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Cancer remains a lead health concern for human and veterinary patients. We are
entering a new era of cancer therapy, driven by extensive evidence that the patient’s
immune system holds the key to beating cancer. Immunotherapy encompasses any
therapeutic modality with the explicit goal of activating the host immune response
against malignancy. Immunotherapy has already produced therapies that are being
used clinically. Oncolytic viruses (OV) are immunotherapeutics that use a diverse set of
cancer-targeting viruses to engage host anticancer immunity. OVs are multi-mechanistic
tools, each with unique biological characteristics. A key component of OVs is the ability
to generate inflammation in the tumor microenvironment, recruiting effector cells and
driving tumor-specific adaptive immune responses. In this thesis, two methods for

evaluating the adaptive immune response to cancer are developed. These methods
enable the quantification of tumor-specific T-lymphocyte and tumor-directed antibody
responses without the need to identify a specific target antigen. Next, we demonstrate
that fever can dramatically impact the oncolytic efficacy of two intensely studied OVs,
vesicular stomatitis virus and Maraba virus, both from the Rhabdoviridae family. We
developed a heat-adapted Maraba virus functional at fever-grade temperatures, and
make recommendations for preclinical and clinical evaluation and implementation of
OVs with regards to temperature. The final two research chapters evaluate the
poxvirusParapoxvirus ovis (OrfV) as an oncolytic virus in two challenging models of latestage ovarian cancer and osteosarcoma lung metastases. In both models, OrfV was a
dramatic immune-stimulating OV platform that could circumvent the host antiviral
interferon response and kill cancer cells by immunogenic cell death. OrfV massively
recruited tumoricidal natural killer cells that directly kill tumor cells, release tumor
antigen and guide the development of adaptive antitumor immune responses. The work
in this thesis provides tools for researchers to detect anticancer immune responses in
hosts, uncovers fever as a previously under-appreciated Achilles heel of some OVs and
presents OrfV as a multi-functional immunogenic OVs deserving of further investigation
and clinical translation.
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1 Review of the Literature
1.1 General Objectives
The purpose of this thesis was to contribute to our understanding of oncolytic
viruses (OVs) as tools for cancer immunotherapy. To this end, we took a broad
approach, tackling questions that have to date been on the periphery of typical OV
research. The initial promise of OVs quickly spawned a multi-disciplinary field, bringing
together traditional virologist, biologists, cancer researchers and immunologists, and
training new researchers with expertise that spans these disciplines. Indeed, any
researcher familiar was OVs will agree that the complexities of viruses and their
interactions with the cancer cells they infect and the responding immune system they
encounter require careful analysis and strong collaboration to uncover. It is these crossdisciplinary approaches that lead to deeper insights and greater understanding, which
we have aimed to do with this thesis.
Section 1.2 is a summation of the literature to date concerning the immunogenic
cell death of cancer cells, which alerts the host immune system against malignancy.
This mode of cell death, coined immunogenic cell death, was originally discovered by
researchers investigating a class of chemotherapeutics called anthracyclines. These
researchers were able to identify a consortium of molecular change in cells undergoing
immunogenic cell death that could consistently predict tumor rejection in animals. These
‘hallmarks’ of immunogenic cell death provided a standard for OV researchers to
investigate the potential for viruses to cause these same molecular changes in cancer
1

cells that they killed. As it turns out, some viruses do induce bone fide immunogenic cell
death, and others can be manipulated or combined with other drugs to do so. The
information in Section 1.2 will hopefully serve as a resource for investigators to question
the mechanism that their OV of interest undertakes to kill a target cancer cell, and
provide avenues for potentiating their anticancer effect.
Researchers and companies developing OV-based therapeutic platforms require
advanced technologies to properly evaluate efficacy and choose successful platforms
for clinical translation. OV-based therapies are becoming increasingly recognized as
immunotherapies, and there is a demand for sophisticated methods to analyze the
immune response that preclinical animals and clinical patients mount against both the
OV and the tumor. Special interest has been given to adaptive responses to tumor and
virus, including T cell and antibody responses. In preclinical cancer models, researchers
have identified some inherent tumor-associated antigens (antigens that are
preferentially expressed in tumor tissue but not normal tissue) that can be used to
monitor T cell and antibody responses. These are typically the same antigens that make
up antigen-targeted cancer vaccines that strive to mount strong adaptive immune
responses against the defined tumor antigen. From the perspective of quantifying
immune responses against tumor, the breadth of these tumor-associated antigens
across cancer types is narrow. In models without an existing known tumor-associated
antigen, preclinical research has benefitted from genetic introduction of surrogate
antigens that can be tracked similarly to endogenous tumor-associated antigens.
However, the surrogate antigens chosen are often derived from foreign proteins, for
2

example ovalbumin from chicken, and are therefore hyper-immunogenic and drive T cell
and antibody responses that do not reflect the magnitude expected for hypoimmunogenic tumor antigens. Thus, we identified a gap in the toolbox that OV
researchers rely on to assess OV immune-based efficacy and the need for technologies
that can assess adaptive anticancer immune responses without the need to previously
identify a target antigen or genetically introduce one into the model of interest.
The objective of the research in chapter 2 was to develop a method to quantify
antigen-specific T cells in an antigen-agnostic manner, or without prior knowledge of a
target tumor antigen. This method exploits an innate signaling pathway within cancer
cells, namely the upregulation of major histocompatibility complexes in response to
interferon. This allows us to trick cancer cells to presenting their antigens, which can
then be recognized by T cells and those T cells are subsequently quantified by flow
cytometry.
The objective of the research in chapter 3 was to develop a method to quantify
tumor-directed antibody responses following antigen-agnostic immunotherapies. This
method takes advantage of the target cancer cells themselves, using them as vessels
containing target antigens that can be bound by antibody. Antibodies specific for
epitopes on antigens contained on the surface or within the interior of the cancer cell
are bound and can be subsequently detected using fluorescence-quantification
technology.

3

The methods in chapters 2 and 3 were recently published in the journal Molecular
Therapy Methods and Clinical Development, and were used to support the research
conducted in chapters 4, 5 and 6.
In the fourth chapter, we report our investigation of the impact of temperature on
OV efficacy. This certainly represents an atypical and under-serviced avenue of OV
research. We came upon this question while running a clinical trial with OVs for the
treatment of feline cancer. We noticed during the delivery of the OV, that cats had
normal body temperatures up to two degrees higher than humans, and that they acutely
responded to virus therapy with fever. A search of the literature made it clear that
normal body temperature varies greatly across mammalian species, and varies just as
much within individuals of the same species, depending on many factors including the
time of day and physical activity. As expected, we found that patients that receive OVs,
regardless of the virus backbone, commonly respond with high-grade fever. The
prevalence of fever responses within OV-treated patients offered credence to
investigating the effect of high-grade fever temperatures on OV efficacy.
OV researchers have now developed a broad portfolio of viruses that are
oncolytic. These viruses are exceptionally diverse, with origins from almost all the
groups of the Baltimore virus classification system. This diversity continues with the
species that these viruses normally infect, from sandflies to sheep, which all have
different normal body temperature ranges and inhabit ecologically diverse habitats. This
suggests that viruses may be adapted to the temperature of their normal host and its
4

ecological environment, which would be changed when applied to a human cancer
patient.
OV researchers are aware that the viruses in their anticancer toolbox have diverse
origins. Despite this, the vast majority of OV cancer experiments in vitro are conducted
at a single temperature, 37°C, and in vivo experiments in a single species, mus
musculus. We hypothesized that this drastic simplification may conceal vulnerabilities of
some viruses to fever-grade temperatures, which are only exposed when certain OVs
are pushed far enough through the translational pipeline to be introduced to patients,
where they eventually show disappointing anticancer efficacy. The research in chapter 4
addresses the impact of fever-grade temperature on multiple viruses from the family
Rhabdoviridae, which have been tested in clinical trials for human cancer.
As we continue to uncover more about the potential of OVs as
immunotherapeutics, it is becoming increasingly unlikely that a single virus will be
effective at treating all forms of cancer. A more likely future scenario is that multiple
OVs, alone or in combination with other drugs, will comprise a clinician’s toolbox, with
which clinicians can select viruses tailored to their specific patient’s tumor. Thus, viruses
must be sourced from multiple origins and investigated thoroughly for their oncolytic and
immunogenic potential.
In chapter 5, we report findings into the use of Parapoxvirus ovis or OrfV as an
oncolytic virotherapy for advanced-stage ovarian cancer. OrfV has been long known as
a mild veterinary pathogen and as a potent vaccine vector with the capacity to generate
5

robust NK cell responses, modulate antigen presenting cells and drive responses
against vaccine targets. OrfV has been demonstrated to be oncolytic, but has never
been tested in late-stage ovarian cancer. Ovarian cancer still represents a major health
concern for woman globally, and remains the most lethal gynecological malignancy. Our
objectives were to initially investigate the efficacy of OrfV in a preclinical mouse model
of late-stage ovarian cancer, which very closely models the clinical pathology of human
patients. Next, we strove to meticulously uncover the underlying immunological effector
mechanisms driven by OrfV therapy. Finally, we recognized that human patients with
ovarian cancer often have tumor-bearing ovaries removed in an effort to slow tumor
progression. However, it is known that the perioperative period (around the time of
surgery) can be dramatically suppressive to the immune system and is a niche for the
spread of cancer metastases. Therefore, our final objective was to study the use of OrfV
as an immune stimulant during the perioperative period, in an effort to reduce the
spread of secondary disease and improve outcomes in our preclinical model, to inform
future translation of OrfV into the clinic.
In the sixth and final research chapter of this thesis, we further investigate OrfV as
an oncolytic platform, but in the context of an antigen-agnostic infected cell vaccine
(ICV). ICVs are comprised of patient tumor cells that are infected with virus ex vivo, and
then administered to patients. This strategy is advantageous over other therapeutic
modalities in that it uses autologous tumor cells as a source of antigen. Theoretically
any antigen contained within the tumor cell can be introduced to the patient immune
system to elicit and antitumor immune response, making the therapy patient-specific.
6

Additionally, ex vivo infection lowers the required dose of virus, which can be technically
challenging to produce.
Our primary objective was to evaluate the potential of an OrfV-ICV as a treatment
for osteosarcoma. Osteosarcoma remains a difficult disease to treat in humans, and is
also a significant healthcare problem for medium to large breed canines. Of note,
patients diagnosed with primary osteosarcoma almost always have metastatic disease
at the time of diagnosis. Osteosarcoma frequently metastases to the lungs, and also to
the central nervous system, which is exquisitely difficult to treat and is often fatal.
Common initial treatment in canines is limb amputation, which provides an ample
source of tumor tissue for generation of an ICV. Therefore, we hypothesized that the
oncolytic and immune stimulatory properties of OrfV would be effective against
osteosarcoma lung metastases in a preclinical mouse model.
Our secondary objectives were to determine the required immunological effector
cells required for the OrfV-ICV to control osteosarcoma metastases. To this end, we
assessed the response of several immunological subsets following the OrfV-ICV, and
depleted critical immune subsets with targeted antibodies to determine which subsets,
when removed from the system, would abrogate the efficacy of the OrfV-ICV. Since
long-term immunity to cancer is a high priority for novel therapies, we also tested tumorbearing mice that received the OrfV-ICV and survived osteosarcoma metastases for
resistance to rechallenge with the same tumor cells. This was additionally performed in
the context of immune depletion, with the objective of determining which immune
subsets are critical for anticancer immune memory following the OrfV-ICV.
7

Our tertiary objective was to address critical safety concerns generally associated
with ICVs. For example, we investigated multiple doses of the OrfV-ICV to determine
the dose with optimal efficacy and no toxicity. In addition, we compared different routes
of administration, including intravenous and intraperitoneal delivery, as previous groups
have reported safety concerns with high dose ICVs delivered intravenously. We also
demonstrated that the OrfV-ICV can be generated using cells that have been lethally
irradiated, which eliminates any concerns that tumor cells from the vaccine could
implant and generate tumors in vivo. Addressing these safety concerns offers serious
support to the translation of the OrfV-ICV into clinical assessment.
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1.2.1 Abstract
Oncolytic viruses (OVs) are multimodal cancer therapeutics, with one of their dominant
mechanisms being in situ vaccination. There is a growing consensus that optimal
cancer therapies should generate robust tumor-specific immune responses.
Immunogenic cell death (ICD) is a paradigm of cellular demise culminating in the
spatiotemporal release of danger-associated molecular patterns that induce potent anticancer immunity. Alongside traditional ICD inducers like anthracycline
chemotherapeutics and radiation, OVs have emerged as novel members of this class of
therapeutics. OVs replicate in cancers and release tumor antigens, which are perceived
as dangerous due to simultaneous expression of pathogen-associated molecular
patterns that activate antigen-presenting cells. Therefore, OVs provide the target
antigens and danger signals required to induce adaptive immune responses. This
review discusses why OVs are attractive candidates for generating ICD, biological
10

barriers limiting their success in the clinic and groundbreaking strategies to potentiate
ICD and antitumor immunity with rationally designed OV-based combination therapies.

1.2.2 ICD: The Cell Death Paradigm
The immune system is a critical factor in cancer development and resolution. In
2004, Dunn, Old, and Schreiber described the three E’s of cancer immunoediting:
elimination, equilibrium and escape1. By the time cancer patients reach the clinic,
tumors have evaded immune recognition and engaged in complex cell-to-cell2 and
systemic3 signaling to drive immunosuppression. An emphasis of cancer research is
therapies that overcome immunosuppression and tolerance to reawaken the immune
system to kill cancer cells. Immunogenic cell death (ICD) engages multiple conserved
cell death pathways, triggering an immune response against tumor antigens and
culminating in antitumor immunity4.
The engagement of overlapping, phylogenetically conserved cell death pathways
in ICD culminates in the spatiotemporal release of danger-associated molecular
patterns (DAMPs) from dying cells5 (Fig. 1). Critical DAMPs initiate responses by
11

attracting innate immune cells, particularly dendritic cells (DCs), to the tumor. DAMPs
mature antigen-carrying DCs, endowing them with the ability to activate tumor-specific T
cells. Thus, ICD is tied to the danger hypothesis6, wherein factors produced by stressed
and dying cells alert the immune system without an obligatory role for foreign
inflammatory stimuli.
Several therapies can elicit ICD, including select chemotherapies, radiation, high
hydrostatic pressure, photodynamic therapy, small molecules and oncolytic viruses
(OVs)4,7–10. Theoretically, potentiating ICD has the advantage of stimulating a patient’s
immune system in an antigen agnostic manner, making it personalized, yet broadly
applicable. It is likely that ICD inducers will be optimal when used in combination with
other therapies by involving multiple overlapping death pathways.
1.2.3 DAMP Profiles and Molecular Mechanisms of Translocation
The critical DAMPs in ICD are commonly referred to as the hallmarks of ICD.
These DAMPs are endogenous factors that translocate to abnormal cellular
compartments in a temporal cascade. Translocation of calreticulin (CRT) from the ER to
the cell surface (ecto-CRT), secretion of ATP and nuclear high-mobility group box 1
(HMGB1), and the production of type I interferons (IFNs) all preclude ICD11,12 (Fig. 1).
Once translocated, DAMPs interact with receptors and stimulate cellular and cytokine
responses against cancer-derived antigens.
The prototypic framework of DAMP translocation has been largely delineated
from studies using anthracycline chemotherapies8. Upon therapy-induced ER stress,
12

Ca2+ efflux and accumulation of reactive oxygen species, CRT complexes with ERp57
during transport from the ER and docks on CD91/low density lipoprotein receptorrelated protein 1(LRP1)13 (Fig. 1). Ecto-CRT/ERp57 signals through CD91 and
scavenger receptors SR-A and SREC-114,15 on innate immune cells, promoting
phagocytosis and NFκB pathway activation16,17. Heat-shock proteins (HSPs) also
translocate to the cell surface during ICD and similarly stimulate tumor antigen uptake18.
Extracellular ATP is a potent chemoattractant and is intimately linked to
autophagy, which helps attract DCs19. Intensive research identified a multiplex pathway
for ATP release20. Activated caspase-3 cleaves and activates Pannexin 1, which
translocates to the cell surface to mediate ATP secretion21. Immune cells follow
extracellular ATP gradients via binding to purinergic receptors; P2Y2 facilitates
recruitment of DCs, whereas P2X7 stimulates DC maturation (Fig. 1).
HMGB1, a primarily nuclear non-histone DNA-binding protein, is also a
pleiotropic cytokine and chemokine that is actively released by immune cells in
response to inflammation22. During viral infection, type I IFN signaling causes
hyperacetylation of HMGB1, promoting its secretion23,24. Once secreted, the redox form
of internal cysteine residues determines its cytokine or chemokine function25. HMGB1 is
passively released by dying cancer cells during ICD during secondary necrosis26.
HMGB1 signals through Toll-like receptor (TLR)-4 and receptor for advanced glycation
endproducts (RAGE) on DCs, eliciting pro-inflammatory cytokine production and crosspresentation of tumor antigens to T cells27–30 (Fig. 1). As a prognostic biomarker,
elevated tumor or serum levels correlate with poor outcomes31–33 and drug resistance34
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while low serum levels may stratify patients for novel immunotherapies35. Paradoxically,
chronic release of HMGB1 by tumors may aid in survival and metastasis36–38, whereas
acute release following cell death may induce tumor-specific immunity.
A myriad of other endogenous molecules are implicated in ICD11,39, but are not
considered critical for bona fide ICD, as demonstrated by prophylactic vaccination of
mice with killed cancer cells that protects against subsequent tumor challenge40. The
contribution of other DAMPs to ICD may be revealed as research continues. For
example, type I IFNs signal autocrinely and paracrinely to stimulate expression of an
immense array of IFN-stimulated genes, driving inflammatory responses against
antigens12,41 (Fig. 1). Type I IFNs are of paramount importance when considering ICD
induced by infectious agents such as OVs, since viruses are classic agonists of the IFN
response. As preclinical research into ICD continues, adherence to certain standards to
define ICD-inducers will be critical11.
1.2.4 Immunological Effector Mechanisms of ICD
The dogma of cancer immunotherapy has T cells driving an anticancer immune
response. As induction of cytotoxic T cells is dependent on the activation and
maturation of DCs, research on ICD has focused primarily on the DC-T cell axis.
However, other immunological effector subsets undoubtedly play a role in ICD. While
natural killer (NK) and B cells play important roles in responses against cancers and
many immunotherapies attempt to amplify their efficacy, only NK cells have been
considered in the context of ICD.

14

Dendritic Cells
DCs bridge innate and adaptive immunity by presenting antigens to T cells. They
express a large repertoire of pattern recognition receptors, which enable them to
interact with a broad range of stimuli. In ICD, DCs are recruited to the tumor
microenvironment (TME) by ligation of TLR4 and P2Y2 with HMGB1 and ATP,
respectively. Dying cancer cells are rapidly phagocytosed if they express ecto-CRT,
which binds LRP1, SR-A and SREC-1 on DCs14,15. In murine models of cancer treated
with immunogenic chemotherapy, recruitment of myeloid cells orchestrated by ATP
secretion from dying tumor cells promoted in situ differentiation into mainly
CD11c+CD11b+Ly6CHi inflammatory DCs42. These DCs surrounded caspase-3 positive
tumor cells and locally primed T cells, indicated by the preservation of antitumor
immunity upon removal of tumor-draining lymph nodes and pharmacological inhibition of
tertiary lymphoid structures. Thus, immunogenic chemotherapy can promote DC
recruitment and maturation in an ATP-dependent manner, leading to activation of
tumor-infiltrated T cells.
As such, the addition of immune checkpoint inhibitors could be particularly
effective at improving the function of suppressed tumor-infiltrating T cells43. Oxaliplatincyclophosphamide treatment recruited CD103+ DCs to the TME of murine lung
adenocarcinomas harboring low T cell numbers. CD103+ DC priming of CD8+ T cells in
the presence of immune checkpoint blockade increased the TEffector:TRegulatory ratio, a
positive biomarker for solid tumors44. While CD103+ DCs are a rare myeloid subset
within the TME45, they are the primary subset responsible for carrying tumor antigens to
15

draining lymph nodes. Delivery of FLT3L with the TLR3 agonist Poly(I:C) increased
recruitment, differentiation and maturation of CD103+ DCs via the type I IFN axis,
improving tumor-specific T cell responses and making tumors sensitive to immune
checkpoint blockade. One could perceive a therapeutic regimen wherein cancer-specific
OV therapy replaces Poly(I:C) to generate potent type I IFN responses and an
immunogenic TME to overcome resistance to immune checkpoint inhibition.
Natural Killer Cells
NK cells express activating and inhibitory receptors, with the net balance of their
ligation discriminating between dangerous and normal cells. Upon activation, NK cells
within the TME produce pro-inflammatory cytokines and influence the generation of
adaptive immunity through interactions with DCs and direct effects on T cells. NK cellderived IFN-γ and TNF-α promote upregulation of co-stimulatory and migratory markers
and production of IL-12 and IFN-γ by DCs, enhancing their ability to prime cytotoxic T
cells46–48. Further, IFN-γ from NK cells can promote TH1 cytotoxic T cell responses49.
NK cell-mediated cancer cell lysis increases the availability of tumor antigens for crosspresentation to T cells by DCs50, while antitumor NK cell functions rely on the production
of type I IFNs by DCs51,52.
Many chemotherapies cause severe DNA damage, leading to upregulation of
ligands for NK activating receptors, particularly NKG2D and DNAM-153. Ligation of
activating receptors and dysregulation of inhibitory signals results in contact-depending
killing of targets and cytokine production. Under stress conditions, tumor cells can
16

increase production of HSPs, including CRT and HSP70, which are critical signaling
effectors in ICD. In multiple tumor models, NK cells recognize HSP70 on the surface of
target cells54. In a xenograft model of human melanoma, HSP70 was found to increase
the antitumor activity of NK cells against target tumor cells expressing NKG2D ligands
MICA/B55. HSP danger signals may regulate recruitment and maturation of antigenpresenting cells and also drive antitumor NK responses, a concept that deserves further
investigation. As with many other cancer treatments, the contribution of NK cells may be
a powerful tool for enhancing ICD, especially in the context of OV-based therapies since
viruses can be potent NK cell activators.
T Cells and Dysfunction in Cancers
A major clinical problem is the rapid evolution of T cell suppression by tumors.
Most cancer antigens are derived from self and the corresponding T cell receptor (TCR)
repertoire relies on T cells that have escaped negative selection during central
tolerance56. Most patients have T cell repertoires with a low to moderate number of
clones with low to moderate affinity TCRs, limiting overall avidity of anticancer
responses. T cells with low/moderate affinity TCRs risk becoming anergic, where weak
MHC:TCR binding or co-stimulatory signaling results in T cells that are unable to
develop effector function57 and have a limited expansion58. T cell impairment can also
occur through exhaustion, a result of chronic antigen stimulation coupled with poor costimulation. Exhausted T cells in the TME express high levels of inhibitory receptors,
cease to produce cytokines and have altered transcriptional and epigenetic profiles59,60.
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The mutational progression of cancer leads to development of neoantigens that
are not found in the normal human genome and are not represented during thymic
selection. The accumulation of neoantigens is variable among cancers with melanomas
containing high numbers of neoantigens61. Theoretically, neoantigens represent ideal
targets for cancer immunotherapy, assuming that the T cell repertoire capable of
engaging them is superior to self-antigens62. Intriguingly, T cells with higher affinity
TCRs tend to be stronger targets for exhaustion by tumor-derived factors63. In practice,
high mutational and neoantigen burden correlates with improved responses to cancer
immunotherapies, including immune checkpoint blockade64–67. Indeed, deficiencies in
mismatch repair machinery, which facilitate the accruement of somatic mutations, is a
predictor for response to checkpoint blockade68,69. It is tempting to extrapolate the
correlates demonstrated during checkpoint blockade to ICD-driven therapies, which also
rely on reactivation of the T cell repertoire, especially since immunogenic chemotherapy
sensitizes cancers to immune checkpoint blockade43.
1.2.5 Mutations and Immunological Defects Limiting ICD in Tumors
Several immunogenic therapies lead to activation of ER stress and expression of
ecto-CRT70–72. Although ecto-CRT has a pro-phagocytic effect, it is countered by CD47.
The balance between calreticulin and CD47 is a determinant of phagocytic uptake of
stressed and dying cells and manipulating it is an important early step in promoting the
development of antitumor adaptive immunity73. Loss of LRP1 receptors on DCs in
tumor-bearing hosts impairs phagocytosis induced by ecto-CRT4. Notably, the balance
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of ecto-CRT:CD47 ligation can potentially be tipped in favor of pro-phagocytic signaling
through the use of CD47-blocking antibodies16,74.
Tumor cells further limit ICD by defective production or active degrading of ATP.
For example, overexpression of the ectonucleotidases CD39 or CD73 promotes
degradation of extracellular ATP75. Notably, the primary degradation product is
adenosine, which is potently immunosuppressive76. Adenosine signaling in the TME can
impede cytotoxicity and IFN-γ secretion by NK and CD8+ T cells77,78, stimulate T cell
anergy and increase infiltration of TRegs79. Moreover, adenosine is a critical
immunosuppressive effector mechanism for TRegs80, myeloid-derived suppressor cells
and suppressive type 2 tumor-associated macrophages81,82. Single nucleotide
polymorphisms in purinergic receptors could impair recruitment of leukocytes into
tumors by virtue of their inability to properly navigate ATP gradients as seen with
polymorphisms in HMGB1 and TLR4, which can limit the immunological effects of ICD4.
During infection with viruses83 and treatment with chemotherapies12, cancer cells
secrete type I IFNs. The anti-tumor effects of anthracyclines are, in part, mediated by
the induction of type I IFNs following TLR3-mediated sensing of self-RNA secreted
following drug-induced damage12. Tumor cells lacking type I IFN receptors thus fail to
respond properly to anthracyclines12. In humans, defects or altered expression of type I
IFN signaling components influences disease progression and prognosis12.
Necroptosis is a form of programmed cell death triggered by stimuli that engage
the TNF superfamily, ligation of various pattern recognition receptors, and/or genotoxic
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and oxidative stresses induced by anticancer drugs84. Unlike apoptosis, necroptosis
requires inactivation of caspase-8 and subsequent activation of serine/threonine
receptor-interacting protein kinases RIPK1 and RIPK384. Necroptosis activates
anticancer immunity and contributes to the immunogenicity of transplantable tumors85,86.
In contrast, necroptosis is described as immunosuppressive in pancreatic cancers and
in the context of autochthonous murine cancer models87. The effect of necroptosis in
spontaneous cancers in mice has yet to be demonstrated. Therefore, the clinical
relevance of necroptosis to induction of tumor-specific immunity is debatable. More
research is needed to clarify the patterns of inflammatory cytokines and DAMPs
released during necroptosis that bias the outcome towards tumor promotion versus
immune suppression. Strategies to promote necroptotic ICD will need to consider that
some cancers inactivate or lose expression of RIPK1, RIPK3 and the executioner
MLKL88, key components that drive necroptosis84.
1.2.6 Oncolytic Viruses: Anticancer Vaccines and ICD-Inducers
Oncolytic viruses are targeted biological therapeutics that infect and kill cancer
cells, triggering systemic antitumor immune responses89. OVs have demonstrated
preclinical and clinical success culminating in the United States Food and Drug
Administration approving the herpesvirus T-Vec for advanced melanoma90. OVs have
the implicit capacity to generate inflammatory responses through production of
pathogen-associated molecular patterns (PAMPs) and release of tumor antigens, thus
acting as in situ cancer vaccines (Fig. 2). Engineering expression of immunomodulatory
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transgenes, such as cytokines (e.g. GM-CSF for T-Vec), or immune checkpoint
inhibitors enhances OV-driven antitumor immunity91,92.
Interactions between viruses and hosts has shaped a complex network of cell
death and antiviral signaling pathways and viral escape mechanisms93,94. Cancer
represents an aberration to virus-host interactions, as many cancer mutations95 come at
a fitness cost to the antiviral response or allow viruses to usurp upregulated growth
pathways. Several OVs elicit ICD through engagement of cell death pathways resulting
in diverse expression of DAMPs. The anticancer effects of OVs may be potentiated by
combination with other ICD inducers96.
Adenovirus (Ad)-based OVs have been in clinical development for decades and
are approved in China for head and neck cancers97. Ad5 containing a Delta-24-RGD
cancer-targeting mutation kills glioma cancer cells through autophagic cell death and
activation of caspase-8, both hallmarks of ICD98, and induces tumor antigen-specific
adaptive immune responses99. The mechanistic understanding of Ad-driven autophagic
cell death led to preclinical testing of Ad combined with the alkylating agent
Temozolomide (TMZ)100. TMZ also induces autophagy, and in combination with Ad5
leads to induction of ICD in breast and prostate cancer cell lines. This combination was
applied to a cohort of 17 patients with advanced solid tumors, where it was well
tolerated and improved anticancer T cell responses and overall survival100. Intriguingly,
there was a correlation between high levels of HMGB1 in patient serum following
treatment and improved survival. A phase 1 trial is underway to evaluate the
combination of Ad and TMZ in glioblastoma patients (DNAtrix Inc., NCT01956734),
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showing how an evidence-based combinatorial approach with OVs and approved drugs
to promote ICD can be translated to the clinic.
Vaccinia virus (VACV) is a poxvirus progressing towards regulatory approval101.
VACV induces a combined form of cell death, involving immunogenic apoptosis and
necrosis102. Given poxviruses carry genes to antagonize cell death pathways, VACV
causes an incomplete emission of ICD-inducing DAMPs103. Removing the viral antiapoptotic genes SPI-1 and SPI-2 enhanced necrosis and release of HMGB1, extending
survival in immunocompetent tumor-bearing mice104. Unfortunately, VACV does not
increase extracellular ATP102,105. This may be a common feature among OVs since ATP
is a highly utilized resource during production of viral progeny.
The potential of combining VACV with ICD inducers has been explored for drugresistant ovarian cancers. Komorowski et al106 combined recombinant VACV with
doxorubicin, a standard of care anthracycline. In vitro treatment of ovarian cancer cells
with VACV enhanced susceptibility to doxorubicin, likely mediated through type I IFNs,
and increased DC tumor antigen uptake. A bona fide ICD vaccination experiment
showed that tumor cells killed with VACV and doxorubicin limited engraftment compared
to either treatment alone.
VACV-induced ICD has been exploited to shape the TME to favor antitumor
immunity. VACV infection can release tumor antigen into an inflamed microenvironment
consisting of pro-inflammatory cytokines, DAMPs and PAMPs, and simultaneously
increase expression of PDL-1 on recruited immune cells, limiting cancer-specific
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immune responses107. Treatment with anti-PDL-1 following VACV prevented the
shutdown of cancer-specific T cells and reduced infiltration of regulatory T cells and
immunosuppressive myeloid-derived suppressor cells, resulting in improved efficacy107.
Thus, combination of immunomodulatory checkpoint inhibitors with ICD-inducing
therapies like OVs deserves further preclinical and clinical investigation.
1.2.7 OV-Based Therapies to Enhance ICD: Strategies to Overcome Suboptimal
Induction of ICD
Three key DAMPs (ecto-CRT, extracellular HMGB1 and ATP) are often used as
biochemical markers of ICD108. Indeed, for ICD-inducing chemotherapeutics these
DAMPs appear necessary to efficiently induce immune responses4. However, they are
not absolute indicators of ICD11: drugs such as cardiac glycosides show the
stereotypical in vitro biochemical features of ICD but fail to initiate immunological
memory in vaccination assays, suggesting a requirement for additional unidentified
DAMPs in induction of bona fide ICD109. Thus strategies to enhance ICD should
increase the quantity and broaden the diversity of DAMPs, while simultaneously
upregulating expression of cognate receptors on innate immune cells.
OVs cause pre-mortem stress leading to secretion of one or more DAMPs that
are typically released during chemotherapy96. However, the immunogenicity of cell
death induced by OVs, especially the signaling cascades preceding secretion of
DAMPs, is not well characterized. Future studies should focus on dissecting the
relevance of DAMPs released during OV infection with therapeutic outcomes. Since
viruses are amenable to genetic modification, OVs can be engineered to express ICD23

associated DAMPs96 or components of ICD signaling pathways that are mutated or
missing in tumor cells, thus increasing their immunotherapeutic potential. Large DNA
OVs such as HSV-1 encode many proteins that counter ICD and innate and adaptive
immunity110. Characterizing the ICD-evading proteins of OVs would provide the
rationale for engineering mutant viruses lacking these proteins.
While ICD-inducing therapies are promising, monotherapies often promote the
emergence of resistant tumor variants40. As a result, combination therapies will likely be
required to provide cures. There is some evidence to suggest that broadening the
induction of DAMPs potentiates anticancer immunity. For some chemotherapies, failure
to initiate one or more of the hallmark DAMPs results in an inability to mediate
immunogenic effects4. For example, Cisplatin-treated tumors release ATP and HMGB1,
but fail to cause sufficient ER stress to expose ecto-CRT. Incorporating ER stressors
such as OVs can promote the immunogenicity of Cisplatin111. In a different approach,
inhibitors of nucleotidases were administered along with ICD-inducing therapies in
patient tumor types that express high levels of CD39 and CD73111. Also, subversion of
HMGB1 release by cancer cells reduces the potential for signaling through TLR4, which
can be countered by administering synthetic TLR4 agonists such as dendrophilin111. In
a particularly promising combination approach, we showed that treating tumor-bearing
mice with immunogenic HSV-1 OV and immunogenic chemotherapy effectively
potentiated ICD112,113. Identifying ideal combinations of ICD-inducing agents to minimize
tumor escape variants represents an important future research direction. The use of
OVs with other ICD-inducers is particularly promising.
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1.2.8 Improving Research Models to Predict Success of ICD-Inducing Therapies
in the Clinic
Checkpoint blockade immunotherapies exert durable anticancer effects in
patients that already have T cell infiltrates114. However, only a fraction of patients
respond to checkpoint blockade immunotherapy114. From preclinical studies43 it is
plausible to speculate that ICD induction will activate T cell responses with broad
antigenic coverage in human patients, and increase the proportion of patients that
respond to checkpoint blockade immunotherapies. Two lines of evidence suggest that
the type of cancer cell death has an immunomodulatory effect: (1) T cell infiltration of
human breast cancers at diagnosis (a high ratio of CD8+ T cells:regulatory T cells)
predicts efficacy in patients receiving some chemotherapies115 and (2) treatment of
cancer patients with adoptive transfer of DCs loaded with dying cancer cells showing
features of ICD leads to development of potent anti-tumor immity116. While these studies
suggest that ICD may influence cancer patient outcomes, from its early conception to
experimental validation, the field of ICD has relied heavily on the use of immunogenic
transplantable tumor models. While these models provide tools to study ICD, they do
not capture the immunosuppressive nature of spontaneous human tumors.
Recently it was shown that immunogenic chemotherapy using oxaliplatincyclophosphamide (Oxa-Cyc) induces T cell infiltration in a KRAS/Trp53-mutated lung
adenocarcinoma model and sensitizes tumors to checkpoint blockade immunotherapy43.
Although oxaliplatin has been well studied for its direct cell death-mediated
immunogenic potential, cyclophosphamide is not well characterized117,118. Nonetheless,
prophylactic vaccination with Oxa-Cyc-killed tumor cells provided protection against
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spontaneous tumor development43. In sharp contrast, a previous report used
spontaneously arising mammary tumors to conclude that antitumor effects of
chemotherapy are independent of the immune system119. This study used
chemotherapies that were well characterized for their immunogenic effect in
transplantable tumor models. However, the chemotherapies were administered
systemically at a high dose, which could cause general suppression of the immune
system, leading to loss of therapeutic efficacy.
In short, murine studies show that different types of chemotherapies and dosing
schedules exert different immunogenic and therapeutic effects in a model-dependent
fashion. As a result, it remains a question as to what type of non-immunogenic tumor
model will best predict the inherent immunogenic properties of chemotherapies.
Moreover, translating preclinical ICD observations into the clinic requires understanding
the inherent immunological differences between humans and mice120. A comparative
study of inflammatory stressors in humans and mice showed remarkably different
genomic responses121. Although in vitro biochemical assays to detect ecto-CRT,
extracellular ATP and HMGB1 can be used to predict ICD in human cell lines, these
assays cannot conclusively prove ICD. Vaccination experiments with dying tumor cells
in immunocompetent mice are the gold standard assay for ICD. In vitro DC maturation
assays using dying human cancer cells co-cultured with DCs may be superior predictors
of ICD. Moreover, the development of humanized mice for dying human cancer cell
vaccination assays will be particularly useful for predicting ICD in humans.
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1.2.9 Conclusions
ICD represents a new and exciting paradigm in the field of cancer research.
Dramatic advancements have been achieved in defining key hallmarks associated with
ICD and how they mediate their effects. However, rigorous testing in various cancer
models has revealed that there is likely an array of yet-to-be-identified DAMPs that can
drive optimal ICD. Notably, the primary emphasis in this field has been on
understanding the role of ICD in promoting tumor-specific T cell responses. But ideal
tumor-specific immunity will be underpinned by multi-mechanistic effector mechanisms.
There is a small but growing body of evidence that provides the rationale and some
mechanistic insight required to start designing ICD-inducers to engage NK cells, along
with T lymphocytes. A gaping hole exists in terms of understanding the role of ICD
inducers in tumor-specific antibody responses. This may be due to the historical
demonstration that antibodies fail to play a role in ICD caused by anthracyclines122.
However, antibodies represent an important arm of the immune system for targeting
surface-expressed tumor antigens, promoting antigen presentation to T cells via
antibody-mediated uptake of proteins from dying cells and facilitating antibodydependent cellular cytotoxicity. As such, the identification of non-anthracycline ICDinducers that can promote antibody responses may be a way to tap into this currently
unharnessed effector mechanism.
We contend that combining OVs with classical ICD-inducing chemotherapeutics
may represent a particularly promising way to optimize ICD-focused therapies for
clinical use. OVs and drugs overlap in their ability to induce the key hallmarks of ICD
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(exogenous ATP and HMGB1, and ecto-CRT) in dying cancer cells. Moreover, viruses
are potent inducers of type I IFNs, which have recently been defined as the fourth
hallmark of ICD. They also induce the expression of broad arrays of DAMPs, which may
include at least some of those that are currently undefined but likely required for optimal
ICD. OVs are also capable of engaging multiple pathways of cell death, which could
minimize the risk of selecting ICD-escape variants. Finally, viruses potently activate NK
and B cells, thereby providing the potential to recruit these additional immunological
effector mechanisms. Using OVs to potentiate ICD-inducing drugs has excellent
potential for re-activating the tumor-killing potential of the immune systems of cancer
patients. This could provide a relatively cost-effective, short-duration, personalized
treatment for cancers.
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1.2.12 Figures

Figure 1: Immunogenic cell death causes the release of DAMPs (high-mobility group
box 1 [HMGB1], adenosine triphosphate [ATP], surface-expressed calreticulin [ecto54

CRT] and type I interferons [IFNs]) from dying tumor cells. These DAMPs attract innate
effector cells, like DCs, that acquire tumor antigens and receive maturation signals.
Extracellular ATP binds to the purigenic receptors P2Y2 and P2X7, which promote
recruitment and maturation of DCs, respectively. Ecto-CRT binds to low density
lipoprotein receptor-related protein 1(LRP1) and promotes phagocytosis and induction
of pro-inflammatory cytokines. HMGB1 binds to Toll-like receptor (TLR)-4 and receptor
for advanced glycation endproducts (RAGE), which promote production of cytokines
and antigen cross-presentation. Type I IFNs bind to their cognate receptor (IFNAR) and
drive the expression of a large array of IFN-stimulated genes that support the induction
of acquired immune responses. Mature DCs can present tumor antigens to cancerspecific T cells leading to antitumor immunity.
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Figure 2: Oncolytic viruses infect and preferentially kill cancer cells. Tumors facilitate
the spread of oncolytic viruses, and tumor cell lysis releases tumor-associated antigens
(TAAs). During the virus lifecycle, pathogen-associated molecular patterns (PAMPs) are
released, which stimulate pattern recognition receptors that in turn induce antiviral type I
interferons (IFNs) and inflammatory cytokines. Different viruses engage or inhibit cell
death pathways leading to an array of cell death phenotypes that are immunogenic,
including pyroptosis, necroptosis, immunogenic apoptosis and autophagic cell death.

56

2 Quantifying Antigen-Specific T Cell Responses When
Using Antigen-Agnostic Immunotherapies

Jacob P. van Vloten1, Lisa A. Santry1, Thomas M. McAusland1, Khalil Karimi1, Grant
McFadden2, James J. Petrik3, Sarah K. Wootton1,† and Byram W. Bridle1,†

1

Department of Pathobiology, University of Guelph, Guelph, Ontario, Canada, N1G

2W1.
2

The Biodesign Institute, Arizona State University, Tempe, Arizona, USA, 85287.

3

Department of Biomedical Sciences, University of Guelph, Guelph, Ontario, Canada,

N1G 2W1.

†

co-equal senior authors

Correspondence should be addressed to B.W.B. (bbridle@uoguelph.ca)
Publication: van Vloten, JP., Santry, LA., McAusland, TM., Karimi, K., McFadden, G.,
Petrik, JJ., Wootton, SK., and Bridle, BW. Quantifying Antigen-Specific T Cell

57

Responses When Using Antigen-Agnostic Immunotherapies. Molecular Therapy
Methods and Clinical Development. doi: 10.1016/j.omtm.2019.01.012. (2019).

2.1 Abstract
Immunotherapies are at the forefront of the fight against cancers, and
researchers continue to develop and test novel immunotherapeutic modalities. Ideal
cancer immunotherapies induce a patient’s immune system to kill their own cancer and
develop long-lasting immunity. Research has demonstrated a critical requirement for
CD8+ and CD4+ T-cells in achieving durable responses. In the path to the clinic,
researchers require robust tools to effectively evaluate the capacity for
immunotherapies to generate adaptive anti-tumor responses. To study functional tumorspecific T-cells, researchers have relied on targeting tumor-associated antigens (TAA)
or the inclusion of surrogate transgenes in pre-clinical models, which facilitate detection
of T-cells by using the targeted antigen(s) in peptide re-stimulation or tetramer-staining
assays. Unfortunately, many pre-clinical models lack a defined TAA, and epitope
mapping of TAAs is costly. Surrogate transgenes can alter tumor engraftment and
influence the immunogenicity of tumors, making them less relevant to clinical tumors.
Further, some researchers prefer to develop therapies that do not rely on pre-defined
TAAs. Described here is a method to exploit major histocompatibility complex
expression on murine cancer cell lines in a co-culture assay to detect T-cells responding
to bulk, undefined, tumor antigens. This is a tool to support the preclinical evaluation of
novel, antigen-agnostic immunotherapies.
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2.2 Background
Immunotherapies for the treatment of cancers rely on unlocking the potential of a
patient’s immune system to kill neoplastic cells. The strategies to accomplish this are
diverse, but generally rely on activating T-cell clones capable of targeting tumorassociated antigens (TAAs). Notably, conventional T-cells are emphasized as key
effectors because high numbers of these infiltrating the tumor microenvironment
correlates with improved prognosis1. One way to induce tumor-specific T-cells is with
oncolytic virotherapy, highlighted by FDA approval of the recombinant herpesvirus TVec5. Oncolytic viruses (OVs) are multi-modal anticancer agents that can directly target
and kill tumor cells in an immunogenic fashion, culminating in the release of tumor
antigens and danger signals that promote inflammation, recruit immunological effector
cells and stimulate anticancer immunity6. Elucidating the mechanisms by which OVs
induce antitumor immune responses, particularly T-cell responses, is of considerable
interest to researchers who aim to provide durable cures and induce immunological
memory. Looking forward, it is critical that researchers possess a comprehensive
toolbox for evaluating tumor-specific T cell responses in pre-clinical models of
immunotherapies that are destined for the clinic.
Assessment of functional tumor-specific T-cell responses currently relies on
techniques centered around defined target antigens. For some preclinical models,
antigens have been well-characterized, such as dopachrome tautomerase (DCT;
tyrosinase-related protein-2) for melanomas7. For models where no tumor antigen has
been defined, exogenous surrogate antigens like ovalbumin8,9 can be stably introduced
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to tumor cell lines and used to evaluate T-cell responses through ex vivo peptide restimulation or tetramer staining. Despite their usefulness in this regard, exogenous
antigens can alter immunogenicity of cancer cell lines, which impacts engraftment and
immunoediting as tumors develop. In addition, surrogate antigens should not be
expected to engage the T-cell compartment in the same way as endogenous tumor
antigens.
Both techniques of either directly targeting a defined tumor antigen or introducing
a model antigen enable researchers to monitor T-cells responding to those antigens in
circulation. Blood sampling is non-lethal and, therefore, T-cell responses can be
examined during the course of treatment and correlated with important outcomes such
as tumor growth and survival. For tumor models that lack defined tumor antigens or
surrogate antigens, researchers often sacrifice animals and enumerate T-cells directly
in tumor tissues by flow cytometry10. Also, many researchers are concerned about
antigen-directed therapies being limited to patients with cancers that express the
target(s). To circumvent this, many prefer the concept of antigen-agnostic
immunotherapies that allow each patient’s immune system to determine its own antigen
specificities11.
Detecting primary tumor-specific T-cell responses following immunotherapy is
challenging, because they are generally of low magnitude since many tumor antigens
are self-derived. Tumor neoantigens are developed through multiple mechanisms
including the accumulation of mutations left unchecked by abnormal DNA repair
machinery in cancer cells and represent altered-self proteins that can be recognized by
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T-cells that escaped negative selection in the thymus12,13. Cancers that have a high
neoantigen load have been shown to respond better to immunotherapies, including
checkpoint inhibitors, providing strong evidence that T-cell responses against
neoantigens are functional14-16.
We reasoned that tumor cell lines used to generate preclinical transplantable
tumor models in mice would contain relevant tumor antigens and/or neoantigens
capable of engaging the T-cell compartment. Autologous tumor cells would thus serve
as sources of antigens for detecting tumor-specific T-cells in circulation following
immunotherapy, such as oncolytic virotherapy and infected cell vaccine strategies,
without the need to previously define a target tumor antigen.
Recognition of tumor antigens by T-cells relies on efficient loading of major
histocompatibility complex (MHC) molecules with antigens and their transport to the cell
surface. CD8+ and CD4+ T-cells recognize antigens in the context of MHC class I and II,
respectively. Tumors frequently downregulate expression of MHC molecules to escape
elimination by the immune system17,18. It has been demonstrated that interferon (IFN)γ
is a driver of MHC class I expression and subsequent antigen recognition19. IFNγmediated upregulation of MHC class I is critical for recognition of targets by CD8+ Tcells20 and increasing attention is being placed on mechanisms to induce MHC class I
expression on deficient tumors to improve immunotherapies17. Accordingly, recombinant
(r) IFNγ has been used to increase expression of MHC class I on melanomas in a
Phase II trial21. Interestingly, although expression of MHC class II is typically associated
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with antigen-presenting cells, some cancer cells can also upregulate expression of this
molecule in response to IFNγ22.
We developed a method to detect tumor-specific T-cell responses in murine
preclinical models of cancers with undefined target antigens. rIFNγ was used to induce
expression of MHC molecules on murine cancer cell lines, rendering them capable of
presenting bulk tumor antigens to T-cells ex vivo for quantification by flow cytometry.

2.3 Required Materials
a. Reagent List
•

Retro-orbital blood draw
o Heparinized microhematocrit capillary tubes (Fisher Scientific, MA, USA,
Cat#22-362-566)
o 1.5mL microtubes
o Heparin (3μg/mL; Sigma-Aldrich MA, USA, Cat#H3149) in Hank’s
balanced salt solution (HBSS; HyClone UT, USA, Cat#SH3026802)
o Gauze pads
o Eye lubricant
o Container filled with ice

b. Equipment List
•

Retro-orbital blood draw
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o Anesthetic machine
•

Flow cytometry
o A flow cytometer capable of detecting a minimum of three colours (for
CD4, CD8 and IFNγ) is required; detection of up to seven colours is
optimal. A three-laser, eight-colour FACS Canto II (BD Biosciences, ON,
Canada) was used to generate the data shown here.
o Neubauer improved cell counting chamber

•

Cell culture:
o Dulbecco’s modified eagle’s medium (Hyclone, Cat#SH30022.01) or
media specific to tumor cell line of interest, containing 10% fetal bovine
serum (VWR, PA, USA, Cat#97068-085) and penicillin/streptomycin
cocktail (Fisher Scientific, Cat#SV30010) (cDMEM)
o 0.25% Trypsin-EDTA (Corning, NY, USA, Ref#25-052-CI)
o Phosphate-buffered saline (Hyclone, Cat#SH30256.01)
o Cell culture-treated flasks/plates, including 96-well U-bottom (Fisher
Scientific, Cat#12-565-65)
o Murine rIFNγ (eBioscience, SD, USA, Cat#14-8311-63)
o Phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich, Cat#P1585)
o Ionomycin (Sigma-Aldrich, Cat# I9657)

•

Blood Processing and flow cytometry
o FACS tubes (Falcon™ round-bottom polystyrene tubes, Corning, Cat#14959-5)
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o Ammonium chloride potassium (ACK) lysing buffer (see reagent setup)
§

NH4Cl, KHCO3, Na2EDTA (Sigma-Aldrich, Cat#s A9434, 237205
and 324503, respectively) and HCl (Fisher Scientific, Cat#SA481)

o HBSS
o FACS buffer (PBS + 0.5% bovine serum albumin [Fisher Scientific,
Cat#BP1600-100])
o Roswell Park Memorial Institute medium-1640 with L-glutamine (Hyclone,
Cat#SH3002701) containing 10% fetal bovine serum,
penicillin/streptomycin cocktail and 0.01% 2-mercaptoethanol (Gibco, MD,
USA, Cat#21-985-023) (cRPMI)
o Brefeldin A (eBioscience, Ref#00-4506-51)
o Fixation buffer (BioLegend, CA, USA, Cat#420801)
o Intracellular staining permeabilization wash buffer (BioLegend,
Cat#421002)
o Fixable viability dyes:
§

Zombie NIR fixable viability kit (BioLegend, Cat#423105)

§

7-amino-actinomycin D (7-AAD) (BioLegend, Cat#420404)

o Antibodies against murine:
§

CD16/32 (Fc block, clone: 93; BioLegend, Cat#101320)

§

CD3ε-BV421 (clone: 145-2C11; BioLegend, Cat#100336)

§

CD8a-BV510 (clone: 53-6.7; BioLegend, Cat#100752)

§

CD4-FITC (clone: RM4-4; eBioscience, Ref#11-0043085)
64

§

IFNγ-APC (clone: XMG1.2; BioLegend, Cat#505810)

§

TNFɑ-PE (clone: MP6-XT22; eBioscience, Ref#12-7321-82)

§

CD107a-PerCP-Cy5.5 (optional; clone: 1D4B; BioLegend,
Cat#121625)

§

MHC class I (H-2kb)-PE (clone: AF6-88.5; BD Biosciences,
Cat#561072)

§

MHC class I (H-2kd)-PE (clone: 34-1-25; BioLegend, Cat#114708)

§

MHC class II (I-A/I-E)-APC780 (clone: M5/114.15.2; eBioscience,
Ref#47-5321-82)

c. Reagent Setup
•

For ACK lysing buffer add the following to H2O:
o NH4Cl (0.15M)
o KHCO3 (10.0mM)
o Na2EDTA (0.1mM)
o Adjust pH to 7.2-7.4 with 1N HCl
o Filter-sterilize through a syringe-tip filter with a 0.2μm cut-off and store at
room temperature

d. Equipment Setup
•

Flow cytometry
o Manufacturer recommendations should be followed to set up a flow
cytometer for multi-color analysis.
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2.4 Experimental Procedure
For an experimental workflow, see figure 1.
Timing of assay:
•

To maximize the sensitivity of this assay, blood should be collected from mice at
the peak of the T-cell response, which is often ≈7-12 days following treatment,
depending on the therapy.

Seeding tumor cells and pre-treatment with IFNγ:
•

Culture tumor cells in flasks/plates to 80-90% confluency
o Tumor cell lines for this research were obtained directly from ATCC. To
assure reproducibility, cell lines were expanded in isolation from other cell
lines immediately upon arrival and many aliquots were frozen to create a
low-passage lab stock from which project-specific stocks were made.
o All cell lines were confirmed mycoplasma-free using the MycoAlert PLUS
Mycoplasma Detection Kit (Lonza, Basel Switzerland, cat#LT07-705)

•

Detach cells using trypsin, and re-suspend in cDMEM and enumerate using a
counting chamber

•

Seed 1x105 cells/well of a U-bottom 96-well tissue culture plate in 180μL
complete medium
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o Note: plate one well of target tumor cells per blood sample, plus two extra
wells (one with and one without rIFNγ; to confirm expression of MHC)
•

Dilute rIFNγ in complete medium such that 50units (U) in 20μL can be added to
each well (which will have a final volume of 200μL)
o Active units (usually provided in U/mg) of rIFNγ should be listed on the
associated product data sheet and can vary between lots
o Different cancer cell lines may require varying concentrations of rIFNγ to
maximally upregulate MHC. A pilot flow cytometry experiment is
recommended to optimize this for each cell line.

