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Despite improvements in surgical techniques and chemo-
therapy, ovarian cancer remains themost lethal gynecologic can-
cer. Thus, there is an urgent need formore effective therapeutics,
particularly for chemo-resistant peritoneal ovarian cancer me-
tastases. Oncolytic virotherapy represents an innovative treat-
ment paradigm; however, for oncolytic viruses tested from the
last generation of genetically engineered viruses, the therapeutic
benefits have been modest. To overcome these limitations, we
generated a chimeric poxvirus, CF17, through the chimerization
of nine species of orthopoxviruses. Compared with its parental
viruses, CF17 has demonstrated superior oncolytic characteris-
tics. Here, we report the oncolytic potential of CF17 in ovarian
cancer. Replication of CF17 and its resulting cytotoxicity were
observed at multiplicities of infection (MOIs) as low as 0.001
in human and mouse cancer cell lines in vitro. Furthermore,
CF17 exerted potent antitumor effects in a syngeneic mouse
model of ovarian cancer at doses as low as 6� 106 plaque-form-
ing units. Together, these data merit further investigation of the
potential use of this novel chimeric poxvirus as an effective treat-
ment for aggressive intraperitoneal ovarian cancer.
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INTRODUCTION
Despite improvements to standard-of-care de-bulking surgery and
chemotherapy, ovarian cancer remains the most lethal gynecologic ma-
lignancy in the world,1 with dismal survival rates for older patients and
those with advanced-stage disease2 who have few therapeutic options.3

Consequently, around140,000patientswithovarian cancer (2/3of those
diagnosed) die annually,4–6 mainly because of intraperitoneal (i.p.) or-
gan failure. Therefore, there is a dire need to generate safer and more
effective i.p. therapeutic approaches. Toward this end, many ongoing
clinical trials are testing novel approaches, including the use of oncolytic
viruses (OVs), to treat ovarian cancer, especially in patients who have
developed resistance to standard-of-care treatments.7–12

OVs selectively kill tumor cells and have shown promise in clinical
trials.13,14 Importantly, they cause cancer cell lysis, irrespective of che-
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moresistance,15 exposing novel tumor antigens to be recognized by
the immune system.16 To date, several OVs have advanced to phase
I/II clinical trials for ovarian cancer patients and have demonstrated
safety, but their antitumor efficacy has been modest so far.14

We have previously generated a promising new chimeric poxvirus,
CF17, through the chimerization of nine species of orthopoxviruses,
including multiple strains of vaccinia virus (VACV). CF17 has been
shown to have superior oncolytic characteristics and enhanced anti-
tumor activity compared with its parental viruses.17–19 In the current
study, we evaluated the cytotoxicity of CF17 in vitro using the murine
ovarian cancer cell line ID8 and also human high-grade serous ovarian
cancer cell lines OVCAR8 and SKOV3, the most prevalent ovarian tu-
mor type (>50% of ovarian malignancies).20–22 Also, we performed
in vivo studies using a syngeneic mouse model to evaluate the preclin-
ical utility of CF17 in the context of i.p. ovarian cancer metastases. Our
results show that i.p. administered CF17 targets and penetrates sites of
tumor metastases, where it replicates within ovarian cancer cells,
causing oncolysis. Overall, this study demonstrates the potential of
CF17 as a novel therapeutic agent for stage III ovarian cancer patients.
RESULTS
CF17 Infects and Replicates in Human and Mouse Ovarian

Cancer Cell Lines In Vitro

We infected murine (ID8) and human (OVCAR8, SKOV3) ovarian
cancer cells with CF17 at various multiplicities of infection (MOIs).
We performed an 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium) (MTS) assay to analyze tu-
mor cell viability 3 days post-CF17 infection. For all cell types tested,
non-infected cells were used as negative control. We observed that
infection with CF17 eliminated these cancer cells at an MOI of 10
Author(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. CF17 Infects, Replicates in, and Kills

Ovarian Cancer Cells In Vitro

(A–C) OVCAR8 (A), SKOV3 (B), and ID8 (C) ovarian cancer

cells were infected with CF17 at the indicated MOIs, and

cell survival, relative to non-infected control cells, was

determined 72 h post-infection. (D) OVCAR8 cells infected

with CF17 at an MOI of 0.03 were harvested 72 h post-

infection, and virus titers in the harvested cell lysates were

determined using a standard plaque assay. Data are

shown as mean ± SEM for at least two repeated experi-

ments. **p < 0.01, ***p < 0.001, ****p < 0.0001, as deter-

mined by one-way ANOVA comparing infected versus non-

infected cells. ns, no significant difference.
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(Figures 1A–1C) and significantly reduced the viability of all cell lines
even at an MOI of 0.1. These results demonstrate that CF17 can infect,
replicate in, and kill ovarian cancer cell lines in vitro.

