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Abstract

Vaccinia virus has a large and still incompletely understood genome although several strains of
this virus are already in clinical development. For the most part, clinical candidates have been
attenuated from their wild type vaccine strains through deletion of metabolic genes like the viral
thymidine kinase gene. In the present work, we thoroughly examined the genetic elements of

vaccinia which could be modulated to improve tailor the virus as a cancer therapeutic. Using a

variety of cancer cell lines and primary tumor explants, we performed a fitness assay that directly

compares multiple wild-type Vaccinia strains to identify the genetic elements that together create

an optimal “oncolytic engine”. Using a transposon insertion strategy and deep sequencing of
viral populations we systematically examined Vaccinia genes that do or do not play a role in the
therapeutic activity of the virus. Our studies allowed us to identify a variety of genes in the
vaccinia genome that when deleted, augment the oncolytic activity of a newly engineered
Vaccinia virus. In the context of this thesis, | define enhanced oncolytic activity as superior
therapeutic activity, increased immunogenicity and an improved safety profile, all aspects which

we used to compare this novel virus to Vaccinia viruses currently in the clinic.
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Chapter 1 — Introduction

Preface

This thesis describes the work that | have done in the Bell Lab as a Ph.D. candidate. The
results will be divided into two chapters; the first tests the effect of deleting a virally
encoded apoptosis inhibitor on cancer therapy. The second chapter outlines the bio-
selection and engineering of a VVaccinia oncolytic virus for cancer therapy.

This chapter serves as an introduction, outlining relevant literature and
background to cancer biology, oncolytic viruses and using Vaccinia virus as a

therapeutic.

The Problem

Malignant tumors are composed of uncontrollably proliferating cells that have
undergone fundamental and permanent genetic changes [1]. These changes include
avoiding anti-proliferative regulation, inducing angiogenesis and evading immune-
mediated clearance. Although much has been achieved in terms of research and
treatment, cancer is responsible for 75,000 Canadian deaths annually [2]. When cancer
invades and forms metastatic foci [3], patients present with unique therapeutic
challenges —the quality of life and overall survival are often decreased, and
unfortunately, treatment can become refractory [4]. Although effective in some cases
[5], current treatment options include the use of non-specific chemotherapies, which

often lead to severe, sustained treatment side effects while remaining unsatisfactory in



terms of efficacy [6]. Initiation of tumorigenesis, as well tumor progression, are
heterogeneous between various cancer types and between patients with the same tumor
type [7]. For this reason, most standard of care therapies which focus on a single
molecular target fail to achieve success. There is a clear demand for novel cancer
therapeutics with increased specificity and reduced toxicity that can target the tumor on

multiple fronts.

The Solution: Oncolytic viruses as Cancer Therapeutics

In the late 1800s, cancer remissions were observed in patients sick with other
malignancies, including naturally occurring viruses [8]. This eventually led to research
on the topic of oncolytic viruses (OVs), which are viruses engineered to selectively
infect and Kill cancer cells while leaving normal cells intact [9] and can be delivered
systemically in patients [10]. These viruses can achieve this by exploiting multiple

malignant features common in cancer cells.

Anti-viral response in Cancer

Interferons (IFNs) are signaling proteins (i.e. cytokines) expressed by both
normal and immune cells. These cytokines bind to their respective receptors and trigger
the Janus kinase (JAK)-Signal Transducer and Activator of Transcription (STAT)
pathway. In response to IFNs, cells begin transcribing interferon-stimulated genes
(ISGs) which serve to both amplify and control the signal [11]. Type I IFNs, which
include paralogues IFNa and IFN, are the main signaling response associated with a

viral infection. ISGs, produced as a result of type I IFN signaling, induce an anti-viral



and anti-proliferative state in both infected and nearby uninfected cells [12]. Since
proliferation is a hallmark of cancer [1], it is unsurprising that incompatible anti-
proliferative signaling such as IFN is defective in many cancers [13]. Moreover, immune
cells in cancer patients show decreased ability to produce and respond to IFN signaling,
suggesting tumors are inducing systemic immune slowdown. This study also revealed
basal 1SG levels to be significantly lower in cancer patients, suggesting susceptibility to
viral infection. [14]. In melanoma patients, IFN signaling is impaired due to low levels
of the IFN receptor and restoring IFN receptor levels in mice showed delayed tumor
progression [15]. In some tumor types, maintenance of a proliferative state has been
correlated to active Wnt signaling [16], which also directly suppresses an anti-
proliferative and anti-viral state induced by IFN [17]. Similarly, active Notch signaling
in tumors was shown to shape immune function in the tumor microenvironment [18]
with Notch ligands implicated in regulating anti-viral response [19].

OVs take advantage of this immune deficiency in cancer, selectively targeting
and destroying tumors cells [20]. These viruses are typically attenuated in some form,
allowing them to replicate in cells deficient in interferon-mediated antiviral response
[21]. One example, Vesicular Stomatitis Virus (VSV), was shown to replicate poorly in
normal cells, but not cancer cells, are pre-treated with IFN. A screen of VSV mutants
revealed a strain mutated in the 51% codon position of the M protein that preferentially
replicates in cancer cells [22]. In order to ensure this mutant VSV does not revert back to
wild-type, deletion of the 51% codon of the M protein was engineered into a now broadly
used oncolytic VSV virus [23]. A similar screen and approach have been used in the

case of Maraba virus, to generate a tumor-selective version called MGL1 [24]. Both



rhabdoviruses have broad tissue tropism, given that their entry receptor LDLR is
ubiquitously expressed on most cell types [25]. As a consequence of their selectivity to
IFN deficient tissues, these viruses cannot replicate and are rapidly cleared from normal
tissues but thrive in cancer cells.

Although promising, OVs dependent on deficient IFN signaling can fail to
replicate in cancerous tissue and control tumor growth. This may be due to tumor
heterogeneity both between patients and within a patient’s tumor [26]. For instance,
certain tumors maintain a small basal level of interferon signaling or can induce
interferon production upon viral sensing [27]. This causes OVs reliant on interferon
deficiency to be quickly cleared from the tumor microenvironment before any

substantial replication or tumor lysis can take place.

Cancer proliferation as an OV target

Presence of interferon signaling in some tumor types has turned attention to
Vaccinia virus (VacV), a dsDNA orthopoxvirus which encodes an array of genes
blocking IFN signaling [28]. Since this allows the virus to replicate in cancer cells with
interferon signaling, versions of VacV have been engineered as OVs and are currently
tested both pre-clinically and clinically [29]. One of the most common methods to
attenuate VacV includes the deletion of the viral thymidine kinase (TK) gene [30], an
enzyme involved in nucleotide metabolism. This is thought to restrict the virus to
proliferating tissue, namely cancer cells where TK levels are typically higher than those
in normal tissues [31]. In fact, the first TK deletion in a virus that dates back to the

1990s when herpes simplex virus (HSV) TK knockout (TK-) was used successfully in a



glioblastoma model [32]. Interestingly, the only FDA approved OV T-Vec is a herpes
dsDNA virus that has intact TK, presumably as means to stop viral infection with the
use of drugs such as acyclovir which target HSV TK activity [33].

Although VacV is relatively safe, as a smallpox vaccine and OV, this virus has
been shown to replicate off target. For instance, some patients receiving higher doses of
VacV TK- intravenously have developed pox lesions which later resolved themselves
[34]. This is unsurprising, as cancer cells are not the only proliferating cells in human

patients, others including keratinocytes, hepatocytes and immune cells [35].

Tumors generate an immunosuppressive microenvironment

Aside from impaired inflammatory pathways such as IFN, another feature of
the tumor microenvironment is immune-suppressing signaling. In fact, tumor signaling
has been shown to recruit myeloid progenitor cells to the tumor microenvironment
which contribute to carcinogenesis [36]. Upon establishment, tumor cells continuously
produce secreted factors, such as M-CSF, G-CSF and VEGF, which create a gradient
causing myeloid progenitor cells to leave the bone marrow and enter circulation,
eventually being recruited and becoming residents of the tumor microenvironment [37].
These cytokines along with growth factors constantly secreted by tumor cells cause
myeloid progenitor cells to differentiate into tumor-associated immune-suppressing cells
such as tumor-associated macrophages (TAMs) [38]. Healthy myeloid cells are an
important component of the innate immune system, performing functions such as
phagocytosis and antigen presentation. Once recruited to the tumor, myeloid cells stop

performing their normal function and contribute to immune suppression. Immune



suppression of recruited myeloid cells can happen through various mechanisms, such as
the production of inducible nitric oxide synthase (iNOS), arginase-1 (ARG1), and
indoleamine 2,3 deoxygenase (IDO) [39]. These enzymes have previously been shown
to suppress T cell-mediated adaptive immune responses [40]. Myeloid progenitor cells
recruited to the tumor can also differentiate into myeloid-derived suppressor cells
(MDSCs), another immune population involved in suppression by the production of
secreted anti-inflammatory cytokines, such as IL-10 and TGFp [41]. This promotes the
recruitment of other immune-suppressing cells such as regulatory T cells (Tregs) [42].
Importantly, MDSCs are not observed in healthy individuals but highly abundant in the
tumor microenvironment promoting both immune suppression and resistance to anti-
cancer therapy [43]. Signaling from cancer cells and immune cells in the tumor
microenvironment induce and maintain constant immune suppression, successfully
allowing tumors to escape immune surveillance by efficiently blocking anti-tumor
immune activation [44].

Immune checkpoint inhibitors are a fairly recent discovery and a trending
research in the field of cancer immunotherapy. The first immune checkpoint described
and characterized as important in anti-tumor immune evasion is cytotoxic T-lymphocyte-
associated protein 4 (CTLA4) [45]. In order to prime a T cell-mediated immune
response, antigen-presenting cells (APC) interact with T cells by both display of
antigens and engagement of CD28 receptors on T cells with CD80 and CD86 activating
ligands, a critical step for T cell stimulation [46]. CTLA4 prevents this latter interaction
through its higher affinity in binding CD80/86 compared to that of CD28, therefore

sequestering an APC signal needed for T cell stimulation [47]. Regulatory T cells



recruited to the tumor microenvironment suppress T cell activation by abundant CTLA4
production and can be blocked by using antibodies targeting CTLA4 [48]. Recent work
has shown that CTLA4 blockade using monoclonal antibody therapy enhances T cell
priming by increasing the number of new tumor neoantigens detected by T cells.
Interestingly, T cells already recognizing tumor antigens prior to anti-CTLA4 therapy
did not increase in frequency, suggesting enhanced priming but not boosting of T cells
[49]. A second checkpoint, programmed cell death protein 1 (PD1), was found to be
expressed on activated T cells and shown to “switch oft” T cells when interacting with
its ligand PDL1 in the context of autoimmunity [50]. Tumor cells have now been shown
to respond to immune activation signals by expression of PDL1 on their cell membrane
which allows them to escape immune-mediated clearance by inactivating T cells [51].
Detailed analyses at the single-cell level reveal how engaging immune checkpoint
receptors on T cells leads to their exhaustion that is only partially reversible using
checkpoint blockade [52]. Importantly, treating with antibodies against both checkpoints
simultaneously is synergistic in some tumor types [53]. Presence of checkpoints and
other immune-suppressing mechanisms in the tumor creates an environment highly

susceptible to viral replication [54].

Oncolytic viruses can reverse cancer-induced immune-suppression

OVs have been recently shown to strongly synergize with immune checkpoint
blockade (e.g. HSV [55], VSV [56] and VacV [57]). When OVs replicate in the tumor
and lyse cancer cells, this triggers an immunogenic response both in tumor cells and

infiltrating immune cells. Firstly, tumor and immune cells can sense OVs through a



pathogen-associated molecular pattern (PAMPs). For instance, dSRNA in the cytoplasm
made by replicating oncolytic rhabdoviruses is sensed by RIG-I and other RIG-1 like
receptors (RLR) [58], while dsDNA in the cytoplasm of Vaccinia infected cells is sensed
by cyclic GMP-AMP synthase (cGAS) and can induce type | IFN response through
IRF3 activation [59]. Secondly, infected cells produce damage-associated molecular
patterns (DAMPs), such as Calreticulin exposure or HMGB1 and ATP release [60].
These are sensed by infiltrating immune cells which produce type | and Il IFNs, along
with other activating cytokines [61]. Consequently, OVs change the immune
composition and function of the tumor microenvironment through recruitment of
activated immune cells, such as APCs and T cells, and the impairment of Treg and
MDSC mediated suppression [62]. These mechanisms have been shown to promote
synergy of OVs with immune checkpoints [63].

Other strategies to overcome the immunosuppressive tumor microenvironment
include encoding immune-stimulating transgenes in viruses. One transgene, Fms-like
tyrosine kinase 3 receptor ligand (FLT3LG), when administered systemically as a
recombinant protein has been shown to induce dendritic cell differentiation and
recruitment to the tumor [64]. An HSV virus encoding FLT3LG has shown increased
therapeutic potency compared to HSV without transgenes in a murine established glioma
model [65]. A different study has shown that Adenovirus expressing FLT3LG works
well as a vaccine adjuvant, but not as a treatment of pre-established tumors in a murine
colon cancer model [66]. Similarly, Vaccinia expressing E6/E7 HPV neo-antigens has
been found to induce a stronger response against E6/E7 when also expressing FLT3L,

better controlling E6/E7 tumor growth [67]. Interestingly, a study found VSV to infect



dendritic cells (DC), an important class of antigen-presenting cells when administered
systemically. The authors argued that encoding FLT3LG in VSV restores DC activity,
showing better survival in a few murine models using the transgene expressing virus
[68]. Although OVs expressing FLT3LG have overall been shown to have improved
activity, the mechanism and context of this improvement seem to be model-dependent
(virus and tumor type).

Another example of overcoming cancer-induced immune suppression is
through the use of cytokines, such as Interleukin 12 (IL12). Interleukins are cytokines
secreted as signaling molecules by immune cells, with recombinant IL12 being used
clinically and shown to activate both Natural Killer (NK) and T cells in the tumor
microenvironment [69]. Encoding IL12 into an HSV backbone has been shown to be
beneficial in several models where OV treatment of tumor-bearing mice with this virus
has shown better T cell activity and less suppressive Treg activity as a mechanism for
better survival in a glioblastoma model [70]. Similarly, an oncolytic measles virus
expressing 1L12 has shown better T cell activation and potent induction of anti-tumor
immunity in a murine colon cancer model [71]. Combining HSV expressing 1L12 with

immune checkpoint blockade further shows synergy in terms of cancer therapy [55].

Vaccinia as a therapeutic agent

Vaccinia is a poxvirus from a large family of DNA viruses encoding an arsenal
of immune-modulating genes that can overcome multiple anti-viral strategies.
Differences in virulence genes between poxviruses decide host tropism post viral entry,

allowing some poxviruses to replicate and persist in a human tumor microenvironment



[72]. An advantage of using VacV as a therapeutic is its replication life cycle. Vaccinia
viruses encode their own genome replication and RNA transcription machinery, which
functions in the cytoplasm. This minimizes the risk of viral DNA integration in the host
[73]. Furthermore, several different methods have been recently developed to engineer

recombinant Vaccinia viruses expressing transgenes or deletions of viral genes [74].

Vaccinia virus is globally famous for being used by the World Health
Organization as the first successful vaccine in the eradication of smallpox in 1977. This
successful campaign saw the use of different VVaccinia strains in people worldwide,
attributing a relatively safe profile to this virus [75]. Of course, different VVaccinia strains
were not equally safe, some causing major side effects and rarely fatalities in
immunocompromised people [76]. For this reason, smallpox vaccinations have stopped
after the eradication of the disease, which paves the way for Vaccinia to be used as

systemic therapy, with little prevalence of antibodies in the general population [77].

Aside from their use as smallpox vaccines, Vaccinia and other poxviruses have
also been used therapeutically as vaccines against non-poxviral antigens [78] and as
oncolytic agents for the treatment of aggressive tumors [79]. A very popular Vaccinia
used as a vaccine in pre-clinical and clinical studies is Modified Vaccinia Ankara
(MVA) [80]. MVA is the result of 500 passages of a virus called Chorioallantois
Vaccinia virus Ankara (CVA) in chicken embryonic fibroblast tissue for the purpose of
creating a smallpox vaccine in the 1970s [81]. The creation of MVA through serial
passaging lasted decades and resulted in a virus with restricted tropism, poorly
replicating in mammalian cells [82] thus limiting it’s use as an OV. MVA has also been

shown to trigger potent immune responses and is currently tested as a vaccine for a wide
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variety of pathogens, including HIV [83]. Other uses of Vaccinia include its study as a

model pathogen in anti-viral innate and adaptive immune response formation [84].

Life cycle and biology
Vaccinia is the prototype orthopoxvirus studied for its biology and therapeutic

potential. The dsDNA genome is approximatively 200kb encoding for roughly 200
genes (1 gene/kb). The middle of the genome is highly conserved among poxviruses,
encoding genes needed for virion morphogenesis and transcription, while the extremities
of the genome are more variable and typically encode virulence factors determining host
range [85]. A diagram representing the structure of the Vaccinia genome in terms of

location and known function of Vaccinia genes can be found in Figure 1.1.
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Figure 1.1: Overview of Vaccinia genome features.

Circular representation Vaccinia Copenhagen strain genome (GenBank Accession #
M35027). Genes are color-coded according to their functional role curated from the
literature [86]. Forward sense genes are showing on the outside of the circle and end in
“R” while reverse sense genes are shown on the inside of the circle and end in “L”.
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Structurally, virions are typically 200-300nm in size and are composed of 80 different
viral proteins, 30 of which are on the surface of the virion [87]. There have been several
entry receptors identified [88], however recent work also shows the virus to be capable
of cell entry without the use of a receptor through macropinocytosis [89]. Analysis of
Vaccinia transcriptome dynamics has revealed two classes of early genes, a class of
intermediary genes and a class of late genes [86]. Upon entry, early viral mMRNASs begin
to be transcribed by early transcription factors packaged in the virion [90]. Most of these
genes are known to suppress innate anti-viral response [91] and skew translation from
host MRNA to viral mRNA [92]. Some of the protein products of early genes are late
transcription factors which begin their activity during viral DNA replication and encode
mostly virion membrane proteins, but also early transcription factors which then get
packaged into the virion [93]. The structure of early and late promoters has been defined
which allows engineering of transgenes expressed either early, late or throughout the
viral lifecycle [94]. Virions bud out of infected cells in two forms, as mature virions
(MV) that spread to nearby cells and enveloped extracellular virions (EEV), which can
spread between tissues as well as from host to host [95]. The latter form accounts for a
small percentage of virion progeny and can be increased by introducing a few mutations
[96]. EEVs are less susceptible to immune recognition of antibody neutralization as they
have a second envelope formed from the host plasma membrane, having fewer virion

proteins compared to the MV form [97].

Virulence factors
One of the most striking features of VVaccinia is that roughly one-quarter of its

200kb genome which encodes for virulence factors expressed immediately after viral
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infection [86]. These genes which are found at the genome extremities are incredibly
redundant, such that removing one or a few of these genes may not result in an in vitro
phenotype [98]. This is likely due to several genes targeting the same anti-viral pathway.
For instance, initiation of interferon signaling, the main cell-intrinsic anti-viral response,
is blocked at the level of cytosolic viral DNA sensing by stimulator of interferon genes
(STING) [99] and DNA-PK [100]. If this strategy fails, the downstream effect of cellular
sensing of the virus is interferon regulatory factor 3 (IRF3) phosphorylation, which can
be blocked by a different set of virulence genes [101-103]. If this fails too,
phosphorylated-IRF3 will translocate to the nucleus and begin transcription of type |
interferon, a secreted cytokine meant to alert uninfected cells of viral presence, for
which Vaccinia encodes a soluble inhibitor [104]. Lastly, Vaccinia virions are pre-
packaged with proteins able to stop active interferon signaling upon infection [105].
Another common anti-viral immune signaling pathway is through activation of
the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) transcription
factor [106]. Similar to inhibition of interferon signaling, NF-xB activation is blocked by
Vaccinia virulence factors at the Toll-like receptor (TLR) sensing stage [107, 108].
Other genes block NF-«B activation sterically [109], block NF-kB translocation to the
nucleus [110], and yet unknown genes can block NF-kxB activity even post-nuclear
translocation [111]. The above literature on Vaccinia genes inhibiting host anti-viral

factors is summarized in Figure 1.2.
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Figure 1.2: Overview of Vaccinia genes known to counter anti-viral response.

