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Oncolytic virotherapy is a promising approach for treating
recurrent and/or drug-resistant ovarian cancer. However, its
successful application in the clinic has been hampered by rapid
immune-mediated clearance or neutralization of the virus,
which reduces viral access to tumor foci. To overcome this bar-
rier, patient-derived mesenchymal stem cells have been used to
deliver virus to tumors, but variability associated with autolo-
gous cell isolations prevents this approach from being broadly
clinically applicable. Here, we demonstrate the ability of an
allogeneic, clonal neural stem cell (NSC) line (HB1.F3.CD21)
to protect oncolytic viral cargo from neutralizing antibodies
within patient ascites fluid and to deliver it to tumors within
preclinical peritoneal ovarian metastases models. The viral
payload used is a conditionally replication-competent adeno-
virus driven by the survivin promoter (CRAd-S-pk7). Because
the protein survivin is highly expressed in ovarian cancer, but
not in normal differentiated cells, viral replication should
occur selectively in ovarian tumor cells. We found this viral
agent was effective against cisplatin-resistant ovarian tumors
and could be used as an adjunct treatment with cisplatin to
decrease tumor burden without increasing toxicity. Collec-
tively, our data suggest NSC-delivered CRAd-S-pk7 virother-
apy holds promise for improving clinical outcome, reducing
toxicities, and improving quality of life for patients with
advanced ovarian cancer.

INTRODUCTION

Ovarian cancer is the most lethal gynecologic malignancy in the
United States, because most patients already have abdominal metasta-
ses upon diagnosis. At this stage, their 5-year survival rate is only 34%
following standard surgical debulking and chemotherapy.' Thus,
more effective and less toxic therapeutic approaches are urgently
needed. Oncolytic virotherapy offers a new approach, whereby viruses
are modified to preferentially replicate in tumor cells and destroy them
in situ via direct lysis.” The viral particles freed from lysed tumor cells

continue to infect neighboring tumor cells, amplifying their anti-
neoplastic effect until they reach normal tissue, at which point viral
replication ceases.” Oncolytic viruses can induce cancer cell death®
irrespective of chemoresistance’ and can stimulate immune-recogni-
tion of cancer cells because tumor antigens are exposed when the
cancer cells lyse. To date, more than 11 oncolytic viruses have been
tested in pre-clinical human ovarian cancer models, with 4 progress-
ing to phase I/11 clinical trials.” Although these studies are still in early
stages, all clinical trials so far have established the safety and non-
toxicity of this approach.” The challenge now is to achieve efficacy.

To date, adenovirus subtype 5 (Ad5)-based virotherapy agents have
shown some of the best clinical results, as measured by the percentage
of patients achieving stable disease and/or experiencing a partial
response.’ Particularly effective are newer generation viruses with
modified Ad5 capsids that enhance viral infection in situ and that
are engineered to replicate only under the control of tumor-specific
prornoters.7 One such virus, CRAd-S-pk?7, has been modified to repli-
cate under the control of the survivin promoter.” Survivin is a devel-
opmentally expressed protein that can suppress apoptosis and regu-
late cell division in a variety of drug-refractory cancers,” including
' In addition, a poly-L-lysine (pk7) peptide was
incorporated into the C terminus of the wild-type adenoviral fiber
knob domain to enable more efficient loading into tumor cells."”

ovarian cancer.

Although such transcriptional and transductional enhancements
have improved oncoviral efficacy,”'”'® vector distribution remains
a significant obstacle. Specifically, oncolytic viruses injected into the

Received 18 January 2018; accepted 6 December 2018;
https://doi.org/10.1016/j.omt0.2018.12.003.

Correspondence: Rachael Mooney, PhD, Department of Stem Cell & Develop-
mental Biology, City of Hope, 1500 East Duarte Road, Duarte, CA 91010, USA.
E-mail: rmooney@coh.org

Correspondence: Karen S. Aboody, MD, Department of Stem Cell & Develop-
mental Biology, City of Hope, 1500 East Duarte Road, Duarte, CA 91010, USA.
E-mail: kaboody@coh.org

Molecular Therapy: Oncolytics Vol. 12 March 2019 ©® 2018 The Author(s). 79
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Updates


https://doi.org/10.1016/j.omto.2018.12.003
mailto:rmooney@coh.org
mailto:kaboody@coh.org
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omto.2018.12.003&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

A BIRCS/Survivin Expression in Ovarian Cancer Patient Populations

Molecular Therapy: Oncolytics

10
9
8
|
: pranlll eIl ettt (Ll m
T AL THTTTTTT e T T T T T
ealthy Initial Debulking Recurrant | i i
B 20
= 15
X
o 10 |=
4
5
-——=____
o
feFe S RTEPSIISRES
3223583832235 5233
537 83 IEEsTCREE
P o 583 >
2 o c
H a g

Figure 1. CRAd-S-pk7 NSCs for Ovarian Cancer

(A) GEO Accession Viewer data showing survivin (BIRC5 gene ID: 202095_s_at) expression in cisplatin-resistant patient tumors (185 samples) and 10 healthy tissues
(10 samples). (B) Analysis of GTExPortal data available via Protein Atlas showing survivin expression in various peritoneal tissues. Expression values are shown in RPKM
(reads per kilobase of transcript per million mapped reads), calculated from a gene model in which isoforms were collapsed to a single gene. No other normalization steps
were applied. Boxplots show median and 25th and 75th percentiles; points are displayed as outliers if they are greater than or less than 1.5 times the interquartile range. (C)
Cbioportal Oncoprint compact visualization of mMRNA expression scores of three putative CRAd-S-pk7 entry receptors in the 100 patient samples included in The Cancer
Genome Atlas serous ovarian cancer project that had survivin amplification (311 patients total). Red indicates amplification; blue indicates deep deletion. BIRC5, survivin;
heparin sulfate proteoglycans: GPC1, glypican 1; HSPG2, perlecan; SDC1, Syndecan 1.

peritoneal space are subject to rapid clearance because of their small
~100-nm size.'® The delivery hurdles for oncolytic adenoviruses are
particularly high, because most of the population has pre-existing im-
munity since adenoviruses are a common human pathogen. Thus, the
majority of administered CRAds do not exist as un-associated parti-
cles for longer than a few minutes,'” which limits their ability to infect
tumors and reduces antitumor efficacy.

To overcome these barriers, there is increasing interest in developing
tumor-tropic cell carriers for viral agents. The ideal cell carrier would
be chromosomally normal and stable, support viral infection and
amplification in situ, shield the loaded viruses from the host immune
system,16 and most importantly, home to tumors so that viral pene-
tration and distribution at tumor sites is improved.2’7‘9 To this end,
we have extensively characterized the immortalized HB1.F3.CD21
neural stem cell (NSC) line, showing it is tumor-tropic, chromoso-
mally and functionally stable, non-tumorigenic, minimally immuno-
genic (human leukocyte antigen [HLA] class II negative'®'?), and
clinically safe.” We also established that these NSCs can improve tu-
mor-localized production of the oncolytic adenovirus, CRAd-S-pk7,
in glioma models.'*?'"?* The viral loading, release kinetics, and
freeze-thaw standard operating procedures (SOPs) for HB1.F3.CD21
NSCs loaded with CRAd-S-pk7 (NSC.CRAd-S-pk?7) have been estab-
lished, and a good manufacturing practice (GMP) bank is currently in
clinical trial as an adjunct oncolytic virotherapy for newly diagnosed
glioma (ClinicalTrials.gov: NCT03072134). These established SOPs
mean additional “off-the-shelf” allogeneic clinical banks can be
generated, providing an accelerated route to clinical translation for
ovarian cancer.
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Here, we conduct in vitro and in vivo studies to assess the pre-clinical
utility of NSC.CRAd-S-pk7 in the context of ovarian cancer metastases
within the peritoneal cavity. Our studies show that NSC.CRAd-S-pk7
cells selectively target and penetrate tumor metastases, effectively
delivering the CRAd-S-pk7 virus. The virus then replicates within
tumor cells and lyses them. The resulting delay in tumor progression
is as robust as that observed when treating with the commonly used
chemotherapy, cisplatin, thus offering a potential strategy to minimize
the toxicity of cisplatin treatments. We also found that NSC.CRAd-S-
pk7 may have a synergistic therapeutic effect when combined with
cisplatin, further reducing tumor burden without increasing toxicity.