•

Incubate tumor cells at 37°C, 5% CO2 for 48 hours
o Duration of pre-treatment with rIFNγ will vary depending on the cell line
and should be optimized to maximize MHC expression. Some cell lines
may require longer pre-treatment (up to 72 hours), others require no pretreatment if high levels of MHC molecules are constitutively expressed.

Blood collection and processing:
•

Collect blood (100-200μL is recommended) from mice in 1.5 mL microfuge tubes
containing 5μL of heparin (3μg/mL of HBSS) to prevent clotting
o The amount of blood that is collected correlates with sensitivity of the
assay and the number/proportion of antigen-specific T-cells can be low
with many immunotherapies. Therefore, it is recommended that the
maximum volume of blood allowed by the institutional animal care
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committee guidelines be acquired. The work presented here was
approved by the University of Guelph Animal Care Committee (Animal
Utilization Protocol #3807) and adhered to the policies published by the
Canadian Council on Animal Care.
•

Immediately put blood samples on ice

•

Transfer blood to FACS tubes and record the blood volume from each sample

•

Add 2mL ACK lysing buffer and incubate for five minutes at room temperature to
remove erythrocytes

•

Add 2mL of HBSS to stop lysis

•

Centrifuge at 500xg for 5min

•

Remove supernatant and re-suspend cell pellet in 1mL ACK lysing buffer and
incubate for five minutes at room temperature to remove residual erythrocytes

•

Add 2mL of HBSS to stop lysis

•

Centrifuge at 500xg for 5min

•

Re-suspend in 300uL cRPMI containing 2-mercaptoethanol and antibiotics

Co-culturing tumor cells and blood-derived leukocytes:
•

Centrifuge the 96-well U-bottom plate containing tumor cells at 500xg for five
minutes and remove supernatant

•

Transfer 150μL of blood-derived leukocytes to wells containing tumor cells

•

Transfer remaining 150μL of processed leukocytes to an empty well
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o This serves as a negative control for each blood sample and is used to
remove background during analysis
•

Additional controls:
o Positive control: Include one extra blood sample stimulated with a
combination of PMA (10ng/mL) and ionomycin (1.5µg/mL) at the time of
plating. This serves as a control to ensure the downstream staining
protocol worked.
o Confirmation of MHC expression: Additional tumor cells with and without
rIFNγ-mediated re-stimulation should be stained with MHC class I and IIspecific antibodies to confirm MHC expression in each experiment.

•

Optional: add anti-CD107a to each well to assess degranulation

•

Incubate at 37°C, 5% CO2 for 1hr

•

Add 4xBrefeldin A in 50μL of cRPMI/well for a total volume of 200μL/well

•

Continue incubation for 4hrs

Staining for surface and intracellular markers:
•

Centrifuge plate at 500xg for 5min, remove supernatant by rapid inversion of the
plate followed by blotting on absorbent paper, and the re-suspend the cells by
gently tapping the side of the upright plate.

•

Add anti-CD16/32 at a 1/200 dilution in 50μL FACS buffer/well to block Fc
receptors

•

Incubate for 20min at 4°C
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•

Add 150μL of FACS buffer

•

Centrifuge plate at 500xg for 5min, remove supernatant and re-suspend cells

•

Add antibodies for surface markers (anti-CD3ε, -CD4 and -CD8a) at 1/200
dilutions in 50μL FACS buffer/well

•

Incubate for 20 minutes at 4°C in the dark

•

Add 150μL of PBS/well

•

Centrifuge plate at 500xg for 5min, remove supernatant and re-suspend cells

•

Add 200μL of PBS

•

Centrifuge plate at 500xg for 5min

•

Remove supernatant and re-suspend cells

•

Make a 1/1,000 dilution of fixable viability dye in PBS and add 100μL per well

•

Incubate for 30min at 4°C in the dark

•

Add 100μL of PBS.

•

Centrifuge plate at 500xg for 5min, remove supernatant and re-suspend cells

•

Add 50μL/well of fixation buffer

•

Incubate for 20min at 4°C in the dark

•

Add 150μL/well of 1x permeabilization buffer

•

Centrifuge plate at 500xg for 5min, remove supernatant and re-suspend cells

•

Add 200μL/well of 1x permeabilization buffer

•

Centrifuge plate at 500xg for 5min, remove supernatant and re-suspend cells

•

Add cytokine-specific antibodies (anti-IFNγ and -TNFɑ) at a 1/200 dilution in 1x
permeabilization buffer
70

•

Incubate for 20 minutes at 4°C in the dark

•

Add 150μL/well of 1x permeabilization buffer

•

Centrifuge plate at 500xg for 5min, remove supernatant and re-suspend cells

•

Add 200μL/well diluted permeabilization buffer

•

Centrifuge plate at 500xg for 5min, remove supernatant and re-suspend cells

•

Re-suspend samples in 200μL of FACS buffer for analysis on a flow cytometer

•

Pause point: stained and fixed samples can be kept at 4°C in the dark for up to
24 hours prior to flow cytometry analysis

Flow cytometry gating
•

Refer to figure 2A.

Data analysis
•

Refer to figure 2B.

2.5 Timeline
Approximate time based on an experiment with 20 mice
Typical time to the peak of a primary vaccine-induced T-cell response: 7-12 days
Plating tumor cells and treating them with rIFNγ: up to three days
Blood sampling: 1hr
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Sample processing, plating and incubation: 6hrs
Flow cytometry staining: 3hrs
Running samples on a flow cytometer: 1hr
Total time for blood sampling to data analysis: 11 hrs

2.6 Troubleshooting
Expression of MHC Class I and II on Cancer Cell Lines
This method relies on the ability of cancer cell lines to present tumor antigens in
the context of MHC class I and II to CD8+ and CD4+ T-cells, respectively. Therefore, it is
critical to determine the capacity for the cancer cell line of interest to express MHC
molecules either at baseline or in response to stimulation with rIFNγ. We analyzed
expression of MHC class I and class II on several transplantable tumor cell lines from
Balb/c and C57BL/6 mouse strains by flow cytometry, with or without stimulation with
rIFNγ at several doses and time points.
Cancer cell lines from the C57BL/6 background, including RM9 prostate cancer,
ID8 ovarian carcinoma and B16-F10 melanoma, were treated with 50U of rIFNγ for 24
or 48hrs prior to quantification of surface-expressed MHC class I and class II by flow
cytometry. All three cell lines expressed little or no MHC prior to stimulation with rIFNγ
(figure 3A, 0hr). Following 24hrs of stimulation with rIFNγ, the frequency of ID8, RM9
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and B16-F10 cells expressing MHC class I increased dramatically relative to baseline
levels (figure 3A). Extending stimulation to 48hrs further increased the percentage of
MHC class I+ RM9 and B16-F10 cells, but not ID8 cells. In all three cell lines, the
amount of MHC class I expressed per cell, as determined by geometric mean
fluorescence intensity (MFI), was significantly increased after 48 hours (figure 3B). ID8
and B16-F10 cells had the highest capacity to upregulate MHC class I, whereas ID8
cells had the greatest expression level per cell following rIFNγ stimulation (figure 3A, B).
MHC class II expression was very low prior to stimulation with rIFNγ in all three
C57BL/6 cancer cell lines tested (figure 3C and D). Following stimulation with rIFNγ, the
frequency of ID8 and B16-F10 cancer cell lines expressing MHC class II significantly
increased (figure 3C), again in a time-dependent manner. The MFI of MHC class II also
significantly increased in ID8 and B16-F10 cancer cell lines (figure 3D). Despite being
capable of upregulating MHC class I, we were unable to induce MHC class II
expression on RM9 cells (figure 3C and D).
To investigate whether the dose of rIFNγ could affect MHC class I and class II
upregulation, ID8 cells were treated with 0, 50, 200 or 500U of rIFNγ and analyzed by
flow cytometry. MHC class I was upregulated as early as 12hrs post-stimulation (figure
3E), with MHC class II upregulation requiring up to 24hrs. The dose of rIFNγ did not
alter the frequency of MHC class I or II-expressing cells (figure 3F and G), or the MFI of
MHC class I or II (figure 3H and I) on ID8 cells, suggesting that the duration of
stimulation with rIFNγ is most critical for upregulating MHC molecules on tumor cells
from the C57BL/6 background.
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We conducted similar analyses on CT26-CL25 and CT26 colorectal carcinoma
and K7M2 osteosarcoma cancer cell lines from the Balb/c background. In contrast to
C57BL/6-derived cell lines, all three lines from the Balb/c background constitutively
expressed high levels of MHC class I prior to stimulation (figure 4). Stimulation with up
to 200U of rIFNγ failed to induce expression of MHC class II in K7M2, CT26-CL25
(figure 4A) or CT26 cells (data not shown). The percentage of cells positive for MHC
class I following stimulation with 50U rIFNγ did not increase over time in any tested cell
line (figure 4B). Likewise, the MFI for MHC class I was not increased over time, even in
CT26 cells which had the lowest MFI compared to both CT26.CL25 and K7M2 (figure
4C).
These findings demonstrate key differences in both the baseline expression and
capacity for upregulation of MHC molecules on tumor cell lines from different mouse
strains following stimulation with rIFNγ. Due to these differences, each transplantable
tumor model should be tested to determine baseline and induced expression of MHC
molecules when optimizing the co-culture assay.
Detection of Rare Populations of Tumor-Specific T-cells
Tumor-specific T cell responses induced by antigen-agnostic immunotherapies
could be detected with our co-culture method in cancer-bearing Balb/c and C57BL/6
mice (figure 5). However, primary T-cell responses to immunotherapies can often be of
low magnitude. Notably, our method could resolve responses that averaged only one
tumor-specific T-cell/10μL of blood (figure 6A).
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Induction of low numbers of tumor-specific T-cells is expected from many
immunotherapies as they attempt to reactivate the immune system against self-derived,
weakly immunogenic cancer antigens. This can be particularly problematic for cancer
vaccines that use oncolytic viruses to express defined TAAs, where the most robust
responses were to virus backbone-derived antigens23.
Acquiring maximal volumes of blood from experimental animals will maximize the
chance of detecting rare tumor-specific CD8+ or CD4+ T-cells. To further facilitate
detecting low-magnitude responses, we recommend aliquoting processed leukocytes
such that two-thirds get co-cultured with cancer cells (i.e. test sample) and only onethird get cultured alone (i.e. negative control).

Preparation of Internal Experimental Controls
Controls must be included in each experiment to support interpretation of results.
The inclusion of a positive control is critical to ensure that technical aspects of
staining and flow cytometric assessments were performed correctly. For each
experiment, include one sample of processed leukocytes that are stimulated with PMA
(10 ng/mL) and ionomycin (1.5 µg/mL) in parallel with test samples. PMA and ionomycin
non-specifically activate T-cells24. Aside from acting as a positive control for staining,
this sample can be used to assist with gating during flow cytometry analysis.
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Negative control: Each blood sample needs to have an aliquot that is not cocultured with autologous tumor cells. During data analysis, CD8+ or CD4+ T-cells
positive for IFNγ from these leukocyte-only negative controls are categorized as
‘background’ that is independent of the immunotherapy and this background is
subtracted from values acquired for co-cultured test samples. An additional negative
control could be considered to help prove the specificity of T-cell responses.
Specifically, leukocytes could be co-cultured with a different cancer cell line from the
same mouse strain. Responses detected using this control would be indicative of either
non-tumor-specific T-cells or T-cells responding to tumor antigens conserved among the
target and off-target tumor cell lines. Another alternative would be use an immortalized
but non-malignant cell line that would have less chance of sharing tumor antigens. As
with the target cell line, any other control cells would need to be tested for baseline and
rIFNγ-inducible expression of MHC.
Determination of the level of expression of MHC on cancer cells: This co-culture
method relies on the expression of MHC molecules on autologous tumor cells.
Therefore, seeding two wells with tumor cells only is important. One sample should
have been unstimulated; the other treated with rIFNγ. These controls can be stained
with viability dye and anti-MHC class I and class II to help interpret results from test
samples. Our data suggests that this control is especially critical for applications
involving tumor cell lines from the C57BL/6 mouse strain (figure 3).
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2.7 Anticipated Outcomes
Detecting tumor-specific CD8+ T-cells in transplantable tumor models in Balb/c mice
Balb/c mice were challenged intravenously with syngeneic K7M2 osteosarcoma
cells to establish lung metastases. Mice were treated with an infected cell vaccine
immunotherapy after challenge. Ten days later, blood-derived leukocytes were cocultured with K7M2 cells that had not been pre-treated with rIFNγ because they
constitutively express high levels of MHC class I. Following co-culture, CD8+ T-cells
were analyzed by flow cytometry for intracellular expression of IFNγ and TNFɑ. Tumorbearing mice that were untreated had either undetectable or very low numbers of tumorspecific (IFNγ+) CD8+ T-cells (figure 6B top panel, B). In contrast, mice treated with the
immunotherapy had detectable tumor-specific and polyfunctional (IFNγ+TNFɑ+) CD8+ Tcells in circulation (figure 6B bottom panel). The mice receiving immunotherapy had a
significantly higher total number of tumor-specific CD8+ T cells (figure 6A) compared to
untreated mice.
To further examine tumor-specific CD8+ T-cell responses in Balb/c mice using
our co-culture method, we pooled data from multiple experiments using transplantable
tumor models in which mice were treated with antigen-agnostic immunotherapies (i.e.
oncolytic virotherapy or an infected cell vaccine). Blood was sampled ten days following
the immunotherapeutic intervention. Mice treated with immunotherapy had a significant
increase in the total number of CD8+ T cells in circulation (supplementary figure 1A).
The frequency of tumor-specific blood-derived CD8+ T-cells of untreated mice and mice
receiving the immunotherapy were assessed using the co-culture assay (figure 5A). The
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background frequency of responding, IFNγ+ CD8+ T-cells from untreated tumor-bearing
mice was very low regardless of whether or not these T-cells were co-cultured with the
target tumor cells. The frequency of these cells from mice receiving an immunotherapy
was equivalently low when they were not co-cultured with the target cancer cells.
However, the percentage of IFNγ+ CD8+ T-cells from mice that received an
immunotherapy was significantly higher than the background when they were cocultured with the target tumor cells. This demonstrated that the assay could detect
tumor-specific CD8+ T-cells induced by this antigen-agnostic therapy. These data
indicate that co-culture of leukocytes with cancer cells is required for detection of tumorspecific CD8+ T-cell responses.
Detection of tumor-specific CD8+ and CD4+ T-cells from transplantable tumor systems
in the C57BL/6 background
To determine if the co-culture method could be used to detect cancer-specific
CD8+ and CD4+ T-cells after antigen-agnostic immunotherapies in C57BL/6 mice with
transplantable tumors, we challenged mice with ID8 ovarian carcinoma cells in the
ovarian bursa25. Sixty-days post challenge, we treated mice with oncolytic virus
monotherapy and analyzed blood for circulating tumor-specific CD8+ and CD4+ T-cells
ten days later. Since stimulation with rIFNγ is required for expression of MHC class I
and class II on ID8 cells (figure 3, 7A), we compared the co-culture assay with or
without pre-stimulation of ID8 target cells with rIFNγ.
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Samples analyzed without any co-culture yielded low numbers of IFNγ+ CD8+ and
CD4+ T-cells (figure 7B and C, respectively). Samples analyzed by co-culture without
prior stimulation of ID8 cells with rIFNγ also yielded low numbers of IFNγ+ CD8+ and
CD4+ T-cells in circulation and was not significantly different from samples analyzed
without co-culture. In contrast, when samples were analyzed by co-culture with prior
stimulation of ID8 cells with rIFNγ, a significantly higher number of tumor-specific IFNγ+
CD8+ were detected compared with co-culture without pre-stimulation. Co-culture with
stimulation also detected a significantly higher number of tumor-specific IFNγ+ CD4+ Tcells in circulation compared to co-culture without pre-stimulation. These data indicate
that CD8+ and CD4+ tumor-specific T-cell responses were detectable using the coculture assay, but there was a strict requirement for stimulation with rIFNγ to upregulate
MHC molecules for presentation of cognate cancer cell-derived antigens to T-cells.
With the knowledge that tumor-specific CD8+ T cell responses can be detected
by co-culture with rIFNγ, we pooled data from multiple experiments to determine the
expected tumor-specific CD8+ T-cell responses to oncolytic virus monotherapy in
transplantable tumor models from the C57BL/6 background. In all experiments, tumorbearing mice were treated with an oncolytic virus monotherapy and blood-derived
tumor-specific CD8+ T-cell responses were quantified using the co-culture assay using
autologous tumor cells pre-stimulated with rIFNγ. Mice treated with immunotherapy had
a significant increase in the total number of CD8+ T cells in circulation (supplementary
figure 1B.) Pooled analysis of samples from untreated mice yielded equivalently low
frequencies of tumor-specific IFNγ+ CD8+ T-cells whether or not they were co-cultured
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with cancer cells (figure 5B). Tumor-specific CD8+ T-cells were not detected in mice
treated with antigen-agnostic immunotherapies when analysed without co-culture and
were not significantly different from untreated mice analyzed with or without co-culture.
In contrast, the co-culture method unveiled tumor-specific CD8+ T-cells in the circulation
of mice treated with antigen-agnostic immunotherapies.
We also pooled data from multiple experiments wherein C57BL/6 mice were
treated with oncolytic virus monotherapy and analyzed the overall capability to detect
tumor-specific CD4+ T cells in circulation. Only co-culture of leukocytes from treated
animals with rIFNγ-stimulated cancer cells revealed tumor-specific CD4+ T cell
responses (figure 5C). These data demonstrate that the co-culture method can be used
to detect both tumor-specific T-cells from the circulation of C57BL/6 tumor-bearing mice.
Direct comparison of ex vivo re-stimulation with peptides versus co-culturing with cancer
cells for detecting CD8+ T-cell responses
To validate the co-culture method for detecting tumor-specific CD8+ T-cells, we
directly compared it to the method of ex vivo re-stimulation with peptide, which can be
considered a gold-standard26. B16-F10 melanoma cells express high levels of the TAA
dopachrome tautomerase (DCT), which is a component of the melanogenesis
pathway27. The immunodominant CD8+ T-cell epitope for DCT (DCT180-188) is well
defined in C57BL/6 mice. For re-stimulation of T-cells, DCT180-188 peptides were
introduced into the ex vivo culture of blood-derived leukocytes of mice that had been
vaccinated with a previously described replication-deficient adenovirus (Ad) expressing
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the defined antigen DCT28. When added at a high concentration, this peptide can
directly bind to MHC class I molecules on the blood-derived leukocytes. Any T-cells
expressing cognate T-cell receptors would become activated and begin expressing
IFNγ and TNFɑ, which could be quantified by flow cytometry. We knew we would be
able to readily detect DCT-specific CD8+ T-cell responses with the ex vivo peptide restimulation assay using mice vaccinated with the Ad-DCT vaccine. We hypothesized
that we would also be able to detect these responses using the leukocyte-cancer cell
co-culture assay when using B16-F10 cells pre-stimulated with rIFNγ as the source of
DCT.
C57BL/6 mice were vaccinated with 1x108pfu Ad-DCT in the semitendinosus
muscle of both hind limbs (n=8) or left unvaccinated (n=3) and were sacrificed eleven
days later. Splenocytes were harvested to assess the frequency of DCT180-188-specific
CD8+ T-cells by re-stimulation with peptides or tumor-specific T-cells via the co-culture
assay with B16-F10 cells pre-stimulated with rIFNγ. Mice vaccinated with Ad-DCT had
detectable splenic CD8+ T-cell responses when analyzed by both methods (figure 8).
The highest responses were detected in vaccinated mice by re-stimulation with
peptides. Although mean responses were slightly lower using the co-culture method,
they were significantly higher than unvaccinated mice and did not differ significantly
from the mean response determined by the peptide re-stimulation method. These data
show that the antigen-agnostic co-culture method can reliably detect tumor-specific Tcell responses against a defined target antigen, and that the sensitivity matches that
achieved by ex vivo re-stimulation with peptides. This is impactful because the co81

culture assay depends on the endogenous expression level of DCT in B16-F10 cells
and the induced expression level of MHC class I, which can exceed 90% following 48
hours of stimulation with rIFNγ. Further, these data extend the utility of the co-culture
method beyond blood-derived leukocytes, to include splenic T cells.
Detecting virus-specific T-cells by co-culture
Since cancer cells can be induced to express MHC molecules, we hypothesized
that the co-culture system could be manipulated to detect T-cell responses to undefined
exogenous antigens, including viral antigens, by using permissive infected cells to
present antigens. To test this, we vaccinated C57BL/6 mice intramuscularly with
5x108pfu of Ad-DCT. Ten days later, mice were sacrificed and splenocytes were
processed to analyze Ad-specific CD8+ T-cell responses with the co-culture method. To
detect viral antigens by co-culture, we pre-stimulated ID8 cells with 50U of rIFNγ to
upregulate expression of MHC class I. To present viral antigens to T-cells, we infected
the pre-stimulated ID8 cells with Ad-DCT at a multiplicity of infection of 10, twelve hours
before initiating the co-culture. To assess the requirement for rIFNγ stimulation, we
included an unstimulated ID8 cell co-culture control for both vaccinated and naïve mice.
The frequency of IFNγ+ CD8+ T-cells in the spleen was low in samples from naïve
mice, with no significant difference between those co-cultured with infected ID8 cells
with or without pre-stimulation with rIFNγ (supplementary figure 2). In contrast, IFNγ+
CD8+ T-cells were readily detected in the spleens of Ad-DCT-vaccinated mice, but only
when they were co-cultured with ID8 cells pre-stimulated with rIFNγ and infected with
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Ad-DCT. The detection of Ad-specific CD8+ T-cells required pre-stimulation of ID8 cells
with rIFNγ, as co-culture with unstimulated but infected ID8 cells was significantly lower
and did not differ from the same co-culture technique with naïve mice.
These data suggest that the co-culture method can be expanded to allow for the
detection of T-cell responses to additional classes of undefined antigens, as long as the
antigens can be delivered to cell lines that express MHC molecules and for which the
host has no pre-existing immunity. As we have shown here, this can include detecting
responses to viral vectors. One can envision expressing a vaccine target from cancer
cells by transfection or stable integration and using the co-culture method to detect
vaccine-induced T-cell responses against that target.
In conclusion, the leukocyte-cancer cell co-culture method presented here can be
used to detect tumor-specific T-cell responses to antigen-agnostic immunotherapies. It
is applicable to transplantable tumor models in multiple strains of mice but requires
expression of high levels of MHC class I and/or II on the cancer cells that are targeted in
the assay. We demonstrated that the tumor cell lines CT26.CL25, CT26 and K7M2 from
the Balb/c background constitutively express MHC class I and do not need to be
stimulated with rIFNγ to detect CD8+ T-cell responses. However, these tumor cell lines
are refractory to expression of MHC class II, even following stimulation with high doses
of rIFNγ, making detection of CD4+ T-cell responses unlikely. In contrast, the tumor cell
lines ID8, RM9 and B16 from the C57BL/6 background require stimulation with rIFNγ to
induce MHC class I and class II. In addition to IFNγ, type 1 IFNs are capable of
modulating expression of MHC class I and class II on cancer cells29-31 and could be a
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useful alternative pre-treatment for cancer cells with disrupted type 2 IFN signalling. In
vivo, we were able to detect primary tumor-specific CD8+ and CD4+ T-cell responses to
an antigen-agnostic immunotherapy in C57BL/6 mice. We recommend this co-culture
method as an affordable tool for detecting tumor-specific blood-derived T-cell responses
when target antigens are undefined. This method should be broadly applicable to
assessment of antigen-agnostic vaccines and antiviral responses in a variety of tissues.
However, when using blood, this technique allows for correlation analysis between
tumor-specific T-cell responses and efficacy, and, because blood sampling is not a
terminal procedure, it facilitates determination of response kinetics.
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2.10 Figures

Figure 1. The tumor cell-leukocyte co-culture assay workflow, showing the steps from in
vivo vaccination to in vitro tumor cell preparation and co-culture setup.
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Figure 2. (A) Example of the gating strategy used to assess CD8+ T-cells by flow
cytometry. Total lymphocytes are gated by forward scatter-area (FSC-A) and side
scatter-area (SSC-A) characteristics. Doublets are then excluded by FSC-A and FSCwidth (FSC-W). Viable cells are defined as those excluding a viability dye. CD3+CD8+ Tcells are gated, and then analyzed for expression of IFNγ and TNFɑ. (B) An example of
the data analysis workflow following gating and export from flow cytometry analysis
software. Total percentage and number of IFNγ+ and IFNγ+ TNFɑ+ T-cells from the nonco-cultured controls are subtracted from the co-culture data to remove background.
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Figure 3: Both the (A) percentage and (B) amount expressed per cell, as determined by
geometric mean fluorescent intensity (MFI), of MHC class I were significantly increased
on C57BL/6 mouse-derived ovarian cancer (ID8), prostate cancer (RM9) and melanoma
87

(B16) cancer cell lines after treatment with 50U of rIFNγ. This occurred in a timedependent manner, increasing over a 48-hour period. (C-D) Similarly, expression of
MHC class II could be induced in a time-dependent fashion). Neither the (E-G)
frequency of ID8 cells expressing MHC molecules or (H-I) the relative amount of MHC
expressed per cell (as measured by geometric MFI) correlated with the dose of rIFNγ.
P-values from Tukey’s multiple comparison test are shown (one- or two-way ANOVAs);
errors bars represent standard errors with a minimum of n=3 experimental replicates per
treatment; “ns” = not significant.

Figure 4: (A) The CT26-CL25 and K7M2 tumor cell lines from the Balb/c background
constitutively expressed high levels of MHC class I but not MHC class II. MHC class I
and class II were not upregulated by increasing the dose of rIFNγ from 50 to 200U. (B)
An increase in MHC class I+ cells following stimulation with 50U rIFNγ for 24 or 48 hours
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was observed on CT26.CL25 cells but not CT26 or K7M2 cells. (C) The geometric
mean fluorescence intensity of MHC class I on cells was not significantly increased by
longer duration stimulation with rIFNγ. However, CT26.CL25 and K7M2 cells both
expressed significantly more MHC class I/cell compared to CT26 cells. P-values from
Tukey’s multiple comparison test are shown (two-way ANOVA); errors bars represent
standard errors with a minimum of n=3 experimental replicates per treatment; “ns” = not
significant.

Figure 5: The frequencies of tumor-specific (i.e. IFNγ+) CD8+ T-cells in circulation in
response to antigen-agnostic immunotherapies, which included oncolytic virus
monotherapy and infected cell vaccines were pooled from (A) Balb/c or (B) C57BL/6
mice to demonstrate the overall potential of the cancer cell-leukocyte co-culture method
to detect responses. Cancer cells from C57BL/6 mice that were used in the co-culture
method had been pre-treated with rIFNγ to maximize expression of major
histocompatibility molecules. (C) Data for tumor-specific CD4+ T-cells in circulation in
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response to antigen-agnostic immunotherapies were pooled from C57BL/6 mice to
demonstrate the overall potential of the cancer cell-leukocyte co-culture method to
detect responses. Tumor-specific CD4+ T-cells were detected only in mice treated with
immunotherapy and analyzed by co-culture. P-values were determined by two-way
ANOVA; standard errors are shown; “ns” = not significant.

Figure 6: Balb/c mice that had been challenged intravenously with 1x105 K7M2 cells to
establish pulmonary osteosarcoma tumors, were treated with an antigen-agnostic
infected cell vaccine immunotherapy. At the expected peak of the T-cell response,
blood-derived leukocytes were co-cultured with K7M2 cells that had not been pretreated with rIFNγ, since it was shown to have no effect on expression of major
histocompatibility molecules. (A) K7M2 tumor-bearing mice that received
immunotherapy had a significantly higher absolute number of tumor-specific CD8+ T90

cells (n=16) as detected by the cancer cell-leukocyte co-culture assay compared to
untreated tumor-bearing mice (n=10). (B) Mice treated with the immunotherapy had
evidence of significantly more K7M2-specific (IFNγ+) CD8+ T-cells, of which many were
polyfunctional (IFNγ+TNFɑ+) (bottom panel) compared to tumor-bearing mice that had
not received the therapy (top panel).

Figure 7: (A) C57BL/6 mouse-derived ID8 ovarian cancer cells did not express MHC
class I or class II (top panel) unless stimulated with 50U of rIFNγ for 48 hours (bottom
panel). (B) Pre-stimulation of ID8 cells with rIFNγ was required for the detection of
tumor-specific CD8+ T cells in the cancer cell-leukocyte co-culture assay (one-way
ANOVA with Dunnett’s multiple comparison test; n=14/group). (C) Pre-stimulation of
ID8 cells with rIFNγ was also needed to detect tumor-specific CD4+ T cells (one-way
ANOVA with Dunnett’s multiple comparison test; n=11/group). Co-culture with
unstimulated ID8 tumor cells failed to result in IFNγ expression from either CD8+ or
CD4+ T-cells. “ns” = not significant
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Figure 8: Head-to-head comparison of CD8+ T-cell responses detected by ex vivo restimulation with peptides versus the cancer cell-leukocyte co-culture method. C57BL/6
mice (n=8) were vaccinated intramuscularly with 1x108 pfu of a replication-deficient
human serotype 5 adenovirus carrying a transgene encoding full-length dopachome
tautomerase (DCT), which is a melanoma-associated antigen; controls were
unvaccinated (n=3). Mice were sacrificed eleven days later and the percentage of
splenic DCT-specific CD8+ T-cells were quantified after re-stimulation with the
immunodominant epitope of DCT (i.e. DCT180-188) or with the co-culture assay in which
leukocytes were co-incubated with B16-F10 melanoma cells, which express DCT. (A)
Typical flow cytometry dot plots demonstrated that both (B) the peptide re-stimulation
method and (C) the co-culture method detected IFNγ+ CD8+ T cells above background,
and were significantly higher than unvaccinated mice. Means and standard errors are
shown and data were analyzed via two-tailed t-tests.
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Supplementary Figure 1: Antigen-agnostic immunotherapies, including oncolytic virus
monotherapy and infected cell vaccines, increased the total number of tumor-specific
CD8+ T-cells in circulation, as measured using the cancer cell-leukocyte co-culture
assay, in both (A) Balb/c and (B) C57BL/6 tumor-bearing mice. Data were pooled from
multiple experiments, with (A) n=28 for untreated and n=102 for treated Balb/c mice,
and (B) n=18 for untreated and n=118 for treated C57BL/6 mice. Blood-derived T cells
were assessed ten days following immunotherapy (i.e. at the expected peak of the T
cell responses).
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Supplementary Figure 2: Co-culturing leukocytes from virus-infected mice with a cell
line against which there was no pre-existing immunity but that was infected with the
same virus allowed for detection of anti-viral T-cell responses. Tumor-free C57BL/6
mice (n=2) were vaccinated intramuscularly with 1x108 pfu of a replication-deficient
human serotype 5 adenovirus (Ad) carrying a transgene encoding full-length
dopachrome tautomerase (DCT), which is a melanoma-associated antigen; controls
were unvaccinated (n=2). Mice were sacrificed eleven days later (i.e. at the expected
peak of the T-cell response) and splenocytes were co-cultured with ID8 ovarian cancer
cells that had been pre-infected with Ad-DCT for 12 hours, with or without treatment
with 50U of rIFNγ. (A) Typical flow cytometry dot plots demonstrate that IFN𝛾+ CD8+ T
cells were detectable in vaccinated mice when the co-cultured virus-infected ID8 cells
had been pre-treated with rIFNγ (top panel). A significant (B) percentage and (C) total
number of IFNγ+ CD8+ T cells were detected when leukocytes from Ad-infected mice
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were co-cultured with Ad-infected ID8 cells pre-treated with rIFNγ. All p-values shown
from one-way ANOVA with Šídák’s multiple comparison test.

95

2.12 References
1.

Yao, W., et al. The Prognostic Value of Tumor-infiltrating Lymphocytes in
Hepatocellular Carcinoma: a Systematic Review and Meta-analysis. Sci Rep 7,
7525 (2017).

2.

Ribas, A., et al. Oncolytic Virotherapy Promotes Intratumoral T Cell Infiltration
and Improves Anti-PD-1 Immunotherapy. Cell 170, 1109-1119 e1110 (2017).

3.

Alsaab, H.O., et al. PD-1 and PD-L1 Checkpoint Signaling Inhibition for Cancer
Immunotherapy: Mechanism, Combinations, and Clinical Outcome. Front
Pharmacol 8, 561 (2017).

4.

Prieto, P.A., et al. CTLA-4 blockade with ipilimumab: long-term follow-up of 177
patients with metastatic melanoma. Clin Cancer Res 18, 2039-2047 (2012).

5.

Pol, J., Kroemer, G. & Galluzzi, L. First oncolytic virus approved for melanoma
immunotherapy. Oncoimmunology 5, e1115641 (2016).

6.

van Vloten, J.P., Workenhe, S.T., Wootton, S.K., Mossman, K.L. & Bridle, B.W.
Critical Interactions between Immunogenic Cancer Cell Death, Oncolytic Viruses,
and the Immune System Define the Rational Design of Combination
Immunotherapies. J Immunol 200, 450-458 (2018).

7.

Wang, R.F. Identification of TRP-2 as a Human Tumor Antigen Recognized by
Cytotoxic T Lymphocytes. Journal of Experimental Medicine 184, 2207-2216
(1996).

96

8.

Bellone, M., et al. Relevance of the Tumor Antigen in the Validation of Three
Vaccination Strategies for Melanoma. The Journal of Immunology 165, 26512656 (2000).

9.

Diaz, R.M., et al. Oncolytic immunovirotherapy for melanoma using vesicular
stomatitis virus. Cancer Res 67, 2840-2848 (2007).

10.

Selman, M., et al. Multi-modal Potentiation of Oncolytic Virotherapy by Vanadium
Compounds. Mol Ther 26, 56-69 (2018).

11.

Russell, S.J. & Barber, G.N. Oncolytic Viruses as Antigen-Agnostic Cancer
Vaccines. Cancer cell 33, 599-605 (2018).

12.

Young Kwang Chae, J.F.A., Preeti Bais, Sandeep Namburi, & Francis J. Giles,
a.J.H.C. Mutations in DNA repair genes are associated with increased neoantigen load and activated T cell infiltration in lung adenocarcinoma. Oncotarget
9, 7949-7960 (2017).

13.

Germano, G., et al. Inactivation of DNA repair triggers neoantigen generation and
impairs tumour growth. Nature 552, 116-120 (2017).

14.

Snyder, A., et al. Genetic basis for clinical response to CTLA-4 blockade in
melanoma. N Engl J Med 371, 2189-2199 (2014).

15.

Le, D.T., et al. PD-1 Blockade in Tumors with Mismatch-Repair Deficiency. N
Engl J Med 372, 2509-2520 (2015).

16.

Naiyer A. Rizvi, M.D.H., Alexandra Snyder, Pia Kvistborg,, et al. Mutational
landscape determines sensitivity to PD-1 blockade in non–small cell lung cancer.
Science 348(2015).
97

17.

Garrido, F., Aptsiauri, N., Doorduijn, E.M., Garcia Lora, A.M. & van Hall, T. The
urgent need to recover MHC class I in cancers for effective immunotherapy. Curr
Opin Immunol 39, 44-51 (2016).

18.

Thibodeau, J., Bourgeois-Daigneault, M.C. & Lapointe, R. Targeting the MHC
Class II antigen presentation pathway in cancer immunotherapy.
Oncoimmunology 1, 908-916 (2012).

19.

Angell, T.E., Lechner, M.G., Jang, J.K., LoPresti, J.S. & Epstein, A.L. MHC class
I loss is a frequent mechanism of immune escape in papillary thyroid cancer that
is reversed by interferon and selumetinib treatment in vitro. Clin Cancer Res 20,
6034-6044 (2014).

20.

Zhou, F. Molecular mechanisms of IFN-gamma to up-regulate MHC class I
antigen processing and presentation. Int Rev Immunol 28, 239-260 (2009).

21.

David J. Propper, D.C., Jeremy P. Braybrooke, P.B., Parames Thavasu, F.B. &
Helen Turley, N.D., Kevin Gatter, Denis C. Talbot, Adrian L. Harris, and Trivadi
S. Ganesan. Low-dose IFN-gamma induces tumor MHC expression in metastatic
malignant melanoma. Clin Cancer Res 9, 84-92 (2003).

22.

David J. Propper, D.C., et al. Low-dose IFN-gamma induces tumor MHC
expression in metastatic malignant melanoma. Clin Cancer Res 9, 84-92 (2003).

23.

Bridle, B.W., et al. Vesicular stomatitis virus as a novel cancer vaccine vector to
prime antitumor immunity amenable to rapid boosting with adenovirus. Mol Ther
17, 1814-1821 (2009).

98

24.

T Chatila, L.S., R Miller and R Geha. Mechanisms of T cell activation by the
calcium ionophore ionomycin. The Journal of Immunology 143, 1283-1289
(1989).

25.

Russell, S., et al. Combined therapy with thrombospondin-1 type I repeats
(3TSR) and chemotherapy induces regression and significantly improves survival
in a preclinical model of advanced stage epithelial ovarian cancer. FASEB J 29,
576-588 (2015).

26.

Holden T. Maecker, H.S.D., Maria A. Suni, Elham Khatamzas,, Christine J.
Pitcher, T.B., Natasha Persaud, Wendy Trigona,, Tong-Ming Fu, E.S., Barry M.
Bredt, Joseph M. McCune, & Vernon C. Maino, F.K., Louis J. Picker. Use of
overlapping peptide mixtures as antigens for cytokine flow cytometry. Journal of
Immunological Methods 255, 27-40 (2001).

27.

Kameyama, K., et al. Pigment Production in Murine Melanoma Cells Is
Regulated by Tyrosinase, Tyrosinase-Related Protein 1 (TRP1), DOPAchrome
Tautomerase (TRP2), and a Melanogenic Inhibitor. Journal of Investigative
Dermatology 100, 126-131 (1993).

28.

Cecilia Lane, J.L., Xiaohua Tan, Jamishid Hadjati, Jonathan L. Bramson, and
Yonghong Wan. Vaccination-induced autoimmune vitiligo is a consequence of
secondary trauma to the skin. Cancer Res 64, 1509-1514 (2004).

29.

ISAAC YANG, T.J.K., ADRIAN J. GIOVANNONE, ELENA PAIK, SYLVIA K.
ODESA, ROBERT M. PRINS, AND LINDA M. LIAU. Modulation of major
histocompatibility complex Class I molecules and major histocompatibility
99

complex—bound immunogenic peptides induced by interferon-α and interferon-γ
treatment of human glioblastoma multiforme. J Neurosurg 100, 310-319 (2004).
30.

Paola Mistico, R.T., Patrizio Giacomini, Andrea Cavallari, Igea D'Agnano, Paul B.
Fisher, and Pier Giorgio Natali. Effect of Recombinant Human Leukocyte,
Fibroblast, and Immune Interferons on Expression of Class I and II Major
Histocompatibility Complex and Invariant Chain in Early Passage Human
Melanoma Cells. Cancer Res 50, 7422-7429 (1990).

31.

K. J. PALMER, M.H., M. E. GORE & M. K. L. COLLINS. Interferon-alpha (IFN-α)
stimulates anti-melanoma cytotoxic T lymphocyte (CTL) generation in mixed
lymphocyte tumour cultures (MLTC). Clin Exp Immunol 119, 412-418 (2000).

100

3 Quantifying Antibody Responses Induced by AntigenAgnostic Immunotherapies
Jacob P. van Vloten, Elaine M. Klafuric, Khalil Karimi1, Grant McFadden2, James J.
Petrik3, Sarah K. Wootton1,4 and Byram W. Bridle1,4,*

1

Department of Pathobiology, Ontario Veterinary College, University of Guelph, Guelph,
ON N1G 2W1, Canada.
2

The Biodesign Institute, Arizona State University, Tempe, AZ 85287, USA.

3

Department of Biomedical Sciences, Ontario Veterinary College, University of Guelph,
Guelph, ON N1G 2W1, Canada.

4

Senior author

*Correspondence: Byram W. Bridle, Department of Pathobiology, Ontario Veterinary
College, University of Guelph, Guelph, ON N1G 2W1, Canada.
E-mail: bbridle@uoguelph.ca

101

3.1 Overview:
A method is described for quantifying tumor- and vaccine-specific humoral responses to
immunotherapies in preclinical murine models when the cognate antigen is unknown or
if an assay for the target antigen is unavailable. This takes advantage of using cell lines
to package antigens that can be bound by antibodies in circulation. Antibodies bound to
target antigens can be detected with secondary fluorochrome-conjugated isotypespecific antibodies and quantified using a plate reader. This technique is akin to an incell western blot, is cost-effective, broadly applicable to any preclinical model capable of
generating a humoral response and has translational potential.
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3.2 Graphical Abstract
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3.3 Abstract
As the development and clinical application of cancer immunotherapies continue
to expand, so does the need for novel methods to dissect their mechanisms of action.
Antibodies are important effector molecules in cancer therapies due to their potential to
bind directly to surface-expressed antigens and facilitate Fc receptor-mediated uptake
of antigens by antigen-presenting cells. Quantifying antibodies that are specific for
defined antigens is straightforward. However, we describe herein a preclinical method to
evaluate tumor-associated and virus-specific antibody responses to antigen-agnostic
immunotherapies. This method uses autologous tumor cells as reservoirs of bulk tumor
antigens, which can be bound by antibodies from the serum or plasma of tumor-bearing
mice. These antibodies can then be detected and quantified using isotype-specific
secondary antibodies conjugated to a fluorochrome. Alternatively, virus-infected cells
can be used as a source of viral antigens. This method will enable researchers to
assess antibody responses following immunotherapies without requiring pre-defined
antigens. Alternatively, total virus-specific antibody responses could be studied as an
alternative to more limited virus-neutralizing antibody assays. Therefore, this method
can facilitate studying the role of humoral responses in the context of immunotherapies,
including those that rely on the use of viral vectors.
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3.4 Background
Immunotherapy has become a leading paradigm for the treatment of cancers.
Cancer immunotherapy aims to empower a patient’s own immune system to target and
eliminate their own cancer1. Recently, the United Sates Food and Drug Administration
has approved several immunotherapies for the treatment of malignancies, including
programmed death receptor-1 and cytotoxic T lymphocyte antigen-4 immune checkpoint
blockades2 and the oncolytic virus (OV) T-vec3. The current focus of these cancer
immunotherapies is to unlock the killing potential of a patient’s existing anti-cancer
cytotoxic T-cells. However, studies are continuing to reveal the contributions of other
immunological pathways, both innate and adaptive, in driving potent anti-cancer
immune responses.
Cancer therapy has benefitted enormously from the discovery and development
of monoclonal antibodies4. For treating cancers, several monoclonal antibodies
targeting cancer-related antigens have been clinically tested and used, including antihuman epidermal growth factor receptor-25,6 and anti-epidermal growth factor
receptor7,8 for breast and colorectal cancers, respectively. The limited success achieved
with cancer-targeting monoclonal antibodies is due to the requirement that patient
tumors over-express the target, and tumor escape by selection and amplification of
clones that down-regulate targets9,10. Despite these results, the clinical use of
monoclonal antibodies highlights the potential for tumor antigen-targeting antibodies to
contribute to cancer therapies, and warrants the investigation of their roles in cancer
therapies currently under development.
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Antigen-agnostic immunotherapies focus on driving potent immune responses
against an array of tumor antigens represented in a patient’s tumor, without the
requirement to define them. A patient’s specific tumor neoantigen catalogue is therefore
targeted by their existing T-cell repertoire, and the efficacy of therapy is proportional to
both the tumor neoantigen load and the existence of T-cell clones able to recognize
them11-15. We recently developed a method to detect tumor-specific T-cell responses to
antigen-agnostic immunotherapies16. This method relies on the presentation of bulk
tumor antigens in the context of major histocompatibility complexes on cancer cells to Tcells ex vivo, which can be quantified by flow cytometry. We reasoned that the principle
of using cancer cells as targets to detect tumor antigen-specific T cells following the use
of antigen-agnostic cancer immunotherapies could be extended to the detection of
tumor-associated antibodies.
We describe herein a method similar to the in-cell western blot, which uses
autologous tumor cells as reservoirs of bulk tumor antigens to bind to serum- or plasmaderived antibodies that can subsequently be detected using a species- and isotypespecific fluorochrome-conjugated antibodies for quantification via assessment of relative
fluorescence intensity. This method can also be applied to detecting virus-specific
antibodies, which is relevant to any treatment that relies on the use of viruses, such as
oncolytic virotherapy. This provides a valuable method that can be added to the toolbox
of preclinical cancer researchers to evaluate the role of endogenous antibodies induced
by antigen-agnostic immunotherapies and can help inform the design of future cancer
therapies.
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3.5 Required Materials
a. Reagents list
•

Retro-orbital blood draw
o Heparinized microhematocrit capillary tubes (Fisher Scientific, MA, USA,
Cat#22-362-566); this allows for a separate assessment of cells, such as
T cell responses; alternatively, clotted blood can be used but this would
restrict analysis to serum-derived factors only.
o 1.5mL microtubes
o Gauze pads
o Eye lubricant
o Container filled with ice pellets

•

Cell culture:
•

Complete Dulbecco’s modified eagle’s medium (Fisher Scientific,
Cat#SH30022.01) or media specific to tumor cell line of interest
o 10% fetal bovine serum (VWR, PA, USA, Cat#97068-085)
o Penicillin Streptomycin cocktail (Fisher Scientific, Cat#SV30010)

•

0.25% Trypsin-ethylene-diamine-tetra-acetic acid (EDTA) (Corning, NY,
USA, Ref#25-052-CI)

•

Phosphate-buffered saline (Fisher Scientific, Cat#SH30256.01)

•

Cell culture treated flasks and plates including 96-well flat bottom plates

•

FNC coating mix (AthenaES, MD, USA, Cat#0407)
107

•

Sample processing
o Hank’s balanced salt solution (Fisher Scientific, Cat#SH3003103)
o 4% paraformaldehyde (Fisher Scientific, Cat#J19943-K2)
o 0.2% TritonX-100 (Sigma-Aldrich, MA, USA, Cat#T8787)
o Bovine serum albumin (BSA, Fisher Scientific, Cat#BP1600100)
•

Antibody
o Goat anti-mouse IgG (H+L)-Alexa Fluor 488 (Fisher Scientific,
Cat#A28175). An antibody bound to a different fluorochrome could be
used, as long as it can be detected by a plate reader. Also, a different
isotype-specific antibody could be used, depending on the isotype(s) of
interest.

b. Equipment list
o Plate reader capable of detecting fluorescence at a wavelength of 490nm

3.6 Experimental Procedure
•

Refer to Figure 1.

Cell Preparation
•

Seed 10,000 healthy target tumor cells per well in a 96-well plate
o Target cells should be 100% confluent in each well upon starting the
assay. This ensures high quality signal and prevents binding of the
secondary detection antibody to the surface of the plate.
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•

Incubate target cells overnight at 37°C, 5% CO2 and 21% O2

Collection of Plasma
•

Collect blood from mice in 1.5mL microfuge tubes
o Collecting ~200µL of blood will yield ~50µL of plasma for analysis
o Maximizing the blood volume will maximize the sensitivity of the assay, but
adhere to institutional guidelines. The work presented here was approved
by the University of Guelph Animal Care Committee and adhered to the
policies published by the Canadian Council on Animal Care.

•

Place tube containing blood on ice until sample collection is complete

•

Centrifuge blood at 500xg for 10 minutes at 4°C

•

Centrifuged samples will separate plasma or serum to the top layer. Collect clear
plasma or serum without disturbing the cellular component beneath, and aliquot
into new tubes.

•

Pause point: Plasma or serum samples can be stored long-term at -80°C or
continue to assay

In-Cell Western Assay
•

Remove media from 96-well plate and wash cells 2x with 100uL of HBSS+Mg2+
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•

Fix cells with 25uL of 3.7% paraformaldehyde, incubating for 10-15 minutes at
room temperature

•

Wash cells 3x in 50uL of HBSS+Mg2+

•

Permeabilize cells with 50uL of 0.2% TritonX-100, incubating for 10 minutes at
room temperature
o This step can be skipped if the researcher only wants to target antibodies
against surface antigens

•

Wash cells 3x in 50uL of HBSS+Mg2+

•

Block cells with 1% BSA in 50µl total volume of PBS, incubating for 1 hour at
room temperature.

•

Pause point: blocking can be done overnight at 4°C

•

Begin thawing plasma or serum on ice 1 hour before intended use

•

Prepare dilutions of plasma or serum samples in 1% BSA-PBS in a 96-well plate
for easy transfer
o Recommended dilutions: 1/10, 1/100, 1/200, 1/500 and 1/1000
o A range of dilutions should be tested for each experiment to identify one
that is optimal (the range will vary depending on the concentration of
antibodies induced by a given therapy, with more potent therapies
requiring a greater dilution range)

•

Remove blocking solution

•

Add 50µL of diluted plasma or serum samples to target cells
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o Do not add plasma or serum to one row of target cells. This will serve as
a secondary antibody-only background control
•

Incubate for 1 hour at room temperature

•

Pause point: Incubation with plasma or serum can be extended to overnight at
4°C

•

Remove plasma or serum from wells and wash 3x with 50uL of HBSS+Mg2+ to
remove unbound antibodies

•

Dilute the secondary antibody, Alexafluor-488-conjugated goat anti-mouse
IgG(H+L), to 1/2,000 in 1% BSA-PBS

•

Add 50uL of secondary detection antibody to each well (including the row of
control wells that get treated with the secondary antibody only) and incubate for
1 hour at room temperature in the dark

•

Remove the secondary detection antibody and wash 3x with 50uL of
HBSS+Mg2+

•

Quantify fluorescence using a plate reader with a 490nm blue filter

•

Optional (but recommended): confirm the quality of antibody detection using a
fluorescent microscope.
o Secondary-only controls should have little to no fluorescent background
o Test samples for which antibody responses are expected should have an
intact monolayer of fixed cells with variable fluorescence

Data Analysis
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•

Refer to Figure 2

•

Data can be plotted as fluorescent units (FU) and then used to calculate the area
under the curve formed after plotting the results from the five-dilution series on a
x-y graph

•

The mean FU from control wells treated with the secondary antibody only define
the background signal and can be subtracted from the fluorescence intensity of
experimental samples

•

Data can be expressed as area under the curve following subtraction of the
background or as the fold-change in area under the curve of treated mice
compared to untreated mice

3.7 Timeline
Approximate time based on an experiment with 20 mice
Typical time to detectable antibody response: 10-21 days.
•

Kinetics of antibody responses can be determined using this method by
sampling blood on multiple days; we chose days 10 (pre-peak) and 21
(approximate peak of response) post-treatment.

Plating target cells: 12-24 hours to achieve 100% confluency (seeding density should be
optimized)
Blood sampling: 1 hour
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Plasma or serum collection: 20 minutes
Cell fixation and permeabilization: 30 minutes
Blocking and binding of plasma or serum-derived antibodies: 1.5 hours (or overnight)
Detection with a secondary antibody: 1 hour
Data collection: 20 minutes
Total time from plasma or serum collection to the end of data acquisition: 4 hours
Note: this experimental protocol contains a total of three potential pause points.
However, pause points during the in-cell western assay portion should be avoided for
optimal results.

