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Oncolytic virotherapy represents a promising approach for
treating recurrent and/or drug-resistant ovarian cancer. How-
ever, its successful application in the clinic has been hampered
by rapid immune-mediated clearance, which reduces viral de-
livery to the tumor. Patient-derived mesenchymal stem cells
that home to tumors have been used as viral delivery tools,
but variability associated with autologous cell isolations limits
the clinical applicability of this approach. We previously
developed an allogeneic, clonal neural stem cell (NSC) line
(HB1.F3.CD21) that can be used to deliver viral cargo.
Here, we demonstrate that this NSC line can improve the
delivery of a thymidine kinase gene-deficient conditionally
replication-competent orthopoxvirus, CF33, in a preclinical
cisplatin-resistant peritoneal ovarian metastases model. Over-
all, our findings provide the basis for using off-the-shelf alloge-
neic cell-based delivery platforms for oncolytic viruses, thus
providing a more efficient delivery alternative compared with
the free virus administration approach.

INTRODUCTION

Epithelial ovarian cancer accounts for 140,000 annual deaths world-
wide and is the leading cause of gynecologic cancer-related mortality
in the United States.' Unfortunately, it is usually not diagnosed un-
til patients have abdominal metastases, at which point their 5-year
survival rate is only 34% after standard surgical debulking and
chemotherapy.* Hence there is an urgent need for the development
of safer and more efficacious therapeutic approaches. Advances in on-
colytic virotherapy, in which oncolytic viruses (OVs) are used to
selectively target, reproduce in, and kill tumor cells while sparing
normal cells, have led to successful clinical applications.™® Interest-
ingly, OVs can instate cancer cell killing” regardless of chemoresist-
ance” and can expose tumor antigens, and consequently fuel immune
recognition of cancer cells. So far, out of 11 OVs that have been tested
in pre-clinical human ovarian cancer models, four moved to phase I/
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11 clinical trials that established the safety of this approach.” Despite
having an excellent safety profile in clinical settings, the anti-tumor
efficacy of most OVs has been modest so far mainly due to inefficient
vector distribution.” "> Specifically, OVs injected systemically
are subject to rapid clearance by the host’s immune system because
of their small size'” and inactivation by complement and antibodies
(Abs)."

To overcome these limitations, there is a growing interest in devel-
oping cellular vehicles that are cytogenetically stable, amenable
to viral infection, and capable of shielding encapsulated viruses
from the host immune system.'” However, it is important that
such carriers are able to localize to tumors and enhance viral
infection and distribution at these sites.” To address these
limits, we previously developed an immortalized HB1.F3.CD21
neural stem cell (NSC) line that was shown to be tumor tropic, mini-
mally immunogenic,'>' non-tumorigenic, and clinically safe.'” We
showed that this cell line enhanced tumor-confined production of
the oncolytic adenovirus, CRAd-S-pk7, in glioma'®** and ovarian
cancer models."” Consequently, HB1.F3.CD21 NSCs loaded with
CRAd-S-pk7 (NSC.CRAd-S-pk?7) are currently in clinical trial as an
adjunct oncolytic virotherapy for newly diagnosed glioma patients
(ClinicalTrials.gov: NCT03072134). Good manufacturing practices
(GMPs) for the viral loading and release kinetics and freeze-thaw
standard operating procedures (SOPs) are established. These SOPs
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Figure 1. Pan-Cancer TK1 mRNA-Seq Expression Is High in Ovarian Cancer and Correlates with Poor Survivability
(A) TK1 mRNA-seq expression TCGA pan-cancer. (B) GEO: GSE14407 matched tumor versus normal®® (Affymetrix HG-133 Plus 2). (C) GEO: GSE9891 relapse-free

survival®® (Affymetrix HG-133 Plus 2; 285 samples).