RESULTS

Survivin Expression in Ovarian Cancer

Because we planned to use the CRAd-S-pk?7 virus, for which replica-
tion is under the control of the survivin promoter,”* we first assessed
the frequency at which survivin expression is upregulated in ovarian
cancers as compared with normal tissues to ensure our approach
would be of practical utility for ovarian cancer. To do this, we analyzed
survivin gene (BIRC5 gencode: ENSG00000089685.10) expression
within the publically available GEO Affymetrix human U133A micro-
array dataset (GEO: GSE26712). This query dataset includes gene
expression data for an extensive set of 185 samples from (90 optimally
debulked/95 suboptimally debulked) primary ovarian tumors and 10
samples representing normal ovarian surface epithelium.'"*> We
found that 93.5% (173/185) of ovarian cancer patients represented
in this dataset exhibited BIRC5 expression levels that exceeded those
in the normal ovarian surface epithelium (Figure 1A). Furthermore,
because we ultimately intend to deliver the NSC.CRAd-S-pk7 therapy
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Figure 2. CRAd-S-pk7 NSC Characterization
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(A) Flow cytometric quantification of hexon-positive NSCs after transduction (MOI = 50; 30 VP/ infectious unit [IFU]) with CRAd-S-pk?7 virus. Anti-hexon samples: 99.76% +
0.20% (+); isotype controls: 0.31% + 0.06% (+); unstained controls: 0.25% + 0.05% (+). (B) Fluorescent image showing infected NSCs stained with fluorescein isothiocyanate
(FITC)-conjugated anti-hexon and counterstained with DAPI. Scale bar, 100 um. (C) PCR quantification used to approximate viral load per NSC (644 VP/NSC). (D) Time-lapse
bright-field images showing initial survival but eventual rounding and lysis due to viral burst within NSC.CRAd-S-pk7 cells (lower panels), but not parental NSCs (upper
panels). (E) Software-automated quantification of phase-object confluency in each well demonstrating initial seeding and growth of NSC.CRAd-S-pk7 cells peaking at 2 days

post-transduction prior to viral burst.

intraperitoneally (i.p.), we needed to ensure that survivin expression
is low, and viral replication thereby avoided, in healthy peritoneal
organs. To do this, we analyzed surviving transcription expression
levels within the Protein Atlas GTExPortal dataset, which revealed
that although survivin is highly expressed in tumors, it is not highly
expressed in normal adult organs within the peritoneal cavity (Fig-
ure 1B) or in organs outside the peritoneal cavity (Figure S1). It
is noted that adult mesenchymal and intestinal progenitor cells ex-
%7 and so utilizing the NSCs to distribute this virus
solely to tumor locations should minimize any unintended off-target

press survivin,
distribution.

CRAd-S-pk7 Transduction in Ovarian Cancer

Based on our previous experience in the context of glioma, we expect
that once CRAd-S-pk7-expressing NSCs localize to ovarian tumors,
they will produce virus at the tumor sites for up to 3 days before
achieving release of viral agent.”> Following this release, efficient
infection of surrounding tumor cells will rely on rapid viral uptake
by tumor cells expressing cell-surface receptors permissive for adeno-
viral entry. The poly-lysine modification to the fiber knob protein
(pk7) contained within CRAd-S-pk7 permits the virus to bind to
and enter tumor cells that express heparin sulfate proteoglycan family
members such as perlecan (HSPG2), glypican-1 (GPCl), and synde-
can-1 (SDC1).***’ To measure expression of these putative adeno-
virus entry receptors in ovarian cancer patients, we conducted
Cbioportal Oncoprint analysis of samples from 100 patients with sur-

vivin amplification who were included in The Cancer Genome Atlas
serous ovarian cancer project.”**’ This analysis revealed variability in
expression of these surface receptors, but 86% of ovarian cancer
patients who overexpressed survivin also expressed at least one of
these viral entry receptors (Figure 1C). This result implies that there
is strong potential for enhanced viral infection to occur within pa-
tients, given the multiple routes available for viral entry.

CRAd-S-pk7 NSC Characterization

Our use of an immortalized cell line as the cell carrier enables the pos-
sibility of predictable, reproducible viral loading and release kinetics.
Consistent with our previous reports,”" very efficient infection of
NSCs by CRAd-S-pk7 was observed with 99.76% + 0.20% of NSCs
positive for the viral capsid protein, hexon, 1 day after transduction
(Figures 2A and 2B). qPCR was used to confirm that the viral load
per NSC (average = 644 viral particle [VP]/cell) was similar to the
magnitude we previously reported®' (Figure 2C). Primer sequences
are listed in Table 1. We previously described how the intracellular
titer peaks 3 days after transduction, at which point the initial viral
load amplifies by over a factor of 1 x 10.>*' As expected, the
CRAD-S-pk7-infected NSCs began to undergo virus-induced cell
lysis after 2-3 days in culture (Figures 2D and 2E).

NSC.CRAd-S-pk7 Tropism to Orthotopic Ovarian Cancer

To confirm that the viral agent did not interfere with the tumor-tropic
properties of the NSCs toward ovarian cancer-derived cytokines, we
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Table 1. PCR Primer Sets

Gene Forward Primer

Reverse Primer

v-myc rxn 1 Mari v-myc F: 5'-CCTTTGT TGATTTCGCCAAT-3

v-myc Inter R2: 5-GCGAGCTTCTCCGACACCACC-3’

Nested v-myc

GAG 1306 F: 5-TCACAGCCAGATATCCAGCAGCTT-3'

v-myc R1: 5-AGTTCTCCTCCTCCTCCTCG-3'

Hexon Hex3 F: 5'-TTCCGCTTCACTGGACTCTT-3'

Hex3 R: 5-TGGACAGCGAGGAGAGAAG-3'

GAPDH Fwd: 5-ATGTTCGTCATGGGTGTGAACCA-3'

Rev: 5-TGGCAGGTTTTTCTAGACGGCAG-3'

DNA purified from unmodified NSCs and NSC.CRAd-S-pk7 was used as a positive control for PCR amplification of the v-myc gene (replicon size 170 bp) and hexon (179 bp), respec-
tively. Pure water was used as a negative control. PCR products were analyzed by agarose gel electrophoresis and staining of DNA bands with ethidium bromide.

conducted an in vitro Boyden chamber migration assay. The
NSC.CRAd-S-pk7 effectively migrated to conditioned media from a
range of ovarian cancer cell lines (Figure S2C) including the OVCARS
and ID8 cell lines used for our xenograft and syngeneic mouse models
(Figure 3A). In fact, NSC.CRAd-S-pk7 showed greater tropism to
tumor-conditioned media than did the untransduced parental
HB1.F3.CD NSCs.