Summary of Vaccinia genes shown in the literature [28] to inhibit various steps of
interferon and NF-«xB signaling. Vaccinia genes are shown in red while host genes
shown in green and blue circles, where green is indicative of expression in normal
tissues while blue in cancer tissues. Host genes with white circles (e.g. cGAS) have very
low baseline expression in either normal or cancer cells.
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Aside from the multitude of mechanisms that counter anti-viral response,
Vaccinia, like other viruses also modulates host transcription and translation [112]. One
strategy the virus employs is mMRNA degradation via two virally-encoded decapping
enzymes D9 and D10. These not only prevent viral dSRNA accumulation, which can
activate protein kinase R (PKR) mediated translational shutdown, but also induce host
MRNA degradation [113]. Namely, this impairs global host translation by increasing the
turnover rate of host and virus mRNA. Ultimately, this strategy is short-lived as D9
decapping enzyme is only expressed early during infection [114] while D10 activity is
inhibited by the accumulation of uncapped mRNA [115]. Past the early stage at 4h post
Vaccinia infection, viral mMRNA accounts for up to half of all mMRNAs [116]. During this
time, viral transcription switches to intermediary and late viral mRNA that are poly-
adenylated at their 5” end [117]. The difference between 5 end of early and late viral
MRNA highlights a second strategy the virus employs to control cellular translation at a
late stage of viral lifecycle. It has recently been reported that a highly conserved kinase
in poxviruses, B1, phosphorylates serine/threonine residues in the human small
ribosomal subunit protein, the receptor for activated C kinase (RACK1). As a
consequence, RACK1 has increased affinity towards mRNA with poly-A sequences in
their 5° UTRs, namely late viral mMRNAS [92]. While Vaccinia uses decapping to prevent
translation of host mMRNA early during infection, it then shifts ribosome affinity away
from host mMRNA and towards late viral transcripts.

Unsurprisingly, the ability of this virus to block different steps of the same
pathway makes most virulence genes redundant and lacking in phenotype when deleted

alone in vitro where infection conditions are optimal. However, bigger differences are
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noticed in vivo in murine models where single gene deletions may have an impact on
virulence and adaptive immune response formation [118-120]. Furthermore, although
different VVaccinia strains are highly similar to each other at the nucleotide and gene
content level [121], their virulence in mice differs substantially [122]. Lastly, the high
level of redundancy is likely contributing to the broad host tropism of Vaccinia since
there are differences in anti-viral response strategies among different species [123].
Perhaps the offensive arsenal of Vaccinia virulence factors is a beneficial characteristic

in terms of infecting highly heterogeneous tumors discussed in previous sections.

Oncolytic Vaccinia
Vaccinia is an orthopoxvirus which has advanced to a Phase 111 clinical trial

(PHOCUS) for the treatment of liver cancer (Clinical Trial NCT02562755). It is an
attractive oncolytic virus (OV) candidate since relatively few modifications are required
to make the virus safe for use in human trials [77]. The use of this virus as a tumor-
killing virus dates back decades ago when it was shown that melanoma tumors can

regress when treated directly with Vaccinia [124].

Targeting Vaccinia to the tumor

Although the Vaccinia virus has a natural affinity to infect cancer cells due to
their active metabolism, further modifications are required to promoter onco-selectivity.
A popular strategy for generating oncolytic Vaccinia virus relies on the deletion of
metabolic genes [125] which increases selectivity for highly metabolic tissues such as
tumors. The most popular choice is the deletion of viral TK, which is currently the
Vaccinia candidate in a Phase 111 clinical trial [126] (of note: an August 2", 2019 news
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release by SillaJen revealed a futility analysis recommended discontinuation of the
clinical trial). TK is involved in nucleotide metabolism and high pools of this enzyme
are found in replicating tissues, which are found in cancer cells. Therefore, the deletion
of Vaccinia TK restricts viral replication to cancer cells. The drawback of this strategy is
the presence of highly metabolic non-cancerous tissues, such as hepatocytes, as well as
low metabolic activity, such as hypoxic cancer niches. Furthermore, some patients
treated with higher doses with Vaccinia TK- have developed pox lesions indicating the
ability of this attenuated virus to replicate off-target [34]. Aside from TK but in a similar
manner, other Vaccinia nucleotide metabolism genes (ex. RR) have been inactivated in
an attempt to promote cancer cell selectivity [127].

In addition to metabolism genes, both TK and Vaccinia Growth Factor (VGF)
have been deleted in Vaccinia virus WR generating an OV known as vwDD, currently
used both pre-clinically [128] and clinically [129]. VGF is an Epidermal Growth Factor
homolog, thought to be secreted by the virus in order to stimulate DNA synthesis and
cell proliferation through EGF receptor (EGFR) binding in a both autocrine and
paracrine manner [130]. Since cancer cells proliferate and exhibit active EGF-EGFR
signaling [131], deletion of Vaccinia VGF was thought to further enhance viral onco-
selectivity. Recently, however, VGF was also implicated in viral spread by promoting
cell motility and its deletion was shown to attenuate viral plaque size and spread in
cancer cells [132], decreasing OV potency. Furthermore, although VGF deletion does
increase onco-selectivity, vvDD is also commonly detected in mouse ovaries after
systemic administration [133]. This suggests that targeting Vaccinia based on both

metabolism and proliferative signaling can still fail to avoid off-target effects. Lastly,
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similarly to TK targeting, not all tumors are positive for EGFR signaling due to cancer
heterogeneity [134].

More recently, deleting Vaccinia mMRNA decapping enzymes have been
proposed as a method to generate a tumor-selective Vaccinia OV [135]. Vaccinia
decapping enzymes D9 and D10 play an important role in de-stabilizing host mMRNA and
promoting viral MRNA translation [136]. Deleting these enzymes from Vaccinia impairs
viral spread even in cancer cells and induces anti-viral response [113].

To create a more robust virus, a better understanding of the poxvirus genome
is needed for novel strategies in engineering tumor-specific Vaccinia OV. Like most
viruses, Vaccinia has developed its gene repertoire to infect non-cancerous tissue and
spread from host to host [137]. Targeting the virus with the methods discussed above are
not only failing to reduce off-target replication but also impair viral dissemination in
cancerous tissue. Since OVs can also be used to encode therapeutic cargo, OVs need to
be able to spread well and persist in the tumor microenvironment. A better

understanding of Vaccinia can help increase its efficacy and appeal for clinical use.

Enhancing Vaccinia immunogenicity

Traditionally, the first OVs were generated for the sole purpose of tumor cell
lysis [138]. As the field of immunotherapy evolves, OVs are increasingly viewed as
tools that can stimulate the immune system and synergize with other immunotherapeutic
agents [139]. It is becoming clear that OVs armed with therapeutic payloads can
stimulate the immune system and lead to long-term remissions [140]. Vaccinia is

inherently immunosuppressive, encoding genes which can block immune cell signaling,
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thereby allowing the virus to remain stealthy [28]. To further explore Vaccinia immune
suppresion, a version of vwDD was further deleted for B18R (type | interferon
suppressor) and A48R (NF-xB suppressors). The resulting virus, WR delta-4, has been
shown to be more immunogenic and better at controlling tumor growth [141].
Unfortunately, there is a great deal of redundancy in the Vaccinia genome, with multiple
viral genes targeting the same pathway, making it complicated to study gene knock-outs
[98].

A trending approach to enhance Vaccinia anti-tumor capabilities involves
encoding therapeutic payloads in the virus. For instance, the Vaccinia virus currently in
Phase 111 clinical trials encodes the Granulocyte-macrophage colony-stimulating factor
(GM-CSF) [126]. GM-CSF is a cytokine that promotes differentiation of myeloid cells
and has been used as a therapy in cancer patients being administered as a recombinant
protein, which resulted in immune-activation, but also immune-suppression [142].
Recent studies on kidney cancer showed this GM-CSF encoding Vaccinia to prime the
tumor microenvironment for immunotherapy [143]. Similarly, a vwvDD encoding 1L-15
has been used in various pre-clinical models and shown to have superior induction of
adaptive anti-tumor immunity [144]. Clinically, systemic administration of cytokines has
shown promise at the expense of toxicity in a dose-dependent manner [145]. In order to
prevent a secreted cytokine encoded in vwvDD from leaking systemically, a vwDD
version encoding membrane-bound IL-2 was tested. When compared with vwDD
encoding secreted IL-2, the virus encoding membrane-bound IL-2 was less toxic, had

similar efficacy and localized the IL-2 cytokine in the tumor microenvironment [146].
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Other cytokines, such as CXCL11, have also been encoded into a VVaccinia backbone

and shown to induce the recruitment and activation of tumor-specific T cells [147].

Combination of Vaccinia with other therapies

A large portion of patients enrolled in OV clinical trials have previously
undergone some form of standard cancer therapy [148]. To evaluate the effect of such
therapies on viral replication, Vaccinia virus has been tested in various murine pre-
clinical models in combination with other therapeutic agents. Using radiotherapy in
combination with Vaccinia proved beneficially synergistic, possibly due to cancer cells
being sensitized to ionizing radiation by Vaccinia anti-apoptotic factors [149]. However,
in vitro chemotherapeutic agents nab-paclitaxel and gemcitabine in combination with
Vaccinia showed mixed results with some cell lines exhibiting synergistic cancer cell
lysis while in others the combination had no effect. In cell lines that did not respond,
viral replication was shown to be severely impaired (more than 100-fold), implying
chemotherapy can also have anti-viral effects [150].

More recently, immune checkpoints have been described as an important
mechanism of cancer immune evasion. Cancer cells are able to upregulate PDL1, which
by interacting with PD1 receptors on activated T cells switches them off inducing T cell
exhaustion [151]. This led to the engineering of monoclonal antibodies against these
targets, also known as immune checkpoint inhibitors (ICIs) [152]. ICIs have shown the
best results in terms of extending patient survival in melanomas with complete response
achieved in 22.2% of patients receiving a combination of two IClIs [153]. Lack of patient

response to ICIs may be attributed to tumors not expressing immune checkpoints or

23



simply not being infiltrated with T cells [154]. Recently, Vaccinia was shown to induce
PDL1 expression in anti-PDL1 resistant murine cancer models, synergizing with PDL1
blockade [57]. The combination of Vaccinia with a different ICI targeting cytotoxic T-
lymphocyte-associated protein 4 (CTLA4) showed timing of both virus and ICI to be
critical for synergistic effects [155]. Lastly, cytokine encoding Vaccinia viruses have
been shown to synergize further with ICI [146, 156]. Mechanistically, Vaccinia infection
of the tumor microenvironment causes induction of type I IFN, which leads to
recruitment of T cells and upregulation of PDL1 on cancer cells, sensitizing the tumor to

ICI therapy [157].

Shortcomings and thesis rationale

Despite encouraging clinical and pre-clinical success, the full potential of
Vaccinia virus remains to be uncovered as over half of the 200 genes that it enocdes
remain poorly described with unknown functions. Furthermore, it is unclear which genes
are required and which are counter-productive for oncolytic virotherapy. For instance,
current Vaccinia clinical candidates encode a wide variety of immune-modulatory genes
that suppress the innate immune axis [158]. These genes undoubtedly allow for viral
replication and persistence in the tumor microenvironment. When thinking of using OVs
for direct oncolysis of cancer cells as well as vectors for immunotherapeutic transgene
delivery, production of transgenes will be affected by viral clearance. Deletion of some
immunomodulatory viral genes like E3L significantly impairs viral replication [159],
making such a virus a poor choice for cargo delivery to the tumor microenvironment. On

the other hand, deleting another viral gene F1L leads to faster cell death with minimal
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impact on replication [160]. These examples suggest that the presence of some genes is
likely important while other genes are dispensable during replication in an immune-
suppressed tumor microenvironment. A better understanding of viral gene contribution
to replication in cancer cells on a genome-wide scale would be useful in designing a
better VVaccinia OV.

A second issue is strain selection. With over a dozen Vaccinia strains
identified [121], groups conducting pre-clinical or clinical research often focus on only
one strain without rational justification for their choice. Furthermore, the natural host of
this virus remains unknown with current strains having broad tropism [161]. Differences
among Vaccinia strains include levels of virulence [76]. This parameter is important
when considering the safety profile of the virus and whether virulence correlates with
anti-tumor activity. Another difference between Vaccinia strains is their method of
spread; for instance, some strains produce more EEV-like particles allowing for distant
dissemination [162]. The effect of EEV formation on the therapeutic potential of an OV
would need to be further explored. Lastly, the most popular Vaccinia strain for pre-
clinical investigation is a mouse-adapted WR strain [163]. Although advantageous for
testing in syngeneic animal models, it is important to consider host adaptations when

moving from mouse pre-clinical studies to human clinical trials.

Objectives

Several features distinguish cancer cells from healthy cells. Some of the
differences discussed in this chapter revolve around cancer cells being impaired in
interferon signaling and creating an immune-suppressing microenvironment favorable to

viral replication. The underlying hypothesis governing the work described in this thesis
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is that some Vaccinia genes are not necessary for replication in cancer cells and deletion
of these genes will increase Vaccinia tumor selectivity without hindering the ability of
the OV to replicate and spread in the tumor microenvironment.

In the first chapter of my thesis, | evaluate the deletion of F1L from Vaccinia
in the context of OV selectivity and immunogenicity. Study of F1L has shown its role in
the suppression of apoptosis, a feature common in cancer cells. | therefore hypothesized
and tested the benefits of F1L deletion in the context of cancer therapy.

The next chapter explores differences between various Vaccinia strains in their
ability to replicate in human cancer cells. To answer this question experimentally,
various assays were designed to test the ability of different strains to spread in several
human cancer models. | then set to determine in an unbiased manner whether individual
Vaccinia genes are needed for replication in human cancer cells. A genome-wide gene
interruption assay was used to target genes of all known functional categories for a
functional knockout. Viruses harboring gene interactions were then passaged several
times in cancer cells to test for their ability to replicate. This work has led to the
identification of two Vaccinia clones harboring major genomic deletions (CopMD5p and
CopMD3p) which retain an ability to replicate in cancer cells compared to wild-type
levels. These were further characterized and the successful generation of a recombinant
Vaccinia clone missing two large areas of its genome, CopMD5p3p, was accomplished.
Interestingly, unlike in the case of MVA and NYVAC which also have large genomic
deletions, the deleted genes in CopMD5p3p allow the virus to maintain it’s ability to
replicate in mammalian cells (Figure 1.3). Experiments carried out tested the ability of

CopMDb5p3p to replicate and lyse cancer tumors in a variety of in vitro tumor models as
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well as ex vivo patient cancerous tissue. In vivo testing included tumor selectivity, tumor
control and the ability to stimulate the immune system in both human xenografts as well

as syngeneic mouse tumor models.
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Figure 1.3: Comparison of deleted genes between CopMD5p3p, MVA and NYVAC.
Summary of Vaccinia gene deletions in viruses missing significant portions of their

genome. Red rectangles indicate a deleted gene while green rectangles indicate presence
of a gene in that particular Vaccinia virus.
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Chapter 2 — Deletion of apoptosis inhibitor F1L in vaccinia virus
increases safety and oncolysis for cancer therapy

Preface

Work described in this chapter has been previously published [164] as an article in the
journal for Molecular Therapy Oncolytics. The published paper is titled “Deletion of
apoptosis inhibitor F1L in vaccinia virus increases safety and oncolysis for cancer
therapy” and has the following authors: Adrian Pelin, Johann Foloppe, Julia Petryk,
Ragunath Singaravelu, Marian Hussein, Florian Gossart, Victoria A. Jennings, Lawton J.
Stubbert, Madison Foster, Christopher Storbeck, Antonio Postigo, Elena Scut, Brian

Laight, Michael Way, Philippe Erbs, Fabrice Le Boeuf and John C. Bell.

As | joined the Bell lab work on this project was underway, supervised by Dr.
Bell, Dr. Le Boeuf and Dr. Storbeck. | have helped conduct in vivo experiments carried
out at OHRI. | wrote the first draft of the manuscript. After initial submission |

performed additional experiments asked by reviewers.
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Abstract
Vaccinia virus (VACV) possesses a great safety record as a smallpox vaccine and has

been intensively used as oncolytic virus against various type of cancer over the past
decade. Different strategies were developed to make vaccinia virus safe and selective to
cancer cells. Leading clinical candidates, such as Pexa-Vec, are attenuated through
deletion of the viral thymidine kinase (TK) gene, which limits virus growth to replicate
in cancer tissue. However, tumors are not the only tissues whose metabolic activity can
overcome the lack of viral TK. In this study we sought to further increase the tumor
specific replication and oncolytic potential of Copenhagen strain VACV ATK. We show
that deletion of the anti-apoptosis viral gene F1L not only increases the safety of the
Copenhagen ATK virus, but also improves its oncolytic activity in an aggressive
glioblastoma model. The additional loss of F1L does not affect vaccinia virus replication
capacity, yet its ability to induce cancer cell death is significantly increased. Our results
also indicate that cell death induced by the Copenhagen ATK/F1L mutant releases more
immunogenic signals, as indicated by increased levels of IL-1B production. A
cytotoxicity screen in NCI-60 panel shows that the ATK/F1L virus induces faster tumor
cell death in different cancer types. Most importantly, we show that compared to the
TK-deleted virus, the ATK/FLL virus is attenuated in human normal cells and causes
fewer pox lesions in murine models. Collectively, our findings describe a new oncolytic

vaccinia deletion strain that improves safety and increases tumor cell killing.
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Introduction

Vaccinia virus (VACV) and closely related poxviruses have been used for centuries as a
vaccine against the smallpox virus, culminating in the eradication of smallpox in the late
1970’s. The eradication campaign showed that VACV has an impressive safety profile,
the reasons for which are now better understood. To further improve on this attractive
vaccine backbone, techniques were developed to engineer and rescue recombinant
VACYV [165]. Yet to-date, more than half of genome’s 200 genes have unknown or
incompletely understood functions, leaving much be learned about the intricate host-
pathogen interaction of this virus. Interestingly, it was shown that several VACV genes
can be knocked out with no observable in vitro or in vivo phenotype, revealing a

complex genome with redundant and non-essential elements [98].

In addition to its application as a vaccine vector, VACV also has intrinsic oncolytic
properties [166]. In particular, it shows preferential replication in tumor cells that
display activated EGFR/Ras/MAPK pathways [167], which are observed in many cancer
types [168, 169]. Beyond use as a potential mono-therapy agent, VACV has also long
been used in combination with other therapy agents [170, 171]. For instance, oncolytic
VACYV strains was recently found to synergize well with immunotherapy [57, 157] as
well as induce anti-tumor immunity when encoding immune-stimulatory transgenes

[172] or tumor-associated antigens [173].

The most advanced clinical VACV candidate is Pexa-Vec (JX-594). Pexa-Vec is a strain
that has its viral thymidine kinase gene deleted, thus requiring the virus to utilise
nucleotide pools produced in metabolically active tumor cells. The virus additionally

expresses the GM-CSF cytokine to activate immune cells at the tumor site [174]. Pexa-
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Vec was shown in a Phase | and 11 clinical trial studies to be safe after intravenous
delivery and capable of expressing the immunostimulatory gene [77]. Currently, this
virus is being assessed in a Phase 111 clinical trial, testing its efficacy by intra-tumoral
injection of patients suffering from hepatocarcinoma (ClinicalTrial NCT02562755).
Although Pexa-Vec has shown minimum adverse side effects, the thymidine kinase
(TK) deletion may not fully preclude virus replication in non-cancerous metabolically
active tissues, such as the liver. Furthermore, this attenuation may also hinder the
virus’s capacity to proliferate in metabolically inactive tumor niches present in
heterogeneous tumors [175]. Therefore, there remains room for improved engineering of
the virus as well as a need to seek alternative ways to increase the therapeutic window in

a way that would target the widest possible range of cancer cells.

