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AbstrACt
background Novel therapies are needed to improve 
outcomes for women diagnosed with ovarian cancer. 
Oncolytic viruses are multifunctional immunotherapeutic 
biologics that preferentially infect cancer cells and 
stimulate inflammation with the potential to generate 
antitumor immunity. Herein we describe Parapoxvirus 
ovis (Orf virus (OrfV)), an oncolytic poxvirus, as a viral 
immunotherapy for ovarian cancer.
Methods The immunotherapeutic potential of OrfV was 
tested in the ID8 orthotopic mouse model of end- stage 
epithelial ovarian carcinoma. Immune cell profiling, 
impact on secondary lesion development and survival 
were evaluated in OrfV- treated mice as well as in Batf3 
knockout, mice depleted of specific immune cell subsets 
and in mice where the primary tumor was removed. 
Finally, we interrogated gene expression datasets from 
primary human ovarian tumors from the International 
Cancer Genome Consortium database to determine 
whether the interplay we observed between natural killer 
(NK) cells, classical type 1 dendritic cells (cDC1s) and T 
cells exists and influences outcomes in human ovarian 
cancer.
results OrfV was an effective monotherapy in a murine 
model of advanced- stage epithelial ovarian cancer. OrfV 
intervention relied on NK cells, which when depleted 
abrogated antitumor CD8+ T- cell responses. OrfV therapy 
was shown to require cDC1s in experiments with BATF3 
knockout mice, which do not have mature cDC1s. 
Furthermore, cDC1s governed antitumor NK and T- cell 
responses to mediate antitumor efficacy following OrfV. 
Primary tumor removal, a common treatment option in 
human patients, was effectively combined with OrfV for 
optimal therapeutic outcome. Analysis of human RNA 
sequencing datasets revealed that cDC1s correlate with 
NK cells in human ovarian cancer and that intratumoral NK 
cells correlate positively with survival.
Conclusions The data herein support the 
translational potential of OrfV as an NK stimulating 
immunotherapeutic for the treatment of advanced- stage 
ovarian cancer.

bACkground
Epithelial ovarian cancer (EOC) is the most 
lethal gynecological malignancy.1 The majority 
of EOC cases are diagnosed at an advanced 
stage, as early screening and detection methods 
are ineffective.2–4 Standard of care therapy has 
remained largely unchanged and generally 
entails primary tumor cytoreductive surgery in 

key messages

What is already known on this topic
 ► Immunotherapies are under intense investigation 
for the treatment of ovarian cancer, which is difficult 
to detect at an early stage and challenging to treat 
when disease becomes advanced. Several oncolytic 
viruses (OVs) have been tested for ovarian cancer 
with modest results.

What this study adds
 ► This is the first study offering a comprehensive 
immunological analysis of the immunogenic OV 
Orf virus (OrfV) in the context of preclinical ovarian 
cancer. OrfV treatment was particularly effective in 
controlling ascites fluid and secondary lesions in the 
peritoneal cavity when combined with tumor resec-
tion surgery. Efficacy relied primarily on effector nat-
ural killer (NK) cells, which expressed CXCR3 ligands 
and correlated with increased recruitment of T cells 
to the peritoneal cavity.

How this study might affect research, practice 
or policy

 ► This study provides rationale for further study of im-
munogenic viruses that stimulate NK- cell responses 
and promote the CXCR3 signaling pathway to treat 
ovarian cancer. Investigating OrfV as a viral immu-
notherapy for ovarian cancer has the potential to 
strengthen the clinician’s toolbox, particularly given 
its ability to potently activate the immune system.

http://bmjopen.bmj.com/
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combination with taxane and platinum chemotherapy.5 6 
Patients with EOC develop ascites which contains tumor cells 
that can access organs housed in the abdomen and initiate 
fatal secondary lesions, making ascites control a primary 
target for novel therapies.7

Oncolytic viruses (OVs) are a promising multimodal 
immunotherapy platform.8 OVs encompass a phylogenet-
ically diverse cohort of viruses that have an inherent or 
engineered tropism for tumor cells.9 OV infection of the 
tumor microenvironment (TME) kick- starts a proinflam-
matory immune response that ultimately clears the virus 
but also targets tumors for immune- mediated killing by 
innate and adaptive mechanisms.10 11 To date, multiple 
OVs have crossed into clinical testing for ovarian cancer, 
including measles virus ( clinicaltrials. gov, NCT00408590), 
reovirus (NCT01274624), herpesvirus (NCT03663712), 
adenovirus (NCT00964756), and vaccinia virus (VACV) 
(NCT02759588), demonstrating the anticipated poten-
tial of OVs for ovarian cancer.

Natural killer (NK) cells are innate cytotoxic lympho-
cytes adept at eliminating tumor cells and virus- infected 
cells. NK- cell targeting is not classically antigen- restricted 
but relies on a repertoire of activating and inhibitory 
receptors and cytokine signaling, making NK cells a prom-
ising effector subset to engage using antigen- agnostic 
immunotherapies.12 13 NK- cell infiltrates in human tumor 
tissue correlate with enhanced survival in multiple cancer 
types, and antitumor NK responses can be modulated 
by immune checkpoint blockade.14 15 Apart from their 
cytotoxic activity, NK cells crosstalk with type 1 clas-
sical dendritic cells (cDC1) and T cells during immune 
responses.16 17 In melanoma, cDC1s are the dominant 
antigen- presenting cell that cross- presents tumor antigen 
to cytotoxic T lymphocytes (CTLs) to initiate tumor 
control.18 cDC1s are recruited to the TME by NK cells, 
and the presence of NK cells and cDC1s are predictive 
of improved survival outcomes in numerous cancers.19 20 
The interaction between NK cells and cDC1s may be a 
promising axis of the immune response to target with OV 
therapy because this interaction regulates the stimulation 
of NK- cell and CTL responses, both of which are potent 
antitumor effectors.

Parapoxvirus ovis (Orf virus (OrfV)) is an onco-
lytic poxvirus that normally infects ungulates. OrfV is 
phylogenetically distinct from the oncolytic Chordo-
poxvirinae VACV, which has been extensively studied 
in preclinical and clinical settings and successfully 
combined with immune checkpoint blockade (ICB) 
in preclinical models of ovarian cancer.21 OrfV is lytic 
in human cancer cells of diverse cellular origin and 
is effective against melanoma and colon cancer in 
preclinical mouse models, mainly through the potent 
stimulation of antitumor NK cells.22 The capacity for 
OrfV to activate NK cells was exploited in a model of 
surgery- induced immune suppression, where OrfV 
therapy prevented NK- cell suppression and controlled 
metastatic tumor spread.23 Given the broad oncolytic 
activity of OrfV and its ability to activate the immune 

system, we hypothesized that OrfV would be an effec-
tive immunotherapy for ovarian cancer.

In this study, we demonstrate that OrfV and VACV are 
oncolytic against human and murine ovarian cancer cells. 
However, OrfV was a superior immunotherapeutic to 
VACV in vivo in our preclinical murine model of advanced- 
stage EOC. OrfV- mediated efficacy is reliant on tumori-
cidal NK cells that are supported by cDC1s and produce 
CXCR3 ligands to recruit CD8+ T cells to the TME. This 
cross- talk between NK cells and dendritic cells (DCs) is 
evident in human ovarian cancer based on transcrip-
tomics data, and notably, correlates with better patient 
outcomes. Finally, OrfV intervention can be combined 
with primary tumor removal surgery for optimal survival 
benefit. OrfV is a promising NK cell- stimulating immu-
notherapeutic platform with impressive efficacy against 
advanced- stage EOC.

MetHods
Mice
Seven- week- old female C57BL/6 mice (Charles River) 
and Batf3 knockout mice (Jackson Laboratory, strain 
code #013755) were housed four to a cage in the Isolation 
Unit at the University of Guelph. Mice were acclimatized 
to the facility for 1 week prior to experimentation.