3.8 Troubleshooting
Complete Target Cell Monolayers
The outcome of this assay depends on the use of cells that serve as reservoirs of
target antigens. The antibodies are derived from mouse plasma or serum and bind to
antigens in or on permeabilized tumor cells. Antibodies bound to antigens that are
retained after washing are detected by an anti-mouse IgG secondary antibody
conjugated to a fluorochrome (this antibody could be switched to look for other
isotypes). For adherent tumor cells, each well must consist of a confluent monolayer to
ensure a consistent number of available targets for all samples and to minimize
background fluorescence due to non-specific binding of secondary antibodies to the
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plate. Incomplete monolayers or loss of cells during the experimental procedure can
result in variability and artificially low on-target signals due to a reduction in the quantity
of target antigens.
Adherent tumor cell lines vary in their ability to adhere to commercially available
polymer-coated culture plates. To maximize adhesion of target tumor cells, we pre-coat
cell culture plates with FNC coating mix. Additionally, all washing steps are performed
with HBSS containing Mg2+, which retains ions critical for cellular adhesion. Before
beginning the assay, wells should be visualized by brightfield microscopy to ensure
confluency and any that do not meet quality control criteria should be excluded. The cell
monolayers should be inspected again just prior to or just after quantification of
fluorescence as a final quality control check.
Tumor cells differ in their growth kinetics and response to contact-inhibition. It is
important to evaluate each target cell line for the optimal initial seeding density and
growth time to achieve complete confluency at the time of the assay.
Dilution of Plasma or Serum Samples and the Secondary Detection Antibody
The sensitivity of this assay relies on optimizing the dilution of plasma or serum
samples. At extremely high plasma or serum concentrations there is an increased risk
of non-specific binding of antibodies to target cells, leading to a plateau in terms of how
much fluorescence a plate reader can detect. To resolve these issues, it is
recommended that a range of plasma or serum dilutions are included for each sample in
each experiment, especially if relatively high-magnitude secondary responses are being
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assessed. This can be easily accommodated in the 96-well plate format (Figure 3).
Figure 4 shows results using an ideal dilution range for plasma samples, thereby
facilitating relative quantification of antibodies by calculating areas under the curves.
This harnesses the power of the dynamic range of the assay. To confirm the selection
of proper dilutions, samples should be visualized by fluorescent microscopy.
Similarly, the fluorochrome-conjugated secondary antibody should be tested at a
range of dilutions to ensure optimal detection of plasma- or serum-derived antibodies
bound to target cells, without producing a substantial signal in target cells that have
been treated with only the secondary antibody. We have identified a 1:2,000 dilution as
optimal in our experiments. However, this should be tested for every secondary
antibody that is used. This can be easily accommodated in the 96-well plate format.
Proper dilutions of secondary antibodies can be confirmed by fluorescent microscopy.
Preparation of Assay Controls
Secondary Antibody-Only Background Controls: Non-specific binding of secondary
antibodies can occur, especially when they are used at high concentrations. We
recommend testing a series of dilutions of the secondary antibody with target cells to
determine a dilution that fails to yield a significant fluorescent signal on the plate reader.
This can be confirmed by fluorescent microscopy and should yield results similar to
wells with target cells that were not treated with the secondary antibody. When
quantifying immunotherapy-induced antibody responses, secondary antibody-only
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controls are required to remove background cellular auto-fluorescence from all
experimental data.
Off-Target Cell Controls: In-cell western blotting can be conducted with tumor cells that
are different from those used for tumor implantation. This would serve to identify
antibody responses against antigens shared between different cancer cells.
Alternatively, or in addition, normal cells could be used to determine if antibodies are
detecting antigens that are not cancer-specific. Note that in many cases, antibody
responses to ‘normal cell’ controls would be expected. For example, if treating
melanomas, off-target responses to normal melanocytes that share immunodominant
antigens (e.g. enzymes associated with melanogenesis) could be substantial. Also,
antibody responses to so-called ‘universal’ tumor-associated antigens such as
telomerase reverse transcriptase or survivin would be expected to cross-react with
many normal cells that also express these, albeit typically at lower levels. Therefore, it is
important to include a sham-treated control group in each experiment to prove that
antibody responses are truly therapy-induced.
Uninfected Off-Target Cell Controls for Virus-Specific Antibody Detection: This control is
critical for reducing background when applying this technique to detecting virus-specific
antibodies following OV therapy. Oncolytic virotherapy could induce antibody responses
against conserved cellular antigens that are not tumor-specific. Although utilizing cells
from a different species mitigates this risk, the inclusion of uninfected off-target cell
controls allows for background fluorescence readings from these wells to be subtracted
from the values obtained from test wells.
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3.9 Anticipated Outcomes
Detecting Immunotherapy-Induced Antibody Responses in Mice Treated with OVs
To test the in-cell western blotting protocol for detecting immunotherapy-induced
antibodies, we used a C57BL/6 murine model of orthotopic, syngeneic ID8 epithelial
ovarian carcinomas, as has been previously described17. Sixty-days following tumor
implantation, we treated mice with an OV known as Orf virus (OrfV18) that was injected
into the peritoneal cavity. Ten days following treatment, blood was collected and plasma
harvested for the in-cell western blotting assay. ID8 cells were used as targets and
plasma samples were diluted following the format shown in Figure 3. Plasma samples
were run through the in-cell western blotting protocol in three independent assays, with
each assay containing intra-assay secondary antibody-only controls. Plasma samples
collected from tumor-bearing mice that were untreated yielded relatively low fluorescent
signals following removal of background (Figure 4). In contrast, mice treated with the
OV had evidence of therapy-induced antibody responses. Greater fluorescent signalling
in test wells compared to control wells, was confirmed by fluorescent microscopy
(Figure 5). These significant differences between treated and untreated mice
demonstrated that the in-cell western blotting assay could detect treatment-induced
changes in the antibody repertoire following administration of an immunotherapy
expected to induce a humoral response. It is important to note that these antibody
responses were ‘therapy-induced’ or ‘tumor-associated’ and not necessarily tumor-
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specific, as some responses against antigens shared with off-target normal cells is
common with many antigen-agnostic approaches.
Evaluating the Kinetics of a Tumor-Associated Antibody Response Induced by OV
Therapy
To demonstrate the potential to use the in-cell Western blotting assay to assess
the kinetics of an antibody response, Balb/c mice were challenged intravenously with
syngeneic K7M2 osteosarcoma cells to establish lung metastases. Four days following
tumor challenge, mice were treated with an immunotherapy in the form of an OrfVinfected K7M2 cell vaccine (ICV). Since blood collection is a non-terminal procedure,
plasma could be obtained from mice 10 and 21 days following treatment. K7M2 cells
were used as target cells, and plasma samples were analyzed in three separate in-cell
western blotting assays. Mice treated with the ICV had significantly higher magnitude
tumor-associated plasma antibody responses compared to untreated control mice at
day 10 (Figure 6), which significantly increased by 21 days following treatment.
Untreated tumor-bearing mice had reached endpoint prior to the second blood
collection, therefore precluding our ability to include these controls at the second time
point. This confirmed the in-cell western blotting assay could be applied to analyze the
kinetics of antibody responses induced by cancer immunotherapies.
Detecting OV-Specific Antibodies
Due to the immunogenic nature of viruses, OV therapies induce potent virusspecific immune responses. We reasoned that using off-target cells infected with the OV
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would enable the in-cell western protocol to be applied to detecting virus-specific
antibodies. C57BL/6 mice bearing orthotopic ID8 ovarian cancers were treated with
OrfV sixty days following tumor challenge, with plasma collected ten days following
initiation of treatment. Vero African monkey kidney cells were used as off-target cells, as
they should share relatively few antigens with murine tumor cells. Vero cells were plated
and allowed to adhere before infection with OrfV at a multiplicity of infection of 10 for
twelve hours. We reasoned that this would expose every cell to the virus to maximize
production of viral proteins, without killing a substantial number of cells. The in-cell
western blotting assay was then conducted as previously described, except for the
addition of uninfected Vero cells as a negative control. Mice treated with OrfV had
potent virus-specific antibody responses as depicted by an overall increase in
fluorescent values compared to plasma from untreated animals (Figure 7). A gold
standard for quantifying virus-specific antibody responses is by virus neutralization
assays, wherein infection is inhibited by pre-treatment of permissive cells with
antibodies present in serum or plasma. Virus neutralization can be analyzed by plaque
assays or flow cytometry19,20. However, the importance of non-neutralizing antibodies in
resistance to viral infections, which by definition would not be detected by classical
virus-neutralization assays, is well described21-24. The in-cell western blotting technique
is not limited to detecting neutralizing antibodies, as both structural and non-structural
virus proteins would be expressed by infected target cells. The application of this
technique to detecting virus-specific antibodies will endow researchers with a tool to
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model antibody responses to the entire repertoire of viral antigens, which can be
combined with traditional assays to identify neutralizing antibodies.
In conclusion, this protocol provides a detailed methodology for detecting tumorassociated antibody responses following antigen-agnostic immunotherapies. In theory,
the in-cell western blotting method could be applied to any antigen-agnostic therapy
capable of inducing tumor-associated antibodies, including, but not limited to, chemoand radiation therapies that induce immunogenic cancer cell death, and should be
amenable to any transplantable murine tumor model. Autologous tumor cells serve as
reservoirs of target antigens and, theoretically, every relevant tumor antigen not
generated de novo in the animal is represented. Therefore, this method could also be
potentially useful for assessing antigen spreading following antigen-specific
immunotherapies.
The experiments presented herein apply the antibody detection method to
primary responses to tolerized tumor-antigens, which are expected to be of low
magnitude. This method would also be useful for detecting secondary antibody
responses, for example in patients that have pre-existing tumor-associated antibodies at
the time of initial treatment or that receive multiple rounds of treatment. Blood collection
is not terminal, so therapy-induced antibody responses can be monitored over time in
the same animal, and correlated to clinically relevant outcomes such as survival. The
protocol presented here has been optimized for adherent tumor cell lines, but in
principle could be applied to cancer cells that grow in suspension, extending the
application to hematological malignancies such as leukemias if flow cytometry were to
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be used to quantify fluorescence. More detailed studies of tumor-associated or virusspecific antibody responses can be performed using secondary detection antibodies
against other immunoglobulin isotypes. The studies described herein focused on
detection of IgG, but detection of other isotypes such as IgM or IgA could be easily
included and used to analyse class-switching, affinity maturation and type 1 versus type
2 immune response biases throughout the course of the antibody response. Since the
only major prerequisite for this protocol is the existence of a target tumor cell line, we
envision that this method could be applied clinically. For example, tumor cells could be
collected from patients and cultured to generate polyclonal cell lines ex vivo. Samples to
facilitate this would be acquired anyways for therapies such as infected cell vaccines.
Patient-derived tumor cell lines would then be applied in the method presented herein to
monitor therapy-induced antibody responses. Indeed, we conducted proof-of-principle
studies to demonstrate the translational potential of this method. Specifically, we
successfully generated polyclonal cancer cell lines from osteosarcoma metastases
excised from two dogs. In both cases, this was accomplished in less than three weeks.
This timing would facilitate the assessment of most primary antibody responses at or
near their peak.

Conflicts of Interest: The authors have no competing interests to declare.

121

3.10 Author Contributions:
Conception and design: J.P.v.V., K.K., G.M., J.J.P., S.K.W. and B.W.B.; development of
methodology: J.P.v.V., E.M.K. and B.W.B.; acquisition of data: J.P.v.V., E.M.K. and
B.W.B; analysis and interpretation of data: J.P.v.V., E.M.K., K.K., G.M., J.J.P., S.K.W.
and B.W.B.; writing, review and/or revision of the manuscript: J.P.v.V., E.M.K., K.K.,
G.M., J.J.P., S.K.W. and B.W.B.

3.11 Acknowledgements:
This research was supported by a New Investigator Award and a Program Project Grant
from the Terry Fox Research Institute (project #1041 and 1073, respectively) and an
Enabling Studies grant from the National Centre of Excellence in Biotherapeutics for
Cancer Treatment (project #ESP3) to B.W.B. Contributions from S.K.W. were funded by
a Discovery Grant from the Natural Sciences and Engineering Research Council of
Canada (NSERC project #355661). Stipend funding was from: Canadian Graduate
Scholarship-Doctoral Award (NSERC), Ontario Graduate Scholarship and Ontario
Veterinary College (OVC) Graduate Scholarship (for J.P.v.V.); OVC Graduate
Scholarship (for E.M.K.). We thank Campus Animal Facilities, University of Guelph, for
animal care services.

122

3.12 Figures

Figure 1. Experiment workflow for the in-cell Western blotting assay, from preparing
target tumor cells, collecting plasma from mice and detecting tumor-directed antibodies.
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Figure 2. Data analysis workflow, from data export to graphical representation.
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Figure 3. Example of a standard plate set-up, including recommended plasma dilutions
and the necessary control wells.
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Figure 4. Tumor-directed antibody responses detected in the plasma of mice
treated with an oncolytic virus. Plasma was collected from C57BL/6 mice bearing
orthotopic, syngeneic ID8 ovarian carcinomas ten days following treatment with
oncolytic OrfV or immune checkpoint blockade (anti-PD-1). Control mice were
untreated. ID8 cells were used as targets for the in-cell Western blotting assay, and
plasma was diluted 1:100 before detection using a rabbit anti-mouse IgG conjugated to
AlexaFluor488 diluted 1/2,000. Fluorescence was quantified with a plate reader using
excitation and emission wavelengths of 490 nm and 525 nm, respectively. (A) Tumordirected antibodies responses represented as relative fluorescent units following
removal of secondary antibody-only control values. (B) Fold-change in the relative
quantity of tumor-directed antibodies compared to untreated controls. Means and
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standard errors are shown, with p-values determined by (A) one-way analysis of
variance using Tukey’s multiple comparisons test or (B) a two-tailed Student’s t-test.

Figure 5. Visualization of tumor-directed antibody responses by fluorescent
microscopy. Plasma from an untreated tumor-bearing mouse (top panel) and serum
from a tumor-bearing mouse that received oncolytic virotherapy (OV; bottom panel)
were analyzed using the in-cell Western blotting protocol. Plasma samples were diluted
1:100 and added to permeablized and fixed tumor cells in plates. Tumor-directed
antibodies bound to cell-derived antigens were detected by a rabbit anti-mouse IgG
conjugated to AlexaFluor488 diluted 1/2,000. Brightfield and fluorescent images were
captured with a camera mounted on a microscope at 20x magnification, with identical
exposures for untreated and OV-treated samples.
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Figure 6. Kinetics of tumor-directed antibody responses induced by an oncolytic
virus. Balb/c mice bearing syngeneic K7M2 osteosarcoma lung metastases were
treated with an OV-infected cell vaccine four days following tumor challenge. Plasma
was collected 10 and 21 days following therapy. In-cell Western blotting was performed
using K7M2 cells as targets, with plasma diluted 1:100 and detection by rabbit antimouse IgG conjugated to AlexaFluor488 diluted 1/2,000. (A) Tumor-directed antibodies
responses represented as relative fluorescent units following removal of secondary
antibody-only control values. (B) Fold-change in the relative quantity of tumor-directed
antibodies compared to untreated controls. Means and standard errors are shown, with
p-values determined by (A) one-way analysis of variance using Tukey’s multiple
comparisons test or (B) a two-tailed Student’s t-test.
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Figure 7. Detection of virus-specific antibodies. Plasma was collected from C57BL/6
mice bearing orthotopic, syngeneic ID8 ovarian carcinomas ten days following treatment
with oncolytic OrfV or immune checkpoint blockade (anti-PD-1). Control mice were
untreated. Vero African monkey kidney cells infected with the oncolytic virus were used
as target cells for the in-cell Western blotting assay and plasma was diluted 1:100
before addition to the cells. Plasma-derived antibodies were detected with rabbit antimouse IgG conjugated to AlexaFluor488 diluted 1/2,000. Fluorescence was quantified
with a plate reader at excitation and emission wavelengths of 490 nm and 525 nm,
respectively. (A) Oncolytic virus-specific antibodies were quantified by relative
fluorescent units following removal of mean background values from control cells. (B)
Fold-change in OV-specific antibodies compared to untreated controls. Means and
standard errors are shown, with p-values determined by (A) one-way analysis of
variance using Tukey’s multiple comparisons test or (B) a two-tailed Student’s t-test.
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Figure 8. Using the in-cell western blotting assay to quantify antibody responses
induced by a vaccine targeting a defined antigen. Tumor-free female C57BL/6 mice
were vaccinated intramuscularly with 1x108 infectious units of a recombinant human
serotype 5 adenovirus expressing the human melanoma-associated antigen
dopachrome tautomerase (DCT). Plasma-derived IgG isotype antibodies specific for
human DCT were quantified thirty-three days post-vaccination using the in-cell western
blotting assay, in which Vero cells infected with vesicular stomatitis virus expressing
human DCT were used as a source of bulk antigens. Mean areas under the curves
were calculated following determination of relative fluorescent units for all five plasma
dilutions that were tested. These were plotted, along with standard errors and compared
using Student’s unpaired two-tailed t-test.
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4.1 Abstract:
Oncolytic viruses (OV) are a promising platform for cancer immunotherapy because
they preferentially replicate in tumors, can express a variety of therapeutic transgenes
and can induce tumor-specific immune responses. The successful translation of
oncolytic virotherapies into clinical practice will depend on the rigor of pre-clinical and
translational research. Unfortunately, many in vitro and murine cancer models fail to
recapitulate key variables in outbred patients; this includes the temperature of tumors.
Here, evidence is provided for the first time that the temperature of tumors can have a
dramatic attenuating effect on the oncolytic rhabdoviruses Maraba virus and vesicular
stomatitis virus. Replication, oncolytic potential and the ability to mediate expression of
a transgene were compromised at temperatures as low as 37.5oC and completely
abrogated at approximately 39oC. This was demonstrated in a variety of cancer cell
lines, as well as a novel murine model of pyrexia. The dominant mechanism was
attributed to a heat-sensitive viral polymerase, with evidence for minor contributions
from heat-mediated physical degradation of virus particles and heat-shock responses in
infected cells. Among other potential solutions, we developed a heat-adapted OV that
retained oncolytic and vaccine functions at temperatures up to 40oC. The research
presented here has numerous implications for pre-clinical, translational and clinical
testing of OVs and regulatory policies for assessing the safety of oncolytic virotherapies.
It also has implications for infectious disease research by describing a mutation that
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confers a virus with the ability to circumvent pyrexia, and more broadly, to the design of
virus-vectored vaccines for any clinical applications.

4.2 Introduction
Cancer remains a leading cause of death worldwide and poses a huge economic
burden to the health care industry. This decade has seen immunotherapies, which
induce, amplify or augment a patient’s immune response against their own cancer,
emerge as treatment options leading, in some cases, to unprecedented extension of
survival and cures1. Oncolytic viruses (OV) are at the forefront of immunotherapies, with
the recombinant herpesvirus T-Vec being approved in the USA for the treatment of
advanced melanomas2. The anticancer mechanisms of OVs are multi-modal, but are
centered around the ability for OVs to preferentially infect, replicate in and lyse cancer
cells. Infection and killing results in the release of pro-inflammatory factors and tumor
antigens that drive adaptive responses against tumors. Thus, OVs have the capacity to
function as self-amplifying in situ cancer vaccines3. Efforts to potentiate induction of
cancer-specific adaptive immune responses by OVs have included incorporation of
therapeutic transgenes, including a wide variety of cytokines and tumor antigens. In one
such strategy, an oncolytic vesicular stomatitis virus (VSV) carrying a tumor-associated
antigen was delivered as a booster vaccine, following primary vaccination with a
replication-deficient adenovirus encoding the same tumor antigen4. This facilitated
transient debulking of the tumor due to virus-mediated oncolysis, followed by induction
of massive tumor-specific secondary CD8+ T cell responses, which translated into
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increased survival and durable cures in a challenging murine model of melanoma in the
brain. This strategy has since been extended to a different oncolytic rhabdovirus,
Maraba virus (MG1)5, which has entered translational testing in cats6 and clinical testing
in four human clinical trials (ClinicalTrials.gov identifiers: NCT03618953, NCT02879760,
NCT02285816 and NCT03773744). This is one of many examples wherein
enhancement of efficacy by inclusion of therapeutic transgenes relies on the ability of
the OV to initiate infection and drive transgene expression. This functional application is
paralleled in vaccination strategies against infectious diseases, where many of the
same viruses are used as full or semi-replicative vectors to drive immune responses
against pathogen-derived antigens7-9.
Non-segmented single-stranded RNA rhabdoviruses, including VSV10 and MG111
have undergone extensive pre-clinical testing as oncolytic agents. As oncolytic vectors,
rhabdoviruses have great appeal because of their broad tumor tropism, lack of preexisting immunity in humans, availability of reverse genetics platforms for expressing
therapeutic transgenes and their extremely rapid replication cycle.
Clinical trials in both humans and companion animals have been conducted for
both VSV (ClinicalTrials.gov identifiers: NCT02923466, NCT03120624 and
NCT03017820) and MG1 (ClinicalTrials.gov identifiers: NCT03618953, NCT02879760,
NCT02285816 and NCT03773744). At the current time, results of phase I/II clinical trials
with VSV and MG1 in humans have not been reported. However, results from
translational studies in companion animals are available for VSV expressing rIFNβ in
dogs12 and MG1 as part of a prime-boost strategy in cats6. These studies are
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immensely informative for human clinical trials, as companion animals are outbred,
develop diverse spontaneous cancers and have anatomic and immune systems
comparable to humans13. Both VSV and MG1 were determined to be safe in dogs and
cats, respectively. However, both studies noted that participants developed pyrexia in
response to administration of the rhabdovirus vector. Intriguingly, pyrexia is a commonly
reported adverse effect following treatment with various OV6,14-20.
Infectious disease trials have provided additional data on pyrexia following
delivery of rhabdoviruses in humans. VSV as a vaccine vector against Ebola virus was
recently evaluated in a phase I trial in human patients21. Patients experienced fevers up
to 40.0°C that lasted up to 24 hours following vaccination. To our knowledge, the impact
of pyrexia on vaccine efficacy has not been reported, but some vaccine trials make antipyrexia drugs available to patients in an attempt to reduce severe fevers22,
demonstrating that clinicians are aware of pyrexia as a common adverse event when
using replication-competent viruses. Despite this, and to the best of our knowledge, the
impact of body temperature on the efficacy of replication-competent viral-vectors
purposed for both vaccination and oncolytic virotherapy have not been investigated.
In the world of cancer immunotherapy, the term “hot” tumor is often used
figuratively to describe a tumor microenvironment with a relatively high number of
tumor-infiltrating leukocytes23. However, we decided to explore how OVs behave inside
tumors that are literally hot. Based on the accumulation of overwhelming evidence from
pre-clinical murine studies that OVs can replicate efficiently in tumors and mediate
potent direct oncolytic effects and express transgenes, we hypothesized that
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intratumoral temperatures above 37.0oC and up to 40.0oC (i.e. the beginning of a highgrade fever in humans24,25) would have little to no effect on the efficacy of oncolytic
rhabdoviruses. We could not have been more wrong. This study demonstrated that both
VSV and MG1 were attenuated in vitro at temperatures as low as 37.5ºC and lost
almost all oncolytic activity and potential to express transgenes at 39.0ºC. We also
found that mice fail to develop pyrexia in response to infections with rhabdoviruses.
Therefore, we developed a method to externally heat mice to model pyrexia, and used
this to show that replication of rhabdoviruses in tumors is limited in mice with simulated
fevers. To define the mechanisms underlying heat-induced attenuation, we generated a
heat-adapted MG1 that was resistant to elevated temperatures and maintained its ability
to replicate at temperatures up to 40.0oC (HA-MG1-40). At this point, we reasoned that
the naturally higher temperature of tumors relative to neighbouring tissues might be
sufficient, irrespective of pyrexia, to inhibit the replication of OVs26. This is based on the
fact that many tumors are in a chronic state of inflammation and have high metabolic
activity, rendering them higher in temperature than the core of the host. This
phenomenon has even given rise to the use of thermal imaging to aid in the detection of
tumors27. Indeed, HA-MG1-40 proved to be more efficacious than the parental virus in
unheated mice, despite the fact that their body temperatures failed to rise significantly
above baseline. The results presented here have a broad array of implications for preclinical, translational and clinical studies using replicating viruses to treat cancers and
infectious diseases, as well as the regulatory agencies that monitor them.

138

4.3 Results

Rhabdovirus-mediated oncolysis was abrogated at temperatures above 37oC.
To investigate the role temperature may play in the ability of rhabdoviruses to kill
cancer cells, a panel of four human cervical carcinoma (HCC) cell lines, C33A, CaSki,
HeLa and SiHa, were infected with MG1 carrying transgene encoding full-length
enhanced green fluorescent protein (eGFP) or a type I interferon-sensitive mutant VSV
(VSVΔm51-eGFP)10 at a range of multiplicities of infection (MOI; Figure 1a). Following
the addition of viruses, cells were incubated at 37.0°C, 38.5°C to simulate mild pyrexia,
or 40.0°C to simulate a high-grade fever. Forty-eight hours later, cellular metabolic
activity, which correlates with viability, was measured using a resazurin dye-based
assay and compared to untreated cells to assess oncolysis. Surprisingly, the oncolytic
activity of MG1-eGFP and VSVΔm51-eGFP was attenuated in all four and three out of
four HCC cell lines, respectively, at 38.5oC (Figure 1a). Notably, oncolysis mediated by
both viruses was completely abrogated in all four HCC cell lines at 40.0°C (Figure 1a).
Even C33A cells, which were exquisitely sensitive to MG1-eGFP and VSVΔm51-eGFP
at 37.0oC were completely refractory to oncolysis at 40.0°C. Metabolic activity data was
confirmed for all experiments by visualization of cytopathic effect (CPE) via brightfield
microscopy, with an example shown for MG1-eGFP and VSVΔm51-eGFP in HeLa cells
(Figure 1b). Treatment with MG1-eGFP or VSVΔm51-eGFP at 37.0°C resulted in
massive CPE within 48 hours, whereas no CPE was observed following treatment of
cells at 40.0°C. These data demonstrate that both oncolytic rhabdoviruses were
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sensitive to biologically relevant increases in temperature, and were rendered
completely ineffective at 40.0°C. These observations were subsequently extended to
numerous other human, murine, canine and feline cancer cell lines (data not shown).
Having determined that rhabdovirus-mediated oncolysis was compromised at
38.5oC and completely abrogated at 40.0oC, we wanted to assess the effect of
temperature in smaller increments to determine: 1. The lowest temperature at which
most/all oncolytic activity was lost, and 2. The minimum temperature at which oncolysis
began to be compromised. To accomplish this, resazurin dye-based experiments were
conducted with HCC cells treated with MG1-eGFP or VSVΔm51-eGFP at 37.5oC versus
39.0 or 39.50C (Figure 1c) and 37.0oC versus 37.50C (Figure 1d). The oncolytic
activities of MG1-eGFP and VSVΔm51-eGFP were completely abrogated in three out of
four and two out of four cell lines, respectively (Figure 1c). Notably, these results are
based on using MOIs up to 20, which, realistically, are of questionable biological
relevance in vivo. As such, defining the limit of rhabdovirus-mediated oncolytic activity
as 39.0oC might be an overestimate in clinically relevant terms. Interestingly, the MG1eGFP- and VSVΔm51-eGFP-mediated oncolysis was statistically significantly
compromised in two out of four and three out of four cell lines, respectively, at only
37.5oC. Based on these results, it was apparent that the oncolytic activity of MG1 and
VSV was exquisitely sensitive to temperatures above 37.0oC, with oncolysis being
compromised with as little as a 0.5oC increase and, except for extremely high MOIs,
almost completely abrogated at 39.0oC. A follow-up experiment using the resazurin dyebased assay tested the effect of increasing durations of a simulated high-grade fever.
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Specifically, HCC cell lines were infected with MG1-eGFP or VSVΔm51-eGFP and then
incubated at 40oC for nine to 48 hours, followed by incubation at 37oC for 48 hours.
Controls were incubated exclusively at 37oC or 40oC for 48 hours. Except for the hightemperature controls, all other cultures provided a 48-hour window of opportunity for the
viruses to mediate oncolysis. The result was a classical dose-response effect, with
increasing durations at 40oC correlating with reductions in oncolytic efficacy
(Supplementary Figure 2). This suggested that one mechanism underlying heat-induced
abrogation of rhabdovirus-mediated oncolysis might be physical degradation of the virus
at elevated temperatures. Protein lysates were derived from aliquots of the MG1-eGFP
stock after incubating them for 24, 48 or 72 hours at 4, 37 or 40°C. Western blotting of
viral proteins revealed some reductions in band intensities that seemed to correlate with
temperature and duration of exposure to high temperatures, suggesting that physical
degradation of the virus might be a minor mechanism of action (Supplementary Figure
3).

Rhabdovirus-mediated transgene expression was abrogated at temperatures
above 37.5oC.
An important characteristic of oncolytic rhabdoviruses is that their genomes can
be genetically engineered to express virtually any therapeutic transgene(s) within the
limits of their coding capacity. Once engineered, OVs can selectively deliver transgenes
to tumor microenvironments. Given the sensitivity of MG1 and VSV to impairments in
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oncolytic activity at temperatures above 37.0oC, we questioned whether the expression
of therapeutic transgenes may also be compromised. If the abrogation in oncolysis was
due to defects in viral assembly and/or budding but not because of a lack of expression
of genome-encoded proteins, one would expect that transgene expression would
remain intact in infected cells. To evaluate this, HeLa cells were treated with MG1-eGFP
for eight hours at 37.0, 38.5 or 40.0°C for 24 hours at a MOI of 10 (to ensure all cells
had a reasonable chance of being infected) or 100 (Figure 2). The frequency of cells
expressing eGFP and the relative quantity of eGFP being expressed on a per-cell basis
(based on mean fluorescence intensity) was determined by flow cytometry. Most of the
Vero cells expressed eGFP when treated at 37.0oC (Figure 2a). There was a substantial
and statistically significant decrease in the frequency of eGFP-positive cells at 38.5oC
and almost no cells expressed eGFP when they were treated at 40.0oC, even if they
were infected at an extremely high MOI of 100. Transgene expression was
quantitatively similar in each cell regardless of whether the infection occurred at 37.0 or
38.5oC (Figure 2b). However, the amount of the transgene expressed in the relatively
few cells that were eGFP-positive when infected at 40.0oC was dramatically and
statistically significantly reduced as compared to cells at 37.0oC, but was partially
recovered if the MOI was increased from 10 to 100 (but was still less than cells infected
at 37.0oC). These data suggest that therapeutic transgene expression mediated by
MG1 would inversely correlate with temperatures above 37.0°C and would be lost
altogether at a temperature somewhere between 38.5 and 40.0oC.
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Serial passaging Maraba virus at temperature increments of 0.5oC generated a
natural mutant that retained oncolytic activity and transgene expression above
37.0oC.
Having discovered that temperatures above 37.0oC represented a major barrier
to the oncolytic activity of MG1 and VSV, a solution to this problem was sought, with
subsequent research focusing on MG1 to do so. Given that virus-encoded RNAdependent RNA polymerases have inherently high error rates28,29, it was hypothesized
that gradually increasing the ambient temperature while serially passaging a
rhabdovirus could facilitate selection of rare mutants that could withstand temperatures
up to 40.0°C. To test this, MG1-eGFP was serially passaged in permissive Vero cells at
0.5°C increments all the way up to 40.0°C. Infection at a low MOI of 0.1 yielded
reasonable numbers of viruses from 37.5°C to 38.0°C. At passage temperatures of
38.5°C and higher, an MOI of 1 was required to recover infectious particles. From stepwise passaging, a heat-adapted virus capable of replicating at 40.0°C was recovered in
Vero cells and was designated ‘HA-MG1-40-eGFP’ (Figure3).
To compare HA-MG1-40-eGFP to MG1-eGFP, single-step growth curves were
generated at 37.0 and 40.0°C using Vero cells (Figure 3a). Propagation of both viruses
was equivalent at 37.0oC, indicating that the heat-adaptation had not compromised
baseline replication. In stark contrast, only HA-MG1-40-eGFP could be propagated at
40.0°C. No titers were detectable for MG1-eGFP at 12-hours post-infection at 40.0°C,
indicating that this virus could not complete a full life cycle.
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Next, the oncolytic activity of HA-MG1-40-eGFP was evaluated in HCC lines at
37.0 versus 38.5°C using a resazurin dye-based metabolic assay (Figure 3b). At
37.0°C, HA-MG1-40-eGFP performed similarly to MG1-eGFP in all cell lines. However,
at 38.5°C HA-MG1-40-eGFP significantly outperformed MG1-eGFP in all cell lines. To
confirm the results of the resazurin assays and to assess the potential for HA-MG1-40eGFP to mediate transgene expression, experiments were repeated in Vero cells at
37.0 or 40.0oC and cells were visualized via brightfield and fluorescent microscopy
(representative results shown in Figure 3c). Cytopathic effects and expression of eGFP
were readily apparent for MG1-eGFP at 37oC, but only HA-MG1-40-eGFP caused CPE
and expressed eGFP at 40.0oC.
Clearly, HA-MG1-40-eGFP was a better oncolytic agent than MG1-eGFP at
temperatures above 37.0oC. Knowing that the viral polymerase was critical for
replication, it was hypothesized that the heat-adaptation process might have altered the
nucleotide sequence of the L-gene. Therefore, the L polymerase genes of two HA-MG140-eGFP clones and the parental MG1-eGFP were Sanger sequenced. Sequencing
revealed a single base substitution of cytosine to thymine at position 7,633 in both HAMG1-40-eGFP clones, but not in the parental MG1-eGFP nor three other Maraba virus
sequences that were available on GenBank (Figure 3d). Notably, this base substitution
resulted in a conversion from threonine to isoleucine in the mRNA capping domain of
the polymerase. The amino acid sequence flanking this conversion was highly
conserved not only across available Maraba virus sequences, but also compared to the
polymerases of the New Jersey and Indiana strains of VSV.
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To confirm that the threonine to isoleucine switch in the viral polymerase
conferred a heat-adapted phenotype, this mutation was reverse-engineered into the
parental MG1-eGFP genome by site-directed mutagenesis (SDM). The rescued virus,
called ‘HA-MG1-SDM-eGFP’, was confirmed to harbor the single base substitution, with
no other changes detectable by sequencing. The oncolytic activity of HA-MG1-SDMeGFP was compared to MG1-eGFP and HA-MG1-40-eGFP in HeLa cells and murine
B16-F10 melanoma cells at 37.0 or 40.0oC using a resazurin-dye based metabolic
assay (Figure 3e). All three viruses had equivalent oncolytic activity at 37oC in both cell
lines. In HeLa cells, MG1-eGFP was not efficacious at 40oC. In contrast, HA-MG1-40eGFP did have oncolytic activity at 40.0oC, although not to the same degree as the
same virus at 37.0oC. At 40.0oC, HA-MG1-SDM-eGFP appeared to have an
intermediate phenotype, performing significantly better than MG1-eGFP, but not as well
as HA-MG1-40-eGFP. In B16-F10 cells, HA-MG1-40-eGFP was almost as efficacious at
40.0oC as it was at 37.0oC and this was fully recapitulated by HA-MG1-SDM-eGFP. As
had consistently been observed in all other cell lines, the oncolytic activity of MG1eGFP was dramatically compromised in B16-F10 cells at 40.0oC. Results of the
resazurin assays were confirmed via brightfield microscopy, where CPE in HeLa cells
was equivalent for all three viruses at 37.0oC (Figure 3f). In stark contrast, CPE was
evident when cells were treated with HA-MG1-40-eGFP and HA-MG1-SDM-eGFP but
not MG1-eGFP at 40.0°C. The sum total of these results demonstrated that serial
passaging of the parental MG1-eGFP at increasing temperatures could generate a
naturally heat-adapted mutant with a single, conserved amino acid change in the viral
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polymerase. Unlike the parental virus, the mutant version maintained reasonable
oncolytic activity at temperatures above 37.0oC. The heat-adapted phenotype could be
at least partially recapitulated by reverse-engineering the conserved amino acid
mutation into the parental viral genome.

Cellular heat-shock responses were not a major contributor to attenuation of
Maraba virus-mediated oncolysis at elevated temperatures.
Although the mutation in HA-MG1-SDM-eGFP seemed to suggest that a heatsensitive polymerase was the dominant mechanism underlying heat-mediated
attenuation of MG1-mediated transgene expression and oncolysis, it was also
hypothesized that the heat-shock response in host cells might contribute, since this has
been shown to have variable but sometimes anti-viral effects in other contexts30-35. To
induce heat-shock, HCC cells that had been propagated at 37oC were transferred to an
incubator at 40oC for 12 hours. These cells were then transferred back to 37oC and
infected with MG1-eGFP or HA-MG1-40-eGFP in parallel with control cells that had
exclusively been cultured at 37oC. In this series of experiments, MG1-eGFP-mediated
oncolysis was slightly compromised in two out of four heat-shocked cell lines (i.e. HeLa
and SiHa; Supplementary Figure 4a), but enhanced in one heat-shocked cell line
(CaSki). Although HA-MG1-40-eGFP-mediated oncolysis was not altered in heatshocked HeLa cells, it was slightly compromised and enhanced in heat-shocked SiHa
and CaSki cells, respectively. This suggested that heat-shock had differential and
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relatively small effects on the oncolytic activity of Maraba virus and that improved
oncolysis of HA-MG1-40-eGFP via circumvention of heat-shock-mediated attenuation of
the virus was, at best, a minor mechanism of action. In exploring this avenue of
research, an attempt was made to generate heat-adapted sub-lines of the HCC cells
(i.e. versions of the cell lines that could grow at temperatures >37oC without generating
heat-shock responses). It was reasoned this would be an alternative way to assess the
impact of heat-shock on viral oncolysis by comparing the efficacy of viruses in heatshocked and heat-adapted cells infected at high temperatures. Sub-lines of each of the
four HCC cell lines were generated that could be propagated long-term at 38.5oC by
slowly increasing the temperature of the incubator as the cells were passaged over a
period of ≈4 months. Only one of four of the HCC cell lines (i.e. C33A cells) could be
propagated long-term at 40oC; it took ≈one year to generate C33A cells that would grow
at this temperature. Protein lysates were obtained from the parental HCC cells and cell
sub-lines that were grown exclusively at 37oC, acutely heat-shocked at 38.5oC or 40oC
for twelve hours, or grown long-term at 38.5oC (four cell sub-lines) or 40oC (C33A subline only). These lysates were used to assess the presence of heat-shock protein-70 by
Western blotting (Supplementary Figure 4b). Heat-shock protein-70 band densities were
quantified and normalized to β-actin loading controls (Supplementary Figure 4c). The
results suggested that the cells that had been propagated long-term at elevated
temperatures were in a chronic state of heat-shock, rather than having been truly heatadapted.
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Tumor-free and tumor-bearing mice did not develop pyrexia after infection with
rhabdoviruses.
Extensive in vivo research has been conducted with oncolytic rhabdoviruses.
Many publications demonstrated that rhabdoviruses, including MG1 and VSV, could
replicate in tumor-bearing mice for up to several days after intravenous delivery. This
seemed to contradict the in vitro experiments reported here that demonstrated
temperature-mediated suppression of rhabdovirus-mediated oncolysis. To address this,
the possibility that mice might not develop pyrexia in response to rhabdoviral infections
was considered. Therefore, the body temperatures of tumor-free mice that were injected
intravenously with MG1-eGFP or VSVΔm51-eGFP and tumor-bearing mice that
received intravenous injections of MG1-eGFP were monitored (Figure 4). Remarkably,
mice failed to develop even low-grade fevers (defined as a body temperature between
38.0 and 40.0oC). These results demonstrated that mice did not develop pyrexia and,
therefore, serve as a poor model of the low- to high-grade fevers that routinely occur in
human patients that have received oncolytic virotherapy14-19.

Replication of parental Maraba virus, but not the heat-adapted version, was
attenuated in mice with simulated pyrexia.
Having shown in vitro that oncolytic rhabdoviruses were attenuated at
temperatures above 37oC, the next step was to determine if the same held true in vivo,
and if this could be restored using a heat-adapted rhabdovirus. To accomplish this, it
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was reasoned that a murine model of subcutaneous CT26CL.25 colon carcinoma would
be suitable because these tumors were known to be very sensitive to rhabdovirusmediated oncolysis11. The initial goal was to determine if viral oncolysis was
compromised in CT26CL.25 cells in vitro at temperatures above 37oC, as had been
observed in all other cell lines tested to this point. At 37oC, MG1-eGFP was potently
oncolytic, even at a MOI as low as 0.009 (Figure 5a). In stark contrast, the oncolytic
activity of MG1-eGFP was completely abrogated 40oC, even at a MOI as high as 20.
Notably, HA-MG1-40-eGFP was as oncolytic as the parental MG1-eGFP at 37oC, but
unlike the parental virus, retained full oncolytic potential at 40oC. Having confirmed that
the phenomenon of temperature-induced suppression of MG1-mediated oncolysis
extended to CT26CL.25 cells, and knowing that mice fail to develop pyrexia in response
to this virus, a novel method was developed to simulate fevers. This was accomplished
by externally heating mice in Horsfall isolation units. Using this strategy, mice bearing
subcutaneous CT26CL.25 tumors could safely and consistently have their internal body
temperatures raised above 38.5°C for at least eighteen consecutive hours (Figure 5b;
manuscript in preparation to describe the method in detail). This enabled testing of the
replicative capacity of MG1-eGFP and HA-MG1-40-eGFP in tumor-bearing mice at
temperatures that modeled the fevers known to occur in human patients, as well as the
normal body temperatures of veterinary companion animal patients that routinely
exceed 37oC. Mice with subcutaneous CT26CL.25 tumors that were ≈5mm in diameter
were treated intravenously with 5x107 pfu of either MG1-eGFP or HA-MG1-40-eGFP.
This dose was one-log lower than the standard therapeutic dose5,11,36, but was
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necessary because the more typical dose of 5x108 pfu was toxic in mice treated with
HA-MG1-40-eGFP (data not shown). Mice were allowed to recover from virus delivery
for six hours and then half from each treatment group were externally heated in Horsfall
isolation units. Mice were removed from the Horsfall units after twelve hours of heating
and returned to normal room temperature for an additional eighteen hours. Both heated
and unheated mice were euthanized thirty-six hours following virus delivery and viral
titers were quantified from tumors. Remarkably, titers of MG1-eGFP were approximately
three-logs lower in tumors of externally heated mice as compared to controls that were
housed exclusively at normal room temperature (Figure 5c; p=0.0001). In contrast, the
titer of HA-MG1-40-eGFP was not significantly reduced in mice with simulated pyrexia.
These data demonstrate that mice are poor pre-clinical models of pyrexic responses to
oncolytic viruses, but fevers can be simulated via external heating. Further, it provides
definitive evidence that the replication potential of oncolytic MG1 is compromised in a
febrile host.

Heat-adapted Maraba virus was more efficacious than the parental virus in
unheated tumor-bearing mice.
Knowing that replication of MG1 was compromised in hosts with body
temperatures simulating the pyrexia observed in human patients, the next goal was to
investigate the impact of fevers on the ability of the virus to mediate transgene
expression and efficacy in vivo. Ideally, this could be done in the context of an oncolytic
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virus as a booster vaccine to maximize sensitivity of the assay by maximizing T cell
responses4. Using eGFP as a model antigen facilitated assessment of the ability of
MG1-eGFP versus HA-MG1-40-eGFP to boost Ad-induced primary eGFP-specific T cell
responses. By doing this in mice with subcutaneous CT26CL.25 tumors, for which
eGFP is an irrelevant target, the oncolytic efficacy of each virus could simultaneously be
directly assessed. As already mentioned, HA-MAG1-eGFP had a lower maximum
tolerable dose in externally heated mice (i.e. 5x107 pfu) than in unheated mice that can
tolerate intravenous doses up to 5x108 pfu. Although this provided additional, indirect
evidence that the heat-adapted virus could replicate in a pyrexic host, the lower dose
would preclude testing the vaccine and anti-tumor potential of the virus, especially since
the boosting effect was known to require a high dose to engage antigen presentation in
a privileged site37. However, there is a large body of literature demonstrating that tumors
are often at higher temperatures than the surrounding tissues due to the inherently high
metabolic activity of cancer cells and infiltrating inflammatory cells27. Indeed, this
temperature difference is often ≈1oC and facilitates the diagnosis of cancers using
thermal imaging38,39, and this phenomenon might be exaggerated in OV-treated tumors.
On this basis, it was hypothesized that the HA-MG1-40-eGFP would outperform the
parental MG1-eGFP as both a vaccine and oncolytic vector in unheated CT26.CL25
tumor-bearing syngeneic Balb/c mice. To test this, mice were primed with Ad-eGFP.
Ten days later, blood-derived primary eGFP-specific CD8+ T cell responses were
quantified and CT26.CL25 cells were implanted subcutaneously into mice. Eight-days
post-implantation, when tumors were ≈5mm in diameter, mice were boosted
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intravenously with 5x108 pfu of HA-MG1-40-eGFP or MG1-eGFP, while controls
received PBS. Ten-days post-boost, CT26.CL25 cell-specific primary and eGFP-specific
secondary CD8+ T cell responses were quantified in blood. In addition, tumor growth
rates and overall survival were assessed in these mice. HA-MG1-40-eGFP was able to
delay tumor growth and extend survival (Figure 6a and b, respectively) in unheated
tumor-bearing mice better than MG1-eGFP. Additionally, HA-MG140-eGFP was a better
vaccine vector than MG1-eGFP, as demonstrated by its ability to enhance secondary T
cell responses against the dominant and sub-dominate epitopes from eGFP (Figure 6c
and d, respectively; the sub-dominant epitope was recently discovered by our lab
[manuscript in preparation]). Finally, the in situ vaccination effect of HA-MG140-eGFP
was superior to MG1-eGFP as shown by induction of a higher-magnitude primary
tumor-specific T cell response (Figure 6e). In fact, MG1-eGFP appeared to be unable to
induce a significant CT26.CL25 tumor-specific T cell response. These results extend the
discovery of the enhanced replication potential of HA-MG1-40-eGFP in pyrexic hosts to
demonstrate that this virus also outperforms the parental virus in unheated mice.

