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Abstract

Oncolytic viruses (OVs) have made tremendous strides as a viable cancer therapeutic in
recent years; however, variable infectivity rates have since limited clinical efficacy. Residual
type 1 interferon (IFN-1) responses are integral to the tumour’s innate antiviral defense and
confer resistance to OVs. To combat this, small molecules with viral sensitizing ability can be
used in combination to transiently knockdown IFN-1 responses, allowing OVs to gain a
foothold for increased infectivity and therapeutic efficacy. Accordingly, we hypothesize that
some chemical or genetic manipulations of cellular processes can indirectly antagonize antiviral
IFN-1 responses and modulate pro-inflammatory pathways to potentiate oncolytic virotherapy.
In this thesis, we identify several avenues to modify cell signalling events to increase OV
therapeutic efficacy through IFN-1 inhibition. Firstly, with respect to the demonstrated OV-
enhancing effects of vanadium, a pan-phosphatase (PP) inhibitor, we elucidate that its IFN-1
suppressing activity involves activation of the epidermal growth factor receptor (EGFR)
pathway via STAT1/2 and NF-kB. Pharmacological inhibition of EGFR abrogated vanadium’s
viral sensitizing ability in vivo. Secondly, using high-throughput screening methodology, we
identify protein phosphatases that inherently regulate the IFN-1 response as targets for oncolytic
vesicular stomatitis virus (VSVAS1) potentiation. Indeed, cloning interfering RNA against one
of these PP targets, acid phosphatase 2 (ACP2), into the VSVAS1 platform demonstrated
superior infectivity and cancer cell cytotoxicity compared to the non-targeting VSVAS1 control.
Thirdly, we characterize pevonedistat, a first in-class neddylation activating enzyme inhibitor,
to potentiate OV therapeutic efficacy across several in vitro and in vivo contexts. We
demonstrate pevonedistat’s ability to inhibit IFN-1 signalling and pro-inflammatory cytokine

production using both neddylation independent and dependent mechanisms. Taken altogether,



we dissect multiple signaling mechanisms by which the IFN-1 response can be modulated for
the purposes of improving OV therapeutic efficacy. This knowledge can subsequently be

directly translated into designing optimized OV strategies for clinical testing.

Keywords:  Cancer; Oncolytic virus; Innate immunity; Interferon response; Viral

sensitization; Cell signaling; Protein phosphatases; Neddylation
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Chapter 1. Introduction

1.1 Cancer

Even in the modern age, cancer continues to prove itself as the “emperor of all
maladies”. Cancer is currently one of the leading causes of death in Canada and worldwide,
accounting for approximately 233 deaths per day in Canada (1, 2). Computational models
project the annual number of new cancer cases to increase by 84% to 148,000 in males and by
74% to 129,000 in females by 2032 (3). Respective to economic impact, cancer care cost to
our health-care system was $26.2 billion in 2021 and is this amount is expected to steadily rise
(4). Despite all these consequences, the medical community remains without an effective cure,
allowing cancer to continue devastating Canadian patients and the health-care system with

little resistance.

At the very root, cancer is a disease of uncontrolled cell growth and impedance of
surrounding tissue. However, decades of extensive investigation have further revealed the
intricacies of tumour biology which are categorized into eight succinct characteristics:
sustained proliferative signaling, growth suppressor evasion, activation of invasion and
metastasis, enabling of replicative immortality, induction of angiogenesis, resistance to cell
death, reprogramming of energy metabolism and evading immune destruction (5, 6). Different
cancer types accumulate different genetic mutations and epigenetic changes that confer
advantages to thrive in their respective physiological environments (7, 8). Continued
bidirectional communication between the tumour and its microenvironment eventually

nurtures a niche optimized for malignant cancer cell growth (9, 10). In order to lead to clinical



symptoms in a patient, tumours must finally overcome the last obstacle, that is the elimination
phase of cancer immunoediting, and overwhelm the immune system’s ability to limit tumour

progression (11).

1.2 Current cancer therapeutics

The current mainstay of cancer treatment comprises one or more of three different
modalities: surgery, radiation therapy and systemic therapy (consisting of chemotherapy,
targeted therapy and immunotherapy), each with their own set of limitations. Early-stage
patients with localized tumours are often successfully cured with surgical resection, radiation
therapy or a combination of both. Over the last few decades, numerous advancements have
drastically increased the safety and success of these regimens with documented decreases in
mortality and time to recurrence across a multitude of cancer types (12—14). However, surgery
and radiation are both limited options for the many patients who present with more advanced
disease, especially in many cancer types such as lung where 40% present initially in stage [V
(15). Since its introduction in 1946, chemotherapy has become the bread and butter of both
curative and palliative cancer treatments (16). Targeting cell cycle characteristics, standard
chemotherapy agents are largely unable to differentiate between tumour cells and normal
rapidly-dividing cells. The result is a broad and sometimes severe side effect profile, including

immunosuppression, which predisposes patients to infection (17).

The last two decades of cancer research have seen the development of novel targeted
therapies with drastically increased efficacy. By taking advantage of slight aberrations in the
tumour genome, monoclonal antibodies and small molecules inhibit cellular components

essential for tumour proliferation that may be mutated or overexpressed (18). Targeted



therapies can also facilitate the selective delivery of chemotherapeutic agents to tumour sites
to reduce systemic toxicity (19, 20). Operating under a similar principle is immunotherapy,
consisting of biotherapeutics that are designed to empower the patient’s own immune system
or supply immune cells to contain and eradicate the tumour (21, 22). Immunotherapy also
increases adaptive antitumour immunological memory to decrease the risk of future
recurrence. However, despite their potential, both targeted therapies and immunotherapies
remain dependent on tumours being inherently responsive to the therapeutic regimen (i.e.,
through expression of an antigen or overexpressed biomarker). With current immunotherapies,

there is also the chance for severe immune-related adverse effects (23, 24).

1.3  Oncolytic virotherapy

Oncolytic virotherapy represents a novel therapy option that offers opportunity for
development and holds tremendous promise, with a relatively favourable risk-benefit ratio.
Reports of viral infection influencing cancer progression has been reported as early as the
1800s; however, it was the advent of genetic engineering that enabled oncolytic viruses (OV)
to gain traction as a viable anti-cancer therapeutic (25). Describing a class of biotherapeutics
using engineered viruses to selectively infect, replicate within and lyse tumours cells, oncolytic
virotherapies have made tremendous progress over the last decade including the approval of
talimogene laherparepvec (T-VEC), a genetically engineered herpes simplex virus (HSV-1)
expressing granulocyte-macrophage colony-stimulating factor (GM-CSF), in the treatment of
melanoma (26, 27). This is just one example of many different strains of viruses that have been
demonstrated to have anti-cancer properties, each with their own unique advantages and target

niche (28). To increase their versatility even further, modern advances in genetic engineering



techniques allow for OVs to act as payloads for genetic products such as transgenes or silencing
RNAs (siRNA). In the aforementioned example, GM-CSF increases maturation of immune
cells to enhance anti-tumour immunity (27). The result is the selective delivery of these
payloads to cancer cells via the viral genome that further improves the efficacy or safety of the
oncolytic virotherapy (29). To date, hundreds of different clinical trials evaluating OV products

using different viral platforms and genetic payloads are currently underway (30).

The selectivity mechanism of OVs take advantage of many cancer hallmarks. One such
hallmark is the frequent inherent deficiencies in antiviral defences found in tumours. To
orchestrate rapid growth and invasion into surrounding tissue, tumours commonly harbour
cellular modifications that confer survival advantages, including resistance to cell death and
immune destruction (6, 31). This creates an opportunity to engineer OVs that selectively
replicate in cancer cells that have forsaken their ability to mount an antiviral immune response,
while being unable to propagate in normal cells. Upon entry, OVs then induce mechanisms of
cancer cell killing through direct viral lysis and the release of immunogenic particles to induce
stronger innate and adaptive antitumour immunity to further clear any residual tumour (32,
33). Different viruses each have their own benefits and drawbacks as an oncolytic platform,
making certain viruses more optimal than others for different malignancies. Further genetic
tailoring can then be pursued to engineer oncolytic virus candidates for improved clinical

translation.

1.3.1 Oncolytic vesicular stomatitis virus (VSV)

One viral platform of particular interest is vesicular stomatitis virus (VSV), a negative-

sense, single-stranded RNA rhabdovirus that is enzootic in North America and causes nasal



and oral vesicular lesions in cattle, horses, and swine. While rare cases of human infection
have been reported, many were either asymptomatic or only produced mild flu-like symptoms
(34). The entire 11-kilobase viral genome is enveloped within a bullet-shaped virion, which
codes for 5 distinct viral proteins in order from the 3’ end: nucleoprotein (N), phosphoprotein
(P), matrix protein (M), glycoprotein (G), and large RNA polymerase protein (L). These
components each come together to orchestrate its rapid lifecycle, starting with recognition of
the G protein by the ubiquitously expressed receptors such as LDL-R on host cells for viral
entry by clathrin-mediated endocytosis. Upon release of the genome into the cytoplasm, the L
and P proteins transcribe viral mRNA from the viral genome coated by N. The M protein
blocks host mRNA nuclear export to shutoff host antiviral gene products and allows for
preferential translation of viral proteins, which combine at the cell membrane for assembly and
budding of viral progeny (35). The M protein is also capable of other viral-propagating

functions through the NF-xB pathway (36).

The small genome of VSV is also favourable for genetic manipulation, allowing for
opportunities to increase safety and therapeutic potency. While wild-type VSV (VSV-WT)
shows unacceptable toxicity, introducing a deletion of sequence encoding methionine 51 in the
M protein attenuates the resulting VSVAS]1 to only infect cells defective in antiviral responses,
thereby increasing oncoselectivity and safety profile (37, 38). Another strategy is to encode
VSV to express human interferon beta (IFN-B), which can powerfully stimulate cells with
intact antiviral defenses to resist infection while simultaneously increasing immune cell
infiltration, promoting stronger antitumor immunological memory (39). For improving

therapeutic efficacy, many strategies have been devised. For example, VSV can be modified



to encode tumour suppressor genes (e.g., p53) to enhance direct oncotoxicity (40), or to encode

immunostimulatory effectors (e.g., IL-12) (41).