Cell lines
ID8 transformed murine ovarian surface epithelial cells 
were generously donated by Drs K Roby and P Terranova 
(Kansas State University). HeLa, CAOV- 3, Vero cells 
(ATCC CCL- 2, HTB- 75, and CCL- 81, respectively), and 
ID8 cells were cultured in Dulbecco’s High- Glucose 
Modified Eagle’s Medium (DMEM) containing 10% 
fetal bovine serum (FBS). Human iOVCa147 cells were 
generous provided by Gabriel DiMattia (London Health 
Sciences Center) and were cultured in DMEM and Ham’s 
F12 mixture (DMEM/F12). Sheep skin fibroblasts were 
cultured in DMEM containing 10% FBS. All cell lines 
were cultured in a humidified incubator at 5% CO2 and 
37.0°C and were confirmed to be mycoplasma- free prior 
to use (MycoAlert PLUS detection kit, Lonza).

Viruses
OrfV- NZ2 (OrfV) was kindly provided by Dr Andrew 
Mercer (University of Otago), and vaccinia (Copenhagen 
strain, VVΔTK- GFP) was kindly provided by Dr John Bell 
(OHRI). OrfV was produced and titrated by 50% tissue 
culture infectious dose (TCID50) assay on SSF cells as 
described.24 VACV was propagated on HeLa cells using 
methods similar to OrfV production.24 VACV was titrated 
by TCID50 assay on HeLa cells.

Cell viability assays
Viral oncolysis of murine ID8 and human CAOV- 3 and 
iOVCa147 cancer cell lines was performed by metabolic 
assay. 1e+04 cancer cells were seeded into 96- well plates 
and treated with OrfV or VACV at a range of multiplicities 



3van Vloten JP, et al. J Immunother Cancer 2022;10:e004335. doi:10.1136/jitc-2021-004335

Open access

of infection (MOIs) for 48 hours and incubated at 37°C 
and 5% CO2. Resazurin sodium salt (Sigma- Aldrich) 
was added at 0.5 mg/mL for 2 hours before data acquisi-
tion by fluorescent plate reader (excitation wavelength: 
535/25 nm, emission wavelength: 590/35 nm). Relative 
metabolic activity was calculated by dividing fluorescent 
output of treatment cells by untreated control cells.

Multistep virus growth curves
The capacity for ID8, CAOV- 3, and iOVCa147 cancer cells 
to produce infectious OrfV and VACV particles was exam-
ined by multistep growth curves. Cancer cells were seeded 
at a density of 5e+05 cells per well in six- well plates and 
were infected with OrfV or VACV at an MOI=0.5. Virus 
from cells and supernatant were collected at a range of 
time points from 8 to 120 hours. Virus was released from 
infected cells by freeze–thaw and titrated by TCID50 on 
SSFs and Vero cells for OrfV and VACV, respectively. 
TCID50 values were converted to plaque- forming units 
(PFUs) by multiplying by 0.69, as previously described.25–27

Id8 ascites-derived cell lines
Mice bearing ID8 ovarian tumors were monitored until 
their abdomens were distended from ascites fluid accu-
mulation. Mice were then euthanized and ascites fluid 
was collected through insertion of a 25- gage needle in 
to the peritoneal cavity. Ascites fluid was immediately 
transferred into a heparinized tube to prevent clotting. 
Red blood cells were removed using ACK (ammonium- 
chloride- potassium) lysis buffer, and cells were pelleted by 
centrifugation at 500×g for 5 min at 4°C. Cell pellets were 
then resuspended in Roswell Park Memorial Institute 
(RPMI) 1640 with 10% FCS and plated in T75 flasks and 
incubated at 37°C and 5% CO2. Cells were grown until 
90%–95% confluency and then expanded to T175 flasks 
and subsequently frozen to generate stocks at passage 2 
and 3. All tests were conducted with ID8 ascites- derived 
cells at lower than passage 5.

orthotopic Id8 cancer model and standard virus therapy
The syngeneic orthotopic ID8 ovarian cancer model was 
set up as previously described.28 Briefly, 1e+06 ID8 cells 
were injected into the left ovarian bursa of 7- week- old 
female C57BL6 or Batf3 knockout mice. At 60 days 
following challenge, mice presented with signs similar 
to advanced- stage 3 EOC, including a large primary 
tumor, development of ascites in the peritoneal cavity, 
and secondary lesions on the peritoneum walls and other 
organs within the peritoneal cavity. For OrfV or VACV 
treatment, ID8 tumor- bearing mice were treated 60 days 
following tumor challenge with either virus at a dose of 
5e+07 PFU delivered by intravenous or intraperitoneal 
injection, depending on the experiment. For experiments 
testing tumor burden reduction at 36 hours and 30 days 
following OrfV or VACV treatment, viruses were given in 
single doses. Mice in all subsequent survival experiments 
were given three doses at 5e+07 PFU of each virus directly 
into the peritoneal cavity given every other day starting 

on day 60. Endpoints were either at prescribed times 
postvirus administration or when mice reached endpoint 
criteria, including distended abdomen interfering with 
mobility, hunched fur, irregular breathing, or isolated 
behavior. Necropsies were performed to collect endpoint 
data, including the volume of ascites fluid, the weight of 
the primary tumor, and the number of secondary lesions 
in the peritoneal cavity, to a maximum count of 100 
lesions.

Flow cytometric analysis of immune responses
NK and tumor- specific CTL responses were quantified by 
flow cytometry on peripheral blood and peritoneal lavage 
fluid. For NK- cell responses, mice were non- lethally bled 
and subjected to peritoneal lavage 36 hours following virus 
delivery. Samples were collected in heparinized tubes to 
prevent clotting, and sample volumes were recorded to 
normalize data to per microlitre (blood) or per millil-
itre (lavage fluid) standard. Red blood cells were lysed 
using ACK lysis buffer, and leukocytes were suspended in 
RPMI 1640 media containing 10% FBS and 0.1% beta- 
mercaptoethanol. Leukocytes were incubated for 1 hour, 
then brefeldin A (eBiosciences, cat#00- 4506- 51) was 
added to capture cytokine release, and incubation was 
continued for another 4 hours. Unless otherwise indi-
cated, antibodies were purchased from BioLegend. Fc 
receptors were blocked by incubating with anti- CD16/32 
(cat#101320) for 15 min at 4°C. Leukocytes were then 
stained with surface antibodies including allophycocyanin 
(APC) anti- NK1.1 (cat#108710), PE anti- programmed 
death- ligand 1 (PD- L1) (cat# 124308), fluorescein isothio-
cyanate (FITC) anti- CD69 (cat#104506), PE- Cy7 anti- 
CD27 (cat# 124215), PerCP5.5 anti- PD- 1 (cat#109120), 
BV510 anti- CD8ɑ (cat#100752), BV421 anti- CD3ε 
(cat#100336), and BV421 anti- CD11b (eBiosciences, cat# 
48- 0112- 82) for 20 min at 4°C in the dark. Fluorescence- 
activated cell sorting (FACS) buffer was then exchanged 
for phosphate- buffered saline (PBS), and leukocytes were 
stained for viability using the Zombie NIR (cat#423106) 
viability kit, following the manufacturer’s protocol. Leuko-
cytes were then treated with fixation buffer (cat#420801) 
and permeabilization buffer (cat#421002) and stained 
for intracellular interferon gamma (IFN-γ) with PE anti- 
IFN-γ (cat#505808), and granzyme B with FITC antigran-
zyme B (cat# 515403) for 20 min at 4°C in the dark. Cells 
were washed and suspended in 200 µL FACS buffer for 
flow cytometry analysis. Tumor- specific CTL responses 
were quantified as previously described.29

Antibody depletion studies
C57BL/6 mice were challenged with 1e+06 ID8 cells 
into the left ovarian bursa to establish ovarian epithe-
lial cancer. To deplete specific immunological cell 
subsets, depletion antibodies were delivered intraper-
itoneally 3 days and 1 day prior to virus administration 
on day 60, and then once per week to maintain deple-
tion. The depletion antibodies and the initial depletion 
dose used in this study include anti- CD8ɑ (BioXcell, 
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cat#BE0061 clone 2.43, 200 µg), anti- Thy1.2 (BioXcell, 
cat#BE0066 Clone 30H12, 200 µg) and Ultra- LEAF anti- 
asialo- GM1 (Biolegend, cat#146002, 50 µL). Depletions 
were confirmed by flow cytometry of peripheral blood on 
the day of virus treatment using the following antibodies: 
FITC anti- CD90.2 (BD Biosciences, cat#553013), PE anti- 
CD49b (DX5, BD Biosciences, cat#553858), BV510 anti- 
CD8ɑ (BioLegend, cat#100752) and BV421 anti- CD3ε 
(BioLegend, cat#100336).

tumor-directed antibody responses
Tumor- directed antibody responses were quantified as 
previously described.30 Tumor- directed antibody data 
were analyzed by first subtracting background fluores-
cent of control wells from each sample. Then a curve was 
constructed for each sample using the dilution series. The 
area under the curve was then calculated for each sample 
and graphed alongside tumor- bearing but untreated 
animal controls.

