which are often associated with negative sequelae

such as metastases. Further, vascular shutdown would be
expected to inhibit recruitment of effector leukocytes into the
tumor microenvironment in the hours and days following OV-
mediated activation of the immune system.

Figure 5.

Combined vascular normalization and oncolytic virus therapy increase immune cell trafficking and tumor uptake. At 90 days PTI, primary tumorswere collected from

control mice as well as mice treated with 3TSR, NDV(F3aa), or a combination of both. IHC was performed on paraffin-embedded tumor sections by staining

for markers against (A) macrophages (CD68), (B) neutrophils (Ly-6C/G), (C) NK cells (NKG2D), (D) cytotoxic T cells (CD8), (E) T-helper cells (CD4), and (F)

B/plasma cells (CD138). Treatment with 3TSR enhanced intratumoral infiltration of macrophages, NK cells, cytotoxic T cells, and T-helper cells compared with

untreated controls. Although NDV(F3aa) treatment alone did not enhance trafficking of leukocytes, it significantly enhanced intratumoral macrophage,

NK cell, and cytotoxic T-cell infiltration in combination with 3TSR. Images were captured at 200� magnification. Means � SEM are shown. Data represent results

from 8 tumors per experimental group and 3 or 4 areas of interest per section. Data were analyzed by one-way analysis of variance with the Tukey multiple

comparison test; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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Through analysis of tumor vasculature in treated mice, we
determined that treatment with 3TSR induced vascular normal-
ization, as indicated by the presence of luminal, pericyte-covered
vessels with significantly enhanced perfusion and reduced tumor
hypoxia (Fig. 2). The formation of this normalized vasculature
was not hindered by addition of NDV(F3aa) in the combination
group. Whereas high VEGF expression in the tumor microenvi-
ronment mediates immunosuppression and sensitizes tumor
endothelial cells to oncolytic virus infection (21), the reduced
VEGF levels brought about by 3TSR intervention may have
hindered the ability of NDV(F3aa) to infect tumor vessels and
deterred vascular shutdown that results following OV therapy
(52). We have shown previously that 3TSR can induce potent
tumor vascular normalization and can enhance uptake of che-
motherapy drugs (37). In addition to the anti-VEGF effects of
3TSR, vascular pruning and tumor regression was induced by
direct binding to its cell-surface receptor CD36, which promotes
apoptosis and decreases VEGFR-2 phosphorylation by increasing
the expression of SHP-1 (37, 53). As such, 3TSR has multimodal
antiangiogenic and antitumor effects and has significant advan-
tage over other antiangiogenic therapies that only target VEGF
ligand or receptor. 3TSR is derived from an endogenous glyco-
protein and has shown no toxicities. Current work is evaluating
the role of Fc-3TSR, a 3TSR fusion protein with a significantly
longer half-life in circulation in vivo. These characteristics make
3TSR (Fc-3TSR) an attractive compound to be tested clinically.

Treatment with 3TSR also reduced tumor hypoxia signifi-
cantly, which could improve the efficiency of anticancer agents
relying on adequate oxygen levels. Hypoxia has been shown to
contribute to immunosuppression in tumors by favoring
immune tolerance through enhanced T-regulatory cell differ-
entiation (54, 55). The hypoxic conditions of the tumor micro-
environment have also been implicated in inducing tumor cell
resistance to cytotoxic T-cell attack (56) and in the suppression
of T effector cell function (57). This is relevant considering that
in our study, NDV(F3aa) OV monotherapy resulted in reduced
vascular supply, as evidenced by blanched tumors, immature
vasculature, and increased expression of the hypoxia marker
(Fig. 2). By enhancing tumor perfusion ahead of oncolytic virus
delivery, 3TSR creates a tumor environment that is optimized
for OV efficacy and creates a hospitable environment for
immune cells to initiate intratumoral immunity.

In light of the significant tumor inhibition seen in vivo with
combination 3TSRþNDV(F3aa) therapy, we predicted that the
tumoricidal effects of NDV(F3aa) were due, in part, to direct
oncolysis. We sought to investigate the oncolytic potential of
NDV(F3aa) in vitro using spontaneously transformed murine
EOC cells (ID8)—the same cell type used in the tumor induc-

tion in our mouse model (38). Generally speaking, OVs pref-
erentially replicate in cancerous cells, while sparing normal
tissue, due to cancer-specific defects in IFN signaling and other
innate antiviral responses (46, 58, 59). Indeed, our own results
further demonstrate the ability of an OV to preferentially infect
and kill malignant cells, especially in the case of human CAOV-
3 cells, which cannot produce IFNb in response to NDV(F3aa)
infection (Figs. 3 and 4). We determined that NDV(F3aa) is a
strong inducer of apoptosis in transformed cells, although
attempts to titer the virus in tumors were below the limit of
detection after 36 hours (not shown).