Altogether, VSV offers several benefits as an oncolytic virus given its rapid viral life
cycle, broad tissue tropism, amenability to systemic administration, genetic malleability,
strong ability to induce humoral immune responses, and lack of pre-established immunity in
humans (42). Several phase I and II clinical trials are underway investigating the use of VSV
as an anticancer agent in both solid and hematological tumour types. Many of these trials
combine strategies to achieve maximal therapeutic efficacy including VSV expressing
transgenes such as IFN-B to enhance safety and immunogenicity (NCT03865212,
NCT01628640), or co-administration of VSV with other immunotherapy regimens such as the
PD-1 inhibitor pembrolizumab (NCT03647163) or chemotherapies (NCTO03017820,
NCT02923466). With countless other therapeutic regimens involving VSV in pre-clinical

development, this list is expected to grow exponentially in the coming decade (43).

1.3.2 Other relevant oncolytic viruses

In addition to oncolytic rhabdoviruses, several other viral platforms have successfully
been used as oncolytic agents. As mentioned above, the only currently approved oncolytic
virotherapy in North America, T-VEC, utilizes HSV-1. Herpesviruses are enveloped, double-
stranded DNA viruses with a large genome (>125 kb), leaving large capacity for transgene
insertion. HSV-1 also has high infectivity potential, broad tissue tropism, and potent oncolytic
activity. Further, there are numerous established anti-herpetic drugs to counter HSV-1
infection, as an added safety feature. Altogether these characteristics, make HSV-1 an

attractive platform for cancer therapy (44). To further improve its safety, numerous genetic



modifications to HSV-1 (e.g., deletion of y34.5/RL-1) have been considered to reduce
neuroinvasiveness and control viral growth, and are being tested in clinical trials. Furthermore,
trials aiming to combine HSV-1 with checkpoint inhibitor immunotherapies (e.g.,
pembrolizumab) have also recently shown promising results, although they have not yet

translated to therapeutic benefit in later stage trials (45).

Oncolytic poxviruses, which include the vaccinia virus (VACV), are another class of
double-stranded, DNA viruses that are advantageous as an oncolytic agent given their tumour
selectivity, inability to integrate with host genome, and genetic malleability. Given its large
genomic capacity, VACV can be likened to a “battleship” that is equipped with many tools to
modify both its safety profile and immunogenicity (46). The goal is to find the optimal
combination of strategic deletions of virulence factors and addition of therapeutic and/or
immunomodulatory transgenes to ultimately maximize therapeutic efficacy (46). Among other
poxviruses that have been tested in clinical trials, JX-594 is a VACV that exemplifies this
strategy by inactivating its thymidine kinase gene, confining replication competency to rapidly
dividing cancer cells, and inserting human GM-CSF to further augment the antitumour immune

response (47).

Many other viral platforms with various genetic modifications are currently being
tested clinically including adenovirus (AdS), measles virus (MeV), Newcastle disease virus
(NDV), and reovirus. While most phase 1 and 2 clinical trials report generally acceptable safety
profiles at high viral doses, observed tumour responses have been more variable. Completed
clinical trials overwhelmingly support that a lack of representative pre-clinical models has set-
up majority of these trials for failure. Firstly, viral tropism is species-specific, which can

complicate interpretation of animal models. Also, in vivo pre-clinical studies often use human



xenografts in immunocompromised mice, which lack a representative immune response (28).
This aspect, governing immune resistance to infection and induction of immunological
memory towards the tumor, is according to some even more important in determining

therapeutic efficacy than direct cancer cell killing by viral lysis (48).

1.4 Innate antiviral defense and the interferon (IFN) response

The vertebrate immune system, responsible for antiviral defenses, can be divided into
the innate immune response, which reacts first indiscriminately to suppress infection, and the
adaptive response, which is responsible for generating immunological memory to rapidly
control future infections. The cellular innate immune system is the first line of defense and is
triggered by detection of infection-related pathogen-associated molecular patterns (PAMP)
using pattern recognition receptors (PRR) (Fig. 1). This subsequently initiates signalling
cascades to produce key polypeptide cytokines known as interferons (IFN) to suppress viral
infection, block cellular proliferation, and modulate local innate and adaptive immune
responses. Indeed, the IFN system represents a core antiviral mechanism which is employed
by the innate immune response (49). IFNs also work to bridge and modulate the adaptive
immune response for complete pathogen clearance, tissue regeneration, and immunological
memory development. Several viruses, including the attenuated VSVAS1, are engineered to be
highly IFN sensitive, pinpointing this system as a crucial determinant of resistance to these

oncolytic virotherapies.

Physiological antiviral responses act through two main classes of the IFN family, the

type 1 (IFN-1) and type 2 (IFN-2) systems, each with different primary functions but with
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Figure 1. Early phase detection of viral VSV RNA to IFN-B production. As vesicular
stomatitis virus (VSV) infects the cell, the viral RNA is released into cytoplasm where it is
detected by RIG-I receptors. This triggers a pathway through MAVS to degrade IkB-a via its
phosphorylation by IKK. This unmasks the nuclear localization sequence of NF-xB, allowing
for its translocation into the nucleus to join the IFN- enhnaceosome, along with other factors

such as IRF3, to begin transcription of IFN-f, kickstarting the anti-viral interferon response.



overlapping effects. [IFN-1 consists of several cytokines (IFN-a, IFN-f, IFN-¢, IFN-«k and I[FN-
®) encoded by human chromosome 9 and are produced by a large variety of cell types in early
phases of infection. This rapid, first-line system operates to directly upregulate antiviral
programs in local cells to suppress viral replication, trigger inflammation, and alert nearby
immune cells to respond. In contrast, [IFN-2 consists of [FN-y encoded by human chromosome
12 and are mostly produced by natural killer (NK) cells and lymphocytes. While they also have
inherent antiviral boosting effects, IFN-2 generally operates to enhance inflammatory
processes to bridge towards adaptive immunity (31). There also exist type III IFNs (IFN-3),
comprised of isoforms of IFN-A, which have antiviral roles akin to type I IFNs in specific

locations within the body (50).

Successful activation of the IFN system results in the production of gene products
known as IFN-stimulated genes (ISG), which work via various mechanisms to suppress viral
infection (51). In the case of ISGs known to affect the anti-VSV response, myxovirus resistance
(MX) genes are dynamin-like GTPases that block viral primary transcription by inhibiting the
viral polymerase complex and destabilizing VSV mRNA (52). Another example includes
interferon inducible transmembrane (IFITM) proteins, which act to block VSV entry by
inhibiting lipid membrane fusion events (53). Expectedly, the overexpression of MxA4 and
IFITM1 genes confer increased resistance against VSV infection in human cells (54). TRIM69

is another example of an ISG that selectively inhibits VSV (55).

1.4.1 NF-kB signaling and the IFN response

In the early phase of tissue or tumour infection, the production of IFN- by infected

fibroblasts serves as the central regulator to amplify the antiviral response at the infection site.
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PAMPs such as viral glycoproteins and nucleic acid are recognized by various PRR pathways.
Some viruses may activate membrane-bound toll-like receptors (TLR) to signal to downstream
adaptor molecules TIR domain-containing adaptor gene inducing IFN-beta (TRIF) and
myeloid differentiation primary response gene 88 (MyD88) (56). On the other hand, other
viruses including VSV act upon intracellular PRRs like RIG-I like receptors (RLR), which
bridge to downstream adaptor molecules using their caspase recruitment domain (CARD) (57).
Both pathways cumulate in the activation of multiple transcription factors (e.g., IRF3, IRF7,
NF-«B) that come together to form the IFN-§ enhanceosome to significantly increase IFN-3
transcription, production, and secretion into the microenvironment. A central player to the
effective upregulation of IFN-B and other pro-inflammatory cytokines (e.g., TNF-a, IL-6,
CCLY5) in early phases of viral infection is nuclear factor kB (NF-kB). In the absence of NF-
kB, IFN-B production is significantly delayed before IRF3 can compensate, resulting in
difficulty controlling initial RNA virus infection (58). Accordingly, several viruses such as
VACYV have evolved to encode several proteins that inhibit NF-xB nuclear translocation as a

strategy to blunt antiviral defences (59).

In general, NF-kB signaling is central to many of the hallmarks of cancer, regulating
processes such as proliferation, angiogenesis, tissue invasion, therapy resistance, and
immunosuppression (60). The NF-kB family is composed of 5 different subunits (p50, p52,
RelA/p65, RelB, c-Rel), each containing a DNA-binding Rel domain, that come together as
homo- or heterodimers to induce different signaling programs. Given its potent role in
promoting tumorigenesis, it comes with no surprise that many cancer types harbour mutations
in NF-xB regulatory pathways resulting in its constitutive activation (61). NF-xB can be

activated through canonical (classical) and non-canonical (alternative) pathways. While the
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latter is generally more related to maintenance of adaptive immune function, the canonical
signaling pathway dominates virus-induced activation of NF-«kB. In the absence of infection,
inhibitor of NF-kB alpha (IxB-a) masks the nuclear localisation sequence of NF-xB to
sequester it in the cytoplasm (62). Upon sensing of tissue necrosis factor alpha (TNF-a) or
TLR activation, autophosphorylation of the IKK complex allows for downstream
phosphorylation and targeted degradation of IkB-a. Subsequent release of the p50: p65 NF-xB
heterodimer allows for its nuclear translocation for signaling (63). Finally, several ISGs, such
as protein kinase R (PKR), have been shown to directly potentiate NF-«xB activation leading to
positive feedback (64, 65). PKR has also been shown to be important for promoting tumour

cell death during oncolytic VSVAS1 infection (66).

1.4.2 JAKJ/STAT signaling and the IFN response

The next phase of the antiviral response is initiated by sensing of IFN-a/B by their
corresponding heterodimeric IFN-a receptor (IFNAR) composed of IFNAR1 and IFNAR?2
subunits. Activation of IFNAR recruits Janus-associated kinase 1 (JAK1) and tyrosine kinase
2 (TYK2), which are protein tyrosine kinases required to phosphorylate the downstream signal
transducer and activator of transcription 1 and 2 (STAT1, STAT2) factors on their respective
tyrosine residues. In the case of IFN-1, phosphorylated STAT] and STAT2 form a
heterodimer, which translocates into the nucleus and then combines with IRF9 to form the
IFN-stimulated gene factor 3 (ISGF3) complex. This complex then recognizes [FN-stimulated
response element (ISRE) sequences to promote transcription of the aforementioned ISGs to
control the viral infection and establish the cellular antiviral state (31, 67). Indeed, this

signaling pathway is paramount to a functional antiviral response. In knockout models of
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IFNAR or STATI, mice quickly succumbed to viral infection, even at low viral loads (68, 69).
IFN-1 signalling can be controlled after it has peaked, for example, IFN-1s also induce
expression of suppressor of cytokine signaling (SOCS) proteins that compete with STATs for

IFNAR binding and inhibit the kinase activity of JAK (70).