F1L isa VACV gene that inhibits infection-induced apoptosis and inflammation. F1L
binds the pro-apoptotic Bcl-2 family members Bak and Bim [176], thus preventing
apoptotic stimulus-induced loss of the inner mitochondrial membrane potential and the
subsequent cytochrome c release [160, 177]. The structure of F1L resembles a dimer-
swapped Bcl-2 homolog with an atypical amino-terminal extension [178, 179]. The
amino-terminus of F1L binds to and inhibits caspase-9 and the inflammasome
component NLRP1 [178]. Overall, virulence of a F1L-deleted virus was attenuated in a
mouse model, and this was attributed to the loss of NLRP1 activity of F1L [178].
Deletion of F1L from the Copenhagen strain has shown induction of apoptosis in

fibroblast cells [160].

Because non-cancerous cells use apoptosis as an anti-viral defense mechanism, we

hypothesized that disabling anti-apoptosis mechanisms in VACV would be beneficial
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for tumor selectivity. Furthermore, since apoptosis is only partially functional in tumor
tissues, we ventured that our F1L-deleted Copenhagen can both replicate and induce
faster cell death in cancer cells. In this study, we show that removing the F1L gene
increases vaccinia’s ability to induce immunogenic apoptosis and oncolytic activity in

cancer cells
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Results

F1L KO increases immunogenic apoptosis

Here, we rescued an F1L deletion in a VacV Copenhagen ATK strain (Cop-ATK/F1L).
Testing the ability of the virus to replicate, we found Cop-ATK/F1L to generate ten-fold
more progeny virus compared to Cop-ATK in HeLa cells (production cell line) but not
SF295 (Figure 2.1A). Both 786-0 and HeLa cells show higher percent of dead 7AAD
positive cells when infected with Cop-ATK/F1L compared to Cop-ATK (Figure 2.1B).
Furthermore, unlike Cop-ATK, Cop-ATK/F1L induces secretion of IL-1[1] cytokines in a
variety of glioblastoma cells (Figure 2.1C). To assess if these phenotypes are specific to
certain tumor types, we screened 40 of the NCI-60 human cancer cell lines for virus-

induced cell death. We found that except for blood cancer, Cop-ATK/F1L induced faster

cell death in all tumor types when compared to Cop-ATK (Figure 2.2).
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Figure 2.1: Deletion of F1L increases cancer cell death without affecting
replication.

(A) Viral replication of F1L deleted virus assessed through plague assay in Hel.a and
SF295 cell lines at MOI 0.1 48h post infection. (B) Flow cytometric analysis of 7-AAD
apoptosis marker in 786-O and HeLa cells at various MOIs 24h post infection. (C)
Induction of IL-1f levels as measured by ELISA in various cancer cell lines infected for
48h at MOI 0.1. * = p <0.05; **** = p <0.0001.
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Figure 2.2: Vaccinia Delta F1L induces rapid cancer killing in a wide variety of
tumour types.

(A-B) Alamar blue viability of US7MG (A) and SF295 (B) cell lines measured as
percent of non-infected cells at various MOIs for a 48h infection. (C) Alamar blue
viability of various NCI-60 cell lines infected with either VVaccinia for 48h.

**** = p <0.0001.
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Removal of F1L increases VACV safety
Interestingly, when we compared the two different Copenhagen mutant strains in normal

human hepatocyte cells, we found Cop-ATK/F1L ten-fold less able to replicate than
Cop-ATK/F1L (Figure 2.3A). These results suggest a role of F1L in VACV virulence
and ability to replicate in normal tissue. To evaluate whether this difference is
significant in the presence of an immune system, we tested Cop-ATK/F1L activity in
two mouse models. Strikingly, challenging immune-deficient mice intravenously at 1 X
108 pfu had a 90% survival rate for Cop-ATK/F1L and 0% for Cop-ATK (Figure 2.3B).
Interestingly, injecting systemic Copenhagen in the tails of nude mice produced
significantly more pox lesions at the site of injection by the Cop-ATK virus compared to
the double Cop-ATK/F1L (Figure 2.3C). Lastly, when deleting F1L in the WR neuro-
adapted Vaccinia, we see less viral titer in the brain of nude mice after systemic

injection of WR ATK/AF1L (Figure S2.1).

One disadvantage with VACYV is the inability to use higher therapeutic doses of
the virus when administering systemic intravenous injections to treat tumors. Indeed,
injection of 1 X 108 pfu of Cop-ATK systemically induces viral toxicity and mice
succumb within 4 days (Figure 2.3D). However, same dose of Cop-ATK/F1L does not
induce fatal toxicity and results in a survival rate of 100% (Figure 2.3D). Therefore, data

suggests that Cop-ATK/F1L has higher safety profile and is more efficacious.
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Figure 2.3: Deletion of F1L increases the safety and tumour selectivity of Vaccinia.

(A) Viral replication in primary hepatocytes and H1299 cancer cells during a 72h
infection at MOI 0.001 as determined by plaque assay. Nude mouse (B) and
immunocompetent B6D2 mouse (D) survival monitoring following a 1 X 108 pfu dose
of either VACV intravenously. (C) Amount of pox lesions on mouse tails quantified at
two timepoints during the experiment done in panel B.

* = p <0.05; *** = p <0.001; **** = p <0.0001.
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Cop-ATK/F1L is more efficacious in glioblastoma tumors
We have identified that Cop-ATK/F1L kills tumor cells faster and displays less off-

target activity, even in mouse brain tissue. Since most oncolytic viruses can’t be
administrated intra-cranially at therapeutic doses without causing sickness and mouse
death [180], the Cop-ATK/F1L safety profile makes it an appealing therapeutic
candidate for glioblastoma treatment. To test the efficacy of Cop-ATK/F1L in a
challenging glioblastoma model, we treated luciferase expressing U87 xenografts
implanted in CD-1 nude mouse brains. We observed the more tumor inhibition in Cop-
ATKI/F1L treated mice as compared to Cop-ATK (Figure 2.4A), indicating improved
oncolysis and tumor control. Immunohistochemical analysis also revealed increased
caspase-3 straining in Cop-ATK/F1L treated mice (Figure 2.4B). This suggests higher
induction of tumor cell death in vivo, and is consistent with the higher rates of apoptosis
observed in vitro (Figure 2.1B). Indeed, Cop--ATK/F1L mediated oncolysis translates to
higher survival (85% vs 25% compared to Cop-ATK) when treating U87 xenografts
intra-cranially (Figure 2.4C). In line with these results, we also found that Cop-ATK/F1L

administrated intravenously extended mouse survival in the same model (Figure 2.4D).

In order to test whether F1L deletion enhances the immunogenicity of the virus
we have tested our virus in a syngeneic model. Upon treatment of CT26 tumours with
either of our viruses we find Cop--ATK/F1L control tumour growth rates better (Figure
2.4E). Interestingly vaccinia-mediated tumor control in this model was shown to be
TLR4 dependant [157]. Taken together, our data demonstrates that the F1L deletion in

Cop-ATK improves efficacy of the oncolytic virus.
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Figure 2.4: Treatment with Vaccinia delta F1L extends survival in a glioblastoma
model and delays tumor growth in a syngeneic mouse colon model.

(A) IVIS imaging of U87 Luciferase expressing tumors seeded intracranially in Nude
mice after one intracranially injection of either vaccinia or PBS vehicle. (B) IHC on
slices of U87 tumors treated intracranially with either vaccinia virus and stained with
both vaccinia virus anti-body and anti-body for caspase-3. (C-D) Survival of Nude mice
seeded with U87 Luciferase expressing tumors seeded intracranially and treated with
one intracranial (C) or intravenous (D) dose of 1e7 pfu of either VVaccinia. (E) Colon
CT26-LacZ tumours were seeded subQ at 5e5 cells in Balb/C mice in a syngeneic
model. Two weeks later mice were treated with one dose 1e7 pfu intra-tumoral injection
with either Copenhagen ATK or Copenhagen ATK/F1L virus. Tumours measurements
are displayed. * = p <0.05, *** = p <0.001.
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Discussion
VACYV and other poxviruses have large genomes, encoding approx. 200 genes — of

which ~25% are considered virulence factors [28]. Mammalian cells’ first line of
defense against viral infection is interferon stimulated antiviral signaling and apoptosis,
both of which are targeted by VACV genes [158]. Although these genes increase the
pathogenic fitness of the virus, they have somewhat redundant functions, and their
expression may compromise the oncolytic virotherapy’s safety. Cancer is a characterised
by a series of defects, one of which is impaired interferon signaling and upregulation of
endogenous anti-apoptosis genes. The rationale of our study was to delete a major anti-
apoptotic virulence factor in VACV due to the inherent ability of target cancer cells to
evade apoptosis. We hypothesized that normal tissues would be better able to fight off

viral infection, while cancerous tissue would succumb to oncolysis more efficiently.

This is the first study, to the best of our knowledge, to report improved anti-
tumor efficacy of VACV-based OV with a double deletion of both TK and F1L. The
leading VACV-based clinical OV candidate, Pexa-Vec encodes solely a TK deletion to
drive tumor selectivity. This strategy aims to restrict VACV growth to metabolically
active cells expressing high levels of thymidine kinase, such as metabolically active
cancerous tissue [30]. This approach has some shortfalls however, for instance some
non-cancerous tissues such as immune cells and hepatocytes are continuously
undergoing turnover — resulting in off-target effects. This is consistent with reported
clinical incidences of Pox lesions in patients receiving high doses of Pexa-Vec [34]. This
suggests that increased attenuation of the virus is required to improve VACV’s safety
profile. Our addition of an F1L deletion significantly improved in vivo safety profile of

the virus, as demonstrated by less pox lesions and increased survival in nude mice
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(Figure 3C). Collectively, our data suggest that the double deletion may improve safety

in vivo.

In addition to increased safety, our study demonstrates the F1L deletion
conveys improved anti-tumor efficacy. The Cop-ATK/F1L virus maintained its ability
to replicate in vitro, trigger higher rate of apoptosis, and cause cytokine release upon cell
death (Figure 2.1). An increased levels of cytokines is positive in the context of a tumor
microenvironment, as they can attract more lymphocytes to the tumor or activate already
existing one [181]. This is consistent with a previous study reporting that deleting F1L in
a non-replicating poxvirus vaccine vector increased its immunogenicity generating
larger immune responses to encoded HIV antigens [182]. Furthermore, F1L deletion
delays tumor growth in a syngeneic colon cancer murine model (Figure 2.4E). This
particular model has been previously tested with other Vaccinia, where control of tumor
growth was shown to occur via TLR4 stimulation by HMGBL1 release from infected cells
[157]. Interestingly, TLR4 stimulation results among many things in production of IL-1p
[183] which we show our F1L deleted virus can induce in some cancer cells (Figure
2.1C). The advantage of the Cop-ATK/F1L virus is the ability to combine

Immunogenicity with oncolysis.

Several poxviruses encode anti-apoptotic factors to counteract cell death and
increase viral persistence [184]. Our work suggests that deletion of these factors may
improve safety and anti-tumor efficacy of poxvirus-based OVs. Our results are
consistent with the enhanced tumor selectivity of a VACV Western Reserve strain
harboring a double deletion of two anti-apoptosis genes (SPI-1 and SPI-2) [185]. The

authors similarly reported enhanced tumor selectivity and safety for their mutant strain.
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Other VACV strains encode other virulence factors with anti-apoptotic activity [186].
Future investigations should examine the potential of deleting additional anti-apoptotic

factors to improve poxvirus vectors as OVs.

Overall, our study has shown that the deletion of the F1L gene in VACV
increases safety profile and efficacy of the oncolytic potential of an existing clinical
platform. We demonstrated that a single TK knockout is insufficient as a tumor targeting
mechanism. Our work highlights the need for more research into the therapeutic
properties of additional VACV genes with unknown function as their loss may further

improve the use of VACV in oncolytic therapy.
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Materials and Methods

Cell Lines

Cells were obtained from the American Type Culture Collection (ATCC) and passaged
in Dulbecco's Modification of Eagle's Medium (DMEM) supplemented with 5% fetal

bovine serum (FBS).

Construction of plasmids
Shuttle plasmid for deleting F1L was constructed using the DNA from the VV

Copenhagen strain (GenBank Accession Number M35027). The DNA flanking regions
of F1L were amplified by PCR. Primers of the F1L downstream flanking region (F1L-L
sequence) were 5°- CGC GGATCC ATCATTTTTTCACCATTACTTCT -3
(BamHI site underlined) and 5°- CCG GAA TTC TTG TAG ATT ATA TAA CGG
ACA TT -3’ (EcoRI site underlined). Primers for the F1L upstream region (F1L-R
sequence) were 5°’- GCC TGG CCATTAGTG GACTTG TCAAATCTAT -3
(Mscl site underlined) and 5> — GCC CAG CTG ATG TTA TAT ACG TAA TGG GAG
G — 3’ (Pvull site underlined). The amplified DNA fragments were digested with
restriction enzymes BamHI/EcoRI or Mscl/Pvull then ligated into the corresponding
sites in the Ppolylll plasmid [187]. A repeat region of the downstream flanking region of
F1L (F1L-L sequence) was amplified by PCR using the primers 5’- TCC CCC GGG
TGA TGA TAT AGG GGT CTT CAT A - 3’ (Smal site underlined) and 5°- GCC GCA
TGC TTG TAG ATT ATATAA CGG ACA TT — 3’ (Sphl site underlined) and inserted
in the pPolylll plasmid. The repeat region was used to eliminate the selection cassette
during the production of deleted viruses. The selection cassette GFP/GPT, a fusion of
the gene encoding the green fluorescent protein (GFP) and the gene encoding guanine

phosphoribosyltransferase (GPT) was positioned under the control of pH5R vaccinia
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promoter and inserted into the Smal/Sphl site in the pPolylll plasmid. The resulting

plasmid is a shuttle plasmid named pAF1L for the deletion of F1L gene.

Generation of recombinant Vaccinia
All recombinant VACVs were derived from the Copenhagen strain. Thymidine kinase

gene-deleted VACV expressing the fusion gene FCU1 (VVTKKko-FCU1) under the
control of the p11k7.5 promoter have been constructed and characterized previously
[188] For generation of the double deleted VVTKkoF1Lko-FCU1, CEF cells were
infected with VVTKko-FCUL1 at a MOI of 0.01 and incubated at 37°C for 1 h, then
transfected with a CaCl2 precipitate of the shuttle plasmid pAF1L (0.2 pg). The cells
were incubated for 48 h at 37°C. Double recombination occurs between homologous
regions (F1L-L and F1L-R) in the shuttle plasmid and the virus, resulting in the insertion
of the gene cassette into the F1L-L locus of VACV. Recombinant VACV expressing
GPT are isolated in a selective medium containing hypoxanthine (15 pg/ml), xanthine
(250 pg/ml) and mycophenolic acid (250 pg/ml). GPT+ plaques that displayed GFP-
fluorescence (easily detectable with a Leika MZ16 fluorescence binocular
stereomicroscope) were isolated and submitted to several additional rounds of selection
on CEF cells in presence of GPT selection medium. To confirm that the VVTKko-FCU1
was deleted of the targeted F1L regions, 40 PCR cycles were performed using primers
within the F1L deleted region and in the flanking region, external to the site of
recombination. The doubly deleted virus was then used to infect CEF without any GPT
selection to eliminate the GFP/GPT marker obtained after intragenic homologous
recombination between the two F1L-L sequences flanking the GFP/GPT gene cassette.
Non-fluorescent plaques were isolated and submitted to 2 additional plaque purification

cycles in CEF. Virus structure was confirmed by multiple PCRs. Recombinant VACVs
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were amplified in CEF, purified over sucrose gradients and virus stocks were titrated on

CEF by plaque assay.

In vitro virus yield
To evaluate viral replication between human tumor cells and human primary cells,

human tumoral cells H1299 and human primary hepatocytes were infected in 12-well
plates VVTKko-FCU1 and VVTKkoF1Lko-FCU1 at a MOI of 0.001 (1000 PFU/well).
At 72 h post-infection, supernatant and cells were collected, freeze-thawed and sonicated

and viral progeny were quantified on CEF by plaque assay.

Viral pathogenicity
Viral pathogenicity was assessed by survival studies done on both Swiss nude mice

(female, 6 weeks old from Charles Rivers Laboratories) and immunocompetent B6D2
mice (female, 6 weeks old from Charles Rivers Laboratories). High dose (1x108 PFU)
of the indicated vectors were injected intravenously by tail vein injection. Mice were
observed daily throughout the course of the experiment. Pox lesions on tail were also
measured and recorded after i.v. injection of 1x108 PFU of each virus in Swiss nude

mice.

Mice and tumor models.
Mice were from Charles River Laboratories (Wilmington, MA). Imaging studies: U87

(1x106) tumors were established in the brain after surgery of 6-week-old CD1 female
nude mice (N = 5). Vaccinia viruses were administered intratumor or intravenously
(1x107 PFU). Survival was followed. All experiments were performed in accordance

with institutional guidelines review board for animal care (University of Ottawa).
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In vivo imaging
Mice were injected with D-luciferin (Molecular Imaging Products, Ann Arbor, MI) for

firefly luciferase imaging. Mice were anesthetized under 3% isoflurane (Baxter,
Deerfeld, IL) and imaged with 1\VV1S200 Series Imaging System (Xenogen, Hopkinton,
MA). Data acquisition and analysis were performed using Living Image v2.5 software.
For each experiment, images were captured under identical exposure, aperture and pixel

binning settings, and bioluminescence is plotted on identical color scales.

Immunohistochemistry
Tissues were harvested, placed in OCT mounting media (Tissue-Tek, Sakura Finetek,

Torrance, CA). Sectioned tissues were processed as previously described with anti-VV

or Anti-Active Caspase 3. Tumor images were obtained with an Epson Perfection 2450

Photo Scanner (Epson, Toronto, Canada) whereas magnifications were captured using a
Zeiss Axiocam HRM Inverted fluorescent microscope (Zeiss, Toronto, Canada) and

analyzed using Axiovision 4.0 software.

Statistical analysis
Statistical significance is only shown when p-values < 0.05. All reported tests compare

Copenhagen TK— and Copenhagen TK— F1L— groups and are two-tailed. All data are
shown as mean and standard error (SEM). For survival analysis, Kaplan—Meier survival
curves were compared using a log-rank Mantel-Cox test. All statistical analysis was

done using GraphPad Prism 5 software.
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Chapter 3 — Viral genome editing reveals non-essential genes in
the development of a safe and efficient oncolytic platform

Preface

Work described in this chapter was already in progress at the start of my PhD
thesis. Dr. Fabrice LeBeouf, Dr. Chris Storbeck, Dr. Jiahu Wang and Dr. Brian Keller
were instrumental in helping me get started and carrying out these experiments. This

manuscript is currently in preparation for submission.

I wrote the first draft, performed most of the work detailed in this manuscript and
will be first author upon publication. Work done by others include the generation of the
transposon insertion library in VVaccinia, which was accomplished by Dr. Jiahu Wang.
Passaging the transposon library in cancer cells was accomplished by Dr. Brian Keller.
Purification and expansion of transposon clones was done by Dr. Jiahu Wang, Dr.
Fabrice LeBeouf, Dr. Chris Storbeck and Dr. Brian Keller. Ribosomal profiling was
done by Dr. Tyson Graber and Dr. Hoang Diing at CHEO. All analysis including

bioinformatic analysis were performed by me.

For all in vivo experiments | performed the Bell lab veterinary technician Julia
Petryk was involved, performing all tumor seeding, all intra-venous injections and
helping me overall wellness the mice. The flow cytometry component of various
experiments was performed and analysed either by Elena Scut, Fanny Tzelepis, Leonard
Angka or Victoria A. Jennings. Several in vitro experiments including plaque assays size
(Figure 3.3) and cytotoxicity (Figure 3.6) were performed under my supervision by my
summer student Jessie Duong. Other lab members not already mentioned which helped

design or perform some experiments include: Ragunath Singaravelu, Stephen Boulton,
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Abstract

Vaccinia virus has a large and still incompletely understood genome although several
strains of this virus are already in clinical development. For the most part, clinical
candidates have been attenuated from their wild type vaccine strains through deletion of
metabolic genes like the viral thymidine kinase gene. We thoroughly examined the
genetic elements of vaccinia which could be modulated to improve the
oncolytic/therapeutic characteristics of the virus. Using a variety of cancer cell lines and
primary tumor explants, we performed a fitness assay that directly compares multiple
wild-type Vaccinia strains to identify the genetic elements that together create an
optimal “oncolytic engine”. Using a transposon insertion strategy and deep sequencing
of viral populations we systematically examined vaccinia genes that do or do not play a
role in the therapeutic activity of the virus. Our studies allowed us to identify large areas
of the vaccinia genome that when deleted, augment the oncolytic activity of a newly
created recombinant virus (32 genes deleted). This novel virus was compared to vaccinia
strains currently in the clinic and in a variety of assays, the deleted virus displayed

superior therapeutic activity, immunogenicity and an enhanced safety profile.
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Introduction

Poxviruses are a large family of DNA viruses used therapeutically as vaccines [78] and
as oncolytic agents for the treatment of aggressive tumours [79]. Vaccinia is an
orthopoxvirus which has advanced to a Phase 11 clinical trial (PHOCUS) for the
treatment of liver cancer (Clinical Trial NCT02562755). Despite encouraging clinical
and pre-clinical success, the full potential of these viruses remains to be uncovered as
over half of their 200 genes remain poorly described with unknown function.
Furthermore, it is unclear which genes are required and which are counter-productive for
oncolytic virotherapy. In addition, with over a dozen Vaccinia strains identified [121],
groups conducting pre-clinical or clinical research often focus on only one strain without

rational justification for their choice.