International Cancer genome Consortium (ICgC) data set
Previously generated RNA- sequencing alignment data 
from human ovarian tumors was retrieved from the 
ICGC using score client. Ninety- two samples were used 
from 71 donors encompassing 64 primary, 25 recurrent 
and 3 metastatic tumors. All samples were retrieved with 
their associated clinical data. These alignment files were 
produced using the human reference genome (GRCh37) 
via STAR as described by the ICGC. HTseq (V.0.9.1, 
options: -m intersection- non- empty -i gene_id -r pos -s 
no) was used to count reads over annotated genes.31 Due 
to the robust normalization offered by DESeq, the raw 
counts produced by HTseq were normalized via DESEQ2_
normalize (V.3.8).32 33 Previously established gene expres-
sion signatures were used to gage NK, cDC1s, CD8+ T and 
B immune cell activity in the tumors.18 19 34 For correlations 
between gene expression signatures, gene expression was 
log transformed (log2(1+normalized expression)).

rnA sequencing
ID8 tumor- bearing animals were treated with a single dose 
of OrfV or PBS 60 days after tumor implantation. Peri-
toneal lavages were conducted 36 hours following virus. 
NK cells were enriched using a negative NK- cell isolation 
kit (Biolegend, cat#480049) and RNA was isolated using 
TRIzol (Thermo Fisher). Next- generation sequencing 
was conducted by Novogene. All fastq files were inspected 
with FASTQC, before HISAT2 alignment (V.2.0.0, --dta 
--no- mixed --no- discordant --no- unal) to a reference 
consisting of the entire mouse (V.GRCm38) and OrfV 
(V.1.21) genomes combined (online supplemental table 
1). Samtools was then used to remove low- quality align-
ments (q<1) before running StringTie (1.3.4d, -e) to 
assemble and count transcripts based on mouse and ORF 
gene annotations. DESeq2 (default settings, R V.3.4.0) 
was used to normalize expression counts and determine 
differential gene expression between OrfV and untreated 
control groups. The differential gene expression volcano 

plot and heat map were generated in GraphPad Prism. 
Gene ontology (GO) analysis was conducted using 
Panther V.16.0.

Pd-L1 expression and anti-Pd-1 treatment
To assess PD- L1 expression, ID8 tumor cells were plated at 
5e+05 cells per well in six- well plates and were incubated 
overnight. Cells were then treated with OrfV or VACV at 
an MOI=5 for 6 hours or were left untreated. ID8 cells 
were then gently released from the plate by incubating 
in 5 mM EDTA–PBS for 5 min. Cells were collected, 
centrifuged at 500×g for 5 min and resuspended in FACS 
buffer. Fc receptors were blocked by incubating with anti- 
CD16/32 for 15 min at 4°C. Cells were then stained with 
PE anti- PD- L1 antibody (Biolegend, cat#124308) and 
7AAD viability stain (Biolegend, cat#420404) for 20 min 
at 4°C in the dark before analysis by flow cytometry.

For anti- PD- 1 ICB therapy combination treatment, 
ID8 tumor- bearing mice were treated with three doses of 
5e+07 PFU of OrfV or VACV given every other day starting 
on day 60 post- tumor challenge. Anti- PD- 1 (BioXcell, 
cat#BE0146) was delivered the day after the final dose of 
virus at 200 µg per dose into the peritoneal cavity. Anti- 
PD- 1 treatments were continued every 3 days for a total 
of six treatments, and mice were monitored for survival.

Primary tumor removal surgery
To model cytoreduction surgery commonly used to treat 
patients with human ovarian cancer, mice were chal-
lenged with 1e+06 ID8 cancer cells to the left ovarian 
bursa. At 60 days post- tumor challenge, mice with signifi-
cant primary tumors and the start of ascites were anesthe-
tized and primary tumors were surgically removed. Mice 
were allowed to recover for 48 hours following surgery, 
and OrfV treatment was initiated on day 62 following 
tumor challenge. Groups that did not receive primary 
tumor removal surgery were also treated with OrfV on 
day 62.

dC culture experiments
Naïve C57BL/6 mice were euthanized, and bone marrow 
was collected from the femur and tibia bones by flushing 
with PBS. 1e+06 bone marrow- derived cells were cultured 
in RPMI 1640 medium containing 10% heat- inactivated 
FBS, 0.1% beta- mercaptoethanol and penicillin/strepto-
mycin per 25 cm2 cell culture flask. Initially, all cultures 
received 20 ng/mL of granulocyte–macrophage colony- 
stimulating factor (GM- CSF) on day 0 in 5 mL complete 
RPMI 1640. On day 2, an additional 5 mL of RPMI 1640 
was added with 20 ng/mL of GM- CSF, and 10 ng/mL of 
interleukin (IL)- 4 for a total of 10 mL. Half of the culture 
medium was removed on day 5 and replaced with new 
RPMI 1640 and cytokines. All cells were cultured at 37°C 
in a humidified atmosphere with 5% CO2. On day 7, non- 
adherent and loosely adherent cells were collected by 
gentle pipetting of the medium. DCs were counted and 
plated in 12- well plates at 4e+05 cells per well. Immedi-
ately following plating, DCs were treated with various 

https://dx.doi.org/10.1136/jitc-2021-004335
https://dx.doi.org/10.1136/jitc-2021-004335
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stimuli, including lipopolysaccharides (LPS) (100 ng/
mL), naked OrfV (4e+06 PFU per well) and 100 µL of 
cell- free supernatant from 4e+05 ID8 cells infected with 
an MOI=10 of OrfV for 6 hours. Two- hours following 
treatment, cells were treated with brefeldin A to capture 
cytokines and were then incubated for an additional 14 
hours. Cultures were the collected and stained for flow 
cytometry using the following surface antibodies: FITC 
anti- F4/80 (eBiosciences, cat#11- 4801- 85), PE/Cy7 anti- 
CD11c (BioLegend, cat#117318), APC/Fire750 anti- I- -
A/I- E (BioLegend, cat#107652), and BV421 anti- CD11b 
(BioLegend, cat#101236). Cell viability was assessed using 
the Zombie Aqua (BioLegend, cat#423102) viability kit, 
following the manufacturer’s protocol. Cells were fixed 
and permeabilized as previously described, and then 
stained for intracellular cytokines using PE antitumor 
necrosis factor alpha (TNF-ɑ) and APC anti- IL- 12. DCs 
were classified as CD11c+ major histocompatibility 
complex (MHC)- II+ F4/80 cells and were assessed for the 
proportion and mean fluorescent intensity of IL- 12.

Immunohistochemistry
At 60 days post tumor challenge, the left ovaries of 
C57BL/6 mice were removed following a small midline 
dorsal incision under isoflurane anesthesia. Ovaries were 
fixed in 10% neutral formalin overnight and washed 
with 70% ethanol for 24 hours. Tissues were processed 
through ethanol dehydration followed by clearing with 
xylene and embedding in paraffin wax using an auto-
mated processor. Tissues were serially sectioned (5 µm) 
using a rotary microtome and mounted on charged 
slides (Superfrost Plus, Fisher Scientific) before being 
baked overnight at 37°C. Tissue sections were stained 
with H&E and visualized by a polarizing light microscope 
(E600- POL; NIKON, Toronto, Canada) at ×20 magnifica-
tion using Qcapture software.

statistical analyses
GraphPad Prism V.7 for Windows (https://www.graphpad. 
com/) was used for all graphing and statistical analyses. 
Survival curves were determined by the Kaplan- Meier 
method, and differences between groups were queried 
using the log- rank Mantel- Cox test. Immune response 
data, which involved one variable, were assessed by one- 
way analysis of variance (ANOVA) with Tukey’s multiple 
comparisons test. Resazurin dye- based data, which 
involved two variables, were assessed by two- way ANOVA 
with Tukey’s multiple comparisons test. All reported p 
values were two- sided and were considered significant at a 
p value of ≤0.05. Graphs show means and SEs.

resuLts
orfV and VACV are oncolytic in murine and human ovarian 
cancer cell lines in vitro
The oncolytic activity of OrfV and VACV in murine (ID8) 
and human (CAOV- 3 and iOVca147) ovarian cancer cells 
was assessed in vitro by metabolic assay at a range of MOIs. 