JAK/STAT signaling also plays a key role in coordinating adaptive immunity. Sensing
of IFN-y produced by immune cells through IFN-y receptors (IFNGR) cumulates in the
phosphorylation by JAK1/2 and formation of STAT1-STAT1 homodimers, programming cells
towards a pro-inflammatory IFN-2 profile. This STAT-1 homodimer instead binds to gamma-
activating sequences (GAS) that promote the transcription of pro-inflammatory IFN-2
cytokines such as C-X-C motif chemokine ligand 9 (CXCL9). Instead of having direct antiviral
properties, IFN-2 cytokines focus on promoting innate and immunological memory through
functions of increasing NK cell activity, inflammation, antigen presentation, and recruitment
of leukocytes to the infected tumour site (71). In the case of oncolytic virotherapy, secretion
of these immunostimulatory IFN-2 cytokines can also promote a more robust anti-tumour
immune response. Indeed, our research group has shown that VSVAS51 encoding IFN-y is
effective in slowing tumour growth, prolonging survival and driving anti-tumour immunity in

in vivo models of mammary adenocarcinoma (72).

Both IFN-1 and IFN-2 pathways are subject to fine-tuning by other co-activators and
signaling pathways. For example, cAMP response element binding (CREB)-binding protein
(CBP) is a co-activator with histone acetyltransferase activity. Through recruitment by STAT
transactivation domains, CBP remodels chromatin to increase genomic availability to

cooperatively promote transcription downstream to STAT (73). Epidermal growth factor
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receptor (EGFR) signaling, typically responsible for cell growth and differentiation events, has

also been shown to independently increase STAT1 phosphorylation (74, 75).

1.5 Resistance to oncolytic virotherapy

When oncolytic virotherapy was still in its infancy, researchers hypothesized that tumour
cells would be particularly susceptible to infection where IFN mechanisms are typically
defunct. Malignant transformation favours downregulation of IFN-1 pathways given the
inherent antitumour activity of ISGs (76, 77); it has been estimated that 65-70% of cancer cells
harbour some defects in their IFN response (78). For example, macrophage-derived RAW
cancer cells have lower expression of IFN-1 effectors (e.g., RIG-I, IRF3, IFN-f) compared to
their primary macrophage counterparts. Subsequently, RAW cells were found to be especially
susceptible to oncolytic Newcastle disease virus (NDV) infection (79). In another study, when
the transcriptomes of patient bladder cancer tumour cores were assessed by microarray, it was
found that IFNAR expression was decreased relative to normal bladder tissue and this

correlated with increased susceptibility to oncolytic VSV (80).

However, early pre-clinical studies and clinical trials with oncolytic virotherapy quickly
revealed that not all tumours are equally susceptible to infection owing to intact or only
partially defective anti-viral responses (47, 81). One study found that across a panel of sarcoma
cell lines, 3 of the 8 cell lines had high baseline upregulation of RIG-I and IFIT1 expression,
which correlated with resistance against oncolytic MeV (82). Similarly, another study found
high heterogeneity in a panel of pancreatic ductal adenocarcinoma in their ability to respond
to IFN-a/B. The subset of cell lines with constitutive activation of ISGs (e.g., MxA, OAS) were

found to be resistant to oncolytic VSVASI1 (83). To further complicate the matter, tumour
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microenvironments can also be contributory to oncolytic virotherapy resistance. External IFN
stimulation from surrounding CD68+ tumour-associated macrophages can activate JAK/STAT
in tumour cells resulting in functional expression of ISGs (84). Accordingly, another study
demonstrated that the depletion of peripheral macrophages was able to increase viral titers of
oncolytic HSV-1 by in murine models of glioma (85). Altogether, it is apparent that oncolytic

virotherapy resistance can be at least in part attributed to residual tumour IFN-1 activity.

1.5.1 Viral sensitizing compounds

Given the resistance to OVs as a monotherapy, several strategies have been explored in
attempt to circumvent this heterogeneity in resistance amongst patients. To overcome these
challenges in recent years, the field has explored combining OVs with selected
pharmacological compounds in attempt to boost anti-tumour efficacy. Indeed, several classes
of compounds with viral sensitizing properties have been explored: classic chemotherapy
agents, epigenetic modulators, PI3K/mTOR pathway inhibitors, and compounds with other
modes of action (86). Given their immunosuppressive nature, traditional chemotherapeutics
have been shown to boost OVs by suppressing immune-mediated virus neutralization and
immune cell activation events. However, for the purposes of this thesis, we will focus on

compounds that specifically impinge upon the IFN-1 pathway to increase OV infectivity.

Direct pharmacological inhibition of the JAK/STAT pathway compromises the cellular
IFN-1 response. Accordingly, ruxolitinib, a JAK/STAT inhibitor, has been shown to abrogate
resistance to VSV and HSV-mediated OV (39, 87, 88). By inhibiting STAT1 phosphorylation,
ISG expression was reduced to render resistant tumour cells susceptible to infection and

ultimately, improved survival rates in in vivo murine models. Heterogeneity in residual IFN-1
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activity in tumour types can also be attributed to differences in epigenetic silencing via DNA
promoter hypermethylation and suppressive histone modifications (78). By decreasing ISG
transcriptional availability using histone-deacetylase (HDAC) inhibitors, studies have
demonstrated this combinational strategy improves OV therapeutic efficacy, even in the
presence of exogenously added IFN-B (89, 90). At the protein translation level, PI3K/mTOR
are relevant targets given their control of global protein translation. Inhibition of this pathway
has been proposed to preferentially suppress IFN-1 owing to the translational regulation of
IRF-7, a key modulator of IFN-1 and IFN-1 effectors (91). Rapamycin, a well-established
mTOR inhibitor, has been shown to improve VSV efficacy in an aggressive rat glioma model

via IFN-1 production blockade (92).

Diallo et al. applied a high-throughput screening approach using diverse chemical
libraries to identify novel compounds that could potentiate VSVAS1 infectivity in a murine
mammary carcinoma cell line. One identified compound (3,4-dichloro-5-phenyl-2,5-
dihydrofuran-2-one), named viral sensitizer 1 (VSel), was found to increase VSVAS1 viral
replication and spread by 1,000-fold, improved survival rates in murine in vivo models and
increased VSVAS1 viral infectivity in primary human clinical patient samples (93). The results
of this hallmark paper cultivated the focus of our research group, which is to discover novel
IFN-antagonizing compounds with viral sensitizing abilities, and to characterize their

combinational impact on OV therapeutic efficacy.

Our research group has since identified and characterized several other compounds with
viral sensitizing ability. Structural derivatives of VSel were developed to maintain selectivity
of VSel to tumour cells, while simultaneously increasing the potency of VSVAS1 viral titer

enhancement (94). Microtubule destabilizers (MDA) such as colchicine were identified in to
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increase VSVAS1 viral spread through suppression of IFN-1 mRNA translation, protein
expression and secretion. MDAs were also found to synergize with cytokines secreted in
response to viral infection to increase tumour cell killing (95). Dimethyl fumarate, an FDA-
approved drug for psoriasis and multiple sclerosis, was also found to have a previously
appreciated role in IFN-1 suppression and potentiation of OV. Through blockade of NF-xB
nuclear translocation, the production of IFN-f and downstream ISGs are inhibited by DMF.
Combinational treatment with DMF and VSVASI in resistant syngeneic and xenograft in vivo
tumour models demonstrated increased intratumoural infection and overall survival compared
to either monotherapy (96). Further exploration of combinational regimens using these
compounds with viral sensitizing properties appears to be a promising avenue for establishing

the use of OV in the clinic.

1.6 Vanadium-based compounds

Vanadium is a naturally-occurring transitional metal that is physiologically found in
trace amounts in the human body and has various functions in both health and disease (97).
This element exists in a variety of oxidation states from -III to +V, but mainly as a vanadate
anion (VO3") in extracellular compartments, or as a vanadyl cation (VO,") in intracellular
compartments. While vanadium toxicity is an uncommon event, its role in human health has
not yet been fully established. However, given its trigonal pyramid geometry and natural
negative charge, vanadium has a unique, natural property to operate as a pan-phosphatase (PP)
inhibitor. By imitating a phosphate group, vanadium can slot into the active site of many PPs,

both serine/threonine and tyrosine types, for reversible and competitive inhibition (98, 99).
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Currently, the most commonly used indication for vanadium is as vanadyl sulfate, which
has been touted as a bodybuilding supplement to increase muscle gain, reduce risk of fat
accumulation, and improve bone integrity. These claims however remain controversial and
have even been disproved by several studies (100). In medical applications, a wide range of
properties of vanadium have been reported including anti-viral, anti-bacterial, anti-fungal, anti-
cancer, anti-hypercholesterolemic, anti-obesity, cardioprotective and neuroprotective effects
(101). At the time of writing, its more advanced indication is for the treatment for diabetes
(102). With respect to cancer, the first instance of the anti-neoplastic properties of vanadium
was described in 1984, where the study demonstrated that dietary vanadyl sulfate was able to
prolong median cancer-free survival in an in vivo rat model of mammary carcinogenesis (103).
Follow-up studies suggested that this mechanism could be attributed to vanadium’s properties
of anti-proliferation, apoptosis induction and cell cycle arrest through upregulation of tumour
suppressor pS3 (104). Since then, vanadium’s anti-tumour properties have also been observed
in other breast, colon, liver, blood and connective tissue cancers (105). Despite all this
evidence, none of these studies have been able to translate into an approved therapy given its
unfavourable toxicity at the required therapeutic doses. Taken together, any advancement of

vanadium into the clinic remains unclear at this time (101).