We have previously demonstrated that NSCs home to ovarian tumors
after i.p. administration into mice bearing either SKOV3 or OVCARS
i.p. xenografts.”' We chose to use the OVCARS cell line for our xeno-
graft model given its ability to consistently engraft combined with its
moderate genetic similarity to high-grade serous ovarian cancer
tumor samples.”” To confirm that NSC.CRAd-S-pk7 could deliver
the oncolytic viral agent to peritoneal metastases, we established
EGFP-expressing OVCARS and ID8 disseminated peritoneal tumors
in NOD scid gamma (NSG) or B6 mice, respectively (Figures 3B and
3D). Two weeks later, the mice were administered 1,1’-dioctadecyl-
3,3,3,3’-tetramethylindocarbocyanine  perchlorate  (Dil)-labeled
NSC.CRAd-S-pk7s. All peritoneal tissues were harvested 2 days after
administration. To visualize NSC-mediated viral secretion, we per-
formed anti-hexon viral staining on sectioned tumors to confirm viral
distribution outside of the Dil-labeled NSCs but within the tumor
(Figures 3C and 3E). Within both xenograft and syngeneic models,
the yellow anti-hexon viral stain not only co-localized with the red
Dil-labeled NSC.CRAd-S-pk7s, but also spread throughout the
EGFP-positive tumor tissue (Figures 3C and 3E). This result suggests
that at 2 days after administration, some of the virus is being released,
whereas some is still contained within the NSCs, consistent with our
in vitro viral burst kinetics. Although the yellow anti-hexon viral stain
never extended beyond the green EGFP-positive tumor nodules into
adjacent normal tissue, it cannot yet be determined whether the
combined use of NSC carriers and survivin-driven viral replication
effectively avoid off-target tissue distribution given that human ade-
noviruses do not replicate well within mouse tissue.

In Vitro Efficacy of NSC.CRAd-S-pk7

We next sought to determine the cytotoxicity of NSC.CRAd-S-pk7
against established ovarian cancer cells. We co-cultured NSC.CRAd-
S-pk7 with three different human ovarian cancer cell lines (Skov3,
OVCARS, and Kuromochi using a 1:1 ratio of NSC.CRAd-S-pk7 to
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ovarian cancer cells) and observed efficient elimination of tumor cells
from all three lines over the course of 5 days (Figure S2). In contrast, no
cell killing was seen in co-cultures of parental NSCs and any of the
three ovarian cancer cell lines. This indicates that the CRAd-S-pk7 vi-
rus could replicate within NSCs, infect neighboring tumor cells, and
continue to amplify throughout the tumor culture.

In preparation for the in vivo studies within both xenograft and syn-
geneic models, we further explored the sensitivity of the human
ovarian cancer line (OVCARS8) and a mouse ovarian cancer line
(ID8) (Figure 4). NSC.CRAd-S-pk7 significantly reduced (>9-fold
less than tumor-only control) the number of OVCARS cells by
day 14 in culture, even when seeded at an initial ratio of 1:1,000
NSC.CRAd-S-pk7:OVCARS cells (Figures 4A and 4B). These data
confirm the potent oncolytic potential of NSC.CRAd-S-pk7 to
produce a considerable local bystander effect against the OVCARS
cancer cell line. As expected, the virus was less potent against the
faster replicating mouse ID8 line. Nonetheless, NSC.CRAd-S-pk7
significantly reduced (>40% less than tumor-only control) the num-
ber of ID8 cells by day 14 in culture, when seeded at an initial ratio
of 1:10 NSC.CRAd-S-pk7:ID8 cells (Figures 4C and 4D). These data
demonstrate that the ID8 line is semi-permissive for CRAd-S-pk7
replication, and thus useful for in vivo experiments within a B6
immunocompetent mouse model. Collectively, the in vitro cytotox-
icity results confirm the potential for NSC.CRAd-S-pk7 to kill
ovarian cancer cells. However, given that metastatic ovarian cancer
spreads throughout the peritoneal cavity, we wanted to determine
whether NSC.CRAd-S-pk7 would be effective in the peritoneal
setting.

NSCs Protect the CRAd-S-pk7 from Neutralizing Antibodies
Present in Patient Ascites

Pre-existing anti-Ad5 antibodies (40%-69% of the adult population
in the United States is seropositive to Ad5>) present in ascites fluid
within the peritoneal cavity can rapidly neutralize Ad5-based vectors,
and thus can significantly hinder the clinical application of i.p.-
administered CRAds for ovarian cancer. We sought to determine
whether CRAd-S-pk7 was recognized by antibodies present in ascetic
fluid. To do this, we applied cell-free ascetic fluid obtained from
ovarian cancer patients during routine peritoneal drainage to a mem-
brane onto which denatured, electrophoresed CRAd-S-pk7 samples
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Figure 3. NSC-CRAd-S-pk7 Tropism to Ovarian Cancer

Immunodeficient Xenograft Model (NSG)

(A) Boyden migration assay comparing tropism of NSC-CRAd-S-pk7 and NSCs with ovarian cancer conditioned media versus U87 (+, “100”) and BSA (—) control media.
(B and D) Organ plucks 3 weeks after tumor inoculation showing ovarian metastases (large white nodules) occupying omental tissue in both the immunodeficent (B) and
immunocompetent (D) mouse models. (C and E) Dil-labeled NSCs (red) loaded with CRAd-S-pk7 (yellow) were injected i.p. into mice with established EGFP ovarian
metastases (green). NSC.CRAd-S-pk?7 distribution is shown in both (C) xenograft and (E) syngeneic metastatic ovarian cancer models. Scale bars: 50 um (C, and applies to

both image sets).

were blotted (Figure 5A). The ascites fluid positively recognized the
viral antigens hexon, penton base, and fiber.

To investigate the possibility that NSCs could protect the CRAd-S-
pk7 virus from pre-existing anti-adenovirus antibodies in ascetic
fluid, we compared the adenovirus oncolytic potential of free
CRAd-S-pk7 and NSC-CRAd-S-pk?7 both with and without exposure
to human ascites. Free CRAd-S-pk7 had reduced oncolytic ability
upon 24-h exposure to ascites fluid, as evidenced by decreased ability
to kill OVCARS tumor cells as compared with NSC.CRAd-S-pk7 and
the tumor-only negative control (Figure 5B). In addition, the extent of
viral inhibition increased at greater concentrations of the ascites fluid
(Figure 5B). The NSCs seem to shield viruses from neutralizing anti-
bodies within ascites, suggesting their potential to be effective viral
carriers for i.p.-administered oncolytic therapies.

Treatment with NSC.CRAd-S-pk7 Slows Progression in
Orthotopic Tumor Models

Next, we utilized our orthotopic mouse models to confirm that NSC-
mediated CRAd-S-pk7 delivery improves in vivo efficacy relative to
free virus administration. NSG mice (n = 7 per group) and B6 mice
(n = 7 per group) were administered i.p. EGFP-expressing ovarian
cancer (OVCARS and IDS, respectively). Two weeks after tumor
cell inoculation, the mice were treated with either free CRAd-S-pk7
(3 weeks of 5 x 108 plaque-forming units [pfu]/day), NSC.CRAd-
S-pk7 (3 weeks of 1 x 10° cells [5 x 108 pfu]/day), or PBS (control).

To assess the relative infectivity of CRAd-s-pk7 when delivered either
as the free virus or using the NSC carrier, we used qPCR to quantify
E1A levels within tumor mets harvested 1 day after the first treatment.
As hypothesized, increased adenoviral E1A gene copy number (22.7-
fold higher) was found in the tumors of mice treated with
NSC.CRAd-s-pk7 instead of free virus (Figure 5C). To determine
whether NSC-mediated improvements in viral load at the tumor
would translate to improved treatment efficacy, mice were harvested
1 week after the third treatment round. The omentum, which is the
primary site of tumor formation and growth, was collected from all
mice and weighed. As expected, free virus administration resulted
in a significantly reduced omental tumor burden as compared with
mice that received only PBS injections (Figure 5D). Interestingly,
even more substantial decreases in omental tumor burden were ob-
tained from mice treated with NSC.CRAd-S-pk?7 instead of free virus
(Figure 5D). Together these data confirm the hypothesis that NSC
carriers can improve the delivery and efficacy of CRAd-S-pk7 within
the peritoneal setting.