could provide standard “off-the-shelf” allogeneic clinical-grade
banks for other OVs, facilitating an expedited translation to the
clinic for ovarian cancer. One such OV is CF33, a chimeric poxvirus
created by chimerization of nine species of orthopoxvirus, including
multiple strains of vaccinia virus selected for enhanced anti-tumor
activity.”*> CF33 has a mutation in the J2R (thymidine kinase
[TK]) gene, and hence it depends on the cellular pool of thymidine
triphosphate. Because cellular TK is highly expressed in many tumor
cells,” it is expected that CF33 replicates preferentially in these cells.
We hypothesized that using the NSC line to deliver CF33 (NSC.CF33)
solely to tumor locations could minimize off-target distribution,
particularly to adult mesenchymal stem cells (MSCs) that express
high levels of TK1.”” In the current study, we performed in vitro
and in vivo studies to evaluate the pre-clinical utility of CF33 delivered
via NSCs in the context of ovarian cancer metastases within the
peritoneal cavity. Our results show that CF33 replicates within
ovarian cancer cells causing oncolysis, and NSC.CF33 selectively
targets and penetrates tumor metastases sites, effectively delivering
CF33. Overall, this study further demonstrates the potential of
our off-the-shelf allogeneic NSC line as a delivery vehicle for oncolytic
virotherapy in ovarian cancer.

RESULTS

TK1 Expression Is High and Correlates with Poor Survival in
Ovarian Cancer

We searched The Cancer Genome Atlas (TCGA) RNA sequencing
(RNA-seq) database to evaluate expression of TK1 in 37 cancers
and normal tissues. We observed that there was a broad spectrum
of TKI mRNA expression, and it was highly expressed in all
TCGA cancer types compared with TCGA normal samples (Fig-
ure 1A). These results agree with previous reports that showed
that TK1 is overexpressed in many human cancers.*® Furthermore,
based on the interquartile range, the spread of TK1 expression was
more varied within some cancer types than others. For example,
glioblastoma multiforme low-grade glioma (GBMLGG) had a wider
spread compared with uterine carcinosarcoma (UCS) (Figure 1A),
possibly because some cancers have more than one clearly defined
subtype and hence more genetic diversity. We assessed the fre-
quency of TKI in ovarian cancer as compared with normal tissues
to ensure that our approach of targeting TK1 could potentially be
applied for treatment of this cancer. We used the publicly available
GEO Affymetrix human UI33A microarray datasets (GEO:
GSE14407, GSE1926, GSE9891, GSE102073, and GSE102085) and
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Figure 2. Ovarian Cancer Cell Lines Exhibit High TK1 RNA-Seq Values Compared with Normal Ones
(A) TK1 mRNA-seq expression in normal human tissues. (B) NCI-60 cancer cell lines RNA-seq. (C) BROAD CCLE cancer cell lines RNA-seq.

identified that the TK1 gene (Gene ID#7083) is highly expressed in
ovarian cancer. This query dataset included gene expression data for
an extensive set of samples: 606 ovarian cancer samples from 594
patients, 307 samples from 304 patients for ovarian mRNA
sequencing (mRNA-seq) expression, and 12 samples representing
normal ovarian surface epithelium.”” We observed that ovarian can-
cer samples showed the presence of 44.09 transcripts per million
(TPMs) of TK1 as compared with only 0.83 in normal ovarian tissue
(Figure 1A). Similarly, results using the Affymetrix Human Genome
U133 Plus 2.0 Array [HG-U133_Plus_2]*° showed that TK1 mRNA
expression was remarkably higher by more than 1 log in ovarian
cancer compared with normal tissue (Figure 1B). Results using the
GEO: GSE9891 Relapse-Free-Survival Affymetrix HG-133 Plus 2
(285 samples)’® showed that TK1 expression had a high negative
correlation to relapse-free survival for ovarian cancer (Figure 1C),
suggesting that TK1 expression might improve early prognosis in
individual patients.

We used a specificity index probability (PSI) to analyze TK1 expres-
sion in an mRNA-seq dataset of 54 normal human cell lines. It was
observed that expression of TK1 was low in all cell lines except
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cultured fibroblasts and Epstein-Barr virus (EBV)-transformed lym-
phocytes (Figure 2A).

We further analyzed the TK1 mRNA-seq dataset for NCI-60 cancer
cell lines from nine different cancers and observed that ovarian cancer
had the highest TK1 mRNA expression compared with other cancers
(Figure 2B). Furthermore, we analyzed the TK1 mRNA-seq dataset
for 36 cancer cell lines from the BROAD CCLE cancer cell lines
RNA-seq dataset and observed that TK1-mRNA expression was high-
est in prostate, esophagus, and ovarian cancer cell lines (Figure 2C).
Overall, these results suggest that TK1 is highly expressed in ovarian
cancer, and its expression correlates with poor survival in these
patients.