1.6.1 Viral sensitizing properties of vanadium-based compounds

Recently, our group has identified a secondary use for vanadium compounds to have
viral sensitizing properties for oncolytic virotherapy. In this original study, Selman et al.
demonstrated that the addition of vanadium subverts the antiviral IFN-1 response towards a

pro-inflammatory, death-inducing IFN-2 response in tumour cells (106). This immune profile
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is subsequently favourable for OV infectivity and the vanadium + VSVAS51 combinational
therapy showed superior therapeutic outcomes compared to either monotherapy across
multiple refractory murine tumour models in vivo. Additionally, supported by prior evidence
that vanadium is immunomodulatory (107), the addition of vanadium increased immune cell
infiltration into the tumour site and improved the induction of anti-tumour immunological
memory by VSVAS51. A similar phenomenon has been described between vanadium and
Newcastle disease virus (NDV) although here innate immune cells were more predominantly
involved (108). Together, this ultimately contributes to greater tumour control and provides a
more durable cure against future recurrence. The study also identified differential activation of
STATI1 and STAT2, where vanadium blunted the IFN-1 response by inhibiting STAT2
phosphorylation but maintained STAT1 nuclear accumulation to favour IFN-2 signaling.
However, the exact mechanism of action by which these properties are conferred remained

unknown.

1.6.2 Targeting the cellular phosphatome

Phosphorylation is a common post-translational modification used to regulate the
activity of intracellular protein effectors. Through the covalent addition of a phosphate group
to a protein by a regulatory kinase, the phosphate negative charge induces conformational
change to regulate activity. This process can then be reversed in most cases by PPs to restore
the original conformation. It is estimated that between 1/3 — 2/3 of the eukaryotic proteome is
regulated by phosphorylation (109), making pharmacological modulation of phosphorylation
an attractive therapeutic opportunity. Indeed, as of 2021, 71 small-molecular kinase inhibitors

have been given FDA-approval across a large span of diseases with another estimated 110
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kinase targets under investigation by clinical trial (110). On the other hand, only 6 PP inhibitors
are currently in clinical trial with none clinically approved. This difference can be attributed to
several reasons: 1) a highly conserved active site or phosphatase binding pocket makes
engineering specificity difficult, and 2) the positively charged active site challenges cell

membrane permeability (111, 112).

1.6.3 RNA interference and OVs

RNA interference (RNA1i) describes the mechanism of gene expression knockdown by
disrupting cellular mRNA levels using short sequences of non-coding RNA such as small
interfering RNA (siRNA). Depending on the siRNA sequence, delivery of these 21-23
nucleotide RNA strands can knockdown expression of any gene target, conferring incredible
versatility. While RNAi therapeutics are faced with obstacles regarding delivery and
processing efficiency, the use of RNAi allows for creative therapies for targets that cannot be

typically inhibited by pharmacological compounds (113).

In the case of cancer therapy, siRNA has been successfully used across a multitude of
targets. A good example of this would be the KRAS oncogene, whose mutation in several
cancer subtypes results in hyperactivation of cell proliferation and transformation pathways.
Exogenous introduction of siRNA targeting KRAS has shown efficacy in knocking down
KRAS expression resulting in tumour control and improved survival in in vivo murine tumour
models (114, 115). A phase 1 clinical trial using siRNA targeting KRAS in KRAS-mutated
pancreatic ductal adenocarcinoma is currently underway (NCT03608631). Likewise, other

siRNA targets can be applied to induce tumour cell death, restimulate the immune system by
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silencing immune checkpoints, or modulate the tumour microenvironment to discourage

malignant growth (116).

OVs make for an intriguing avenue of exploration for the delivery of RNAI in a cancer
context. Firstly, viruses are stable platforms for delivery of genetic material and are naturally
resistant to degradation in the extracellular matrix. Non-replicating viral platforms are already
well-established to successful delivery genetic material into cancer cells (117). Secondly, the
natural tropism and oncolysis potential of different viruses respectively allows for tumour
selectivity and therapeutic synergy with the siRNA therapeutic. Furthermore, this tissue
tropism can be artificially modified using a variety of strategies (118). Finally, the production
process for genetically engineered viruses has become increasingly simple and cost-effective.
A full review on the cassette design, target selection, and efficiency of siRNA delivery by OVs

for cancer therapy can be found in Appendix A (116).

1.7 Neddylation

The above, as well as other examples such as HDAC inhibitors (119), illustrate the
potential to exploit post-translational modifications to alter cell-signalling to promote OV
efficacy. As will be explored further in Chapter 4, neddylation is another potential opportunity
to this end. Neddylation is a post-translational regulatory mechanism by which neddylation-
activating enzyme (NAE) complex conjugates neuronal precursor cell-expressed
developmentally down-regulated protein 9 (NEDDS) onto target proteins to regulate their
activity. This neddylation process, which has crucial roles in multiple pathophysiological
processes, is as follows. Firstly, deneddylase 1 (DENT1) processes NEDDS8 by removing 5

amino acids from the C-terminus. The processed NEDDS is then activated using adenosine
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triphosphate (ATP) by the E1 enzyme, which is the NAE complex comprised of a ubiquitin-
like modifier activating enzyme 3 (UBA3) and NAE E1 subunit 1 (APPBP1). Secondly, a
transthiolation reaction transfers the activated NEDDS to an E2 enzyme (UBE2M, UBE2F).
Thirdly, with the activity of a NEDDS-E3 ligase (DCN1), the NEDDS is transferred to the

target protein substrate on a lysine residue (120).

The primary purpose of neddylation works alongside ubiquitination and assists in
tagging proteins with ubiquitin for targeted, proteasome-mediated degradation to encourage
protein turnover (121). At the intersection of these post-translational modification processes
are cullin-ring ligases (CRL), which are the most common and best-characterized substrates
for neddylation. Covalent attachment of NEDDS8 onto CRL are required for its ubiquitin-
transferring ability onto its respective substrates. Disruption of neddylation results in a variety
of physiological consequences including cell cycle dysregulation, induction of DNA damage
responses, apoptosis, tumorigenesis, and immunosuppression (122, 123). Indeed,
dysregulation of neddylation has been implicated as a driver of malignancy in several tumour

subtypes (124, 125).

1.7.1 Pevonedistat (MLN4924)

Pevonedistat, also known as MLLN4924, is a first in-class NAE inhibitor developed by
Takeda pharmaceuticals. As an adenosine monophosphate (AMP) mimetic, pevonedistat can
be incorporated into the catalytic pocket of the NAE complex with NEDDS instead of ATP.
The resulting NEDD8-drug adduct cannot be used for subsequent reactions and halts the
neddylation process (126). Despite having potent and specific neddylation inhibitory activity,

pevonedistat is currently not approved for any clinical indication. In its most clinically
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advanced indication in hematological cancer subtypes, the recent phase IIl PANTHER clinical
trial found that a combination of pevonedistat and azacytidine chemotherapy was unable to
improve event-free survival (EFS) compared to azacytidine alone despite showing promise in
phase II trials (127, 128). Several clinical trials investigating the anti-tumour effect of

pevonedistat in solid tumours and other hematological cancers are underway.

Through decreased CRL activation, pevonedistat stabilizes a plethora of protein targets,
sparing them from degradation by the ubiquitin-proteasome system. In a cancer setting,
aberrant proteome turnover promotes tumour progression, hence inhibition of protein
degradation by pevonedistat has been proposed as a therapeutic opportunity (129). Indeed, a
study by Soucy et al. was first to report that administration of pevonedistat induced cell-death
through the DNA damage response, leading to tumour regression in xenograft models (122).
In models of hematological cancers, other mechanisms have been proposed including
stabilization of IkB-a to inhibit NF-xB signaling in tumours with constitutive NF-kB signaling

or intracellular oxidative stress generation to induce apoptosis (130, 131).

Given its ability to impact such a large battery of cellular substrates, pevonedistat is
also a potent immunomodulatory compound. From an immune cell standpoint, neddylation
inhibition has demonstrated decreased activation and increased apoptosis in reacting
lymphocytes through decreased local secretion of pro-inflammatory cytokines (e.g., IL-6,
TNF-a). At the cellular level, pevonedistat achieves this by inhibiting NF-kB nuclear
translocation, which controls expression of these pro-inflammatory cytokines (123, 132).
Reports have also demonstrated a neddylation-independent suppression of IFN-f secretion

through blockade of IRF3 signaling (133).
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1.7.2 Other NEDD8-activating enzyme (NAE) inhibitors

As the first compound in its class, pevonedistat expectedly has several drawbacks.
Firstly, pevonedistat inhibits all neddylation activity in the cell, which ultimately results in
high cytotoxicity and probability for side-effects through clinical use. Secondly, general
stabilization of multiple substrate proteins could in principle promote the accumulation of
oncogenic effectors during chronic regimentation. Thirdly, while pevonedistat is relatively
specific, off-target cellular effects have been reported unrelated to neddylation inhibition (134).
Finally, several phase I clinical trials have revealed that the use of pevonedistat as a
monotherapy has limited applications, likely owing to intra-tissue heterogeneity in neddylation

activation (135).

Alternatively, several other compounds have been identified to block neddylation either
through covalent modification of NAE similar to pevonedistat, or via another non-covalent
mechanism. Structure-activity relationship (SAR) analyses were able to identify structural
determinants of pevonedistat, which were subsequently modified to increase both selectivity
and potency (136). TAS4464 is another front-runner NAE inhibitor developed by Taiho
Pharmaceuticals that is reportedly ten times more potent compared to pevonedistat, inhibiting
CRL activation and showing anti-tumour activity at nanomolar concentrations in a covalent
matter (137). Moreover, to improve substrate selectivity and reduce off-target effects,
inhibitors have also been developed for specific CRLs to only stabilize certain substrates as
opposed to the entire neddylation system; however, none have been found to be as effective as

pevonedistat thus far (138).
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1.8 Rationale and hypothesis

Despite recent advancements in oncolytic virotherapy, tumour heterogeneity in antiviral
defences, namely in the IFN-1 response, continues to represent a significant hurdle for its
clinical translation. Thus, the discovery of novel strategies to transiently modulate the antiviral
response to sensitize resistant tumours to OVs is warranted. Given the previous successes by
our research group and others in increasing OV efficacy through genetic and pharmacological
antagonism of the IFN-1 response, the aim of this thesis is to identify and characterize novel
mechanisms that govern the IFN-1 response and exploit these mechanisms to improve the

therapeutic efficacy of oncolytic virotherapy. The overarching hypothesis of this thesis is that

some chemical or genetic manipulations of cellular processes can indirectly antagonize

antiviral IFN-1 responses and modulate pro-inflammatory pathways to potentiate oncolytic

virotherapy.