Vaccinia is an attractive oncolytic virus (OV) candidate, since relatively few
modifications are required to make the virus safe for use in human trials [77]. A popular
strategy for generating oncolytic Vaccinia virus relies on the deletion of metabolic genes
[126] which is argued to increase selectivity for highly metabolic tissues such as
tumours. The drawback of this strategy is the presence of highly metabolic non-
cancerous tissues, such as hepatocytes, as well as low metabolic activity in certain
cancer niches, for instances hypoxic areas. To create a more robust virus, a better
understanding of the poxvirus genome is needed for novel strategies in engineering
tumour specific Vaccinia OV. Like most viruses, Vaccinia has developed its gene
repertoire to infect non-cancerous tissue and spread from host to host [137]. A better

understanding of this virus can help increase its efficacy and appeal for clinical use.
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Our study aims to shed light on the unfamiliar aspects of the Vaccinia genome to

rationally develop a next generation Vaccinia OV. Our first goal was to identify the

Vaccinia strain with the most powerful “viral engine” in the context of tumour cells. To

this end we have developed a novel competition assay which identified the strain that

best replicates in tumour cells and has the highest fitness. Secondly, we aimed to remove

genes in the Vaccinia genome that are unessential for oncolysis. We have used
transposon mutagenesis, a common technique applied to bacterial genomes to identify
essential genes [189] but scarcely used for viral genomes. We generated a library of
gene knockouts which we passaged in cancer cells to identify non-essential genes in
tumour oncolysis. Lastly, using next generation sequencing (NGS) we screened for
naturally occurring large truncations of non-essential genes in viral clones. Combining
two such truncations allowed us to generate a novel replicating VVaccinia virus with
enhanced oncolytic features. We anticipate our screens and assays to have widespread

applications in tailoring other viruses for clinical use.
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Results

Identifying which strain replicates best in cancer cells
Many genetically different VVaccinia strains exist which form a monophyletic group with

up to 11.5% nucleotide divergence (Figure 3.1). To determine which of these would
serve best for oncolysis we have focused on the replication of five strains currently in
the clinic: Copenhagen (NCT03294486), Western Reserve (NCT00574977), Lister
(NCT01766739), Wyeth (NCT02562755) and Tian Tan (NCT01705223). In our first
assay we pooled equal amounts of each wild-type strain together and passaged this
mixture in cancer cells and patient tumour samples (Figure 3.2). Using NGS with gPCR
validation on passaged virus population, we determined the Copenhagen strain was
present in the greatest abundance (Figure 3.3A, Figure S3.1) and makes the largest
plaques (Figure 3.3B).

In addition to replication and spread, we looked at the production of extracellular
virus (EEV) which is thought to be important in spread to distant sites of the virus.
Production of EEV during Vaccinia infection can be measured using a comet assay, in
which convection currents drive EEV spread in a comet shape form as shown for the
Vaccinia IHD strain [190]. We therefore performed comet assays on cancer cell lines
which showed us the Copenhagen strain to be the only one with a visible comet tail
(Figure 3.4), suggesting Copenhagen makes more EEV in cancer cells than the other

Vaccinia strains we tested.
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Figure 3.1: Bayesian analysis of completely sequenced Poxvirus genomes.

Conserved genes among all poxviruses were aligned at the amino acid level
(translational alignment) and concatenated into a matrix file. Evolutionary relationships
among the different poxviruses were phylogenetically computed using Bayesian
analysis. The resulting consensus tree is displayed with branch length representing
evolutionary distance on a log2 scale. Vaccinia viruses are colored in red and major
known groups of poxviruses are highlighted and labeled.
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Figure 3.2: Schematic representation of the fitness assay.

Five Vaccinia strains were pooled together in equimolar rations. This pooled population
was passaged in cancer cell lines, patient primary cell lines as well as human cancer
xenografts. Abundance of each strains after passaging was determined using NGS

sequencing of viral genomes.
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Figure 3.3: Copenhagen is the Vaccinia strain which replicates the fastest in cancer
cells.

(A) Relative fitness of five Vaccinia wild-type strains after passaging (cummulative
MOI 0.1) three times in various cancer cell lines including two patient derived cancer
cell lines. Viral populations were sequenced using NGS after which virus sequences
were assigned to each strain to determine abundance.

(B) Plaque sizes (n=50) was measured for each of the five Vaccinia strains in U20S
cells 72 hpi. One-way ANOVA parametric test was used to compare Copenhagen plagque
sizes to those of other Vaccinia (**** p-value < 0.0001).

(C) Distribution of TTAA transposon insertion sites in the Copenhagen genome (top).
Frequency of transposon insertion in Vaccinia genes (middle) in HeLa cells.
Conservation of Copenhagen genes among all Poxviruses (bottom). Two major
deletions, CopMD5p and CopMD3p are shown with dotted green lines.

(D) Relative fitness of interrupted viral genes of different functional categories
quantified by Tn-seq after three passages (MOI 0.1) in either HeLa or U2-OS cells.
Fitness is represented as fold change from initial interruption frequencies shown in panel
(C). Statistical analysis was performed used two-way ANOVA tests comparing the Host
interaction category to that of Transcription, DNA replication and Virion association,
lowest p-value shown (* p-value < 0.05).

(E) Relative fitness measurement of transposon interruptions shown for each viral gene
sorted from the left side to the right side of the genome. Experiment done in HeLa and
U20S human cancer cells (n=3, rows are replicates).
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Figure 3.4: Vaccinia Copenhagen produces more EEV particles compared to other
wild-type strains.

Confluent U2-OS monolayers were infected with 10-30 PFU units of five Vaccinia wild-
type strains for 48h. The 6 well plates were then stained with crystal violet and pictures

taken with brightfield microscopy.
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Genome-wide analysis reveals non-essential genes for oncolysis
Poxviruses have between 150-250 genes involved in a wide variety of functions such as

genome replication [94], virion components [91] and immune evasion genes [158]. In
order to identify genes that do or do not play a role in the therapeutic activity of the
virus, we used transposon mutagenesis to randomly knock out genes. To this end, a
piggyback transposase was used to insert the mCherry genes randomly into TTAA sites
of the Copenhagen genome. Despite ubiquitous presence of TTAA sites in the genome,
Tn-seq of our knockout population suggests preferential interruption of poorly

conserved poxvirus genes (Figure 3.3C).

Passaging our knockout population in permissive U20S and HeLa cells shows little
change in fitness when interrupting Host interaction and Unknown genes. On the other
hand, there is great fitness reduction for virions with interrupted genes involved in
housekeeping function such as Translation, DNA replication and Virion association
(Figure 3.3D). Indeed, the middle of the genome enriched in conserved housekeeping
genes has a negative impact on fitness when interrupted (Figure 3.3E). This is likely due
to the importance of those genes in the life cycle of the virus, without which virion

replication is impaired.

Since interrupted viruses express mCherry under a synthetic Vaccinia early-late
promoter, we have used flow cytometry and plaque purification to successfully isolate
and expand 52 Vaccinia viruses with individual gene knockouts (Table 3.1).
Unsurprisingly, the viruses we managed to isolate were those with interruptions in

poorly conserved genes located at genome extremities (Figure 3.3E).
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Table 3.1: List of transposon mediated gene interruptions rescued in Vaccinia Copenhagen.
Information includes genomic position (GenBank M35027) of transposon insertion, insert

index (relative location of insert to the entire CDS of the gene) as well as functional category

of the affected gene.

Gene Position | Insertion Category

Index
C21L 6589 0.7 | Unknown
C19L 7584 0.3 | Pseudogene
C17L 9378 0.5 | Unknown
C15L 11121 0.1 | Unknown
C14L 12126 0.3 | Pseudogene
cioL 15665 0.1 | Host interaction
coL 18015 0.1 | Host interaction
C8L 18545 0.3 | Unknown
C7L 18807 1 | Host interaction
ceL 19814 0.3 | Host interaction
C2L 23654 0.3 | Host interaction
CiL 24415 0.7 | Unknown
N1L 25169 0.2 | Host interaction
N2L 25545 0.6 | Host interaction
M1L 26519 0.6 | Host interaction
K1L 28634 0.4 | Host interaction
K5L 32274 0.5 | Pseudogene
K7R 33032 0.3 | Host interaction
F2L 34514 0.1 | DNA replication
FAL 36031 1 | DNA replication
F5L 37753 0.2 | Unknown
F8L 38729 0.8 | Unknown
F11L 41685 0.3 | Virion association
F15L 45925 0.3 | Unknown
E5R 52400 0 | Unknown
O1lL 62013 0.2 | Host interaction
4L 65350 0.9 | DNA replication
J2R 84281 0.8 | DNA replication
J5L 86021 1 | Virion association
A31R 141381 0.9 | Unknown
A36R 144647 0.9 | Virion association
A39R 146865 0.1 | Host interaction
A40R 148246 0.6 | Host interaction
A41L 148916 0.4 | Host interaction
A43R 149965 0.3 | Host interaction
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A46R 152552 0.6 | Host interaction
A47L 153616 0.1 | Unknown

A48R 154341 0.9 | DNA replication
A49R 154579 0.3 | Host interaction
A50R 155176 0.1 | DNA replication
A51R 157201 0.5 | Unknown

A52R 158261 0.9 | Host interaction
A55R 159523 0 | Host interaction
A57R 162524 0.5 | Pseudogene
B4R 166682 0.6 | Unknown

B7R 169069 0.1 | Host interaction
B8R 169729 0.2 | Host interaction
B13R 172760 0.6 | Pseudogene
B14R 172926 0.1 | Pseudogene
B17L 175536 0.7 | Unknown

B19R 178742 0.6 | Host interaction
B20R 179372 0.2 | Unknown

70



Naturally occurring deletions of non-essential genes
Our Tn-seq data suggests dozens of genes are dispensable for oncolysis. This data is

supported by the existence of poxviruses such as MVA which have accumulated
multiple large deletions through passaging and can still replicate albeit with a very
restricted host range [191]. In order to screen for replicating viruses with large deletions
of dispensable genes, we have infected cancer cell lines with our wild-type Copenhagen
at low MOI (0.0001), picked and sequenced 200 Vaccinia plaques. After assembling all
viral genomes, we have found 2 replicating viruses CopMD5p and CopMD3p to harbour
deletions larger than 10kb in non-essential regions (Figure 3.3C). We were able to
isolate these viruses and recombine them into a double-deleted virus (Figure 3.5) which

we will refer to as CopMD5p3p (32 gene KO; Table 3.2).

Characterizing this virus revealed it is able to induce much faster cell death than its
parental counterpart in 32 human cell lines (Figure 3.6A). Despite killing faster, we
found no replication disadvantage in vitro or ex vivo when tested on patient tumour cores

(Figure 3.6B-C).
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Figure 3.5: PCR strategy to screen recombinants for a double deleted virus.

(A) Genomic schematic of wild-type Vaccinia Copenhagen, the single major deletions
CopMD5p and CopMD3p as well as an expected double deleted CopMD5p3p. Also
shown are PCR products expected from the designed PCR primers. Product PCR1 is a
positive control and should always give product. Product PCR2 will only give a product
when MD5p is present (Copenhagen, CopMD3p). Product PCR3 will only give a
product when MD3p is present (Copenhagen, CopMD5p). For PCR products PCR4 and
PCR5 the expected amplicon length on Copenhagen DNA is >10kb which would not
amplify with a standard Taq polymerase and 1 min extension time. Product PCR4 will
only give a product when MD5p is deleted (CopMD5p, CopMD5p3p). Product PCR5
will only give a product when MD3p is deleted (CopMD3p, CopMD5p3p).

(B) PCR gel showing validation of CopMD5p3p deletion. Top row are Copenhagen,
CopMD5p and CopMD3p expected patterns. Bottom left row is CopMD5p3p, since only
control PCR1 and presence of deletion products PCR4 and PCR5 give a band.
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Table 3.2: List of genes and their respective function deleted in CopMD5p, CopMD3p and
CopMD5p3p viruses

Name Category Function Virus Deletions
C2L Host interaction | Inhibits inflammation; Kelch-like
[192]
CiL Unknown Unknown
Ni1L Host interaction | Inhibits NF-kB and Apoptosis [193]
N2L Host interaction | Inhibits IRF3 [103]
M1L Unknown Unknown [194]
M2L Host interaction | Inhibits NF-kB and Apoptosis [110]
K1L Host interaction | Inhibits PKR and NF-kB [195]
K2L Host interaction | Prevents cell fusion [196] CopMD5p
K3L Host interaction | Inhibits PKR [197]
K4L DNA replication | DNA modifying nuclease [198]
K5L Pseudogene Pseudogene
KeL Pseudogene Pseudogene
K7R Host interaction | Inhibits NF-kB and IRF3 [118]
F1L Host interaction | Inhibits Apoptosis [178]
F2L DNA replication | Deoxyuridine triphosphatase [199]
F3L Host interaction | Virulence factor [200] ConpMD5h3
B14R Pseudogene Pseudogene P PP
B15R Host interaction | Inhibits NF-kB [109]
B16R Host interaction | IL-1-beta-inhibitor [201]
B17L Unknown Unknown
B18R Unknown Genome uncoating [202]
B19R Host interaction | Secreted IFNa/b sequester [203]
B20R Unknown Ankyrin-like [204]
B21R-ITR* | Unknown Unknown
B22R-ITR* | Unknown Unknown CopMD3p
B23R-ITR* | Unknown Unknown
B24R-ITR* | Unknown Unknown
B25R-ITR* | Unknown Unknown
B26R-ITR* | Unknown Unknown
B27R-ITR* | Unknown Unknown
B28R-ITR* | Pseudogene TNF-a receptor [205]
B29R-ITR* | Host interaction | Secreted CC-chemokine sequester
[206]
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Figure 3.6: CopMD5p3p kills cancer cells faster maintaining replication levels
compared to parental Copenhagen.

(A) Cytotoxicity of Parental and Deleted CopMD5p3p in a wide variety of NCI-60
human cancer cell lines. Statistical analysis was performed used two-way ANOVA tests
comparing the various MOIs (1, 0.3, 0.1, 0.03 and 0.01) between the two viruses, lowest
p-value shown (**** p-value < 0.0001).

(B) Multi-step growth curve of Parental and Deleted Copenhagen in HelL.a and 786-0
cell lines at MOI 0.001.

(C) Growth of Parental and Deleted Copenhagen in ex-vivo patient tumours after 72h
infected with 1e4 PFU).

(D) GFP expressing 786-Os where infected at MOI 0.01 for 48h and stained for nuclei
with Hoechst to observe syncytia formation.
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Looking at cytopathic effects and plaque formation, we noticed cells underwent fusion
(syncytia) when infected by CopMD5p3p (Figure 3.6D), This is likely due to
CopMD5p3p missing K2L, an SPI-3 gene which in cowpox has been shown to form
complexes with A56R that prevent cell fusion [207]. CopMD5p3p also forms larger
comets (Figure 3.7) and plaques (Figure 3.8) compared to its parental virus. The former
is indicative of greater EEV release while the latter is affective by replication, spread
and cell killing. Lastly, the ability of CopMD5p3p to express a functional transgene was
assessed by encoding Firefly Luciferase in the TK locus and assaying for luciferase
activity. This experiment revealed comparable luciferase levels between CopMD5p3p
and Copenhagen (Figure 3.9), suggesting a retained ability to express virally encoded

functional transgenes.
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Figure 3.7: Vaccinia CopMD5p3p produces more EEV particles compared to
parental wild-type Copenhagen.

Confluent U2-OS monolayers were infected with 10-30 PFU units of CopMD5p3p or
Copenhagen Vaccinia wild-type for 48h. The 6 well plates were then stained with crystal
violet and pictures taken with brightfield microscopy.
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Figure 3.8: Vaccinia CopMD5p3p forms larger plagues compared to parental wild-
type Copenhagen.

Confluent monolayers of 786-O cells were infected with 10-30 PFU units of
CopMD5p3p or Copenhagen Vaccinia wild-type for various time points. The 6 well
plates were then stained with crystal violet, dried and scanned. Pictures were analyzed
with ImagelJ for plaque diameter. (**** p-value < 0.0001)
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Figure 3.9: Vaccinia CopMD5p3p can express transgenes at levels comparable to
parental virus.

Confluent monolayers of 786-O or U20S cells were infected at an MOI of 0.1 with
either CopMD5p3p or Copenhagen Vaccinia wild-type. Luciferase activity was assessed

at various time points.
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CopMD5p3p is more tumor selective
Historically Vaccinia strains in their wild-type form have shown adverse effects when

used at small doses to vaccinate against smallpox [208]. Despite being attenuated,
current Vaccinia agents in the clinic induce pox lesions in some patients, suggesting off-
target replication [34]. Most often, viral infection induces interferon signaling which
leads to immune cell recruitment and viral clearance. Although Vaccinia encodes
multiple inhibitors of interferon and anti-viral response [28], CopMD5p3p is missing
some of these inhibitors (Table 3.2). Transcriptome analysis of infected cells show
CopMD5p3p to induce interferon in normal peripheral blood mononuclear cells
(PBMCs) immune cells but not cancer cells (Figure 3.10). For comparison, we chose to
evaluate Copenhagen deleted for TK as a clinical surrogate having a similar attenuation
to Pexa-Vec currently in clinical trials. This analysis showed Copenhagen ATK to fully
suppress anti-viral signaling in both immune cells and cancer cells (Figure 3.10). Lastly,
a CopMD5p3p infection of PBMCs failed to show expression of genes involved in
virion assembly at a late time point (18h). These genes are typically expressed during the
late stages of the lifecycle and show high expression in cancer cells (Figure 3.11). This
observation is consistent with previous reports of Vaccinia undergoing abortive
replication in immune cells [209].

Altogether, these results suggest CopMD5p3p may be a safer virus as it does not

impair anti-viral response in normal cells and does not replicate in immune cells.

84



Suppressed

Induced

Expression Fold Change induced by virus (LOG2)
>2

[ | [ L Dl e B | B H En oL1
EaE L L ]em
[ | HEEEE B CT26-LaczZ
] u ] u CT26-WT
HEREN H H EH ER || _]B16-Fi0

Cop™

9L1

4T1
CT26-LacZ
CT26-WT
B16-F10

. ..... . .. .. Primary Mel
E [ | | H N I e B H 'E N Primary Ovar
& EEEEEEEENEEESEESEEEEEETEEE EEEEE A549
Y [ ] ] | HEEE N Y. HT-29

HRE
PBMC

HRE
PBMC

w o m ~ n i Mo~ i m ~
P I I
™ wn = [T TR T < =3 [T~ 5 O = =3 [V & I~ =
L=l uvwguoun o gwmupg=sLkagy TwupgcT . st <-4 ognuUg=-~- r] -2
ETEETORETSTETSE 8355885° " EaTONERaTOET S $Eg
=

85

Mouse/Rat Cancer

Human Cancer

Human Normal



Figure 3.10: Vaccinia CopMD5p3p triggers an anti-viral response in normal cells.

ISG expression as quantified by RNA-seq of human normal, human cancer and mouse
cancer cells after infection for 18h at MOI 3 with either CopMD5p3p or Copenhagen
ATK. Heatmap shows fold change values on a logz scale between infected and

uninfected samples.
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Figure 3.11: Vaccinia CopMD5p3p does not express virion assembly genes in
normal cells.