CF33 Infects and Replicates in Human and Mouse Ovarian
Cancer Cell Lines In Vitro

Because CF33 has a mutation in the gene encoding TK1 it is expected
to preferentially infect and replicate in ovarian cancer cell lines that
overexpress TK1. To confirm this hypothesis, we infected murine
(ID8) and human (OVCARS) ovarian cancer cells with CF33 at
various MOIs. We performed an 3-(4,5-dimethylthiazol-2-yl)-5-(3-
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carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) (MTS)
assay to analyze cell viability after 3 days postinfection of these cells
(Figures 3A and 3B). In both tested cell types, non-infected cells
were used as the negative control. We observed that infection with
CF33 significantly reduced the viability of these cells at lower MOIs
and completely eliminated both ID8 and OVCARS cell lines at
MOIs of 1 and 10 (p < 0.004 and p < 0.007; Figures 3A and 3B, respec-
tively). These results indicate that CF33 can infect, replicate in, and
kill ovarian cancer cell lines in vitro.

NSC.CF33 Remains Viable and Retains Tumor Tropism to
Orthotopic Ovarian Cancer

We have previously demonstrated that NSCs home to ovarian tumors
after intraperitoneal (i.p.) injection into mice bearing either SKOV3
or OVCARS i.p. xenografts.'”*" Accordingly, using this immortalized
cell line as a carrier vehicle might allow for predictable and reproduc-
ible viral loading and release kinetics.”” Therefore, we analyzed the ef-
fect of CF33 infection on the viability of NSCs and observed virus-
induced cell lysis after infection with CF33. At 4 h following infection,
90%, 80%, and 70% of infected cells were still viable at MOIs of 1, 3,
and 5, respectively (Figure 4A). Next, to test the effect of CF33 infec-
tion on the tumor-tropic properties of NSCs, we performed an in vitro
Boyden chamber migration assay using media conditioned with can-
cer-derived cytokines from the OVCARS cell line. It was observed
that NSC.CF33 effectively migrated toward the conditioned media
for up to 5 h following transduction (Figure 4B). Importantly, there
was no significant difference in viability between transduced and
non-transduced cells (Figure 4C). Overall, these results suggest that
NSCs transduced with CF33 remain viable and retain their tumor-
tropic abilities.

Using a NSC Line as a Cell Carrier for CF33 Improves Delivery of
CF33 in Orthotopic Tumor Models

Next, we used orthotopic mouse models to observe the effect of using
NSCs as a carrier vehicle for CF33 and to test whether this improves
CF33 delivery in vivo compared with free virus administration. First,
B6 mice (n = 3 per group) were injected i.p. with EGFP-expressing
ID8 cells. One week after tumor cell inoculation, the mice were in-
jected i.p. with either free CF33.FFLUC (2 weeks of 3 x 10° plaque-
forming units [PFUs]/week), NSC.CF33.FFLUC (2 weeks of 2 X
10° cells [3 x 10° PEUs]/week), or PBS (control). Following this,
we performed bioluminescence imaging to quantify viral infection

and replication in the infected tissues, to assess the relative infectivity
of CF33.FFLUC when delivered either as the free virus or with NSCs.

We observed increased CF33 infection in tumor tissue in NSC.CF33-
treated mice compared with free CF33-treated mice in an OVCAR8
orthotopic mouse model (Figure 5A). We investigated whether pack-
aging CF33 in NSCs would improve retention of the virus in the tu-
mor tissue by protecting it against a potential antiviral immune
response. Therefore, we compared bioluminescence imaging (BLI)
signal from the second to the first treatment round and observed
that NSC maintains CF33 retention, while free CF33 lost 75% of
the BLI signal (Figure 5B).