In Chapter 2 of this thesis, we build upon previous work establishing the OV sensitizing
ability of vanadium-based compounds via subverting the IFN-1 response to the IFN-2 response
through PP inhibition (106). In this first sub-hypothesis, we hypothesize that the vanadium
viral sensitizing mechanism of action involves the EGFR pathway, as suggested by an initial

high-throughput kinase inhibitor screen.

In Chapter 3, we perform a high-throughput screen in an effort to identify the key PPs
that are responsible for vanadium’s viral enhancing activity. While effective in potentiating
RNA-viruses such as VSV, measles and NDV, vanadium treatment is actually detrimental for
the growth of DNA-viruses, namely HSV-1 and VACYV, both of which are further along the
clinical approval process (106). Indeed, it has been shown that these larger viruses require PP

activity as part of their lifecycle (139). For this reason, it is in our interest to identify the specific
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PPs inhibited by vanadium that contribute to its viral sensitizing ability. Moreover, by only
inhibiting relevant PPs, we could potentially reduce the likelihood for adverse side effects by
sparing all other uninvolved PPs. We found that ACP2, our top candidate PP, is involved in
the anti-viral IFN-1 response. Therefore, as a second sub-hypothesis, we hypothesize that viral
sensitizing effects can be reproduced through the knockdown of key PPs such as ACP2 using

SiRNA and viral engineering strategies.

Finally, in Chapter 4, we follow from discoveries made during the kinase inhibitor screen
that was designed both to elucidate the mechanism of action of Vanadium (Chapter 2) as well
as uncover novel enhancers of VSVAS1. We introduce a candidate compound from this screen
that has viral sensitizing properties: pevonedistat, a first in-class NAE inhibitor. In my third
sub-hypothesis, we consider that inhibition of neddylation regulatory mechanisms lead to the

downregulation of IFN-1 and can sensitize cancer cells to oncolytic virotherapy.
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2.1 Abstract

Oncolytic virotherapy is a clinically validated approach to treat cancers such as
melanoma; however, tumor resistance to virus makes its efficacy variable. Compounds such
as sodium orthovanadate (vanadate) can overcome viral resistance and synergize with RNA-
based oncolytic viruses. In this study, we explored the basis of vanadate mode of action and
identified key cellular components in vanadate’s oncolytic virus-enhancing mechanism using
a high-throughput kinase inhibitor screen. We found that several kinase inhibitors affecting
signaling downstream of the epidermal growth factor receptor (EGFR) pathway abrogated the
oncolytic virus-enhancing effects of vanadate. EGFR pathway inhibitors such as gefitinib
negated vanadate-associated changes in the phosphorylation and localization of STAT1/2 as
well as NF-«xB signaling. Moreover, gefitinib treatment could abrogate the viral sensitizing
response of vanadium compounds in vivo. Together, we demonstrate that EGFR signaling
plays an integral role in vanadium viral sensitization and that pharmacological EGFR blockade

can counteract vanadium / oncolytic virus combination therapy.
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2.2 Introduction

Oncolytic virotherapy (OV) is a class of biotherapeutics that utilizes viruses to
selectively infect, replicate within, and lyse tumor cells while triggering a lasting anti-tumor
immune response (140—142). OV therapy can result in lasting cures with an improved long-
term side effect profile when compared to conventional chemotherapy modalities (143). Over
the last several years, oncolytic virotherapy has made tremendous progress towards clinical
use. Hundreds of different OV products using different viral platforms and genetic payloads
are currently in clinical trial (30). Notably, the clinical regulatory approval of talimogene
laherparepvec (T-VEC), a genetically engineered herpes simplex virus (HSV-1) for the
treatment of melanoma, has unveiled the potential of OVs as a staple cancer therapeutic in

years to come (26, 27).

Unfortunately, clinical developments of OV monotherapies have stalled in part due to
frequent tumor resistance to infection (28). A key mediator of the resistance to OV therapy is
the type 1 interferon (IFN-1) response which induces antiviral gene expression and inhibits
viral spread (83, 84). To combat this, small molecules that transiently modify the interferon
response have been investigated in order to recover oncolytic efficacy (86, 93, 94, 144). Our
group has identified sodium orthovanadate (vanadate) and other vanadium-based compounds
as being capable not only of attenuating the antiviral IFN-1 response, but also simultaneously
increasing pro-inflammatory activity through type II interferon (IFN-2) signals when co-
administrated with the oncolytic vesicular stomatitis virus (VSVAS51) (106, 145). In addition
to reducing IFN-1 responses, vanadate treatment increases virus-induced pro-inflammatory
cytokines including interferon-beta (IFN-P), tissue necrosis factor alpha (TNF-a) and

interleukin 6 (IL-6). We have previously shown that the effect of vanadate on the IFN-1 and

29



IFN-2 response correlates with the accumulation of phosphorylated STAT1 (signal transducer
and activation of transcription) transcription factor in the nucleus and reduced STAT2
expression/activation (106). However, the exact cell signaling cascade that gives rise to this

effect currently remains unknown.

Vanadium-based compounds confer their biological effects through pan-inhibition of
protein tyrosine phosphatases (PTP) in part through competition with phosphate (98, 99). PTPs
normally elicit their effects through the de-phosphorylation of substrates, counteracting the
action of kinases that phosphorylate these same substrates. Given this homeostasis, vanadium
maintains the phosphorylated state of multiple cellular substrates, typically resulting in the
persistent activation of their downstream signal transduction pathways. By shifting
homeostasis towards the activity of kinases, inhibiting PTPs using vanadium therefore leads to
multiple effects, including drug resistance reversal, inhibition of cellular proliferation and of
particular interest, immunomodulation (146). The objective of the current study was to further
elucidate the mechanism of action by which vanadium-based compounds confer viral
sensitizing properties with intentions to further understand OV resistance patterns and to
inform the design of improved viral sensitization strategies. As a strategy to achieve greater
mechanistic insight, we rationalized that systematically testing the impact of kinase inhibition
on vanadate’s OV-enhancing effect might allow us to identify key shared PTP/kinase target

substrates implicated in mediating the enhancing effects of vanadate.
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2.3 Results

High throughput kinase inhibitor screen identifies importance of EGFR in viral sensitization

We hypothesized that, as a pan-PTP inhibitor, vanadate might potentiate virotherapy by
promoting the phosphorylation state of one or more proteins relevant in modulating the
response to IFN-1. Inhibition of related kinases would thus reverse the required
phosphorylation states for IFN-1 inhibition (Fig. 2.1A). To pinpoint these relevant kinases, 800
small molecules (kinase inhibitors and various tool compounds) were tested using a reverse
screen strategy. Briefly, 786-0 cells, a human renal adenocarcinoma cell line naturally resistant
to VSVAS1 infection (93), were treated with an optimized vanadate concentration previously
shown to enhance the activity of VSVASI in these cells. Kinase inhibitor library compounds
(or vehicle control) were added prior to infection with VSVAS1 encoding firefly luciferase
(VSVA51-FLuc). The use of VSVAS51-FLuc allowed us to simultaneously measure the impact
of treatments on virus output via a secondary assay measuring viral expression unit output from
supernatants (viral expression units or VEU, akin to viral titer (147)) as well as cellular
metabolic activity by resazurin assay (Alamar blue), a surrogate for detection of cell viability
and cytopathic effect. Hits from this screen were defined as kinase inhibitors that counteracted
vanadate’s viral sensitization capacity either through a reduction in virus output or through a
reduction in the cytopathic effect, or both. Kinase inhibitors that simultaneously prevented
vanadate-mediated oncolysis to a threshold of 60% and decreased viral output below a log
fold-change threshold of 1.5 are shown in the upper left quadrant of Fig. 2.1B. Addition of
selected kinase inhibitor hits within the upper left quadrant restored cell viability and/or fold-

change viral output to levels not significantly different from mock treated, infected controls
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Fig. 2.1. Identification of EGFR signaling to vanadate viral sensitization (A) Schematic
depicting kinase-phosphatase homeostasis as a mechanistic principle for understanding
vanadate-mediated viral sensitization, PPase = phosphatase. (B) Human renal carcinoma 786-
0 cells were pre-treated for 4 hours with vanadate (125uM) and kinase inhibitors (1uM), then
subsequently infected with VSVAS51-FLuc (MOI 0.1). Viability was assessed 48 hours by
resazurin (Alamar blue) assay after infection and measures were normalized against VSVAS1
plate controls. Viral titers were quantified 48 hours post infection (hpi) by high-throughput
titration. Plot shows cell viability against log fold-change in viral titers of all compounds.
Compiled viability and viral titer data highlights a subset of 23 kinase inhibitors that
simultaneously prevent vanadate’s oncolysis and viral replication, depicted in red (Table 1).
Vanadate + VSVAS51 plate controls are depicted in blue (n=2-3). Dotted lines represent
viability and titer thresholds (60% and 1.5 fold-change respectively). (C) Pie chart representing
relative proportions of molecular targets of shortlisted kinase inhibitors identified in (B). (D)
786-0 cells were pre-treated & vanadate (150uM), then infected with VSVAS1 (MOI 0.1). Cell
lysates were collected 24hpi and probed for phosphorylated EGFR, total EGFR,
phosphorylated ERK1/2, total ERK1/2 and GAPDH by western blot.
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(Fig. S2.1, S2.2). A total of 23 small molecule kinase inhibitors were found to antagonize
vanadate’s viral sensitizing effect (listed in Table 2.1). Nearly half of the selected inhibitors
(43%) target EGFR, while several others (13%) target the downstream mitogen-activated

protein kinase kinase (MAP2K or MEK1/2) (Fig. 2.1C).

Inhibition of the EGFR pathway abrogates vanadate-mediated viral infectivity

EGEFR is a receptor tyrosine kinase found on the cellular membrane, responsible for
regulation of cell proliferation and survival events (148). Given that over half of the identified
hits targeted the EGFR-MEK1/2 signaling axis, we sought to first examine the activation status
of these two kinases upon combined treatment with vanadate and VSVAS1 in 786-0 cells.
Densitometry following western blotting uncovered that the phosphorylation ratios of EGFR
and the downstream extracellular signal-regulated kinase 1/2 (ERK1/2) were increased with
vanadate and VSVAS1 combinational treatment compared to all other conditions (Fig. 2.1D,

32.3).