Expression levels of viral genes shown as log2 viral transcripts per million (VTPM).
Normal (human PBMC) or cancer (786-0) cells were infected with CopMD5p3p virus
at an MOI of 3 for 18h, after which RNA was extracted and transcript levels quantified
using RNA-seq. Only viral genes which are expressed at high levels (> 4096 vTPM) in
either normal or cancer cells are shown.
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We have set to compare the safety profile of CopMD5p3p to replicas of three
Vaccinia currently in the clinic. Upon treating CD-1 nude mice implanted with HT-29
xenografts with three 1e7 Vaccinia doses intravenously (1V), we find that unlike
Copenhagen, our CopMD5p3p does not cause weight loss and controls tumour growth
(Figure 3.12A). To investigate this further, we have encoded Firefly Luciferase in the
TK locus of our Vaccinia viruses and imaged following one IV dose. We find that both,
Wyeth TK- and Copenhagen TK- viruses are able to infect and replicate in murine
healthy tissues while our CopMD5p3p TK- is tumor selective (Figure 3.12B). To
confirm off-target replication in various organs we have performed a viral
biodistribution and found less CopMD5p3p virus in normal tissues when compared with
attenuations (i.e. TK-, VGF- targeting cellular replication) in current clinical candidates
(Figure 3.12C). Infection of normal cells in vitro also shows a difference in killing
between CopMD5p3p and Copenhagen ATK, most visibly in normal human prostate
cells (Figure 3.12D). Consistent with VIS imaging and biodistribution results, TK-
viruses replicate in mouse tails and cause pox lesions while CopMD5p3p infected mice
do not (Figure 3.12E-F). Overall these experiments indicate the genes deleted in
CopMD5p3p attenuate viral replication in normal tissues but do not change the ability of

the virus to replicate in tumors.
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Figure 3.12: Increased tumour specificity and safety profile of CopMD5p3p virus.

(A) Tumour control in HT-29 xenograft (left panel) and weight loss after treatment with
either Vaccinia (right panel). **** p-value < 0.0001

(B) IVIS imaging 14 days after systemic injection of 1e7 pfu Vaccinia encoding Fluc
into CD1 nude mice bearing HT-29 xenografts.

(C) Biodistribution of Vaccinia 7 days after systemic injection of 1e7 pfu into CD1 nude
mice bearing HT-29 xenografts.

(D) Viability of normal human cells after 48h infection at 0.3 MOI. (E) Representative
pictures of pox lesion formation after systemic injection of 1e7 pfu Vaccinia into the tail
vein (*** p-value < 0.001).

(F) Number of pox-lesions on tails after systemic injection of 1e7 pfu Vaccinia into the
tail vein (n=6).
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CopMD5p3p is more immune stimulating

Current attempts at making Vaccinia immunogenic are challenging, since the virus
naturally encodes multiple factors suppressing immune signaling [210]. This is an
obstacle for both, using the virus as a vaccine [211] and as an immunotherapeutic [172].
Some genes missing in CopMD5p3p are immunomodulatory (ex. B19R) and even
shown to be NF-«xB inhibitors (ex. N2L). Indeed, our RNA sequencing analysis of
primary human PBMCs extracted from healthy donors and infected with Vaccinia
showed induction of an anti-viral state with CopMD5p3p but not Copenhagen ATK
(Figure 3.10). In a separate experiment, healthy PBMCs infected with either
CopMD5p3p or Copenhagen ATK were evaluated using flow cytometry and shown
higher expression of activation markers on immune cells during a CopMD5p3p infection
(Figure 3.13A).

These results prompted us to further evaluate the immunogenicity of
CopMD5p3p in a mouse in vivo system. To this end, tumor free mice were given 1e7
PFU of Vaccinia IV and sacrificed 24h later. Flow cytometry analysis on murine
splenocytes showed a much higher levels of activation in mice treated with CopMD5p3p
compared to Copenhagen ATK. This was true for both NK cells and as T cells (Figure
3.13B). Additionally, broad cytokine induction in the serum was noted in tumor bearing

mice treated with the CopMD5p3p virus (Figure 3.14).
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Figure 3.13: CopMD5p3p is immunogenic and synergizes with immune checkpoint
inhibitors.

(A) Human PBMCs (n=2 donors) were infected with either VVaccinia for 24h at a MOI of
3. Change in activation markers of innate CD14 and NK cells after infection was
evaluated with Flow Cytometry.

(B) Activation of murine splenocytes 24h after intravenous (IV) systemic administration
of Vaccinia at 1e7 PFU.

(C-E) Mouse survival in a CT26-LacZ model implanted at 5e5 cells subQ and treated 14
days later three times with 1e7 PFU of Vaccinia intra-tumoral injection one day apart.
Each panel is an independent experiment (n=10 per group).

(C-D) Mice received were given through intraperitoneal (IP) injections 100 ug of anti-
body targeting immune checkpoints Anti-CTLA4 (C) or Anti-PD1 (D) in addition to
Vaccinia virus.

(E) Mice received a simultaneous treatment of both Anti-CTLA4 and Anti-PD1, each at
a dose of 50 ug given IP in addition to Vaccinia virus. (* p-value < 0.05; ** p-value <
0.01; *** p-value < 0.001; **** p-value < 0.0001)
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Figure 3.14: Vaccinia CopMD5p3p induces a wide variety of cytokine release after
systemic administration.

Naive Balb/C mice (n=3 per group) were injected in the tail vein with 1e7 PFU of either
Vaccinia. The next day 24h post inoculation mice were sacrificed and blood serum was
obtained using cardiac puncture. Cytokine profiling was accomplished using a Milliplex
Th17 cytokine array. Cytokine induction is shown as a normalization between virus
treated mice and naive mice, red indicating increased prevalence, white indicating no
change and blue showing a decrease in cytokine levels.
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CopMD5p3p synergizes with cancer immunotherapy

Immune activation is an advantageous quality for an oncolytic virus in the context of
recent breakthroughs in immunotherapy [212]. Immune checkpoint inhibitors are
antibodies which have been shown to block immune suppressing signals in the tumour
microenvironment of patients [213, 214]. A few recent reports show some benefit for
Vaccinia treatment of murine tumours with checkpoint inhibitors, either with non-
replicating MVA [215], or with replicating WR in modified Fluc expressing MC38 [57].

Given the ability of CopMD5p3p to activate immune cells, we hypothesized that
our virus will synergize with immune checkpoint inhibitors. To test this, we used the
murine CT26-LacZ tumor model in immunocompetent Balb/C mice. We find that we are
able to cure 20-30% of the tumours only when CopMD5p3p is combined with either
Anti-CTLA4 (100 ug) or Anti-PD1 (100 ug) checkpoints (Figure 3.13C-D) Importantly,
checkpoints alone or checkpoints combined with Copenhagen (TK-) do not achieve any
durable cures.

As blocking checkpoint CTLA4 and PD1 have previously shown additive effects
when used to treat murine tumors [216], we sought to test whether a combination of both
checkpoints with CopMD5p3p oncolysis is synergistic. Although a low dose of 50ug per
checkpoint alone isn’t sufficient to cause significant durable remissions, the combination
with CopMD5p3p treatments causes remission and long-term cures in 90% of mice
(Figure 3.13E). Our results show CopMD5p3p but not parental Copenhagen ATK to
synergize with checkpoint inhibitor immunotherapy. This hints at the immune
stimulating properties of CopMD5p3p to have a role in driving anti-tumor immune

response. No adverse effects were noticed in mice.
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Expression of antigens, antibodies and other transgenes

Another important component of cancer immunotherapy is the development of tumor
vaccines by targeting cancer neo-antigens [217]. Recently, immunogenic artificial
antigens such as OVA have been targeted by the expression of OVA in Maraba virus,
successfully inducing OVA response and tumor clearance [218]. We sought to test the
ability of CopMD5p3p to initiate or boost an immune response towards OVA and
compare it to that of Copenhagen ATK or Maraba. To this end we have performed a
prime immunization of naive mice with Adeno or either Vaccinia encoding the OVA
transgene followed by a boost immunization with Maraba or either VVaccinia encoding
the OV transgene. To evaluate immune response against the OVA antigen following
immunization, CD8+ T cells reactive to the OVA immunodominant epitope were
quantified by both tetramer staining and peptide stimulation with intracellular cytokine
staining (ICS). Previous literature shows heterologous Adenovirus prime followed by a
Maraba virus boost to induce a strong response against a virally encoded antigen [219].
We were able to reproduce this result when using Adeno and Maraba (MG-1) virus
encoding OVA proteins (Figure 3.15). Similar to this positive control group, mice
primed with CopMD5p3p and boosted with Maraba or primed with Adenovirus and
boosted with CopMD5p3p had high T cells responses versus the OVA antigen. This
suggest that CopMD5p3p encoding an antigen can be used to initiate an immune
response as a prime or boost a response in a heterologous prime/boost design.
Importantly, the immune response generated by Copenhagen ATK groups was an order

of magnitude smaller compared to either CopMD5p3p or Maraba groups (Figure 3.15).
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Figure 3.15: CopMD5p3p generates a strong T cell response against an encoded
antigen.

Naive and tumor free C57BL/6 mice were immunized either IP with 2e8 PFU of Ad-
OVA or IV with 1e7 PFU of either Vaccinia encoding OVA (CopMD5p3p /
Copenhagen ATK). Fourteen days post first immunization mice received a boost
immunization 1V with 1e8 PFU of MG1-OVA or 1e7 PFU of either Vaccinia encoding
OVA. Five days post boost immunization mice were sacrificed for immune analysis on
blood and spleen. The x-axis conditions show first the prime treatment and second the
boost treatment. The y-axis shows either tetramer OVA positive CD8+ T cells (A) or
CD8+ that are IFNg+ or IFNg+ TNFa+ following peptide (OVA dominant CD8 epitope)
stimulation (B). n=4 (* p-value < 0.05; **** p-value < 0.0001).
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So far, we have shown the ability of CopMD5p3p to express transgenes such as
firefly luciferase (Figure 3.12B) or ovalbumin (Figure 3.15) from it’s TK locus. Both of
these transgenes were expressed under a commonly used Vaccinia synthetic early/late
promoter [220]. However, for some applications like expression of an antigen, timing
and strength of the promoter have both been correlated with a better immune response
against the antigen [221]. We have therefore tested the ability of CopMD5p3p to
produce transgenes at various life cycle stages: early only (promoter B19R), late only
(promoter synthetic late) and early/late (promoter H5R). To this end, we have encoded a
full chain Anti-hCTLA4 antibody (Ipilimumab) in the deleted MD5p locus under the
early/late H5R promoter. Additionally, we have replaced the B8R gene with a DC
maturation ligand FLT3LG under an early B19R promoter and a membrane bound IL-12
cytokine under a late synthetic promoter. After rescuing the virus and validating the
insertion of all three transgenes through DNA sequencing, we have performed ribosomal
profiling in an attempt to sequence and quantify mMRNA being translated by ribosomes
[222]. As expected, Ipilimumab (labelled as Yervoy) is translated throughout the
infection cycle while FLT3L and IL-12 are restricted to early and late translation

respectively (Figure 3.16).
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Figure 3.16: Ribsosome profiling and RNA sequencing of transgene expressing
CopMD5p3p.

Transcript levels of viral mMRNA associated with ribosomes as quantified by RNA-seq.
Infected 786-O were lysed at 2, 4 and 8h post infection with Vaccinia. Lysates were
incubated with a cocktail of RNase T1 and RNase A to digest unprotected mRNA. Small
15-30nt RNA was then sequenced and mapped to the Vaccinia genome. Viruses used
were wild-type Copenhagen, CopMD5p3p deleted for BSR (CopMD5p3pB&8R?) and
CopMD5p3p expressing transgenes (CopMD5p3p-TGB8R-). Transgenes encoded by the
later virus are Yervoy (Anti-hCTLA4 Ipilimumab) under an H5R promoter, FLT3L
under a B19R promoter and IL-12 under a synthetic late promoter.
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Discussion
Although Vaccinia strains have already been shown to have differences in gene content

and phenotype, there is currently a lack of justification for using any one particular strain
as an oncolytic virus (OV). In our study we focused on the five popular strains, all of
which are currently in pre-clinical or clinical trials. We show that the Copenhagen strain
replicates favourably in a cancer setting (Figure 3.3A) and thus is the preferred platform

for creating a next generation Vaccinia OV.

Current Phase I-11 clinical trials show Vaccinia safety when the Thymidine Kinase (TK)
[77, 223] or Vaccinia Growth Factor (VGF) [129] gene is interrupted while pre-clinical
studies also focus on deleting Ribonucleotide Reductase (RR) for safety [224].
Thymidine Kinase and Ribonucleotide Reductase are involved in nucleotides
metabolism that when deleted, targets the virus to replicating tissue. The other target for
deletion, Vaccinia Growth Factor, is an Epidermal Growth Factor homolog promoting
cell division [225]. Strategies targeting metabolically active tissues have been explored
before in the context of chemotherapy, and have limited success as dysregulated
metabolism in tumour cells leads to resistance [226]. Furthermore, some normal tissues
like hepatocytes and keratinocytes have increased metabolic rates, perhaps explaining

why some patients treated with Vaccinia develop pox lesions on their skin [34].

Because current strategies do not prevent off-target replication and put the virus at a
disadvantage to colonize certain tumour niches we explored other avenues for creating a
potent Vaccinia OV. Vaccinia has a large genome with over 200 protein coding genes

about which little is known in terms of their contribution or lack-off to the safety and
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oncolysis of the virus. We have answered this question by randomly knocking out
Vaccinia genes using a transposase system and passaging them in cancer cells. We find
that Copenhagen genes that are not present in most poxviruses (poorly conserved) are
dispensable and have little effect on the ability of the virus to replicate. Genes we deem
unnecessary for oncolysis are located at the extremities of the genome as opposed to the
middle (Figure 3.3C). This is perhaps unsurprising, as the middle of poxvirus genomes
Is most strongly conserved while the extremities have rapidly evolving genes under
positive selection [227]. Interestingly, dispensable genes seem to either have unknown
function or are involved in virulence (Figure 3.3D). This provides an alternative
opportunity to increase the safety of the virus, as it is known that tumours are largely
impaired in their anti-viral response [14] and have highly immune suppressing

environments [228].

Despite the comprehensive nature of our transposon mediated gene interruption analysis,
it is limited in that it only looks at single gene knockouts. Since we have identified such
a large number of candidates for knockout, it would neither make sense to delete just
one, nor do we have any basis on which to delete multiple of these candidates. Deleting
just one gene is unlikely to generate the best OV as Vaccinia genes have redundant
functional equivalents [98]. On the other hand, the power of our non-biased analysis is

the identification of genomic areas in which multiple genes do not hinder oncolysis.

To take advantage of this knowledge we hypothesized that selecting for naturally

occurring deletions in genomic areas that do not contribute to oncolysis will make a
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better Vaccinia OV. Previous research has shown that natural deletions can arise in
poxviruses after lengthy passaging [191], however this approach does not guarantee
deletions in specific areas and severely restricted the replication of the virus to cell line
used for passaging [191]. An interesting observation was made when Qin L et al
discovered naturally occurring deletions in Vaccinia when plaque picking recombinant
viruses [229]. We have decided to pick a few hundred plaques after one round of
Vaccinia infection and perform whole viral genome sequencing which allowed us to
screen for naturally occurring large deletions. We have found two such deletions in
opposing genomic areas which we were able to isolate and cross into a recombinant
harbouring both large deletions of genes dispensable for oncolysis (Figure 3.5). Our
rescued CopMD5p3p double deleted novel virus was able to replicate and spread both in
vitro and in vivo similarly to its parental Copenhagen. CopMD5p3p is able to induce
more cell death (Figure 3.6A) which could be explained by the lack of anti-apoptosis

genes (F1L, N1L and M1L).

Lack of anti-apoptosis genes and other virulence factors help explain the safety profile
of CopMD5p3p. We have shown through VIS imaging (Figure 3.12B) and viral
biodistribution (Figure 3.12C) that VVaccinia knocked out for TK and VGF replicates in
off-target tissues and is inferior to the onco-selectivity of CopMD5p3p in
immunocompromised mice. IVIS imaging and visual inspections also revealed pox
lesion formation on mouse paws and tails (Figure 3.12E), consistent with reports of pox
lesions forming in some patients treated with Vaccinia [34]. Importantly, CopMD5p3p

encodes TK, RR and VGF, yet it does not produce pox lesions in nude mice (Figure
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3.12F) and does not cause them to lose weight (Figure 3.12A), showing the successful
creation of a non-metabolically targeted tumour specific OV. Furthermore, tumor
targeting allows transgenes expressed by CopMD5p3p to be localized in production in

the tumor microenvironment (Figure 3.16).

Deletion of anti-apoptosis and virulence genes (Table 3.2) not only increased the tumor
specificity but also the immunogenicity of the virus. A portion of previously reported
Vaccinia immune suppressing genes [210] are missing from CopMD5p3p, leading this
virus to induce an anti-viral state when infecting normal immune cells but not cancer
cells (Figure 3.10). We have also shown that compared to Copenhagen ATK,
CopMD5p3p is able to induce an active immune state in both human and murine
PBMCs (Figure 3.13). This may be a very important feature since tumor
microenvironments are already very immunosuppressive and OVs have been shown to
alleviate the immunosuppression thus promoting immune cell recruitment and activation
[230]. CopMD5p3p’s immunogenicity is also highlighted by its ability to initiate a T cell

response against an encoded antigen (Figure 3.15).

Due to the increased ability of CopMD5p3p to activate immune cells, we have looked at
its effectiveness as an immunotherapy combined with monoclonal antibody immune
checkpoint blockade. Our results show CopMD5p3p is able to synergize with both Anti-
CTLA4 and Anti-PD1 antibodies individually and in combination. Furthermore, we
have also shown that the synergy with checkpoints can happen at a lower dose of

antibody (50 ug) where only CopMD5p3p administered with both checkpoints results in
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long lasting tumour cures (Figure 3.13). Furthermore, CopMD5p3p but not Copenhagen
ATK was able to induce an immune response against an encoded artificial antigen
(Figure 3.15). This is suggestive that some degree of immune stimulation (lacking in
Copenhagen ATK) is needed to induce an immune response. The ability to act as a
vaccine and to synergize with checkpoint inhibitors show CopMD5p3p’s ability to

immunologically prime the tumour microenvironment for immunotherapy [230].

In summary, we have rationally selected for an oncolytic VVaccinia virus with novel
features beneficial for cancer therapy. Our virus can replicate as well as parental wild-
type Copenhagen but has the advantage of being a faster and more efficient at oncolysis
(Figure 3.6A). The large genomic deletions have removed genes which were counter-
productive to oncolytic activity and were involved in suppressing the immune system
allowing Vaccinia to replicate in healthy tissue. CopMD5p3p is safe, efficacious and can
synergize with immunotherapy to increase its therapeutic value. Although other
Vaccinia with large deletions have been shown to be safe and immunogenic (i.e. MVA,
NY-VAC, vP811), CopMD5p3p has the major advantage of being able to replicate both

in vitro and in vivo selectively in cancer cells.
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Materials and Methods

Cell Lines
All cell lines used in this manuscript were obtained from the American Type Culture

Collection (ATCC) and passaged in Dulbecco's Modification of Eagle's Medium

(DMEM) supplemented with 10% foetal bovine serum (FBS).

Viruses
Wild-type Vaccinia WR, Wyeth and Lister strains were purchased from ATCC.

Vaccinia TianTan is the DTH14 clone identical to TianTan TP5 [229] and was a
generous gift from Dr. David Evans. Vaccinia virus Copenhagen was a generous gift

from Dr. Grant McFadden.

CopMD5p and CopMD3p were identified after inspecting Vaccinia genome
coverage of 200 Copenhagen picked plaques sequenced using IHlumina NextSeq whole
virus genome sequencing at the Ottawa Hospital Research Institute’s StemCore
sequencing facility. Reads from each sample were mapped to the Copenhagen genome
(GenBank accession M35027) and coverage distribution was analysed using Geneious
v10 [231]. The deletion spanning C2L to F3L was termed CopMD5p and B14R to B29R
was termed CopMD3p. Both CopMD5p and CopMD3p were amplified and used in
equal amounts to co-infect monolayers of HelLa cells at an MOI of 10, with a PBS was
and media change 2h post infection. The next day the infection lysate was collected and
used for a plaque assay on U20S cells for 48h. A total of 12 plaques were picked and
screened for recombinants using PCR primers flanking the C2L-F3L and B14R-B29R

genes. A double positive plaque was amplified and sent for whole genome sequencing,
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confirming the presence of both C2L-F3L and B14R-B29R deletions and absence of any

wild-type Copenhagen virus.