OrfV killed ID8 cells better than VACV, but VACV outper-
formed OrfV in CAOV- 3 and iOVCa147 cells (figure 1A). 
Multi- tep growth curve analyses revealed that ID8 cells 
supported replication of both OrfV and VACV, with VACV 
reaching titers over 2 logs higher than OrfV (figure 1B). 
In human CAOV- 3 cells, OrfV did not replicate beyond 
the number of virus particles detected in the first 8 hours 
postinfection. There was a 4- log increase in the amount of 
infectious VACV particles from 8 hours to 24 hours. VACV 
replicated in iOVCa147 cells, but OrfV did not. The 
enhanced killing and replicative ability of VACV within 
human ovarian cancer cells may be attributed to the 
enhanced tumor selectivity of VACV as a result of genetic 
thymidine kinase gene deletion. Despite variability in the 
production of new virus particles, both poxviruses were 
effective killers of murine and human ovarian cancer cells 
lines.

The immunotherapeutic potential of OrfV and VACV 
for ovarian cancer was tested using the immunocompe-
tent orthotopic ID8 model, which has been used to test 
novel cancer therapeutics, including OVs.35 36 Briefly, 
female C57BL/6 mice (n=8 per group) were chal-
lenged with ID8 cells implanted into the left ovarian 
bursa. After 60 days, mice presented with disease that 
mirrors advanced- stage EOC in humans, including a 
large primary tumor, accumulation of ascites fluid in the 
peritoneal cavity and dissemination of secondary lesions 
throughout the peritoneal cavity. ID8 tumor- bearing mice 
were treated with a single dose of 5e+07 PFU of OrfV or 
VACV delivered on day 60 post- tumor challenge, either 
directly to the peritoneal cavity (intraperitoneally) or 
intravenously (figure 1C). To standardize comparisons, 
we sacrificed cohorts of mice 36 hours and 30 days after 
the virus and measured the weight of the primary tumor 
and the volume of ascites recovered from the peritoneal 
cavity. At 36 hours following OV therapy, OrfV deliv-
ered by either injection route decreased primary tumor 
size compared with PBS- treated controls. In contrast, 
VACV did not have a significant effect on the primary 
tumor. OrfV reduced ascites compared with PBS- treated 
controls, as did VACV, but only when delivered intrave-
nously. At 30 days following the virus, no reduction in 
the primary tumor weight was observed in any treatment 
group compared with control. However, OrfV delivered 
intraperitoneally significantly reduced ascites compared 
with both control mice and mice that received VACV. We 
derived three polyclonal primary tumor cell lines from 
the ascites of ID8 mice: ID8- ASC03, ID8- ASC04, and ID8- 
ASC12, and tested them in vitro for sensitivity to OrfV or 
VACV oncolysis. The ID8 ascites- derived cell lines were 
more sensitive than the parental ID8 cells to killing by 
OrfV but not to VACV (figure 1D). These data suggested 
that neither virus was capable of long- term control of the 
primary tumor, but that OrfV was effective at controlling 
ascites, especially when delivered directly to the perito-
neal cavity.

To examine the impact of OrfV and VACV on survival 
outcome in the ID8 model of advanced EOC, ID8 mice 

https://www.graphpad.com/
https://www.graphpad.com/
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Figure 1 OrfV and VACV kill murine and human ovarian cancer cells and extend survival in a preclinical model of advanced 
EOC. (A) Mouse ID8 and human CAOV- 3 and iOVCa147 ovarian cancer cells were infected with OrfV or VACV at a range of MOI. 
Cell viability 72 hours after incubation was determined by resazurin metabolic activity assay. Statistical analysis was by two- 
way analysis of variance. (B) ID8, CAOV- 3 and iOVCa147 cells were infected with OrfV or VACV at an MOI of 0.5, and infectious 
virus was quantified over time by TCID50. (C) Mice bearing advanced ID8 EOC were treated with a single dose of OrfV or VACV 
by intravenous or intraperitoneal injection. Thirty- six hours (top) or 30 days (bottom) after treatment, the weight of the tumor- 
bearing ovary (left) and the volume of ascites fluid (right) accumulated in the peritoneal cavity were quantified. (D) ASC03/04/12 
and ID8 tumor cells were infected with either OrfV (middle) or VACV (bottom) at a range of MOI. Cell viability 48 hours after 
infection was determined by metabolic activity assay. (E) Mice bearing advanced ID8 EOC were treated with 5e+07 PFU of 
OrfV or VACV by intraperitoneal injection as per the schematic. Survival was assessed by log- rank test. *P≤0.05, **P≤0.01, 
***P≤0.001, ****P≤0.0001. EOC, epithelial ovarian cancer; ns, not significant; MOI, multiplicity of infection; OrfV, Orf virus; PFU, 
plaque- forming unit; VACV, vaccinia virus.
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(n=8) were treated with three doses of 5e+07 PFU of 
either virus given every other day by intraperitoneal 
injection. Control animals had a median survival of 82 
days following tumor challenge (figure 1E). Survival was 
enhanced by VACV therapy to a median survival of 94 
days and an HR of 0.2737 compared with control animals. 
OrfV was more effective than VACV, leading to a median 
survival of 108.5 days and an HR of 0.2212 compared 
with control animals. Two animals treated with OrfV 
survived ~40 days longer than the last animal treated with 
VACV to reach the endpoint. These data indicated OrfV 
as a more potent platform than VACV in the ID8 model 
of advanced- stage EOC.

orfV intervention for advanced-stage eoC extends survival, 
reduces the spread of secondary lesions and induces a robust 
anticancer effector immune response
Since OrfV was more effective than VACV in our in vivo 
experiments, we decided to focus on elucidating the 
antitumor mechanisms of OrfV therapy. Survival exper-
iments with multidose OrfV therapy delivered intra-
peritoneally were repeated three times to generate a 
comprehensive survival dataset (figure 2A). OrfV therapy 
extended survival to a mean of 109.5 days compared with 
93 in control animals (HR=0.2859). In support of OrfV 
being particularly effective against ascites accumula-
tion, peritoneal lavage fluid collected 10 days following 
OrfV was clear, in contrast to lavage fluid from control 
mice (figure 2B). Secondary lesions in the peritoneal 
cavity were reduced in OrfV- treated mice at endpoint 
(p=0.0025, figure 2C). Additionally, there were fewer 
cases of secondary lesions homing to the spleen in OrfV- 
treated animals compared with controls (figure 2D). 
Cumulatively, these data suggested that OrfV was effective 
at controlling ascites burden and disease spread in vivo by 
targeting tumor cells in the ascites fluid.

As multimodel therapeutics, OVs directly kill cancer cells 
and stimulate host anticancer immune responses.37 To 
determine the contribution of the host immune response 
to OrfV efficacy against advanced ID8 EOC, peritoneal 
lavages were performed 10 days following OrfV or PBS 
treatment for immune cell phenotyping by flow cytom-
etry. OrfV treatment increased the number of CD4+ and 
CD8+ T cells in the peritoneal cavity (figure 2E). Using a 
coculture assay with interferon- stimulated ID8 cells, we 
observed recall responses from CD4+ and CD8+ T cells 
isolated from OrfV- treated mice but not control animals 
(figure 2F,G). Additionally, there were more CD4+ T cells 
producing TNF-ɑ in the peritoneal cavity of OrfV- treated 
mice than PBS controls (figure 2H). These data indicated 
that OrfV treatment can stimulate tumor- directed T- cell 
responses in the ascites TME.

OrfV is known to stimulate strong antitumor NK- cell 
responses.35 To interrogate the NK- cell compartment, 
peritoneal lavages were conducted 36 hours post- OrfV 
treatment. The number of NK cells in the peritoneal 
cavity was increased by OrfV treatment (figure 2I), with 
increases in both CD11b+ CD27− and CD11b+ CD27+ 

NK- cell subsets (figure 2J). Further phenotyping of NK 
cells in the peritoneal cavity revealed an increase in NK 
cells expressing activation markers CD69 (figure 2K) and 
PD- L1 (figure 2L) and cytotoxic granzyme B (figure 2M). 
These observations confirmed that OrfV stimulates a 
robust NK- cell response in the ascites TME.