By western blot, we found that a concentration as low as 1uM of the EGFR inhibitor
gefitinib in human 786-0 cells was sufficient to abrogate EGFR phosphorylation induced by
vanadate alone and in combination with VSVASI1 (Fig. 2.2A). Similar results were obtained
using the ERK1/2 inhibitor UO126 albeit at higher concentrations (Fig. S2.4). EGFR inhibition
using gefitinib and erlotinib, or of MEK1/2 (using UO126), dose-dependently decreased the
vanadate-enhanced growth of VSVAS5I tagged with a green fluorescent protein (GFP) marker
in 786-0 cells as determined by phase and fluorescent microscopy images captured 24-hour

post infection (hpi) (Fig. 2.2B, S2.5, S2.6). As expected, control cells treated with vanadate
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Table 2.1: Full list of hits of the kinase inhibitor high-throughput screen

1D Drug Target(s) Developmental stage
KI1C5 Gefitinib, Iressa, ZD1839 EGFR (ERBBI1, HER1), ErtbB2 ~ Approved: metastatic non-small cell lung
(TKR1, HER2, NEU) cancer
KI1C6 Lapatinib ditosylate, Tykerb, EGFR (ERBB1, HER1), Approved: advanced or metastatic breast
GW572016 ErbB2 (TKR1, HER2, NEU) cancer
KI1C10  Vandetanib, Zactima, EGFR (ERBBI1, HER1), KDR Approved: local or metastatic medullary
ZD6474, AZD-6474 (VEGFR2, VEGFR, FLK1), RET, thyroid cancer
ABL1 (ABL), KIT (c-KIT), FLT1
(VEGFR1), FLT4 (VEGFR3),
TRKA (TRK)
KI1E2 Erlotinib HCI, CP-358774, EGFR (ERBB1, HER1), ErtbB2 ~ Approved: metastatic non-small cell lung
OSI-774, Tarceva, NSC- (TKR1, HER2, NEU) cancer, metastatic pancreatic cancer.
718781, RG-1415, Ro-50-
8231
KI1IE1I0 GW2974 EGFR (ERBBI1, HER1), Pre-clinical
ErbB2 (TKR1, HER2, NEU)
KI1F2 GW583340 dihydrochloride ~ EGFR (ERBB1, HER1), ErbB2 Pre-clinical
(TKR1, HER2, NEU)
KI1G10 BIBX 1382 dihydrochloride, EGFR (ERBB1, HER1) Clinical trial: adult solid tumors.
Falnidamol
KI2B6 PD-153035, AG-1517, EGFR (ERBB1, HER1) Pre-clinical
Compound 32, SU-5271, ZM-
252868, WHI-P79
KI2C2 BIBW-2992, Tovok, Afatinib EGFR (ERBB1, HER1) Approved: NSCLC
KI2C5 CI-1033, Canertinib, PD- EGFR (ERBBI1, HER1), ErbB2 Clinical trials: breast cancer
183805, SN-26606 (TKR1, HER2, NEU) -
Irreversible
KI1B6 PD-184352, CI-1040 MAP2K1 (MEK1), MAP2K2 Clinical trials: lung, breast, pancreatic and
(MEK?2), Erk2 (ERK, p38), RAF1 colorectal cancers
(c-Raf)
KI2B11 AZD6244, ARRY-142886, MAP2K1 (MEK1), MAP2K2 Clinical trials:  carcinoma, NSCLC,
AZD-6244, Selumetinib, (MEK?2), Erk2 (ERK, p38) melanoma
ARRY-886
KI2E2 SL327 MAP2K1 (MEK1), MAP2K2 Pre-clinical
(MEK2)
KI3G11 IMD 0354, IMD-0354 IKKDb (IKK2) Pre-clinical
KI2C6 SC-514 IKKDb (IKK2) Pre-clinical
KI1F4 IRAK-1/4 Inhibitor I IRAK1 (IRAK) Pre-clinical
TC2B6 NVP-AUY922, AUY922, Hsp90 inhibitor Clinical trials: lymphoma, breast cancer,
VER-52296 hematologic neoplasms
KI2B5 NU-7026, LY-293646 DNAPK (DNA-PKcs) Pre-clinical
KI2BS8 Sal003 elF2a Pre-clinical
KI2C8 Bosutinib, SKI-606, Bosulif = BCR, ABL1 (ABL), SRC (c- Approved: leukemia
SRC), FGR (SRC2), LYN
KI2D2 Ro-31-8220 mesylate, PKC Pre-clinical
Bisindolylmaleimide IX
KI2E5 SU 4312, DMBI KDR (VEGFR2, VEGFR, FLK1) Pre-clinical
KI2F10  API-2, Triciribine, AKT1 (PKBa) Clinical trials: leukemia, ovarian and breast

NSC154020, TCN, Tricibine,
VQD-002

cancer
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alone showed significant GFP signal indicating high viral infection. To confirm that this effect
was not due to increased cell toxicity elicited by the kinase inhibitors in combination with
vanadate, Alamar blue assays were performed, and we observed that cell viability did not fall
below 75% viability even at the highest concentrations of kinase inhibitors during vanadate

co-treatment (Fig. 2.2C), doses much higher that what was found to inhibit viral growth.

The above experiment was then repeated using vanadate-inhibitory concentration ranges
of gefitinib and UO126, and infected cell supernatants were titered for viral output assessment
by standard plaque assay (Fig. 2.2D, S2.7). As previously reported, vanadate-treated 786-0
cells produced high viral titers compared to the mock control and addition of increasing
concentrations of EGFR inhibitor in the presence of vanadate steadily decreased the viral titer,
down by ~100-fold at 50uM of gefitinib — a non-toxic dose (Fig. 2.2C). Furthermore,
expression of the VSV matrix (M) and nuclear (N) genes were significantly decreased upon
addition of gefitinib compared to vanadate-only treated cells 24h post infection as measured
by quantitative polymerase chain reaction (qQPCR) (Fig. 2.2E). In line with previous
observations that vanadate potentiates other RNA-based viruses, we found that EGFR
inhibition also abrogated the vanadate-mediated sensitization of 786-0 cells to measles virus

(Fig. S2.8, S2.9).

To test whether therapeutic antibodies against EGFR (cetuximab) could achieve the same
effect as chemical inhibitors, 786-0 cells were pre-treated with vanadate and varying
concentrations of cetuximab (50 ng/mL — 5 pg/mL) for 4 hours, then infected with VSVAS1
(MOI 0.05). While cetuximab had inhibitory effects on its own at higher concentrations, the

ability for vanadate to increase VSVAS1 viral titer was greatly abrogated across all doses of
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Fig. 2.2. Inhibition of the EGFR pathway abrogates vanadate-mediated viral infectivity.
(A) Human 786-0 renal carcinoma cells were pre-treated with or without vanadate (150 uM)
and varying concentrations of gefitinib (0 — 50uM) as indicated for four hours. Cells were then
treated with 10ng/mL EGF for 10 minutes and lysates were probed by western blot for
phosphorylated EGFR, total EGFR and B-actin. (B-C) 786-0 cells were simultaneously treated
with varying concentrations of gefitinib, erlotinib or UO126 (0 — 100 uM) and vanadate (150
uM). Four hours later, cells were infected with VSVAS51-GFP (MOI 0.1). (B) Fluorescence
images were captured 24 hours post infection (hpi). (C) Cell viability was measured by
resaruzin (Alamar blue) assay and expressed relative to untreated, uninfected cells. (D)
Supernatants were collected and titered by viral plaque assay (n=3, mean = SD; *P<0.05,

*P<0.0001; one-way ANOVA compared to the infected VSVAS51 + vanadate only condition as
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indicated by the filled bar). (E) 786-0 cells were treated + vanadate (150 uM) + gefitinib (10
uM), then infected with VSVAS51-GFP (MOI 0.1) 4 hours later. RNA was extracted from cell
lysates at 8 and 24hpi and probed for VSV-M and VSV-N gene expression by qPCR (n=4,
mean + SD; *P<(.05, **P<(.01 by one-way ANOVA, n.s. denotes no significance). (F,G) 786-
0 cells were pre-treated with or without vanadate (150 pM) and varying concentrations of anti-
EGEFR antibody cetuximab (500 — 5000 ng/mL) for 4 hours, then infected with VSVA51 (MOI
0.05). (F) Viral titer was determined 40hpi by high-throughput titration (mean + SD; ns = no
significance by two-way ANOVA). (G) Representative fluorescence images were captured

24hpi.

cetuximab, even at a minimal concentration of 400 ng/mL (Fig. 2.2F, 2.2G). Altogether, this
data strongly supports a key role of EGFR signaling in eliciting vanadate’s viral sensitizing

effects.

Vanadate regulates STATI and STAT?2 through EGFR to modulate the interferon response

The IFN-1 response is dependent on the phosphorylation and subsequent formation of
STAT1-STA2 heterodimers. When combined with interferon response factor 9 (IRF9), the
formed interferon-stimulated growth factor 3 (ISGF3) complex then translocates to the nucleus
where it regulates the transcription of interferon-stimulated genes (ISGs) including the
interferon-induced GTP-binding protein MX2. Conversely, the IFN-2 response, responsible
for induction of pro-inflammatory genes such as CXCL9 and CXCL10 chemokines, is
propagated through phosphorylated STAT1 homodimers binding to the respective IFN
gamma-activated sequences (GAS) (31). In a previous study, we found that vanadate leads to

increases in STAT1 phosphorylation with concomitant decreases in STAT2 phosphorylation
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levels. This correlated with a shift from IFN-1 type toward IFN-2 type virus-induced gene
expression profiles in a variety of cell types (106). This is supported by evidence that activation
of the EGFR pathway and its downstream players including ERK1/2 compromise the antiviral
IFN-1 defense through regulation of STAT signaling (149, 150). Therefore, we next sought to

assess STAT dynamics in response to EGFR inhibition.