Generation of Fluc expressing virus in the TK locus of CopMD5p3p, Copenhagen and

Wyeth viruses has been done according to a previously described method [165].

Sequencing and assembly of virus genomes
For virus DNA extraction, monolayers of U20S cells were infected at an MOI of

1 for 24h or until significant cytopathic effects was observed. Cells were collected and
incubated at 37 °C with SDS Cell Lysis Buffer and Proteinase K (100 pg/mL) for 15
min. DNA was precipitated with isopropanol and washed twice with ethanol. DNA was

resuspended in RNAse free water.

Approximatively 1 ug of DNA was sent to FASTERIS for Illumina HiSeq 4000
paired-end 150bp read sequencing. The resulting fastq files were trimmed for adapter
removal using Trimmomatic [232]. Trimmed reads were assembled denovo using
SPAdes v 3.13.0 [233] default parameters. Resulting assembled contigs were probed for
homology to Vaccinia genomes using the BLAST algorithm [234]. The largest Vaccinia
contigs were aligned against the closest VVaccinia genome using mafft [235] and

GenBank annotations were transferred using Geneious v10 [231].

Fithess Assay
Equal amounts of Copenhagen, Western Reserve, Lister, Wyeth and Tian Tan were

mixed in one tube to make our input. This input population was used to infect at an MOI

of 0.01 various cancer cell lines for 72h. After infection, the output was tittered and
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fresh monolayers were infected for a total of three infections (passages). The third
passage for each cell line, along with the input population and each of the individual five
wild-type Vaccinia were sent for Illumina NextSeq whole virus genome sequencing at
the Ottawa Hospital Research Institute’s StemCore sequencing facility. The complete
genomes of the wild-type strains were assembled into single contigs using SPAdes
v3.11.1 [233]. The strain of each genome was confirmed using blastn function
Megablast [234]. Reads of sequenced passaged virus and input virus populations were
mapped with BBMap v37.68 (bbsplit.sh http://sourceforge.net/projects/bbmap)
simultaneously to all five wild-type genomes, which produces a refstats file containing

the percent of unique mapping reads to each strain corresponding to strain abundance.

Transposon Library Generation
Sequence of IFT2 (TTAA insertion) Piggybac transposase (a generous gift from Prof.

M. J Fraser, Jr. of University of Notre Dame) was cloned into a pcDNA3.1 mammalian
express vector. Transposon donor consists of mCherry under a synthetic early late
Vaccinia promoter sandwiched by two ITRs was assembled by PCR and then cloned
into a high-copy pUC57-based vector. Sub-confluent U20S cells (70-80% confluency)
were transfected by the transposase construct using Lipofectamine 2000 (Invitrogen).
Next day post transfection, cells were infected with VVaccinia Copenhagen strain at a
multiplicity of infection (MOI) of 3 and transfected with the transposon plasmid. Cells
were incubated at 37°C for 4 hr after which the medium replaced followed by a 2 day
incubation. After incubation this became our transposon library from which we were
able to purify mCherry expressing plaques, indicative of successful transposon insertion
into Vaccinia genome. To characterise this library further and identify insert locations,
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we performed Tn-seq using Illumina HiSeq performed by FASTERIS. Briefly, total
DNA was extracted and physically sheared after which a single P7 adapter was ligated
to the ends of the fragments. This was followed by amplification with a custom primer
consisting of illumine P5 sequence and transposon insert (underlined) with the following
sequence 5° AATGATACGGCGACCAC

CGAGATCTAACGCATGATTATCTTTAACGTACGTC 3’. Finally, a specific

sequencing primer was used which binds the end of the transposon insert (ITR

underlined) 5 CTTTAACGTACGTCACAATATGAT TATCTTTCTAGGG 3’. As a

result of this strategy the sequenced reads mapped to the location of transposon
insertions. Read mapping was done with BBMap v37.68 against the Vaccinia
Copenhagen genomes and insertion sites and their frequencies were determined using

bedtools genomecov [236].

Transcriptomic and RPF analysis
Cancer (HT-29) or normal (PBMC) cells were infected at a MOI of 3 for 18h with either

CopMD5p3p or Copenhagen ATK. Cells were lysed with RLP buffer supplemented with
2-Mercaptoethanol (1% v/v). Lysates were processed through a QIAshredder column
(Qiagen Cat # 79654) to shred DNA and prevent its excessive column binding. RNA
was then isolated using the RNeasy Mini kit (Qiagen Cat # 74104) following
manufacturer’s protocol. Approximatively 1 ug of RNA was sent to FASTERIS for
Illumina HiSeq 4000 paired-end 150bp read sequencing. For Ribosome profiling, lysates
were first digested with a cocktail of RNase T1 (Thermofisher; 10 U/uL) and RNase A

(Thermofisher; 20 ng/uL) prior to RNA extraction. Sequencing of 15-30 nt size selected
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RNA fragments was performed by FASTERIS using Illumina HiSeq 4000 single-end

50bp read sequencing.

The resulting fastq files were trimmed for adapter removal using Trimmomatic
[232]. Trimmed reads were then mapped to the latest Ensembl human genome (v95)
using HISAT?2 [237]. Relative mRNA levels of annotated protein coding genes were
then estimated as transcripts per million (TPM) using StringTie [238]. In order to
calculate fold change between uninfected and infected samples, a pseudoTPM values of
1 was added to all genes in all conditions to prevent the impossible division by zero in
some cases. Data was processed using the R statistical software [239] and displayed as a

heatmap using the pheatmap package developed by Raivo Kolde.

Cell Viability Assay
Cells were seeded in 24-well plates at a concentration of 2e5 cell per well. The

following day, virus was added at a range of 1-0.1 MOlIs in threefold dilutions. Two
days post infection media was aspirated, cells were washed once with PBS and stained
with Crystal Violet. After scanning, plates were de-stained in 1% SDS mixture for 24h
after which 100 uL of destined sample was transferred to a 96-well plate from which
absorbance was read at 570 nm using a Multiscan-Ascent machine. Values of untreated

samples were used as a reference for 100% viability.

Flow cytometry
Collected samples were analysed by flow cytometry on a BD LSRFortessa (data

analysed with the FlowJo software). The spleens were mashed and passed through
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100um cell strainers (Fisher) in cRPMI (RPMI+10% FBS). Red blood cells were lysed
with ACK lysis buffer. Antibodies, fluorochromes and sources used are: Live/Dead
(BV510; BD Cat. # 564406), CD3 (AP700; BD Cat. # 557984), CD8 (PE-CD594; BD
Cat. # 562283), IFNg (APC; BD Cat. # 554413), TNFa (PE-Cy7; BD Cat. # 557644),

OVA Tetramer (APC; Pro Immune Cat. # F093-4A).

Mice and tumor models
Mouse strains BALB/c, C57BL/6, NOD-SCID and CD-1 (nude mice) were purchased

from Charles River Laboratories (Wilmington, MA). Syngeneic BALB/C models 4T1

and CT26 were seeded at 1e5 and 5e5 respectively subQ. Syngeneic C57BL/6 models

MC38 and B16 were seeded at 1e5 cell subQ. Xenograft HT-29 and A549 models were

seeded at 3e6 cell subQ in CD-1 and NOD-SCID mice respectively.

Vaccinia viruses were administered intratumor (IT) or intravenously (IV) ata
dose of 1e7 PFU in 100 uL. Antibodies purchased from BioXCell targeting checkpoint
inhibitors PD1 (clone RMP1-14) or CTLAA4 (clone 9D9) were given IP at a dose of

either 100ug or 50ug.

All experiments were performed in accordance with institutional guidelines

review board for animal care (University of Ottawa).

Bioluminescent in vivo imaging
Mice were injected with D-luciferin (Molecular Imaging Products, Ann Arbor, MI) for

firefly luciferase imaging. Mice were anesthetized under 3% isoflurane (Baxter,
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Deerfeld, IL) and imaged with IVVIS200 Series Imaging System (Xenogen, Hopkinton,
MA). Data acquisition and analysis were performed using the Living Image v2.5
procedure part of the Igor Pro software. For each experiment, images were captured
under identical exposure, aperture and pixel binning settings, and bioluminescence is

plotted on identical color scales.

Virus plague assay and biodistribution
Mice harboring subQ tumors were tail injected intravenously with 1e7 pfu of Vaccinia

virus when tumors were palpable. At various time points, mice were sacrificed, organs
including tumors were dissected and mechanically homogenized. Organ homogenized
lysate was then titered for Vaccinia using a starting volume of 100 uL with 1 in dilutions
on U2-0S confluent monolayers. Overlay was supplemented with Penicillin-
Streptomycin antibiotic (5 % v/v). Similarly, for growth curves, plaque assays were

performed on U2-OS confluent monolayers.

For growth in patient tumor cores, three 2mm x 2mm cores were randomly
distributed in 24-wells with 500 uL of DMEM + 10% FBS media. Infections were done
at 1e4 pfu per well, after 2 h washing with PBS and replacing media. After 72h post

infection, plaque assays were performed to assess viral titers and growth.
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General discussion, future directions and concluding remarks

The work described in this thesis explores genetic alterations to VVaccinia virus in an
attempt to create a tumor-selective oncolytic virus. The first chapter of this thesis
provides a general overview of cancer biology, which informs the treatment of tumors
with oncolytic viruses, including Vaccinia virus. The second chapter explores the
deletion of a single viral gene, the apoptosis inhibitor F1L in an TK" attenuated
Vaccinia, showing better oncolytic properties. The third chapter shows Vaccinia
Copenhagen strain replicates best in human tumors. Furthermore, a transposon gene
interruption assay revealed several genes in Vaccinia can be knocked out (i.e. inserted
into) with a limited impact on replication in cancer cells. Lastly, a Vaccinia Copenhagen
with a 10% genomic deletion, CopMD5p3p, shows improved oncolytic activity through
faster cancer cell oncolysis, enhanced tumor selectivity and synergy with cancer

immunotherapy.

Choosing a Vaccinia strain as the backbone of a therapeutic virus
The decade long smallpox eradication campaign saw the use of multiple

Vaccinia strains as smallpox vaccines. Similarities and differences among strains need to
be better understood before choosing a backbone for a novel therapeutic agent.
Convincing evidence shows that Copenhagen is the Vaccinia strain which replicates best
in human cancer cell lines, including primary human tumors is shown (Figure 3.3AB).
This is an important finding as all five strains tested in the assays are currently evaluated
both pre-clinically and clinically as cancer therapeutics. As an important aspect to

consider, Vaccinia viruses have a broad host tropism and being able to infect and
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replicate in several mammalian hosts as well as other vertebrates [240]. This is crucial in
the context of treating human tumors and using models available to test oncolytic
viruses. Different VVaccinia strains may have different hosts in which they replicate
preferentially. This is supported by studies which show the WR strain (passaged in
mouse brains multiple times) to be more virulent compared to the Wyeth strain in mice
[241]. A competition experiment may reveal a different VVaccinia strain to replicate
better than others in mouse cancer cell lines. It is therefore difficult to compare the
oncolytic performance of different VVaccinia strains, such as Pexa-vec (Wyeth) to vwDD
(WR) in mouse syngeneic models. It is also difficult to foresee a Vaccinia strain’s
therapeutic potential in human patients based on mouse data alone. The rationale of
performing the screen in human cancer cells was based on the end goal of selecting a

Vaccinia backbone tailored to perform well in human patients.

Targeting Vaccinia to the tumor
The ability of a particular Vaccinia strain to outperform the others is perhaps tied

to its virulence in that particular host. Indeed, Copenhagen was one of the vaccines with
the most severe side effects during the smallpox eradication campaign [76]. Thus, we
reasoned that Copenhagen had the superior “oncolytic engine” that needed to be
modified to limit its selectivity to tumors. The random transposon-mediated viral gene
interruption allowed us to query the Copenhagen genome for elements dispensable for
oncolysis. Due to the functional redundancy of Vaccinia genes [98], it is perhaps
unsurprising that we could purify clones with individual gene knockouts for over a
quarter of all VVaccinia genes (Table 3.1). Indeed, cases of synthetic lethality have been
described in which only the simultaneous knockout of two Vaccinia genes impairs viral

replication [242]. To better understand viral gene interaction and find new cases of
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synthetic lethality, a second transposon library could be built starting from a purified

version of the first, showing synthetic lethality at the level of two genes.

As most interrupted genes in the clones we isolated had no in vitro effect on
replication and no in vivo effect on virulence based on literature, we had decided to
focus on recovered clones with large genomic deletions encompassing multiple genes.
Being able to plaque purify and expand CopMD5p and CopMD3p suggested these
viruses were not impaired in their ability to replicate in cancer cells. Since these viruses
each had a different set of genes missing, | speculated combining these two sets of
deletions may not yield a replication-competent virus. Interestingly that was not the
case, as forcing recombination between CopMD5p and CopMD3p generated
CopMD5p3p, a virus missing 32 genes. Even more surprisingly CopMD5p3p was not
attenuated in its ability to replicate when compared to parental wild-type Copenhagen
(Figure 3.6B and Figure 3.6C). Lack of attenuation in vitro suggests the deleted genes
may have an important role in vivo in the presence of an immune system. Based on
previous reports of synthetic lethality in Vaccinia, | speculate a transposon interruption
library on CopMD5p3p would show a decreased ability to knock out genes in a virus
which is already missing 10% of the genome. Nevertheless, such an experiment would
suggest novel genetic interactions among deleted and remaining Vaccinia genes in

CopMD5p3p.
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CopMD5p3p is a tumor selective therapeutic capable of transgene expression
CopMD5p3p was shown to be more tumor-selective, more immunogenic and

capable to express transgenes. Given a deletion larger than 20kb in CopMD5p3p, it is
tempting to speculate that this space can now be filled up with multiple therapeutic
payloads, including various cytokines previously inserted into other viruses and shown
to be effective in CopMD5p3p (Figure 3.16). For instance, arming the virus with
activating cytokines such as IL-12 and IL-2 can help overcome immune exhaustion in
the tumor microenvironment [243]. However, this strategy alone may fail in poorly
infiltrated cold tumors, in which case adding immune recruiting cytokines such as
CXCL9, CXCL10 and CXCL11 may turn a tumor hot [244]. Depending on a tumor’s
microenvironment, such strategies may result in over-stimulation and immune shutdown
via upregulation of checkpoint inhibitors CTLA4 and PD1/PDL1. Although antibodies
targeting checkpoint inhibitors have shown clinical promise, they are both expensive to
manufacture and toxic. Previous work has shown that Vaccinia is capable of encoding
and producing functional antibodies, including one targeting PD1 [245]. Our in vivo
luciferase signal shows CopMD5p3p to be tumor-selective (Figure 3.12B), suggesting
that any transgene, including an antibody targeting checkpoint inhibitors would result in

their localized expression in the tumor microenvironment, limiting off-target toxicity.

Most transgenes discussed in the previous paragraph are immune-stimulating, it
is unsurprising that some have already been implicated in VVaccinia clearance [246].
Such a transgene expressed from Vaccinia may therefore benefit from the control of an
inducible system [247], where transgene production is initiated upon successful spread
in the tumor microenvironment. Furthermore, using a previously described Vaccinia T7

polymerase system driving transgene expression [248], an inducible T7 polymerase can
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control expression of multiple transgenes under a T7 promoter. Aside for allowing for
viral spread, controlling transgene expression has other benefits such as stopping

expression in cases of observed toxicity.

Thesis Shortcomings and Pitfalls
An important aspect of an oncolytic virus is its ability to replicate and spread

throughout a tumor. This will ensure better tumor control due to the direct lysis of
cancer cells but also affect the amount and distribution of transgenes produced. When it
comes to CopMD5p3p, an important question is if replication in the tumor can be
boosted while maintaining the same degree of selectivity. In other words, have we
deleted genes which don’t contribute to off-target effect while helping virus replication
in the tumor? The deletions in CopMD5p3p are clusters of genes localized in two
genomic areas, leading to the possibility that some genes located within the deleted loci
are needed for replication in an in vivo tumor. A labor-intensive way of investigating this
avenue is the generation of CopMD5p3p viruses with deleted genes gradually added
back in and tested in vivo for off-target replication. Perhaps a faster way would be to
inject mouse tumors with mixtures of CopMD5p3p clones each with a different gene
added back in. Targeted sequencing of the insertion locus in tumor DNA after viral
inoculation would reveal whether any particular genes added back in can outcompete
others. This virus can then separately be tested for off-target effects. A similar strategy
can be applied to the transposon library where passaging it in tumors in vivo can reveal
which Vaccinia genes causes loss of fitness when deleted. The caveat of such
approaches remains genetic interactions, where the combined presence of a deleted gene
in CopMD5p can synergize well with a deleted gene in CopMD3p to promote better

replication and persistence in the tumor.
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Lastly, it is important to consider an alternate avenue for creating the next best
oncolytic Vaccinia virus. Our initial assays based on replication led us to select
Copenhagen as the Vaccinia strain to move forward with, but is replication a key factor
for a successful OV? Some studies involving replication-deficient or heat-inactivated
Vaccinia have shown great efficacy in several hard to treat murine tumor models
through activation of the interferon inducing cGAS/STING pathway [249]. | would
argue that viral replication in the tumor microenvironment is absolutely crucial due to
the need to produce transgenes. Activating the cGAS/STING pathway does not require
heat-inactivated virus and can be achieved by encoding well-described STING agonists
[250] in Vaccinia. However, the existence of different STING alleles in the human
population can make it difficult to pick a universal STING agonist [251]. Importantly,

cancer heterogeneity makes targeting a single molecular pathway an unlikely panacea.

Concluding statement
This thesis describes several strategies and assays that can be used in evaluating the

oncolytic activity of a particular virus. Furthermore, it follows the rational design of a
next generation Vaccinia OV. CopMD5p3p is a tumor selective, oncolytic and
immunogenic virus able to encode and produce multiple therapeutic payloads in the
tumor microenvironment. Overall, my thesis explored novel methods to generate
Vaccinia oncolytic viruses showing a complex interplay between tumor selectivity and

immunogenicity.
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Contribution of Collaborators
Chapters 2 and 3 contain a Preface section detailing contribution of various lab members

to our projects. This section will focus on contributions of collaborators from a different

institute.

Chapter 2
Dr. Johann Foloppe and Dr. Philippe Erbs have performed in vivo and in vitro
experiments using the F1L virus (Figure 2.3). They have also contributed to manuscript

writing and response to reviewer concerns.

Dr. Michael Way and Dr. Antonio Postigo have shared data on a different strain of

Vaccinia deleted for F1L. They have also contributed in drafting the manuscript.

Chapter 3
Dr. David Evans has sent our lab recombinant Tian Tan viruses from which we were

able to purify wild-type Tian Tan, thank you.

Dr. Victoria A. Jennings performed flow analysis on human PBMCs infected with

CopMD5p3p (Figure 3.13A). Dr. Alan Melcher provided advice and guidance.

Dr. Tyson Graber and Dr. Hoang Diing performed infections and polysome isolation for

ribosome profiling experiments (Figure 3.16).
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Figure S2.1: F1L deletion decreases neurovirulence.