4.4 Discussion
The studies described here demonstrate that temperature can be an important
variable contributing to oncolytic virotherapy in mammalian hosts. The current preclinical practice of in vitro screening of OVs in cancer cell lines cultured at 37oC does
not address this issue; nor does in vivo testing in species like mice, that fail to develop
pyrexia. Indeed, a review of the literature suggests that murine models do not properly
recapitulate the phenomenon of pyrexia that is so common in human patients in
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response to viral infections. For example, administering recombinant interleukin-1β to
mice at doses at or near the maximum tolerable dose was only able to increase their
average body temperature to ≈38oC40,41. Interleukin-1β is commonly induced by viruses
and acts on the human hypothalamus to re-program the body’s set-point for body
temperature42. Similarly, subcutaneous administration of near-toxic doses of turpentine,
a pro-inflammatory chemical associated with induction of pyrexia, could only raise the
body temperature of mice by ≈1oC43,44. In fact, in many cases, mice respond to viral
infections with a decrease in body temperature45,46.
Despite an extensive history of research with oncolytic rhabdoviruses the
clinically relevant variable of temperature had apparently never been explored.
However, it is a very important consideration for translating OV-based therapies into the
clinic for many reasons. First, cancer patients (both human and veterinary) respond to
OVs with fevers that often reach high-grade levels12,47-51. Second, even if a patient’s
body temperature is normal, there is a growing number of papers reporting that tumors,
on average, are ≈1oC warmer than ambient tissues52-54, likely due to their relatively high
endogenous metabolic activity. This has fueled the field of thermal imaging as a
strategy to assist in the detection of cancers such as mammary carcinomas26,39,49,55,56.
One could speculate that oncolytic virotherapy might further increase intratumoral
temperatures by promoting inflammation, which is associated with the generation of
heat since activated leukocytes are often as metabolically active as many cancer cells53.
Third, diurnal rhythms can alter the body temperature of humans, especially pediatric
patients, by as much as 0.6oC within each 24-hour period57. Fourth, species in the
153

translational research pipeline often have substantially higher normal body
temperatures than humans. For companion animals such as dogs and cats, their body
temperatures normally range between 37.5-39.5oC58,59. These species are considered
important translational models because they, like humans, spontaneously develop
cancers, many of which closely recapitulate pathological aspects of the human
malignancies60. Indeed, dogs and cats have been used to support the translation of
OVs, including VSV and MG1, into human clinical trials6,12,20,61. Further, these species
represent a legitimate veterinary patient population in and of themselves. Fifth, the U.S.
Food and Drug Administration, Health Canada, and many other health regulatory
agencies, request that safety testing of OVs be conducted in non-human primates
(NHPs) to evaluate safety prior to testing in humans. Importantly, NHPs, like dogs and
cats, but unlike mice and humans, have normal body temperatures >37oC62,63. In
addition to this, they develop pyrexia in response to OV therapy63. This has implications
for testing the safety of OVs that are attenuated at temperatures >37oC.
In the series of studies reported here, we tested the temperature sensitivity of
two oncolytic rhabdoviruses (i.e. Maraba virus and VSV) that have undergone extensive
preclinical testing and are being evaluated in numerous clinical trials. Although we
expected their oncolytic and vaccine potential would remain intact at temperatures
>37oC, this hypothesis was definitively proven incorrect. Notably, these OVs started to
become attenuated in some cell lines at a temperature as low as 37.5°C (Figure 1d),
making the relatively small temperature changes associated with diurnal rhythms and
intratumoral metabolic activity clinically important. Normal human body temperatures
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can vary widely (i.e. from ≈36.5-37.5oC) depending on a number of variables, including
sex, hormonal status, age, ethnicity, and technical issues like the type of thermometer
being used and the anatomical location being used for measurements25. Overlaid on
this is the fact that diurnal rhythms typically confer a 0.5oC change in human body
temperatures throughout the day (0.6oC in children), with the lowest and highest
temperatures typically being in the morning and late afternoon/evening, respectively. As
a consequence, consideration should be given to the timing of administration of OVs to
patients. It might be best to treat patients with temperature-sensitive OVs in the
morning. Also, it would be interesting to see if baseline temperatures of patients have
any correlation with efficacy for temperature-sensitive OVs. There are also implications
for the location of tumors that are being treated. For example, the brain, due to relatively
higher metabolic activity, has a higher baseline temperature than the rest of the body64.
MG1 and VSV lost their ability to replicate, kill cancer cells, and express
therapeutic transgenes in a temperature-dependent manner, with decreases in these
activities correlating with increases in temperature and duration at elevated
temperatures (Figures 1, 2, 5 and 6, and Supplementary Figure 2). Indeed, these OVs
lost almost all oncolytic activity at ≈39oC (Figure 1c). The lack of transgene expression
at temperatures >37oC is of particular concern, since incorporation of therapeutic
transgenes is a key method to enhance oncolytic virotherapy, as highlighted by the
large number of human clinical trials currently using transgenic oncolytic rhabdoviruses,
including MG1 and VSV (ClinicalTrials.gov identifiers: NCT03618953, NCT02879760,
NCT02285816, NCT02923466, NCT03120624, NCT03017820, NCT03773744 and
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NCT03773744). The transgenic Maraba viruses in these trials all express tumorassociated antigens, with the goal of driving robust tumor-specific T cell
responses4,5,37,65,66. Our data suggests that if patients in these trials develop pyrexia, the
effectiveness of their therapy will be compromised in two ways: first, direct virusmediated oncolysis will be suppressed for the duration of the fever, and second, the
immune response against virus-encoded tumor-associated antigens will be
compromised due to a lack of transgene expression. As such, we recommend that
patients receiving temperature-sensitive OVs be treated aggressively to try to minimize
the magnitude and duration of fevers. Alternatively, consideration should be given to
using hyperthermia to promote acute replication of temperature-sensitive viruses,
especially since tumours of non-pyrexic patients could still be high enough to
compromise oncolytic virotherapy. Whole-body immersion in cold-water baths or
immersion of isolated tumors (e.g. if using isolated limb perfusion techniques) or simply
decreasing the temperature of treatment rooms might potentiate oncolytic rhabdovirusbased treatments. We also recommend that patients in clinical trials have their body
temperatures closely monitored with carefully calibrated thermometers so these data
can be assessed for potential correlations with treatment outcomes.
The results presented here also have practical implications for pre-clinical
researchers. Specifically, it would be wise to implement testing of OVs at a range of
temperatures to determine if they are sensitive to temperatures above or below the
standard incubation temperature of 37°C. Indeed, the effect of high temperatures on
oncolytic rhabdoviruses was evaluated, but any impairments at temperatures <37°C
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would also be clinically relevant; for example, in the context of superficial tumors on
limbs that are well below the temperature of the body core.
Mice can tolerate extremely high doses of oncolytic rhabdoviruses without
developing fevers (i.e. body temperatures >38oC; Figure 4). This explains how many
studies have shown replication of these viruses in murine models of cancers, despite
the finding that pyrexia attenuates the replication of rhabdoviruses in vitro. To directly
test fever as a variable affecting rhabdovirus replication in tumors in vivo, a novel
method was developed to raising the internal body temperatures of mice through
prolonged external heating. Using the protocol, the internal temperatures of mice could
be maintained between 38.5-40.0°C for up to 18 hours. Mice bearing CT26.CL25
tumors were treated with parental and heat-adapted MG1 and intratumoral replication of
the parental MG1 was severely attenuated in externally heated mice. Some replicationcompetent viruses were recovered from these mice, which could be from replication that
occurred during the intervals in which the mice were housed at normal room
temperature. Compromised replication of the parental Maraba virus in heated mice has
implications for the in vivo models currently used to assess efficacy and safety of OVs.
Clearly, murine models are poor at replicating fevers that are known to occur in other
mammals upon infection with OVs. Inferences on parameters such as replication
dynamics, tissue distribution and safety through testing in murine models should be
made cautiously, until the temperature variable is directly investigated. However, the
most impactful implication relates to the use of NHPs to confirm safety and potential
efficacy of OVs. A recent study evaluated a prime-multi-boost vaccination strategy with
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Maraba virus in tumor-free NHPs and recorded body temperatures63. First, it was noted
that cynomolgus macaques had higher baseline body temperatures than humans, with
all test subjects remaining between 38-40°C throughout the course of treatment. At
these temperatures, our results would indicate that MG1 would be attenuated; severely
so in some individuals. Additionally, several NHPs developed fevers following each
dose of Maraba virus, recapitulating clinical observations in companion animals and
humans. Although this research was conducted without tumor-bearing animals, it would
be interesting to see if the animals that responded with fevers had dampened immune
responses to the MAGE-A3 transgene, which would mimic what we observed in vitro
and in our externally-heated murine model. Based on results presented here, the
concern is that studies in NHPs might lead to an overestimation of maximum tolerable
doses of temperature-sensitive OVs. Therefore, it is recommend that regulatory
agencies assigned to oversee clinical trials consider developing a policy for determining
the replication potential of OVs at temperatures that are relevant to the species in which
toxicity studies will be performed.
Oncolytic viruses often demonstrate heterogeneous spread and oncolysis
throughout tumors. Reasons for this include proximity to blood vessels (relevant to the
intravenous route of delivery), variations in anti-viral potential of cancer cells, and
necrotic areas67,68. The findings presented here suggest that non-uniformity of
temperature within tumors due to variable metabolic activity of cancer cells (e.g.
quiescent stem-like cancer cells versus rapidly proliferating cancer cells69) and variable
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distribution of metabolically active leukocytes and other cells might be a novel
explanation that can be added to this list.
The temperature sensitivity of some OVs may be even more important when
treating companion animals, as they have normal body temperatures within the range in
which attenuation of MG1 and VSV was observed. They also develop fevers in
response to oncolytic rhabdoviruses6,12,20. For veterinary clinical trials, it would be worth
considering having high baseline body temperatures as an exclusion criterion. With that
said, the vast majority of companion animals have body temperatures of at least 37.5oC,
which was the point at which MG1 and VSV started to become attenuated. Also, acute
control of fevers in human patients is challenging. Therefore, an alternative solution to
the problem of high temperatures abrogating the efficacy of temperature-sensitive OVs
was explored. Specifically, a heat-adapted Maraba virus was generated that was
capable of replication and oncolysis in vitro and in vivo at temperatures in the range of
38-40oC (Figures 3, 5 and 6). This virus also suggested a dominant mechanism of
action underlying heat-mediated attenuation of oncolytic rhadoviruses. Mechanistic
studies had suggested that prolonged exposure to high temperatures could cause some
physical degradation of viral particles (Supplementary Figure 3) and that heat-shock
responses in cancer cells had variable but sometimes minor deleterious effects on viral
oncolysis (Supplementary Figure 4). However, sequencing the viral polymerase gene of
the heat-adapted Maraba virus revealed a mutation generating a single amino acid
switch in the mRNA capping domain. Therefore, it was suspected that conversion of a
heat-sensitive polymerase to one that was heat-resistant was the primary explanation
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for how the efficacy of this virus was restored at high temperatures. Indeed, this was
confirmed by introducing the mutation into the wild-type Maraba virus genome through
reverse genetic engineering; the rescued virus largely recapitulated the efficacy of the
naturally heat-adapted virus (Figures 3, 4 and 6). However, since the heat-adapted
phenotype was not fully recapitulated in our transgenic virus, it is suspected that several
other minor factors might play a role: heat-mediated degradation of the virus, heatshock responses in infected cells, and the potential for minor contributing mutations in
viral genes other than the polymerase. Importantly, the intratumoral replication of the
heat-adapted Maraba virus was superior to the parental strain in a murine model of
prexia, albeit at a lower maximum tolerable dose than when used at 37oC. This
suggests that an attractive solution to fever-driven attenuation may be to heat-adapt
viruses.
The single amino acid switch in the viral polymerase also has relevance to the
field of infectious disease research. Notably, this single alteration conferred a phenotype
that allowed a virus to bypass the attenuating effects of pyrexia, which is a critical innate
defense mechanism against infection with potentially pathogenic viruses. It provides a
clear demonstration of how rhabdoviruses can naturally adapt to high temperatures via
a single change in their amino acid sequence, which is likely exacerbated by their errorprone polymerases. However, we cannot rule out the selection of rare pre-existing
pseudospecies during the heat-adaptation process. We speculate that it could be
possible for a mutation such as the one described here to occur via serial passaging
through hosts that develop fevers; especially if early-infected hosts that develop low160

grade fevers pass the virus at later time points to hosts that develop moderate to highgrade fevers, thereby recapitulating the experimental heat-adaptation process described
here. Although increased toxicity in mice treated at room temperature was never
observed with either of the heat-adapted Maraba viruses, such an adaptation could be
dangerous in a potentially-pathogenic rhabdovirus.
Based on our observations that a temperature increase of as little as a 0.5°C
above 37.0°C can significantly attenuate oncolysis, it was hypothesized that the heatadapted Maraba virus would be a better cancer therapeutic than the parental virus in
unheated mice. This is because many tumors have a higher temperature than
surrounding tissues due to chronic inflammation and heightened metabolic activity. This
has led to the use of thermography to identify solid tumors, such as breast
cancers39,49,56. It was also expected that tumors treated with OVs may be even hotter
transiently, due to virus-mediated induction of an acute intratumoral inflammatory
response. In unheated mice bearing CT26.CL25 tumors, the heat-adapted Maraba virus
induced significantly higher-magnitude T cell responses and significantly increased
survival beyond that achieved with the parental virus (Figure 6). Therefore, even if
aforementioned clinical recommendations were implemented to prevent or minimize
fevers in patients to improve the efficacy of current oncolytic rhabdovirus-based
therapies, it is speculated that switching to a heat-adapted version would still yield
superior results because of the inherently elevated temperatures of many tumors.
In conclusion, the results reported here demonstrate that two ‘gold standard’
oncolytic rhabdoviruses are exquisitely sensitive to pyrexia and that fevers are an
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important and clinically relevant barrier to their efficacy. This research provides
evidence to support re-shaping the current paradigm of pre-clinical testing of OVs
through the incorporation of testing across a range of temperatures to ensure the
development of efficacious and safe OVs. This could be particularly relevant for other
rhabdoviruses that have been screened for oncolytic potential11. The relevance of these
findings also extends beyond the field of cancer therapy, since replication-competent
rhabdoviruses, such as Maraba virus, are also being developed as vaccine vectors for
the potential treatment of human infectious diseases7. Also presented here is a
recommended temperature-related policy change for regulatory agencies to improve the
safety aspects of translational toxicity testing of OVs. Finally, a variety of potential
solutions to improve the outcome of patients being treated with heat-sensitive OVs have
been provided, including aggressive treatment of fevers, accounting for diurnal rhythms,
hyperthermic potentiation of oncolytic virotherapies, and making heat-adapted viruses.
To the best of our knowledge, this research represents the first assessment of the
impact of temperature on oncolytic virotherapy. In the world of immunotherapy, the term
‘hot’ tumors is increasingly being applied figuratively to describe tumors with lots of
tumor-infiltrating leukocytes. With OVs being one of the leading platforms for
experimental immunotherapy, there is a plethora of research devoted to optimizing their
use to generate figuratively hot tumors. However, the OV field needs to be very cautious
about the potentially negative impact of tumors that are literally hot. Researchers in
other fields working with replication-competent virus-vectored vaccines need to be
equally cognizant of these implications.
162

4.5 Methods
Mice
Seven-week-old female specific pathogen-free Balb/c mice were purchased from
Charles River Laboratories, USA (strain code #028), and housed in a controlled
environment. Food and water were provided ad libitum. Mice were acclimatized to the
facility for one week prior to experimentation. Mouse studies were approved by the
institutional Animal Care Committee and complied with national guidelines on animal
care.
Cell Lines
The following human cervical carcinoma cell lines were purchased from the American
Type Culture Collection (ATCC, Manassas, Virginia, USA): HeLa (ATCC CCL-2), SiHa
(ATCC HTB-35), C33A (ATCC HTB-31) and CaSki (ATCC CRL-1550). HeLa, SiHa and
C33A cells were maintained in Eagle’s Minimum Essential Medium (EMEM; Corning,
New York, USA; Catalogue [Cat]#10-010-CV) supplemented with 10% heat-inactivated
bovine calf serum (BCS; VWR International, Mississauga, Ontario, Canada, Cat#2100500). CaSki cells were cultured in Roswell Park Memorial Institute-1640.0 medium
(RPMI-1640.0; HyClone, Logan, Utah, USA; Cat#SH30027.01) supplemented with 10%
heat-inactivated BCS. CT26.CL25 cells (CT26-LacZ, ATCC CRL-2639) were cultured in
RPMI-1640.0 medium with 0.1 mM non-essential amino-acids (ThermoFisher Scientific,
Massachusetts, USA; Cat#11140.0050), 0.4mg/mL G418 (ThermoFisher Scientific;
Cat#10131035) and 10% heat-inactivated BCS. Murine B16-F10 melanoma cells
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(ATCC CRL-6475) were cultured in Dulbecco's High Glucose Modified Eagle's Medium
(HyClone; Cat#SH3002201) containing 10% bovine calf serum. Vero African green
monkey kidney epithelial cells (ATCC CCL-81), which were used to propagate and titer
rhabdoviruses, were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; HyClone;
Cat#SH3008101) supplemented with 10% heat-inactivated BCS. BHK-21 cells (ATCC
CCL-10) that were used to propagate modified vaccinia Ankara virus expressing T7
RNA polymerase (MVA-T7; a kind gift from Dr. Bernard Moss, National Institute of
Allergy and Infectious Diseases, Bethesda, Maryland, USA)70 were grown in EMEM with
10% heat-inactivated BCS. HEp2 cells (ATCC CCL-23) were used to rescue a reverseengineered heat-adapted Maraba virus. These cells were grown in DMEM
supplemented with 10% heat-inactivated BCS and 2mM L-glutamine (HyClone; Cat#
SH3003401). Human embryonic kidney (HEK)-293 cells (ATCC CRL-1573), which were
used to propagate and titer adenoviruses, were cultured in EMEM containing 10% heatinactivated BCS. All cell lines were cultured in a humidified incubator at 5% CO2 and
37.5.0°C, unless otherwise indicated, and were confirmed to be mycoplasma-free prior
to use (MycoAlert PLUS detection kit; Lonza, New Jersey, USA; Cat#LT07-705).
Viruses
Maraba virus with a transgene encoding enhanced green fluorescent protein
(MG1-eGFP) was kindly provided by Dr. David Stojdl (Children's Hospital of Eastern
Ontario, Ottawa, ON, Canada) and has been described previously11. Vesicular
stomatitis virus (VSVΔm51)-eGFP was previously described71 and kindly provided by
Dr. Brian Lichty (McMaster University, Hamilton, ON, Canada). Both viruses were
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propagated in Vero cells, concentrated and purified by ultracentrifugation on a sucrose
density gradient and titered by the mean tissue culture infective dose (TCID)50 assay
with Vero Cells using a previously published method72. MVA-T770, which was a kind gift
from Dr. Bernard Moss (National Institutes of Health, Bethesda, Maryland, USA), was
used to rescue a reverse-engineered heat-adapted Maraba virus as was described
previously11. An E1/E3-deleted replication-deficient human serotype 48 adenovirus was
engineered with a transgene encoding eGFP (Ad-eGFP) as previously described73 and
kindly provided by Dr. Dan Barouch (Harvard University, Cambridge, Massachusetts,
USA). Ad-eGFP was propagated in HEK-293 cells and purified by ultracentrifugation on
a cesium chloride gradient. All research with viruses was conducted in containment
level-2 facilities and was approved by the institutional biosafety committee.
Cell Viability Assays
Human cervical cancer and CT26.CL25 cells were seeded into 96-well plates
and treated with oncolytic rhabdoviruses at a range of MOI for 48 hours. Resazurin
sodium salt (Sigma-Aldrich; Oakville, Ontario, Canada; Cat#R7017) was added at
0.5mg/mL and conversion from non-fluorescent resazurin to fluorescent resorufin by
metabolically active cells was quantified four hours later with a plate reader (excitation
wavelength: 535/25nm, emission wavelength: 590/35nm). Metabolic activity, which
correlates with cell viability, was calculated as the percent change relative to untreated
control cells after subtracting the mean background fluorescence in wells containing
medium only. Resazurin dye-based viability assays were performed at temperatures
ranging from 37.0 to 40.0°C in HERAcell 150i CO2 incubators (ThermoFisher Scientific).
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Traceable Excursion-Trac Datalogging Thermometers (Fisher Scientific; Hampton, New
Hampshire, USA; Cat#CON6431), which recorded temperatures at 10-second intervals
and have a resolution of 0.01oC with an accuracy of ±0.25°C, were used to doublecheck the accuracy of the thermostats engineered into the incubators. Temperatures
were triple-checked using standard mercury-based thermometers.
Microscopy
Brightfield and fluorescent images were obtained using an Axio Observer A1
inverted fluorescent microscope and AxioVision software (Zeiss; Oberkochen,
Germany).
Quantification of Maraba Virus-Mediated Transgene Expression
HeLa cells were infected with parental MG1-eGFP at an MOI of 10 or 100 and
incubated at 37.0°C, 38.5°C or 40.0°C for eight hours. Cells were harvested, stained
with 7-aminoactinomycin D (7-AAD), to facilitate analysis of viable cells, and assessed
on a FACSCanto II analytical flow cytometer (BD Biosciences, Mississauga, Ontario,
Canada), with data collected using FACSDiva software version 8 (BD Biosciences).
Expression of the eGFP transgene was quantified by determining the frequency of
eGFP-positive cells and geometric mean green fluorescence intensity of the positive
cells using FlowJo software version 10 (FlowJo LLC, Ashland, Oregon, USA).
Heat-Adapted Maraba Virus
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Parental MG1-eGFP was serially passaged in Vero cells at a MOI of 0.1 at
temperatures increasing incrementally by 0.5°C from 37.0 to 40.0°C. Thirty-six hours
post-infection at 40.0.0°C, supernatants were harvested, cell debris was removed by
centrifugation at 2,000xg for 15 minutes at 4°C and seed stocks of this naturally
occurring heat-adapted Maraba virus (HA-MG1-40-eGFP) were frozen at -80oC.
Multi-Step Virus Growth Curves
Multi-step growth curves were performed at 37.5°C and 40.0°C with the parental
MG1-eGFP and HA-MG1-40-eGFP. Vero cells were seeded into 6-well plates at
500,000 cells/well and subsequently infected with viruses at a MOI of 0.05. Viruses
were harvested and titrated from cell-free supernatants using the TCID50 assay with
Vero cells. TCID50 values were converted to plaque-forming units by multiplying by 0.69,
as previously described74-77.
Sequencing Viral Genomes
Purified virus stocks of parental MG1-eGFP and two HA-MG1-40-eGFP clones,
generated by three rounds of plaque purification and subsequent amplification in Vero
cells, were Sanger sequenced. Genomic RNA was extracted from 5x107 infectious virus
particles using TRIzol (ThermoFisher, Waltham, Massachusetts, USA; Cat#15596026).
Single-strand cDNA libraries were generated from genomic RNA using the ProtoScript
first strand cDNA synthesis kit (New England BioLabs, Ipswich, Massachusetts, USA;
Cat#E600S). A library consisting of 32 primer sets (Supplementary Table 1) generating
~500bp fragments were used to amplify double-stranded cDNA for Sanger sequencing.
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Resulting sequences were trimmed, assembled and aligned using Geneious software
(Biomatters, Auckland, New Zealand).
Site-Directed Mutagenesis and Rescue of a Reverse-Engineered Heat-Adapted Maraba
Virus
The single nucleotide mutation discovered in the polymerase of two HA-MG1-40eGFP clones was introduced to the parental MG1-eGFP by site-directed mutagenesis
(SDM). To generate the single mutation, a 2,927bp fragment containing the target
region was amplified from the parental MG1-eGFP plasmid, which contained the full
genome of MG1. The PCR reaction contained two cloning primers OVLP-FWD
5’CGTGAAAGTGCTAGCTCAAG and OVLP-RVS 5’TCAATAGTGCCGCGGTCATC
that carried the NheI and SacII restriction sites, respectively and a pair of overlapping
primers HA-SDM Top
5’GAACCAGATTGTAAGAGATGCTATTATTTACCTACACCATGAG and HA-SDM Bot
5’CTCATGGTGTAGGTAAATAATAGCATCTCTTACAATCTGGTTC to introduce the
single nucleotide change. The resulting PCR fragment was treated with DpnI to destroy
template DNA and digested with NheI and SacII and ligated into the digested parental
MG1-eGFP plasmid to generate a HA-MG1-SDM-eGFP plasmid. Introduction of the
point mutation was confirmed by sequencing.
The HA-MG1-SDM-eGFP virus was rescued by seeding HEp2 cells into a 6-well
plate at 8×105 cells/well. The next day, cells were infected with MVA-T7 virus at a MOI
of 2 to introduce the T7 RNA polymerase as previously described11. Two hours later,
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supernatants were removed and cells were transfected with the HA-MG1-SDM-eGFP
plasmid, plus the helper plasmids pMG1-N, pMG1-P, and pMG1-L in Polyjet DNA
transfection reagent (FroggaBio, Toronto, Ontario, Canada; Cat#SL100688). Three
days later, supernatants were harvested and filtered through a 0.2μm filter, and HAMG1-SDM-eGFP was isolated by three rounds of plaque purification in Vero cells. RNA
was harvested from Vero cells infected with purified HA-MG1-SDM-eGFP and reverse
transcribed using the ProtoScript first strand cDNA synthesis kit with random primers.
The OVLP-FWD and OVLP-RVS primers were used to generate a PCR fragment that
was sequenced using the primer Seq-HA-MG1 (5’ TGTCGATAAATTGGTGGAAGAC),
confirming the rescue of the HA-MG1-SDM-eGFP virus.
Monitoring Body Temperatures of Mice
Body temperatures of mice were measured using a certified digital thermometer
with a rectal probe (Microtherma 2 Type "T" Thermometer; Braintree Scientific,
Massachusetts, USA; Cat#TW2- 107). Accurate calibration of the thermometer was
confirmed by cross-referencing the measured room temperature with a second certified
digital thermometer (Traceable Excursion-Trac Datalogging Thermometer) and was
triple-checked with a standard mercury-based thermometer.

Assessment of Replication of Maraba Viruses in Tumors of Mice with Simulated Pyrexia
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Unlike cancer patients, mice do not respond to oncolytic rhabdoviruses with
pyrexia. Therefore, we developed a novel method to raise the internal body temperature
of mice to levels that mimic low-grade fevers in humans (i.e. 38.0-40.0oC). To
accomplish this, mice were transferred into Horsfall isolation units that had been preheated to 39.0°C for 4 hours. Immediately prior to transfer, and every six hours while in
the Horsfall isolation units, mice were given 1 mL of sterile saline intraperitoneally to
maintain their hydration. For measuring intratumoral replication of MG1-eGFP and HAMG1-40-eGFP, mice were implanted with subcutaneous CT26.CL25 tumors. On day 12
following engraftment, when tumors were approximately 5mm in diameter, mice were
treated with 5x107 pfu of MG1-eGFP or HA-MG1-40-eGFP intravenously. All mice were
housed at normal room temperature (i.e. 23oC) for 12 hours post-virus delivery to avoid
heat-stress during the peak of the virus-induced pro-inflammatory cytokine response.
Then, heated cohorts were given 1mL of saline and transferred to pre-heated Horsfall
units for a total of 12 hours before being transferred back to an ambient temperature of
23oC. At 36-hours post-virus delivery, all mice were euthanized and tumors were
collected and frozen at -80°C. Tumors were transferred to lysing matrix tubes (MP
Biomedicals, Solon, Ohio, USA; Cat#6910-100) in 750µL of PBS and homogenized with
two cycles at 5,000 rpm using a Precellys 24 Automatic Homogenizer (Bertin
Technologies, Rockville, Maryland, USA). Homogenized samples were centrifuged at
10,000xg for 10 minutes at 4°C and supernatants were collected to quantify viruses by
TCID50.
Sample Processing for Flow Cytometry
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Blood samples were collected with heparinized capillary tubes from the retroorbital sinuses of mice into heparinized microtubes to prevent clotting and then were
kept on ice during processing. Blood volumes were recorded to facilitate normalizing
flow cytometry data on a per μL basis, and erythrocytes were lysed. Blood-derived
leukocytes in RPMI-1640.0 medium containing 10% heat-inactivated BCS and
penicillin/streptomycin were seeded into 96-well round-bottom plates.
Quantification of eGFP-Specific T Cell Responses to Prime-Boost Vaccination
Balb/c mice were vaccinated in the semitendinosus muscles of both hind limbs
with a total dose of 1x108 pfu of Ad-eGFP. Twelve days later, mice were challenged
subcutaneously with 5x105 CT26.CL25 cells to establish tumors. Eight days later, when
tumors were approximately 5mm in diameter, mice were boosted intravenously with
5x108 pfu of MG1-eGFP or HA-MG1-40-eGFP. Ten days post-boost, CD8+ T cell
responses were analyzed by ex vivo re-stimulation with the dominant (GFP199-213) or
subdominant (GFP155-169) CD8+ T cell epitope-containing peptides from eGFP. All
peptides were added to blood-derived leukocytes to a final concentration 1µg/mL and
incubated for 1 hour at 37.0°C. Brefeldin A (BioLegend; San Diego, California, USA;
Cat#420601) was added to stop golgi apparatus-mediated secretion of cytokines. After
another four hours, samples were centrifuged and re-suspended in FACS buffer (PBS +
1% bovine serum albumin). Samples were treated with anti-CD16/CD32 (BioLegend;
San Diego CA; Cat#101320) for 20 minutes to block Fc receptors. Surface staining with
anti-CD3-BV421 (BioLegend; clone 145-2C11; Cat#100336), anti-CD8-BV510
(BioLegend; clone 53-6.7; Cat#100752) and anti-CD4-FITC (ThermoFisher; clone RM4171

4; Cat#11-0043-85) was done for 20 minutes. Fixable viability dye-Zombie NIR
(BioLegend; Cat#423106) was added for exclusion of dead cells and cells were fixed
with Intracellular Fixation buffer (ThermoFisher; Cat#88-8824-00). Cells were stained
intracellularly with anti-IFN𝛾-APC (BioLegend; clone XMG1-2; Cat#505810) and antiTNFɑ-PE (ThermoFisher; clone MP6-XT22; Cat#12-7321-82) for 20 minutes,
centrifuged, re-suspended in 200 μL of FACS buffer and filtered through a mesh with a
70 µM pore size before analysis on a FACSCanto II flow cytometer. Data were collected
with FACSDiva software version 8 and analyzed using FlowJo software version 10. The
gating strategy used to assess CD8+ T cell responses is shown in Supplementary
Figure 1.
Quantification of CT26.CL25-Specific CD8+ T Cell Responses
Blood was collected from CT26.CL25 tumor-bearing mice ten days following
treatment with 5x108 pfu of MG1-eGFP or HA-MG1-40-eGFP delivered intravenously.
Erythrocytes were lysed and the leukocytes from each mouse were co-cultured with
1x105 CT26.CL25 cells or media only. Samples were co-cultured for one hour at 37.0°C
before the addition of brefeldin A to facilitate intracellular accumulation of cytokines.
After an additional four hours, samples were stained for flow cytometry analysis
following the method described for quantifying GFP-specific T cell responses to primeboost vaccination.

Survival Study with CT26.CL25 Tumor-Bearing Mice
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Balb/c mice were challenged subcutaneously with a single bolus of 5x105
CT26.CL25 cells. Tumor growth was monitored every Monday, Wednesday and Friday
post-challenge using digital calipers. Mice were treated intravenously with 5x108 pfu of
MG1-eGFP or HA-MG1-40-eGFP on day eight post-challenge, when tumors had a
diameter of approximately 5mm. Endpoints were defined as a tumor burden exceeding
10% of total body weight as calculated using the formula for roughly cylindrical tumors V
=

r2 h, where ‘r’ was the radius and ‘h’ was the height of the tumor.

Statistical Analyses
GraphPad Prism version 7 for Windows (GraphPad software, San Diego,
California, USA) 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 p≤ 0.05. Graphs show
means and standard errors.
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4.6 Figures
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Figure 1: Rhabdovirus-mediated oncolysis was abrogated at temperatures above
37.5oC. (a) To determine the impact of temperatures >37.0oC on rhabdovirus-mediated
oncolysis, four human cervical carcinoma cell lines, C33A, CaSki, HeLa and SiHa were
treated with increasing multiplicities of infection (MOI) of either Maraba virus (MG1176

eGFP; top row) or vesicular stomatitis virus (VSVΔm51-eGFP; bottom row). Cells were
allowed to adhere prior to being treated with an oncolytic virus for a total of 48 hours at
37.0, 38.5 or 40.0°C. Metabolic activity relative to untreated controls was determined
using a resazurin assay. (b) Since the resazurin assay is an indirect assessment of cell
viability, cytopathic effect was visualized by brightfield microscopy for all experiments,
with typical examples shown for uninfected HeLa cells (left panels) versus those
infected with MG1-eGFP (middle panels) or VSVΔm51-eGFP (right panels) at 37.0
(upper row) or 40.0°C (lower row). (c) To define the temperature threshold where
rhabdovirus-mediated oncolysis was lost, resazurin assays were performed with C33A,
CaSki, HeLa and SiHa cells following 48 hours of treatment with MG1-eGFP (left
column) or VSVΔm51-eGFP (right column) at 37.0, 39.0°C or 39.5°C for a total of 48
hours. (d) To define the lowest temperature at which oncolysis was abrogated,
resazurin assays were repeated in all four human cervical cancer cell lines treated with
MG1-eGFP (left column) or VSVΔm51-EGFP (right column) for 48 hours at 37.0 or
37.5°C. (a-d) Statistical analyses were performed using a two-way ANOVA using
Tukey’s multiple comparisons test. Means and standard errors are shown. Data were
pooled from (a) three or (c-d) two experimental replicates, with three technical replicates
per experiment. (a) Differences due to temperature were shown as: ****p≤0.0001,
***p≤0.001, **p≤0.01, or “ns” = not significant. (c) The lowest MOI that significantly
differed from the control group that was treated at 37.0oC were indicated by:
****p≤0.0001, **p≤0.01 or *p≤0.05. (d) P-values for the comparisons between the two
temperatures (i.e. 37.0 versus 37.5oC) are shown.
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Figure 2: Rhabdovirus-mediated transgene expression was abrogated at
temperatures above 37.5oC. HeLa cells were treated with Maraba virus expressing
enhanced green fluorescent protein (MG1-eGFP) at 37.5.0 or 38.5°C at a multiplicity of
infection (MOI) of 10 and at 40.0°C at a MOI of 10 or 100 for eight hours. Green
fluorescence was assessed by flow cytometry to determine (a) the frequency of GFPpositive cells and (b) the geometric mean green fluorescence intensity of the cells that
were positive. Statistical analysis was performed using a one-way ANOVA with Tukey’s
multiple comparisons test. Means and standard errors are shown (n=3/group).
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Figure 3: Serial passaging Maraba virus at temperature increments of 0.5oC
generated a natural mutant that retained oncolytic activity at temperatures above
37.0oC. Maraba virus with a transgene encoding enhanced green-fluorescent protein
(MG1-eGFP) was adapted to temperatures above 37.0oC by successive passaging in
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Vero cells at 0.5°C increments up to 40.0°C (HA-MG1-40.0-eGFP). (a) Multi-step
growth curves were determined for MG1-eGFP and HA-MG1-40-eGFP infecting Vero
cells at a multiplicity of infection (MOI) of 0.05 at 37.0 or 40.0°C. A two-way ANOVA was
performed with Tukey’s multiple comparisons test. Means and standard errors are
shown (n=2; ****p≤0.0001, **p≤0.01). (b) Resazurin assays were conducted in C33A,
CaSki, HeLa and SiHa human cervical carcinoma cells treated for 48 hours at 37.0 or
38.5°C with MG1-eGFP or HA-MG1-40-eGFP. A two-way ANOVA was performed with
Tukey’s multiple comparisons test. Means and standard errors are shown. Data were
pooled from four experimental replicates with three technical replicates per experiment
(****p≤0.0001, ***p≤0.001, **p≤0.01). (c) To assess the effect of temperature on the
ability of oncolytic rhabdoviruses to express transgenes, Vero cells were treated at 37.0
or 40.0°C for 24 hours with a MOI of 0.1 of MG1-eGFP or HA-MG1-40-eGFP. Cells
were visualized by brightfield (left column) or fluorescent (middle column) microscopy to
assess cytopathic effect and/or green fluorescence. (d) Sanger sequencing was used to
compare the polymerase L genes of two isolated HA-MG1-40-eGFP clones and the
parental MG1-eGFP to two other Maraba virus nucleotide sequences available on
Genbank (upper illustration). This revealed a conserved nucleotide change in the L
gene (shown by black arrow; also bolded and underlined) that was shared between the
heat-adapted clones (titles bolded and in italics) but not the parental (title in italics) or
reference sequences. This nucleotide change resulted in an amino acid substitution
from threonine to isoleucine within the mRNA capping region of the viral polymerase
(shown by black arrow; lower illustration, consensus sequence of the two HA-MG1-40182

eGFP clones is listed). (e) Resazurin assays were repeated to compare the oncolytic
activity of MG1-eGFP, HA-MG1-40-eGFP and a MG1-eGFP that was reverseengineered with the threonine to isoleucine nucleotide switch in the L gene via sitedirected mutagenesis (HA-MG1-SDM-eGFP). HeLa (left graph) or murine B16-F10
melanoma cells (right graph) were treated for 48 hours at 37.0°C (open symbols) or
40.0°C (closed symbols). A two-way ANOVA with Tukey’s multiple comparisons test
was performed. Means and standard errors are shown. Data were pooled from three
experimental replicates with three technical replicates per experiment (****p≤0.0001,
**p≤0.01). (f) Results of the resazurin assays were confirmed by assessment of
cytopathic effects via brightfield microscopy.

Figure 4: Tumor-free and tumor-bearing mice did not develop pyrexia after
infection with rhabdoviruses. Tumor-free C57BL/6 mice were treated intravenously
with 1x109 pfu of (a) Maraba virus (MG1-eGFP) or (b) vesicular stomatitis virus
(VSVΔm51-eGFP) and rectal temperatures were measured with a digital thermometer
at various time points up to 24-hours post-infection. (c) Mice bearing syngeneic
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subcutaneous CT26.CL25 colon carcinomas were treated eight-days post-challenge
with 5x108 pfu of MG1-eGFP and rectal body temperatures were assessed at two and
six-hours post-treatment. Two-way ANOVAs were performed. Means and standard
errors are shown (n≥8/group). Dashed lines indicate the range of a low-grade fever,
defined as 38.0 to 40.0°C.
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Figure 5: Replication of parental Maraba virus, but not the heat-adapted version,
was attenuated in mice with simulated pyrexia. (a) The oncolytic activity of parental
Maraba virus (MG1-eGFP) was compared to the MG1 that had been heat-adapted to
40.0oC (HA-MG1-40.0-eGFP) by treating murine CT26.CL25 colon carcinoma cells with
various multiplicities of infection for 48 hours at 37.0 or 40.0oC and then assessing
metabolic activity with a resazurin assay. Means and standard errors are shown. Data
were pooled from two experiments with three technical replicates per experiment and
analyzed by two-way ANOVA with Tukey’s multiple comparisons test (****p≤0.0001). (b)
To simulate pyrexia, Balb/c mice bearing syngeneic subcutaneous CT26.CL25 tumors
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at ≈5mm diameter were externally heated in Horsfall isolation units set to 39.0°C and
rectal temperatures were monitored with a digital thermometer at various time points.
Data were pooled from two experiments. Means and standard errors are shown (n=8).
(c) CT26.CL25 tumor-bearing mice were treated intravenously with 5x107pfu of MG1eGFP or HA-MG1-40-eGFP and a cohort from each virus treatment was transferred six
hours later to a Horsfall isolation unit set to 39.0°C for a total heating time of 12 hours.
Thirty-six hours following virus delivery, mice were euthanized and their tumors
resected and homogenized to quantify plaque-forming units (pfu) per mg of tissue. Data
were pooled from three experiments and shown as means with standard errors. A oneway ANOVA was used (n=12-19/group; “ns”=not significant).
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Figure 6: Heat-adapted Maraba virus was more efficacious than the parental virus
in unheated tumor-bearing mice. To evaluate the oncolytic and booster vaccine
potential of Maraba virus expressing enhanced green fluorescent protein (MG1-eGFP)
versus the MG1-eGFP that had been heat-adapted to 40.0oC (HA-MG1-40-eGFP),
syngeneic subcutaneous CT26.CL25 colon carcinomas were established in Balb/c mice
that were simultaneously primed with an E1/E3-deleted replication-deficient human
serotype 48 adenovirus (Ad)-vectored vaccine targeting eGFP; an antigen that was
irrelevant to CT26.CL25 tumors. Mice were left untreated or treated on day eight postchallenge (when tumors were approximately 5mm in diameter) with 5x107 pfu of
intravenous MG1-eGFP or HA-MG1-40-eGFP. Mice were housed at 37.0oC throughout
the experiment. (a) Tumor sizes were determined with digital calipers three times per
week and (b) a Kaplan-Meier survival curve was generated (n=8/group; p-values were
generated using the log-rank Mantel-Cox test). (c-d) The capacity for MG1-eGFP and
HA-MG1-40-eGFP to boost primary T cell responses was assessed by flow cytometric
detection of intracellular cytokine staining of CD8+ T cells after ex vivo peptide restimulation with the dominant and subdominant epitopes of eGFP (eGFP199-213 and
eGFP155-169, respectively). Primary and secondary responses were assessed 10 days
post-Ad and 5 days post-MG1-eGFP/HA-MG1-40-eGFP, respectively. (e) Tumorspecific blood-derived CD8+ T cell responses were quantified with an autologous tumorleukocyte co-culture assay ten days following treatment of the CT26.CL25 tumorbearing mice with MG1-eGFP or HA-MG1-40-eGFP. (c-e) Data were assessed via oneway ANOVA with Tukey’s multiple comparisons test. Means and standard errors are
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shown (n=4 control mice primed with Ad-eGFP only, 7 primed mice boosted with MG1eGFP and 8 primed mice boosted with HA-MG1-40-eGFP).

Supplementary Figure 1: Flow cytometry gating strategy to assess antigenspecific CD8+ T cells. Mouse-derived leukocytes that had been re-stimulated with
peptides ex vivo in the presence of brefeldin, were assessed by flow cytometry after
intracellular cytokine staining to identify those that were epitope-specific. On the flow
cytometer, a gate enriched for lymphocytes was set based on forward scatter-area
(FSC-A) and side scatter-area (SSC-A) properties. Next, doublet cells were excluded
based on FSC-A versus FSC-width (FSC-W). Live single cells were then gated by
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excluding cells labeled with a fixable viability dye that irreversibly stains dead cells.
Subsequently, cytotoxic T cells were gated the population that was double-positive for
CD8ɑ and CD3ε. Finally, antigen-specific CD8+ T cells were defined as those
expressing IFN𝛾, with TNFɑ included to facilitate qualitative assessment of multifunctional T cells.

Supplementary Figure 2: Attenuation of rhabdovirus-mediated oncolysis
correlated with the duration of a fever-grade temperature. Resazurin assays were
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conducted with C33A and HeLa huma n cervical cancer cell lines infected with various
multiplicities of infection of Maraba virus (MG1-eGFP) or vesicular stomatitis virus
(VSVΔm51-eGFP) at 37.0°C after increasing durations at 40.0°C. Controls at 37.0°C or
40°C were incubated for a total of 48 hours at those temperatures. Treatment groups
were incubated for nine to 27 hours at 40.0°C before being returned to 37.0°C for an
additional 48 hours.

Supplementary Figure 3: Temperature-mediated degradation of rhabdovirus
virions. Aliquots of 1x108 pfu of Maraba virus (MG1-eGFP) were incubated at 4, 37 or
40°C for 24, 48 or 72 hours to assess the stability of the virions. (a) Following
incubation, lysates were collected in RIPA buffer and analyzed by western blotting using
a polyclonal MG1-specific antibody. (b) Western blots were imaged and analyzed using
a Bio-Rad ChemiDoc XRS and Image Lab Software Version 5.1 (Bio-Rad, Hercules,
CA, USA). Relative band densities for each sample were normalized to samples
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incubated at 4°C for 24 hours to assess for potential loss of virion proteins. The results
shown were from a single experiment.
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Supplementary Figure 4: Cellular heat-shock responses were not a major
contributor to attenuation of Maraba virus-mediated oncolysis at elevated
temperatures. (a) C33A, CaSki, HeLa and SiHa human cervical carcinoma cells were
incubated at 40.0°C for 12 hours to induce heat-shock. The oncolytic activity of parental
Maraba virus (MG1-eGFP) and heat-adapted MG1 (HA-MG1-40-eGFP) were compared
in heat-shocked cells and cells that had not been heat-shock using a resazurin
metabolic assay that correlates with viability. (b) In an attempt to make heat-adapted
sub-lines, C33A, CaSki, HeLa and SiHa cells were serially passaged at temperature
increments of 0.5oC to establish cells that were stable in long-term cultures at 38.5 or
40.0°C. Alternatively, the parental cell lines were exposed to acute heat-shock by
transferring them from 37oC to 38.5 or 40.0°C for 16 hours. Lysates were collected from
both sets of cells and frozen in RIPA buffer for analysis of heat-shock protein-70
(HSP70), with β-actin used as a loading control. (c) The relative quantities of HSP70
were calculated by normalizing band densities of each sample to the β-actin controls,
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and then comparing the expression of HSP70 from each sample to parental cells
cultured continuously at 37.0°C.

Supplementary Table 1: Primers for sequencing the L gene of Maraba virus
clones.
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5.1 Abstract
Novel therapies are needed to improve outcomes for women diagnosed with
ovarian cancer. Immunotherapies reawaken the patient immune system against tumors.
Oncolytic viruses are immunotherapeutic biologics that function by infecting cancer cells
and causing inflammation that activates anticancer immunological effector cells. Herein
we describe Parapoxvirus ovis (OrfV), an oncolytic poxvirus, as a viral immunotherapy
for ovarian cancer. OrfV was an effective monotherapy in a murine model of advancedstage epithelial ovarian cancer. OrfV intervention relied on NK cells, which when
depleted abrogated antitumor CD8+ T cell responses. OrfV therapy was shown to
require classical type 1 dendritic cells (cDC1) in experiments with BATF3 knockout
mice, which do not have mature cDC1s. Furthermore, cDC1s governed antitumor NK
and T cell responses to mediate anti-tumor 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. The data herein supports the
translational potential of OrfV as an NK stimulating immunotherapeutic for the treatment
of advanced-stage ovarian cancer.
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5.2 Introduction
Epithelial ovarian cancer (EOC) is the most lethal gynecologic malignancy. The
majority of EOC cases are diagnosed at the advanced stage, as early screening and
detection methods are ineffective1-3. Standard of care therapy has remained largely
unchanged, and generally entails primary tumor cytoreductive surgery in combination
with taxane and platinum chemotherapy4,5. High-grade serous ovarian cancer, the most
common type of EOC, develops in the fallopian tube and migrates to the ovary6,7.
Patients with EOC develop ascites, or accumulation of fluid in the abdomen. Ascites
fluid contains tumor cells that can access organs housed in the abdomen and initiate
fatal secondary lesions, making ascites control a primary target for novel therapies8.
Cancer immunotherapy constitutes a broad field of therapeutics that aims to
engage and re-program the patient immune system to target and eliminate
malignancies9. Multiple immunotherapy platforms are moving from conception to clinical
trial to approval, with the most notable being immune checkpoint blockade (ICB) with
monoclonal antibodies such as anti-programmed cell death-1 (PD-1), chimeric antigen
receptor T cells and oncolytic viruses. Generally, immunotherapies can be categorized
as antigen-targeted or antigen-agnostic. Antigen-agnostic immunotherapies represent a
broad stroke approach to anticancer immune engagement as no specific antigen is
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targeted. Instead, antigen-agnostic immunotherapies seek to make the entire tumor
neoantigen pool targetable by the adaptive cellular or humoral arms of the immune
system, and to activate innate antigen-unrestricted anticancer effectors. As such,
antigen agnostic immunotherapies are personalized vaccines, and represent a
promising and cost-effective therapeutic paradigm10.
Oncolytic viruses (OVs) are a promising multi-modal antigen-agnostic
platforms11. OVs encompass a phylogenetically diverse cohort of viruses that have an
inherent or engineered tropism for tumor cells. The multi-modal efficacy of OVs is
centered around infection of tumor cells in the tumor microenvironment (TME). Infection
kick-starts a pro-inflammatory antiviral immune response that ultimately clears the virus
but also targets tumors for immune-mediated killing by innate and adaptive
mechanisms12,13. Thus, OVs can potentiate the immune response to cancer, which has
been a cornerstone of efforts to engineer viruses with therapeutic transgenes14 and
combine them with other immunotherapeutic platforms, like ICB15. 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 (NCT02759588). This
effectively demonstrates the anticipated potential of OVs as antigen-agnostic
immunotherapies for ovarian cancer.
Natural killer (NK) cells are innate cytotoxic lymphocytes adept at eliminating
tumor cells and virally-infected cells. NK cell targeting is not antigen-restricted, but
instead relies on ligation of a repertoire of activating and inhibitory receptors and on
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cytokine signaling, making NK cells a promising effector subset to engage using
antigen-agnostic immunotherapies16,17. NK cell infiltrates in human tumor tissue
correlate with enhanced survival in multiple cancer types and antitumor NK responses
can be modulated by ICB18,19. Many OV platforms should be capable of stimulating
potent NK cell responses20-25, making NK cells an especially critical effector subset to
potentiate using OVs. However, some evidence shows that NK cells can limit the
efficacy of certain OVs by blunting replication in the tumor bed26,27. Apart from their
cytotoxic activity, NK cells crosstalk with dendritic cells (DC) to improve their own
function and the function of antigen-specific T cells in antitumor immune responses28,29.
Type 1 classical dendritic cells (cDC1) are a subset of DCs that express the
transcription factors BATF3 and IRF8. cDC1s express CD8ɑ in lymph nodes and
CD103 in tissues and are critical drivers of T cell responses30. In melanoma, cDC1s
express the chemokine receptor CCR7 and are the dominant subset that cross-presents
tumor antigen to cytotoxic T lymphocytes (CTL) to initiate tumor control31. cDC1s are
recruited to the TME by cytokines produced by NK cells, and the presence of NK cells
and cDC1s are predictive of improved survival outcomes in numerous cancers,
including following immunotherapy32,33. 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 oncolytic poxvirus that normally infects
ungulates. OrfV is phylogenetically divergent from the oncolytic Chordopoxvirinae
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vaccinia virus (VACV), which has been extensively studied in the preclinical and clinical
setting and successfully combined with ICB in preclinical models of ovarian cancer34.
OrfV is a large double-stranded DNA virus naturally armed with immune-modulatory
genes that antagonize the host antiviral immune response. As an OV, OrfV is lytic in
human cancer cells of diverse cellular origin, and is effective against melanoma and
colon cancer in preclinical mouse models35. Intriguingly, depletion studies demonstrated
that the antitumor efficacy of OrfV was dominated by antitumor NK cells35. The capacity
for OrfV to potently activate NK cells was exploited in a model of surgery-induced
immune suppression, where OrfV therapy prevented NK cell suppression and controlled
metastatic tumor spread36. Given the broad oncolytic activity of OrfV and its potent
ability to modulate the host immune system, we hypothesized that OrfV would be an
effective 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 a preclinical murine model of advanced-stage EOC. OrfV-mediated
efficacy relied on tumoricidal NK cells that were supported by cDC1s, and this cross-talk
was evident and critical for enhanced survival in human ovarian cancer based on
transcriptomics data. Finally, OrfV intervention can be combined with primary tumor
removal surgery for optimal survival benefit. OrfV is a promising NK cell stimulating
immunotherapeutic platform with impressive efficacy against advanced-stage EOC.
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5.3 Results
OrfV and VACV are oncolytic in murine and human ovarian cancer cell lines in
vitro
The oncolytic activity of both OrfV and VACV in murine ID8 ovarian carcinoma
cells was assessed in vitro by metabolic resazurin assay at a range of multiplicities of
infection (MOI). In ID8 cells, OrfV and VACV were oncolytic at MOIs as low as 0.008
(Figure 1A). OrfV was a more potent oncolytic in ID8 cells than VACV when the entire
range of MOI was considered. To assess human translation potential, both viruses were
tested in CAOV-3 human ovarian adenocarcinoma cells and iOVCa147 human ascitesderived cancer cells. VACV outperformed OrfV in CAOV-3, significantly killing at an
MOI=0.12, whereas OrfV required an MOI=3.33 (Figure 1B). Both viruses were
effective killers of iOVCa147 cells at a range of MOI, but VACV outperformed OrfV
(Figure 1C). Next, the replication potential of OrfV and VACV in ID8, CAOV-3 and
iOVCa147 cells was determined by multi-step growth curve analysis. Cells were
infected with each virus at an MOI=0.5 and total virus was collected at 8, 12, 24, 48, 72,
96 and 120 hours for titration. ID8 cells supported replication of both OrfV and VACV
(Figure 1D), however VACV reached titers over two logs higher than OrfV. Maximum
production of OrfV and VACV occurred within the first 24 hours. In human CAOV-3
cells, OrfV did not amplify beyond the number of virus particles detected in the first 8hours post-infection (Figure 1E). There was a 4-log increase in the amount of infectious
VACV particles from 8-hours to 24-hours post-infection that did not increase beyond 24
hours. Intriguingly, only VACV replicated in iOVCa147 cells, albeit to a lesser extent
than in either CAOV-3 or ID8 cells (Figure 1F). Therefore, both poxviruses were
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effective killers of both murine and human ovarian cancer cells lines, indicating human
translational potential and justifying further testing in the ID8 murine model of advanced
EOC.

OrfV or VACV monotherapy reduces ascites burden in a syngeneic murine model
of advanced-stage ovarian cancer
The immunotherapeutic potential of OrfV and VACV for ovarian cancer was
tested using the syngeneic and orthotopic ID8 model, which has previously been used
to test novel cancer therapeutics, including OVs37,38. Briefly, female C57BL/6 mice were
challenged with ID8 cells surgically implanted into the right ovarian bursa. After 60 days,
mice present 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
animals were treated with a single dose of 5e+07 plaque forming units (pfu) of OrfV or
VACV delivered on day-60 post tumor challenge, either directly to the peritoneal cavity
(i.p.) or intravenously (i.v.) via tail vein injection. To standardize comparisons, we
euthanized mice either 36-hours or 30-days following virus delivery and measured
primary tumor weights and ascites volume recovered from the peritoneal cavity. At 36hours following OV therapy, OrfV delivered either i.p. or i.v. decreased the primary
tumor weight compared to PBS-treated controls (Figure 2A). VACV did not have a
significant effect on the primary tumor weight by either delivery route. A single dose of
OrfV delivered either i.p. or i.v. was also effective at reducing ascites compared to PBStreated controls (Figure 2B). VACV significantly reduced ascites at 36-hours following
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virus treatment, but only when delivered i.v. Neither virus offered an advantage over the
other in our experiments. The same disease signs were investigated 30 days following a
single-dose of OrfV or VACV delivered either i.p. or i.v. No significant reduction in the
primary tumor weight was observed in any of the treatment groups compared to controls
(Figure 2C). However, a single dose of OrfV delivered i.p. significantly reduced ascites
accumulation compared to both control mice and mice that received VACV i.v. (Figure
2D). These data suggested that neither virus was capable of long-term control of the
primary tumor, but that OrfV was effective at controlling ascites and secondary lesions,
especially when delivered directly to the peritoneal cavity.

ID8 ascites-derived tumor cells are exquisitely sensitive to OrfV
Given that OrfV delivered i.p. was the only treatment modality effective at
reducing ascites accumulation, we hypothesized that OrfV may be particularly lytic to
tumor cells that have migrated from the primary tumor to the ascites fluid. To address
this, we derived primary tumor cell lines from the ascites of mice bearing advancedstage EOC. Three separate polyclonal cell lines were generated, ID8-ASC03, ID8ASC04 and ID8-ASC12, and tested in vitro for sensitivity to OrfV- or VACV-mediated
killing using the resazurin metabolic activity assay. The ID8 ascites-derived cell lines
were more sensitive than the parental ID8 cells to killing by OrfV, but not to VACV
(Figure 3A).
AKT signalling modulation occurs in human and murine ovarian cancer, where it
is implicated in drug resistance, metastasis and disease progression39-43. Since AKT
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can be exploited by viral activities cells44,45, we hypothesized that AKT might be overactivated in ID8 ascites-derived cell lines and exploited by OrfV for greater oncolytic
effect. We conducted western blots on ID8 ascites-derived and ID8 parental cell line
lysates for activated, phosphorylated AKT at serine 473 (Figure 3C). Phosphorylation of
AKT was not detected in the parental ID8 cell line, but was in the ID8 ascites-derived
cell lines, suggesting that AKT activation may contribute to enhanced sensitivity to OrfV
infection.