Immunological analyses were extended to include 
quantification of tumor- directed antibodies. Plasma was 
collected 21 days following the first dose of OrfV therapy. 
Therapy- induced antibodies were quantified by coincu-
bation of diluted plasma samples with target ID8 cells 
and subsequent detection with a fluorescence- conjugated 
anti- mouse IgG secondary, as previously described.30 An 
increase in serum- circulating therapy- induced antibodies 
was detected in OrfV- treated mice over control animals 
(figure 2N). The magnitude of the tumor- directed anti-
body response correlated with survival (R2=0.4706, 
p=0.0047; figure 2O). Together, these data indicated that 
OrfV intervention stimulated responses from multiple 
anticancer effector subsets: NK cells, CD8+ T cells, and 
antibodies.

Immune subset depletion revealed a critical role for nk cells 
and Cdα8+ cells
Given that NK and CD8+ T cells responded to OrfV 
therapy, each was depleted in vivo and their impact on 
survival was measured. Mice that received OrfV but were 
depleted of NK cells by anti- asialo GM1 antibody had no 
survival advantage over control mice, supporting NK cells 
as a key driver of OrfV therapy (figure 3A). To investigate 
the functional role of T cells, CD8ɑ+ cells were depleted 
using anti- CD8ɑ antibody, and CD8ɑ+ and CD4+ T cells 
were depleted simultaneously by injection of anti- Thy1.2 
(CD90.2), which is a pan- T- cell marker.38 The therapeutic 
effect of OrfV was blunted in mice receiving OrfV with 
CD8ɑ+ cells depleted (figure 3B). In contrast, when T cells 
were depleted with anti- Thy1.2, an intermediate effect 
was observed that did not achieve statistical significance 
compared with either the OrfV or the control groups. 
These data indicated anti- CD8ɑ, which can deplete any 
cell expressing CD8ɑ, was more detrimental to OrfV ther-
apeutic efficacy than depletion of both CD4+ and CD8ɑ+ 
T- cell subsets together by anti- Thy1.2. Taken together, NK 
cells were a dominant anticancer effector subset induced 
by OrfV therapy, and a CD8ɑ+ cell subset extraneous to 
CTLs may play a supportive role.

nk cells and Cd8ɑ+ cdCs collaborate to mediate orfV 
therapeutic efficacy
cDC1s express CD8ɑ,39 are a major contributor to anti-
tumor T- cell responses in vivo40 and require the BATF3 
transcription factor for development. Mice deficient in 
CD8ɑ+ cDCs cannot generate adequate de novo anti-
tumor T- cell responses and do not resist T cell- sensitive 
tumor outgrowth.18 41 CD8ɑ+ cDCs support NK cell- 
mediated control of tumor metastases by producing 
IL- 12, and in return NK cells support cDC1 recruitment 
to the TME.20 42 We hypothesized that OrfV stimulates 
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Figure 2 OrfV reduces ascites burden and activates a robust multieffector immune response to control advanced- stage 
EOC. (A) ID8 mice were treated with three doses of intraperitoneal OrfV starting on day 60. Survival was assessed by log- rank 
test. ****P≤0.0001. (B) Peritoneal lavage fluid from ID8 mice ten days after treatment with PBS or a single dose of OrfV. (C) The 
number of secondary lesions in the peritoneal cavity at endpoint in mice treated with OrfV or PBS. (D) The number of secondary 
lesions on the spleen at endpoint in mice treated with OrfV or PBS. (E) Ten days after OrfV treatment, the number of CD4+ and 
CD8+ T cells in the peritoneal cavity of ID8 mice was quantified by flow cytometry. (F) The number of tumor- specific IFN-γ+ CD8+ 
T cells in the peritoneal cavity of OrfV- treated ID8 mice was quantified by flow cytometry following coculture with IFN- stimulated 
target ID8 cells. (G) The number of tumor- specific IFN-γ+ CD4+ T cells in the peritoneal cavity of OrfV- treated ID8 mice was 
quantified by flow cytometry following coculture with IFN- stimulated target ID8 cells. (H) The number of TNF-α expressing 
CD4+ T cells in the peritoneal cavity 10 days following OrfV therapy was quantified by flow cytometry. (I) Three days after OrfV 
treatment of ID8 mice, the number of NK cells in the peritoneal cavity was quantified by flow cytometry. (J) The relative number 
of NK cells in the peritoneal cavity by maturation status was determined by CD11b and CD27 surface expression. (K) The 
number of NK cells expressing CD69 in the peritoneal cavity of ID8 mice 3 days after treatment. (L) The number of NK cells 
expressing PD- L1 in the peritoneal cavity of ID8 mice 3 days after treatment. (M) The number of NK cells expressing granzyme 
B in the peritoneal cavity of ID8 mice 3 days after treatment. (N) ID8 mice were bled 21 days after OrfV or PBS treatment and 
tumor- specific antibodies were quantified by immunofluorescence assay and expressed as area under the curve. (O) The 
magnitude of the anti- ID8 antibody response was compared with the duration of overall survival by bivariate correlation. 
****P≤0.0001. EOC, epithelial ovarian cancer; IFN, interferon; IFN-γ, interferon gamma; NK, natural killer; OrfV, Orf virus; TNF-α, 
tumor necrosis factor alpha.
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Figure 3 NK cells are a dominant anticancer effector subset induced by OrfV and NK cells and CD8ɑ+ cDCs collaborate to 
mediate OrfV therapeutic efficacy. (A) NK cells were depleted in vivo by anti- asialo antibody prior to OrfV treatment. Survival 
between groups was compared by log- rank test. (B) Anti- CD8α or anti- thy1.2 was used to deplete T cells in vivo prior to OrfV 
treatment. Survival was assessed by log- rank test. (C) The number of IFN-γ+ CD8+ T cells in the blood of ID8 tumor- bearing 
animals was quantified by coculture assay 10 days after treatment with PBS or OrfV, with or without NK depletion. (D) The 
proportion of CD69+ NK cells recovered from the blood 36 hours after OrfV treatment in ID8 mice, with or without CD8α 
depletion. (E) The number of CD69+ NK cells recovered from the blood 36 hours after OrfV treatment in ID8 mice, with or without 
CD8α depletion. (F) WT or Batf3- mice bearing ID8 tumors were treated with OrfV and 36 hours later the proportion of CD69+ 
NK cells in the blood was determined. (G) WT or Batf3- mice bearing ID8 tumors were treated with OrfV and 36 hours later the 
number of CD69+ NK cells in the blood was determined. (H) WT or Batf3− mice bearing ID8 tumors were treated with OrfV, and 
10 days later, IFN-γ+ CD8+ T cells were quantified in the blood. (I) ID8 tumor- bearing mice in the WT or Batf3− background were 
treated with OrfV. Survival comparisons were performed by log- rank test (left). (J) The number of secondary lesions populating 
the peritoneal cavity was counted on endpoint in ID8 tumor- bearing mice in the WT or Batf3− background treated with OrfV or 
PBS. *P≤0.05, **P≤0.01, ***P≤0.001. cDC, classical dendritic cell; IFN-γ, interferon gamma; NK, natural killer; OrfV, Orf virus; WT, 
wild type.
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an inflammatory program wherein NK cells, cDC1s, and 
CTLs work in concert to control ID8 tumors. In line 
with this, a near- complete abrogation of tumor- specific 
CTL responses occurred when NK cells were depleted 
(figure 3C). Similarly, mice depleted of CD8ɑ+ cells had 
a decreased proportion (figure 3D) and relative number 
(figure 3E) of NK cells in circulation expressing the acti-
vation marker CD69. Furthermore, the cell- free superna-
tant from ID8 cells infected with OrfV in vitro stimulated 
IL- 12 production from cultured DCs (online supple-
mental figure 1A,B). Therefore, NK and CTL responses 
following OrfV were closely linked, and OrfV- infected 
ID8 tumor cells were capable of inducing IL- 12 produc-
tion from DCs.