Next, we investigated whether NSCs enhance delivery of CF33 to hu-
man tumors in an OVCARS xenograft ovarian tumor model. Mice
were treated with either PBS or NSC.CF33, and tumors with adjacent
tissue were harvested 2 days later and stained for tumor and CF33.
The sections were stained with FFLUC Ab-3,3'-diaminobenzidine
(DAB) (brown). Sister serial sections of the section shown were
stained with an anti-pox Ab-DAB (brown). This staining pattern sug-
gests that CF33 delivered by NSCs spreads through tumors from the
periphery inward (black arrows) (Figure 5C).

Finally, we looked at immunofluorescence staining of tumors in an
ID8-immunocompetent syngeneic murine ovarian cancer model har-
vested 4 days after the last treatment. Immunofluorescence staining
with anti-vaccinia Ab (red) confirmed transfer of CF33 (red) to tumor
(green) in the NSC.CF33 group and free CF33 group with matched
viral loads (3 x 10° PFUs/mouse), compared with the untreated
group, 4 days after the first treatment. The results suggested that pack-
aging CF33 in NSCs remarkably improved seeding of the virus within
the tumor compared with the free CF33-treated group (Figure 5D).
Taken together, these data suggest that using a NSC carrier for
CF33 improves the delivery and efficacy of the virus within the peri-
toneal setting.

DISCUSSION

Several studies have demonstrated that oncolytic virotherapy is safe
4232 Despite the high safety profile of OVs in clinical
trials, oncolytic virotherapy has shown a limited efficacy specifically

and nontoxic.

for ovarian cancer, mainly because of the host-antiviral immune re-
. . . . 33 ey . .

sponses and insufficient viral delivery to tumors.” Hence it is crucial

to use a well-characterized delivery system to enhance viral
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Figure 4. NSCs Are Permissive to CF33, and NSCs.CF33 Migrate to Ovarian Cancer In Vitro

(A) NSCs 4 h after infection with CF33 at MOI of 3 and 5 were not significantly different in viability from each other, with 80% of NSCs viable at MOI of 3. (B) Migration of NSCs
toward OVCAR8 conditioned media through Boyden chamber assay. These cells were kept with CF33 at MOI of 1 and 5 for different time periods. (C) Viability of migrated
cells. Noninfected NSCs in FBS and noninfected NSCs in bovine serum albumin are the positive and negative controls, respectively. Cytotoxicity was measured with MTS

assay. Error bars indicate + SEM. n = 10.

distribution to tumors and subsequently their clinical applicability.
Many groups have used autologous cells for viral delivery, for
example, adipose tissue-derived MSCs,”*** irradiated tumor cells,
interleukin-2 (IL-2) expanded T cells,’® and CD14"-derived mono-
cytes.” However, there are potential variabilities in ex vivo virus
loading capacities, cytogenetic stabilities, cell expansion potential,
and tumor homing associated with such approaches. For instance,
Mader et al.”> reported that it took 2 weeks to produce sufficient
amounts of autologous MSCs for patient treatment, and 20% of these
displayed abnormal karyotypes. Hence we believe that using an “off-
the-shelf” allogeneic cell line is a more viable approach for long-term
scale-up and clinical translation. Consequently, delivering OVs
through a cellular vehicle might significantly improve therapeutic
outcome with the need to give multiple administrations and the po-
tential succeeding buildup of anti-OV neutralizing Abs.

Given the potential utility of the NSC delivery platform, we are inter-
ested in exploring oncolytic viral cargo with potent anti-tumor effi-
cacy. Given its deficiency in TK1, CF33 seems a promising OV
because its replication is dependent on the overexpression of TK1
that is common in many cancer cells and encapsulating it in a cell car-
rier might significantly improve its therapeutic potential. For
example, it was recently shown that a low dose of 10* PFUs of
CF33 in a preclinical flank setting slowed pancreatic tumor progres-
sion without measurable toxicities associated with virotherapy.*>’