OrfV and VACV monotherapy improve survival outcome as an intervention for
advanced-stage EOC
To examine to impact of OrfV and VACV on survival in the ID8 model of
advanced EOC, mice bearing ID8 ovarian tumors were treated 60-days following tumor
challenge with three doses of 5e+07 pfu either virus and monitored for humane endpoint
criteria (Figure 4A). All treatments were delivered i.p., as there was no advantage to i.v.
delivery in reducing disease burden. Control animals had a median survival of 82-days
following tumor challenge (Figure 4B). Survival was significantly enhanced by VACV
therapy, to a median survival of 94 days and a hazard ratio (HR) of 0.2737 compared to
control animals. OrfV therapy was more efficacious than VACV, leading to a median
survival of 108.5 days and an HR of 0.2212 compared to control animals. Two animals
treated with OrfV survived ~40 days longer than the last animal treated with VACV to
reach endpoint. This data indicated OrfV as a more potent viral immunotherapeutic
platform than VACV in the ID8 model of advanced-stage EOC.
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OrfV intervention for advanced stage EOC extends survival, reduces the spread
of secondary lesions and induces robust anticancer effector responses
OrfV was more effective than VACV in our experiments, and therefore we
decided to focus on elucidating the antitumor mechanisms of OrfV as a therapeutic
intervention for advanced-stage EOC. The survival experiments using multi-dose OrfV
therapy delivered i.p. were repeated three times to generate a comprehensive survival
dataset (Figure 5A). OrfV therapy dramatically extended survival to a mean of 109.5
days compared to 93 in control animals (HR=0.2859). We hypothesized that OrfV may
prevent secondary lesion formation, as OrfV-treated animals had reduced ascites
burden, and ID8 ascites-derived cell lines were particularly sensitive to OrfV oncolysis.
To test this, secondary lesions were enumerated in the peritoneal cavity of control and
OrfV-treated mice at endpoint (Figure 5B). Animals that received OrfV therapy had
significantly fewer cancerous lesions in the peritoneal cavity (p=0.0025). Additionally,
there were fewer cases of secondary lesions homing to the spleen in OrfV-treated
animals compared to controls (Figure 5C), suggesting that OrfV treatment was effective
at controlling disease spread in vivo by targeting tumor cells in the ascites fluid.
As multi-model therapeutics, OVs not only infect cancer cells for direct killing but
also stimulate host anticancer immune responses46. OrfV is known to be a potent
immune stimulant, and can activate tumoricidal NK cell responses35. To determine the
contribution of the host immune response to OrfV efficacy against advanced ID8 EOC,
OrfV-treated and control ID8 tumor-bearing mice were non-lethally bled 36-hours
following the first OrfV dose and NK cell activation and cytokine production were
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quantified by flow cytometry. OrfV treatment dramatically increased the percentage and
relative number of NK cells expressing the early activation marker CD69 (Figure 5D, E).
Likewise, NK cells in the circulation of OrfV-treated animals produced more of the
effector cytokine IFN𝛾 than control mice (Figure 5F, G). An increase in the percentage
of NK cells expressing PD-1 was observed, which has been implicated in regulating NK
cell responses to immunotherapy18 (Figure 5H). However, the relative total number of
PD-1+ NK cells was not significant (Figure 5I), likely due to the dramatic three-fold
general acute leukopenia induced by OrfV delivery to the peritoneal cavity (Figure 5J).
These data confirmed by multiple parameters that OrfV is adept at activating NK cell
responses.
Next, the capacity for OrfV to generate tumor-specific cytotoxic CD8+ T cells was
analyzed. In vitro stimulation of ID8 cells with IFN𝛾 up-regulates MHC class I molecules
loaded with tumor antigen47, turning ID8 cells into targets for tumor antigen-specific
CD8+ T cells. Tumor-specific CD8+ T cells were quantified based on the expression of
IFN𝛾 following co-culture with IFN𝛾-stimulated ID8 cells by flow cytometry. At 10-days
following the first dose of OrfV, treated mice had significantly more tumor-specific CD8+
T cells in circulation than untreated tumor-bearing controls (p=0.0006; Figure 5K),
demonstrating that OrfV can generated tumor-specific CTL responses.
The immunological analyses were extended to include quantification of tumordirected antibodies. Plasma was collected 21-days following the first dose of OrfV
therapy. Therapy-induced antibodies were quantified by co-incubation of diluted plasma
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samples with target ID8 cells and subsequent detection with a fluorescence-conjugated
anti-mouse IgG secondary, as previously described48. Using this method, a marked
increase in serum-circulating therapy-induced antibodies was detected in OrfV-treated
mice compared to tumor-bearing control animals (Figure 5L). In addition, the magnitude
of the tumor-directed antibody response strongly correlated with survival (Figure 5M,
R2=0.4706, p=0.0047). 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 CD8a+ cells
NK cells and CD8+ T cells are classical cytotoxic antitumor effector cells. Given
that both subsets responded potently to OrfV therapy, both were depleted to measure
their impact on survival. NK cells were depleted from ID8 tumor-bearing mice by i.p.
injection of anti-asialo GM1 three days and one day before the first OrfV dose, and once
per week thereafter for a total of 4 weeks. Mice that received NK depletion and OrfV
had no survival advantage compared to control mice, offering further evidence that OrfV
therapy requires NK cells (Figure 6A). To investigate the functional role of antitumor
CTLs, CD8ɑ+ cells were depleted in isolation by i.p. injection of anti-CD8ɑ following the
same schedule as the NK cell depletion. Additionally, CD8ɑ+ and CD4+ T cells were
depleted together by injection of anti-Thy1.2 (CD90.2), which is a pan-T cell marker49.
Mice receiving CD8ɑ+ depletion and OrfV faired significantly worse than those treated
with standard OrfV therapy alone and had no survival benefit compared to control
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animals (Figure 6B). In contrast, when T cells were depleted with anti-Thy1.2, we
observed an intermediate phenotype that did not achieve statistical significance
compared to either the OrfV or the control groups (statistical power=0.659). This data
indicated that depletion with anti-CD8ɑ, which theoretically would deplete any cell
expressing CD8ɑ, was more detrimental to OrfV therapeutic efficacy than depletion of
both CD4+ and CD8ɑ+ T cell subsets together by anti-Thy1.2. Taken together, NK cells
are a dominant anticancer effector subset induced by OrfV therapy, and a CD8ɑ+ cell
subset extraneous to CTLs plays a supportive role.

NK cells and CD8ɑ+ cDCs collaborate to mediate OrfV therapeutic efficacy
Conventional type 1 dendritic cells (cDC1s) express CD8ɑ30. cDC1 development
requires the BATF3 transcription factor, and are a major subset responsible for
generating antitumor T cell responses in vivo50. In cancer control, CD8ɑ+ cDC1s crosspresent tumor antigen to T cells in the tumor draining lymph node. Mice that are
deficient in CD8ɑ+ cDCs cannot generate adequate de novo antitumor T cell responses
and do not resist T cell sensitive tumor outgrowth31,51. CD8ɑ+ cDCs support NK cellmediated control of tumor metastases by producing IL-12, and NK cells can in turn
support recruitment of cDC1s to the TME through cytokine secretion33,52. We
hypothesized that OrfV can stimulate a pro-inflammatory response that activates these
three cell subsets (NK cells, cDC1s and CTLs), which work in concert to accentuate
each other’s function and ultimately control ID8 tumor progression. In line with this, a
near complete abrogation of tumor-specific CTL responses occurred when NK cells
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were depleted (Figure 7A). Similarly, mice depleted of CD8ɑ+ cells had a decreased
proportion and relative number of NK cells in circulation expressing the activation
marker CD69 (Figure 7B, C). Furthermore, the cell-free supernatant from ID8 cells
infected in vitro stimulated IL-12 production from cultured dendritic cells
(Supplementary 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
production from DCs.
In this trifecta of immune responders, cDC1s sit as a central node that regulates
the quality of both innate NK cell and adaptive CTL responses. We hypothesized that
elimination of cDC1s would attenuate NK and CTL responses against the tumor and
reduce the efficacy of OrfV intervention. To test this hypothesis, Batf3-/- knockout mice
were used, which cannot develop cDC1s30. At 60-days following ID8 tumor challenge,
Batf3-/- and wild-type were treated with the standard three dose OrfV therapy delivered
i.p. Control Batf3-/- and wild-type mice were treated with PBS. Acutely following OrfV
therapy, Batf3-/- mice had a significant reduction in the proportion and relative number of
activated CD69+ NK cells in the circulation compared to wild-type mice (Figure 7D, E).
Quantification of tumor-specific CTLs in circulation revealed blunted responses in Batf3/-

compared to wild-type counterparts (Figure 7F). Batf3-/- mice that received only PBS

did not differ in survival compared to wild-type control mice (Figure 7G). However,
Batf3-/- mice that received OrfV intervention did not benefit, and survived equivalently to
controls. OrfV therapy in wild-type mice resulted in a median survival of 103.5 days, with
one mouse ending the experiment at 140-days post-tumor challenge without visible
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disease upon necropsy, compared to a median survival of just 92 days in mice
genetically lacking cDC1s, yielding an HR=0.8889 comparing wild-type to Batf3-/treated animals. OrfV-treated Batf3-/- mice had a higher secondary lesion burden in the
peritoneal cavity at endpoint compared to OrfV-treated wild-type mice (Figure 7H). This
corroborated previous evidence that cDC1s contribute to control of metastatic disease52.
These data demonstrate that cDC1s indeed occupy a central role during anticancer
immune responses following OrfV, and are required for OrfV-mediated efficacy.

Intratumoral NK cell recruitment correlates with cDC1s and enhanced survival in
human ovarian cancer
The data herein demonstrates 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 CTLs exists and influences
outcomes in human ovarian cancer. Of note, recent studies have demonstrated that NK
cells recruit cDC1s to the tumor microenvironment in several human cancers, and that
CCR7+ cDC1s are critical for driving both NK cell and CTL responses that correlate with
improved overall survival31-33. Gene expression datasets from primary human ovarian
tumors from the International Cancer Genome Consortium (ICGC) database were
analyzed using previously published gene expression signatures for NK cells, cDC1s,
CD8+ T cells and B cells32,53 to evaluate the correlation between immune cell subsets in
tumor tissue. CCR7 expression levels were confirmed to positively correlated with
intratumoral cDC1s (R2=0.6714; Figure 8A). Similarly, positive correlations between NK
cells and cDC1s (R2=0.406; Figure 8B), cDC1s and CD8+ T cells (R2=0.6311; Figure
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8C), and NK cells and CD8+ T cells (R2=0.5432; Figure 8D) were observed, suggesting
that these cells do interact in the ovarian TME. Similarly, B cells positively correlated
with NK cells (R2=0.5245, Figure 8E), cDC1s (R2=0.5852) and CD8+ T cells
(R2=0.6752; Figure 8F). Next, transcriptomic data was binned into three quantiles
based on the expression magnitude of NK cell, cDC1, CD8+ T cell and B cell signatures,
and the top and bottom quantiles were analyzed for survival outcome. A high magnitude
of NK cells in the tumor microenvironment correlated with increased overall survival
(Figure 8G). However, the magnitude of cDC1s, CD8+ T cells and B cells did not yield a
significant difference in overall survival in this dataset (Figure 8H-I). Intriguingly, we
observed a strong correlation between the overall NK cell signature and specifically the
expression of 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 8L). The magnitude of KLRC gene expression positively
correlated with overall survival in the human ovarian cancer dataset (Figure 8M), which
has also been demonstrated in melanoma32. These analyses suggest that NK cells, and
specifically KLRC genes, are predictive of improved survival and that therapies, like
OrfV, that boost NK cell function in tumors may be translatable to human ovarian
cancer.
Recurrent ovarian cancer poses a particular challenge, as recurrent disease is
lethal and tends to be refractory to standard chemotherapy treatment5. Recurrent
ovarian cancer lesions with high numbers of infiltrating lymphocytes are more likely to
regress, while tumors that exhibit immune cell exclusion or immune cells with an
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exhausted phenotype tend to progress54. We hypothesize that gene expression profiling
of primary versus recurrent ovarian tumors would reveal a trend of low immune
infiltration in recurrent tumors. To address this, the magnitude of NK cell, KLRC, cDC1,
CD8+ and CD4+ T cell, and B cell gene expression in samples from primary or recurrent
ovarian cancer were compared. All tested signatures had lower expression in recurrent
compared to primary tumors (Figure 8N), confirming that recurrent disease had a
comparatively immune deficient phenotype, and may particularly benefit from
immunogenic OrfV intervention.
Next, the ICGC human ovarian cancer dataset was analyzed for cytokines and
chemokines that correlated with NK cell, cDC1, CD8+ T cell and B cell signatures in the
TME. For each primary tumor sample, the signatures for NK cells, cDC1s, CD8+ T cells
and B cells were correlated with the intratumoral expression of a panel of 62 cytokines
and 46 chemokines. The cytokines that positively correlated with each immune cell
subset are listed in Table 1, and chemokines in Table 2. In total, five cytokines (FASL,
IFNg, LT-ɑ, CD40LG and IL-16) correlated with the presence of NK cells in ovarian
tumors, and all of these cytokines positively correlated with the cDC1s, CD8+ T cells
and B cells. Likewise, five chemokines correlated with the NK cell signature (CCL5,
XCL2, CXCL13, CXCL9 and CCL19). These chemokines also correlated with cDC1 and
CD8+ T cell signatures, with the exception of XCL2, which did not correlate with the
cDC1 signature. B cells positively correlated with CCL19, CCL5, CXCL14 and CXCL10.
This revealed a seven-cytokine signature correlation with all four subsets queried, and
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represents a potential group of targets to predict outcome and to manipulate with
immunotherapies to improve survival outcomes.

OrfV and VACV therapy do not synergize with immune checkpoint blockade
ICB, including targeting the PD-1 axis, has shown considerable 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 cells18,19.
Recently, VACV was successfully combined with anti-PD-L1 to enhance anticancer
efficacy in colon and ovarian cancer models34. Targeting PD-1 instead of its ligand has
also been tested with VACV, with favourable results against murine fibrosarcoma55. We
hypothesized that combining OrfV therapy for advanced-stage ovarian cancer with antiPD-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
9A, B). To investigate the role of PD-1 signaling during the anticancer immune
responses, ID8 tumor-bearing mice were treated with three doses of OrfV or VACV and
then received six doses of anti-PD-1 checkpoint blockade. Anti-PD-1 therapy alone was
effective against ID8 tumor progression, as were the monotherapy treatments with OrfV
and VACV (Figure 9D, E). However, the combination of virus treatment with checkpoint
blockade did not extend survival in ID8 tumor-bearing mice. This suggests that PD-1driven suppression of T cells and/or NK cells does not negatively impact OrfV-mediated
therapy. Alternatively, delivering anti-PD-1 therapy following the last dose of OrfV may
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miss the peak of the NK cell response, and has a minimal effect on the antitumor T cell
response.

OrfV therapy can be combined with surgical removal of the primary tumorbearing ovary for optimal outcome
Cytoreduction surgery followed by chemotherapy is a common treatment for
advanced-stage EOC. Surgery is immune suppressive, and has been linked to
enhanced risk of metastasis56. In preclinical models, others have shown that
intervention with OVs, including OrfV, during the immune suppressive window following
surgery can reduce the risk of metastasis, primarily through the improved function of NK
cells22,36. Since OrfV is a potent stimulant of tumoridal NK cells in ovarian cancer, we
hypothesized that OrfV would be effective in combination with cytoreduction surgery to
eliminate residual disease. To test this, mice were implanted with ID8 tumor cells in the
right ovarian bursa, which was surgically removed 60-days later (Figure 10A).
Resected ovaries were confirmed as tumor-bearing by histology. As expected, tumors
were apparent in the ovarian bursa at 60-days following tumor challenge (Figure 10B).
Mice recovered from surgery for 48 hours before being treated with standard OrfV
therapy. Primary tumor removal alone did not significantly enhance survival compared
to controls. However, mice that had primary tumor removal surgery followed by OrfV
therapy survived significantly longer than mice that only received OrfV, with a median
survival of 132 days (Figure 10C). At the end of the experiment, 205-days post-tumor
challenge, one mouse receiving the combination of primary tumor removal and OrfV
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therapy had no sign of ascites or secondary lesions, indicating OrfV as particularly
effective when used to combat immune suppression following surgery.

5.4 Discussion
There remains a need for novel therapies that can improve outcomes for
advanced ovarian cancer. This study demonstrates that OrfV, especially in combination
with cytoreduction surgery, is a promising antigen-agnostic immunotherapeutic platform.
The value of OrfV is in its capacity to directly kill tumor cells and generate a complex
antitumor immune response in which multiple classical anticancer effector cells
participate. The bulk of the antitumor mechanism is mediated by NK cells, but is
supported by cDC1s and B cells. This is of particular interest given the recently unveiled
importance of these subsets in mediating tumor control in numerous cancer types.
A single dose of OrfV delivered either i.v. or i.p. was effective at reducing ascites
fluid acutely following virus. Tumor cell lines derived from the ascites fluid of untreated
animals were exquisitely sensitive to OrfV oncolysis when compared to parental ID8
cells. A prolonged reduction in ascites was observed at 30-days following a single dose
of OrfV, but there was no reduction of treated primary tumors. Additionally, OrfV
treatment prevented the attachment and progression of secondary lesions. This
suggests that OrfV therapy may be particularly effective at clearing residual disease
when used in combination with surgical removal of the primary tumor. The sensitivity of
secondary disease to OrfV may be linked to enhanced AKT activation. AKT is
profoundly linked to cell proliferation and is commonly dysregulated during ovarian
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cancer growth and metastasis40,41,57. The AKT pathway is tightly linked to virus infection,
and phylogenetically diverse viruses modulate AKT signalling to infect cells. In
particular, the rabbitpox myxoma virus expresses an ankyrin-like repeat protein, M-T5,
that interacts with and activates AKT1 leading to cancer cell oncolysis45. The OrfV-NZ2
strain used in this study encodes five ankyrin-like repeat proteins, however they are
dissimilar in nucleotide and amino acid sequence to the myxoma M-T5 (data not
shown). Future studies investigating the capacity for OrfV ankyrin-like repeat proteins to
interact with AKT isoforms are warranted and would shed light on the mechanisms
governing the cancer tropism of OrfV and could provide targets to predict OrfV-sensitive
tumors.
The potential of OVs in general to elicit a humoral response has been limited to
the impact of virus-neutralizing antibodies that hinder systemic delivery of OVs.
Recently, our group developed a method to detect tumor-directed antibody responses
following antigen-agnostic immunotherapies, including oncolytic virotherapy48. Using
this technology, 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 (ADCC), wherein target cells labeled by antibody are recognized by Fc
receptors on NK cells58. ADCC is a major mechanism of immunotherapy with
monoclonal antibodies59,60. It is possible that the humoral response supports robust
targeting and killing of tumors by NK cells. An advantage of boosting tumor-directed
humoral responses using antigen-agnostic OrfV therapy include generating antibodies
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against multiple tumor targets, theoretically improving the likelihood of producing
functional tumor-directed antibodies and reducing the risk of tumor escape by antigen
loss. However, the potential for autoreactive antibody production requires assessment.
Tumor-directed humoral responses may also sustain effector NK cell function beyond
the acute peak of the primary NK cell response through ADCC-induced production of
IFN𝛾 and TNFɑ61. However, there is evidence that ADCC-activated NK cells can be
downregulated by apoptosis through autocrine Fas:FasL interactions62. Future studies
should be conducted to elucidate the mechanisms of ADCC by NK cells throughout the
course of OrfV therapy. Clinical application of the technology used to detect tumordirected antibodies would be a useful tool for evaluating efficacy and predicting
outcomes following OrfV therapy.
This study adds to the current literature describing OrfV as a potent stimulator of
antitumor NK cells. In our studies, depletion of NK cells abrogated efficacy. Although NK
cells may kill OrfV-infected tumor cells through virus-mediated downregulation of MHC
class I63, the antitumor NK cell response was clearly dominant, given that depletion of
CD4+ and CD8+ T cells by anti-Thy1.2 had a modest and statistically insignificant effect
on survival. Despite this, ID8-specific CTLs were detected in the circulation of OrfVtreated animals and may play a role in antitumor immune memory, which was not
explored in this study. We would hypothesize that a therapy that induces tumor-specific
CTLs would be beneficial due to the potential to expand functional clones and confer
anticancer memory.
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NK cells participate in tumor control in complex ways. An intriguing mechanism is
by reciprocal crosstalk with cDC1s, and the impact it has on both NK cell and CTL
effector function. OrfV-treated animals lacking NK cells were unable to mount tumorspecific CTL responses. In response to OrfV, NK cells produced IFN𝛾 and induced
inflammatory cDC1s to produce IL-12, a critical cytokine for NK cells, and to crosspresent antigen to T cells64. Optimal NK help for cDC1s requires type I IFN production,
a common response to virus infection, and intact IFN signaling in DCs28. We observed
that supernatant from OrfV-infected ID8 cells induced DC production of IL-12, which
could be driven by IFN. In our study, genetic elimination of cDC1s attenuated both NK
and tumor-specific CTL responses and eliminated OrfV efficacy against ID8 tumors,
demonstrating 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 crosstalk between NK cells, cDC1s and CTLs was
corroborated in human ovarian tumors as gene expression signatures for cDC1s
positively correlated with NK cell and CTL gene signatures. Intriguingly, only the
magnitude of the NK cell signature was predictive of survival outcome, suggesting a
dominant effector role for NK cells, and a supportive role for other subsets in tumor
immune control. In support of this, NK cells are known to recruit cDC1s in human
cancers, particularly through CCL5, XCL1 and XCL233. We confirmed that both CCL5
and XCL2 positively correlated with NK cell and cDC1 gene signatures in human
ovarian tumors. In addition, NK cells positively correlated with the B cells, but B cell
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number alone was not predictive of survival outcome, again suggesting that NK cells
are supported by multiple immune subsets but are the dominant effector.
To better understand the regulation of immune cell recruitment to the human
ovarian TME, we analyzed cytokine and chemokine expression. A comprehensive panel
of cytokines and chemokines were correlated against immune cell subsets that were
implicated in preclinical OrfV-mediated efficacy, namely NK cells, cDC1s, CTLs and B
cells. Intriguingly, a set of seven cytokines (FASL, IFNg, LT-ɑ, CD40LG, IL-16, CCL5
and CCL19) positively correlated with all four immune subsets. This underscores the
interconnected nature of mechanisms governing cancer immune control, and may be an
important cytokine signature to track and modulate in the effort to reprogram the TME
for effective therapy. However, the fact that only NK cells positively correlated with
survival is suggestive that CTL and humoral responses are supportive to NK effectors
and are not tumoricidal themselves. Tertiary lymphoid structures are structures in the
tumor comprising of organized B cells, DCs and CD8+ T cells and resemble lymph node
structures. TLS serve as local hotspots of antibody production and T cell priming, and
are positively correlated with survival and control of metastasis in ovarian cancer65,66.
We found that CXCL13, CCL19 and IL-16 were predictive of intratumoral NK cells,
cDC1s and CTLs and that CCL19, IL-16 and CXCL10 were correlated with B cells
(CXCL13 expression was significantly correlated with B cells, but did not pass the FDR
cutoff of our analysis). These cytokines are components of a chemokine signature that
strongly predicts the presence of tertiary lymphoid structure across many human cancer
types67. Others have shown that B cells in tertiary lymphoid structures locally produce
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antitumor antibodies that can activate DCs through Fc receptors, and support crosspresentation of tumor antigen to CTLs68. In theory, local production of tumor-directed
antibody would also support ADCC by NK cells, though this has not been shown
experimentally. In secondary lymphoid structures, NK cells promote DC function
through IFN𝛾 in response to virus infection29,69, but this has not yet been studied in
tertiary lymphoid structures. It is interesting to speculate that OrfV treatment may
modulate the ovarian tertiary lymphoid structures and drive local NK, DC, CTL and
humoral responses. In support of this notion, tertiary lymphoid structures have been
shown to form in response to HPV vaccination with a vaccinia virus70.
Recurrent tumors are known to be refractory to conventional treatments and are
often the cause of fatality. Recurrent disease is also particularly immune deficient, as
tumors that have been selected to evade immune attack71. The presence of tumorinfiltrating immune cells correlates to improved outcomes in many cancer types, and
has been a useful prediction tool for immunotherapy72. This has led to an effort to
increase immune cells in tumors with an inherently low number of infiltrates. OrfV may
be particularly effective in patients with a TME already rich in NK cells and supportive
cDC1s, as OrfV may provide the necessary inflammatory response to activate and
mobilize local and systemic NK cells. However, we observed that recurrent human
ovarian tumors were immune deserts largely absent of NK cells, cDC1s, T cells and B
cells when compared to primary tumor samples. In this case, OrfV intervention could be
a useful tool to reprogram the TME of recurrent tumors to an inflamed state with higher
numbers of immune infiltrates.
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OrfV rapidly upregulated PD-L1 on ID8 cells during infection, which is a
suppressive ligand for PD-1. Anti-PD-1 therapy is particularly effective against tumors
with a high neoantigen load by relieving suppression of antitumor CTL clones73. Ovarian
cancer has a moderate neoantigen load74 and although OrfV monotherapy induced
tumor-specific CTLs, they were dispensable for the primary response to therapy. A
recent study with ID8 EOC highlighted the failure of neoantigen vaccines to induce T
cell mediated tumor control75. This was due to a low number of cancer mutations, which
translated to an impotent repertoire of function antitumor CTL clones and could explain
the low contribution of CTLs in our model and the lack of synergy with anti-PD-1.
Another limit to CTL targeting could be low expression of MHC class I by ID8 cells,
which we did not evaluate. Low MHC class I could also explain the relative potency of
antigen-unrestricted NK cells. Intriguingly, NK cells have been recently shown to play a
role in anti-PD-1 ICB18. NK cells in tumors, but not in other tissues, express PD-1 and
are suppressed by PD-L1 on tumor cells. It is possible that we observed no clear benefit
of anti-PD-1 because it was delivered five days after the first dose of virus and only
present near the end of the peak of the NK cell response. Further studies are needed to
characterize the role of the PD-1 axis in ovarian cancer in the context of NK cell
responses mediated by OV intervention.
Primary tumor removal surgery is a common component of treatment for
advanced-stage ovarian cancer but it is rarely curative. Surgery itself can increase the
likelihood of metastatic disease through multiple mechanisms including suppression of
the immune system during the perioperative period56. OrfV intervention shortly following
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surgical stress has been used to limit metastatic disease in preclinical models by
preventing suppression of NK cells36. Shortly following surgery, NK cells are recruited
and are deficient in activation markers and IFN𝛾 production. In a model using
nephrectomy as the surgical insult, B16 tumor cells were delivered intravenously 1 hour
prior to surgery, and OrfV was delivered three hours before tumor challenge to
prophylactically activate NK cells. In this setting, B16 tumor cells on their way to
implanting in the lungs would be immediately met with the threat of OrfV oncolysis and
NK-mediated killing, making the rare event of tumor implantation even more unlikely. In
our model, we challenged mice with tumor cells 60 days before the induction of surgical
stress by primary tumor removal. At the time of surgery, mice have secondary lesions in
the peritoneal cavity and ascites that contains tumor cells, representing a true tumor
microenvironment. Instead of prophylactic OrfV treatment, we further delayed the
activation of NK cells via OrfV intervention to two days following surgery, increasing the
difficulty of treating secondary disease. Despite the stringency of our model, we
observed a marked extension in survival, and had a mouse with complete absence of
disease when the experiment was ended over 200 days after initial exposure to tumor.
This corroborates the earlier reports of the utility of OrfV as a potent NK activator and
inhibitor of distal tumor cell spread. Further experimentation is underway to determine
the optimal window for OrfV intervention in the perioperative window, as this could be
particularly useful to translate to the clinic.
In conclusion, OrfV is a multi-mechanistic antigen-agnostic immunotherapy
effective against preclinical advanced-stage ovarian cancer. OrfV efficacy against
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ovarian cancer is tightly linked to NK cells, and provides another example of the utility of
these innate effector cells for cancer immunotherapy. However, OrfV therapy was able
to stimulate tumor-directed immune responses from multiple arms of the immune
system that are critical players in immunotherapy. There is a striking advantage to a
therapeutic platform with such diversity, especially when considering its application to
other cancers. One could envision a process wherein cancers are stratified based on
the sensitivity to certain immune pathways, and treated with OrfV in combination with
other targeted pharmaceuticals. The field of immunotherapy must continue to be multidisciplinary and invest in deconstructing the complexities of the anticancer immune
response to provide effective therapies to patients.

5.5 Methods
Mice
Seven-week-old female specific pathogen-free C57BL/6 mice were purchased
from Charles River Laboratories, USA (strain code #027), and Batf3 knockout mice
were purchased from Jackson Laboratory, USA (strain code #013755). Mice were
housed in a controlled environment in the Isolation Unit at the University of Guelph,
Guelph, Ontario, Canada. Food and water were provided ad libitum. Mice were
acclimatized to the facility for one week prior to experimentation. Mouse studies were
approved by the University of Guelph’s Animal Care Committee (animal utilization
protocols 1904 and 3827) in accordance with Canadian Council on Animal Care
guidelines.
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Cell Lines
ID8 transformed ovarian surface epithelial cells were generously donated by Drs.
K. Roby and P. Terranova (Kansas State University, Manhattan, KS, USA). HeLa,
CAOV-3 and Vero cells were purchased from the American Type Culture Collection
(ATCC CCL-2, HTB-75, CCL-81 respectively, Manassas, Virginia, USA). Cells were
cultured in Dulbecco's High Glucose Modified Eagle's Medium (DMEM) containing 10%
bovine calf serum (BCS). Human iOVCa147 cells were generous provided by Gabriel
DiMattia (London Regional Cancer Program, London Health Sciences Center, London,
ON, Canada) and were cultured in Dulbecco's High Glucose Modified Eagle's Medium
and Ham’s F12 mixture (DMEM/F12). Sheep skin fibroblasts (SSF) were kindly provided
by Dusty Miller (Fred Hutchinson Cancer Institute, Seattle, Washington, USA) and were
cultured in DMEM containing 10% bovine calf serum. All cell lines were cultured in a
humidified incubator at 5% CO2 and 37.0°C, and were confirmed to be mycoplasmafree prior to use (MycoAlert PLUS detection kit; Lonza).

Viruses
All research with viruses was conducted in containment level-2 facilities and was
approved by the University of Guelph’s biosafety committee (biohazard permit #A-36703-17-05). OrfV-NZ2 (OrfV) and vaccinia (strain Copenhagen, VACV) were kindly
provided by Dr. John Bell (OHRI). OrfV was produced on SSF cells by infection at a
MOI=0.1 for 4 days, or until cytopathic effect was observed on >95% of cells. Infected
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cells and supernatant were then collected and separated by centrifugation at 2,000xg
for 10 minutes at 4°C. Cell pellets underwent three cyclical freeze-thaws and sonication
before supernatants were clarified by centrifugation at 6,000xg for 30 minutes at 4°C.
OrfV was then purified by depth filtration and subsequent tangential flow filtration. Virus
was further concentrated using an iodixanol (OptiPrep, Sigma, Cat#D1556) stepwise
density gradient, which was exchanged with PBS by dialysis in a Slide-A-Lyzer 10kDa
molecular weight cassette (Fisher, Cat#66383). OrfV stocks were titrated by TCID50
assay on SSF cells. VACV was propagated on HeLa cells using similar methods to OrfV
production. 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. Cancer cells were seeded into 96-well plates
and treated with OrfV or VACV at a range of MOI for 48 hours and incubated at 37°C
and 5% CO2. Resazurin sodium salt (Sigma-Aldrich; Cat#R7017) was added at
0.5mg/mL for two hours before data acquisition by fluorescent plate reader (excitation
wavelength: 535/25nm, emission wavelength: 590/35nm). Relative metabolic activity
was calculated by dividing fluorescent output of treatment cells by untreated control
cells.

Multi-Step Virus Growth Curves
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The capacity for ID8, CAOV-3 and iOVCa147 cancer cells to produce infectious
OrfV and VACV particles was examined by multi-step growth curves. Cancer cells were
seeded at a density of 5e+05 cells per well in 6-well plates and 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 by multiplying by 0.69, as previously
described76-78.

ID8 Ascites-Derived Cell Lines
Mice bearing ID8 ovarian tumors were monitored until their abdomens were
distended from ascites fluid accumulation. Mice were then euthanized and ascites fluid
was collected through insertion of a 25-gauge 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 lysis buffer, and cells were pelleted by centrifugation at
500xg for 5 minutes at 4°C. Cell pellets were then resuspended in 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 passage 3. All tests were conducted with ID8 ascitesderived cells at lower than passage number 5.

Orthotopic ID8 Cancer Model and Standard Virus Therapy
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The syngeneic orthotopic ID8 ovarian cancer model was set up as previously
described79. Briefly, 7-week-old female C57BL6 or Batf3 knockout mice were
challenged with 1e+06 ID8 cells into the right ovarian bursa. At sixty-days following
challenge, mice present with signs similar to advanced stage 3 epithelial ovarian cancer
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 sixty-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 sixty. Endpoints were either at prescribed times post-virus, or
when mice reached endpoint criteria including distended abdomen interfering with
mobility, hunched fur, irregular breathing, isolated behavior or neurological signs.
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. For NK cell responses, mice were non-lethally bled 36-hours following
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virus delivery. Blood was collected in heparinized tubes to prevent clotting and blood
volume was recorded to normalize data to per µL standard. Red blood cells were lysed
using ACK lysis buffer and leukocytes were suspended in RPMI 1640 media containing
10% fetal calf serum 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. Fc receptors were blocked
by incubating with anti-CD16/32 (BioLegend, Cat#101320) for 15 minutes at 4°C.
Leukocytes were then stained with surface antibodies including APC anti-NK1.1
(Biolegend, Cat#108710), FITC anti-CD69 (Biolegend, Cat#104506) and PerCP5.5 antiPD-1 (BioLegend, Cat#109120), BV510 anti-CD8ɑ (BioLegend, Cat#100752), and
BV421 anti-CD3ε (BioLegend, Cat#100336) for 20 minutes at 4°C in the dark. FACS
buffer was then exchanged for PBS, and leukocytes were stained for viability using the
Zombie NIR (BioLegend, Cat#423106) viability kit, following the manufacturer’s
protocol. Leukocytes were then treated with fixation buffer (BioLegend, Cat#420801)
and permeabilization buffer (BioLegend, Cat#421002) and stained for intracellular IFN𝛾
with PE anti-IFN𝛾 (BioLegend, Cat#505808) for 20 minutes at 4°C in the dark. Cells
were washed and suspended in 200µL FACS buffer for flow cytometry analysis.
Tumor-specific CTL responses were quantified as previously described47. Mice
were nonlethally bled at 10 days following the first virus dose. Blood was collected in
heparinized tubes to prevent clotting and blood volume was recorded to normalize data
to per µL standard. Red blood cells were lysed using ACK lysis buffer and leukocytes
were resuspended in RPMI 1640 media containing 10% fetal calf serum and 0.1% beta240

mercaptoethanol. Each sample was divided in two, with one half plated alone as a
control and the other co-cultured with 1e+05 target ID8 tumor cells that were stimulated
with rIFN𝛾 for 48 hours47. Leukocytes were incubated for 1 hour, then brefeldin A was
added to capture cytokine release and incubation was continued for another 4 hours.
Leukocytes were then stained for flow cytometry analysis following the methods
described for NK cell responses, but using the following surface and intracellular
cytokine antibodies: FITC anti-CD4 (eBioscience, Cat#11-0043-85), BV510 anti-CD8ɑ
(BioLegend, Cat#100752), BV421 anti-CD3ε (BioLegend, Cat#100336), APC anti-IFN𝛾
(Biolegend, Cat#505810) and PE anti-TNFɑ (eBioscience, Cat#12-7321-82). Viability
was assessed using the Zombie NIR viability kit. Cells were washed and suspended in
200µL FACS buffer for analysis. Flow cytometry samples were run using the FACS
Canto II (BD Biosciences) and analyzed using FlowJo Software version 10 (FlowJo
LLC).

Antibody Depletion Studies
C57BL/6 mice were challenged with 1e+06 ID8 cells into the right ovarian bursa
to establish ovarian epithelial cancer. To deplete specific immunological cell subsets,
depletion antibodies were delivered intraperitoneally three days and one day prior to
virus delivery on day 60, and then once per week to maintain depletion. The depletion
antibodies, and the initial depletion dose, used in this study include: anti-CD8ɑ
(BioXcell, Cat#BE0061 clone 2.43, 200µg), anti-Thy1.2 (BioXcell, Cat#BE0066 Clone
30H12, 200µg) and Ultra-LEAF anti-asialo-GM1 (Biolegend, Cat#146002, 50µL).
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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 described48.
Briefly, ID8 tumor-bearing mice that were treated with three doses of 5e+07 OrfV i.p.
starting on day 60 post-tumor challenge were nonlethally bled 21-days after the first
virus dose. Blood was centrifuged at 500xg for 5 minutes to separate out plasma, which
was collected and stored at -80°C. ID8 target cells were seeded at 1e+03 cells per well
in 96-well plates and propagated overnight to reach 100% confluence. Cells were then
fixed with 4% paraformaldehyde (Fisher Scientific, Cat#J19943-K2) for 10 minutes at
room temperature and permeabilized using 0.2% TritonX-100 (Sigma-Aldrich,
Cat#T8787) for 10 minutes at room temperature. ID8 cells were then blocked with 1%
bovine serum albumin (Fisher Scientific, Cat#BP1600100) for 1 hour at room
temperature. Plasma samples were thawed and each sample diluted in series to 1/10,
1/100, 1/200, 1/500 and 1/1000 in PBS. Diluted plasma samples were then added to
target ID8 cells for 1 hour at room temperature. Cells were washed three times in
Hank’s buffered salt solution +Mg2+ (Fisher Scientific, Cat#SH3003103) before detection
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of bound ID8-directed antibody by goat anti-mouse IgG (H+L)-Alexa Fluor 488
secondary antibody (Fisher Scientific, Cat#A28175) diluted 1/2000. Control wells
received only secondary antibody. After 1-hour incubation in the dark with secondary
antibody, fluorescence was quantified by plate reader using a 490nm blue filter. Tumordirected antibody data was analyzed by first subtracting background fluorescent 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.

ICGC Data Set
Previously generated RNA-sequencing alignment data from human ovarian tumors was
retrieved from the ICGC using score-client. 92 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
(v0.9.1; options: -m intersection-nonempty -i gene_id -r pos -s no) was used to count
reads over annotated genes80. Due to the robust normalization offered by DESeq, the
raw counts produced by HTseq were normalized via DESEQ2_normalize (v3.8)81,82.
Previously established gene expression signatures were used to gauge NK, cDC1s,
CD8+ T and B immune cell activity in the tumors31,32,53. For correlations between gene
expression signatures, gene expression was log transformed (log2(1+normalized
expression)).
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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 6-well plates and 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 5mM EDTA-PBS for 5 minutes. Cells collected, centrifuged at
500xg for 5 minutes and resuspended in FACS buffer. Fc receptors were blocked by
incubating with anti-CD16/32 for 15 minutes 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 minutes 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 was delivered the day after the final dose of
virus, at 200ug per dose into the peritoneal cavity. Anti-PD-1 treatments were continued
every three 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 human ovarian cancer
patients, mice were challenged with 1e+06 ID8 cancer cells to the right ovarian bursa.
At 60-days post-tumor challenge, when mice have a significant primary tumor and the
start of ascites, mice were anesthetized and the primary tumor was surgically removed.
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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 fetal calf serum, 0.1%
beta-mercaptoethanol, and penicillin/streptomycin per 25cm2 cell culture flask. Initially,
all cultures received 20ng/mL of granulocyte-macrophage colony-stimuating factor (GMCSF) on day 0 in 5mL cRPMI 1640. On day 2, an additional 5mL of RPMI 1640 was
added with 20ng/mL of GM-CSF, and 10ng/mL of interleukin-4 (IL-4) for a total of 10mL.
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.
Immediately following plating, DCs were treated with various stimuli, including LPS
(100ng/mL), naked OrfV (4e+06 pfu per well) and 100µL 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,
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Cat#11-4801-85), PE/Cy7 anti-CD11c (BioLegend, Cat#117318), APC/Fire750 anti-IA/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 the stained for intracellular cytokines using PE anti-TNFɑ and APC antiIL12. DCs were classified as CD11c+ MHC-II+ F4/80- cells and were assessed for the
proportion and mean fluorescent intensity of IL-12.

Western Blotting
For western blotting, ID8 and ID8 ascites-derived cell lines were plated at 5e+05
cells per well in 6-well plates and incubated overnight. Media was removed and cells
were washed with PBS twice before the addition of 500µL cold RIPA buffer
supplemented with protease inhibitor (Sigma-Aldrich, Cat#P8340), phenylmethane
sulfonyl fluoride (PMSF;100μM; Sigma Aldrich, CAT#P7626), and sodium
orthovanadate (NaVO3; 200mM; Sigma Aldrich CAT#S6508) and incubated for 10
minutes on ice to lyse cells. Cell lysates were collected and stored at -20°C. Lysates
were thawed on ice and then centrifuged at 12,000 RPM for 10 minutes at 4°C to
remove cell debris and then protein was quantified by Bradford assay. Samples were
separated on a 12% SDS-PAGE gel at 80µg of protein per sample alongside the
Precision Plus Protein ladder (Biorad, Mississauga ON, Canada, Cat#1610374).
Proteins were transferred onto an activated PVDF membrane using the Trans-Blot
Turbo Transfer system (Biorad, Cat#17001919). Following transfer, the membrane was
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blocked with PBS containing 5% skim milk powder and 0.05% Tween-20 (Sigma
Aldrich, CAT#P1379) for 1 hour at room temperature. Membrane were probed with a
1/1000 dilution of anti-phospho-AKT (Ser473; Cell Signalling, Danvers, MA, USA,
Cat#9271S) or a 1/5000 dilution of anti-β-actin (Abcam, Cat#ab6276) in PBS containing
5% skim milk overnight at 4°C. Membranes were then washed three times each for 10
minutes and incubated for 1 hour at room temperature with 1/5000 goat anti-rabbit IgG
(Invitrogen Cat#32460) horseradish peroxidase-conjugated secondary antibody.
Membranes were the washed and Luminata Forte Western HRP Substrate (Millipore,
Cat#WBLUF0100) was added for chemiluminescent visualization on a ChemiDoc XRS+
(Biorad, Cat#1708265) using the ImageLab v5.2 software (Biorad).

Immunohistochemistry
At 60-days post tumor challenge, the right ovaries of C57BL/6 mice were
removed following a small midline dorsal incision under isoflurane anaesthesia. 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 automated processor (Thermo Fisher
Scientific, Waltham, MA). Tissues were serially sectioned (5um) using a rotary
microtome and mounted on charged slides (Superfrost Plus; Fisher Scientific, Waltham,
MA) before being baked overnight at 37°C. Tissue sections were stained with
hematoxylin and eosin (H&E) and visualized by a polarizing light microscope (E600POL; NIKON, Toronto, CA) at 20x magnification using Qcapture software.
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Statistical Analyses
GraphPad Prism version 7 for Windows (GraphPad software, San Diego,
California, USA) 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 p≤ 0.05. Graphs show
means and standard errors.
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5.7 Figures

Figure 1: OrfV and VACV replicate in and kill murine and human ovarian cancer
cells. The oncolytic capacity of OrfV and VACV at various MOIs was tested by in vitro
resazurin metabolic assay in (A) ID8 murine ovarian carcinoma, (B) CAOV-3 human
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ovarian adenocarcinoma and (C) iOVCa147 human ascites cancer cells lines. ID8,
CAOV-3 and iOVCa147 cells were plated at 5,000 cells per well and infected with OrfV
or VACV at a range of MOI from 10 to 0.007 for a total of 72 hours before resazurin dye
was added and metabolic activity assessed by plate reader. Data is represented as
percent metabolic activity compared to uninfected controls for each cell line. Statistical
analysis was conducted by two-way ANOVA, and significance values presented indicate
whether OrfV and VACV were statistically different at any MOI (*p≤0.05, **p≤0.01,
***p≤0.001). Multi-step growth curve analyses were performed by infection of ID8 (D),
CAOV-3 (E) and iOVCa147 (F) at an MOI=0.5 with both OrfV and VACV. Cells were
collected at a range of time points from 8 hours to 120 hours post-infection, and virus
was quantified by TCID50. Statistical analysis was performed by two-way ANOVA, and
significant differences between virus titers are noted (****p<0.0001).
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Figure 2: OrfV and VACV monotherapies reduce ascites in mice bearing ID8
advanced-stage EOC. Mice bearing day 60 ID8 ovarian cancer were treated with a
single dose of 5e+07 pfu OrfV or VACV by either the intravenous (i.v.) or intraperitoneal
(i.p.) routes. At 36 hours following OV therapy (top panel), mice were sacrificed and
disease outputs were measured including the weight of the primary tumor (A) and the
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volume of ascites fluid recovered from the peritoneal cavity (B). The same treatments
were performed, but mice were instead sacrificed 30-days following OV therapy (bottom
panel). The weight of primary tumor (C) and the volume of ascites (D) were analyzed.
Statistical analyses were conducted by one-way ANOVA.

Figure 3: OrfV preferentially kills primary ascites cancer cell lines over parental
ID8 cells. To compare the oncolytic potential of OrfV or VACV to kill tumor cells derived
from the ascites fluid of tumor-bearing mice, resazurin metabolic assays were
conducted. The parental ID8 cell line was compared to three ID8-ascites derived cell
252

lines, ASC03, ASC04 and ASC012 (see Materials and Methods for cell isolation
technique) at a range of MOI. ID8 and ascites-derived cell lines were infected with OrfV
(A) or VACV (B) at a range of MOI and the metabolic activity of treated cells compared
to untreated control cells was assessed 48 hours post-infection. Statistical analysis was
conducted by two-way ANOVA, and the significance values comparing each the killing
of each cell line are represented (*p≤0.05, ****p<0.0001). C) Representative Western
blot of lysates derived from an AKT knockout (AKT 1), AKT overexpressing cell line
(AKT 3 OE), the parental ID8 and three ascites-derived tumor cell lines probed with antipan-phosphorylated AKT and anti-β-actin as a loading control.
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Figure 4: OrfV outperforms VACV in a survival model of advanced-stage EOC. A)
Mice were challenged with 1e+06 ID8 cells injected into the right ovarian bursa on day
0. Mice were treated 60 days later with three doses of OrfV or VACV at 5e+07 pfu per
dose, given every second day i.p. Control mice were injected at the same regiment with
PBS. Mice were monitored for humane endpoint, and survival was assessed by MantelCox log-rank test (B, **p≤0.01, ***p≤0.001).
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Figure 5: OrfV monotherapy extends survival, reduces secondary lesions, and
stimulates innate and adaptive effector immune responses. A) ID8 tumor-bearing
mice were treated 60 days following tumor implantation with the standard OrfV therapy
of three doses of 5e+07 pfu delivered to the peritoneal cavity every second day, and
monitored to assess survival compared to control animals. B) At humane endpoint, mice
were sacrificed and the total number of lesions throughout the peritoneal cavity were
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counted, with an upper limit set at 100 lesions. C) Lesions growing on the spleen were
individually assessed as present or absent in each case. Statistical analysis for B) and
C) were conducted by student’s two-tailed t-test. To assess NK cell responses, mice
were non-lethally bled at 36 hours following the first OrfV dose, and the percent and
relative number of NK1.1+ NK cells per µL of blood expressing CD69 (D, E), IFN𝛾 (F,
G), and PD-1 (H, I) were quantified by flow cytometry. G) The total number of NK cells
in circulation was quantified 36 hours following the first OrfV dose. K) Ten days
following the first dose of OrfV, the relative number of tumor-specific CD8+ T cells were
quantified by co-culture with IFN𝛾-stimulated target ID8 cells. L) Mice were non-lethally
bled 21 days following the first dose of OrfV and tumor-directed antibodies were
quantified using an in-cell western assay with ID8 target cells, as previously described46.
Plasma from each animal was serially diluted to generate a curve, and the data is
represented as the area under that curve. M) The magnitude of tumor-directed antibody
responses for each animal were correlated with its survival duration, using Pearson’s
correlation coefficient. Statistical analyses were conducted by Mantel-Cox log-rank test
for A) and student’s two-tailed t-test (B-L; **p≤0.01, ****p≤0.0001).
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Figure 6: Immune depletion of NK and CD8ɑ+ cells abrogates OrfV efficacy. A) ID8
tumor-bearing mice were depleted of NK cells by intraperitoneal injection of anti-asialo
GM1 three days and one day prior to treatment with standard OrfV therapy. Depletions
were continued once per week for a total of 5 weeks. Mice were monitored for humane
endpoint. B) To dissect the contribution of the T cell compartment, ID8 tumor-bearing
mice were depleted of CD8ɑ+ cells by anti-CD8ɑ and of both CD8+ and CD4+ T cells by
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anti-Thy1.2 given three days and one day prior to treatment with standard OrfV therapy.
Depletions were continued once per week for 5 weeks total. Statistical analyses were
conducted by Mantel-Cox log-rank (*p≤0.05, **p≤0.01, ***p≤0.001).
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Figure 7: CD8ɑ+ cDC1s control innate and adaptive antitumor immune responses
generated by OrfV. A) ID8 tumor-bearing mice that had NK cells depleted were nonlethally bled ten days following the first dose of OrfV and tumor-specific CD8+ T cells in
circulation were quantified by flow cytometry and compared to control or OrfV-treated
mice that did not receive depletion. ID8 mice that received anti-CD8ɑ were nonlethally
bled 36 hours following the first dose of OrfV and the proportion (B) and relative number
(C) of NK cells expressing CD69 was assessed. D, E) Batf3 knockout mice were
implanted with ID8 tumor cells, along with wild-type control mice. Sixty days following
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tumor challenge, Batf3- and wild-type mice were treated with standard OrfV therapy.
Batf3-/- and wild-type mice were non-lethally bled 36 hours following the first dose of
OrfV to assess the proportion and relative number per µL of NK1.1+ NK cells expressing
CD69. F) Mice were non-lethally led 10-days following the first dose of OrfV and the
relative number of tumor-specific CTLs in circulation was quantified. G) Batf3-/- and wildtype mice bearing ID8 tumors were treated at 60 days following tumor challenge with
standard OrfV therapy and were assessed for survival. H) At humane endpoint, mice
were euthanized and the number of secondary lesions in the peritoneal cavity was
quantified (upper limit 100 lesions). Statistical analyses were conducted by one-way
ANOVA (A-F, H) and Mantel-Cox log-rank test (G, **p≤0.01).
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Figure 8: cDC1 gene signatures correlate with NK cell, CTL and B cell signatures
in primary human ovarian tumors, but NK cells alone are predictive of survival
outcome. A) RNA sequencing data from tumors of 92 patients with ovarian cancer from
the ICGC database were analyzed for CCR7 expression levels, and correlated with a
cDC1 gene expression signature. Correlation analyses were also conducted between B)
cDC1 and NK, C) cDC1 and CD8+ T cells, D) NK and CD8+ T cells, E) B and CD8+ T
cells and F) B and NK cells. Pearson’s correlation coefficients and line of best fit from
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linear regression analysis are shown for each. To correlate immune signatures with
survival outcome, patient data was binned into three groups based on the log average
gene expression level of the NK cells (G), the cDC1s (H) and CD8+ T cells (I), and B
cells (J). The highest and lowest thirds were analyzed for survival outcome. L) The
KLRC gene signature expression was correlated with cDC1s. M) Patient data was
binned into three groups based KLRC gene signature magnitude and the highest and
lowest thirds were analyzed for survival outcome. N) Patient data was grouped by tumor
source, either primary or recurrent. The gene signatures representing NK cells, KLRC,
cDC1s, CD8+ and CD4+ T cells and B cells were compared between primary and
recurrent tumors. Statistical analysis for survival data was conducted by Mantel-Cox
log-rank test and by two-way ANOVA for comparisons of immune subsets in primary
and recurrent tumors.
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Figure 9: ID8 cells upregulate PD-L1 in response to OrfV in vitro, but neither OrfV
nor VACV synergize with anti-PD-1 immune checkpoint blockade. ID8 cells were
treated with OrfV or VACV at an MOI=5, or were left untreated, for a total of 6 hours.
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Cells were then harvested and stained for viability and PD-L1 expression and analyzed
by flow cytometry. The proportion of PD-L1 positive cells (A) and the mean fluorescent
intensity of PD-L1 (B) were assessed. C) Mice bearing ID8 ovarian tumors were treated
with three doses of 5e+07 pfu OrfV or VACV delivered to the peritoneal cavity 60 days
after tumor challenge. Mice were treated with six doses of anti-PD-1 immune checkpoint
blockade beginning the day after virus delivery and given every three days for a total of
6 doses. Mice were monitored for humane endpoint and extension of survival was
compared to OrfV (D) or VACV (E) alone and to mice treated with anti-PD-1 but no
virus. Survival was analyzed by Mantel-Cox log-rank test (*p≤0.05, **p≤0.01,
****p≤0.0001).
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Figure 10: OrfV therapy synergizes with surgical removal of the primary ovarian
tumor. A) To assess the efficacy of combining OrfV therapy with standard surgical
removal of the primary tumor-bearing ovary, mice were challenged with ID8 cells in the
right ovarian bursa and tumors were allowed to grow for 60 days before the primary
tumor-bearing ovary was surgically removed. B) The presence of ID8 tumors resulting
from the injection of ID8 cells into the ovarian bursa was confirmed by histology
(OV=ovary, T=tumor, OB=ovarian bursa). C) Mice were allowed to recover from surgical
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removal of the primary ovarian tumor for 48 hours, then were treated with the standard
OrfV therapy. The survival of mice receiving OrfV therapy along with tumor resection
was compared to groups receiving no intervention, surgery alone and OrfV alone.
Statistical analysis was conducted by Mantel-Cox log-rank rest (*p≤0.05, **p≤0.01,
***p≤0.001).

Table 1: Cytokines correlated with gene signatures of immune cell subsets in
human ovarian tumors. RNA sequencing data from ovarian tumors in the ICGC
database were analyzed for the expression of gene signatures corresponding to NK,
cDC1 and CD8+ T cell subsets. Correlations were run comparing the log expression of
each gene signature with the expression every cytokine of a panel of 62 total cytokines.
Cytokines that showed significant correlation with an immune cell subset, above a false
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discover rate of 5%, are listed in the table. Bolded cytokines are shared among all three
immune subsets analyzed.