Viral brain titer 3 days post infection of nude CD-1 mice treated with one dose 1e7 pfu
intra-venously with either Copenhagen ATK, WR ATK or WR ATK/FL1L virus.
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A2. Supplemental information for Chapter 3

Supplemental Tables

Table S3.1: List of poxvirus genomes and their respective GenBank Accession numbers used
for phylogenetic analysis performed in Figure 3.1

Taxon GenBank
Accession
Vaccinia Brazil KF179385
Vaccinia Cantagalo KT013210
Vaccinia Copenhagen M35027
Vaccinia CVA AM501482
Vaccinia IHDW KJ125439
Vaccinia I0C KT184690
Vaccinia Lister DQ121394
Vaccinia Mulfords1902 MF477237
Vaccinia MVA U94848
Vaccinia Tashkent KMO044309
Vaccinia TianTan AF095689
Vaccinia WAU86881 KF866253
Vaccinia WR NC_006998
Vaccinia Wyeth JN654976
Akhmetapox MH607141
BeAn58058 NC_032111
Bovinepapularstomatitis NC_005337
Buffalopox MG599038
Camelpox AF438165
Canarypox NC_005309
CotiaSPANn232 NC_016924
Cowpox AF482758
DeerpoxW84883 NC_006966
Ectromelia AF012825
Eptesipox NC_035460
Flamingopox NC_036582
Fowlpox AF198100
Goatpox AY077835
Horsepox DQ792504
Lumpyskindisease AF325528
Molluscumcontagiosum NC_001731
Monkeypox AF380138
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Murmanskpox NC_035468
Myxoma AF170726
Nilecrocodilepox NC_008030
NYO14pox NC_035469
Orf NC_005336
Parapoxreddeer NC_025963
Penguinpox KJ859677
Pigeonpox NC_024447
Pseudocowpox NC_013804
Pteropox NC_030656
Rabbitfibroma AF170722
Rabbitpox AY484669
Raccoonpox NC_027213
Salmongillpox NC_027707
Sealparapox NC_035188
Seaotterpox MH427217
Shearwaterpox KX857216
SheeppoxA AY077833
Skunkpox NC_031038
Squirrelpox NC_022563
Swinepox AF410153
Tanapox NC_009888
Taterapox NC_008291
Turkeypox NC_028238
Variola NC_001611
Volepox NC_031033
WesternKangaroopox MF467280
Yabalikedisease AJ293568
Yabamonkeytumor NC_005179
Yokapox NC_015960
Adoxophyeshonmaientomopox NC_021247
Amsactamooreientomopox AF250284
Anomalacupreaentomopox NC_023426
Choristoneurabiennisentomopox NC_021248
Choristoneurarosaceanaentomopox NC_021249
Melanoplussanguinipesentomopox AF063866
Mythimnaseparataentomopox NC_021246
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Figure S3.1: Relative fitness of five Vaccinia wild-type strains after passaging three
times in various cancer models.

Validation of Copenhagen abundance using qPCR technique on Copenhagen specific
genomic locus on data shown in Figure 3.3.
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A3. Enhanced susceptibility of cancer cells to oncolytic rhabdo-virotherapy by
expression of Nodamura virus protein B2 as a suppressor of RNA interference

Preface

Work described in this chapter has been previously published as an article in the Journal
for ImmunoTherapy of Cancer. The published paper is titled “Enhanced susceptibility of
cancer cells to oncolytic rhabdo-virotherapy by expression of Nodamura virus protein
B2 as a suppressor of RNA interference” and has the following authors: Donald Bastin,
Amelia S. Aitken, Adrian Pelin, Larissa A. Pikor, Mathieu J. F. Crupi, Michael S. Huh,

Marie-Claude Bourgeois-Daigneault, John C. Bell and Carolina S. Ilkow.

As | joined the Bell lab work on this project was underway, supervised by Dr.
Ilkow and Dr. Bell. My contribution to this work revolved primarily around
bioinformatic analysis, namely RNA-seq analysis (Figure 1a, Figure 2c) and Microarray
analysis (Figure 3a, Figure 3b). Because my contribution was rather focused on certain
aspects of the project, I have not included this paper as a standalone chapter in my

thesis.
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Abstract
Antiviral responses are barriers that must be overcome for efficacy of oncolytic

virotherapy. In mammalian cells, antiviral responses involve the interferon pathway, a
protein-signaling cascade that alerts the immune system and limits virus propagation.
Tumour-specific defects in interferon signaling enhance viral infection and responses to
oncolytic virotherapy, but many human cancers are still refractory to oncolytic viruses.
Given that invertebrates, fungi and plants rely on RNA interference pathways for
antiviral protection, we investigated the potential involvement of this alternative
antiviral mechanism in cancer cells. Here, we detected viral genome-derived small
RNAs, indicative of RNAi-mediated antiviral responses, in human cancer cells. As
viruses may encode suppressors of the RNA interference pathways, we engineered an
oncolytic vesicular stomatitis virus variant to encode the Nodamura virus protein B2, a
known inhibitor of RNAi-mediated immune responses. B2-expressing oncolytic virus
showed enhanced viral replication and cytotoxicity, impaired viral genome cleavage and
altered microRNA processing in cancer cells. Our data establish the improved
therapeutic potential of our novel virus which targets the RNAi-mediated antiviral

defense of cancer cells.
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Introduction
Oncolytic viruses (OVs) possess an intrinsic or engineered ability to selectively target,

replicate in and Kill cancer cells [1]. These promising cancer therapeutics exploit cellular
defects that promote tumour growth [2], destroy tumour-associated vasculature [3],
induce anti-tumour immunity [1] and synergize with other treatments [4]. OVs must
overcome barriers triggered by viral infection, including those mounted by cancer cells
and components of the tumour microenvironment [5]. The type I interferon (IFN)
pathway is a well-characterized mammalian signaling cascade triggered upon viral
attack to protect the surrounding cells and alert the immune system to contain infection
[6]. The production of type I IFNs promotes an antiviral and anti-proliferative state in
addition to inducing innate and adaptive immunity [2]. This antiviral response represents
a major barrier to virus replication and spread in healthy tissues and is necessary to the
safety of OV therapy [7]. Interestingly, the genetic alterations promoting tumourigenesis
are associated with enhanced cancer cell susceptibility to viral infection [2]. Many
pathways activated in response to infection that inhibit cell growth, activate apoptosis,
and alert the immune system, are incompatible with malignant growth and are often
defective in cancer cells [2]. Since these defects are common in cancer cells, they
facilitate the targeted killing of cancer cells by certain OVs. Despite having IFN
pathway defects, many cancers are still quite resistant to OV therapy [7]. For example,
the vesicular stomatitis virus (VSV) is an OV platform with promising potential for
clinical translation [8]. A VSV variant with an improved therapeutic index (VSVAS51) is
impaired in its capacity to block the IFN response and infect normal tissues [7]. The

degree of susceptibility to VSVA51 killing varies among human cancers [7], due to the
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IFN status of the cancer cells and the potential involvement of other antiviral

mechanisms within resistant tumours.

An alternative antiviral strategy relies on RNA interference (RNAI) [9], in order to
combat infection in plants, fungi and invertebrates. This system is similar to the
microRNA (miRNA) processing pathway used for post-transcriptional regulation in
most eukaryotes. Viral double-stranded RNA generated during replication and
transcription is bound and cleaved by the host cytoplasmic enzyme Dicer to form 22—-23
nucleotides long RNA fragments [10]. These short RNA fragments are loaded into the
RNA-induced silencing complex (RISC) where a single strand is selected to target
homologous viral RNA and therefore prevent viral genome replication and translation
[10]. To counteract this RNAi-mediated antiviral response, many plant and insect
viruses have evolved viral suppressors of RNAi (VSRs) [11]. One such virus is the
Nodamura virus, which primarily infects insects but is also highly virulent to certain
mammals like suckling mice and hamsters [11-13]. Nodamura virus encodes a VSR
known as B2, which binds double-stranded RNA and inhibits processing by Dicer which

prevents the production of antiviral SIRNAs [14-16].

RNAI- and protein-mediated immunity were long thought to be non-overlapping
mechanisms, with insects and invertebrates using one strategy and mammals using the
other. Interestingly, recent discoveries suggest that these mechanisms might not be
mutually exclusive. In fact, antiviral RNAI has been shown to function in mammalian
embryonic or undifferentiated cells [17]. Considering the discovery of mammalian
antiviral RNAI in embryonic stem cells and the genetic similarities between cancer cells

and embryonic stem cells [18-22]; we hypothesized a role for antiviral RNAI in cancer
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cells. To investigate antiviral RNAI and its effects on OV therapy, we engineered a
recombinant VSVAS1 to express the Nodamura virus B2 protein. Herein, we
characterize this novel OV and demonstrate the interplay between the B2-expressing
virus and RNA processing pathways in cancer. Our results show enhanced cancer-
specific killing by our virus as well as improved viral replication in vivo. Together, our
data strongly suggest the involvement of the RNAI pathway in the antiviral defense of

cancer cells.

Results
Evidence of a functional antiviral RNAi mechanism detected in VSVAS5I1 infected

cancer cells

To investigate the potential involvement of antiviral RNAiI mechanisms in cancer cells,
we infected human cancer cell lines with a VSV variant impaired in its ability to block
IFN response (VSVAS1) and performed small-RNA deep sequencing. We showed that
virus-derived small RNAs (vsSRNASs) have a length bias towards 22-mers in several cell
lines (Figure 1 and Additional file 1: Figure S1A), consistent with the size of Dicer
cleavage products. Importantly, this enrichment for 22-mers is present in positive strand
VSRNAS, suggesting the occurrence of double stranded RNA cleavage. This is also
characteristic of Dicer products, and likely acts during the synthesis of positive strands

in VSV genome replication.
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Figure 1: B2 enhances VSVAS5I1 replication and alters miRNA levels in cancer cell
lines.

a) M14 or 786-0 cells were infected with VSVAS1 virus and small-RNA deep
sequencing was performed. Virus-derived small RNAs have a length bias towards 22-
mers. The enrichment for 22-mers is indicated for positive strand vSRNAs.

b) Virus concentrations of supernatants collected from M14 or 786-O cells expressing
fluorescently-tagged B2 or empty vector and infected with VSVAS1 at an MOI of 0.1
for 24 h. NS: P>0.1; *P<0.1, **P <0.01, ***P <0.001, using Student’s t-test. Only
significantly different pairs are indicated.

) Schematic representation of the VSVA51-B2 and VSVAS51-GFP viral backbones.
d) Western blot analysis of Vero cells infected at an MOI of 1 with VSVAS1 or
VSVA51-B2 for 24 h. The membranes were probed for VSV proteins, His-tagged B2
and GAPDH.

e) MiRNA levels from 786-O cells infected with VSVAS51-GFP or VSVAS51-B2 for 18 h
as determined by qPCR. The results were normalized to mock uninfected levels as
explained in the material and methods section. NS: P> 0.1, *P <0.1, **P <0.01,

***P <0.001, using Student’s t-test. Only significantly different pairs are indicated on
the figure
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B2 protein enhances VSVA51 replication in virus-resistant cancer cells

We reasoned that if antiviral RNA. is triggered in mammalian cancer cells upon
VSVASI virus infection, expression of an RNAI viral suppressor should significantly
enhance virus growth and cytotoxicity. To this end, we investigated the effects of the
VSR protein B2 on VSVAS1 replication in cancer cells, and characterized two human
cancer cell lines (melanoma M14 cells and renal carcinoma 786-0O cells) transfected
with fluorescently-tagged B2 or empty vector (mock control). M14 and 786-0 cell lines
were selected as models for further characterization as they are both resistant to VSV
infection and have functional type I IFN pathways. Upon drug-selection and sorting of
positive cells, we confirmed ectopic expression of fluorescently-tagged constructs, as
shown in fluorescence microscopy images (Additional file 1: Figure S1B). Viral outputs
from B2-expressing M14 and 786-O cells infected with VSVAS51 were significantly
higher relative to mock controls (Figure 1B), suggesting that B2 may enhance viral

production.

VSVAS51-mediated expression of B2 enhances cytotoxicity in cancer cell lines

As ectopic expression of the B2 protein enhanced VSVASI titers in both M 14 and 786-
O cell lines, we engineered a VSVAS51 virus variant encoding His-tagged B2 to assess
effects of virus-mediated B2 expression. B2, or GFP as a control, was cloned between
the G and L genes of the VSVAS1 backbone (Figure 1C), using a strategy previously
shown to support expression of transgenes without impairing virus replication [7, 23].
We infected Vero cells with VSVA51-B2 and confirmed transgene expression by
immunoblotting for His-tagged B2. As predicted, expression of B2 enhanced expression

of VSV viral proteins (Figure 1D).
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While the mechanism of action of VSVA51-encoded B2 on mammalian cancer cells
remains to be elucidated, previous studies have shown that B2 blocks processing of
small RNAs by Dicer [24, 25]. Given that B2 enhanced VSVAS51 production by
mammalian cancer cells, we investigated whether miRNA levels were affected by
VSVAS51-B2 using quantitative PCR (gPCR) for various miRNAs from infected 786-O
cells. For the majority of miRNAs tested, including miR-1, miR-16, miR-24, and miR-
93, the miRNA expression levels measured in VSVAS51-B2 infected samples were
significantly lower compared to VSVAS51-GFP samples (Figure 1E), suggesting

inhibition of small RNA processing by B2.

To determine if VSVAS51-B2 could kill cancer cells more efficiently than VSVAS1-GFP,
we screened a panel of 38 different human cancer cell lines. The cells were infected at a
multiplicity of infection (MOI) of 1 and cell viability was assessed. B2-expressing virus
showed enhanced killing in the majority of cancer cell lines tested, including M14 and
786-0 cells (Figure 2A). In our screen, we also included an additional virus variant
encoding vaccinia Copenhagen virus VP55, a different VSR [26], which similarly

enhanced virus-mediated cell killing in our studies (Figure 2A).
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Figure 2: VSVAS51-B2 alters cytotoxicity and viral genome cleavage.

a) Relative metabolic activity of 38 human cancer cell lines infected with VSVAS51-GFP
or VSVA51-B2 or additionally VSVAS51-VP55 for 48 h at an MOI of 1. The results are
expressed as a percentage of the signal obtained compared to mock treatment.

b) Time-course of viral titers from 786-O and M 14 cell lines infected with VSVAS51-
GFP or VSVAS51-B2 at an MOI of 3. NS: P >0.1, *P <0.1, **P <0.01, ***P <0.001,
using Student’s t-test. Only significantly different pairs are indicated on the fig.

¢) We performed small-RNA deep-sequencing using M14 or 786-0O cells infected with
VSVA51-B2 at an MOI of 0.1 for 18 h. B2 expression in VSVASI1 virus abrogates
genomic cleavage as 22-mer vSRNAs are no longer prominent. VSVAS51-B2 derived
VvSRNAs display a bias towards positive strand reads in M14 and 786-0 cells.

d) The indicated human cancer cell lines were infected with VSVAS51-GFP or VSVAS1-
B2 (MOI=0.1). At the indicated time points, the expression level of virus genomes for
each sample was quantified and normalized to GAPDH. Levels of VSV genomes are
expressed relative to the level observed in the VSVA51-GFP 1 h-post-infection samples,
which were arbitrarily set to 1. Error bars indicate £SD among triplicates. NS: P >0.1,
*P <0.1, **P <0.01, ***P <0.001, using Student’s t-test
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To determine whether VSVAS51-B2 could affect virus production, we assessed viral
replication at multiple time points in M14 and 786-O cells, and found that VSVAS51-B2
significantly enhanced replication over time, relative to VSVAS1-GFP (Figure 2B).
Further, we infected GM38 fibroblasts with VSVAS51-B2 or VSVA51-GFP to investigate
if B2 expression affects virus replication in healthy cells, and found that VSVA51-B2
infection did not significantly increase viral cytotoxicity at an MOI of 1 (Additional file

1: Figure S2A).

VSVA51-B2 prevents VSV genome cleavage in cancer cells

To determine whether B2 protects VSV from genome cleavage, we performed small-
RNA deep-sequencing on VSVAS1-B2 infected cancer cells similar to the experiment in
Figure 1. We showed that B2 expression in VSVAS51 virus abrogates genomic cleavage
as 22-mer vsRNAs are no longer prominent in different cell lines (Figure 2C and
Additional file 1: Figure. S2B). Interestingly, VSVAS51-B2 derived vsRNAs display a
bias towards positive strand reads compared to VSVA51 vsRNAs in cancer cells (Figure
2C and Additional file 1: Figure S2B). Since the viral positive strand consists of viral
MRNASs and positive sense genome copies, a larger bias for positive sense VRNAS
suggests more efficient mRNA transcription in our VSVAS51-B2 virus. In addition, we
infected M14 and 786-0 cells with VSVAS51-GFP or VSVA51-B2 and showed that the
expression level of virus genomes for each sample was enhanced in response to
VSVAS51-B2, relative to VSVAS1-GFP (Figure 2D). Taken together, these data suggest
that VSVA51-B2 inhibits direct cleavage of the viral genome and host RNA processing

pathways.
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VSVA51-B2 and the type | IFN response

To characterize the effect of B2 expression on mammalian cancer cells at a
transcriptome level, we performed a microarray analysis on samples from M14 cells
infected with either VSVAS1-GFP or VSVA51-B2. Our results show that at a low MOI,
VSVAS51-B2 virus induced the expression of a variety of immune related genes, which
were not affected by VSVASI infection (Figure 3A). Through GO-term analysis, we
detected an upregulation of genes by at least four-fold in response to VSVA51-B2, but
not VSVAS51-GFP. We also showed enrichment of cytokine and cytokine activity
predominantly associated with an IFN response (Figure 3B). Interestingly, at high MO,
most immune genes upregulated by VSVAS1-B2 at low MOI remain unchanged with

few visible differences between the viruses (Figure 3A).
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Figure 3: VSVAS51-B2 modulates IFN response and cytokine production.

a) Microarray analysis of M 14 cells infected with VSVAS51-GFP or VSVA51-B2 at low
and high MOI as indicated.

b) Enrichment of cytokine and cytokine activity in the microarray, associated with an
IFN response.

c) gPCR analysis of IFN-B expression of 786-O cells infected for various times. IFN-
levels were normalized to GAPDH levels within each sample.

d) ELISA for IFN-B from supernatants of 786-O cells infected with VSVAS51-GFP or
VSVA51-B2 at an MOI of 0.1 for 24 h.

e) Virus outputs of VSVAS51-GFP and VSVAS51-B2 obtained from 786-O cells pre-
treated with vaccinia Copenhagen virus conditioned-media. Virus-cleared supernatants
from HeLa cells that were infected with vaccinia Copenhagen virus at an MOI of 1 for
48 h or left uninfected were transferred onto 786-0 cells prior to infection with
VSVAS51-GFP or VSVAS51-B2 for 48 h. NS: P> 0.1, *P <0.1, **P <0.01, ***P <(.001,
using Student’s t-test. Only significantly different pairs are indicated on the figure
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Given that the IFN response is an important antiviral mechanism in mammalian
cells, we investigated the potential impact of B2 on IFN responsiveness by qPCR after
infection of 786-0 cells. Consistent with our microarray results, we observed a
significant increase in IFN-RB levels 24 h post-infection with VSVAS51-B2 relative to the
control virus (Figure 3C). We also showed that VSVA51-B2 enhances IFN-R secretion
in 786-0 cells, relative to VSVAS51-GFP, by ELISA (Figure 3D). Lastly, we investigated
if the production of VSVAS51-B2 could be further enhanced by blocking the IFN
pathway. We have previously shown that B19R, a soluble type I IFN scavenger
expressed by vaccinia Copenhagen virus, enhances VSVAS1 production [26]. In order to
block the antiviral effect of the IFN that would be produced in response to VSVAS1
infection, we generated conditioned-media from vaccinia virus-infected HelLa cells and
pre-treated 786-0 cells with B19R-containing media. We found that viral titers were
significantly higher for VSVAS51-B2 with both control media and vaccinia Copenhagen
virus conditioned-media compared to VSVA51-GFP (Figure 3E); however, the absolute
increase in virus titers after exposing the cells to vaccinia Copenhagen virus-conditioned
media was similar for both VSVA51-GFP and VSVAS51-B2. Although induction of
antiviral RNAI has been shown in mature mammalian cells [27, 28], our data suggest
that the RNAI-based pathway is an IFN-independent antiviral mechanism in cancer cells
as B2 expression alone enhances viral titers, which can be further enhanced by blocking

the IFN response.