Combination Treatment with NSC.CRAd-S-pk7 and Cisplatin

In Vitro

The most active chemotherapeutic agent used to treat ovarian cancer
is cisplatin, but even if patients initially respond, most ultimately die
with platinum-resistant disease.”” Thus, it was important to deter-
mine whether NSC.CRAd-S-pk7 can help eliminate ovarian cancer

cells that have become resistant to patient-tolerable doses of cisplatin.
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NSC.CRAd-S-pk7 were co-cultured at the indicated seeding ratios with the human OVCARS (A and B) or mouse ID8 (C and D) ovarian tumor cell line and cultured for 14 days.
(A and C) The fold increase in crystal violet absorption relative to day 1 (average + SD) is shown for both OVCARS (A) and ID8 (C) cocultures. (B and D) Representative bright-
field images of crystal violet-stained co-cultures are shown for both OVCARS8 (B) and ID8 (D) co-cultures. Scale bar, 50 um.

Co-culture of OVCARS8 tumor cells and NSC.CRAd-S-pk7 with
increasing concentrations of cisplatin showed that the virus-loaded
NSCs could kill ovarian tumor cells that were otherwise unaffected
by low doses of cisplatin (<1 uM) (Figure 6A). Potential synergistic
interactions between NSC.CRAd-S-pk7 and cisplatin were evaluated
using the Chou-Talalay methodology, for which a combinatorial in-
dex (CI) of <0.9 is considered synergistic, a CI between 0.9 and 1.1
is considered additive, and a CI >1.1 is considered antagonistic.’*
For the combination of cisplatin and NSC.CRAd-S-pk7, all Cls
were <1 (Figure 6B), unless the concentration of cisplatin was
extremely high (1,000 pM) or the NSC.CRAd-S-pk7:tumor ratio
was very low (1:1,000) (data not shown). These data suggest the
two agents may demonstrate synergistic efficacy at patient-tolerable
doses.

Combination Treatment with NSC.CRAd-S-pk7 and Cisplatin
Slows Progression in a Flank Tumor Model

To determine whether the in vitro efficacy of NSC.CRAd-S-pk7 in
combination with cisplatin also occurred in vivo, we performed a pilot
study in which mice bearing subcutaneous flank OVCARS.EGFP
xenografts were treated with either i.p. cisplatin alone (4 mg/kg), in-
tratumoral NSC.CRAd-S-pk7 alone (1 x 10° cells/5 x 10° pfu), the
combination of intratumoral NSC.CRAd-S-pk7 and ip. cisplatin
(1 x 10° cells/5 x 108 pfu, 4 mg/kg), or PBS (control) (n = 4 mice
per group). Mice began treatments approximately 2 weeks after injec-
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tion of 5 million OVCARS.EGFP cells, when the tumors were on
average 0.5 cm in diameter (Table 2). The mice were treated for
two cycles. Each cycle was 2 weeks long, consisting of 1 week on ther-
apy and 1 week off. Tumor burden was evaluated via caliper measure-
ments twice weekly over a 5-week period.

Treatment with NSC.CRAd-S-pk7 slowed tumor progression both as
a single agent and in combination with cisplatin as compared with
control treatment with PBS (Figure 6C). As a single agent,
NSC.CRAd-S-pk7 delayed the tumor volume doubling time from 7
to 14 days after the first treatment and from 15 to 26 days after the
second treatment. When administered in combination with cisplatin,
the tumor volume doubling time extended slightly to 15 days after the
first treatment and 29 days after the second treatment (Figure 6C). In
contrast, cisplatin alone delayed the tumor volume doubling time
from 7 to 13 days after the first treatment, but appeared less effective
after the second treatment, yielding a tumor volume doubling time
that was not significantly different from that of the saline control
(Figure 6C).

Combined Treatment with NSC.CRAd-S-pk7 and Cisplatin

Slows Progression in Orthotopic Tumor Models

We next confirmed that co-administration of cisplatin did not inter-
fere with NSC.CRAd-S-pk7 tropism within the peritoneal setting.
Two weeks after tumor inoculation, NSC mice were administered
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Tx Group

either i.p. cisplatin alone (4 mg/kg), NSC.CRAd-S-pk7 alone (2 x 10°
cells/1 x 10° pfu), or the combination of NSC.CRAd-S-pk7 and
cisplatin (2 x 10° cells/1 x 10° pfu, 4 mg/kg) (n = 2 mice per group).
Two days later, mice were euthanized and all peritoneal tissue har-
vested. To assess NSC.CRAd-S-pk7 and virus biodistribution, three
tumors from each mouse were processed for PCR analysis.
NSC.CRAd-S-pk7 were able to localize virus to peritoneal tumors in
the presence of cisplatin, with hexon DNA detected in all six tumors
obtained from mice treated with both agents (three of six were positive
for v-myc DNA). Neither hexon nor v-myc DNA was detected in tu-
mors obtained from mice treated with either cisplatin alone or PBS
(Figure 7A; three representative tumors are shown per group).

To assess the therapeutic efficacy of NSC.CRAd-S-pk7 as an adjunct
to cisplatin therapy, NSG mice (n = 11 per group, combined from
two independent experiments) were administered 2 million i.p.
OVCARS.EGFP.ffluc. One week after tumor cell injection, the mice
were treated with three consecutive treatment cycles (Table 3). After
each round of treatment, tumor burden was evaluated via biolumines-
cence imaging using the SPECTRAL Ami X imaging system (Fig-
ure 7B). In addition, mice were monitored daily using our clinical
observation scoring system in which mice are numerically scored
from 1 to 7 depending on the number of outward signs of toxicity
they display. A higher daily score indicates more treatment-induced
toxicity. Any mouse that received the maximum score of +7 or met
any terminal criteria (see Materials and Methods) was euthanized
immediately.

Tx Group

tumors treated with NSC.CRAd-S-pk7 (black bars) in
comparison with free virus (gray bars) 1 day after admin-
istration. (D) Tumor volume was determined by weighing
the omentum (primary site of tumor formation) after three
treatment rounds; each point indicates an individual
mouse. Data for (C) and (D) represent mean + SEM.

As expected, the average percent change in tumor flux was less in all
treatment groups as compared with the PBS control group (Fig-
ure 7C). Furthermore, NSC.CRAd-S-pk7 treatment seemed as effec-
tive as cisplatin, because no significant differences in tumor flux were
seen between the two treatment groups. In contrast with NSC.CRAd-
S-pk7, cisplatin treatments were measurably more toxic than saline
control treatments, with mice in this group experiencing accelerated
weight loss (Figure 7D) and having both higher average maximum
daily scores and earlier time to reach the maximum daily score (Fig-
ure 7E). These outward signs of toxicity were not apparent in the mice
treated with NSC.CRAd-S-pk7. The combination of cisplatin and
NSC.CRAd-S-pk7 resulted in lower average tumor flux compared
with treating with cisplatin alone, but the results were not statistically
significant. However, adding NSC.CRAd-S-pk7 did not significantly
worsen the observed toxicity of cisplatin treatments, as measured
by daily score (Figure 7E). This result implies potential for using
NSC.CRAd-S-pk7 as an adjuvant treatment when administering
cisplatin to achieve increased efficacy with no added toxicity.