Table 2: Chemokines correlated with gene signatures of immune cell subsets in
human ovarian tumors. RNA sequencing data from ovarian tumors in the ICGC
database were analyzed for the expression of gene signatures corresponding to NK,
cDC1 and CD8+ T cell subsets. Correlations were run comparing the log expression of
each gene signature with the expression every chemokine of a panel of 46 total
chemokines. Chemokines that showed significant correlation with an immune cell
subset, above a false discover rate of 10%, are listed in the table. Bolded chemokines
are shared among all three immune subsets analyzed.
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Supplementary Figure 1: OrfV-infected ID8 cells stimulate IL-12 production from
cultured DCs. Bone marrow-derived DCs were cultured with GM-CSF and IL-4 for a
total of one week before being treated with LPS (100ng/mL), 4e+06 pfu OrfV or with the
cell-free supernatant (SN) from 4e+05 ID8 cells infected with 4e+06 pfu OrfV for 6
hours. Two hours following treatment, brefeldin A was added and treatments were
continued for another 14 hours before staining to phenotype DCs and assess IL-12
production. DCs were characterized as CD11c+ MHC-II+ cells. A) The percent of total
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live DCs expressing IL-12 following treatment and B) the mean fluorescent intensity
(MFI) of IL-12 for all live DCs is shown. Statistical analysis was conducted by one-way
ANOVA.
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6.1 Abstract
Oncolytic viruses (OVs) preferentially infect and kill cancer cells and, by releasing tumor
antigens and providing danger-associated molecular patterns, they function as an
immunotherapy. However, systemic delivery of OVs often results in very limited initial
infection of cancer cells, confounded by further limitations in spreading through tumours.
One way to potentiate the immunogenic potential of OVs is through the use of infected
cell vaccines (ICV) that are generated using autologous tumor cells infected with OVs
ex vivo and subsequently administered to patients. Notably, the delivery of bulk infected
tumor cells constitutes an antigen-agnostic therapy that negates the need for predefined tumor antigens. This allows ICVs to serve as highly personalized cancer
vaccines. We developed an ICV platform based on the oncolytic poxvirus Orf virus
(OrfV) and tested its efficacy in mice with pulmonary osteosarcoma metastases to
model the clinical scenario that is most often associated with bone cancer fatalities.
Delivery of a single dose of the OrfV-ICV to Balb/c mice bearing K7M2 osteosarcoma
lung micro-metastases was sufficient to eliminate existing tumor nodules and protect
mice from a homologous tumor cell re-challenge. The OrfV-ICV retained efficacy in a
more stringent macro-metasasis model, where treatment was delayed until tumor
nodules were clearly visible by the naked eye. Depletion of natural killer (NK) cells and
T cell subsets revealed a dominant role for NK cells, with a subdominant role for CD8+ T
cells in driving efficacy, and both NK and T cells contributing to anticancer
immunological memory. The OrfV-ICV delivered intravenously had the best efficacy, but
was also effective if delivered intraperitoneally. Importantly, the OrfV-ICV also
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demonstrated efficacy in a B16-F10 melanoma lung metastasis model in C57BL/6 mice,
suggesting this technology may be effective across different genetic backgrounds and
against a variety of cancer types. As such, the OrfV-ICV warrants consideration for
translation into the clinic as a cost-effective tool for precision medicine in oncology.

6.2 Introduction
Osteosarcoma is an invasive bone cancer afflicting humans and canines. In
humans, a high proportion of newly diagnosed osteosarcomas occur in children and
adolescents1. In canines, osteosarcoma is commonly diagnosed in medium-large breed
dogs, and closely resembles the incidence, genetics, pathogenesis and metastasis of
human osteosarcoma2. There is both a need for new therapies in the veterinary space
and an opportunity to use canines as a translational model for testing therapies for use
in human patients. The most common metastatic anatomical region for osteosarcoma is
the lung, with approximately half of human patients and up to 90% of canine patients
presenting with pulmonary lesions at, or shortly following, diagnosis2. Osteosarcomas
can also metastasize to the brain, which is reported to occur in approximately 15% of
cases3. Patients with metastatic disease have dramatically lower 5-year survival rates
compared to those with localized disease, and canine patients have poorer outcomes
compared to humans. Treatment for both humans and canines typically includes
surgical removal of the primary tumor, often including the entire afflicted limb, along with
pre-and postoperative multi-drug chemotherapy4. There remains a gap in efficacy as
standard of care is largely ineffective for patients presenting with metastases, and there
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is a clear need for novel therapies to directly target metastatic disease in both the
human and veterinary space.
Cancer immunotherapy is a rapidly growing field built around the paradigm that
therapeutic interventions can direct the patient’s immune system against their cancer5,6.
Immunotherapeutic strategies have several advantages including being more cancertargeted, more efficacious and safer than traditional anticancer treatments like
chemotherapy and radiation therapy. As a field, cancer immunotherapy encompasses
many different treatment modalities, which can be compartmentalized to antigentargeted and antigen-agnostic therapies. Antigen-targeted therapies are designed to
focus components of the patient’s immune system against a defined tumor antigen.
There are many antigen-targeted strategies, but a topical example is chimeric antigen
receptor (CAR) T cells. CAR T cells are T cells that have been engineered ex vivo to
express a T cell receptor specific for a cancer antigen, which licences those T cells to
kill tumor cells expressing that antigen when delivered back to patients7. CAR T cells
targeting the CD19 antigen have been successful in the clinic against human B cell
malignancies, and the CAR T cell space is rapidly expanding from those successes8. As
a group, antigen-targeted immunotherapies are effective when the target antigen is
uniformly expressed on tumors, when the therapy is sufficiently robust to kill tumors
before antigen loss or escape can occur and if the therapeutic has access to the tumor.
However, antigen-targeted immunotherapies have several potential drawbacks,
including the requirement that a given patient’s tumor express the target with
reasonable uniformity, the risk of tumor escape and the current massive cost for drug
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production9,10. Monospecific antigen targeting can provide an escape route for tumors,
which has been observed in leukemia patients that have relapsed from CD19 CAR T
cell therapy, some with CD19-negative recurrent disease11. There is still an unmet need
for therapeutic strategies that do not require targeting of a predetermined cancer
antigen.
Antigen-agnostic immunotherapies, by definition, eliminate the need to identify
and target a specific cancer antigen, but instead strive to activate and educate the
host’s immune system against their cancer. Antigen-agnostic therapies take advantage
of tumor neoantigens, which are novel and tumor-specific mutated somatic antigens
generated during tumor development. Tumor neoantigens accumulate at different rates
depending on tumor type, and can differ patient-to-patient, meaning that antigenagnostic immunotherapies present a promising precision medicine platform12,13. Several
promising antigen-agnostic immunotherapy platforms exist, including the clinically
approved checkpoint inhibitors, anti-programmed cell death protein 1 (PD-1), antiprogrammed death-ligand 1 and anti-cytotoxic T-lymphocyte associated protein 4
(CTLA-4). The efficacy of checkpoint inhibitors correlates with the level of tumor
neoantigen14-17 and the number and quality of CTLs correlates with improve patient
outcome18,19, underscoring the importance of antigen-agnostic strategies and
stimulating the development of technologies to exploit the tumor neoantigen paradigm20.
However, immune checkpoint blockade therapy in the clinic is not effective for nearly
two thirds of all patients21.
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Oncolytic viruses (OVs), a diverse collective of viruses that target tumors, are
part of the antigen-agnostic immunotherapy armament22. Although OVs have varied
mechanisms for entry and replication in host cells, tumor cells are exquisitely sensitive
to OVs as they have upregulated growth pathways, which can be coopted by OVs,
and/or have forgone antiviral defence mechanisms to hide from the immune system23.
For example, Type 1 IFNs are produced by many cell types in response to acute viral
infection and signal through interferon alpha/beta receptor 1 (IFNAR) to orchestrate host
antiviral effector mechanisms24,25, and the cancer-specificity of certain OVs is based on
the impaired type 1 IFN responsiveness of cancer cells26,27. Through infection and lysis
of tumor cells, OVs can cause an immunogenic cell death resulting in the release tumor
neoantigens in the context of pro-inflammatory cytokines, and pathogen-associated and
damage-associated molecular patterns28. Despite the abundance of virus antigen, and
generation of virus-specific cytotoxic T lymphocytes (CTL), OVs do stimulate
recruitment and expansion of the tumor neoantigen-specific CTL repertoire to function
as anticancer vaccines, and the presence of antiviral CTLs can improve OV therapy in
some contexts29-31. Additionally, the capacity of OVs to stimulate tumor neoantigenspecific CTLs and their good safety profile enables their use in combination with other
immunotherapy strategies including checkpoint inhibitors such as anti-PD1, which
largely fail in patients with weak neoantigen CTL repertoires, likely due to a lack of
adjuvant in combination with checkpoint inhibition32. Indeed, T-Vec, the first OV agent
approved in both the United States and Europe, has been combined with immune
checkpoint inhibition with favourable results in humans33. However, a significant
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percentage of patients receiving immune checkpoint, T-vec, or the combination
eventually fail33-35. Currently T-vec is approved for intratumoral delivery, and although
abscopal reduction of untreated tumors does occur, it is not platform specifically
directed at resolution of metastases. Several other virus platforms have been tested in
the preclinical and clinical setting, including vaccinia virus (VV)36, Newcastle disease
virus (NDV)37, Maraba virus (MG1)38 and vesicular stomatitis virus (VSV△m51)39,
among many others. An ideal OV-based therapy for the treatment of metastatic disease
would have a strong safety profile, and be amenable to systemic delivery by
circumventing the restrictions including neutralization by complement or pre-existing
antibody, poor penetrance to distal tumor beds, and lackluster stimulation of innate and
adaptive anticancer effectors, all which have plagued OV strategies thus far40-42.
Autologous infected tumor vaccines (ICV) are an antigen-agnostic
immunotherapy strategy centered around the ex vivo infection of a patient’s tumor cells
with OVs, followed by delivery back to patients as a vaccine. In principle, ICVs exploit
what occurs with an ideal OV tumor infection – targeted lysis of tumor cells and release
of tumor neoantigens in an immunogenic fashion – but controlled ex vivo allowing for
complete penetrance of the virus to tumor cells. ICVs have the additional benefit of
employing the tumor cells as carriers for the virus, potentially eliminated the problems
with systemic delivery of naked OVs, and taking advantage of the in vivo trafficking
patterns of tumor cells43. For example, intravenous delivery of an ICV would shuttle
directly to the lungs, where the ICV could potentially transfer virus to established tumor
nodules and recruit innate tumoricidal natural killer (NK) cells and dendritic cells (DC)
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capable of cross-presenting tumor antigen to generate antitumor CTLs. NK cells are
antigen-unrestricted lymphocytes that can identify and kill virus-infected or malignant
cells by direct cytotoxicity or by coordinating with antibodies to mediate antibodydependent cell cytotoxicity. Unsurprisingly, many OVs are known to induce NK cell
responses, but the contributions (or lack thereof) of these NK cells to OV-mediated
efficacy appear to be virus- and tumor-dependent44-47. In some cases, NK cells
responses can actually limit oncolytic virotherapies48. Despite being a classical innate
immune cell, NK cells show a memory-like phenotype by responding with increased
interferon-gamma (IFN-𝛾), cytotoxicity and proliferation to secondary insults following
pre-activation by cytokines like IL12, IL-15 and IL-1849,50. Cell transplant with memorylike NK cells can provide protection against both solid tumors and leukemia51-53.
However, more research is need to understand the role that memory-like NK cells play
in cancer and immunotherapy, and the extent to which OV-based therapies stimulate
memory-like NK cells generation in vivo. NK cells can orchestrate immune responses by
producing pro-inflammatory cytokines and chemokines, and participating in cell-to-cell
crosstalk with DCs to support antigen-specific immune responses54-57. Recent research
in the context of melanomas eloquently described that NK cells in the TME produce
FLT3F, CCL5 and XCL1, which recruit classical type 1 DCs (cDC1) to the TME and
improves T cell responses in conjunction with immune checkpoint blockade58,59. cDC1s
are reliant on Batf3 and Irf8 transcription factors for development and express CD103 in
tissues, and CD8ɑ in lymph nodes, and are a critical subset in presenting tumor
antigen-derived epitopes to generate tumor-specific CD8ɑ+ T cells. In addition, cDC1s
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can regulate NK cell responses, for example through production of IL12, which activates
NK cells and supports their ability to limit the spread of metastases in several preclinical
cancer models60.
Preclinical investigation of ICVs has been reported in two previous studies that
demonstrated promising results for treating various types of cancers and have begun to
uncover the capability of ICVs to activate antitumor NK cells and engage DCs that in
turn shape tumor-specific cytotoxic T cell responses. An ICV constructed using oncolytic
vesicular stomatitis virus (VSV) expressing granulocyte-monocyte colony-stimulating
factor was effective against CT26-LacZ colon cancer and B16-F10 melanoma in both
prophylactic and therapeutic models, but required one or more booster vaccinations and
in the therapeutic setting, treatments were administered only one day post-challenge61.
The VSV-ICV activated NK cells, stimulated CD11c+ monocytes in the spleen, and
recruited cytokine-producing NK and CD3+ T cells to the TME. The same VSV-ICV
applied in athymic mice had reduced efficacy, indicating a critical role for tumor-specific
T cells, but the effects on bulky disease and the potential roles of cDC1s and antibody
responses were not explored. An ICV based on Maraba virus (MG1) was ineffective in
murine models of cancers unless it carried a transgene encoding IL1262. This highlights
the potential value of IL12 as a therapeutic transgene to be considered for incorporation
any OVs that show promise in the context of ICVs. The IL12-expressing version of the
virus, when used in the context of an ICV, could boost IL12 beyond endogenous levels
produced by cDC1s activated by a control ICV made with a Maraba virus lacking IL1262.
The Maraba-IL12-ICV activated and recruited antitumor NK cells, which were the
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dominant effectors as demonstrated by depletion experiments that removed the NK cell
compartment and abolished efficacy. Efficacy was also blunted by depletion with antiCD8ɑ, which the authors tied to a requirement for CD8ɑ+ T cells. However, anti-CD8ɑ
can also target cDC1s that express CD8ɑ63, raising the question of whether the NK
response may have also been dampened due to a lack of support from cDC1s. Efficacy
mediated by the Maraba-IL12-ICV was limited to acute attenuation of the number of
lung metastases in a mice modeling pulmonary melanoma metastases, in which it was
unclear whether syngeneic B16-F10 or LacZ-expressing B16-F10 cells were used.
Attempts to boost efficacy by increasing the dose of the Maraba-IL12-ICV resulted in
acute death, presumably due to pulmonary embolisms. Unfortunately, toxicity issues
using the Maraba-IL12-ICV via intravenous delivery necessitated moving the target
cancers to the peritoneal cavity. Therefore, this therapeutic platform may hold potential
to treat peritoneal carcinomatoses. However, even in this context, efficacy mediated by
Maraba-IL12-ICV was only demonstrated using a heterologous tumour challenge and/or
at a time of minimal disease burden. Key findings from these two previous studies relate
to the potential efficacy of this therapeutic platform, as well as addressing potential
safety issues with ICVs. In the two prior studies, cancer cells were irradiated prior to
infection with an OV to mitigate the risk of delivering viable tumor cells that could
potentially exacerbate the burden in the host. Secondly, intraperitoneal delivery of an
ICV was deemed safer than the intravenous route to avoid pulmonary embolisms.
These could be important considerations for future ICV platforms.

Orf virus

(Parapoxvirus ovis, OrfV) is a poxvirus that causes self-limiting infections in sheep and
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goats. OrfV has been extensively studied as a vaccine vector for infectious diseases, as
it is highly immunogenic and is capable of driving protective responses against vaccine
targets64-67. The flanks of the large dsDNA OrfV genome contain a diverse set of
virulence and immune-modulatory genes, including cytokine mimics and interferon
antagonists that contribute to the capacity of OrfV to orchestrate complex host immune
responses68,69. Included in this armament is a viral mimic of vegf, a pro-angiogenic
virulence factor, which has been removed from the virus to improve the safety profile for
therapeutic applications70,71. Several factors make OrfV a promising OV platform,
including its broad cellular tropism, immunomodulatory properties, a lack of preimmunity in most mammals other than ungulates, a large coding capacity for inserting
therapeutic transgenes and a genome that is amenable to engineering. OrfV is a potent
OV, able to infect and replicate in human, canine and murine cancer cells and has
demonstrated efficacy in preclinical murine melanoma and colon cancer models, mainly
by inducing potent tumoricidal NK cell responses71. In a model of perioperative
metastasis, NK cells activated in vivo by OrfV were effective at preventing progression
of metastatic disease72.
We describe herein the development of an OrfV-ICV platform originating from the
initial intention to design an immunogenic antigen-agnostic cancer vaccine targeting
pulmonary metastases derived from osteosarcoma origins that could be given safely as
a therapeutic intervention. We describe the development of a micro- and macrometastasis lung metastasis model using K7M2 murine osteosarcoma cells, and identify
OrfV as the optimal OV for targeting K7M2 cells despite them being in a constitutive
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antiviral state. The OrfV-ICV had remarkable efficacy in both the micro- and macromestastasis models, and protected mice from subsequent tumor re-challenge. Antibody
depletion experiments revealed NK cells and CD8ɑ+ cells as dominant contributors to
primary efficacy, and NK cells and T cells as mediators of resistance to re-challenge.
We address several safety considerations including dosage, route of administration and
irradiation of the cellular vaccine material before therapeutic delivery to animals. Finally,
we expand the OrfV-ICV to additional cancer models to highlight its versatility and
translational potential.

6.3 Results
Intravenous delivery of K7M2 osteosarcoma cells into syngeneic Balb/c mice
established pulmonary micro- and macro-metastases four and sixteen days postchallenge, respectively.
Development of treatments for cancers could be performed in prophylactic or
therapeutic settings, with the latter being most relevant for the vast majority of cancers
since their diagnosis usually precedes interventions. Further, in clinical scenarios, many
patients with cancers do not receive definitive diagnoses until they have relatively bulky
disease because tumor burdens need to reach a certain threshold before they can be
detected by many of the current tests. Therefore, to maximize the clinical relevance of
the research presented here, therapeutic models were exclusively used. Specifically, to
facilitate the development of a biotherapy for the effective treatment of pulmonary
sarcoma metastases, Balb/c mice were challenged intravenously with 3.3e+05 K7M2
osteosarcoma cells. This challenge dose was selected after a dose escalation study
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and was the lowest number of cells that resulted in 100% mortality. The cells and
recipients were syngeneic, thereby modeling the clinical scenario where therapies need
to target self-derived cancer cells. Mice challenged with K7M2 cells have previously
been described as a model that recapitulates many of the clinical features of patients
with osteosarcomas73,74. Four or sixteen days following implantation of K7M2 cells, mice
were euthanized and underwent post-mortem analyses to define cancer burdens.
Compared to the lungs of untreated mice (Figure 1A), tumor nodules were present in
lungs at four days post-challenge but only detectable by immunohistochemistry (IHC)
(Figure 1B) and were not grossly visible. By day sixteen post-challenge, macroscopic
tumor nodules were easily detected by gross imaging of the lungs (Figure 1C).
Untreated mice typically reached a humane endpoint, which was determined based on
any combination of ruffled fur, labored breathing, weight loss and neurological signs
such as head tilt or limb paralysis, between 35- and 60-days post-challenge and had a
high density of tumor nodules in the lungs (Figure 1D). In 5/30 (20%) of cases,
untreated mice presented with neurological signs, which approximates the rate of
neurological involvement reported in patient populations3,75. Indeed, resection of the
brain of an untreated mouse that presented with neurological signs revealed a
macroscopic lesion in the brain (Figure 1E). Therefore, we sought to test therapeutic
intervention with an OrfV-ICV in the K7M2 murine model: on day 4 following lethal
K7M2 challenge, where lung micro-metastases approximate an osteosarcoma patient’s
undetectable metastatic burden at time of diagnosis, and in the day 16 model where
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lung macro-metastases approximate a more severe disease burden akin to a relapse
patient with clinical signs.

OrfV emerged as an excellent OV for the treatment of K7M2 osteosarcoma cells
despite the latter being in a constitutive anti-viral state.
To identify ideal OV platforms for treating K7M2 pulmonary osteosarcoma
metastases, a panel of five OVs that have been previously undergone rigorous
preclinical and/or clinical testing were assessed for oncolytic activity in the K7M2 cell
line23,32. This panel included VV, NDV, OrfV, MG1 and VSVΔm51. K7M2 cells were
infected with a broad range of MOIs from 20 to 0.0091 and metabolic activity, which
correlated with viability, was assessed 72 hours later using a resazurin dye-based
assay. OrfV and VV were the only viruses that mediated substantial oncolysis at MOIs
low enough to simulate doses that could potentially be achieved in vivo (Figure 2A).
Death of K7M2 cells was confirmed by flow cytometry after staining with a viability dye
(data not shown). Notably, these two viruses have mechanisms to interfere with type 1
IFN signaling69,76,77. In contrast, the other three viruses (i.e. MG1, NDV and VSVΔm51),
which have all been defined as being IFN-sensitive26,38,78, had little to no oncolytic
activity against K7M2 cells, even at a MOI as high as 20 that should result in almost
every susceptible cell being initially infected. As such, the following two hypotheses
were tested: 1. Type 1 IFN signaling in K7M2 cells mediated resistance to MG1-, NDV-
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and VSVΔm51-induced cytolysis; 2. K7M2 cells were resistant to high doses of IFNsensitive viruses due to constitutive expression of type 1 IFNs.
To determine if type 1 IFN responsiveness of K7M2 cells impacted the efficacy of
the panel of OVs, we functionally blocked IFNAR with antibody and conducted resazurin
metabolic assays to determine killing of K7M2 cells 72-hours following infection with
varying MOIs (Figure 2B-F). Without blockage of the IFNAR, K7M2 cells were
refractory to killing by the RNA viruses MG1, VSVΔm51 and NDV at all MOIs tested.
However, when IFNAR was blocked, MG1 and VSVΔm51 were able to kill K7M2 cells
even at low MOI. Intriguingly, NDV did not become oncolytic with IFNAR blockade,
suggesting another mechanism of resistance. In contrast, VV and OrfV were oncolytic in
K7M2 cells without IFNAR blockade, with OrfV being more oncolytic than VV. Blocking
with anti-IFNAR did enhance oncolysis by VV, but did not for OrfV. The fact that two out
of the three IFN-sensitive viruses became oncolytic in the presence of anti-IFNAR
suggested that K7M2 cells treated in the absence of IFNAR blockade must have had
active signaling through this receptor, despite no pre-treatment with a type 1 IFN. As
such, we investigated the possibility that K7M2 cells either rapidly secreted type 1 IFNs
in response to viral infections or, perhaps, even constitutively expressed these
cytokines.
The K7M2 osteosarcoma cells were tested for the production of IFN-β at
baseline, or when infected with the panel of OVs (Figure 1C). Notably, uninfected K7M2
cells constitutively produced low levels of IFN-β. Upon infection with the two of the three
OVs with RNA genomes, which included MG1 and VSVΔm51, there was a substantial
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upregulation of IFN-β at 72-hours post-infection. However, IFN-β production in K7M2
cells infected with MG1 was significantly decreased with anti-IFNAR at both MOIs
tested. The inverse was true with VSVΔm51, where IFNAR blockade significantly
enhanced the production of IFN-β, indicating a unique biological incongruity between
the two rhabdoviruses. Production of IFN-β was not altered from the cell control when
K7M2 cells were infected with NDV at any MOI, nor did blockade with anti-IFNAR have
a significant effect. In contrast to MG1 and VSVΔm51, the OVs with DNA genomes,
which included VV and OrfV, did not upregulate production of IFN-β, which remained at
levels similar to untreated control cells (for statistics on all group comparisons see
Supplementary Tables 1 and 2). Based on the sum total of the results from testing the
panel of OVs, OrfV was selected as the best OV to proceed with further testing.
To investigate the capacity for OrfV to productively replicate in K7M2 cells, single-step
growth curve experiments were conducted. K7M2 cells were infected with OrfV at an
MOI of 5, and total virus produced was analyzed at one-, 12- and 24-hours postinfection using the TCID50 assay. K7M2 cells were capable of supporting OrfV
replication (Figure 2H). To determine the capacity for OrfV to replicate in pulmonary
K7M2 metastases, lung tumors were established by intravenous injection of K7M2 cells
into mice. At 30 days following tumor challenge, both tumor-free and K7M2 lung tumorbearing mice were treated with a single intravenous dose of 5x107 pfu of OrfV. Mice
were euthanized three days after OrfV delivery and the lungs were extracted and
infectious viruses were quantified by TCID50 (Figure 2I). OrfV titers were almost 400fold higher in tumor-bearing mice, with an average of 4.04e+04 pfu per mg of lung
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tissue compared to just 1.13e+02 pfu per mg in tumor-free mice. This demonstrated that
the in vitro oncolytic potential of OrfV could be extended to the much more relevant in
vivo setting.

OrfV-ICV dramatically improves survival of mice bearing K7M2 micro- and macrometastases, and conveys antitumor immunity.
In an attempt to harness the oncolytic potential of OrfV to promote the immunogenicity
of ICVs, an OrfV-ICV was designed. The OrfV-ICV consisted of live K7M2 cells infected
with OrfV at an MOI=10 in PBS for one hour at 37°C, 5% CO2 and 21% O2 before
intravenous delivery to K7M2 tumor-bearing mice. We initially used live K7M2 cells
instead of UV-irradiated to avoid any disruption of immunogenic signals produced (such
as type 1 IFN) by K7M2 cells during OrfV infection. The OrfV-ICV was injected
intravenously as we hypothesized that this delivery route would carry the OrfV-ICV
cargo directly to establish K7M2 metastases in the lungs. To determine the maximum
tolerable dose for the OrfV-ICV when administered intravenously, tumor-bearing mice in
the micro-metastasis model were treated with OrfV-ICVs produced with increasing total
numbers of K7M2 cells, from 1e+05 to 5e+06 cells, but always with 10 infectious OrfV
particles per cell. The efficacy of the OrfV-ICV was dose-dependent, with doses of
2e+06 and 1e+06 OrfV-ICVs being both safe and conferring significant survival
advantages relative to untreated control mice (Supplementary Figure 1). Notably,
toxicities in the form of acute respiratory distress occurred at a dose of 5x106.
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Therefore, 2x106 was deemed to be the maximum tolerable dose of the OrfV-ICV and
this was used in all subsequent experiments.
In the day 4 micro-metastasis model, the OrfV-ICV demonstrated dramatic efficacy by
conferring long-term survival in 89% of mice, whereas all untreated controls reached a
humane endpoint approximately 40-days post tumor challenge (Figure 3A).
Comparatively, the OrfV-ICV delivered to mice with 16-day-old macro-metastases
conferred an overall survival rate of 43% (Figure 3B). To assess any potential damage
to the lungs from the OrfV-ICV, two long-term surviving mice from both the micro- and
macro-metastasis groups were euthanized and the lungs were collected for histology.
No residual disease was found in any of the mice (data not shown). To investigate if the
cellular component of the OrfV-ICV was adding value to the vaccine, the efficacy of the
optimal dose of the OrfV-ICV (2e+06) was directly compared to the equivalent dose of
naked OrfV. Naked OrfV was given on day-4 post tumor-challenge by intravenous
delivery at 2e+07 pfu per dose. The highest dose OrfV-ICV significantly outperformed
the naked virus control, indicating an advantage of the ICV strategy compared to OV
alone (Supplementary Figure 1). Notably, treatment with naked OrfV was still
efficacious, underscoring the usefulness of this virus as a monotherapy.
Following the observation that therapeutic OrfV-ICV dramatically enhanced survival, we
sought to determine if the OrfV-ICV drove anticancer immunological memory in
surviving mice. OrfV-ICV-treated mice that survived the initial tumor challenge were kept
for a minimum of 60 days after the last control mouse reached endpoint, and were
challenged again with a lethal dose of 3.3e+05 K7M2 cells intravenously, with
298

challenged age-matched naïve mice serving as controls. Three of four mice previously
treated with the OrfV-ICV at day 4, and 3/3 mice treated on day 16 were resistant to rechallenge and did not develop signs of disease, even up to 100 or 120 days following
re-challenge (Figure 3C and D, respectively). Of note, 1/52 (1.96%) of mice that
received the OrfV-ICV and either reached endpoint or survived to re-challenge had
signs of neurological involvement, in contrast to 5/30 (20%) of control mice exhibiting
neurological signs, suggesting that the OrfV-ICV may offer protection from metastases
to the brain and spinal cord.

OrfV-ICV induced NK cell and tumor-specific CTL responses.
The OrfV-ICV was designed to induce tumoricidal immune responses. To identify
potential cellular mechanisms of action, NK cell and CTL responses were quantified. To
maximize the sensitivity of correlations with survival, all mechanistic studies were
performed with the micro-metastasis model. For assessments of NK cell responses,
blood samples were acquired from mice twenty-four hours after treatment with the OrfVICV. The OrfV-ICV treatment resulted in a higher proportion and total number of NK
cells expressing the early activation marker CD69 (Figure 3E and F), suggesting a
possible role for NK cells in the efficacy mediated by this therapy.
To investigate the capacity for OrfV-ICV to induce tumor-specific CD8+ T-cells, we
treated mice in the micro-metastasis model and collected blood ten-days following OrfVICV therapy. Tumor-specific CD8+ T cells in circulation were determined with a co299

culture assay with K7M2 tumor cells79. Mice treated with the OrfV-ICV had a marked
increase in the total relative number of circulating tumor-specific CD8+ T cells compared
to tumor-bearing controls (Figure 3G). These data indicated that the OrfV-ICV was
capable of inducing robust tumor-specific T cell responses, which, like the NK cell
responses, might contribute to efficacy.
NK cells and CD8ɑ+ cDC1 were dominant effectors mediating efficacy of the OrfVICV.
Since robust NK cell responses could be detected following treatment of mice with the
OrfV-ICV, the potential contribution of this subset to the efficacy of the therapy was
assessed using antibody-mediated depletion. Specifically, NK cells were depleted in
mice in the micro-metastasis model by intraperitoneal injection of anti-Asialo GM1 three
days and one day prior to treatment with the OrfV-ICV. Depletion was confirmed by flow
cytometry on peripheral blood before delivery of the OrfV-ICV (Supplementary Figure
2). The efficacy of the vaccine was completely abrogated when NK cells were depleted,
suggesting they represented a dominant mechanism of action (Figure 4A).
Interestingly, the depletion of NK cells also correlated with a complete loss of tumorspecific CD8ɑ+ T cell responses, when assessed in blood ten days following the OrfVICV (Figure 4B). This indicated that NK cells were necessary for the development of
tumor-specific CD8ɑ+ T cell responses. Additionally, mice that received NK cell
depletion had tumor development in anatomical locations not observed in naïve or
treated mice that reached endpoint, despite receiving therapeutic OrfV-ICV intervention.
These included 3/12 NK-depleted mice presenting with a large mass on one ovary and
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2/12 NK-depleted mice with tumors on the stomach and/or intestines (Supplementary
Figure 3A and B, respectively). These findings indicate that NK cells may play a role in
controlling metastases of K7M2 tumor cells to distal anatomical sites, which has been
shown in other models80.
To determine the relative contribution of CD4+ and CD8+ T cells to the efficacy mediated
by the OrfV-ICV, these subsets were depleted in vivo with CD4- and/or CD8ɑ-specific
monoclonal antibodies. However, we reasoned that there was the potential for antiCD8ɑ to deplete CD8ɑ+ cDC1s in addition to CTLs. Recent research has highlighted a
critical role for CD8ɑ+ cDC1s in presenting tumor antigen to T cells in lymph nodes81.
Also, CD8ɑ+ cDC1s have been shown to modulate antitumor NK cells through
production of IL1260, which could be further confounded by our finding that NK cells
were required to support CTL responses. Since CD8ɑ+ cDC1s could modulate the
antitumor effector NK cell response observed in response to OrfV-ICV therapy, we
further isolated the T cell compartment by depleting both CD4+ and CD8+ cells by antiCD90.2/Thy1.2. Anti-CD90.2 is a pan T cell marker present on both CD4+ and CD8+ T
cells in Balb/c mice but absent on CD8ɑ+ cDC1, allowing for indirect analysis of the
contribution of CD8ɑ+ cDC1 to the system when compared to mice receiving both antiCD4 and anti-CD8ɑ82,83. Dual depletion of CD4 and CD8 T cells, and consequently
CD8ɑ+ cDC1, by anti-CD4 and anti-CD8ɑ abrogated the efficacy of the OrfV-ICV in the
micro-metastasis model. Intriguingly, survival of dual T-cell depleted mice was
significantly reduced compared to depletion by anti-CD90.2, providing indirect evidence
for a role for CD8ɑ+ cDC1 (Figure 4C). Further supporting this hypothesis, depletion by
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anti-CD8ɑ alone significantly reduced survival conferred by the OrfV-ICV. Thus, efficacy
was lost in either circumstance where CD8ɑ+ cells were targeted for depletion and this
effect appeared to be independent of the T cell compartment. Indeed, mice depleted of
CD4+ cells alone had equivalent survival to control mice that received the OrfV-ICV.
Analysis of NK cells responses in the blood 24-hours following OrfV-ICV intervention
revealed that the proportion and relative total number of activated CD69+ NK cells was
significantly reduced in mice depleted with anti-CD4 and anti-CD8 combination, or with
anti-CD90.2, but not with individual depletion with anti-CD4 or anti-CD8 (Supplemental
Figure 4 A and B). Analysis of tumor-specific CD8+ T cell responses 10 days following
the OrfV-ICV revealed that mice that received anti-CD4 had the highest tumor-specific
CD8+ T cell responses, though this did not reach statistical significance compared to the
OrfV-ICV alone (Figure 4B). This implies a potential role for CD4+ regulatory T cells in
suppressing OrfV-ICV-induced CTLs.

The OrfV-ICV generated antitumor immunological memory
Efficacy of ICVs has been challenging to achieve in the past. However, treatment with
the OrfV-ICV was highly efficacious, resulting in many mice becoming long-term
survivors. This resulted in a novel opportunity to determine whether these apparently
cured mice had developed immunological memory. Therefore, long-term survivors were
re-challenged intravenously with K7M2 cells. Mice that had potentially been cured of
their pulmonary metastases were resistant to this re-challenge whereas all naïve age302

matched controls that were challenged for the first time reached endpoint (Figure 3C,
D). This confirmed that immunological memory was induced by the OrfV-ICV. To dissect
this further, the relative contributions of T cells and NK cells were assessed. A logical
hypothesis was that T cells could contribute to the immunological memory generated by
the OrfV-ICV. However, we also included NK cells in this assessment because there is
rapidly growing evidence that they are capable of memory or memory-like responses,
especially in the context of viral infections and cancers49-51,84. To facilitate these
analyses, a large number of long-term surviving mice were generated. These long-term
survivors then had T cells (anti-CD90.2) or NK cells (anti-Asialo GM1) depleted just
prior to re-challenge and their subsequent survival was compared to long-term survivors
with intact immune systems and naïve age-matched controls challenged for the first
time. Long-term surviving mice that did not receive depletion were 100% resistant to rechallenge, whereas the same challenge dose in naïve mice was 100% fatal (Figure 5).
In contrast, only 33.3% and 28.6% of long-term surviving mice that had NK cells or T
cells depleted survival re-challenge, respectively. This indicated that both NK and T
cells played a partial but incomplete role in driving immunological memory against
K7M2 tumor cells, leaving the possibility that other anticancer effector mechanisms, like
antibodies, could contribute to protection from re-challenge. In support of this notion, we
generated a pool of long-term surviving mice that had received anti-CD4 at the time of
OrfV-ICV intervention. We re-challenged these mice alongside K7M2-naïve mice, and
left their immune systems intact at the time of re-challenge. Only 14.3% of mice that had
CD4+ cells depleted at initial intervention resisted re-challenged, which was comparable
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to T cell or NK cell depletion during the time of re-challenge. This indicated that CD4+
cells offer critical support not in primary responses to the OrfV-ICV, but instead to the
generation of protective antitumor immunity. The excellent initial survival conveyed by
therapeutic intervention with OrfV-ICV, and the clear generation of anticancer
immunological memory, led to further consideration of the safety and translational
potential of the OrfV-ICV.

Safety consideration: Intraperitoneal delivery of the OrfV-ICV retains efficacy
against lung metastases.
It was previously reported that delivering doses above 1x106 cells of a Maraba
virus-based ICV to the lungs by intravenous injection resulted in acute toxicities, likely
due to embolisms62. What made this particularly problematic was that efficacy with
curative potential could not be demonstrated at the maximum tolerable dose of this
vaccine platform via the intravenous route, even in the context of minimal disease
burden. In contrast, toxicities from the OrfV-ICV were not observed at doses up to
2e+06 cells and this conferred remarkable efficacy even in a macro-metastasis model.
However, out of respect for this potential safety concern, a head-to-head comparison of
the efficacy of the OrfV-ICV delivered by the intravenous versus intraperitoneal routes
was conducted. Switching treatment with the aforementioned Maraba virus-ICV to the
intraperitoneal route necessitated moving the target cancers to the peritoneal cavity to
achieve efficacy. This suggests that trafficking of effector and memory cells might be
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biased towards the site of vaccine delivery, and this concept is well-supported in the
literature for traditional vaccines and T cells, and there is emerging evidence supporting
this paradigm for cancer vaccines85-88. Some effector and memory-like NK cells are
tissue-resident, and are important for controlling responses to infection, vaccination and
tumor metastasis in their resident tissue89-91. Therefore, we hypothesized that efficacy of
the OrfV-ICV might be abrogated against pulmonary metastases when switching to the
intraperitoneal route. Identical OrfV-ICVs were administered to tumor-bearing mice in
the micro-metastasis model by either intravenous or intraperitoneal delivery. Mice
receiving the OrfV-ICV intravenously had 100% survival (Figure 6A), which was
significantly better than the survival of mice that received the vaccine in the peritoneal
cavity. However, delivery to the peritoneal cavity was still highly efficacious, with 5/9
mice (i.e. 56%) becoming long-term survivors (i.e. still appearing healthy >80 days
longer than the last control mouse to reach endpoint). Long-term survivors from both the
intravenous and intraperitoneal OrfV-ICV treatment groups were re-challenged with
K7M2 cells and assessed for survival. Both delivery routes were able to generate
antitumor immunological memory if mice survived the initial challenge (Figure 6B).
Based on the finding that NK cells play a critical role in mediating OrfV-ICV antitumor
efficacy, we conducted a comprehensive analysis of these cells by flow cytometry 24hours following intravenous or intraperitoneal injection of the OrfV-ICV. NK cell
responses were assessed in three microenvironments: lungs, peritoneal cavity and
spleen. The total number of leukocytes found in the lungs following the OrfV-ICV by
either delivery route was reduced compared to controls (Figure 6C). In the peritoneal
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cavity, only intravenous delivery resulted in a reduction in total lymphocytes, while in the
spleen neither route had a significant effect on leukocyte numbers. In the lungs, the
relative total number of activated CD69+ NK cells was significantly increased after OrfVICV by both delivery routes (Figure 6D). The same phenomenon was observed in the
spleen. Only intraperitoneal delivery of the OrfV-ICV resulted in an increase in CD69+
NK cells in the peritoneal cavity. Recent evidence has emerged that NK cells can
express PD-1, which is predictive of positive responses to immunotherapy92. The
relative total number of PD-1+ NK cells closely mirrored CD69 expression patterns, with
an increase in the lungs resulting from the OrfV-ICV delivered either intravenously or to
the peritoneal cavity, and an increase observed in the peritoneal cavity only after
intraperitoneal injection (Figure 6E). There was no significant increase in the total
relative number of PD-1+ NK cells in the spleen. Further analysis of the lung
microenvironment revealed that a population of CD69+ PD-1+ NKp46+ NK cells emerged
24-hours after OrfV-ICV treatment by either route (Figure 8G, H and K). These CD69+
PD-1+ NK cells had increased expression of CD69, on a per cell basis, compared to
CD69+ PD-1- NK cells when the OrfV-ICV was delivered intravenously, and increased
expression of PD-1, on a per cell basis compared to single CD69-PD-1+ NK cells for
either delivery route (Figure 6I, J). Next, the total relative number of NK cells producing
IFN𝛾 was assessed in the lungs, peritoneal cavity and spleen following delivery of the
OrfV-ICV intravenously or to the peritoneal cavity. In the lungs, only delivery of the OrfVICV intravenously resulted in a significant increase in the total number of IFN𝛾expressing NK cells, despite a general reduction in the total number of NK cells (Figure
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8F). OrfV-ICV delivered intravenously also led to an overall increase in IFN𝛾 production
by NK cells in the spleen. Delivery of the OrfV-ICV to the peritoneal cavity increased the
total number of IFN𝛾-expressing NK in the peritoneal cavity, but not in the lungs or the
spleen.

Safety consideration: Irradiating cancer cells prior to OrfV infection did not
impact the efficacy of the ICV.
We hypothesized that live tumor cells dying from infection with OrfV would constitute a
more immunogenic ICV than an ICV produced by lethal short-wavelength ultraviolet
(UV) irradiation prior to virus infection. However, autologous tumor vaccines, and indeed
other ICVs, are typically generated using irradiated tumor cells under the rationale that
irradiated cells are guaranteed to die and therefore have a very low chance of
establishing new metastases when delivered to a patient. Though we expected tumor
cell escape to occur extremely rarely in infected cell vaccines made with live permissive
tumor cells, the OrfV-ICV was compared head-to-head with the OrfV irradiated and
infected cell vaccine (OrfV-irrICV). To make the OrfV-irrICV, 2e+06 K7M2 cells received
a 60 second dose of lethal UV radiation (Supplementary Figure 4) immediately prior to
infection with OrfV. Both the OrfV-ICV and OrfV-irrICV were well tolerated by mice after
intravenous delivery. Intriguingly, there was no detriment to the OrfV-irrICV, as both
vaccines provided an equivalent survival advantage (Figure 8A).
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Next, we directly compared the acute NK and adaptive tumor-specific CD8+ T cell
responses between the OrfV-ICV and the OrfV-irrICV. At 24-hours following therapy,
blood was drawn and the percentage and total relative number of NK cells expressing
CD69 was determined by flow cytometry. Both the OrfV-ICV and OrfV-irrICV led to
significant leukopenia (data not shown) and significantly increased the proportion and
total relative number of activated CD69+ NK cells in circulation compared to control
animals (Figure 9B, C). However, the ICVs were not significantly different from one
another.
At 10 days following OrfV-ICV or OrfV-irrICV delivery, the relative total number of tumorspecific CD8+ T cells in circulation was quantified by co-culture with K7M2 tumor cells79.
Both vaccines generated a significant tumor-specific CD8+ T cell response compared to
untreated controls, but the magnitude of the response was not different between the two
vaccines (Figure 9D). The sum of this data suggests that irradiation of the OrfV-ICV can
be employed to maximize safety without compromising efficacy.

Infectious OrfV was transferred from the OrfV-ICV to established lung tumor
nodules.
We hypothesized that OrfV-ICV delivered intravenously may result in a more efficient
transfer of replicating OrfV from the vaccine to established K7M2 lung metastases
compared to intraperitoneal delivery, which would further explain the difference in
efficacy between these two routes. This was tested in the K7M2 macro-metastasis
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model where lung nodules should have been large enough to support a reasonable
amount of viral replication. At day 16 post-challenge, the OrfV-ICV was delivered either
intravenously or intraperitoneally to tumor-bearing or tumor-free control mice. Seventytwo hours post-infection, lungs were harvested for OrfV titration by the TCID50 method.
Infectious OrfV was recovered from K7M2 tumor-bearing mice that received the OrfVICV by intravenous or peritoneal delivery, with neither route significantly different from
the other (Figure 9). Delivery of the OrfV-ICV by either route to naïve lungs yielded
significantly less infectious virus than the OrfV-ICV delivered to tumor-bearing lungs,
suggesting that established K7M2 tumor nodules acted as a replication bed for viruses
carried to the lungs via the OrfV-ICV.

The OrfV-ICV induces tumor-directed antibody responses by both intravenous
and intraperitoneal delivery.
Antibody-mediated depletion experiments suggested that both NK cells and CTLs
partially contribute to the immunological memory conferred by the OrfV-ICV. In
conjunction, both of these subsets together might fully mediate this memory effect.
However, another possibility was that vaccine-induced antibodies might have a role in
this scenario. As such, the potential for the OrfV-ICV to induce an antibody response
directed against K7M2 tumors was evaluated. Plasma was collected from K7M2 tumorbearing control and OrfV-ICV-treated mice at 10- and 21-days following therapy. OrfVICV-induced K7M2 tumor-associated antibodies were quantified using an in-cell western
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blotting method that was previously developed for use with antigen-agnostic
immunotherapies93. The OrfV-ICV induced readily detectable K7M2-associated antibody
responses compared to control mice, and those responses significantly increased from
day 10 to day 21 (Figure 9). The sum of this data suggest that both delivery routes
generated tumor-associated antibodies, and combined with depletion re-challenge data,
suggest a potential role for these antibodies in effective anticancer responses
developed by the OrfV-ICV.

Efficacy mediated by the OrfV-ICV extended to a second tumor type in a second
mouse strain.
We next questioned whether the OrfV-ICV platform could be extended to another model
of cancer. We chose to test this hypothesis in the aggressive B16-F10 lung melanoma
metastasis model in C57BL/6 mice. Mice received intravenous injections of 2e+05
syngeneic B16-F10 tumor cells, followed four days later by treatment with the OrfV-ICV.
The OrfV-ICV was produced using 2e+06 live B16-F10 cells infected with an MOI of 10
of OrfV, identical to the OrfV-ICV made with K7M2 cells. Mice treated with the B16-F10
OrfV-ICV survived significantly longer than control mice (Figure 10), demonstrating that
the OrfV-ICV technology was efficacious in multiple cancer models.
6.4

Discussion
The results describe the design and development of a highly immunogenic, antigen-

agnostic anticancer autologous OrfV-ICV that was effective as a therapeutic intervention in
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multiple models of pulmonary metastases. Intervention with OrfV-ICV in a murine model of
osteosarcoma at the time of both micro- and macro-metastatic disease burden had remarkable
efficacy compared to other reported ICVs61,62. Critically, the OrfV-ICV was efficacious at a single
dose, whereas other ICVs have required either prophylactic or very early therapeutic intervention
and multiple doses to achieve efficacy, which poses several problems including restricting its use
to early stages of disease, the troubling logistics of producing and storing enough vaccine to treat
a single patient multiple times, and stress and risks of multiple interventions on patient wellbeing.
In addition, the OrfV-ICV did not contain a therapeutic transgene, yet still had remarkable efficacy,
showcasing the strength of the platform. In contrast, previously reported MG1 and VSV ICV
platforms required therapeutic transgenes, IL12 and GM-CSF respectively, to be efficacious. We
speculate that addition of therapeutic transgenes, especially the IL12 given its role in promoting
antitumor NK cell responses53,94-96, would further potentiate the OrfV-ICV. Indeed, genetic
incorporation of IL12 into vaccinia virus has shown preclinical success against tumors97. Inclusion
of IL12 into any ICV platform may be especially effective against cancer types that are sensitive
to NK cell destruction.
We took an open-minded approach to designing an effective autologous ICV that could be
used as a therapeutic intervention against pulmonary metastases by testing a panel of pre-clinically
and clinically tested OVs. We did this to tackle head on a potential limitation to ICVs: that certain
patient tumors may be resistant to some OVs and not to others. In our studies, OrfV emerged as
the most potent oncolytic against K7M2 cells, despite the latter being in a constitutive antiviral
state. OrfV did not require IFNAR blockade to kill K7M2 cells, in contrast to its relative VV,
which was able to kill significantly better with ɑ-IFNAR pre-treatment. Among several other
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antagonists of the interferon response, OrfV encodes a homolog to the VV phosphatase VH1,
namely OrfV05768,98. The VV VH1 is much more extensively studied, but both proteins shut down
the induction of interferon responses in host cells by dephosphorylating STAT proteins.
Intriguingly, VH1 and OrfV057 are packaged into virions, and experiments with VH1 indicate that
VH1 is released from the virion immediately following virus entry, and available to shutdown host
interferon responses without requiring early virus gene expression99. Our findings suggest that
OrfV may be more effective than VV at shutting down early interferon signaling in host cells, and
this unique biology deserves further investigation. The rhabdoviruses MG1 and VSVΔm51 were
ineffective killers of K7M2 cells unless ɑ-IFNAR pre-treatment was included. This is unsurprising
as both viruses have been engineered to increase their sensitivity to interferon26,38. Without IFNAR
blockade, both viruses enhanced production of IFNβ from K7M2 cells to an equivalent level.
However, when IFNAR was blocked, the level of IFNβ produced from K7M2 cells infected with
MG1 was decreased to levels indistinguishable from untreated cells. Unexpectedly, the same
IFNAR blockade had the opposite effect during VSVΔm51 infection: it increased IFNβ production
significantly above the level of unblocked K7M2 cells infected with VSVΔm51, and was observed
at both MOIs tested. The mechanism underlying this difference may lie in the steps taken to
genetically engineer both viruses to be more sensitive to interferon and the host innate defences
activated by each virus. The VSVΔm51 has a mutation in the matrix protein that abrogates its
ability to block the export of host mRNAs from the nucleus39, and cells with intact IFN signalling
pathways produce more type 1 IFN when infected with VSVΔm51 than with wild-type VSV. IFNβ
induction kick-starts autocrine signaling through the IFNAR, resulting in expression of interferon
stimulated genes, including IFNβ100. The MG1 was developed to include two mutations, in the
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MG1 matrix and glycoprotein, that are nonsynonymous in VSVΔm51, but were shown to disrupt
the ability of maraba virus and VSV to inhibit the host cell type 1 IFN response by blocking export
of mRNA from the nucleus, and indeed cells infected with these double mutants express more type
1 IFN38,39.
Protein kinase R (PKR) is a constitutively expressed innate immune sensor that is activated
by double-stranded RNA, which is often a bi-product of viral infection, and phosphorylates and
inactivates eIF2ɑ to block host translation. PKR is intimately connected with interferon, as type 1
IFN can induce its expression, and PKR signalling activates the transcription factor NF𝜅B that in
turn enhances transcription of IFNβ101. PKR is critical to host cell resistance to VSV infection and
blockade of the type I IFN in PKR deficient cells enhances type I IFN production and virus
replication26,102. We propose that infection of K7M2 cells with VSVΔm51 in the presence of
unblocked IFNAR causes activation of PKR and type 1 IFN production, which work together and
effectively protect K7M2 cells from virus killing. When K7M2 cells are pre-treated with ɑIFNAR, infection with VSVΔm51 activates PKR (and potentially other innate immune sensors),
which is only partially protective because the lack of IFNAR signaling blunts the antiviral
response, allowing VSVΔm51 to kill K7M2 cells. The IFNβ levels were greater from K7M2 cells
that were infected with VSVΔm51 at an MOI=0.741 than at an MOI=20, and this could be because
at an MOI=0.741 ~50% of IFNAR blocked K7M2 cells were still viable and able to produce IFNβ,
whereas an MOI=20 overwhelms the antiviral defence and ~90% of K7M2 cells are killed within
72 hours. The capacity of MG1 to activate PKR has not been explored, however it is possible that
it is incongruent with VSVΔm51. Infection of K7M2 with MG1 in the presence of ɑ-IFNAR
rendered MG1 extremely lytic, reducing the metabolically activity to only 5%, relative to untreated
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controls. The lack of IFNβ production by IFNAR-blocked K7M2 cells infected with MG1, which
is inconsistent to VSVΔm51 infection, could be due to a comparatively weaker activation of PKR,
which would could directly, and indirectly through enhanced lysis of K7M2 cells, decrease the
levels of IFNβ. Further investigations into the differences between these two genetically
engineered OVs could explain their unique biology and inform their use as OVs.
Intriguingly, NDV was not oncolytic in K7M2, irrespective of IFNAR blockade, nor did it
stimulate significant IFNβ compared to cells alone. Therefore, it is possible that another
mechanism aside from type 1 interferon, such as host sensitivity to apoptosis, governs NDV
infectivity in K7M2 cells103. The variability of effective killing of K7M2 cells by distinct OVs
justified the approach of testing a panel OVs and identified OrfV as the optimal OV to combine
with K7M2 tumor cells for an immunogenic ICV.
The OrfV-ICV platform is an antigen-agnostic immunotherapy, as there is no requirement
to define target tumor antigens. Antigen-agnostic therapies have garnered significant interest
because they eliminate the considerable resource investment to identify a tumor-antigen target and
can theoretically engage the entire tumor neoantigen repertoire on a patient-specific level22. The
clinical efficacy of targeted anticancer vaccines has shown only moderate success despite
numerous tumor-associated antigens having been identified, as the prevalence of specific tumorantigens across patients is limited104 and specific targeting can drive tumor escape through antigen
loss105. The chances of developing a functional tumor-specific T cell clone may be higher with an
ICV platform, reducing the possibility of tumor escape and because the patient’s tumor is the
source of the vaccine a patient need not be excluded from receiving the therapy because their tumor
doesn’t express predefined target antigens.
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Antigen-agnostic immunotherapies have been posited to succeed in cancers with high
mutation load, akin to that of immune checkpoint blockades like anti-PD-1 and PD-L1, where
clinical data has demonstrated that tumor mutation burden correlates with survival across multiple
cancer types106. A high tumor mutation burden drives the accumulation of neoantigens that can be
targeted by T cell clones, and immune-centric strategies like ICVs and immune checkpoint
blockades have a high chance of engaging those clones12. Others have suggested that the threshold
tumor mutation burden for successful neoantigen-targeted immunotherapies is high, as a moderate
mutation burden observed in ovarian cancer failed to produce protective cancer vaccine targets,
despite the discovery of neoantigens capable of stimulating CTL responses107. Sarcomas have a
moderate mutation burden14 and this could limit the efficacy of an antigen-agnostic vaccine like
the OrfV-ICV. However, others have shown that PD-1 blockade can control K7M2 murine
osteosarcoma metastases108, and the inherent adjuvant properties of the virus likely increase
chances of breaking tolerance. We routinely measured tumor-specific cytotoxic T cell responses
from the OrfV-ICV in the K7M2 model and identified PD-1+ NK cells in the lungs following
OrfV-ICV delivery. Furthermore, immunological anticancer memory that was partially dependent
on both T cells and NK cells. These observations suggest that the OrfV-ICV platform may be
particularly efficacious in conjunction with anti-PD-1 immune checkpoint blockade, potentially
adding value by potentiating both T and NK cell responses.
We demonstrated through immune depletion studies that the T-cell compartment is of
secondary importance to a robust anticancer NK response in the context of initial treatment.
However, depletion of the T cell and NK cell compartments during re-challenge of long-term
surviving mice indicated an approximately equal contribution for both in mediating anticancer
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immunological memory. Depletion of CD4 alone did not significantly reduce survival compared
to the OrfV-ICV without depletion, and yielded the highest tumor-specific T cell responses. This
suggests that CD4 help is dispensable for initial OrfV-ICV efficacy, and it is possible that depletion
by anti-CD4 eliminated immunosuppressive T regulatory cells in this model, thus improving
antitumor NK action and primary effector T cell function109-114. However, long-term surviving
mice that received anti-CD4 during initial OrfV-ICV intervention were incapable of resisting
subsequent re-challenge, even though they had intact immune systems at the time of re-challenge.
CD4+ T cells are essential for the development of antitumor memory T cells115,116, and are critical
for robust tumor-directed antibody responses117,118. Both effector memory T cells and antibodies
could participate in resistance to re-challenge, and the removal of CD4 help during primary
responses to the OrfV-ICV may preclude these effector mechanisms, and its effects would only be
apparent during re-challenge experiments.
The depletion of CD8ɑ+ T cells alone or in conjunction with CD4 cells significantly and
equivalently abrogated efficacy. However, dual depletion of CD4 and CD8 T cells using a
monoclonal pan-T-cell antibody against CD90.2 resulted in significantly better survival than either
combination using anti-CD8. A major disparity between these two depletion methods is that the
anti-CD8ɑ antibody also depletes a subset of dendritic cells known as cDC1s that express CD8ɑ
and are developmentally regulated by the irf8 and batf3 transcription factors83,119. CD8ɑ+ cDC1s
have been highlighted in cancer immunotherapy as the critical DC subset for priming tumorspecific CTL responses81 and interact with NK cells, either boosting NK cell function or working
together with NK cells to promote CTL responses59. Given that primary effector T cell responses
were only partially required for effective initial treatment, the role of CD8ɑ+ cDC1s may be multi316

functional. First, CD8ɑ+ cDC1s may be critical for generating CTL responses from ICVs wherein
NK cell responses are insufficient during initial therapy. In these situations, robust CTL responses
could prove to have a more dominant role. Additionally, it is possible that CD8ɑ+ cDC1s support
the development of antitumor memory T cells that confer resistance to re-challenge, which we
observed in our model and is worth investigating in the future. Given the relationship between
cDC1s and NK cells, cDCs may also function to govern NK cell responses to ICVs. Recent
evidence has emerged that NK cell control of lung metastases requires support from cDC1s60 , and
this deserves further exploration in the context of ICVs.
NK cells are a critical innate immune subset that can target stressed, malignant and virusinfected cells for killing. In addition to direct cytolytic activity, NK cells modulate immune
responses by producing cytokines and interacting with other immune cell subsets, including DCs,
thereby guiding antigen-specific responses. The NK:DC crosstalk has been described in both
pathogen response120 and development of responses to tumor-antigen54,55. NK cells are early
sources of type I and type II IFN, and drive DC recruitment to tumors and lymph nodes, where
DCs mature and prime T cell responses121,122. Cell-to-cell contact and IL12 production from
DCs can enhance NK activation and antitumor effector function60,123. The crosstalk between
NK and DCs has proven integral to generating de novo antitumor adaptive responses, where NK
cells are a source of flt3l58, CCL5 and XCL159 and recruit classical type 1 DCs (cDC1s) to the
tumor microenvironment. Despite the overwhelming evidence that NK cells are key contributors
to both direct tumor killing and the formation of antitumor immune responses, the contribution of
NK cells, and the immune system generally, to OV-based therapy has been under contentious
debate. In this debate, virus-centric and immune-centric camps argue opposing sides for
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developing strategies that either shield OVs from immune engagement or conversely promote
immune responses driven by the OV but directed at the tumor124-126. NK cells are an ideal
anticancer effector cell to be engaged by antigen-agnostic immunotherapies because they do not
require engagement with specific antigens, can recognize stressed and infected tumor cells, and
support the generation of adaptive antitumor effectors. Indeed, infiltration of NK cells into tumor
can be predictive for positive outcomes in multiple cancer types58,59,127-129.
OrfV is known to potently activate tumoricidal NK cells, and monoclonal antibody depletion
of NK cells abolishes the anticancer efficacy of naked OrfV murine melanoma and colorectal
cancer models71. In support of this previous finding, there was a complete loss of efficacy when
we depleted NK cells along with the OrfV-ICV. We observed CD69+ activated NK cells in
circulation in response to the OrfV-ICV at acute time points, and the induction of IFN𝛾 from NK
cells in both circulation and in K7M2 tumor-bearing lungs. NK cells acutely responding to the
OrfV-ICV in the lungs also expressed PD-1, a key immune checkpoint that regulates peripheral
tolerance of T-cells by suppressive action through binding of its ligands PD-L1 and PDL2130,131. PD-1+ NK cells have been found in both human and mouse during chronic virus
infection and cancer, and can be functionally impaired in cytokine production, proliferative
capacity and ability to degranulate132. In chronic virus infection, PD-1+ NK cells are correlated
with impaired control of hepatitis C and Epstein-Barr virus infection133,134. In cancer, PD-1+
NK cells display an exhausted phenotype that correlates with poor prognosis, representing
another pathway of cancer immune evasion135,136. Antagonizing the PD-1 pathway with PD-1
blockade can relieve suppression on NK cells and improve immunotherapy, as demonstrated in
multiple murine cancer models137. Intriguingly, despite being functionally impaired, PD-1+ NK
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cells have been shown to represent an activated phenotype in response to checkpoint blockade,
viral mimics, type 1 IFN and IL-18137-140, leading some to suggest PD-1 as an additional
activation marker for NK cells141. PD-1 gene expression is regulated by several cis
transcriptional binding units that are responsive to signals of viral infection, including interferon
stimulated response elements and NFkB142, suggesting PD-1 upregulation on NK cells could be
a common response to acute virus infection, and may represent a functionally different context
than chronic virus infection and cancer. However, the functionality of PD-1+ NK cells generated
acutely after OV infection remains to be elucidated, but it is attractive to speculate that these
cells generated by the OrfV-ICV may represent a highly activated subset capable of producing
cytokines and killing tumor cells. Future experiments are planned to answer this question, and
to test the combination of the OrfV-ICV and anti-PD-1, with the purpose of potentiating both
NK and T cell primary and memory responses to maximize the overall efficacy of the OrfVICV.
We conducted dose escalation experiments and determined OrfV-ICVs produced with
2e+06 cells as providing optimal efficacy and safety. Intriguingly, the OrfV-ICV outperformed
delivery of naked viruses alone in a head-to-head comparison, offering credence to the paradigm
that ICVs add value, likely via potentiation of multiple immunological anti-tumor mechanisms.
The delivery of a large bolus of tumor antigens elicited by the virus-infected cancer cells, along
with release of infectious viruses, provides a large amount of target proteins and pathogen- and
damage-associated patterns in an inflammatory milieu that, when combined, are potent activators
of innate and adaptive anti-tumor immune responses. This is remarkably useful because tumorantigens are typically rare and poorly immunogenic143. Of note, the most efficacious dose of OrfV319