IFN is critically involved in alerting the cellular immune
system to immunogenic mutant cells and thus is one of the
most well-established impairments in cancer. Defects in this
cytokine pathway include an inability to produce and secret
IFN, thereby permitting tumor selective replication of NDV
(43–46, 60). In light of work by others showing that infection
of transformed cells with NDV(F3aa) is a strong inducer of
interferon as a warning signal for imminent threat to surround-
ing uninfected cells (13, 46), we predicted that the hindered
replication of NDV(F3aa) in ID8 cells was likely due to acti-
vation of antiviral mechanisms. Indeed, we and others have
shown that pretreatment with recombinant IFNb can abrogate
NDV oncolysis and provide complete protection (46, 61–63).
This suggests that the susceptibility of ID8 cells in a monocul-
ture to NDV(F3aa)-mediated lysis is likely due to a partial
defect in their production of type I IFNs (Fig. 4D and F),
although the cells have retained the potential to respond
relatively well to IFNs in the extracellular milieu.

It is becoming increasingly clear that the tumor-lysing prop-
erties of OVs only partially contribute to the reduction of tumor
burden observed in both preclinical and clinical settings (20).
In reality, it is the combination of oncolysis and the ability
of OVs to initiate systemic antitumor immunity that contri-
butes to the efficacy of this therapeutic modality. Indeed, both
in vitro and in vivo we found there to be limited replication of
NDV(F3aa)-GFP (Fig. 4C). These results suggest that the immu-
nostimulatory properties of NDV, rather than direct oncolysis
and acute tumor debulking, are likely the dominant mecha-
nism of action contributing to efficacy in this model. When
testing the efficacy of NDV(F3aa)-GFP in the ID8 orthotopic
syngeneic mouse model of EOC, we did not detect evidence of
infectious viruses (the amount of virus present in the tumor was
below the limit of detection for this assay) in the tumor at 36
hours p.i. Based on our in vitro data, we would anticipate that
viral infection led to stimulation of pattern recognition recep-
tors and induction of IFN, which in turn incited an in situ

antitumor response causing tumor cell death and release of

Figure 6.

Combination therapy results in increased intratumoral immune cell activation and 3TSR reduces expression of immunosuppressive cytokines. At 90daysPTI, primary

tumors were collected from control mice as well as mice treated with 3TSR, NDV(F3aa), or a combination of both. Immunofluorescence colocalization was

performedby probing tumor sections for both amarker of NK cells (NKG2D; red) and the early activationmarker CD69 (green) simultaneously, aswell as amarker for

cytotoxic T cells (CD8; red) and proliferation (Ki67; green) simultaneously. A, NDV(F3aa) and combination treatment [3TSR þ NDV(F3aa)] had a higher

proportion of activated NK cells compared with PBS controls or 3TSR-treatedmice. B, Treatment with 3TSR alone or in combination with NDV(F3aa) demonstrated

a higher proportion of actively proliferating CD8þ T cells compared with saline controls. Images were captured at 100� and 400� magnification. White

boxes in the 100� panels indicate the area selected for 400� magnification. Means � SEM are shown. Data represent results from 4 tumors per experimental

group and 3 or 4 areas of interest per section. Data were analyzed by one-way analysis of variance with Tukey multiple comparison test; � , P < 0.05; �� , P < 0.01.

C, At 90 days PTI, primary tumors were collected from PBS controls, and mice were treated with 3TSR. Tumor tissue was subjected to Western blot analysis

of immunosuppressive cytokines. 3TSR treatment resulted in decreased protein levels of VEGF, CCL22, IL10, IL6, and TGFb. Densitometric analysis was

performed on protein lysates from 3 mice/group, and data are expressed as a ratio of cytokine expression to GAPDH expression. Data were analyzed by one-way

analysis of variance with the Tukey multiple comparison test; � , P < 0.05.
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tumor antigens (64, 65). The type I IFN pathway is emerging as
a key player in the induction of antitumor immunity, including
innate immune recognition and activation of adaptive immu-
nity, particularly with respect to activation of CD8þ T-cell
responses (13, 66, 67), macrophages (68–70), dendritic cells
(71), and NK (72) cells. These key responses are likely to have
contributed to the reduction in primary tumor size (Fig. 1A),
ascites fluid production (Supplementary Fig. S1), and second-
ary lesion formation (Fig. 1B) observed in this study.