CF17 Demonstrates Significant Antitumor Activity in a

Syngeneic Mouse Model of Ovarian Cancer

Based on its promising potency in vitro, we further tested the in vivo ef-
ficacy of CF17 using an institutionally approved and supportedmurine
model of i.p. ovarian carcinomatosis. This model was generated by i.p.
injection of immunocompetent C57BL/6J mice with firefly luciferase-
expressing ID8 mouse ovarian cancer cells (5 � 106 cells/mouse). On
days 1 and 7 post-tumor implantations, mice received i.p. injections
with CF17 (6� 106 plaque-forming units [PFU]/injection) or PBS con-
trol andwereobserved for 23weeks (Figure 2A).Weobserved thatCF17
treatment reduced the luciferase signal over an 8-week imaging period
following tumor implantation (Figures 2B and 2C). By week 8, CF17
significantly suppressed tumor burden, as assessed by the average lucif-
erase signals detected for each group (****p < 0.0001; Figure 2C).

CF17 Treatment Improves Survival and Reduces Ascites in a

Syngeneic Mouse Model of Ovarian Cancer

We also tested the toxicity, if any, of CF17, in addition to its potency,
using this ID8model of carcinomatosis. Byweek 9, somevehicle-treated
animals were removed from the study because these had reached a hu-
mane endpoint (Figure 3A). By week 11, all vehicle-treated mice were
euthanized. In contrast, for the 23-week duration of the study, only
one CF17-treated mouse was euthanized (at week 18; Figure 3A).

Furthermore, we did not observe any overt signs of toxicity in theCF17-
treatedmice, and all continued gainingweight at a rate similar to that of
mice without tumors. Meanwhile, vehicle-treated mice exhibited an
abnormal increase in bodyweight because of ascites (Figure 3B). Collec-
Molecular Th
tively, these data suggest that CF17 can be used
safely and effectively as an antitumor treatment
in the current mouse model. Further studies are
warranted toward translation to clinical trials.

DISCUSSION
Studies have shown that oncolytic virotherapy is
clinically safe and non-toxic in different cancer
patients.1,14,23 Despite their high safety profiles, the last generation
of OVs has shown limited efficacy.23,24 Oncolytic poxviruses have
demonstrated encouraging results in multiple preclinical tumor
models, as well as some clinical trials for the treatment of various
cancers.25

For ovarian cancer, this lack of efficacy can be attributed to different
factors. First, ovarian tumors are highly heterogeneous; thus, effective
treatments must be designed to eliminate the entire spectrum of tu-
mor subpopulations. Second, even within the same subpopulation,
several microenvironmental factors, such as various cytokines, che-
mokines, and angiogenic factors, can promote peritoneal dissemina-
tion,26 including ovarian cancer metastasis, and therefore may influ-
ence the efficacy of OVs.27 Hence to accurately evaluate the clinical
potential of novel OVs, it is necessary to administer them i.p. in
immunocompetent preclinical models. This allows the evaluation of
both the oncolytic effect from viral replication and a potential second-
ary immune response.

Recently, Ricordel et al.28 reported the generation of a chimeric
poxvirus through the recombination of four different VACV strains:
WR, Wyeth, MVA, and Copenhagen. The authors showed that the
chimeric virus had greater cancer cell-killing capacity and tumor
selectivity compared with the parental VACV strains in vitro. Simi-
larly, we previously reported the construction of a chimeric poxvirus,
CF17, which was more efficient at killing cancer cells than its parental
poxviruses, including the WR strain.17,18 In this study, the pro-
nounced efficacy of CF17 against human and mouse ovarian cancer
cell lines with distinct genotypes, along with the absence of obvious
toxicity, lends support to the idea that it can be effective against
different ovarian tumor subpopulations. Furthermore, we observed
significant antitumor effects and improved survival of mice after
erapy: Oncolytics Vol. 19 December 2020 279
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Figure 2. CF17 Shows Antitumor Efficacy in an ID8 Syngeneic Murine Model of Ovarian Cancer

(A) Experimental timeline for in vivo studies. Immunocompetent C57BL/6J mice received i.p. injections of 5 � 106 firefly luciferase-labeled ID8 cells. One day later, mice

received i.p. injections of PBS (vehicle, n = 3) or 6 � 106 PFUs of CF17 (n = 4). (B) Quantification of luciferase expression. (C) ID8 ovarian tumors were monitored weekly by

bioluminescence imaging (BLI) for the first 8 weeks following tumor implantation. Error bars indicate ± SEM.
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only two injections of 6 � 106 PFUs, at a dose far lower than that
commonly reported for other oncolytic poxviruses.29–32

In summary, CF17 is safe and exerts antitumor effects against human
ovarian cancer in vitro and murine ovarian cancer in vivo. Further
studies are needed to determine whether CF17 can be used either as
a monotherapy or in combination with compatible therapeutics. The
data presented here warrant further testing of CF17 for clinical use.