ICV did not result in toxicities at this dose when delivered intravenously. A previous Maraba virusbased ICV was unable to achieve efficacy via intravenous delivery before substantial acute
pulmonary toxicities were encountered, leading to the conclusion that that particular ICV platform
should never be administered by that route62. In stark contrast, a dose of the OrfV-ICV platform
could be identified that safely mediated substantial efficacy after intravenous delivery to tumorbearing lungs. However, we acknowledge that delivery of excessively high doses of ICVs to lungs
could represent a safety concern due to the potential to cause pulmonary embolisms. Therefore,
intraperitoneal delivery of the OrfV-ICV was directly compared to the optimized dose that had
been administered intravenously and was less efficacious than intravenous delivery but still
protective in 56% of mice. Previously reported ICVs were unable to mediate efficacy against
pulmonary metastases if administered intraperitoneally. Notably, since risk of pulmonary
embolisms should be minimal after intraperitoneal administration of a cell-based vaccine, we
expect that a much higher maximum tolerable dose could be achieved by a vaccine via this route.
As such, we speculate that a higher dose of the OrfV-ICV administered intraperitoneally might be
able to achieve similar efficacy against lung metastases as that demonstrated by the intravenous
route.
We hypothesized that intravenous delivery of the OrfV-ICV would be superior to
peritoneal at recruiting immune effectors like NK cells to tumors in the lung or stimulating lungresident NK cells to be antitumor and that conversely, the peritoneal delivery would be more
effective at promoting NK cell responses in the peritoneal cavity. In support of this hypothesis,
only intravenous delivery generated a significant increase in IFN-𝛾-producing NK cells in the
lungs, though both delivery routes caused upregulation of CD69 and PD-1. In general, intravenous
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delivery did not increase NK cell activation or cytokine production in the peritoneal cavity, but
peritoneal delivery did in fact partially impact these effectors in the lungs. The partial induction of
NK responses could explain why peritoneal delivery of the OrfV-ICV did not protect mice as well
as delivery intravenously, but did retain some efficacy. The results from analyzing the transfer of
infectious OrfV from the OrfV-ICV delivered intravenously or to the peritoneal cavity in tumorbearing and K7M2-naïve mice further supports the notion that delivery route guides responses in
an anatomically biased manner. Infectious OrfV quantified from tumor-bearing lungs was only
significantly different from naïve controls when the OrfV-ICV was delivered intravenously.
Although peritoneal delivery did not result in the recovery of OrfV from tumor-bearing lungs
significantly above delivery to naïve mice, some OrfV was recovered suggesting again that
delivery to the peritoneal cavity results in transfer of immunogenic vaccine components to the lung
tumor microenvironment. This is especially important because it indicates that oncolysis of tumor
cells in the lungs by OrfV likely occurs with delivery by either method. In addition, analysis of
antibody responses on day 10 and day 21 comparing the intravenous and peritoneal delivery routes
demonstrated that both routes generate significant tumor-directed antibody responses above
untreated tumor-bearing controls, but again that intravenous delivery was superior to delivery to
the peritoneal cavity. However, our re-challenge experiments with long-term surviving mice from
OrfV-ICV therapeutic intervention delivered to either route yielded equivalent survival,
suggesting that both routes of administration generate sufficient immunological memory responses
to be protective. In summary, the OrfV-ICV platform is amendable to different delivery routes,
which provides flexibility to clinicians and demonstrates that the platform could be used to target
cancers in different anatomical locations by choosing an optimal delivery route. These studies
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provide insights into the importance of engaging immune responses locally in the tumor
microenvironment in order to gain optimal anticancer effect, and evaluating this benefit in contrast
with ensuring safety of the vaccine. However, a key advantage of the OrfV is its relatively good
safety profile while achieving efficacy when administered intravenously, along with its flexibility
in terms of an alternative and potentially safer route of delivery.
To further ensure a strong safety profile for the OrfV-ICV in translation considerations, we
irradiated K7M2 tumor cells prior to infection with OrfV and subsequent delivery of the vaccine.
We had hypothesized that high dose UV irradiation of K7M2 cells would interfere with
transcription and interrupt the cell cycle and initiate apoptosis144, that could limit OrfV replication
and/or the production of pro-inflammatory signals from the vaccine and therefore limit efficacy
compared to a vaccine generated with live K7M2 cells. However, to date ICVs have been
developed by irradiating tumor cells by gamma-irradiation, for example with VSV61,145 and
NDV146,147 ICV platforms (it is unclear if an MG1-IL12-ICV was irradiated62). We irradiated with
UV irradiation, not gamma-radiation, however both techniques are known to cause immunogenic
cell death through similar but possibly incongruous mechanisms148,149. The OrfV-ICV produced
by infecting lethally UV-irradiated cells was as efficacious at extending survival as the OrfV-ICV
produced using live cells that were destined to die from OrfV infection. Furthermore, we did not
observe any significant differences in the NK or tumor-specific CTL responses between the UVirradiated and live vaccines, suggesting that UV-irradiation has a limited effect on the
immunogenicity of the vaccine, but these experiments were conducted in the less stringent day 4
micro-metastasis model, and application to the more stringent day 16 model may reveal important
differences in future experiments. Nonetheless, the OrfV-ICV platform is amenable to UV322

irradiation prior to OrfV infection, which is an important safety feature for the translation of the
OrfV-ICV platform into the clinic.
In theory, any patient for which an OrfV-permissive (or partially permissive) tumor cell
line can be generated would be a candidate the receive OrfV-ICV therapy. However, as stated
above, we recognize the likely limitation that not all patient tumors will be equally permissive to
OrfV. In recognition of this, we took the approach in this study that we would recommend for
clinical translation of this technology: each patient tumor should be tested with a panel of
promising OV candidates to identify viruses with favourable oncolytic phenotypes. This approach
could be accomplished during the production of the vaccine once single tumor cells are isolated,
as we required only 72-hours to test oncolysis in vitro. Then the optimal OV would be selected
and incorporated into an effective and safe ICV platform. As proof-of-principle, we have been able
to derive tumor cell lines from pulmonary sarcoma metastases excised from canine cancer patients
and test their permissiveness to infection with OrfV in less than three weeks (data not shown).
Continuation of this effort will allow for analysis of OV performance across heterogeneous cancer
types from outbred patients. Efforts are underway to optimize the vaccine production process,
including characterization of tumor cells isolation, purification and expansion from clinical
samples. In an additional translation effort, we are developing models to test the efficacy of OrfVICVs produced from tumors cells isolated from surgically resected tumors in pre-clinical murine
models, and comparing them to vaccines generated using syngeneic cell lines. This, along with
immune profiling of tumors at the time of resection and during tumor cell isolation, will yield
insights into potential immune subsets predictive of vaccine efficacy, and the impact of the
presence or absence of specific immune cell subsets within an ICV.
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In conclusion, we have developed an effective and safe OrfV-ICV for the treatment of
pulmonary metastases, thus taking critical steps towards providing an alternative intervention for
the pressing problem of lethal lung metastases arising from primary sarcomas. The OrfV-ICV was
designed to take advantage of the capacity for OrfV to infect tumor cells irrespective of their
antiviral state, and potentiate tumoricidal innate and adaptive antitumor immune response. We
demonstrated that the OrfV-ICV drives anticancer responses from multiple related immune subsets
including NK cells, T cells and B cells, leaving tumors cells with few options for immune escape.
Additionally, we provide evidence that NK cells, along with T cells, can elicit memory responses
to cancer following ICV intervention. The versatility and safety of the OrfV-ICV platform,
including the ability to deliver it by multiple routes and generate the vaccine with UV-irradiated
cells, combined with its remarkable efficacy, highlight its potential for clinical translation. The
safety considerations, open approach to OV selection, and comprehensive analysis of immune
responses should be applied to ICV platforms in the future to realize the goal of providing a toolbox
of ICVs for clinicians to apply as precision medicine tools for cancer treatment.

6.5

Methods

Mice
Seven-week-old female specific pathogen-free Balb/c mice were purchased from Charles
River Laboratories, USA (strain code #028), and housed in a controlled environment in the
Isolation Unit at the University of Guelph, Guelph, Ontario, Canada. Food and water were
provided ad libitum. Mice were acclimatized to the facility for one week prior to experimentation.
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Mouse studies were approved by the University of Guelph’s Animal Care Committee (animal
utilization protocol #3807) and complied with Canadian Council on Animal Care guidelines.

Cell Lines
K7M2 murine osteosarcoma and B16-F10 murine melanoma cell lines were purchased from
the American Type Culture Collection (ATCC, Manassas, Virginia, USA) and cultured in
Dulbecco's High Glucose Modified Eagle's Medium (DMEM; HyClone; Cat#SH3002201)
containing 10% bovine calf serum (BCS; VWR International, Mississauga, Ontario, Canada,
Cat#2100-500). Sheep skin fibroblasts were a kindly provided by Dr. Dusty Miller (Fred
Hutchinson Cancer Institute, Seattle, Washington, USA) and were cultured in DMEM containing
10% bovine calf serum. 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, New Jersey, USA; Cat#LT07-705).

Viruses
All research with viruses was conducted in containment level-2 facilities and was approved
by the University of Guelph’s biosafety committee (biohazard permit #A-367-03-17-05).
VSV△m51, MG1, NDV, VV and OrfV-NZ2 were kindly provided by Dr. Brian Lichty
(McMaster), Dr. David Stojdl (CHEO), Dr. Peter Palese (Mount Sinai) and Dr. John Bell (OHRI;
VV and OrfV-NZ2), respectively. In brief, OrfV-NZ2 was propagated on confluent SSF cells by
infection at an MOI=0.05. OrfV-NZ2 was collected 4 days following initial infection by scraping
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and collection of infected SSF cells. Cells and supernatant were separated by centrifugation at
2,000xg for 15 minutes at 4°C. Virus was harvested from cell pellets by three-times freeze-thaw
and gentle sonication. Sonicated cell pellets were clarified by centrifugation at 6,000xg for 30
minutes at 4°C. OrfV was then purified by depth filtration followed tangential flow filtration using
a 300kDa cassette. Subsequently virus isolation and purification was conducted by step-wise
iodixanol gradient ultracentrifugation and buffer-exchange dialysis in 10kDa molecular weight
cut-off cassettes. Isolated virus was titrated by TCID50 on SSF cells.

Cell Viability Assays and Quantification of IFNβ
K7M2 cells were seeded into 96-well plates and treated with oncolytic viruses at a range of
MOI for 48-hours. To block IFN signaling, anti-IFNAR (Cedarlane; Burlington, Ontario, Canada;
Cat#I-104-25MG) was added to wells at 1 µg/mL one hour prior to infection with OVs. Resazurin
sodium salt (Sigma-Aldrich; Oakville, Ontario, Canada; Cat#R7017) was added at 0.5 mg/mL and
conversion from non-fluorescent resazurin to fluorescent resorufin by metabolically active cells
was quantified four hours later with a plate reader (excitation wavelength: 535/25 nm, emission
wavelength: 590/35 nm). Metabolic activity, which correlates with cell viability, was calculated
as the percent change relative to untreated control cells after subtracting the mean background
fluorescence in wells containing medium only. Each experiment was performed with a minimum
of three technical replicates per experiment and three experimental replicates.
To quantify production of IFNβ, K7M2 cells were plated in at 1e+05 cells per well in 24well plates and either left untreated or infected with OVs at a high MOI of 20 pfu or a low MOI of
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0.741 pfu. After 72-hours of culture, cell-free supernatants were collected, diluted 1:2 and analyzed
by IFNβ ELISA (Fisherbrand, Cat#424001) following the manufacturer’s protocol.

Infected Cell Vaccine Production
To produce the OrfV-ICV, K7M2 cells were expanded in T175 vented flasks to 85%
confluency using DMEM containing 10% bovine calf serum. Sixteen hours before vaccine
preparation, media was replaced with complete DMEM containing only 2% bovine calf serum to
reduce the generation of immune responses against bovine antigens. K7M2 cells were
dissociated with 0.25% Trypsin-ethylenediaminetetraacetic acid (EDTA) (Corning, NY, USA,
Ref#25-052-CI), counted using a hemocytometer, washed twice with PBS and resuspended at a
concentration of 2e+06 cells per dose (except during dose escalation experiments). Cells were
then infected with 2e+07 PFU of OrfV per dose (MOI=10) and plated in petri dishes without
polymer coating to prevent cell attachment in 200 µL of sterile PBS per dose. Vaccines were
incubated for 1 hour at 37°C and 5% CO2 with continuous rocking. Following incubation, ICVs
were collected and passed through 100 µM filters to prevent cell clumping prior to being injected
in to mice. OrfV-irrICV was generated following the above procedure with the exception that
K7M2 cells were lethally UV-irradiated by 60 second exposure in a UV-crosslinker immediately
prior to infection with OrfV.

Therapeutic Vaccination Models
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Mice were challenged intravenously with 3.3x105 live K7M2 cells to establish lung
metastases. On days four (micro-metastasis model) or sixteen (macro-metastasis model) postchallenge, mice were treated with a single intravenous or intraperitoneal injection of the OrfVICV. Mice were monitored frequently, with endpoint signs defined as labored breathing, ruffled
fur, hunched posture, abnormal gait, wasp wasting, isolation, neurological signs or development
of solid tumors.

Antibody-Mediated Depletion of Leukocyte Subsets
Balb/c mice were challenged intravenously with 3.3e+05 K7M2 cells to establish lung
metastases. To deplete specific leukocyte subsets, antibodies were delivered intraperitoneally one
and three days prior to administration of the OrfV-ICV, and then once per week for 4 weeks to
maintain the depletions. The cell-depleting antibodies included: anti-CD8ɑ (BioXcell,
Cat#BE0061 clone 2.43, 200 µg), anti-CD4 (BioXcell, Cat#BE0003-1 clone GK1.5, 200 µg), antiThy1.2 (BioXcell, Cat#BE0066 Clone 30H12, 200 µg) and Ultra-LEAF anti-asialo-GM1
(Biolegend, Cat#146002, 50µL). Depletions were confirmed by flow cytometric analysis of bloodderived leukocytes just prior to administration of the OrfV-ICV using the following antibodies:
FITC anti-CD90.2 (BD Biosciences, Cat#553013), BV450 anti-CD3 (Biolegend, Cat#100336),
FITC anti-CD4 (eBioscience, Cat#11-0043-85), BV510 anti-CD8 (Biolegend, Cat#100752), and
PE anti-DX5 (BD Biosciences, Cat#553858).

Tumor Re-Challenge Studies
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Mice that received the OrfV-ICV and survived at least 60 days beyond the endpoint of the
final control mouse were re-challenged to test for possible induction of immunological memory.
Mice that survived long-term were treated intravenously with 3.3e+05 K7M2 cells to establish
lung metastases. Age matched and non-tumor-bearing mice were used as controls to ensure
engraftment of lung metastases. For re-challenge experiments involving depletion of leukocyte
subsets, mice that had survived long-term were treated with anti-Thy1.2 or Ultra-LEAF antiasialo-GM1 three days and one day before tumor re-challenge to deplete T cells or NK cells,
respectively. Maintenance doses of depletion antibodies were administered weekly for four weeks.
Mice were euthanized according to humane guidelines approved by the University of Guelph
Animal Care Committee.

Microscopy
Brightfield images for lung tissue sections were obtained using an Axio Observer A1
inverted fluorescent microscope and AxioVision software (Zeiss; Oberkochen, Germany). Gross
images of lungs were obtained using insert name of dissecting microscope.

Virus Growth Curves
To assess replication of viruses, K7M2 cells were plated at 5e+05 cells per well in 6-well
plates. Cells were infected with OrfV at an MOI of 5 in 500 µL for 1 hour at room temperature
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with continual rocking. After 1 hour, complete DMEM containing 20% FBS was added to a final
volume of 2 mL. Samples were collected at 1- , 12- and 24-hours following infection by cell
scraping. OrfV was released from cells by three times freeze-thaw, and titrated on SSFs by TCID50.
TCID50 values were converted to plaque-forming units by multiplying by 0.69, as previously
described150-153.

Assessment of Replication of OrfV in K7M2 Tumor-Bearing Lungs of Mice
Mice bearing day 30 K7M2 pulmonary metastases and K7M2 naïve mice were treated with
5e+07 pfu of OrfV intravenously. At 36-hours post-virus delivery, mice were euthanized and lungs
were collected and frozen at -80°C. Lungs were transferred to lysing matrix tubes (MP
Biomedicals, Solon, Ohio, USA; Cat#6910-100) in 750 µL of PBS and homogenized with two
cycles at 5,000 rpm using a Precellys 24 Automatic Homogenizer (Bertin Technologies, Rockville,
Maryland, USA). Homogenized samples were centrifuged at 10,000 x g for 10 minutes at 4°C to
pellet debris and supernatants were collected to quantify viruses by TCID50154.

Processing Lungs, Spleens and Blood for Flow Cytometric Analyses
Retro-orbital blood samples were collected with heparinized capillary tubes into heparinized
microtubes to prevent clotting and then were kept on ice during transport and processing. Blood
volumes were recorded to facilitate normalizing flow cytometry data on a per µL basis, and
erythrocytes were lysed using ACK lysing buffer. Splenocytes were collected by pressing spleens
between the frosted ends of two glass microscope slides. Erythrocytes were lysed using ACK
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lysing buffer and total splenocytes were counted. Leukocytes were isolated from lungs by
digestion with 1 mg/mL of collagenase type II (Sigma-Aldrich, Cat#234155-100MG) and 20 units
of DNase I (Sigma-Aldrich, Cat#11284932001) for 30 minutes at 37°C. Lungs were then
mechanically digested in gentleMACS C tubes (Miltenyi Biotec, Cat#130-096-334) using a
gentleMACS tissue dissociator (Miltenyi Biotec) following the pre-programmed lung dissociation
protocol. Samples were then filtered through a strainer with a 100 µM pore size (Fisherbrand,
Cat#22363549) and plated for staining. When cytokine expression was analyzed, samples were
plated in RPMI media containing 10% FCS and 0.01% beta-metacaptoethanol and incubated for
1 hour before the addition of brefeldin A (eBiosciences, Cat#00-4506-51). Samples were then
incubated for an additional 4 hours before staining. Cells had Fc receptors blocked (anti-CD16/32,
BioLegend, Cat#101320) for 15 minutes at 4°C. For NK cell analysis, samples were stained for
surface markers using PE anti-CD49b (DX5, BD Biosciences, Cat#553858), FITC anti-CD69
(Biolegend, Cat#104506) and PerCP5.5 anti-PD-1 (BioLegend, Cat#109120), BV510 anti-CD8ɑ
(BioLegend, Cat#100752), and BV421 anti-CD3ε (BioLegend, Cat#100336). To analyze T cells,
samples were stained for surface markers with FITC anti-CD4 (eBioscience, Cat#11-0043-85),
BV510 anti-CD8ɑ (BioLegend, Cat#100752), BV421 anti-CD3ε (BioLegend, Cat#100336), FITC
anti-CD90.2 (BD Biosciences, Cat#553013), and PerCP5.5 anti-PD-1 (BioLegend, Cat#109120).
Both NK and T cell panels were then stained for viability using the Zombie Aqua (BioLegend,
Cat#423102) or Zombie NIR (BioLegend, Cat#423106) viability kits, following the
manufacturer’s protocols. Cells were treated with fixation buffer (Biolegend, Cat#420801) and
permeabilization buffer (Biolegend, Cat#421002) and then stained with cytokine-specific
antibodies, including APC anti-IFN𝛾 (Biolegend, Cat#505810) and/or PE anti-TNFɑ
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(eBioscience, Cat#12-7321-82). Flow cytometry samples were run using the FACS Canto II (BD
Biosciences, ON, Canada) and analyzed using FlowJo Software version 10 (FlowJo LLC, Ashland,
Oregon, USA).

Quantification of K7M2-Specific CD8+ T Cell Responses
Blood was collected from K7M2 tumor-bearing mice ten days following treatment with the
OrfV-ICV. Erythrocytes were lysed and the leukocytes from each mouse were co-cultured with
1x105 K7M2 cells or media only to detect tumor-specific T cells, as described previously79.
Briefly, mice were nonlethally bled 10 days following OrfV-ICV vaccination and leukocytes were
processed as described above. Leukocytes were then plated in complete RMPI + 10% FBS + 0.01%
beta-mercaptoethanol alone or in co-culture target K7M2 cells and incubated as described above
for cytokine analysis. Samples were stained for flow cytometry analysis of T cells by first blocking
Fc receptors using CD16/32 for 15 minutes at 4°C. Cells were then stained with surface marker
antibodies including: FITC anti-CD4, BV450 anti-CD3ε and BV510 anti-CD8ɑ. Cells were then
stained for viability using Zombie NIR, and then fixed and permeabilized with fixation and
permeabilization buffer. Cells were then stained for cytokines using PE anti-TNFɑ and APC antiIFN𝛾, before being transferred to FACS for flow cytometry analysis.

Quantification of Tumor-Directed Antibody Responses

332

K7M2 tumor-bearing mice were treated on day 4 following tumor challenge with the
OrfV-ICV by either intravenous or intraperitoneal injection. At 10- and 21- days following
OrfV-ICV intervention, treatment and control animals that were challenged with K7M2 tumor
but received no OrfV-ICV, were non-lethally bled. Blood was centrifuged at 500xg for 5 minutes
to separate out plasma, which was collected by pipet and stored at -80°C. Tumor-directed
antibodies were quantified as previously described93. Briefly, target K7M2 cells were plated in
96-well plates in complete DMEM at 10,000 cells per well and incubated for 24-hours to ensure
attachment to the plate. Plasma samples were thawed and each sample was diluted in series to
1/10, 1/100, 1/200, 1/500 and 1/1000 in PBS. K7M2 cells were then fixed with 4%
paraformaldehyde (Fisher Scientific, Cat#J19943-K2) for 10 minutes at room temperature and
permeabilized using 0.2% TritonX-100 (Sigma-Aldrich, Cat#T8787) for 10 minutes at room
temperature. K7M2 cells were then blocked using 1% bovine serum albumin (Fisher Scientific,
Cat#BP1600100) for 1 hour at room temperature. Diluted plasma samples were then incubated
with target K7M2 cells for 1 hour at room temperature. K7M2 cells were washed three times
using Hank’s buffered salt solution +Mg2+ (Fisher Scientific, Cat#SH3003103) to release
unbound antibody. Antibodies from plasma that bound to target K7M2 cells were detected with a
1/2000 dilution of goat anti-mouse IgG (H+L)-Alexa Fluor 488 secondary antibody (Fisher
Scientific, Cat#A28175), incubated for 1 hour at room temperature in the dark. For controls,
K7M2 cells that received no plasma were incubated with secondary antibody. Antibodies were
quantified by plate reader using a 490nm blue filter. Data was analyzed by first subtracting
background fluorescence from secondary antibody only control wells, and then generating a
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curve for each sample using the dilution series. The area of under the curve was calculated for
each sample and plotted.

Statistical Analyses
GraphPad Prism version 8 for Windows (GraphPad software, San Diego, California, USA)
was used for all graphing and statistical analyses. Survival curves were plotted using the KaplanMeier method, with differences between groups 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, or by student’s two-tailed t-test.
Resazurin dye-based data that including one variable was analyzed by one-way ANOVA, and 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 p≤ 0.05.
Graphs show means and standard errors.
6.6
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6.7

Figures

Figure 1: Intravenous delivery of K7M2 osteosarcoma cells establishes micrometastases at
Day 4 post-challenge, macrometastases at Day 16 post-challenge and endpoint at
approximately Day 35-40. Balb/c mice were challenged with 3.3e+05 K7M2 cells intravenously
to establish lung metastases. On days 4-, 16- and at endpoint, which typically occurs between days
35 and 60, mice were sacrificed and lungs extracted for gross imaging (A) and H&E
immunohistochemistry staining (B) to assess tumor burden. Yellow arrows denote macroscopic
lesions in Day 16 K7M2 tumor-bearing lungs. A mouse presenting with neurological symptoms
was euthanized, the brain excised and imaged for macroscopic tumor lesions (bottom right). A
yellow arrow denotes a macroscopic lesion in the brain.
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Figure 2: K7M2 murine osteosarcoma cells produce and respond to type 1 IFN, but are still
permissive to OrfV infection. A) K7M2 cells were plating at 5,000 cells per well and then
infected with Maraba virus (MG1), vesicular stomatitis virus (VSV), Newcastle disease virus
(NDV), vaccinia virus (VV) and orf virus (OrfV) at a range of MOI starting at 20. Infection was
continued for 72 hours at 37°C, 5% CO2 and 21% O2 before resazurin dye was added for 2 hours
and then fluorescence was quantified by plate reader to determine metabolic activity. Data is
represented as percent metabolic activity compared to untreated cell controls. B-F) K7M2 cells
were infected with MG1, VV, NDV, VSV and OrfV at a series of MOI starting at 20, with or
without 1-hour pre-treatment with IFNAR antibody. Following 72 hours of infection, cell
metabolic activity was analyzed by fluorescent resazurin assay. G) K7M2 cells were cultured in
vitro and treated with MG1, VV, VSV, NDV, and OrfV with or without 1-hour pre-treatment with
IFNAR antibody and at a high MOI of 20, and a low MOI of 0.741. After 72 hours of culture, cellfree supernatants were collected and analyzed for IFN-β by ELISA. Uninfected cells and blank
media were included as controls. H) K7M2 cells were infected with OrfV at an MOI = 5, and cell
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lysates and supernatants were collected and pooled at 1-, 12-, and 24-hours post infection. Samples
were titrated by TCID50 on SSFs and converted to total pfu by multiplying TCID50 values by 0.69.
I) Balb/c mice were challenged with 3.3e+05 K7M2 cells intravenously to establish lung
metastases. At 30-days post-challenge, mice were treated with 5e+07 pfu of OrfV intravenously.
Mice were sacrificed 72-hours later and virus was titrated from homogenized lung tissue by
TCID50. The quantity of virus was converted to pfu and is presented as pfu per mg of lung tissue.
Statistical analyses for A-G were conducted by two-way ANOVA (*p<0.05, **p<0.01,
***p<0.001, ****p<0.0001) and multiple comparisons were done using Tukey’s multiple
comparison test.
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Figure 3: Therapeutic vaccination with OrfV-ICV on Day 4 or Day 16 drastically improves
survival, elicites systemic immune responses and protects surviving mice from tumor rechallenge. Balb/c mice challenged with K7M2 tumor cells intravenously on Day 0 were treated
with OrfV-ICV intravenously on Day 4 (A) or Day 16 (B) following tumor challenge or were left
untreated and survival to humane endpoint was assessed. C) Mice that received the OrfV-ICV on
Day 4 and survived at least 60 days following endpoint of the last control mouse were rechallenged with 3.3e+05 K7M2 cells intravenously to assess immunological memory. D) Mice
that received the OrfV-ICV on Day 16 and survived were re-challenged with 3.3e+05 K7M2 cells
intravenously. Naïve and aged-matched controls were challenged at the same time to ensure
uniform engraftment across all mice. 24-hours following OrfV-ICV, blood was collected by
nonlethal retro-orbital bleed for flow cytometry analysis. E, F) The percent of activated NK cells,
identified as DX5+ CD3-, per µL blood was quantified based on positive CD69 expression, as well
as the relative total number of NK cells that were CD69+. G) Ten-days following OrfV-ICV, K7M2
tumor-bearing mice were bled and the relative total number of tumor-specific CD8+ T cells per µL
was quantified by co-culture assay followed by flow cytometry. Tumor-specific CD8+ T cells are
classified as IFN𝛾+ following co-culture. Statistical analyses were performed by student’s twotailed T test for flow cytometry data and survival curves were analyzed by Mantel-Cox log-rank
test.
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Figure 4: Targeted immune subset depletion reveals a dominant role for NK cells in driving
OrfV-ICV efficacy. A) K7M2 tumor-bearing mice were treated with anti-asialo GM1 antibody to
deplete NK cells on Day 1, Day 3 and then every 7 days for a total of 4 weeks. OrfV-ICV was
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delivered intravenously on Day 4 and mice were monitored until humane endpoint. Data is
representative of two independent experiments. B) Ten-days following OrfV-ICV, mice were
nonlethally bled and the relative number of IFN𝛾+ tumor-specific CD8+ T cells were quantified by
flow cytometry following co-culture with K7M2 tumor cells. C) Tumor-bearing mice were treated
with anti-CD4 alone to deplete CD4+ T cells, anti-CD8 to deplete CD8+ T cells, and a combination
of anti-CD4 and anti-CD8 or anti-Thy1.2 to deplete both CD4+ and CD8+ T cells simultaneously.
Depletion were performed by intraperitoneal injection of antibody on Day 1, Day 3 and then every
7 days for a total of 4 weeks. OrfV-ICV was given on Day 4 and mice were monitored for humane
endpoint. Statistical analysis for (A, B) were conducted by Mantel-Cox log-rank test (*p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001) and for (C) by one-way ANOVA.

Figure 5: NK and T cells are required for resistance to tumor re-challenge. Mice that received
the OrfV-ICV on day 4 and survived at least 60 days following endpoint of the final untreated
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control mouse were depleted of NK cells (anti-asialo GM1) or T cells (anti-Thy1.2) and rechallenged with a lethal dose of K7M2 cells delivered intravenously. Control animals included
long-term surviving mice that received no depletion and untreated naïve controls. Animals were
monitored for humane endpoint and statistical analysis was conducted by Mantel-Cox log-rank
test (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 6: Delivery of the OrfV-ICV to the peritoneal cavity retains efficacy against
established K7M2 lung micrometastases. A) Mice bearing Day 4 K7M2 lung metastases were
treated with an identical OrfV-ICV delivered either intravenously or to the peritoneal cavity. Mice
were assessed for humane endpoint. B) Mice surviving at least 80 days longer than the last control
mouse to reach endpoint were re-challenged with 3.3e+05 K7M2 tumor cells intravenously, along
with age-matched naïve controls. C-E) K7M2 tumor-bearing mice were treated on Day 4 with the
OrfV-ICV delivered either intravenously or into the peritoneal cavity. Mice were sacrificed 24hours later to assess acute immune responses in various tissues. A peritoneal lavage was collected
along with the lung and spleen. In the lung, the peritoneal cavity and spleen (left to right), the
relative total number of leukocytes (C) and the relative total number of activated CD69+, PD-1+,
or IFN𝛾+ NK cells (defined as Dx5+, CD3-) was quantified by flow cytometry. The total number
(G) and proportion (H) of NK cells that were CD69+PD-1-, CD69-PD-1+, or CD69+PD-1+ was
determine in the lungs at 24-hours following OrfV-ICV delivery. The mean fluorescent intensity
of CD69 (I) and PD-1 (J) from NK cells separated into CD69+PD-1-, CD69-PD-1+, or CD69+PD1+ phenotypes in lungs was assessed. K) Representative flow cytometry dot plots showing
CD69+PD-1+ NK cells in the lungs 24-hours following OrfV-ICV delivery by intravenous or
intraperitoneal injection. Statistical analyses were conducted by Mantel-Cox log-rank test for
survival experiments (*p<0.05, ***p<0.001) and by one-way ANOVA for all other data.
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Figure 7: Infectious OrfV is transferred from the OrfV-ICV to established lung metastases.
K7M2 tumor-bearing or naïve mice were treated with the OrfV-ICV on Day 16 post-challenge.
The OrfV-ICV was delivered either intravenously or into the peritoneal cavity. To assess virus
transfer, lungs were harvested 72-hours following OrfV-ICV delivery and flash-frozen in liquid
nitrogen. Tissue samples were then thawed and homogenized to release virus particles. Viral titers
in the lungs were determined by TCID50 on SSFs and were converted to pfu per mg by
multiplication by a factor of 0.69.
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Figure 8: OrfV-ICV prepared with irradiated tumor cells is as efficacious as the live vaccine.
A) K7M2 tumor-bearing mice were treated with either the OrfV-ICV or an ICV generated from
UV-irradiated K7M2 cells (OrfV-irrICV) that was otherwise identical, on Day 4 by intravenous
injection and were monitored for humane endpoint. B, C) Mice were nonlethally bled 24-hours
following the OrfV- or OrfV-irrICV and the percent and the total relative number of activated
CD69+ NK cells were quantified by flow cytometry. D) Mice were again nonlethally bled ten-days
following the OrfV- or OrfV-irrICV and the relative total number of IFN𝛾+ tumor-specific CD8+
T cells in blood were quantified by flow cytometry after co-culture with target K7M2 tumor cells.
Statistical analyses for survival curves were conducted by Mantel-Cox log-rank test and by oneway ANOVA for flow cytometry data (****p<0.0001).

Figure 9: OrfV-ICV generates a tumor-specific antibody response.
K7M2 tumor-bearing mice that were treated with the OrfV-ICV by either intravenous or
intraperitoneal route at Day 4 following tumor challenge were nonlethally bled at Day 10 and Day
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21 post-vaccination. Serum was collected by centrifugation, diluted and used as primary antibody
against K7M2 target cells. Unbound antibody was washed and tumor-directed antibodies detected
by Alexafluor 488-conjugated anti-IgG secondary and quantified by plate reader. The serum
dilution series from each animal was used to generate a curve of raw fluorescent reads with
secondary detection antibody only background signal removed. The area under the curve for each
individual was calculated and plotted. Statistical analysis was performed by one-way ANOVA.

Figure 10: The OrfV-ICV is also efficacious in the B16-F10 melanoma model. Mice were
challenged with 2.5e+05 B16-F10 melanoma tumor cells intravenously to establish lethal lung
metastases. On Day 4 post-challenge, mice were left untreated or were treated with an autologous
B16-F10 OrfV-ICV. Mice were monitored for humane endpoint. Statistical analyses were
conducted by Mantel-Cox log-rank test (*p<0.05).
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Supplementary Table 1: p-values for comparison of IFN-β production from K7M2 cells
across OV treatments without ɑ-IFNAR. Statistical Analyses for Figure 2G were conducted
using two-way ANOVA comparing media, cells only, and each virus treatment at both MOIs
tested, only including treatments without ɑ-IFNAR. P-values from multiple comparisons tests are
recorded in the table.
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Supplementary Table 2: p-values for comparison of IFN-β production from K7M2 cells
across treatments with ɑ-IFNAR. Statistical Analyses for Figure 2G were conducted using twoway ANOVA comparing media, cells only, and each virus treatment at both MOIs tested, only
including treatments with ɑ-IFNAR. P-values from multiple comparisons tests are recorded in the
table.

Supplementary Figure 1: OrfV-ICV efficacy is dose-dependent and outperforms naked
OrfV. K7M2 tumor-bearing mice were treated on Day 4 following challenge with OrfV-ICVs
generated with decreasing doses of 2e+06, 1e+06, 5e+05 and 1e+05 K7M2 cells, always infected
with OrfV at an MOI=10. An additional group of mice was treated with OrfV alone at 2e+07 to
match the dose of virus in the highest OrfV-ICV. Mice were monitored for humane endpoint.
Statistical analysis was performed by Mantel-Cox log-rank test (*p<0.05, **p<0.01,
***p<0.001, ****p<0.0001).
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Supplementary Figure 2: Confirmation of antibody depletion of the NK and T cell
compartments. A) Flow cytometry analysis of peripheral blood was used to confirm the
depletion of CD4+ and CD8+ T cells. Samples were initially gated on live cells that were CD3+
and then separated into CD4 and CD8. The left panel shows a sample receiving no depletion, the
right top panels show mice receiving either anti-CD8 or anti-CD4 mono-depletion and bottom
right panels show dual depletion with anti-CD8 and anti-CD4 (left) and with anti-thy1.2 (right).
B) Flow cytometry analysis of peripheral blood was used to confirm depletion of NK cells
following treatment with anti-asialo GM1 antibody. Samples were initially gated on live cells,
and then separated by Dx5 and CD3, with NK cells phenotyped as Dx5+ and CD3-.
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Supplementary Figure 3: K7M2 tumor metastases to distal locations in OrfV-ICV-treated
mice with NK cells depleted. K7M2 tumor-bearing mice that had NK cells depleted, received
the OrfV-ICV on day 4 and reached humane endpoint were sacrificed and necropsies were
performed to assess metastatic lesions to anatomical locations other than the lungs. Gross images
depict A) a metastatic lesion attached to the ovary and B) a metastatic lesion on the stomach.

Supplementary Figure 4: Antibody depletion of T cell subsets differentially impacts NK cell
responses in the blood. K7M2 lung tumor-bearing mice were depleted of NK cells and CD4+
and/or CD8+ T cells alone or in combination using either dual injection of each anti-CD4 or anti355

CD8 or with anti-Thy1. Mice were then treated with the OrfV-ICV on Day 4 following tumor
challenge. Twenty-four hours after vaccination, mice were bled and NK cell responses were
assessed by flow cytometry including: A) the relative total number of NK cells in circulation, B)
the percent of NK cells that were CD69+ and C) the relative total number of NK cells that were
CD69+ per uL blood. Statistical analyses were conducted by one-way ANOVA (*p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001).