We hypothesized that the elimination of cDC1s 
would attenuate both NK and CTL responses, therefore 
reducing OrfV efficacy. To test this hypothesis, Batf3−/− 
knockout mice (n=8), which cannot develop cDC1s,39 
were challenged with ID8 tumor cells and treated at 
day 60 with OrfV therapy. Control Batf3−/− and wild- type 
mice were treated with PBS. Thirty- six hours following 
OrfV therapy, Batf3−/− mice had a reduced proportion 
(figure 3F) and relative number (figure 3G) of activated 
CD69+ NK cells in circulation compared with wild- type 
mice. The magnitude of the tumor- specific CTL response 
was blunted in Batf3−/− mice compared with wild- type 
counterparts (figure 3H). Batf3−/− mice that received PBS 
did not differ in survival compared with wild- type control 
mice, and OrfV did not prolong survival in Batf3−/− mice. 
OrfV therapy in wild- type mice resulted in a median 
survival of 103.5 days, with one mouse surviving to the 
end of the experiment on day 140 without visible disease 
on necropsy (figure 3I). OrfV- treated Batf3−/− mice had a 
higher secondary lesion burden in the peritoneal cavity 
at endpoint compared with OrfV- treated wild- type mice 
(figure 3J). This corroborated previous evidence that 
cDC1s contribute to control of metastatic disease.42 These 
data demonstrate that cDC1s play a central role in the 
anticancer immune response initiated by OrfV and are 
required for OrfV- mediated efficacy.

Intratumoral nk-cell recruitment correlates with cdC1s and 
enhanced survival in human ovarian cancer
The data thus far have demonstrated that OrfV stimulates 
the immune system through NK cells and cDC1s to improve 
therapeutic outcomes. We next questioned whether the 
interplay we observed between NK cells, cDC1s and T cells 
exists and influences outcomes in human ovarian cancer. 
Of note, recent studies have demonstrated that NK cells 
recruit cDC1s to the TME in several human cancers, and 
that CCR7+ cDC1s are critical for driving both NK- cell 
and CTL responses that correlate with improved overall 
survival.18–20 Gene expression datasets from primary 
human ovarian tumors from the ICGC database were 
analyzed using previously published gene expression 
signatures for NK cells, cDC1s, CD8+ T cells, and CD4+ T 
cells19 34 to evaluate the correlation between immune cell 
subsets in tumor tissue (figure 4A). Positive correlations 

between NK cells and cDC1s (R2=0.406, figure 4B), NK 
cells and CD8+ T cells (R2=0.5432, figure 4C), cDC1s and 
CD8+ T cells (R2=0.6311, figure 4D), and CD4+ T cells and 
cDC1s (R2=0.6630, figure 4E) were observed, suggesting 
that these cells interact in the ovarian TME. Transcrip-
tomic data were binned based on the expression level of 
NK, cDC1, CD8+, and CD4+ T- cell signatures, and the top 
and bottom thirds were analyzed for survival outcome. 
A high magnitude of NK cells in the TME correlated 
with increased overall survival (figure 4F). However, the 
magnitude of cDC1s, CD4+, and CD8+ T cells did not yield 
a significant difference in overall survival in this dataset 
(figure 4F–I). Intriguingly, we observed a correlation 
between the cDC1 signature and a refined NK- cell signa-
ture comprising killer cell lectin- like receptor (KLRC 
or NKG2 family) genes including KLRC1, KLRC2, and 
KLRC3, which encode several receptors important in 
NK- cell regulation and function (figure 4J). The magni-
tude of KLRC gene expression positively correlated with 
overall survival (figure 4K), which has been demonstrated 
in melanoma.19 These analyses suggest that NK cells are 
predictive of survival and that therapies, like OrfV, that 
boost NK- cell function may be translatable to human 
ovarian cancer.

transcriptomics of nk cells enriched from the ascites tMe
To better understand of the role of NK cells in OrfV 
therapy, NK cells were collected by peritoneal lavage of 
mice 36 hours after treatment. NK cells were enriched 
using a negative bead selection kit and the transcriptome 
was analyzed by RNA sequencing. A total of 3274 differ-
entially expressed genes were detected with 1736 upregu-
lated and 1538 downregulated in the OrfV- treated groups 
relative to PBS (figure 5A). GO analysis showed an enrich-
ment in genes involved in host defense response, immune 
system process, and response to cytokine (figure 5B). The 
top 50 differentially expressed genes (by adjusted p value, 
figure 5C) included genes involved in response to type 1 
IFN-γ and cytokine production and included the cytolytic 
granzymes B and C. An analysis of genes encoding NK 
cell activating and inhibitory receptors, as well as activa-
tion markers, revealed an increase in Klra1, Klra3, Klra7, 
and CD69, along with a dramatic upregulation of CD274 
(PD- L1, figure 5D). As NK cells can regulate the response 
of other immune cells using cytokines, a focused analysis 
on cytokine gene expression was conducted. Following 
OrfV therapy, NK cells upregulated proinflammatory 
cytokines (figure 5E), including IL- 27, IL- 15 and IL- 6, and 
CXCL10, CCL24, CXCL9, and CXCL11. These data indi-
cate that enriched NK cells isolated from the ascites TME 
rapidly respond to OrfV by inducing a complex multi-
gene expression program that includes genes involved in 
host defense and response to pathogen, and that NK cells 
express cytokines and chemokines that may be critical for 
a robust antitumor immune response.

https://dx.doi.org/10.1136/jitc-2021-004335
https://dx.doi.org/10.1136/jitc-2021-004335
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Figure 4 NK cells correlate with cDC1s and T cells in the human ovarian TME and are linked to better overall survival. (A) Gene 
signatures used to identify cDC1, NK, CD8+ and CD4+ T cells from the ICGC human ovarian cancer dataset. (B) Bivariate 
correlation comparing cDC1s and NK cells in the ICGC human ovarian cancer dataset. (C) Bivariate correlation comparing CD8+ 
T cells and NK cells in the ICGC human ovarian cancer dataset. (D) Bivariate correlation comparing CD8+ T cells and cDC1s 
in the ICGC human ovarian cancer dataset. (E) Bivariate correlation comparing CD4+ T cells and cDC1s in the ICGC human 
ovarian cancer dataset. (F) Log- rank test of ICGC patient samples binned according to the highest and lowest thirds of NK- cell 
signature expression. (G) Log- rank test of ICGC patient samples binned according to the highest and lowest thirds of cDC1- cell 
signature expression. (H) Log- rank test of ICGC patient samples binned according to the highest and lowest thirds of CD4+ T- 
cell signature expression. (I) Log- rank test of ICGC patient samples binned according to the highest and lowest thirds of CD8+ 
T- cell signature expression. (J) Bivariate correlation comparing the KLRG NK- cell signature and the cDC1 signature in the ICGC 
human ovarian cancer dataset. (K) Log- rank test of ICGC patient samples binned according to the highest and lowest thirds of 
KLRG1 NK- cell signature expression. cDC1, classical type 1 dendritic cell; ICGC, International Cancer Genome Consortium; 
KLRC, killer cell lectin- like receptor; NK, natural killer; TME, tumor microenvironment.
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Figure 5 NK cells enriched from the ascites TME express an antiviral and proinflammatory transcriptional program. (A) Genes 
differentially expressed between NK cells enriched from the peritoneal cavity of ID8 tumor- bearing treated with OrfV compared 
with PBS are represented by volcano plot. (B) GO analysis of differentially expressed genes was conducted using Panther 
analysis. Twelve of the most enriched GO terms from biological process are shown with the number of genes enriched in each 
category. (C) Heat map of 50 of the top differentially expressed genes in enriched NK cells. Shading represents the magnitude 
of averaged normalized gene expression. (D) The adjusted p values of NK receptors and activation markers comparing NK 
cells enriched from the peritoneal cavity of control and OrfV- treated mice. (E) The enriched NK transcriptomics dataset was 
interrogated for differential expression of cytokines and chemokines and represented graphically by adjusted p value (y- axis), 
direction of differential expression (gray, upregulated; white, downregulated) and fold change (size of data points). GO, gene 
ontology; NK, natural killer; OrfV, Orf virus.
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Figure 6 OrfV recruits immune effector cells via the CXCR3 pathway. (A) The enriched NK transcriptomics dataset was 
interrogated for CXCL9, CXCL10, and CXCL11. The normalized expression of each from PBS or OrfV- treated mice is shown. 
(B) The number of CD8+ T cells was determined per millilitre of peritoneal lavage fluid in mice treated with OrfV with or without 
NK- cell depletion. (C) The number of CD8+ T cells expressing CXCR3 was determined per millilitre of peritoneal lavage fluid in 
mice treated with OrfV with or without NK- cell depletion. (D) Histograms of the expression of CXCR3 on CD8+ T cells isolated 
from the peritoneal lavage fluid of mice treated with OrfV with or without NK- cell depletion. (E) The ICGC human ovarian cancer 
dataset was interrogated for the expression of CXCL9, CXCL10, and CXCL11 in high and low NK- cell gene signature samples. 
(F) The ICGC human ovarian cancer dataset was interrogated for the expression of CXCL9, CXCL10, and CXCL11 in high and 
low CD8+ T- cell gene signature samples. (G) The ICGC human ovarian cancer dataset was interrogated for the expression of 
CXCR3 in high and low CD8+ T- cell gene signature samples. ***P≤0.001, ****P≤0.0001. ICGC, International Cancer Genome 
Consortium; NK, natural killer; OrfV, Orf virus.