DISCUSSION

Identification of a well-characterized, scalable, off-the-shelf delivery
system to improve the distribution of oncolytic viruses to ovarian
cancer tumors will facilitate the clinical translation of novel virus-
based therapies and may improve patient responses to currently avail-
able therapies. The virotherapy agent CRAd-S-pk7 is one virus, likely
among many, that would benefit from a cell-based delivery vehicle
given the high percentage of the human population that already has
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Figure 6. CRAd-S-pk7 NSCs Combination with Cisplatin (/n Vitro and Flank Model)

(A) Log-dose versus response plot showing normalized OVCARS.ffluc viability after co-culture with decreasing ratios of CRAd-S-pk7 NSCs while undergoing continuous
cisplatin exposure. (B) Chou-Talalay plot showing log combinatorial index (Cl) values: synergism (Cl < 1), additive effect (CI = 1), and antagonism (Cl > 1). (C) Pilot NSC.CRAd-
S-pk7 efficacy study in flank model. Average tumor doubling times (+SD) for OVCARS8 xenograft-bearing mice that received the indicated treatments (n = 4 mice/group).

neutralizing antibodies against this virus family. Although other
groups have used autologous cells for virus delivery (e.g., irradiated
tumor cells, interleukin-2 [IL-2] expanded T cells,”® CD14"-derived
monocytes,”® adipose tissue-derived mesenchymal stem cells
[MSCs]****"), we consider this an impractical strategy for broadly
applied therapy given the potential heterogeneities among cell isola-
tions in terms of infection efficiency, ex vivo virus loading capacities,
chromosomal stabilities, and cell expansion potential without losing
tropic potential. For example, Mader et al.’” recently demonstrated
that it took 2 weeks after isolation to generate enough MSCs for
patient treatment, 20% of which showed abnormal karyotypes. There-
fore, we think an “off-the-shelf” allogeneic cell line is more practical
for long-term scale-up and clinical translation.

The NSC.CRAd-S-pk7 cell line exhibited robust tropism toward and
efficacy against several ovarian cancer lines in vitro. As previously
observed in the context of glioma,”® NSC.CRAd-S-pk7 exhibit greater
tropism to tumor-conditioned media as compared with uninfected
NSCs. In this regard, previous reports have demonstrated that onco-
Iytic viruses enhanced the expression of three chemoattractant recep-
tors (CXCR4, c-met, VEGF-R2) on HB1.F3.CD NSCs, which may
explain the increased tropism to tumor-conditioned media, although
studies to clarify the mechanism for enhanced tropism are still
needed.*® In the peritoneal cavity, however, tumor tropic cells may
also rely heavily on adhesion molecules in addition to chemotaxis
to localize to tumors.”” Therefore, further studies are needed to
confirm whether this enhanced tropism is also observed in vivo.

Although we have previously demonstrated that the HB1.F3.CD cell
line can improve adenovirus delivery within the brain, it was not yet
clear whether this approach would work in the peritoneal setting,
which is less immune-privileged than the brain. To test this approach,
we used the clinical-equivalent research lot of NSC.CRAd-S-pk7
already developed for a glioma clinical trial (ClinicalTrials.gov:
NCT03072134) and demonstrated that this well-characterized cell
line can not only protect the CRAd-S-pk7 from pre-existing neutral-
izing antibodies present in patient ascites, but also improve CRAd-
S-pk7 delivery and anti-tumor efficacy in orthotopic mouse models.
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This result is consistent with another study showing that MSCs car-
rying measles virus can home to ovarian tumor xenografts in passively
immunized athymic mice and lead to a superior therapeutic outcome
compared with virus alone.”® It is still unclear whether the increased
therapeutic benefit is due solely to improvements in viral delivery,
or whether in situ amplification of the virus contributes as well.

In both the flank and the orthotopic setting, we demonstrated that
NSC.CRAd-S-pk7 is as effective at slowing tumor progression as
4 mg/kg/week cisplatin (equivalent to human clinical dose), but
without the measurable toxicities associated with this chemothera-
peutic, including dose-dependent renal tubule toxicity and neurotox-
icity.** Although the negligible toxicity due to NSC.CRAd-S-pk7
observed in our study may simply be because of poor infection of
mouse tissues by human adenovirus, it is also consistent with clinical
trial data reported to date. Of the 11 oncolytic viruses that have been
tested in preclinical human ovarian cancer models, 4 have been tested
in 9 different phase I/II clinical trials.” Although these clinical trials
are still in early stages, they have all established the safety and non-
toxicity of oncolytic virus-based approaches.’ In direct contrast
with trials testing traditional chemotherapies, not a single oncolytic
virus trial has established a maximum tolerated dose because toxic-

ities are so low.>*!

One limitation of using NSC.CRAd-S-pk7 as a single agent is that its
replication is conditional upon overexpression of survivin. Despite
the redundancy of cell-death and cell-proliferation pathways, it has
been suggested that survivin is required for cancer cell viability, an
idea substantiated by cellular, molecular, and genetic approaches.’”
It is worth noting, however, that many treatments that target a single
gene fail because of the dynamic and heterogeneous nature of tumor
genetics, so even though survivin appears necessary for cancer cells,
combination treatment will likely be essential for sustained disease
regression. Therefore, we explored in vitro the combination of survi-
vin-targeted CRAd-S-pk7 with cisplatin.

In fact, we demonstrated significant synergy for the CRAd-S-pk7
and cisplatin combination in vitro, and confirmed the ability of this
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Table 2. Flank OVCARS8 Tumor Model Treatment Regimen

Schedule
Tx Group  Agent (Dose) Route  Day 1 Day 2 Day 3 Day 4 Day 5
ip. PBS - PBS - -
1 PBS
it PBS PBS PBS PBS PBS
ip. cisplatin - cisplatin - -
2 cisplatin (4 mg/kg)
it NSC-CRAd-S-pk7 ~ NSC-CRAd-S-pk7 =~ NSC-CRAd-S-pk7 ~ NSC-CRAd-S-pk7 ~ NSC-CRAd-S-pk7
ip. PBS - PBS - -
3 NSC-CRAd-S-pk7 (1e6 NSCs, 5e8 pfu)
it. NSC-CRAd-S-pk7 ~ NSC-CRAd-S-pk7 ~ NSC-CRAd-S-pk7 ~ NSC-CRAd-S-pk7 ~ NSC-CRAd-S-pk7
4 cisplatin (4 mg/kg) + HSC-CRAd-5-pk7 1P cisplatin - cisplatin - -

(1e6 NSCs, 5e8 pfu) it. NSC-CRAd-S-pk7

NSC-CRAd-S-pk7

NSC-CRAd-S-pk7

NSC-CRAd-S-pk7

NSC-CRAd-S-pk7

Tx, treatment; i.p., intraperitoneal; i.t., intratumoral.

combination treatment to reduce tumor burden in both flank and
orthotopic immunocompromised mice. This result is significant
because including NSC.CRAd-S-pk7 as an adjuvant treatment could
increase the therapeutic index of cisplatin. This finding is also consis-
tent with other studies. For example, Adusumilli et al.** reported that
cisplatin selectively enhanced the tumor cell-killing effect of the onco-
Iytic virus NV1066 in the context of mesothelioma. A similar adeno-
viral agent to ours (CRAd-S-RGD [arginine-lysine-aspartate]) was
also investigated in combination with cisplatin for ovarian cancer.
Their virus results in synergistically increased efficacy in a xenograft
flank tumor model without a concomitant increase in toxicity."’ The
RGD modification on the fiber knob domain of this virus enhances
tumor cell infection via integrins instead of the polylysine-facilitated
infection in our virus that utilizes proteoglycans. Finally, oncolytic
herpes virus was found to enhance the efficacy of paclitaxel through
various mechanisms, including microtubule acetylation, mitotic
block, and apoptosis, in addition to its oncolytic effects.**

Certainly, further research into optimal dosing and schedules for
combining cisplatin with NSC.CRAd-S-pk7 in ovarian cancer are still
needed, in addition to determining the mechanism underlying this
synergism. One possibility we explored was that tumor cells increase
their expression of survivin when exposed to cisplatin in an effort to
resist its cytotoxic effects. This effect has been previously observed in
both human glioma and ovarian cancer cell lines, for which both irradi-
ation and cisplatin, respectively, increase the activity of the survivin pro-
moter.”* However, RT-PCR analysis of survivin expression in OVCARS
and SKOV3 cell lines treated with cisplatin demonstrated that survivin
expression did not significantly increase after up to 2 days of cisplatin
exposure (data not shown). This result is consistent with bioinformatics
analysis of GEO Accession Viewer data on patient tumors showing
no reliable increase in survivin expression after patient tumors become
cisplatin resistant (Figure S3). Thus, understanding how NSC.CRAd-S-
pk7 enhances tumor killing beyond acting on cells that are not respon-
sive or accessible to free cisplatin requires further study.