We have previously shown that the HB1.F3.CD cell line enhances
adenoviral delivery to brain and peritoneal cancers; however,
HB1.F3.CD-encapsulated pox virus delivery was not tested. In the
current study, we utilized a research lot of HB1.F3.CD, equivalent
to the clinical lot used in the glioma clinical trial (ClinicalTrials.gov:
NCT03072134) to package CF33. NSC.CF33 demonstrated greater
tropism toward ovarian cancer-conditioned media as compared
with uninfected NSCs. In addition, NSC.CF33-treated mice showed
a remarkably higher CF33 PFUs per milligram of tumor tissue
compared with free CF33 in an OVCARS orthotopic murine model.
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We also demonstrate enhanced CF33 delivery in an orthotopic
ovarian cancer mouse model. This result is in agreement with another
study showing that MSC-encapsulated measles virus has a better ther-
apeutic outcome compared with virus alone in an orthotopic ovarian
tumor model.”® However, our results need to be tested in preimmu-
nized syngeneic murine models to verify the potential of HB1.F3.CD
as an improved delivery mechanism for OVs in peritoneal
carcinomatosis.

A potential mechanism, based on overexpression of three chemoat-
tractant receptors (CXCR4, c-met, VEGF-R2) on HB1.F3.CD NSCs
upon infection with OVs, was proposed in a malignant glioma
model.*” In addition to chemotaxis, other factors such as adhesion
molecules in the peritoneal cavity play a role in homing of cell car-
riers to tumors.’
whether this mechanism holds true for NSC.CF33 in ovarian cancer.
Further studies characterizing the temporal and spatial distribution
and intratumoral retainment of the virus by NSCs before being
neutralized by the immune system especially in repeated adminis-
tration settings are required.*’ Additionally, studies are warranted
to understand whether the improvement of OV distribution
through NSCs delivery is due to in situ amplification of the virus
and/or improvements in viral delivery. It will also be interesting
to identify whether CF33 provokes anti-tumor immunogenicity
potentially by uncovering neoantigens through tumor cell lysis, as
well as to manipulate it to express therapeutic transgenes.*' Overall,
our data suggest that encapsulating CF33 in NSCs enhanced its dis-
tribution in a peritoneal ovarian cancer setting and therefore call for
investigating the therapeutic potential of NSC.CF33. In conclusion,
we demonstrate the utility of an off-the-shelf allogeneic cell line as a
delivery vehicle for oncolytic virotherapy.

Additional studies are required to confirm

MATERIALS AND METHODS

Microarray Analysis of TK1 Expression in Patient Cohorts

Two ovarian cancer microarray datasets from TCGA** and GEO:
GSE9891°° composed of clinical samples were analyzed. All patients
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loads (3 x 10° PFUs/mouse), compared with the untreated group, 4 days after the first treatment. Scale bar: 100 um.

were classified into two distinct groups: high and low TK1 expressers.
The log rank test was utilized to evaluate whether significant differ-
ences existed in the recurrence-free survival (RFS). Tumor versus
normal TK1 gene expression was calculated using 12 normal and
12 tumor patient samples.”” Primary versus metastatic ovarian cancer
genome-wide transcriptional analysis of carboplatin response was
calculated using 18 human cell cultures (drug resistance and drug
sensitive) from six patients.*’ TK1 expression intensity was calculated
using 12 matched ovary serous adenocarcinoma versus 12 normal
ovarian tissues.”’

Chimerization of Orthopoxviruses, High-Throughput Screening,
and Luciferase Insertion

Generation of CF33 through chimerization of different poxviruses
has been previously reported with CF33 acquiring significantly
improved oncolytic characteristics compared with its parental vi-

ruses.”> CF33 caused significant cell death in the majority of the
NCI-60 solid cancer cell lines even at a low MOI of 0.01. This virus
was engineered to express Firefly luciferase (FFLUC) (CF33-FFLUC)
as described in O’Leary et al.”’

Cell Culture

NSC lines, including the human v-myc immortalized HB1.F3.CD
NSC line, were obtained from Dr. Seung Kim (University of British
Columbia, Canada).** To generate NSC.CF33 lines, we infected
them with CF33 at MOI of 3 for 4 h in DMEM (Invitrogen) supple-
mented with 10% fetal bovine serum (Gemini Bio), 1% L-glutamine
(Invitrogen), and 1% penicillin-streptomycin (Invitrogen) and main-
tained at 37°C in a humidified incubator (Thermo Electron Corpora-
tion) containing 6% CO, and then harvested them. Ovarian cancer
cell lines were cultured in RPMI basal media with the same supple-
ments. For all cell lines, when cells reached 80% confluency, they
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were passaged using 0.25% trypsin and EDTA solution (Invitrogen);
media were changed every 2-3 days. Ovarian cancer cell lines
including FFLUC, and/or EGFP-expressing OVCAR8 (OVCARS.-
EGFP. and/or FFLUC) cell lines were generously provided by Dr.
Carlotta Glackin. The ID8 murine ovarian cancer cell line was ob-
tained from Dr. Katherine Roby (University of Kansas). All tumor
lines were used to generate tumor-conditioned media by replacing
culture media with serum-free media when cells were 80%-100%
confluent followed by a 48-h incubation period.