Human 786-0 cells pre-treated with or without vanadate and/or gefitinib were infected
with VSVAS1 and protein extraction was performed 24 hours post infection. As found in
previous studies (106), probing whole cell lysates by western blot showed that following
VSVAS1 infection, vanadate increases phosphorylation of STAT1 and decreases
phosphorylation of STAT2. While EGFR inhibition by gefitinib did not impact STAT]I, it was
interestingly able to rescue the otherwise decreased levels of STAT2 phosphorylation caused
by vanadate / virus infection (Fig. 2.3A, 2.3B, S2.10). We were then interested to see whether
EGFR inhibition could reduce vanadate/virus induced STAT1 nuclear translocation (106).
Nuclear/cytoplasmic fractionation in samples treated with the same regimen indeed revealed
increased phosphorylated and total STAT1 nuclear localization upon vanadate/virus treatment,
which was abrogated by EGFR blockade by gefitinib (Fig. 2.3C). In parallel, normalization of
STAT?2 nuclear translocation in accordance with rescued STAT2 phosphorylation by gefitinib
treatment was also observed. This was further confirmed using immunofluorescence. We
found that upon stimulation using IFNP, vanadate treatment led to concentrated nuclear
localization of phosphorylated STAT1 compared to cells only treated with IFNf, where nuclear

phospho-STAT1 signal was more diffuse (Fig. 2.3D, S2.11). However, upon addition of
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Fig. 2.3. Vanadate regulates STAT1 and STAT2 through EGFR to modulate the
interferon response. (A-C,E) Human renal carcinoma 786-0 cells were treated + vanadate
(150uM) =+ gefitinib (10uM), then subsequently infected with or without VSVAS51-GFP (MOI
0.01). (A) Total cell lysates were collected 24 hours post infection (hpi) and probed for
phosphorylated STATI, total STAT1, phosphorylated STAT2, total STAT2 and GAPDH by
western blot. Representative blots are shown. (B) Bands were quantified by densitometry
relative to the actin loading control and expressed as a phosphorylated: total STAT1/2 ratio
(n=3, mean + SD; ns = no significance, **P<0.01 by one-way ANOVA). (C) Lysates were
fractionated for nuclear and cytoplasmic fractions and probed for phosphorylated STAT], total
STATI, phosphorylated STAT2, total STAT2, lamin B1 and alpha-tubulin by western blot.
(D) 786-0 cells were treated + vanadate (300uM) £ gefitinib (20uM) for 4 hours, then with
IFNB (100U/mL) for 1 hour. Cells were fixed and stained for phosphorylated STATI and
nuclei with DAPI by immunofluorescence. Phospho-STAT1 nuclear intensity was quantified,
and mean nucleus intensity graphed (n=3, mean £+ SD; ****P<(0.0001 by one-way ANOVA).
Representative images can be found in Fig. S11. (E) RNA was extracted from cell lysates 24hpi
and probed for MX2 mRNA expression by gqPCR (n=3, mean + SD; ***P<(0.001 by one-way
ANOVA).
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gefitinib, the concentration of nuclear phosphorylated STAT1 decreased markedly. Finally,
coinciding with these observations, the addition of gefitinib restored the virus-induced
upregulation of the downstream IFN-1 gene MX2, which is otherwise suppressed by vanadate
in response to VSVASI infection, as determined by qPCR (Fig. 2.3E). Altogether, these data
support the possibility that EGFR signaling induced by vanadate/virus treatment leads to
immunomodulation and improved viral growth by altering the phosphorylation status of

STATI1/STAT2.

Vanadate promotes pro-inflammatory cytokine production through EGFR-NFkB activation

To gain additional insight into the vanadate viral-sensitizing mechanism, we performed
in silico analysis on a previously published microarray dataset looking at the impact of
combined vanadate and VSVASI treatment in 786-0 cells (106). We selected genes that
increased or decreased at least 3-fold in abundance in cells receiving combined vanadate and
VSVASI1 treatment. Then using the published TFactS tool(151), we found that the top predicted
transcription factor to correlate with this differential gene expression profile was STATI,
confirming our previous and current findings. However, our in silico analysis also identified
NF-«kB as the second most likely involved transcription factor (Fig. 2.4A, S2.12-14). This was
interesting given that two kinase inhibitor hits from our reverse screen (Table 2.1) target IxB
kinase beta (IKKp). Like gefitinib and UO126, the two IKKJ inhibitors, IMD-0354 and SC-
514, reduced VSVAS51-GFP infectivity as measured by GFP expression, even in the presence
of vanadate (Fig. 2.4B, S2.15). This effect occurred within a broad drug treatment range

leading to no more than a 25% decrease in cell viability (Fig. 2.4C).
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Fig. 2.4. Vanadate promotes pro-inflammatory cytokine production through EGFR-

NFkB activation. (A) Previously acquired microarray data published by Selman et al. was

analyzed using a computational script that selected genes that were of increased or decreased

abundance 3-fold upon vanadate treatment from the infected only control. Gene lists were input

into TFactS (151). The P-value for each analyzed transcription factor was plotted. (B,C) 786-

0 cells were simultaneously treated with varying concentrations of IMD-0354 or SC-514 (0 —
2000 nM) and vanadate (150 pM) (n=2, mean = SEM). Four hours later, cells were infected
with VSVAS51-GFP (MOI 0.1). (B) Fluorescence images were captured 24 hours post infection

(hpi). (C) Cell viability was measured by resaruzin (Alamar blue) assay and expressed relative

to untreated, uninfected cells. (D-F) 786-0 cells were treated + vanadate (150uM) + gefitinib
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(10uM). Four hours later, cells were infected with VSVA51-GFP (MOI 0.1). (E) Cells were
lysed 24hpi, fractionated for cytoplasmic and nuclear fractions, then probed for phosphorylated
NF-xB/p65, NF-kB/p65, lamin B1 and a-tubulin. (D) Whole cell lysates extracted 24hpi and
probed for IxB-a and B-actin. (F) Cells were lysed at 24hpi and analyzed for mRNA expression
of NF-«kB related and pro-inflammatory genes by quantitative polymerase chain reaction (n=3,
mean + SD; **P<0.01, ***P<0.001, ****P<0.0001 by one-way ANOVA). (G) Supernatant
was collected 24hpi and CXCL10 concentration was assessed by ELISA (n=3, mean + SD;
*#%4p<0.0001 by one-way ANOVA).

We consequently sought to look at the impact of vanadate and treatments antagonizing
EGFR on NF-«B nuclear translocation. Indeed, probing for NF-«xB in nuclear and cytoplasmic
fractions by western blot demonstrated that vanadate increases the quantity of NF-«B available
in the nucleus, an effect that was abrogated with gefitinib treatment (Fig. 2.4D). The inhibitor
of NF-kB alpha (IxB-a) is a cytosolic inhibitor protein that regulates NF-kB signaling by
masking its nuclear localization signal and its subsequent nuclear translocation (62, 152).
Interestingly, EGFR phosphorylation has also been established to increase NF-kB signaling
through the degradation of IkB-a (153, 154). To explore this linkage in the context of
vanadate’s viral-sensitizing mechanism, we probed whole cell lysates for [kB-a by western
blot. Combinatorial treatment of vanadate and VSVAS51 led to a significant decrease in IkB-a
protein levels, yet when EGFR was inhibited using gefitinib, cellular levels of IkB-a were

restored (Fig. 2.4E, S2.16).

Our previous study established that the combined treatment of vanadate with VSVAS1
upregulates pro-inflammatory cytokines such as IFNf several hours after the infection event

(106). These pro-inflammatory cytokines are in part stimulated through the NF-«xB axis, which
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is itself downstream of EGFR. We therefore tested to see whether EGFR inhibition was able
to abrogate the expression of NF-kB target genes. Quantification by qPCR revealed that the
addition of gefitinib negated increases in pro-inflammatory IFNf, IL-1b, IL-6, TNF-a and
CCL5 mRNA levels induced by vanadate (Fig. 2.4F), all of which are classically in part
stimulated by NF-xB (155). Moreover, one of the most striking phenotypes of tumor cells
treated with vanadate in combination with VSVASI is an increase in the transcription of T-cell
chemoattractant chemokines, namely the IFN-2 induced chemokines CXCL9 and CXCL10
(106). Guided by evidence that STAT1 and NF-xB can synergize to upregulate both genes
(156, 157), we explored whether vanadate also utilized this mechanism to increase these
chemokines through EGFR. Transcriptional expression of genes encoding immune cell-
attracting cytokines CXCL9 and CXCL10 were also assessed by qPCR. Indeed, gefitinib
negated the increased transcription of CXCL9 and CXCL10 induced by vanadate (Fig. 2.4F).
When secreted CXCL10 was measured by enzyme-linked immunosorbent assay (ELISA) in
the supernatant, the same trend was reflected (Fig. 2.4G). Together, these results provide
evidence to support that vanadate facilitates increased NF-xB signaling favoring a pro-

inflammatory profile in treated tumor cells by regulating IkB-a through EGFR activation.

Gefitinib reduces vanadate’s effects on VSVAS1 spread in vivo

Given the ability for gefitinib to abrogate the vanadate viral sensitization of VSVAS1
oncolytic virotherapy, we sought to investigate whether gefitinib could block the effects of
vanadate-enhanced VSVAS1 oncolytic virotherapy in more physiologically relevant contexts.
Upon confirming that the addition of gefitinib was able to reduce vanadate viral sensitization

in colon CT26WT carcinoma cells when administered pre and post-infection in vitro (Fig.
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S2.17, S2.18), we found that CT26WT colon mouse tumors cores pre-treated with vanadate
and treated with gefitinib 4 hours prior to infection were also capable of curbing vanadate
mediated VSVAS1 viral spread ex vivo (Fig. 2.5A, 2.5B). This effect was also achieved with

UO126 treatment in CT26WT tumors (Fig. S2.19).

To investigate whether gefitinib could also abrogate the enhancing effect of vanadium
on VSVAS1 spread in vivo, 8-week-old BALB/c mice were implanted subcutaneously with
CT26WT tumors and underwent a similar treatment regimen consisting of vanadyl sulfate and
VSVAS1 expressing firefly luciferase (VSVAS51-FLuc) administered intratumorally, along
with gefitinib (100mg/kg) 4 hours prior to infection. At 24hpi, infection was assessed using a
live in vivo imaging system (IVIS). We did not investigate tumor progression to avoid potential
confounding anti-tumor effects of gefitinib treatment. Consistent with our previous findings,
mice receiving combinational treatment and gefitinib after infection significantly lowered
viral-associated luciferase signal compared to mice not receiving any gefitinib (Fig. 2.5C,
2.5D). Together, both our ex vivo and in vivo data support that gefitinib can reverse the effects

of vanadate in combination with VSV in animal models.