Collectively, our findings support further study of NSC.CRAd-S-pk7
within the peritoneal setting. Specifically, the CRAd-S-pk7 used in

this study had no marker gene in an effort to study the effects of a clin-
ical-equivalent research bank of the NSC.CRAd-S-pk?7. Thus, we were
limited in our ability to monitor the kinetics and biodistribution of
the virus. Future studies should also include a time-course character-
ization of when and how efficiently NSCs reach the tumor, as well as a
direct comparison of retention free-viral delivery versus NSC-medi-
ated delivery, particularly after repeated administration rounds.*
Additionally, further assessment into the possibility that the CRAd-
S-pk7 virus can stimulate anti-tumor immunogenicity, perhaps by
exposing neoantigens during tumor cell lysis, would be beneficial. It
may also prove fruitful to engineer the CRAd-S-pk7 virus to express
additional therapeutic transgenes to enhance the host immune
response against the cancer (e.g., granulocyte macrophage colony-
stimulating growth factor).*

Overall, this study provides the first demonstration of the strong po-
tential for oncoviral delivery using an off-the-shelf allogeneic cell line.
Furthermore, we showed that the CRAd-S-pk7 oncolytic adenovirus
has impressive anti-tumor activity against stage III ovarian cancer, on
par with results observed using the gold standard treatment, cisplatin.
We also demonstrated the potential of combining cisplatin with
NSC.CRAJ-S-pk7 to result in increased tumor killing than is possible
with cisplatin alone. Upon further preclinical development using pre-
immunized immunocompetent mouse models, this system has strong
potential to improve the delivery of therapeutic oncolytic adenovi-
ruses within the peritoneal cavity.

MATERIALS AND METHODS

Microarray Analysis of Survivin and CRAd-S-pk7 Entry Receptor
Expression in Patient Cohorts

Tumor versus normal Birc5 gene expression was calculated using 185
cisplatin-resistant patient tumors and 10 healthy tissue samples.'"*
Leave-one-out cross-validation was applied to each tumor cohort
and confirmed by a permutation test. External validation was con-
ducted by applying the gene signature to a publicly available array
database of expression profiles of advanced stage suboptimally de-
bulked tumors. Data showing survivin expression in different perito-
neal tissues were obtained from GTExPortal and modified to include
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Figure 7. CRAd-S-pk7 NSCs Combination with Cisplatin (Orthotopic Model)

(A) PCR analysis for hexon (upper panel, indicates presence of virus) and v-myc (center panel, indicates presence of NSCs) in ovarian tumor metastases isolated 2 days post-
NSC.CRAd-S-pk7 administration. GAPDH is shown as loading control. (B and C) NSC.CRAd-S-pk7 is effective against orthotopic ovarian cancer. (B) Bioluminescence
images acquired on 11 days after tumor injection (post-treatment 1) to visualize tumor burden. (C) Quantitative representation of luminescent flux signal presented as the
percent change in tumor flux signal from 5 days after tumor injection (pre-treatment) to 5 days after treatment round 1 (gray bars) and treatment round 2 (black bars). Error bars
represent the SD. (D) Average percent change in mouse weight + SEM for each treatment group. (E) Statistical analysis of clinical observation score pairwise comparisons
acquired during treatment and 4 weeks afterward. Maximum daily score reflects the worst toxicity each mouse experienced after scoring for clinical symptoms, and early max

score represents the earliest day each mouse reached its maximum daily score.

only the peritoneal tissues of relevance to the present manuscript.
Expression values are shown in RPKM (reads per kilobase of tran-
script per million mapped reads), calculated from a gene model
with isoforms collapsed to a single gene. No other normalization steps
have been applied. The mRNA expression scores for putative CRAd-
S-pk7 viral entry receptors were obtained from The Cancer Genome
Atlas serous ovarian cancer project”>** and modified to include only
the 100 patients of 311 total patients who exhibited amplified survivin
expression.

Human Tissue Procurement and Processing

Fresh tumors, non-malignant tissues, and ascites were obtained
from patients who gave institutional review board (IRB)-approved
informed consent (City of Hope [COH] IRB 15280) before tissue
collection at the COH Medical Center. The fresh tumors and
non-malignant tissues were either preserved as untreated controls
or cut into ~5-mm pieces that were then incubated in 24-well
dishes with each well containing 0.5 mL of complete media and
either 5e8 VP of free CRAd-S-pk7 or 5¢5 NSC.CRAd-S-pk7. After
a 6-h incubation, NSCs had plated and the tissue was floating, so
Boyden chamber inserts were used to maintain contact between
the NSCs and the tissue to facilitate viral transfer. Tissues were
collected on days 1 and 3 when NSC lysis was observed. Tissues
were washed, fixed, and processed for immunological staining or
qPCR analysis of viral load. The fresh ascites was heat inactivated
at 56°C for 60 min to eliminate complement proteins, but leave
neutralizing antibodies intact as previously described.”” It was
then frozen until used for western blot analysis and the viral
neutralization assay.
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Detection of CRAd5 Neutralizing Antibodies in Patient Ascites
Neutralizing antibodies against CRAd-S-pk7 were recognized in as-
cites samples by western blotting as previously described.” In brief,
CRAd-S-pk7 was diluted in PBS to concentrations of 125, 250, 500,
and 1,000 ng protein/mL, then subjected to SDS-PAGE (10%
NuPAGE Bis-Tris Gel; Thermo Fisher). Following electrophoresis,
proteins were transferred by semi-dry electroblotting onto a nitro-
cellulose membrane (Bio-Rad), which was blocked with 5% non-
fat dried milk/0.1% Tween in PBS (PBST) for 90 min at room
temperature. Ascetic fluid diluted 1:1,000 in PBST was added to
the membranes and incubated for 90 min at room temperature.
Membranes were washed 3 x 10 min in PBST. Membranes were
then incubated in a 1:10,000 solution of anti-human Ig (H+L),
HRP conjugate (Promega) for 90 min at room temperature. After
washing, membranes were developed with 3,3’, 5,5 -tetramethylben-
zidine (TMB) stabilized substrate for horseradish peroxidase (Prom-
ega) and imaged.