MATERIALS AND METHODS
Generation of CF17 nChimeric Virus

To generate CF17, we used nine strains of orthopoxvirus in co-infect-
ing CV-1 cells and fostering chimerization. These included raccoon-
pox virus strain Herman, cowpox virus strain Brighton, rabbitpox vi-
rus strain Utrecht, and vaccinia virus strains AS, Connaught
Laboratories, Elstree, IHD, Lederle-Chorioallantoic, and Western
Reserve, all purchased from ATCC. Following the chimerization,
100 individual plaques were chosen and then purified through three
rounds of plaque purification to obtain 100 clonally purified chimeric
orthopoxviruses. High-throughput screening was used to compare
the cytotoxic efficacy against the NCI-60 panel. CF17 was selected
as a chimeric isolate, which demonstrated superior cell killing in
the NCI-60 panel when compared with all parental viruses.

Cell Culture

The OVCAR8 human ovarian cancer cell line was generously pro-
vided by Dr. Carlotta Glackin (City of Hope). The SKOV3 human
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ovarian cancer cell line was obtained from ATCC. The ID8 murine
ovarian line was obtained from Dr. Katherine Roby (University of
Kansas) and then transduced to express firefly luciferase. Ovarian
cancer cell lines were cultured in RPMI basal media with 10% fetal
bovine serum (Gemini Bio), 1% L-glutamine (Invitrogen), and 1%
penicillin-streptomycin (Invitrogen). Cells were maintained at 37�C
in a humidified incubator (Thermo Electron Corporation) containing
6% CO2 and then were harvested. For all cell lines, when cells reached
80% confluency, they were passaged using 0.25% trypsin and EDTA
solution (Invitrogen); media were changed every 2–3 days.

Virus Proliferation and Cytotoxicity Assays

To determine the ability of viruses to replicate in cultured cells, we in-
fected cells at anMOI of 0.03, and virus titers in the lysates were deter-
mined using a standard plaque assay, as described previously.18 A
CellTiter 96 AQueous colorimetric assay (Promega) was used to mea-
sure cell survival after viral infection. In brief, cells were infected in
96-well plates at various MOIs (0.001–10), the substrate was added
72 h post-infection, and absorbance was measured at 490 nm using
a plate reader (Tecan Spark). The survival of CF17-treated cells was
calculated relative to that of non-infected control cells.

In Vivo Efficacy of CF17 in an Orthotopic Ovarian Cancer Model

All animal experiments were conducted in accordance with NIH
Guidelines for the Care and Use of Laboratory Animals and City of
Hope regulations after review and approval by the City of Hope Insti-
tutional Animal Care and Use Committee (protocol #18002).



Figure 3. CF17 Improves Survival and Reduces

Ascites in an ID8 SyngeneicMurineModel of Ovarian

Cancer

(A) Survival curves of ID8 tumor-bearing mice treated with

PBS (vehicle) or CF17. (B) All mice were monitored daily for

the development of peritoneal ascites and weighed

weekly, with results expressed as the change in body

weight at 8 weeks post-tumor implantation. Data are

shown as mean ± SEM.
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Female C57BL/6J mice (6–8 weeks old; The Jackson Laboratory) were
inoculated with 5 � 106 firefly luciferase-labeled ID8 cells via i.p. in-
jection. At 1 and 7 days post-inoculation, mice were administered i.p.
6� 106 PFUs of CF17 (n = 4) or vehicle (n = 3). Bioluminescence im-
aging (BLI) was performed once a week after tumor implantation us-
ing the Lago imaging system (Spectral Instruments Imaging). Prior to
imaging, mice were injected i.p. with D-luciferin (Xenogen; 150 mL/
mouse). Anesthesia was induced with 2% isoflurane (Abbott Labora-
tories) in a transparent airtight 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 analyzed using Aura
software version 2.2.0 (Spectral Instruments Imaging).
Statistical Analysis

Data are presented as mean ± SEM unless otherwise stated. Statistical
significance for tumor flux at each time point between the groups was
examined using one-way ANOVA (*p < 0.05 was deemed to be sig-
nificant). Survival analysis was carried out using Kaplan-Meier
curves. The survival distributions of vehicle- and CF17-treated mice
were compared using log-rank tests.
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