We viewed this sensitivity of NDV(F3aa) to interferon as a
benefit for the viral platform, given that this sensitivity is likely the
reason NDV is limited to causing pathogenesis in avian species
(73). In confirmation of the high safety profile of NDV(F3aa), we
showed thatNOSE cells, which are able to produce IFNb (Fig. 4F),
are refractory to viral oncolysis at lower, clinically relevant doses
of NDV in vitro (Fig. 3A). The fact that NDV failed to replicate well
in ID8 and CAOV-3 cells is interesting in the context of the
remarkable efficacy that could be achieved with this virus in
conjunction with vascular normalization. We showed that cell
death and viral protein expression was much better in human
CAOV-3 cells (Figs. 3C and 4A), and this was likely due to the
significant impairment in IFNb production (Fig. 4F) and pre-
dict that the efficacy of our novel therapeutic strategy would be
potentiated in tumors that better support direct viral oncolysis
and immune activation. In fact, significant therapeutic efficacy
of NDV(F3aa) in vivo, despite mediocre NDV(F3aa)-mediated
cell lysis in vitro, suggested to us that the effects of 3TSR and
NDV(F3aa) on disease regression in advanced-stage EOC might
be immune-mediated, rather than predominantly oncolytic. In
accordance with this idea, we observed enhanced infiltration of
macrophages, NK cells, and T-helper cells in the tumor cores of
mice treated with 3TSR only, and also enhanced cytotoxic T-cell
and B-cell infiltration when 3TSR was combined with NDV
(F3aa; Fig. 5). The ability of 3TSR to increase infiltration of
leukocytes could be due to the enhanced perfusion with blood-
borne cells as a direct result of vascular normalization (74). In
addition, VEGF is a potent inhibitor of adhesion molecules
such as ICAM-1 and VCAM-1 on the surface of endothelial cells,
and leukocytes tend to utilize these molecules for extravasation
into the tumor (75). Therefore, the significantly improved
influx of leukocytes into 3TSR-treated tumors may not only
reflect greater perfusion but also enhanced diapedesis through
tumor vasculature.

The combination of 3TSR and NDV(F3aa) therapy also
increased the activation of NK cells within primary tumors.
This heightened activation may have been due to a direct
response to the virally infected cells, given that the proportion
of activated NK cells was lessened in tumors of mice treated
with 3TSR or PBS alone. Treatment with NDV(F3aa) also
enhanced the proliferation of CD8þ T cells recruited to primary
tumors. Interestingly, proliferation of cytotoxic T cells was also
enhanced with 3TSR treatment alone, which appears to be a
novel consequence of treatment with the TSP-1 type I repeat
region. One mechanism by which 3TSR may facilitate recruit-
ment and uptake of cytotoxic leukocytes is by reducing the
intratumoral immunosuppressive environment. Many tumors,
including ovarian, are known to upregulate the expression of
immunosuppressive cytokines in order to inhibit immune cell
recruitment and destruction of tumor cells (76). 3TSR treat-
ment resulted in decreased expression of potent immunosup-
pressive cytokines such as VEGF, CCL22, IL10, IL6, and TGFb

(Fig. 6C). TSP-1 has been shown to have a direct anti-inflam-
matory effect, inhibiting expression of cytokines such as VEGF
and IL6. Also, vascular normalization and decreased tumor
hypoxia inhibits immunosuppression within the tumor micro-
environment and results in tumor immunostimulation (77). By
reducing the immunosuppressive environment, 3TSR treatment
may act to facilitate immune cell recruitment by NDV(F3aa)
and enhanced tumor uptake of these cells via vascular normal-
ization. Given the high propensity of chemoresistance in
advanced-stage ovarian cancer, combined 3TSR and NDV
(F3aa) therapy may have important clinical implications by
increasing immunogenic cell death and inhibiting the immu-
nosuppressive tumor environment to resensitize chemoresis-
tant ovarian cancer cells (78). Our ability to enhance uptake
and activation of leukocytes and increase the CD8þ/regulatory
T-cell ratio could reduce the chemoresistance seen in advanced-
stage ovarian cancer.

The data presented here further establish the ability of 3TSR to
induce vascular normalization and facilitate delivery of anticancer
agents to solid tumors. We have used an immunocompetent
murine mouse model of EOC that has similarities to human
ovarian cancer and relevance to guide clinical development of
human therapies. In this study, we have shown that 3TSR
improves the trafficking of leukocytes into EOC primary tumors
and causes significant disease regression of advanced-stage EOC
when combined with an oncolytic virus. We have also extended
previous findings that NDV(F3aa) is a useful immunothera-
peutic agent, given its broad safety margin and potent immu-
nostimulatory effects. Clinical benefit has been observed by
several investigators, and our studies have shown efficacy in
advanced metastatic disease, including patients with chemo-
therapy-resistant ovarian carcinoma (17). The combined ability
of 3TSR and NDV(F3aa) to target multiple aspects of the tumor
microenvironment makes this therapeutic approach attractive
for the treatment of advanced-stage ovarian cancer, which
typically overcomes single-agent therapy and becomes che-
moresistant. There are no current effective strategies for over-
coming chemoresistant disease, and novel combination ther-
apies are needed. This study provides proof of principle that
vascular normalization can potentiate OV-based immunother-
apy for the treatment of both primary and metastatic EOC.
Further, it challenges the common hypothesis in the field of
oncolytic virotherapy that vascular shutdown is a requisite or
desired consequence for effective treatment of cancers. Impor-
tantly, this therapeutic approach has excellent translational
potential because it is based on an oncolytic virus platform
that has an extremely long history of testing in human patients
(79) combined with a polypeptide that is highly amenable to
cost-effective manufacturing under Good Manufacturing Prac-
tice conditions.
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