Viral Neutralization Assay

A luminescent assay using the OVCARS.EGFP ffluc cell line was
used to quantify viral neutralization after a 30-min exposure to
heat-inactivated patient ascites fluid. A cell suspension was made
of 10° OVCARS.EGFP.ffluc cells/mL, and 100 uL was added to
each well of a 96-well plate. The next day, heat-inactivated ascites
was diluted using 5-serial doublings. Serum-negative controls were
also included. To each dilution, 5 pL of free CRAd-S-pk7 virus
(2.5e10 VP/mL) or 5e6 NSC.CRAd-S-pk7 cells were incubated for
30 min at 37°C. The ascites was then aliquoted into the 96-well
plate containing OVCARS8.EGFP.ffluc tumor cells. After 8 h, the
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Table 3. Orthotopic OVCAR8 Tumor Model Treatment Regimen

Schedule
Tx Group ~ Agent (Dose) Route  Day 1 Day 2 Day 3 Day 4 Day 5
1 PBS ip. PBS PBS PBS PBS PBS
2 cisplatin (4 mg/kg) ip. cisplatin PBS cisplatin PBS PBS
3 NSC-CRAd-S-pk7 (1e6 NSCs, 5e8 pfu) ip. NSC-CRAd-S-pk7 ~ NSC-CRAd-S-pk7  NSC-CRAd-S-pk7  NSC-CRAd-S-pk7 ~ NSC-CRAd-S-pk7
. cisplatin (4 mg/kg) + NSC-CRAJ-S-pk7 ip. cisplatin PBS cisplatin PBS PBS

(1e6 NSCs, 58 pfu) ip.

NSC-CRAd-S-pk7

HSC-CRAd-S-pk7

HSC-CRAd-S-pk7

MSC-CRAJ-S-pk7

MSC-CRAJ-S-pk7

Tx, treatment; i.p., intraperitoneal.

NSCs had adhered and media were replaced. Plates were incubated
for another 4 days to allow oncolysis. On day 5, media were
removed and replaced with media containing 100 pg/mL D-lucif-
erin substrate. After 10 min, the resulting luciferase signal was
read using a SpectraMax M3 microplate reader (Molecular Devices,
CA, USA).

Cell Culture

NSC lines including the human, v-myc immortalized, HB1.F3.CD
NSC line were obtained from Seung Kim (University of British
Columbia, Canada).”” These were further modified by Dr. Maciej
Lesniak (Northwestern University) to produce CRAd-S-pk7 as
previously described.'” NSC lines were cultured in DMEM (Invi-
trogen) supplemented with 10% fetal bovine serum (Gemini
Bio), 1% L-glutamine (Invitrogen), and 1% penicillin-streptomycin
(Invitrogen) and maintained at 37°C in a humidified incubator
(Thermo Electron Corporation) containing 6% CO,. Ovarian can-
cer cell lines were cultured in RPMI basal media with the same
supplements. For all cell lines, when cells reached 80% confluency,
they were passaged using a 0.25% trypsin and EDTA solution (In-
vitrogen); media were changed every 2-3 days. Ovarian cancer
cell lines, Firefly luciferase-expressing OVCAR8 (OVCARS.
EGFP.ffluc), SKOV-3 (SKOV-3.ffluc), Kuramochi, OVCAR3, and
CAOV3 cell lines, were generously provided by Dr. Carlotta
Glackin. The ID8 murine glioma line was obtained from Dr. Ka-
therine Roby (University of Kansas). A2780 and U87 human
glioma cell lines were obtained from American Type Culture
Collection. All tumor lines were used to generate tumor-condi-
tioned media by replacing culture media with serum-free media
when cells were 80%-100% confluent followed by a 48-h incuba-
tion period.

In Vitro Efficacy Co-culture Assay

Tumor cells were plated at 5 x 10° cells per well in 6-well plates. Select
wells also received NSC.CRAd-S-pk7 at a 1:1, 1:10, 1:100, or 1:1,000
ratio. At select time points, wells were washed with PBS and stained
with crystal violet or assessed for total DNA content (PicoGreen
DNA quantification kit; Invitrogen). Wells were imaged using
bright-field microscopy to obtain a visual representation of live cells
per well. DNA content was quantified using a SpectraMax M3 micro-
plate reader (Molecular Devices, CA, USA).

In Vitro Synergy Experiment: Chou-Talalay Analysis
OVCARS.EGFP ffluc cytotoxicity resulting from NSC.CRAd-S-pk7
cells, cisplatin chemotherapy, or both agents in combination was
studied by quantifying ffluc expression remaining in culture after
3 days. Tumor cells were plated at 3 x 10* cells per well in 96-
well plates. Select wells also received NSC.CRAd-S-pk7 at either a
1:1, 1:10, or 1:100 ratio. After overnight incubation, cisplatin was
added in select wells at the indicated concentration. Serial dilutions
of cisplatin were tested starting at a concentration of 10,000 puM.
Cultures were incubated for 3 more days. Upon collection, media
were replaced with that containing D-luciferin (200 pg/mL), and
after a 10-min incubation, the resulting luminescent signal was
quantified using a SpectraMax M3 microplate reader (Molecular
Devices, CA, USA). Results are expressed as the percentage of sur-
viving cells determined by comparing the luciferase signal of each
sample relative to untreated control samples considered 100%
viable. The interactions between the NSC.CRAd-S-pk7 viruses
and cisplatin were evaluated by calculating Chou-Talalay combina-
tion indices (CI) using CompuSyn software (ComboSyn). Each
condition was replicated in quadruplet, and the experiment was
conducted twice.

In Vivo Subcutaneous Xenograft Ovarian Cancer Model

Female athymic nude mice 6-8 weeks of age (Charles River) were
maintained under specific pathogen-free conditions at the COH
Animal Resource Center, and all procedures were reviewed and
approved by the COH Animal Care Committee. A subcutaneous
flank xenograft model in nude mice was established using an
EGFP and firefly luciferase-expressing ovarian cancer cell line, 2e6
OVCARS.EGFP.ffluc. Approximately 2 weeks following tumor injec-
tions, when the tumors were on average 0.5 cm in diameter, the mice
were divided into the four treatment groups: (1) PBS: 100 pL admin-
istered i.p. days 1-5; (2) cisplatin (4 mg/kg): 100 pL administered i.p.
days 1 and 3; (3) NSC.CRAd-S-pk7 (1e6): 100 pL administered i.p.
days 1-5; or (4) combination: NSC.CRAd-S-pk7 (1e6) administered
i.p. days 1-5 and cisplatin (4 mg/kg) administered i.p. days 1 and 3.
The mice were treated for three weekly cycles with 1 week off in be-
tween each cycle. The animals were observed for daily consumption
of food and water, appearance, and body conditions. Tumor burden
was evaluated via caliper measurements twice weekly over a 5-week
period.
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In Vitro Boyden Migration Assay

To evaluate cell migration, we used a classic Boyden chamber assay.
In a 24-well tissue culture plate, 500 puL of target media (either
containing only BSA as a negative control or derived from the culture
of ovarian cancer cells) was added to each well. At a density of 1 x 10°
cells/well, unmodified NSCs or NSC.CRAd-S-pk7 in DMEM and 5%
w/v BSA were placed in transwell polycarbonate membrane cell
culture inserts (Fisher) and incubated at 37°C for 4 h. After the incu-
bation period, the transwell inserts were placed in a new 24-well tissue
culture plate containing Accutase and incubated 10 min at 37°C.
Detached cells were then transferred to a 96-well V-bottom plate,
centrifuged at 1,500 rpm for 5 min, and resuspended in 1:1 PBS to
Guava ViaCount Reagent (EMD Millipore). NSC migration to tu-
mor-conditioned media was assessed using a Guava EasyCyte flow
cytometer (EMD Millipore).