In Vitro Boyden Migration Assay

We used a classic Boyden chamber assay to evaluate cell migration. In
a 24-well tissue culture plate, 500 mL target media (either containing
only BSA as a negative control or derived from the culture of ovarian
cancer cells) was added to each well. Ata density of 1 x 10° cells/well,
unmodified NSCs or NSC.CF33 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 incubation period,
the transwell inserts were placed in a new 24-well tissue culture plate
containing Accutase and incubated for 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 tumor-conditioned me-
dia was assessed using a Guava EasyCyte flow cytometer (EMD
Millipore).

In Vitro Cell Viability Assay

In a 96-well tissue culture plate, a density of 5 x 10° cells/well of either
OVCARS or ID8 cells was added to each well in 100 puL and allowed to
grow overnight in the incubator. CF33 at different MOIs (0.001, 0.01,
0.1, 1, and 10) in 100 pL was added to their respective wells and was
allowed to replicate for 72 h. Each sample was done in triplicate. After
72 h, an MTS assay was performed by adding 20 pL MTS reagent to
each well. The plate was covered with aluminum foil and placed in the
incubator for 1 h. The samples were then read using SpectraMax M3
(Molecular Devices) at a wavelength of 490 nm.

In Vivo NSC.CF33 Tropism in Orthotopic Ovarian Cancer Model

All animal experiments were conducted following NIH guidelines for
housing and care of laboratory animals and in accordance with City of
Hope regulations after review and approval by the City of Hope Insti-
tutional Animal Care and Use Committee (protocol number 18002).

Female B6 mice (National Cancer Institute [NCI]) that were 6-
8 weeks old were inoculated with 5 x 10° ID8.EGFP.FFLUC cells
via i.p. injection. At 1 and 2 weeks, mice (n = 3) were administered
i.p. 2e6 NSC.CF33.FFLUC cells. One hour after each treatment, BLI
was performed using Lago (Spectral Instruments Imaging, Tucson,
AZ, USA). Mice were injected i.p. with D-luciferin (Xenogen;
150 uL/mouse). Anesthesia was induced with 2% isoflurane (Abbott
Laboratories, Chicago, IL, USA) inhalation in a special airtight trans-
parent anesthesia box for 5-7 min before the mice were moved to the
light-tight chamber of the charge-coupled device (CCD) camera in
the imaging position. The images were then analyzed with Aura
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version 2.2.0 software (Spectral Instruments Imaging, Tucson, AZ,
USA). Two days after NSC injection, tumors were harvested. Three
tumors per mouse were frozen in Tissue Tek OCT (Sakura Finetek
USA) and sectioned on a Leica CM1510 S cryostat (Leica Biosystems).
Sections (10 mm thick) were collected on positively charged slides
(Thermo Fisher Scientific), stained with either anti-ffLuc goat poly-
clonal Ab (Promega) or rabbit anti-vaccinia Ab (YVS8101; Accurate
Chemical and Scientific, Westbury, NY, USA) and then with bio-
tinylated secondary Ab for 1 h as described previously (1:250 dilution,
Vector BA-2001).*° Sections were washed in PBS, incubated in
avidin-biotin complex (ABC) solution in DAB substrate solution, fol-
lowed by bright-field imaging (Richard-Allan Scientific). Other sec-
tions were stained with DAPI (1 mg/mL; Sigma) and then imaged us-
ing the Zeiss Axio Observer Z1 fluorescence microscope (ZEISS
Microscopy).

Statistical Analysis

Data are presented as mean + SEM unless otherwise stated. Statistical
significance for virus 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).
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