Virus-mediated B2 expression enhances replication and cytokine production in vivo

To establish an in vivo mouse model, we first screened RENCA mouse renal carcinoma

cells in vitro to determine whether VSVAS51-B2 enhanced cytotoxicity. We showed that,
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as observed using human cell lines, RENCA cells were more efficiently killed by the
B2-expressing virus (Additional file 1: Figure S2C). In vivo, we subsequently tested the
RENCA cell line which is syngeneic to Balb/c mice. In addition, we used the human
M14 melanoma cell line as a xenograft model in nude mice. For both models, VSVAS51-
B2 titers from subcutaneous tumours harvested 24 h post-intratumoural viral injection
were significantly higher compared to VSVAS51-GFP (Figure 4A). Consistent with our
microarray analysis, the IFN-y, TNF-a and MCP-1 concentrations from the serum of the
RENCA tumour-bearing Balb/c mice were significantly increased for the VSVAS1-B2
treated mice compared to VSVAS1-GFP treated mice (Figure 4B). In contrast, 11-6
concentrations did not significantly increase (Figure 4B). Biodistribution analyses
following intravenous administration revealed unchanged amounts of virus obtained
from the different organs for VSVAS1 and VSVA51-B2 (Additional file 1: Figure S2D-

E).
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Figure 4: VSVA51-B2 enhances replication and cytokine levels within in vivo
tumour models.

a) Viral titers obtained 24 hpi from subcutaneous M14 or RENCA tumours. Virus was
administered intratumourally at a dose of 1E9 pfu of VSVAS51-GFP or VSVAS51-B2. NS:
P>0.1, *P<0.1, **P <0.01, ***P <0.001, using Student’s t-test. Only significantly
different pairs are indicated on the fig.

b) Serum levels of TNF-a, MCP-1, IL-6 and IFN-y from RENCA tumour-bearing
C57BL/6 mice. Virus was administered intratumourally at a dose of 1E9 pfu of
VSVAS51-GFP or VSVAS1-B2 and serum collected 24 hpi. NS: P> 0.1, *P <0.1,

**P <0.01, ***P <0.001, using Student’s t-test. Only significantly different pairs are
indicated on the figure.
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Discussion
In this study, we demonstrate that B2 expression is sufficient to enhance VSVAS1

replication and cytotoxicity (Figure 1 and Figure 2) in mammalian cancer cells. Our
screen of human cancer cells demonstrated enhanced efficacy of VSVAS51-B2 in killing
the majority of cancer cell lines tested. The enhanced cytotoxic ability of VSVA51-B2
suggests that RNAi may be an important factor hindering virus replication in resistant
cancer cells. It is important to note that the cell lines in which there was no difference in
cytotoxicity were the most sensitive to viral infection (Figure 2), suggesting that the lack
of improvement could potentially be attributed to the already maximal virus production
by these cells. An antiviral RNAi system may still function in these cells but may only
be apparent in certain conditions, such as within the tumour microenvironment where

many factors come together and create additional barriers to infection.

Interestingly, virus variants encoding B2 and VP55, two VSRs that impair the
RNAI response by different mechanisms, show the same improvement in killing ability
for all cell lines tested (Figure 2). The mechanism of B2 involves binding of small RNA
fragments which could either prevent their processing by Dicer or loading into RISC. On
the other hand, VP55 polyadenylates miRNAs which targets them for degradation [29].
Given that both VSRs improve VSVAS51-mediated killing to the same extent, this
suggests that inhibition of the RNAI pathway improves virus replication regardless of
the mechanism through which inhibition is achieved. VP55 does not polyadenylate all
small RNAs and key features such as the presence of a 2’0 methyl group protect a
subset of small RNAs from degradation [29]. Notably, vsRNAs have been previously
shown to be 2’0 methylated, which protects them from degradation [30]. This may be

advantageous for cell lines in which direct viral genome cleavage occurs as ideally,
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cleaved genome fragments can provide additional protection through targeting

homologous viral genomes and transcripts.

To begin exploring the mechanism of B2 on VSVAS1 replication, we
investigated the potential impact of B2 on the IFN response. A number of cellular
proteins such as Toll-like receptor 3, retinoic acid inducible gene I, 2'-5' oligoadenylate
synthetase and protein kinase R recognize dsSRNA and trigger a potent antiviral immune
response [31]. Therefore, B2 may sequester the dsRNA substrates of these antiviral
factors or interact with these proteins to prevent the sensing of dSRNA. As such, we
investigated the effects of B2 on the IFN response, which is downstream of these
pathways. We demonstrate that B2 does not suppress but actually significantly increases
IFN-[3 production (Figure 3) compared to control virus, which is likely a result of
enhanced replication. More specifically, at low MOI we detect an upregulation of
immune genes with VSVA51-B2 due to the ability of the VSVAS51-B2 virus to replicate
in M14 cells and establish a successful infection which triggers a more robust IFN
response (Figure 3). However, at high MOI we do not see upregulation of immune genes
by either VSVA51-B2 or VSVA51-GFP virus (Figure 3). Higher MOI is often used to
overcome resistance to infectivity and often leads to faster cell death, suggesting there
was insufficient time to mount a type | IFN response as most, if not all, cells were
infected in the first round of replication. Of note, low MOI levels are more comparable
to in vivo systems, in which VSVAS1-B2 virus may be more immunogenic. This
prediction is in line with higher cytokine (IFN-y, TNF-o and MCP-1) levels found in the

serum of tumour bearing VSVAS51-B2 treated immune-competent mice (Figure 4).
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Additionally, our vaccinia Copenhagen virus-conditioned media transfer experiments
demonstrated that the blocking of type | IFN did not further enhance VSVA51-B2
replication compared to VSVA51-GFP. This is an indirect way to neutralize IFN-1 [26]
and further suggested that IFN and B2 have different mechanisms of action (Figure 3).
Consistent with this notion, a similar induction of IFN-stimulated genes was observed in
wildtype and RNAi-defective mouse embryonic fibroblasts [27]. In addition,
suppression of RNAI by Nodamura virus protein B2 protein does not change the
expression levels of IFN-stimulated genes in infected mice [17]. Importantly, our data
do not eliminate the possibility of IFN-stimulated miRNAs limiting VSVAS]1 efficacy.
Despite stimulating a type I IFN response, VSVAS51-B2 has enhanced replication,
suggesting that B2 expression is sufficient to overcome the antiviral response it

stimulates.

One study has shown production of abundant influenza viral sSiRNAs in IFN-
competent A549 cancer cells [27], but the existence of antiviral RNAI in cancer cells
remains largely unexplored. We were able to detect viral genome fragments (vSRNAS)
following infection with VSVAS1 in a number of cell lines (Figure 1 and Additional file
1: Figure S1), suggesting that viral genome cleavage is occurring. This may be
facilitated by RNAI machinery being repurposed during viral infection. Interestingly,
VSVAS51-B2 infection resulted in a decrease in the percentage of vsSRNAs (Figure 2 and
Additional file 1: Figure S2), suggesting the efficient prevention of this antiviral
mechanism. A number of recent reports support the notion of antiviral genome cleavage
in mammalian cells. It has been demonstrated that infection with RNA viruses can

trigger the production of viral sSiRNAs, presumably as a result of direct virus genome
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cleavage [17, 32]. The fact that many mammalian viruses encode VSRS, further supports
the concept of a mammalian RNAI system. For example, Influenza A encodes the NS1
protein [33, 34], Ebola encodes VP35 [35, 36], HIV-1 encodes Tat [37, 38] and vaccinia
Copenhagen virus encodes VP55 [29]. These proteins all have VSR-like functions,

which suggests an evolutionary advantage of blocking antiviral RNAI.

It is possible that both direct inhibition of viral genome cleavage and inhibition
of cellular antiviral mMiRNA production are co-occurring within certain cancer cell lines,
as we observe changes in both VSV-specific and total RNA read length distributions
(Additional file 1: Figure S1 and S2 and data not shown). The potential interplay
between viruses and infected host cell miRNAs is a concept that is supported by several
studies. For example, miR-29 has been reported to bind the 3> UTR of HIV mRNA
which inhibits its translation and results in sequestering the mRNA into processing
bodies [39]. IFN-R itself induces transcription of a number of miRNASs in hepatocytes
that are complimentary to the hepatitis C virus genomic RNA and inhibit viral
replication [40]. In fact, activation of the IFN pathway has been shown to lead to the
upregulation of a number of miRNAs including miR-1 [40—42], miR-129 [43], miR-146
[42] and miR-155 [42, 44, 45], some of which likely function to control infection.
Perhaps most relevant to our study, 2 miRNAs (miR-24 and miR-93) have been
previously shown to directly target the VSV genome and limit VSV replication [46].
Our results show that VSVAS51-B2 infection leads to the downregulation of both of these
miRNAs, providing a potential explanation for the increased virus production using the

B2 virus.
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Overall, we demonstrate a novel role of the RNAI pathway as an intrinsic
antiviral mechanism in cancer cells and how RNAI inhibition may be used to improve
OV replication. Mechanistically, inhibition of direct viral genome cleavage and/or
modulation of miRNA processing contribute to enhancing VSVAS1 infection in a cell
line specific manner. This work provides insight into the basic biology of viral defense
mechanisms in cancer and promises to improve current OV therapies by tailoring viruses

to overcome alternative antiviral mechanisms.
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Materials and methods
Cell lines and culture

All cell lines were purchased from the American Type Culture Collections (Manassas,
VA). Mammalian cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Corning cellgro, Manassas, VA) or RPMI-1640 (K562, OVCAR3, OVCAR4,
OVCARS) (Corning cellgro, Manassas, VA) supplemented with 10% fetal bovine serum
(FBS) (Sigma life science, St-Louis, MO) and maintained at 37°C with 5% CO2.
Drosophila melanogaster Schneider line 2 (S2) cells were cultured in SF900II serum-

free medium (Invitrogen) at 25 °C under atmospheric pressures.

DNA constructs and viral constructs

The pcDNA3.1-puro B2 (Nodamura gene) plasmid used for generating the B2-
expressing stable cell lines was made available by the Christopher Sullivan lab
(Addgene plasmid # 17228). The pEGFP-N1 plasmid (Catalog # 6085-1) was purchased

from Clontech (Moutain View, CA).

The B2 gene was amplified by PCR of the Nodamura virus genome. The primers
were designed to include the Xhol and Nhel restriction sites as well as to insert a 6x
histidine tag at the 5’ end of the B2 sequence. The digested PCR fragment was cloned
into the Xhol and Nhel digested VSVA51 backbone, as previously described. The
primer pairs for inserting B2 into the VSV backbone are listed in Additional file 2: Table

Sl
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VP55 was PCR amplified from the Copenhagen strain of vaccinia virus and
subcloned into pcDNA3.1 with an N-terminal Flag epitope. Flag-VP55 was

subsequently PCR amplified and cloned into VSVAS51M using the same strategy.
Transfection and selection of cell lines

M14 and 786-0 cells were transfected using Lipofectamine 2000 (Invitrogen, Carlsbad,
CA) according to manufacturer instructions. Briefly, cells were plated in 6 well format 1
day prior to transfection. Plasmid and Lipofectamine reagent were incubated for 20 min
and then added to plated cells in OptiMEM (Thermoscientific, Waltham, MA). 24 h
post-transfection, medium was replaced by DMEM with 10% FBS and cultured for 48 h.
Cells were then subjected to drug selection by the addition of Geneticin (800 pug/mL)
(Thermo Fisher, Carlsbad, CA). Cells were expanded and GFP- or YFP-positive cells

were sorted twice by FACS (MoFlo Astrios).
Virus quantification

Viral titers were obtained by plaque assays. Serial dilutions of the samples were
prepared in serum-free DMEM. The dilutions were then transferred to monolayers of
Vero cells and incubated at 37 °C for 1 h. After the incubation, cells were overlaid with
0.5% agarose in DMEM supplemented with 10% FBS. Plates were incubated for 24 h at

37 °C with 5% CO2 and plaques were counted.
Virus rescue and purification

Virus rescues were performed as previously described. Vero cells were infected with T7
polymerase-expressing vaccinia Copenhagen virus at an MOI of 3. Following a 2 h

incubation, media was removed and cells were transfected with T7-driven plasmids
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encoding VSV N, P, and L genes as well as the VSVA51-B2 backbone. Supernatants
collected 48 h post-transfection were passed through a 0.22 pm filter (MillexGP,

Carrigtwohill, Ireland) to remove vaccinia Copenhagen virus.

For expansion and purification of the viral preparations, Vero cells were infected
at an MOI of 0.001 and culture supernatants were collected 24 h post-infection.
Supernatants were then filtered through a 0.2 um bottle top filter (Millipore, Etobicoke,
Canada) and centrifuged at 30,100 g for 90 min. The supernatant was discarded and
pelleted virus was resuspended in Dulbecco’s phosphate-buffered saline (Corning

cellgro, Manassas, VA). Purified virus was kept at — 80°C.

Deep sequencing of vSRNAs

Total RNA was extracted with TRIzol reagent (Invitrogen) according to manufacturer
instructions. Library preparation for Illumina sequencing was performed (TCAG DNA
Sequencing Facility, Toronto, ON). Briefly, RNA was enriched for 15-25 nt sizes before
strand-specific, small-RNA library preparation and 50 bp single end read sequencing.
Adapter trimming was done with Trimmomatic [47] following default parameters.
Before read mapping, VSVA51 genome was constructed from the VSV reference
genome (NC_001560), manually edited to delete the 51st methionine amino acid in the
M gene. Reads were mapped to VSVAS1 genome using bbmap.sh script from the
BBMap toolkit (http://sourceforge.net/projects/bbmap) with a minimum alignment
identity of 100%. SAMtools was used to separate positive sense mapping from bbmap
produced sam files [48]. Lastly, positive sense reads were analyzed for size distribution

using the reformat.sh script from the BBMap toolkit.
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Western blotting

Cell pellets were lysed on ice for 30 min using complete protease inhibitor cocktail
(Roche, Mississauga, Ontario, Canada) supplemented lysis buffer (1% NP40, 150 mM
NaCl, 5 mM EDTA, 50 mM Tris pH 7.4). Lysates were centrifuged for 10 min at 16,000
g and cleared supernatants were mixed with dithiothreitol-supplemented loading buffer
(250 mM Tris-HCI pH 6.8, 10% SDS, 30% glycerol, 5% B-Mercaptoethanol, 0.02%
bromophenol blue). The samples were migrated on Bio-Rad Mini Protean 4-15% TGX
Protein Gels (Bio-Rad, Mississauga, ON) and transferred onto PVDF membranes (GE
Healthcare, Buckinghanshire, UK) prior to blocking with 5% skim milk powder (Oxoid
Ltd., Basingstoke, UK) in Tris-buffered saline (TBS)with 0.1% Tween-20. The
membranes were proofed using specific rabbit antibodies for 6x His tag (Abcam,
Cambridge, UK), VSV (polyclonal anti-VSV serum for hyperimmune rabbits) [49].
Rabbit anti-GAPDH (Abcam, Cambridge, UK) and rat anti-tubulin (Novus Biologicals,
Oakville, ON) antibodies were used as loading controls. Membranes were then probed
with a horse radish peroxidase-coupled goat anti-rabbit secondary antibody (Millipore,
Etobicoke, Canada) or goat anti-rat secondary antibody (Life Technologies, Carlsbad,
CA) and the signal was revealed using Amersham ECL Western Blotting Detection
Reagent (GE Healthcare, Buckinghamshire, UK). The gels were analyzed using

FluorChem FC2 (Alpha Innotech, San Leandro, CA).

Cell viability assay

Relative metabolic activity of cells was used as a readout of cell viability and was
determined using alamarBlue reagent (Bio-Rad, Mississauga, Ontario, Canada). The

assays were performed according to manufacturer instructions. Briefly, cells were plated
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in 96-well plates and infected with the different viruses 24 h later. 48 h after virus
infection, alamarBlue was added to each well to a final concentration of 1:10. The
samples were incubated 1 to 5 h and the fluorescence readings (excitation and emission
wavelengths of 530 nm and 590 nm, respectively) were taken using a Fluoroskan Ascent

FL (Thermo Labsystems, Beverly, MA).

Quantitative PCR

For miRNA gPCRs, RNA was extracted from infected cell pellets using TRIzol reagent
(Life Technologies, Carlsbad, CA) according to the manufacturer instructions. The RNA
concentration and purity was assessed using a NanoDrop ND-1000 spectrophotometer
(Thermoscientific, Waltham, MA) prior to reverse transcription using Quanta miRNA

cDNA synthesis kit (Gaithersburg, MD).

For all other gPCRs, RNA was extracted using RNAeasy RNA extraction kit
(QIAGEN, Toronto, ON, Canada) according to the manufacturer’s instructions. The
RNA concentration and purity was assessed using a NanoDrop ND-1000
spectrophotometer (Thermoscientific, Waltham, MA) prior to reverse transcription using

RevertAid H Minus First Strand cDNA Synthesis kit (Thermoscientific, Waltham, MA).

gRT -PCR was performed on the non-pooled triplicate samples. Following
conversion to cDNA by Superscript RT 11 (Invitrogen, Carlsbad, CA), qRT-PCR was
carried out using Sybergreen (Invitrogen) according to the manufacturer’s instructions.
Analyses were performed on a Rotor-Gene RG-3000A machine (Corbett Research,

Mortlake, AU) according to the manufacture instructions. The primer pairs specific for
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various gene products used in our experiments are listed in Additional file 2: Table S1.
gRT-PCR measurements were normalized to the U6 or GAPDH house-keeping genes

for miRNA or RNA transcripts, respectively, using the Pfaffl method [50].

Microarray

Monolayers of M14 cells were treated at an MOI of 0.1 or 3 for 24 h with either
VSVAS1 or VSVAS1 encoding B2 gene virus Total RNA was extracted with TRIzol
reagent (Invitrogen) according to the manufacturer instructions. Experimental triplicate
total RNA samples were processed by The Center for Applied Genomics at The Hospital
for Sick Children for microarray analysis on a Human Prime View chip. Raw files were
analyzed using the Transcriptome Analysis Console v3.0 (Affymetrix) software.
Normalized transcript expression values further processed with R. Heatmaps were
produced using the R package “pheatmap” v1.0.8. GO Term Enrichment analysis
(http://CRAN.R-project.org/package=pheatmap) was performed using the online
EnrichR tool [51]. Genes selected for enrichment analysis are the subset of genes

upregulated by the expression of the B2 gene in VSVAS51 by at least 4-fold.

ELISA

The concentration of IFN-3 was determined using the human IFN- B ELISA kit (R&D

Systems, Minneapolis, MN) according to the manufacturer’s instructions.

Supernatant transfer experiments
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Vaccinia stocks were propagated in U-2 OS cells and cell-associated virus was collected
by repeat [3] freeze—-thaw cycles. Purification of viral stocks was done by centrifugation
at 20,700 g through a 36% sucrose cushion (in 1 mM Tris) before resuspension in 1 mM

Tris, pH 9.

To generate infected cell conditioned media, U-2 OS cells were either mock
treated or infected with VVVdd-mCherry at a multiplicity of 10 PFU/cell for 24 h,
harvested and then pelleted by centrifugation. Supernatants were collected and passed
through a 0.22 um filter to eliminate cell-free vaccinia virions. To test for factors
enhancing VSV infectivity, tumour cell monolayers were pre-treated for 2 h with
conditioned U-2 OS supernatant. Tumour cells were then infected with VSV in the

presence of conditioned medium.

In vivo experiments and tumour models

6-8 weeks old female Balb/c or nude mice (Charles River Laboratories, Wilmington,
MA) were used. For the Balb/c mice 5 x 105 RENCA tumour cells were implanted
subcutaneously 21 days prior to treatment. For the nude mice 1 x 108 M14 tumour cells
were implanted subcutaneously 14 days prior to treatment. A single intratumoural
injection of 1E8 PFU of VSVA51-GFP or VSVA51-B2 was performed. Tumours were
harvested 24 h post-treatment, weighed and homogenized in PBS using a Powergen 125
tissue homogenizer (Fischer Scientific, Hampton, New Hampshire). Serial dilutions of
tumour homogenates were tittered to obtain intratumoural titer data. For biodistribution
experiments, naive Balb/c mice were treated with a single intravenous injection of 1E8
PFU of VSVA51-GFP or VSVA51-B2. Mice were sacrificed 24 h or 48 h post-treatment

and organs were harvested, frozen and homogenized in PBS as above. All experiments
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were approved by the University of Ottawa animal care and veterinary services (ME-

2258).

Serum was obtained upon centrifugation of blood samples collected using
lithium-heparin coated capillary tubes (Sarstedt, Newton) at 16000 g for 5 min. The
concentrations of IFNy, TNFa, MCP-1 and IL-6 were measured using a mouse
inflammation cytometric bead array kit (BD Biosciences, San Jose, CA) according to
manufacturer instructions. The results were acquired on a LSR Fortessa flow cytometer

and analyzed using the FCAP array software (BD Biosciences). Acknowledgements
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