nk cells regulate t-cell recruitment in ovarian cancer through 
the CXCr3 chemokine axis, which is accentuated by orfV 
therapy
The highest upregulated gene from the cytokine focused 
transcriptomics analysis was the CXCR3 ligand CXCL10 
(figure 5E). CXCR3 has two additional ligands, CXCL9 

and CXCL11, which were also upregulated in OrfV- 
treated enriched NK cells (figure 6A). We hypothesized 
that NK cells regulate T- cell recruitment to the peritoneal 
cavity following OrfV via the CXCR3 and its ligands. To 
test this, mice were depleted of NK cells and treated with 
either OrfV or PBS. After 5 days, more CD8+ T cells were 
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recovered from the peritoneal cavity of mice treated with 
OrfV when the NK compartment was intact (figure 6B), 
and these CD8+ T cells also expressed higher levels of 
CXCR3 (figure 6C,D). This trend was lost when NK cells 
were depleted. To translate this to human ovarian cancer, 
the ICGC ovarian cancer dataset was interrogated for 
the expression of CXCR3 and its ligands. Using the gene 
signature for NK cells, we binned patient samples into 
NK high (highest third of NK signature expression) and 
NK low (lowest third). Patients with high NK- cell signa-
tures expressed more CXCR3 ligands (figure 6E). Along 
similar lines, patients with high CD8+ T- cell signatures 
had higher expression of CXCL9, CXCL10, and CXCL11 
(figure 6F). In concordance with our observations in the 
mouse, patient samples with high CD8+ T cells had higher 
expression of CXCR3, suggesting that NK cells may be 
attracting T cells to the TME in human ovarian cancer 
through CXCR3 signaling (figure 6G).

orfV therapy does not synergize with immune checkpoint 
blockade but can be combined with surgical removal of the 
primary tumor-bearing ovary for optimal outcome
ICB, including targeting the PD- 1 axis, has shown consid-
erable success in the clinic for treating multiple types of 
cancer. Blocking the interaction of PD- 1 with its ligands 
PD- L1 and PD- L2 reverses the suppression of T cells and 
NK cells.14 15 Recently, VACV was successfully combined 
with anti- PD- L1 in colon and ovarian cancer models.21 
Targeting PD- 1 instead of its ligand has also been tested 
with VACV, with favorable results against murine fibrosar-
coma.43 We hypothesized that combining OrfV therapy 
for advanced- stage ovarian cancer with anti- PD- 1 would 
improve the function of antitumor NK cells and CTLs. ID8 
cells treated with OrfV upregulated PD- L1 within 6 hours, 
but cells infected with VACV did not (figure 7A,B). To 
investigate anti- PD- 1 intervention, ID8 tumor- bearing 
mice (n=8) were treated with three doses of OrfV or VACV 
and then six doses of checkpoint blockade (figure 7C). 
Anti- PD- 1 therapy alone was effective against ID8 tumor 
progression, as were OrfV and VACV monotherapies 
(figure 7D,E). However, the combination of either virus 
with checkpoint blockade did not extend survival in our 
murine model of advanced EOC. This suggests that PD- 1- 
driven suppression of T cells and/or NK cells does not 
negatively impact OrfV- mediated therapy.

Cytoreduction surgery followed by chemotherapy 
is a common treatment for advanced EOC. Surgery is 
immune suppressive and has been linked to enhanced 
risk of metastasis.44 Others have shown that intervention 
with OVs, including OrfV, during the suppressive periop-
erative window can reduce the risk of metastasis, primarily 
by improving NK- cell function.23 45 We hypothesized that 
OrfV would be effective in combination with cytoreduc-
tion surgery to eliminate residual disease. To test this, 
mice (n=8) were implanted with ID8 tumor cells in the 
left ovarian bursa, which was surgically removed 60 days 
later. Resected ovaries were confirmed to have tumors in 
the ovarian bursa by histology (figure 7F). Mice recovered 

from surgery for 48 hours before being treated with stan-
dard OrfV therapy. Primary tumor removal alone did not 
significantly enhance survival compared with controls 
(figure 7G). However, mice that had primary tumor 
removal surgery followed by OrfV therapy survived longer 
than mice that only received OrfV, with a median survival 
of 132 days. At the end of the experiment, 205 days post- 
tumor challenge, one mouse receiving the combination 
of primary tumor removal and OrfV therapy had no sign 
of ascites or secondary lesions, indicating OrfV as particu-
larly effective when used to combat immune suppression 
following surgery.

dIsCussIon
This study demonstrates that OrfV, especially in combina-
tion with cytoreduction surgery, is a promising antigen- 
agnostic immunotherapy platform for ovarian cancer. 
OrfV is valuable for its ability to directly kill tumor cells 
and to initiate a complex antitumor immune response 
involving multiple anticancer effector mechanisms. The 
bulk of the antitumor mechanism is mediated by NK cells 
and is supported by cDC1s, T cells and tumor- directed 
antibodies. This is of particular interest, given the recently 
unveiled importance of NK:cDC1 interactions controlling 
tumor progression in numerous cancer types.20

OrfV was effective at killing murine and human ovarian 
cancer cells lines in vitro, despite exhibiting limited 
production of new virus particles within these cells. While 
our data indicate that OrfV replication is limited in the 
human ovarian cancer lines investigated, OrfV has been 
shown to infect and replicate in other human cancer 
cell lines of the NCI- 60 panel.22 Future studies exam-
ining OrfV oncolysis and replication in a larger panel of 
patient- derived ovarian cancer samples are warranted to 
elucidate the clinical potential of OrfV against human 
ovarian cancers.

A single dose of OrfV delivered either intravenously 
or intraperitoneally was effective at reducing ascites fluid 
acutely following virus administration. Tumor cell lines 
derived from the ascites fluid of untreated animals were 
exquisitely sensitive to OrfV oncolysis when compared 
with parental ID8 cells. A prolonged reduction in ascites 
was observed following a single dose of OrfV, but there 
was no reduction of primary tumors in treated animals. 
Additionally, OrfV treatment reduced the formation 
of secondary lesions. This highlights that OrfV may be 
particularly effective at clearing residual disease when 
used in combination with surgical removal of the primary 
tumor, as shown in our studies.