In Vivo NSC.CRAd-S-pk7 Tropism in Orthotopic Ovarian Cancer
Model

Female NOD-SCID mice (Jackson Labs) that were 6-8 weeks old were
inoculated with 2 million OVCARS.EGFP.ffluc cells via i.p. injection.
Alternatively, female B6 mice (National Cancer Institute [NCI]) that
were 7-8 weeks old were inoculated with 5 million ID8.EGFP.ffluc
cells via i.p. injection. After 3 weeks, mice (n = 3) were administered
i.p. 2e6 Dil-labeled NSC.CRAd-S-pk7. Two days after NSC injection,
tumors were harvested. Three tumors per mouse were digested using
proteinase K, DNA was extracted (DNA Extraction from fixed tissues
kit; Puragene), quantified using a NanoDrop, and then amplified by
PCR using primers for v-myc and hexon to test for the presence of
NSCs and viral particles, respectively. GAPDH was used as a loading
control (351 bp). Primer sequences are listed. An additional three tu-
mors per mouse were frozen in Tissue Tek OCT (Sakura Finetek
USA) and sectioned on a Leica CM1510 S cryostat (Leica Biosystems).
Sections (10 um thick) were collected on positively charged slides
(Thermo Fisher Scientific), immunostained for hexon (Goat Anti-
Adenovirus FITC Conjugated Polyclonal Antibody, AB1056F; Milli-
pore), counterstained with DAPI (1 ng/mL; Sigma), and then imaged
using the Zeiss Axio Observer Z1fluorescence microscope (ZEISS
Microscopy).

Assessment of In Vivo Efficacy Study in Orthotopic Ovarian
Cancer Model

Female non-obese diabetic-severe combined immunodeficiency
(NOD-SCID) mice (Jackson Labs) that were 6-8 weeks old were
inoculated with 2 million OVCARS.EGFP.ffluc cells via i.p. injection.
Alternatively, female B6 mice (NCI) that were 7-8 weeks old were
inoculated with 5 million ID8.EGFP.ffluc cells via i.p. injection. After
2 weeks, mice were divided into treatment groups: (1) PBS: 100 puL
administered i.p. days 1-5; (2) cisplatin (4 mg/kg): 100 pL adminis-
tered i.p. days 1 and 3; (3) NSC.CRAd-S-pk7 (1e6): 100 pL admin-
istered ip. days 1-5; (4) combination: NSC.CRAd-S-pk7 (le6)
administered ip. days 1-5 and cisplatin (4 mg/kg) administered
i.p. days 1 and 3; or (5) matched-dose free CRAd-S-pk7 adminis-
tered ip. days 1-5. Both before and after treatment, tumor burden
was evaluated weekly via bioluminescence using the SPECTRAL
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Ami X imaging system over a 5-week period. Firefly luciferase-
expressing tumor cells were imaged in mice using a charge-coupled
device camera (the SPECTRAL Ami X) coupled to the AmiX Image
acquisition and analysis software. Mice received an i.p. injection of
D-luciferin substrate suspended in PBS at 4.29 mg/mouse. Images
were captured while the mice were anesthetized by isoflurane (1.5
L/oxygen, 4% isoflurane) and kept in an induction chamber. Light
emission was measured over an integration time of 30 s at 9 min af-
ter injection of luciferin.

Clinical Observations

Treated mice were weighed weekly and scored daily Monday through
Friday for general good health, i.e., food-water intake, urine and feces
production, no signs of scruffy hair coat, emaciation, or hunched
posture, or any debilitating terminal criteria secondary to tumor
growth, including seizures, tremors, labored or difficult breathing,
weight loss (>20% body weight), hypothermia or hyperthermia,
impaired ambulation, obvious illness, or inability to remain upright.
Any animal in distress was euthanized consistent with the recommen-
dations of the Panel on Euthanasia of the American Veterinary Med-
ical Association. Analysis of clinical observations was performed on
symptoms following the start of treatment on study day 7 and
continued through study day 60, when all mice were harvested.
Least-squares analysis was used to compare the maximum score
achieved by each mouse between each of the control and treatment
groups. Mice were individually weighed on study days 1, 18, 24, 30,
35, 37,39, 42,46, 49, 51, 53, 56, 58, and 60. Mice weights were normal-
ized with respect to their pre-treatment weight, then averaged for
each time point.

Statistical Analysis

Data are presented as mean + SEM unless otherwise stated. Statistical
significance for percent change in tumor flux at each time point
between two groups was examined using a two-sample t test with a
two-sided alternative (*p < 0.05 deemed to be significant). The
average max daily clinical observation score and early max score
were also tested using a two-sample t test.
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Supplementary Figure 1. Analysis of GTExPortal data showing survivin expression in various organs and tissues from
outside the peritoneum. Expression values are shown in RPKM (reads per kilobase of transcript per million mapped
reads), calculated from a gene model in which isoforms were collapsed to a single gene. No other normalization steps
were applied. Box plots are shown as median and 25" and 75th; points are displayed as outliers if they are greater than or

less than 1.5 times the interquartile range.
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Supplementary Figure 2. Ovarian cancer lysis by CRAd-s-pk7 NSCs. (A-B) CRAd-S-pk7 NSCs co-cultured ina 1:1
seeding ratio with 3 different cisplatin-resistant ovarian tumor cell lines shows elimination of tumor cells within 7 days as
indicated by crystal violet stained culture wells (A); and a decrease in total DNA content in culture over 5 days (B). (C)
Boyden migration assay comparing tropism of NSC-CRAd-S-pk7 and NSCs to ovarian cancer conditioned
media vs. U87 (+,7100”) and BSA (-) control media.
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Supplementary Figure 3. Comparison of survivin expression levels in response to cisplatin treatment. Gene
Expression Omnibus Accession Viewer data showing survivin (BIRC5, gene ID: 202095 _s_at) expression in: (A) cancer
cells prepared from primary cultures of ovarian papillary serous adenocarcinomas in response to cisplatin; (B) A2780
ovarian cancer cells in response to cisplatin; (C) malignant ovarian cancer tumors obtained from 43 patients receiving
neo-adjuvant cisplatin therapy or not; and (D) 12 cisplatin-resistant and 16 cisplatin-sensitive high-grade serous epithelial
ovarian cancer samples. For all samples, total RNA was analyzed by whole transcriptome profiling using Affymetrix
U133 Plus 2.0 arrays.®



	Enhanced Delivery of Oncolytic Adenovirus by Neural Stem Cells for Treatment of Metastatic Ovarian Cancer
	Introduction
	Results
	Survivin Expression in Ovarian Cancer
	CRAd-S-pk7 Transduction in Ovarian Cancer
	CRAd-S-pk7 NSC Characterization
	NSC.CRAd-S-pk7 Tropism to Orthotopic Ovarian Cancer
	In Vitro Efficacy of NSC.CRAd-S-pk7
	NSCs Protect the CRAd-S-pk7 from Neutralizing Antibodies Present in Patient Ascites
	Treatment with NSC.CRAd-S-pk7 Slows Progression in Orthotopic Tumor Models
	Combination Treatment with NSC.CRAd-S-pk7 and Cisplatin In Vitro
	Combination Treatment with NSC.CRAd-S-pk7 and Cisplatin Slows Progression in a Flank Tumor Model
	Combined Treatment with NSC.CRAd-S-pk7 and Cisplatin Slows Progression in Orthotopic Tumor Models

	Discussion
	Materials and Methods
	Microarray Analysis of Survivin and CRAd-S-pk7 Entry Receptor Expression in Patient Cohorts
	Human Tissue Procurement and Processing
	Detection of CRAd5 Neutralizing Antibodies in Patient Ascites
	Viral Neutralization Assay
	Cell Culture
	In Vitro Efficacy Co-culture Assay
	In Vitro Synergy Experiment: Chou-Talalay Analysis
	In Vivo Subcutaneous Xenograft Ovarian Cancer Model
	In Vitro Boyden Migration Assay
	In Vivo NSC.CRAd-S-pk7 Tropism in Orthotopic Ovarian Cancer Model
	Assessment of In Vivo Efficacy Study in Orthotopic Ovarian Cancer Model
	Clinical Observations
	Statistical Analysis

	Supplemental Information
	Author Contributions
	Acknowledgments
	References