Supplementary Figure 5: Long-term survivors depleted of CD4 T cells during initial
therapy fail to resist re-challenge. K7M2 tumor-bearing mice were initially treated with antiCD4 antibody before receiving the OrfV-ICV intravenously on Day 4 following tumor
engraftment. CD4-depleted mice that survived at least 90 days after the humane endpoint of the
last untreated control (anti-CD4 + OrfV-ICV LTS) were re-challenged with a lethal dose of
K7M2 cells alongside naïve mice and surviving mice that did not receive any initial depletion
(OrfV-ICV LTS). Mice were monitored for humane endpoint. Statistical analyses were
performed by Mantel-Cox log-rank test (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Supplementary Figure 6: UV-irradiation destines K7M2 cells to die. K7M2 cells were
irradiated with UV light at x in a UV crosslinker for various durations with the longest at 90
seconds and the shortest at 15 seconds. Irradiated K7M2 cells were then plated in 96-well plates
alongside non-irradiated control cells and cultured for 24 hours. At 24 hours, the metabolic
activity was assessed using resazurin metabolic dye and the metabolic activity of each treatment
was compared to that of untreated control cells. Statistical analyses were performed by one-way
ANOVA (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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7 General Discussion
The past decade has seen major improvements in cancer therapy. Much of this
progress that can be attributed to the implementation of novel immunotherapies.
Patients faced with cancers associated with dismal outcomes are now surviving longer
than ever before. In addition, current immunotherapy strategies offer an alternative to
the toxic effects and high number of treatment that accompany traditional chemotherapy
and radiation, which have a significant impact on quality of life1,2. The field of
immunotherapy must continue to improve and expand to offer patients treatments that
are not only more effective, but are safe and have minimal negative impact of quality of
life.
The overall objective of this thesis was to provide immunotherapy researchers
with additional tools in their armament against cancer. Although the content of this
thesis is broad and includes both method and primary research articles, research with
viruses from diverse families, and divergent therapeutic strategies, we hope that this will
increase the breadth of readership and stimulate others to keep their minds open and
accepting of new questions and new technologies. Indeed, we see the investigation of
multiple platforms within our research group as a significant advantage, as it centralizes
research around optimal performance, not around proving that a predetermined platform
is optimal. Future work comparing different immunotherapy platforms, including
oncolytic viruses, head-to-head will offer incredible insights into which novel therapies
should be championed to the clinic.
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The translation of novel therapies into the clinic requires sound understanding of
their mechanism of action, for both safety reasons and to properly use that therapy
against a susceptible cancer target. Herein we have described the design and validation
of two methods that can be used to monitor the adaptive immune response to
immunotherapies. The first method enables the detection of CD4+ and CD8+ tumorspecific T cell responses and the second method allows for the quantification of tumordirected antibodies. Both of these methods are highly useful as they were designed to
eliminate the need to previous define a target antigen and therefore can be used to
monitor the efficacy of antigen-agnostic immunotherapies. Antigen-agnostic
immunotherapies themselves are becoming increasingly clinically relevant, as approved
therapies such as immune checkpoint blockade and T-Vec virotherapy are antigenagnostic. Immunotherapy strategies that are also antigen-agnostic, such as infected cell
vaccines, bulk cancer vaccines and other immune checkpoint blockades, and are
gaining traction in clinical trials.
The co-culture method we developed to detect tumor specific T cell responses to
antigen-agnostic immunotherapies is theoretically amenable to use for testing
responses to any cancer therapy wherein the specific cancer can be induced to express
MHC by stimulation with interferons. This has remarkable utility for the clinic, as one
could foresee a treatment support pipeline wherein biopsied tumor samples are cultured
in the lab (which is certainly technically achievable) and tested for their capacity to
express MHC molecules following interferon stimulation. This initial screen would be
rapid, taking on the order of several days, not weeks. Patients with tumors passing this
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criterion could then be treated with any antigen-agnostic immunotherapy, for example
anti-PD-L1, an oncolytic virus or an infected cell vaccine, and then have their tumorspecific CD4+ and CD8+ T cell response quantified and monitored over time following a
simple blood draw. This has the potential to dramatically increase the amount of
information available to clinicians and researchers about the success of treatment of not
only individual patients, but could be used to identify potential methods for improving the
select therapy. The more tools and data that we have available, the higher the likelihood
that we will be able to assign patients to the right treatments and improve therapies in a
meaningful way.
The tumor-specific T cell detection method relies on the physical interaction
between specific cancer cells and donor T cells, wherein successful MHC:TCR binding
stimulates cytokine production by the T cell, which can be detected by flow cytometry.
The same phenomenon occurs in flow cytometry T cell killing assays3, where a
reduction in target cancer cells determines killing. During analysis by flow cytometry,
tumor:T cell pairs pass through the cytometer as doublets, which can be easily
visualized by labeling both cell types with discordant fluorescent dyes. Using FACS
techniques, tumor:T cell pairs could be isolated and analyzed to discover tumor-specific
TCR clones, or for ex vivo expansion for T cell therapy.
The method to detect tumor-directed antibodies could be easily applied for
monitoring responses to immunotherapy in the clinical setting. The process would be
similar to the tumor-specific T cell detection method except there is no requirement for
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pre-screening tumor samples for MHC expression. Additionally, we have recently
adapted the method to flow cytometry, which improves the sensitivity of the assay.
In our experiments, the fluorescently-conjugated secondary antibody was against
mouse, but this could be easily changed for the specific patient species, whether it be
human, feline or canine. Indeed, this method can be expanded by changing the
secondary antibody to analyze different antibody isotypes.
The role of tumor-directed antibodies in the efficacy of OV therapy has been
understudied, likely due to overshadowing by the effort to generate tumor-specific T cell
responses and the lack of effective tools for assessment. The method presented herein
provides the means to further understand the contribution of antibodies to OV efficacy.
Additionally, this technology can be easily modified to quantify virus-directed antibodies
by infecting a heterologous cell with the target virus, enabling researchers to investigate
both virus-directed and tumor-directed responses from the same sample. This is
important because researchers are uncovering important roles for other effector cells,
such as NK cells, within the immunotherapy space4,5. NK cells, among other cell types,
can mediate tumor cell lysis through recognition of bound antibody (previously
discussed as ADCC). Empowered with our method for detecting tumor-directed
antibodies, researchers could rapidly extend this knowledge into functional assays with
NK cells, to determine if ADCC is an important component of their therapy.
The approval of T-Vec by the FDA in 2015 has spawned an influx of
biotechnology companies and academic researchers competing to bring their OV-based
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therapies to the clinic. Approval for clinical trials relies on several parameters that
include preclinical efficacy data, both in vitro and in mice, and safety data from
mammals that do not include mice. At this point, fever has been largely viewed by the
community as a mild adverse event that is commonly seen in patients and is easily
treated if deemed necessary. As previously discussed, we identified fever-grade
temperatures as a critical abiotic variable for assessing the efficacy of OVs. Perhaps the
most consequential part of this finding is that the vast majority of research with OVs in
vitro is done at a standard 37°C, so researchers are largely unaware of whether
temperature may be impacting their experiments. We recommend that researchers
carefully investigate whether the OVs they work on are temperature-sensitive.
Additionally, many viruses, regardless of host species origin, are propagated at 37°C.
Depending on the host species of origin, multiple propagation rounds at 37°C could
represent an impediment to virus replication, or an inadvertent temperature adaptation
of the virus. Optimization of virus production protocols with temperature in mind may
improve the production of OVs, which is a critical barrier to bring some OVs to the
clinic6.
Another impactful finding stemming from our research into the effect of
temperature on OVs from the Rhabdoviridae family was that mice do not respond to
systemic virus delivery with fever. This revelation offered an explanation for the many
examples of rhabdoviruses replicating to high titers in mouse models of cancer.
Unfortunately, the potential consequences of this include an overestimation of potential
efficacy when these viruses are applied to patients that do respond to virus treatment
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with fever, and a skewed representation of immunological responses that depend of
virus replication. For example, we demonstrate that transgene expression by
rhabdoviruses is impaired at fever-grade temperatures. The effects of transgene
attenuation would not be apparent in preclinical murine models, but would be in clinical
testing. This has immediate impact, and groups are currently investigating rhabdovirusbased prime-boost strategies, which rely on expression of a tumor-associated
transgene, in clinical trials at the time of this writing (NCT03618953, NCT03773744,
NCT02285816, NCT02879760). Additionally, this may impact the translational pipeline
for OVs headed for the clinic that use mammals that have normal body temperatures
higher than humans and mice, or that respond to virus delivery with fever. For example,
rhesus macaques have higher resting body temperatures than humans and respond to
rhabdovirus-based therapies with fever7. Therefore, it is possible that these
temperature-sensitive viruses appear safe at high doses in rhesus macaques, but may
not be in humans that do not respond with adequate fever.
We demonstrated that oncolytic rhadoviruses can be heat-adapted to fever-grade
temperatures through natural temperature selection pressure. This occurred through a
mutation in the polymerase. The mechanism of this resistance to higher temperatures
should be investigated in the future. Heat-adaptation of temperature-sensitive viruses is
an intriguing solution, but should pursued cautiously as they override fever, an important
innate defense mechanism, and could have different safety profiles from their
temperature-sensitive counterparts. An alternative solution to heat-adapting viruses is to
use viruses that are not sensitive to fever-grade temperatures. Future studies will
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provide information on what OVs in preclinical and clinical development are temperature
insensitive, with some of these studies currently underway in our lab.
Ovarian cancer remains a challenging disease for health care providers and
patients, and frontline therapy of tumor cytoreduction surgery and platinum-based
chemotherapeutics is only partially effective and patients are prone to developing
resistant disease8. Novel immunotherapies that have seen success in the treatment of
other cancers have thus far been modest for ovarian cancer, including immune
checkpoint blockade9. Thus, investigation of novel immunotherapies offer the potential
to significantly improve or replace frontline therapies and change ovarian cancer into a
curable disease.
Part of the challenge associated with ovarian cancer is that patients are often
diagnosed in the advanced stage. At this point, ovarian cancer is a complex disease,
with a second tumor microenvironment in the form of ascites fluid in the peritoneal
cavity. Although novel technologies to detect disease in the early stages are profoundly
needed, so are novel therapies to either work synergistically with first line treatments or
replace them.
Our primary objective was to investigate the feasibility of OrfV as an
immunotherapy in a preclinical model of advanced-stage ovarian cancer. Our data
demonstrated that a multi-dosing monotherapy strategy with a total of three doses was
effective at significantly prolonging survival in the preclinical mouse model.
Astoundingly, OrfV was particularly effective at reducing and delaying the progression of
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ascites fluid, even when cytoreduction surgery was not performed. Additionally, ex vivo
killing assays on primary ID8 ascites-derived cell lines demonstrated that OrfV was
particularly lethal against these cells compared to the parental ID8 cells. These results
are encouraging for continuing to study OrfV as a tool to combat residual ascites and
limit the formation of secondary lesions through the peritoneal cavity.
We hypothesized that since OrfV was adept that combating ascites fluid,
combining it with cytoreduction surgery, which is a component of first line treatment,
would be advantageous. Cytoreduction surgery would remove the primary source of
tumor cells accumulating as ascites fluid, and OrfV treatment would target the remaining
tumor cells for destruction. In addition, other groups have used OrfV as a tool to combat
perioperative immune suppression, with the primary effect attributed to ensuring potent
NK cells activity10. However, this research used nephrectomy to model surgery instead
of primary tumor removal, and injected tumor cells within the perioperative period. Our t
objective was to apply OrfV in a more clinically relevant model, wherein the primary
tumor is removed at the point of advanced disease. We confirmed the hypothesis, with
the combination of primary tumor removal and three-dose OrfV therapy yielding the
highest survival advantage, including a single animal that remained disease free until
the experiment was ended over 200 days after tumor challenge. These results are
certainly encouraging, but leave much room for improvement. The majority of animals
receiving surgery and OrfV treatment still reached endpoint. Future investigations will be
needed to determine what is the optimal time during the perioperative period to deliver
the first dose of OrfV, and whether critical immune pathways can be potentiated with
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other drugs. For instance, it is tempting to speculate that engineering OrfV to express
an NK-stimulating cytokine, such as IL-12, IL-15 or IL-18 would further enhance efficacy
and hopefully develop cures in the majority of animals treated.
Our secondary objectives were to dissect the immune response following OrfV,
to define anticancer effector mechanisms and determine targets for optimization. To this
end, we were able to implicate NK cells as a dominant effector. Although NK cells have
been explored as tools of immunotherapy for years11, they have been frequently
overshadowed, especially in the OV field, by T cells. However, NK cells are an excellent
cell type to potentiate for cancer immunotherapy, especially those that are virocentric.
NK cells are naturally adept at tracking and killing tumor cells and virus-infected cells.
They are not antigen-restricted, and therefore do not selectively pressure tumor escape
mutants in the same manner as cytotoxic T cells do. NK cells can also be manipulated,
both naturally and through technological means, to exhibit a memory phenotype and
recollect previous cytokine milieus, pathogens and tumors12,13.
Despite identifying NK cells as having a critical role, our data clearly
demonstrates that the antitumor and antiviral immune response following OrfV therapy
is complex. Multiple different immune subsets that have important implications for
immunotherapy responded to OrfV, and future studies are required to parse their
contributions to either antitumor or antivirus immunity, or both. For instance, we
demonstrated a critical role for BATF3-dependent DCs (also cDC1s), as genetic
ablation of these cells abrogated efficacy in a similar fashion as antibody depletion of
NK cells. We hypothesized that cDC1s interact with NK cells and T cells, orchestrating
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innate and adaptive immune responses, and this was support in our data. Importantly,
we were able to demonstrate through transcriptomic analyses of human ovarian tumors
that cDC1 gene signatures predict the prevalence of NK cells and T cells in the TME.
However, only the prevalence of NK cells correlated with enhanced survival outcome in
the dataset we queried. This is exceptionally encouraging as OrfV is a potent activator
of NK cells, and therefore may be an important therapeutic for translation to human
clinical studies. Using the transcriptomics analysis, we were able to uncover a cytokine
signature that highly correlated with the prevalence of immune infiltrates in primary
human ovarian tumors. Intriguingly, the cytokines in this signature returned hits for NK
cells, T cells, cDC1s, and B cells, suggesting that they might be integral to developing
antitumor immune responses. It remains to be investigated if OrfV can modulate the
cytokines in this signature in our preclinical model of advanced-stage ovarian cancer.
We also demonstrated that OrfV multi-dose therapy can generate robust ovarian
tumor-directed antibody responses using the method describe in Chapter 3 of this
thesis14. The tumor-directed antibodies were quantified from the serum of control and
OrfV-treated animals, and correlated strongly with survival outcome. This is impactful
because one can envision monitoring the success of OrfV therapy in the clinic by
measuring tumor-directed antibodies over time in patients. Future studies are planned
to enhance our understanding of the function of these tumor-directed antibodies. For
example, a future objective is to quantify the level of tumor-directed and virus-specific
antibodies in the peritoneal tumor microenvironment in OrfV-treated animals. A followup objective would be to determine if these antibodies have effector function through
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antibody-dependent cellular cytotoxicity with NK cells, which has the potential to
constitute an dominant mechanism of OrfV antitumor efficacy.
Future studies of OrfV as a therapy for advanced-stage ovarian cancer should
include increased focus on the tumor microenvironment within the peritoneal cavity. The
research presented in this thesis has identified an optimal therapeutic regiment that
combines cytoreduction surgery with OrfV multi-dose immunotherapy. Using this model,
we can investigate the phenotype, kinetics and gene expression of NK cells responding
in the peritoneal cavity following OrfV. In addition, future studies using multiplexed
cytokine analysis will reveal details about the inflammatory milieu generated by OrfV,
and inform the further optimization of OrfV therapy. Analysis of the peritoneal tumor
microenvironment may also reveal additional roles for CD8+ cytotoxic and CD4+ helper
T cells. Although we were able to detect tumor-specific CD8+ T cell responses in
circulation following OrfV therapy, these were not required for OrfV efficacy as
demonstrated by depletion studies. It will be intriguing to see whether CD8+ T cells
accumulate in the peritoneal cavity following OrfV therapy, and if they are tumorspecific. We hypothesize that CD8+ T cells will indeed accumulate in the peritoneal
cavity, but instead of tumor-specific are largely targeted against virus, which may
explain why they are minimally effective against ovarian tumors in our studies. In
contrast, we were unable to routinely detect tumor-specific CD4+ T cells in circulation
using the method described in Chapter 215. This is surprising, as CD4+ T cells are
critical contributors to humoral immunity16 . However, it is possible that investigation of
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CD4+ T cells in circulation is limited by minimal numbers, which may be overcome by
investigating the peritoneal cavity.
Despite the enormous amount of research still remaining to properly understand
the mechanisms of OrfV therapy in the context of ovarian cancer, the data presented
herein offer hints of promise for the translation of OrfV as useful clinical tool.
The major objectives of the research described in Chapter 6 of this thesis were to
develop a novel antigen agnostic therapy to treat osteosarcoma metastases, which led
us to investigate the potential of OrfV to drive antigen-agnostic antitumor immune
responses in the context of an infected cell vaccine. Recent research by other groups
have focused on ICVs using viruses that have been engineered to express therapeutic
transgenes, as ICVs produced with empty virus backbones ineffective17,18. We
hypothesized that the OrfV backbone would be immunogenic enough to yield antitumor
efficacy without the requirement of supportive therapeutic transgenes. This hypothesis
was confirmed, as we observed remarkable efficacy with the OrfV-ICV, which contains
no therapeutic transgene. Following the lead of others, future studies will include an
OrfV-ICV using an OrfV engineered to express IL-12, which we hypothesize to be an
even more potent antigen-agnostic immunotherapy.
We took an open-minded approach to designing a therapy for the treatment of
osteosarcoma metastases by testing five different OVs, including several that have
already been in human clinical trials. OrfV was by and large the best oncolytic against
K7M2 murine osteosarcoma cells and, along with vaccinia virus, was able kill despite
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these cells being in a constitutive antiviral state. This may be advantageous for future
clinical considerations as patient tumors would not have to be screened for interferon
responsiveness to be potentially susceptible to OrfV infection.
Akin to the use of OrfV as a monotherapy for ovarian cancer, the OrfV-ICV
conferred antitumor efficacy through the action of NK cells. However, the OrfV-ICV was
still more efficacious than the virus alone, warranting further study of OrfV in the context
of ICVs. Continuing along this trend, we also observed tumor-specific T cell responses
and tumor-directed antibody responses, demonstrating that the OrfV-ICV is multi-modal.
Although CD8+ T cells were insufficient to account of primary efficacy against K7M2
metastases, they did contribute to antitumor memory and resistance to autologous
tumor re-challenge. When testing the mechanisms of antitumor immunity through rechallenge of long-term surviving mice, we hypothesized that, along with CD8+ T cells,
NK cells would contribute. This is not a typically recognized role for NK cells, which are
predominantly considered an innate cell type without proper memory. However, as
discussed previously, the memory phenotype of NK cells is becoming better known, and
has been shown in response to virus infection19. Indeed, when NK cells or CD8+ T cells
were depleted during tumor re-challenge, approximately half of the protective effect was
abrogated, suggesting that both cell types contribute to long-term antitumor immunity.
The mechanisms of memory T cells are much better understood than that of memorylike NK cells. The OrfV-ICV as a therapy for osteosarcoma metastases may be a useful
model to improve our understanding of memory-like NK cells in the context of cancer.
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We took serious steps towards addressing the safety surrounding the OrfV-ICV.
Several challenges face the translation of ICVs into the clinic, including delivery route
and dosing. We conducted a dose escalation study in tumor-bearing mice with ICVs
produced with ten infectious OrfV particles per tumor cell and delivered by systemic
intravenous injection. We observed that a dose of 2 million tumor cells was optimally
effective against established osteosarcoma lung metastases without any acute
toxicities. Indeed, we did observe some toxicities at a higher dose of 5 million tumor
cells per ICV, which was observed by groups testing other ICV platforms17. While these
toxicities required other researchers to apply their ICV to a different route of delivery
and cancer model, we were able to treated osteosarcoma lung metastases with
remarkable efficacy at lower, safer doses. This highlights the potency of the OrfV-ICV
platform. However, to address the concerns of delivering the OrfV-ICV intravenously,
we directly compared delivery to the peritoneal cavity, which is generally better
tolerated, using the same lung metastasis model. Peritoneal delivery of the OrfV-ICV
was still efficacious against lung metastases, and activated cytokine-producing NK cells
in the lung, demonstrating the versatility of the OrfV-ICV platform, which will improve its
clinical translation. Other route of administration, including intramuscular delivery are
worth studying. Additionally, we did observe transfer of virus from the OrfV-ICV in the
peritoneal cavity to K7M2 lung metastases, but whether this was a result of newly
produced virus particles or tumor cells loaded with OrfV traveling from the peritoneal
cavity to lung nodules remains to be answered.
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Another safety concern is the generation of new tumor nodules from tumor cells
used to make the ICV that have escaped death by the virus. We hypothesized that
OrfV-ICVs generated with live tumor cells would be more immunogenic and therefore
more effective than those produced with tumor cells that had been lethally irradiated
prior to infection with OrfV. We directly addressed this question by evaluation the two
methods of ICV production head-to-head. We disproved our original hypothesis, as both
OrfV-ICVs were equally effective. This is important for translational consideration of the
OrfV-ICV, as regulatory agencies are more likely to approve ICVs made with lethally
irradiated tumor cells.
With the research presented in this thesis, we were able to show that the OrfVICV is a remarkably effective therapy against pulmonary metastases. However, this
research was exclusively performed using ICVs produced with tumor cell lines that are
cultured in vitro. Future research is planned to address how this platform performs when
tumors are generated in vivo and subsequently resected to isolate tumor cells for the
OrfV-ICV. This research will be exceptionally important for answering logistical
questions about OrfV-ICV production, including the best method for isolating tumor cells
from non-tumor cells and leukocytes, and determining whether contaminating cells are
beneficial or detrimental to the vaccine. Additional efforts will focus on establishing a
bank of tumor cells acquired from canine osteosarcoma patients. These tumor cells will
be used to test the oncolytic capacity of OrfV against genetically heterogeneous clinical
samples. Altogether, the research herein and the future directions will ground the
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current excitement of the OrfV-ICV as a tool for clinicians in the fight against lethal
metastatic disease.
In conclusion, we hope that the work presented in this thesis provides support to
researchers, clinicians and policy makers who are working together to improve the
outcomes of patients facing cancer. The progress made since the turn of the century
has been truly remarkable, and will continue as more brilliant individuals work together
in a multidisciplinary approach to tackle the complex problem that is cancer.
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8.1.1 Overview
We describe herein a method for producing batches of the poxvirus Parapoxvirus ovis
(OrfV) that are of high-titer and sufficient purity for use in preclinical models of
vaccination and cancer. We identify an optimal production cell line and process for
infecting and subsequently releasing intracellular virus. A two-stage filtration process
beginning with depth filtration followed by tangential flow filtration then removes cellular
contaminants without compromising virus yields. Finally, we describe three methods for
accurate titration of OrfV. These methods will provide researchers investigating OrfV as
a vaccine vector and as an oncolytic virus the resources to produce high quality OrfV
batches for preclinical studies.
8.1.2 Abstract
Poxviruses have been used extensively as vaccine vectors for human and veterinary
medicine, and have recently entered the clinical realm as immunotherapies for cancer.
The production of poxviruses for these purposes is paramount for their utility, as
problems with producing large quantities of virus that are free of contaminants can
prevent advancement of virus-based strategies through the clinical pipeline. We present
a comprehensive method for producing high quality batches of the poxvirus
Parapoxvirus ovis (OrfV) for use in preclinical animal models of vaccinology and cancer
therapy. OrfV is produced using a permissive sheep-derived cell line and is released
from infected cells by freeze-thaw cycling combined with sonication. Bulk virus is initially
purified and concentrated using a two-stage filtration process of depth and tangential
flow filtration. Filtered virus is further purified by gradient ultracentrifugation and
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concentrated using polyethylene glycol to produce the final in vivo-grade product. We
describe methods for quantifying infectious virus and genome copy number of OrfV to
evaluate virus stocks. The methods herein will provide researchers with the ability to
produce high quality, high titer OrfV for use in preclinical studies, and support the
translation of OrfV-derived technologies into the clinic.
8.1.3 Background
The application of poxviruses in human and animal health has expanded dramatically
since Edward Jenner first used cowpox as a vaccine against smallpox. The advent of
recombinant DNA technology enabled the expansion of poxvirus vaccines to target
many heterologous pathogens, with vaccinia virus strains being the most tested
platform1. Recently, a new application for poxviruses as oncolytic, cancer-targeting
viruses, has emerged, with OrfV among them2,3. Oncolytic viruses (OV) are multimechanistic immunotherapy tools that fight cancer by selectively targeting and killing
tumor cells and by activating the host immune response against the tumor4. Since the
arrival of T-Vec, the first OV to be FDA approved for treating solid tumors5, research has
expanded to take advantage of the biology unique to each OVs and design effective
immunotherapy strategies.
Parapoxvirus ovis, or Orf virus (OrfV), is a highly immunogenic poxvirus that targets
ungulates as a primary host6. Similar to other poxviruses, it has a large double-stranded
DNA genome with a central region of conserved genes required for viral genome
replication and morphogenesis, and flanking regions that encode accessory virulence
and immune-modulatory genes7. These flanking regions are of considerable interest, as
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they provide a location for targeted insertion of transgenes for vaccine and cancer
therapy, and are themselves targets for basic knockout studies to modulate the
immunogenicity of the viral backbone. OrfV is a known OV capable of infecting multiple
types of human and murine cancer cells in vitro and drastically reducing tumor burden
in preclinical models of metastatic melanoma and colon carcinoma2. The antitumor
efficacy of OrfV was shown to dominated by tumoricidal NK cells by depletion studies.
The potent activation of NK cells by OrfV was also shown to circumvent
immunosuppression following surgery in a post-operative metastasis model, highlight
the critical importance of NK cells in OrfV therapy8.
The OrfV genetic system is amenable to the generation of transgenic viruses,
akin to other poxviruses. Recombinant viruses can be generated through homologous
recombination between a transfer plasmid and the virus in permissive cells9 and the
large size and inclusion of non-essential genes provides multiple targets for insertion of
therapeutic transgenes10. Recombinant OrfV can and has been used as a vaccine
vector targeting a number of pathogens, including but not limited to other viruses like
rabies, flu and herpesvirus11-13. OrfVs engineered to express pathogen-derived antigens
results in antigen production in an immunogenic environment, thus increasing the
likelihood of an antigen-specific immune response. In addition, the structure and
composition of the OrfV genome makes it theoretically possible to incorporate multiple
transgenes for multivalent vaccines.
The expansion of research investigating OrfV as a vaccine and OV vector has
increased the demand on virus production. OrfV can be grown in cell culture, however
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production of high titer, ultrapure virus has been historically challenging and has limited
in vivo preclinical testing (JC Bell, pers. comm.). The purity of OrfV propagations is of
critical importance because contaminants can alter immunological outcomes, which can
make rational design of OV as immunotherapies challenging, and low titer, low purity
virus prevents systemic administration of OVs, which is critical for targeting metastatic
disease14. Unfortunately, the literature at the time of this writing is sparse with respect to
OrfV production. Therefore, we present an comprehensive method for producing, quality
testing and titrating OrfV for use in preclinical models of vaccination and cancer therapy.
This information will endow researchers with the ability to translate OrfV-based
technologies from the bench to the bedside.
8.1.4 Required Materials
c. Reagents list
•

Cell culture:
•

Sheep Skin Fibroblasts15 – The authors can provide these cells upon request.

•

OA3.T (ATCC CRL-6546)

•

Complete Dulbecco’s modified eagle’s medium (DMEM) (Fisher Scientific,
Cat#SH30022.01)
o 10% fetal bovine serum (VWR, PA, USA, Cat#97068-085)
o Penicillin Streptomycin cocktail (Fisher Scientific, Cat#SV30010)
o 1x non-essential amino acids (Fisher Scientific, Cat#11140050)

•

0.25% Trypsin-ethylene-diamine-tetra-acetic acid (EDTA) (Corning, NY, USA,
Ref#25-052-CI)
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•

•

Phosphate-buffered saline (Fisher Scientific, Cat#SH30256.01)

•

Cell culture plates including 150mm, 6-well and 96-well flat bottom plates

Virus harvest and purification:
o Disposable cell scraper (Fisher Scientific, Cat#179693PK)
o 50mL conical tubes (Fisher Scientific, Cat# 14-432-22)
o 0.3M NaOH-PBS
o 1M NaOH-PBS
o Milli-Q H2O
o 5% Sucrose-PBS
o Iodixanol OptiPrep Density Gradient Medium (Sigma-Aldrich, Cat# D1556)
o Ultra-clear ultracentrifuge tubes, 13mL (Beckman Coulter, Cat#344059)
o Polyethylene glycol (PEG), molecular weight 20,000g/mol (Sigma-Aldrich,
Cat#81300)
o 3 and 5mL syringes
o 18-gauge sharp luer-lok needle (Fisher Scientific, Cat#14-826-5G)
o 18-gauge blunt tip luer-lok needle (Becton Dickinson, Cat# 305181)

•

Virus titration
o Multi-channel 10-50µL and 30-300µL pipettes
o UltraPure low melting point agarose (Fisher Scientific, Cat#16520050)
o 2x MEM (Temin’s modification), no phenol red (Fisher Scientific,
Cat#11935046)
o Proteinase K (Ambion, Cat#AM2546)
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o phenol:chloroform:isoamyl alcohol (Fisher Scientific, Cat#BP17521-400)
d. Equipment list
o Clinical and high-speed centrifuges (must accommodate 50mL conical tubes)
o Ultracentrifuge with swinging bucket SW 41 Ti rotor
o Probe sonicator (Fisher Scientific, Model FB120)
o Supracap 50 Depth Filter Pall V100P (Pall Laboratory, Cat#SC050V100)
o Omega Membrane LV Centramate Cassette, 300KDa (Pall Laboratory, Cat#
OS300T12)
o Slide-A-Lyzer dialysis cassette, 10,000KDa molecular weight cut-off (Fisher
Scientific, Cat#66380)
o Centramate Cassette Holder (Pall Laboratory, Cat#CM018V)
o Tubing screw clamp (Pall Laboratory, Cat#88216)
o Utility pressure gauge (x2) (Cole-Palmer, Cat#68355-06)
o Male and female Luer-Lok with 1/8 in national pipe thread (NPT; Cole-Palmer,
Cat#41507-44 and 46)
o Female threaded tee fittings, nylon, 1/8 in NPT(F) (Cole-Palmer, Cat#0634950)
o Masterflex C-Flex ULTRA tubing, L/S 16, 25 ft (Cole-Palmer, Cat#06434-16)
o Peristaltic pump
o Thermocycler
o Microscope capable of brightfield and fluorescence (optional)
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8.1.5 Experimental Procedure
8.1.5.1 Production of high-titer OrfV
•

For method overview, refer to Figure 1.

Cell Preparation
•

Thaw sheep skin fibroblasts (SSF) from liquid nitrogen, remove DMSO, and
recover in complete DMEM in a 100mm plate. Incubate at 37°C, 5% CO2 and
21% O2 until cells reach 85-95% confluence.
o This usually requires 3-5 days
o We recommend using cells at a low passage number as cell quality
decreases as passage number increases.
o All cells in these experiments were confirmed mycoplasma free using the
MycoAlert PLUS Mycoplasma Detection Kit (Lonza, Basel Switzerland,
cat#LT07-705)

•

Seed SSF cells from the 100mm recovery plate into 3x 150mm plates. Incubate
until cells reach 85-95% confluency.
o We recommend seeding SSFs in 16-20mL of media to ensure even
coverage of cells and to reduce risk of evaporation

•

Continue to amplify SSFs to desired propagation size. We recommend 50 x
150mm plates for an average preclinical batch. SSFs should not be seeded at
greater than 1:5, as higher dilutions greatly reduce growth time.
o Seed an additional three plates for each batch produced. One plate is
used to count cell number to calculate the amount of infectious virus
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needed, and the other two are further passaged for use in virus titration
assays (see below).
Virus Infection
•

Begin virus infection when plates reach 90-95% confluence

•

Detach cells from one extra plate by removing media, washing with PBS and
adding 4mL trypsin-EDTA

•

Neutralize trypsin-EDTA with 6mL of complete media for a total of 10mL

•

Count cells using a hemocytometer and calculate the total number of cells per
150mm plate

•

Multiply the total number of cells per plate by the total number of plates, to get
the total number of cells for infection
•

•

Ex: 1e+07 cells/plate x 50 plates = 5.0e+08 cells total

Use a titrated virus stock to calculate the total volume of virus required to infect
cells with a multiplicity of infection (MOI) of 0.05. For example:
5.0e+08 cells x 0.05
= 2.5e+06 / 1e+09 PFU/mL virus
= 0.0025 x 1000 µL/mL
= 2.5 µL total for propagation

•

Add required virus to basal DMEM, for a total volume of 4mL per plate (ex.
200mL for a 50 plate propagation) in 50mL conical tubes

•

Remove media from 150mm plates of SSF cells and replace with 4mL of basal
DMEM containing virus
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•

Incubate at 37°C, 5% CO2 and 21% O2 for 1 hour, rocking plates every 10
minutes
•

Alternatively, plates can be incubated at room temperature for 1 hour on a
rocker to distribute virus

•

Add an additional 12mL of complete DMEM to each plate, for a total of 16mL per
plate

•

Incubate for 4-6 days, or until 90-100% of SSF cells are showing signs of
cytopathic effect (CPE, Figure 2A)
•

The duration of infection will depend on multiple factors including the
health of the SSF cells and the accuracy of the titer of the virus used for
the infection. We recommend checking the progress of infection daily.

Virus Harvest
•

This process enables recovery of virus from both the supernatant and the cell
pellet, to maximize propagation yields

•

Once CPE is observed in 90-100% of SSF cells, detach cells using a disposable
cell scraper

•

Collect cells and media in 50mL conical tubes, and incubate on ice

•

Centrifuge tubes at 1,500 xg for 15 minutes at 4°C to pellet cell debris

•

Decant supernatant into a 1L vessel, seal with parafilm and store at 4°C
o Most OrfV is produced in a mature intracellular formREF. However, a
significant amount of virus will be found in supernatant, which can be
purified using the method described herein.
394

o OrfV can be stored for up to a month at 4°C without significant loss of titer
(data not shown)
•

Re-suspend cell pellets in 5mL of clarified virus-containing supernatant and pool
in to 50mL conical tubes. Ensure that the volume is less than 50mL to
accommodate expansion during freezing

•

Pause point: Re-suspended pellets (cell-pellet suspension) can be stored at 80°C

•

Freeze-thaw cell pellet suspension at -80°C three times to disrupt cell
membranes and release intracellular virus

•

Sonicate cell pellet suspension using a probe sonicator
o Conical tubes should be placed in an ice beaker during sonication to
prevent excessive heating of samples
o Sonicator parameters should follow 6 cycles of 10 seconds on with 10
second rests in between at an amplitude of 50%.
o For large volumes of cell pellet suspension, the probe sonicator should be
run for three cycles in the top half of the liquid, then run for another three
cycles in the bottom half.

•

Centrifuge sonicated cell pellet suspension at 6,000 xg for 30 minutes at 4°C to
separate cell debris from virus

•

Quickly decant supernatant into the vessel that is being used to store the virus
containing supernatant that was harvested from the virus-infected cells and
stored at 4°C. Careful not to dislodge cell pellet.
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o This is a critical step as slower centrifugation speeds fail to remove cell
debris and result in clogging of depth filter and tangential flow filtration
membranes, resulting in extremely long purification times. Additionally, cell
debris not removed by high-speed centrifugation can be carried through to
iodixanol gradient separation and can retain virus particles in the wrong
bands.
8.1.5.2 Concentration of preclinical grade OrfV
Depth Filtration
•

Set up the peristaltic pump and tubing in a biological safety cabinet as per Figure
3. Before attaching the depth filter, sterilize the tubing by running 50mL 1M
NaOH-PBS followed by 200mL of Milli-Q H20.

•
•

Attach the depth filter, and leave the air release open. Be sure to include a
pressure gauge after the pump outflow but before the depth filter to measure the
pressure being applied to virus going through the depth filter cassette. Pump
another 100mL of PBS through, and watch for the release of all air from the
depth filter. Once all the air is removed, cap the air release and allow the PBS to
continue to flow through.
•

The depth filter can be angled to position the air release at the top to
ensure removal of all air from the filter.
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•

Combine the virus harvested from the cell lysate and the virus supernatant
collected and stored at 4°C from initial virus harvest. Begin pumping the solution
through the depth filter.

•

Collect virus in a sterile bottle as it exits the depth filter. Ensure that the pressure
does not exceed 10 PSI. Pressure can be reduced by decreasing the flow rate.

•

Follow the final volumes of virus input with 50mL of PBS to flush any remaining
virus out of the depth filter. Store filtered virus at 4°C in preparation for tangential
flow filtration.
•

For optimal results, proceed to tangential flow filtration immediately.
Alternatively, filtered virus can be stored at 4°C overnight. Do not freeze
filtered virus.

•

Discard the depth filter. Run 100mL of 1M NaOH through the tubing to sterilize.
Disassemble the tubing and store in 0.5M NaOH.

Tangential Flow Filtration (TFF)
Setup and cleaning
•

Remove the 300kDa filter from the 0.5M NaOH storage solution and rinse with
Milli-Q H20. Attach the filter to the Centramate cassette holder following the
diagram in Figure 4A. Using a torque wrench set to 6 newton meters, tighten
nuts halfway in clockwise order. Once all bolts have been tightened halfway, fully
tighten each in clockwise order until the torque wrench clicks, identifying that
each bolt is tightened to the torque and that the seal around the cassette is even.
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•

In a biological safety cabinet, connect the tubing to the peristaltic pump,
Centramate cassette and reservoir as shown in Figure 4B. Ensure that the
Centramate cassette is installed so that the filtrate and retentate ports are
properly oriented.

•

Install a pressure gauge between the peristaltic pump output and the Centramate
cassette to monitor the pressure going into the cassette.

•

Sterilize the tubing and filter by adding 300mL of 0.3M NaOH-PBS into the
reservoir. Position the tubing running from the filtrate so that it cycles back into
the reservoir, instead of going into the waste. Run this through for 20 minutes,
and then remove the filtrate lines from the reservoir and pump the 0.3M NaOHPBS into the waste.

•

Remove all 0.3 MNaOH-PBS from the system by running 200mL of Milli-Q H20
from the reservoir, through the cassette and into the waste. Make sure to
properly rinse the entirety of the reservoir, as any remaining NaOH-PBS can
neutralize virus particles. Repeat this process twice.

•

Stop the pump when 5mL of the last wash with Milli-Q H20 remains in the
reservoir. Add 50mL of sterile PBS, and pump through the system until the
reservoir contains only 5mL of PBS.

Virus concentration
•

Add virus to be purified into the reservoir and begin pumping. Carefully monitor
the pressure gauge and adjust the flow rate so that pressure is always below 10
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PSI. At this step, virus will be retained in the system, with impurities flowing
through the filtrate and into the waste container.
•

As virus is concentrated, the pressure of the cassette increases. It is
important to regularly check the pressure gauge and adjust the flow rate to
keep the pressure below 10 PSI.

•

We recommend sampling the waste during virus concentration to ensure
that no virus is being lost. Ensure that sampled waste does not contain
NaOH-PBS as this can neutralize the virus.

•

Run virus through the system until only 5mL remains in the reservoir.
Buffer exchange and elution

•

Exchange the buffer from concentrated PBS and media to 5% sucrose-PBS for
subsequent virus elution. Elution in 5% sucrose-PBS limits the aggregation of
virus as it leaves the membrane.

•

Add 50mL of 5% sucrose-PBS to the reservoir and run until only 5mL remains in
the reservoir

•

Stop the pump, and close the filtrate lines to prevent the flow of liquid into the
waste. Remove the line circulating from the cassette back into the reservoir, and
place in a 50mL conical tube.

•

Turn on the pump and collect elution 1 in the 50mL conical tube. Stop the pump
when elution #1 is finished.

•

Repeat the elution process another two times by adding 5mL of 5% sucrose-PBS
to the reservoir to produce elution 2 and elution 3.
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•

Store elutions at 4°C or proceed directly to gradient purification and final
concentration.

Cleaning TFF equipment
•

Attach the retentate and filtrate lines to the reservoir to make a closed system.
Add 200mL of 0.3M NaOH-PBS to the reservoir, and pump for at least 1 hour to
clean the tubing and cassette.

•

Pause point: The cleaning process can be extended overnight.

Remove the TFF cassette from the cassette holder and store submersed in 0.3M NaOH
and at 4°C
8.1.5.3 Purification of preclinical grade OrfV
Iodixanol Gradient
•

Gradient purification removes additional impurities from virus eluted following
TFF and concentration.

•

Dilute iodixanol in PBS to generate 10%, 25% and 50% (v/v) iodixanol-PBS.

•

Create the iodixanol gradient as per Figure 5A in 13mL ultra-clear tubes. Initially
layer 2mL of the 50% at the bottom of tube. Then add 1mL of the 25% gently
above the 50% layer. Next gently layer 2mL the 10% on top of the 25%.
•

Care should be taken to prevent mixing layers of the gradient.

•

Typically, we only subject elution 1 and elution 2 to gradient centrifugation
as it contains the majority of virus (Figure 8C).

•

Pause point: Iodixanol gradients can be stored at 4°C overnight.
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•

Gently pipette elution 1 on top of the 10% iodixanol gradient. Fill tubes to within
1cm of the top to avoid collapse during centrifugation.

•

Carefully balance each tube inside its ultracentrifuge canister to 0.01g.

•

Centrifuge gradients in the SW 41 Ti rotor at 80,000 xg for 3 hours at 4°C.

•

OrfV will accumulate in the 25% iodixanol-PBS band following centrifugation
(Figure 5A).

•

Virus can be extracted from the 25% band by either of the following two methods:
•

Using a P1000 pipette, remove as much of the layers on top of the 25%
virus band as possible. Proceed to pipette out the virus band in to a new
collection tube. The 25% band was set using 1mL, so the extraction
volume should be approximately 1mL.

•

Attach the ultraclear tube containing virus tightly to retort stand. Using a
3mL syringe with a 21-gauge luer-lok sharp needle, pierce one side of the
tube immediately underneath the virus band with bevel up and carefully
draw the 25% band into the syringe.

•

Repeat this step for all gradients poured, and pool collected virus.

Dialysis
•

Pour 1L of sterile PBS into a large beaker and add a magnetic stir bar.

•

Rehydrate a Slide-A-Lyzer dialysis cassette (10,000KDa cut-off) in PBS for 30
seconds

•

Load a 10mL syringe with virus collected from the gradient and attach an 18gauge blunt tip needle.
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•

Carefully insert the needle into one of the injection ports of the dialysis cassette,
inject the virus and remove the needle. Mark the port used with a sharpie.

•

Rotate the dialysis cassette to a new injection port and insert the needle. Pull the
plunger and remove all the air remaining in the dialysis cassette.

•

Place the dialysis cassette in the 1L of sterile PBS and stir slowly on a magnetic
stir plate at room temperature for 2 hours.

•

After 2 hours, replace the PBS with fresh PBS and transfer the dialysis set-up to
4°C, stirring gently for at least 4 hours.

•

Pause point: After refreshing the PBS, the dialysis can be continued overnight.

PEG Concentration
•

Dialysis can result in volumetric expansion of the virus propagation16. For
preclinical applications, it is desirable to concentrate virus into the smallest
possible volume. To accomplish this, proceed with PEG concentration.

•

Load a resealable plastic bag with 25mL of 40% (w/v) PEG 20,000 in PBS. Place
the dialysis cassette in the bag and seal so that all the air is removed and the
entirety of the cassette is covered with PEG 20,000.

•

Incubate at 4°C until volume is reduced to a desired level.
•

The duration required to reduce volume is variable, and depends on the
amount of starting volume and the desired final volume. We typically
concentrate 10mL into 3mL in 4.5 hours. We recommend checking the
cassette for contraction after the first two hours, and then every hour
afterwards.
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•

Following PEG concentration, gently rinse the cassette in PBS to remove
external PEG.

•

Specifically rinse the injection port with 5mL of sterile PBS to remove any
remaining PEG.

•

Remove the virus by first injecting a small amount of air into the dialysis cassette
using a 10mL syringe with an 18-gauge blunt tip needle. Extract the virus, then
reload the syringe with 350µL of PBS and inject back into the dialysis cassette.
Gently palpate the cassette to remove any residual virus and collect using the
syringe.

•

Virus should be immediately aliquoted and stored at -80°C.

8.1.5.4 Titration of preclinical grade OrfV
OrfV titration by tissue culture infectious dose 50 (TCID50)
•

The TCID50 assay for OrfV is optimally performed using SSF cells, which are
permissive to OrfV and propagate at a relatively slow rate allowing time for
obvious cytopathic effect (CPE) before monolayers become overly confluent.
Additionally, SSF cells have an elongated phenotype common to fibroblasts thus
making the rounded CPE easy to visualize. See Figure 2A for representative
images of SSF cells infected with OrfV or left uninfected.

•

Plate SSF cells at 1e+04 cells per well in flat-bottomed 96-well plates in 180uL of
complete DMEM.
•

Ensure that cell viability is at least 95% by trypan blue staining
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•

Prepare serial dilution of virus stock in complete DMEM, ensuring enough
volume to infect 12 wells with 20µL volume. For a typical virus propagation, we
prepare dilutions up to 10-9.
•

It is ideal to titrate a virus stock that has been freeze-thawed once, as this
process can destroy infectious virus particles.

•

Infect 11 wells of SSF cells per dilution with 20µL, following the plate outline in
Figure 2C.

•

Incubate at 37°C, 5% CO2 and 21% O2 for 4-7 days.
•

We recommend monitoring the progress of infection every 24 hours by
brightfield microscopy.

•

Score each well in a dilution that shows CPE as positive and calculate the TCID50
using the Spearman-Karber calculation17. TCID50 values can be converted to
PFU by multiplication by a factor of 0.6916.

OrfV titration by plaque assay
•

Akin to TCID50, titration of OrfV is optimally performed on SSF cells. In addition to
the reasons mentioned above, SSF cells form confluent monolayers that resist
over-confluency and piling of cells long enough for OrfV plaques to become
clearly visible, as depicted in Figure 2B.

•

Plate SSF cells at 5e+05 cells in 2mL complete DMEM per well in a 6-well plate
and incubate overnight, or until cells reach 100% confluency.

•

Prepare serial dilution of virus stock in complete DMEM in sufficient volume to
infect wells with 500µL.
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o For a typical virus propagation, we prepare dilutions up to 10-9
•

Remove media from SSF cells and infect with 500µL of diluted virus. Ensure that
one well is mock infected with media only.

•

Incubate virus for 1 hour at 37°C, rocking plate every 10 minutes to ensure equal
coverage of virus.

•

Prepare 10mL of 1% low melting point agarose in sterile Milli-Q H2O and melt in
a microwave. Keep agarose in a fluidic state by incubating in a 56°C water bath
until use.

•

Prepare 10mL of 2x MEM, no phenol red, with 20% fetal bovine serum and 1x
penicillin streptomycin cocktail and equilibrate to room temperature.

•

Following 1 hour incubation, remove infectious media. Combine 1% agarose and
2x complete MEM at a 1:1 ratio and quickly apply 1.5mL to each well before
solidification occurs. Ensure that no bubbles form, as these will obstruct
identification of plaques by microscopy.

•

Incubate at 37°C, 5% CO2 and 21% O2 for 4-7 days, or until plaques are clearly
visible by microscopy.

•

Enumerate plaques at a dilution with 30-300 countable plaques and calculate the
PFU by the following formula:
PFU/mL = (number of plaques) / dilution x plating volume

Quantifying genome copy number by qPCR
•

The ability to detect and quantify OVs in tumors and off-target tissues is
extremely valuable for preclinical studies. Quantification of virus genome copy
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number by qPCR provides increased sensitivity and ease over TCID50 and
plaque assay for these types of experiments. We describe herein a method to
specifically detect and quantify OrfV virus genomes by qPCR using specific
primers and synthetic plasmids, using DNA harvested from purified virus stocks
as an example.
•

For virus DNA extraction from virus stocks, we recommend starting with at least
1e+08 virions.

•

Treat virus stock with RQ1 RNase-free DNase to digest contaminant genomic
cellular DNA
•

Add 10 U of DNase I plus 20 μl of Buffer 10X with MgCl2 to 170μl of virus
stock and incubate at 37 °C for 1 hour.

•

Stop the reaction by adding 20μl of stopping solution and incubating at 65
°C for 10 min.

•

Extract viral DNA using a commercial kit (e.g. PureLink Viral RNA/DNA Mini Kit,
Fisher Scientific, Cat#12280050), or by the method described below:
•

Add virus stock with 10µL of Proteinase K (20mg/mL) and 50µL of 10%
SDS to RNase-free, sterile PBS up to a volume of 500µL

•

Heat to 65°C for 2 hours in a heating block

•

Add equal volume phenol:chloroform:isoamyl alcohol and shake
vigorously

•

Separate phases by centrifugation at 15,000 xg for 10 minutes at 4°C
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•

Collect top aqueous layer containing viral DNA without disturbing the
interphase, which contains protein and phenol contaminants

•

Precipitate viral DNA by adding 2.5 volumes 100% ethanol and 1/10
volume 3M sodium acetate (pH 5.2), incubating at -80C for 1 hr to
overnight and centrifuging at 10,000 xg for 30 min. Quantify by Nanodrop
or Qubit fluorometric quantification

•

Purified viral genomic DNA can be quantified by qPCR, using the primers
provided in Table 1 and the standard plasmid in Figure 6. The standard plasmid
contains the target sequences for each primer pair.

•

Perform qPCR on isolated DNA with primers from Table 1 for OrfV detection,
following standard qPCR reaction requirements.

•

The virus genome copy number can be quantified by generating a standard
curve by diluting standard plasmid in Figure 6A, B, which contains binding sites
for each OrfV-specific primer pair and for which the copy number is defined. The
copy number of the standard plasmid (number per µL) can be calculated using
the formula: ((g/μl DNA)/(plasmid length in base pairs × 660)) × 6.022 × 1023. The
standard curve can then be used to calculate the viral genome copy number of
OrfV.

8.1.5.5 Timeline
•

Approximate time based on 50-plate virus propagation

•

Propagating SSF cells to 50 x15cm plates: 7-10 days

•

Virus infection: 4-6 days
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•

Virus harvest: 1.5 hours

•

Depth filtration: 1-4 hours

•

Tangential flow filtration: 2-5 hours

•

Iodixanol gradient purification: 4 hours

•

Dialysis: 12-16 hours (overnight)

•

PEG concentration: 4 hours

•

Titration for infectious units (TCID50, plaque assay): 4-7 days

•

Quantifying genome copy number: 6 hours

•

Total process: ~20 days

8.1.6 Troubleshooting
Extraction of OrfV from cell lysate and removal of cell debris
Cell lysate contaminants carried through the purification and concentration
processes can drastically impact titration of virus stocks and the outcome of in vitro and
in vivo experiments. Concentrated cellular proteins and DNA can cause death of cell
lines used for titration that resembles CPE, especially when using the TCID50 method.
This is less problematic in the plaque assay because the visual identification of true
virus infection is more easily differentiated. Cell death from contaminants can result in
artificially high titers, which in turn impact future experiments and propagations. In vitro
experiments performed with contaminated virus stocks are similarly affected. For
example, killing assays can be skewed if cell contaminants are lethal to cells, or if the
actual infectious dose is lower than the calculated value. The use of contaminated
stocks in preclinical models for vaccination or cancer can cause acute toxicities, and
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skew immune response data. The instructions detailed below highlight critical points in
the OrfV propagation and purification method that prevent accumulation cellular
contaminants in purified virus stocks and ensure consistency for experiments.
The infectious cycle of OrfV results in the majority of virus progeny being
produced as intracellular mature virions that do not bud from the infected cell, but
instead remain associated with internal membranes18. Some mature virus acquires a
second membrane and buds from infected cells, termed the extracellular mature virus,
but this is produced at a much lower ratio than the intracellular mature form19. The
majority of virus must therefore be released from cells, which occurs optimally by 3x
freeze-thaw combined with gentle sonication, which produces a high amount of
contaminant cell debris. Vigorous sonication can lead to rapid heating of the sample, so
it is strongly advised to avoid high amplitudes, include rest cycles and always sonicate
sample while on ice. To ensure cellular debris is not carried through the filtration
process, where it can clog both the depth filter and the TFF cassette, it is essential to
centrifuge sonicated pellets at 6,000 xg for 30 minutes as per the protocol above.
Failing to do so will result in extremely long filtration times, and possible clogging of
filters. In addition, contaminants carried through filtration can cause improper separation
of virus from cellular debris during gradient ultracentrifugation. We have observed large
bands being pulled to the bottom of the 50% iodixanol gradient, which contain large
quantities of virus, if the centrifuge step described above is excluded or reduced in
speed or duration. Additionally, we do not recommend using virus directly from TFF
elutions for experiments without further purification through an iodixanol gradient. TFF
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concentrates some contaminants along with virus, which can be detrimental to both in
vitro and in vivo experiments.
Controls for virus titration
Uninfected cells: Both the TCID50 and plaque assays should contain wells with
uninfected cells. For the TCID50, an entire row can be committed to this control with
ease by using a multichannel pipette. For the plaque assay, an uninfected control well
must be included in each plate as overheated agarose, poor nutrient delivery and other
factors can lead to cell death. Ensure that all wells are given identical volumes of media
as infected wells.
Titration standard with known stock: To confirm the quality of virus titration, we
recommend titrating a known and trusted standard virus stock in parallel with titration
assays. Standard virus stocks should be stored in small volume aliquots to prevent
multiple freeze-thaws.
Testing new virus batches in naïve and tumor-bearing animals
Each new batch of OrfV should be tested for toxicities in vivo, especially if OrfV is to be
delivered intravenously. Contaminants carried through the purification and concentration
process can lead to acute toxicity. Mice treated with low-quality batches of OrfV require
euthanasia anywhere from several minutes to 48-hours following intravenous virus
delivery. Mice may have a combination of symptoms including lethargy, hunched
posture, ruffled fur, labored breathing and pinched faces, but adhere to your institution’s
animal care guidelines. We have never observed neurological signs following systemic
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administration of OrfV, even at doses as high as 5e+08 PFU. For preclinical cancer
models, we strongly recommend conducting this quality control test in animals bearing
the experimental tumor model, preferably at the same disease state as experimental
treatment is planned. This ensures that virus is safe in mice that may have
compromised immune systems due to cancer burden, and factors in dose amplification
from tumor-specific replication of the virus.
8.1.7 Anticipated Outcomes
Selection of propagation cell lines
To determine an optimal cell line to produce OrfV, we conducted single step growth
curves on sheep skin fibroblasts (SSF15), sheep testes cells (OA3.T, ATCC CRL-6546),
ovine fetal turbinate cells (OFTu) and human embryonic kidney cells (HEK293). Growth
curves for each cell line were performed in experimental triplicate at a multiplicity of
infection of 5 using the same virus stock for inoculation, and intracellular and
extracellular virus was collected at 12, 24, 48, 72 and 96-hours post-infection (Figure
7A). To calculate the optimal cell line for producing OrfV, we calculated the area under
the curve for all cell lines (Figure 7B). Both the SSF and OA3.Ts produced the highest
titers of OrfV, with no significant difference between the two cell lines. OFTu and
HEK293 cells produced significantly less virus than SSF and OA3.T, but did not differ
from each other. We recommend production of OrfV on SSF cells, despite OA3.Ts
supporting productive virus replication. OA3.Ts are more difficult to culture and have
slower replication kinetics than SSF cells (data not shown). Indeed, we have found that
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the quality of OA3.Ts cells greatly diminishes after 10 passages in cell culture, which is
not the case with SSF cells.
Typical Batch Yields
To determine the typical batch yield of OrfV using this method, we produced twelve
batches and titrated them by TCID50. The mean total virus yield was 4.06e+09 PFU, SD
2.55e+09, factoring in a 50 x15cm plate propagation (Figure 8A). Given the mean total
virus yield, a single OrfV propagation can generate approximately 80 doses at 5.0e+07
PFU per dose, which is generally what we delivery to mice in preclinical cancer models.
Additionally, PEG concentration allows for each dose to be delivered in a small volume.
Given the mean total virus yield of 4.06e+09 PFU, PEG concentration to 2mL total
volume enables delivery of 5.0e+07 PFU per dose in 25µL; which is an ideal volume for
intratumoral delivery.
Virus Recovery from Filtration Steps
To confirm that depth and tangential flow filtration are applicable to OrfV, we took
samples from multiple propagations and titrated them. The mean percent total virus
recovery following depth filtration was 85.45% SD +/-4.03, compared to input virus
(Figure 8B). For the TFF, we collected samples from the waste and three consecutive
elutions. Through four independently tested propagations, virus was never detectable in
the waste (data not shown). The vast majority of virus was collected in the first elution
(Figure 8C), with approximately 10% of input virus captured during the second elution
and 3% in the final third elution. Using this information, we recommend carrying forward
to gradient purification with the first and second elution only.
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Confirmation of primers and standard plasmids for pPCR
To quantify OrfV genome copy number in virus stocks and detect OrfV genomes in
experimental samples, we designed three independent primer pairs targeting genes for
the main virus polymerase subunit, the virion core protease and a DNA-binding
phosphoprotein (Table 1.). Each primer pair was tested by standard PCR for
amplification from purified OrfV genomic DNA (Figure 9). Next, all three target regions
were synthesized into a single plasmid (pUC57_OrfV_STD, Figure 6A, B), which was
used to generate a standard curve for detection and quantification of OrfV in samples
(see Quantifying genome copy number by qPCR).
In conclusion, the detailed methods presented here provide research with the tools to
produce OrfV stock of high concentration and purity for use in preclinical models of
vaccination and cancer therapy. Researchers will also find detailed methods for
detecting and quantifying OrfV genomes in virus stocks and experimental samples. We
hope that these methods will contribute the advancement of OrfV as a vaccine and
oncolytic vector platform.
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8.1.8 Figures

Figure 1. Workflow of the experimental procedure for infection, harvesting and purifying OrfV.
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Figure 2. A. Cytopathic effect generated by OrfV infection of SSFs over a 72-hour period. SSFs
were infected with an MOI=0.1 and imaged every 24 hours by brightfield microscopy. B.
Typical OrfV plaque phenotype on SSF cells. SSF cells were infected with serial dilutions
a known OrfV stock, overlaid with 1% agarose + complete MEM and monitored for five
days before visualization by brightfield microscopy. C. Typical plate set up for a TCID50
titration assay. Green wells depict positive scoring of infected cells, with this example
yielding a titer of 1.77e+08 pfu.
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Figure 3. A typical set up for the depth filtration process. Critical components including the
intake, pump, pressure gauge, filter and waste container are labeled.
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Figure 4. A typical set up for the tangential flow filtration process. Critical components including
the pump, reservoirs, pressure gauges, filter and waste container are labeled.

Figure 5. Typical banding pattern of OrfV through a 10%, 25% and 50% stepwise iodixanol
gradient following ultracentrifugation. The first tangential flow filtration elution was
overlaid on the 10% layer and samples were centrifuged at 80,000 xg for 3 hours. The
band containing purified OrfV is marked.
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Figure 6. A) Plasmid map of the pUC57_OrfV_STD used for generating standard curves. B)
Expansion showing the target sites with reference to the corresponding virus open
reading from. Primers pairs are shown in blue and with amplicons in green including the
length in base pairs.

Figure 7. Single-step growth curve of OrfV on OA3.T, SSF, OFTU and HEK-293 cell lines. Cells
were infected with OrfV at an MOI=5. Cell lysates were collected at 12, 24, 48, 72 and 96
hours post infection and crude virus harvests were prepared by 3x freeze-thaw followed
by centrifugation. Data represents experimental triplicate for all time points and virus
was titrated by TCID50 on SSFs.
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Figure 8. A. Expected total virus yields normalized to a 50-plate propagation. Total virus was
determined for each batch following the entire purification and concentration process,
representing n=12 replicates. B. Percent total recovery of OrfV from depth filtration,
relative to input virus. Data was generated from three independent experiments, and
input and output samples were titrated in duplicate. C. Percent total recovery of OrfV
from each tangential flow filtration elution, relative to input virus. Data was generated
from four independent experiments, and input and elution titers were performed in
duplicate. All data shown was titrated by TCID50 on SSF cells.

Figure 9. Expected PCR bands resulting from each of the three OrfV qPCR primer pairs designed
for qPCR quantification of OrfV genomes.
420

Table 1. OrfV-specific primer pairs for genome copy number quantification by qPCR.
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