The potential of OVs to elicit antitumor antibody 
responses has been understudied, apart from the impact 
of virus- neutralizing antibodies on the systemic delivery 
of OVs. ID8 tumor- directed antibodies were detected 
following OrfV intervention and the magnitude of the 
tumor- directed antibody correlated with enhanced 
survival. A major mechanism of NK activation and target- 
cell killing is through antibody- dependent cytotoxicity 
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Figure 7 OrfV therapy is not improved by immune checkpoint blockade but combines with primary tumor resection. 
(A) Percent ID8 cells positive for PD- L1 expression following OrfV or VACV infection as determined by flow cytometry. 
(B) The mean fluorescent intensity of PD- L1 from ID8 cells following OrfV or VACV infection as determined by flow cytometry. 
(C) Treatment schematic testing the in vivo combination therapy of OrfV or VACV with anti- PD- 1. (D) Log- rank analysis of ID8 
tumor- bearing mice treated with OrfV alone or in combination with anti- PD- 1 following the treatment schema in C. (E) Log- 
rank analysis of ID8 tumor- bearing mice treated with VACV alone or in combination with anti- PD- 1 following the treatment 
schema in C. (F) Representative histological section of an ID8 tumor- bearing ovary surgically removed 60 days following tumor 
implantation. (G) ID8 mice underwent tumor- bearing ovary resection surgery 60 days following tumor implantation and were 
then treated with OrfV as per the schematic (top). Survival comparisons were conducted by log- rank test. *P≤0.05, **P≤0.01, 
***P≤0.001, ****p≤0.0001. OB, ovarian bursa; OrfV, Orf virus; OV, ovary; T, tumor; VACV, vaccinia virus.
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(ADCC), wherein target cells labeled by antibody are 
recognized by Fc receptors on NK cells.46 An advantage 
of boosting tumor- directed antibodies using antigen- 
agnostic strategies includes generating antibodies against 
multiple tumor targets. This theoretically improves the 
likelihood of producing functional tumor- directed anti-
bodies and reduces the risk of tumor escape by antigen 
loss. However, the potential for autoreactive antibody 
production requires assessment. Tumor- directed humoral 
responses may sustain effector NK- cell function beyond 
the primary NK- cell response through ADCC activation 
of NK cells and the subsequent production of IFN-γ and 
TNF-α.47 Future studies should aim to elucidate the contri-
bution of ADCC by NK cells to therapeutic outcome and 
include functional experiments to definitively assess the 
importance of tumor- directed antibodies.

This study underscores the potency of OrfV as an anti-
tumor NK- cell stimulant. Transcriptomic analysis of NK 
cells enriched from the ascites of OrfV- treated animals 
clearly demonstrate that OrfV triggers an inflamma-
tory response from NK cells that includes expression of 
inflammatory cytokines, cytotoxic effectors, and genes 
involved in metabolism and cell division. The complexity 
of the data provides numerous avenues for exploring 
the antitumor effector phenotype of NK cells in more 
detail. NK- cell subsets are remarkably diverse and are 
now thought to participate in effector, regulatory, and 
memory functions.48 Our study focused on a classical 
definition of NK cells, but future studies are under way to 
build on the transcriptomics data presented here to better 
define the NK subsets that respond to OrfV. NK cells may 
kill OrfV- infected tumor cells through virus- mediated 
downregulation of MHC class I,49 which could limit virus 
spread. However, direct infection of tumor cells may not 
be required for NK- mediated killing, and the efficacy of 
replication- defective OrfV was not tested. An important 
question to be addressed is whether NK cells themselves 
are targets for OrfV infection and if replication- defective 
OrfV can activate the same gene expression profile in NK 
cells as replicating virus.

In response to OrfV, NK cells produced IFN-γ and 
induced inflammatory cDC1s to produce IL- 12, a critical 
cytokine for NK cells.50 OrfV- treated animals lacking NK 
cells were unable to mount tumor- specific CD8+ T- cell 
responses. This may be due to insufficient cDC1 antigen 
presentation and costimulation. Optimal NK help for 
cDC1s requires type I IFN production and intact IFN 
signaling in DCs.16 We observed that supernatant from 
OrfV- infected ID8 cells induced DC production of IL- 12, 
which could be driven by IFN. Genetic ablation of cDC1s 
attenuated both NK and tumor- specific CTL responses, 
eliminating OrfV tumor control. This demonstrated that 
both NK and CTL responses depend on cDC1s. cDC1s 
may be an important target for enhancing OrfV therapy 
and OV therapies in general, given that most viruses 
induce interferon.

The codepletion of CD4+ and CD8+ T cells using 
anti- Thy1.2 did not affect survival outcome. Despite this, 

ID8- specific T cells were detected in the circulation of 
OrfV- treated animals, and CD8+ T cells were recruited to 
the peritoneal cavity along a CXCR3:CXCL10 chemokine 
gradient. Additionally, OrfV rapidly upregulated PD- L1 
on ID8 cells during infection. Anti- PD- 1 therapy is partic-
ularly effective against tumors with a high neoantigen 
load,51 and although OrfV monotherapy induced tumor- 
specific CTLs, they were dispensable for the primary 
response to therapy. A recent study with ID8 EOC high-
lighted the failure of neoantigen vaccines to induce T cell- 
mediated tumor control.52 This was due to an impotent 
repertoire of functional antitumor CTL clones capable of 
recognizing tumor neoantigen. This may explain the lack 
of synergy with anti- PD- 1 in our model and suggests that 
overcoming neoantigen insufficiencies by incorporating 
a tumor antigen into OrfV could dramatically improve 
T- cell responses and tumor control. Additionally, CTL 
targeting may be limited by low expression of MHC class I 
by ID8 cells, which we did not evaluate in vivo. Low MHC 
class I could also explain the relative potency of antigen- 
unrestricted NK cells. Intriguingly, NK cells play a role in 
anti- PD- 1 ICB.14 It is possible that we observed no clear 
benefit of anti- PD- 1 because it was delivered 5 days after 
the first dose of virus, or near the end of the primary 
NK- cell response. Further studies are needed to charac-
terize the role of the PD- 1 axis in ovarian cancer in the 
context of NK and T- cell responses mediated by OrfV 
intervention. Additionally, the removal of NK cells by 
monoclonal antibody may have a compounding effect on 
tumor control as NK cells were a major source of CXCL10 
in our experiments, and their removal may severely limit 
the recruitment of CXCR3+ T cells to the TME.

Primary tumor removal surgery is a common treatment 
for advanced- stage ovarian cancer, but it is rarely cura-
tive. Surgery itself can increase the likelihood of meta-
static disease through suppression of the immune system 
during the perioperative period.44 OrfV intervention 
has been used to limit metastatic disease in preclinical 
models by preventing surgery- induced suppression of NK 
cells.23 Shortly following surgery, NK cells are recruited 
but are weakly activated and produce low amounts of IFN. 
In a preclinical model using nephrectomy as the surgical 
insult, OrfV was delivered before B16F10 lung tumor 
challenge to prophylactically activate NK cells. Nephrec-
tomies were conducted 1 hour following tumor chal-
lenge. In this setting, B16 tumor cell implantation in the 
lungs was dramatically reduced by oncolytic OrfV and its 
activation of NK cells.36 Consistent with this, we observed 
a marked survival extension in mice undergoing surgery 
followed by OrfV when compared with virus or surgery 
alone. At the time of surgery, mice had a primary tumor 
and secondary lesions in the peritoneal cavity and ascites, 
representing a clinically relevant TME. We delayed OrfV 
intervention to 2 days following surgery, increasing the 
difficulty of treating secondary disease. Further experi-
mentation is under way to determine the optimal timing 
for OrfV intervention in the perioperative window, as this 
could be particularly useful to translate to the clinic.
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Of particular consideration when discussing the clin-
ical potential of oncolytic OrfV is the chosen dose of 
virus. In this study, a dose of 5e+07 PFU was well toler-
ated when delivered to mice by intravenous or intraper-
itoneal administration. Doses as high as 1e+09 PFU have 
been administered without any notable adverse effects 
(data not shown). However, to clinically apply OrfV as 
a therapeutic agent against ovarian cancers will require 
additional dose optimization and safety studies within an 
acceptable larger rodent model and non- human primate. 
We recently optimized a method to generate large 
amounts of high quality, high titer, infectious OrfV24 that 
could be scaled to support the translation of OrfV- derived 
technologies into the clinic.

In conclusion, OrfV is a multimechanistic antigen- 
agnostic immunotherapy effective against preclinical 
advanced- stage ovarian cancer. OrfV efficacy is tightly 
linked to NK cells that required cDC1 support. OrfV- 
activated NK cells were a major source of CXCL10 and 
stimulated recruitment of CD8+ T cells to the ovarian 
TME. OrfV therapy also stimulated a robust tumor- 
directed antibody response, which may further support 
tumor control. Notably, these immunological effector 
pathways were also present in human ovarian cancer. 
There is a striking advantage to a therapeutic platform 
with such diversity when considering its application to the 
clinic. OrfV was especially effective when combined with 
primary tumor removal surgery, which is a common treat-
ment modality. This highlights the potential for OrfV to 
be incorporated into the current treatment paradigm for 
ovarian cancer.
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