2.4 Discussion
Identification of EGFR signaling to vanadate viral sensitization

Despite the exciting multimodal therapeutic effects of OVs for cancer therapy, their
success has yet to be fully realized due to variable response rates. To potentiate their anti-tumor

effects, our group and others have previously explored the use of approved or novel compounds
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Fig. 2.5. Gefitinib reduces vanadate’s effects on VSVAS1 combinational therapy in vivo.
(A,B) CT26WT tumour cores were obtained from implanted Balb/c mice and treated ex vivo
with vanadate (300 pM) = gefitinib (50 uM). Cores were infected 4 hours later with 3e4 plaque
forming units (pfu) of VSVAS51-GFP per core. (A) Fluorescence images were taken 24hpi;
scale bar = 1000um. (B) Supernatant was collected 48hpi and viral titer was assessed by plaque
assay (n=3, mean = SEM; **P<0.01 by one-way ANOVA). (C,D) Balb/c were implanted
subcutaneously with CT26WT and allowed to progress to 100mm?. Mice were then injected
intratumorally with vanadyl sulfate (50mg/kg) + gefitinib (100mg/kg) for four hours. Mice
were then injected intratumorally with VSVAS1-FLuc (1e8 pfu/tumor). At 24hpi, mice were
imaged using a live imaging system (IVIS) for luminescence activity. (C) Absolute
luminescence was log-transformed and graphed (n=8-10, mean + SEM; *P<0.05 by one-way

ANOVA). (D) Representative luminescence images are shown.
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that can lead to the selective and transient knockdown of antiviral defenses to allow OVs to
gain a foothold within the tumor (86). Vanadium-based compounds such as vanadate or
vanadyl sulfate have shown promise for combinational therapy with RNA-based OVs in
particular such as VSV and Newcastle disease virus (NDV) (106, 108). While we have
previously shown that vanadium compounds elicit their OV-enhancing effects via a shift in
IFN-1 towards IFN-2 transcriptional profiles by altering STATI1/2 expression and
phosphorylation status, the specific mechanistic cascade leading to this effect remained
unclear. In this study, we used a systems biology approach to successfully identify the EGFR
pathway and its downstream signaling cascade as a crucial player in the viral sensitizing effect
of vanadium compounds. This new mechanistic insight adds to our understanding of key
signaling pathways that contribute to successful OV therapy regimens and will facilitate pre-
clinical and clinical development of vanadium compounds as novel enhancers of OV-therapy.
Our screen also identified 8 additional targets outside of EGFR that abrogated vanadium viral
sensitizing activity (Table 2.1), some of which can play a role in viral lifecycle and antiviral

pathway regulation (e.g., elF2a, AKT1) and provide avenues for further investigation (158).

In addition to the insulin-mimetic effects of vanadium that have been well explored in
clinical trials (159), investigations have also suggested direct anti-cancer effects of vanadium
compounds through in vitro and in vivo experimentation (105, 146, 160-162). However, their
potential use in immuno-virotherapy has only recently been uncovered (106, 108). Vanadium-
based compounds are potent competitive PTP inhibitors which naturally impact classes of
receptor tyrosine kinases including the ErBB family. Vanadate has been previously established

to sustain EGFR activation and its downstream signaling (Fig. 2.1D) (163, 164).
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Guided by the mounting evidence supporting the role of the EGFR axis in oncogenesis
and metastasis, several small molecules EGFR modulators have been developed and clinically
approved in the last few decades (165). Gefitinib, lapatinib, vandetanib, erlotinib and afatinib
are among the lead compounds identified in our screen and are clinically approved for the
treatment of a variety of malignancies, particularly in tumors found to have EGFR
overexpression. While several groups have explored the targeting of oncolytic viruses to take
advantage of EGFR upregulation in cancer for increased therapeutic specificity (166—168),
EGFR inhibitors have not typically been explored to modulate oncolytic virotherapy efficacy.
Our study draws a link between virus-induced EGFR activation, increased oncolytic virus
activity, and the ability to “tune” oncolytic virus activity by pharmacologically controlling the

EGFR pathway.

In support of our proposed mechanism of vanadate-mediated OV enhancement via the
EGEFR pathway, there is ample evidence demonstrating that activation of the EGFR pathway
and its downstream effectors sidetracks the antiviral system and promotes viral propagation.
For instance, several viruses activate EGFR as part of their viral lifecycle to allow for their
propagation (169—172). Poxviruses, which are currently used in oncolytic virotherapy, in
particular encode vaccinia growth factor (VGF) which has been shown to activate EGFR (173).
In a study by Wang et al., tyrosine phosphorylation of the key IFN effector STING (STimulator
of INterferon Genes) by EGFR was required for its proper cellular trafficking and downstream
signaling (174). Without this phosphorylation by activated EGFR, STING was alternatively
trafficked to autophagosomes, and cells were unable to mount a proper antiviral response
against HSV infection. By the same token, inhibition of EGFR by genetic or pharmacological

means has also been reported to activate the interferon pathway in several contexts (149, 175,
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176). While sustained virus-induced EGFR signaling is likely in part required for its OV-
enhancing effect, it is likely that vanadate requires the modulation of other signaling
components. Investigation into the other specific phosphatases that vanadate may inhibit to
confer viral sensitization effects is currently underway for the development and refinement of

this therapeutic strategy.

Analyzing the immunomodulatory mechanism of vanadate via EGFR activation

From our findings, we elucidate three molecular events through which vanadate
sensitizes cells to oncolytic virotherapy via EGFR activation: 1) dephosphorylation of STAT2,
2) induction of STATI nuclear accumulation, and 3) degradation of IxB-a to increase nuclear
NF-«kB signaling (see graphical abstract). During viral infection, IFN-1 cytokine binding to its
respective IFN receptor (IFNAR1/2) triggers STAT1 and STAT2 phosphorylation and
heterodimerization. We demonstrate that through EGFR activation, vanadate inhibits STAT2
phosphorylation to impair IFN-1 signal transduction. Without the phosphorylation of STAT?2,
the activity of the ISGF3 complex and subsequent antiviral defenses are abolished (177-179).
Accordingly, EGFR blockade restores STAT2 phosphorylation and subsequent transcription
of IFN-1 genes (Fig. 2.3A, 2.3B, 2.3E). As there is little known about the direct EGFR-STAT?2
relationship, it is likely that an intermediate effector exists. For example, hyperactivation of
the Ras/MEK pathway downstream to EGFR has been suggested to inhibit STAT2
transcriptional availability (180), and contributory to VSVAS51 oncolysis (181). Further
investigation into this relationship would broaden our understanding of STAT2 regulation of

the IFN-1 responses.
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Our computational analysis on microarray data identified STAT1 as the most likely
involved transcriptional factor in the vanadate viral sensitizing mechanism, in accordance with
this and previous studies (Fig. 2.4A, S2.13). Several groups have already shown that activation
of the EGFR cascade culminates in increased STAT1 activation and expression (182—184).
This is particularly relevant in the context of vanadate-based oncolytic virotherapy since we
have previously shown that vanadate’s mechanism of action involves the increased
phosphorylation and nuclear localization of STAT1 upon VSVASI infection, both of which
were also observed in this study (Fig. 2.3) (106). In accordance with these findings, identified
phosphatases targeting STAT1, such as Src homolog 2 domain-containing phosphatase 2
(SHP-2) (185), have been linked with impaired antiviral defenses through EGFR activation

(186, 187).

At first glance, increased NF-«B signaling by vanadate appears to be counterintuitive for
oncolytic potentiation as other established viral sensitizing compounds such as dimethyl
fumarate (DMF) operate by inhibiting NF-kB nuclear translocation (96, 188). However, our
results are in agreement with other studies that the JAK/STAT pathway is the key, dominant
mechanism in controlling the IFN-1 response (67, 189). In fact, retaining NF-«xB nuclear
availability allows vanadate to directly upregulate the secretion of pro-inflammatory cytokines
to ultimately increase immune cell infiltration to the tumor site, a unique feature of vanadium
compounds (106). Through the cooperative signaling of increased STAT1 (Fig. 2.3D) and NF-
kB (Fig. 2.4D) nuclear availability, vanadate achieves synergistic induction of pro-
inflammatory genes controlled by GAS or NF-kB promoters (190). In the case of two IFN-2
cytokines, CXCL9 and CXCL10, the interaction between STAT1 and NF-kB has shown to

increase recruitment of a third protein, CREB-binding protein (CBP) to subsequently increase
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RNA polymerase II transcription activity at their respective promoters (156, 157). Indeed, we
were able to demonstrate that EGFR blockade, presumably through inhibiting vanadate’s
STAT1 and NF-kB nuclear accumulation, significantly reduced IFN-2 cytokine transcription

and secretion (Fig. 2.4F, 2.4G).

Implications for the advancement of vanadium based oncolytic virotherapy

Our findings introduce new considerations and opportunities for the advancement
oncolytic virotherapy regimens. By establishing EGFR as an integral regulator of oncolytic
VSV growth, it is possible that EGFR status could influence patient response to treatment
regimens employing VSV and potentially other RNA-based OVs like measles and NDV.
EGFR is frequently mutated in cancer, its hyperactivation confers a survival benefit to cancer
cells and has been established as a resistance marker to standard cancer therapy (191-195).
Interestingly, activation of EGFR has been shown to be necessary for the replication of several
OVs and exploited to improve OV selectivity towards cancer cells. Alternate activation of the
downstream effector ERK1/2 has also been shown to sensitize endothelial cells to OV therapy
(196). Taken together with our findings, this further suggests the possibility that patients
harboring mutations with hyperactivated EGFR may naturally be more susceptible to VSVAS1
oncolytic virotherapy, a hypothesis that warrants further clinical investigation. Conversely, our
results would then also naturally suggest that patients who are undergoing treatment with an
EGFR inhibitor (e.g., gefitinib, erlotinib, cetuximab) are less likely to respond to vanadium/
VSVAS1 combination therapy. Furthermore, we consider that this aspect could potentially be
exploited to control immune adverse events during oncolytic VSV clinical trials. EGFR

inhibitors are advantageous candidates in that they are already clinically approved and
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additionally offer inherent anti-cancer properties; however, whether they offer better counter-

therapy than other antivirals, remains to be determined.

2.5 Material and Methods

Drugs and Chemical Reagents: The vanadium-based compound used in this study was
sodium orthovanadate (NazVOs, Sigma-Aldrich, cat. 450243) dissolved in water and pH
adjusted to 10 at 150uM. For in vivo studies, vanadium sulfate at 50 mg/kg (VOSOs4, Sigma-
Aldrich, cat. 204862) was used. The remainder of drugs, chemicals and cytokines used are

listed in Key Resources Table (Table S2.1).

Cell Lines: 786-0 (human male renal cell adenocarcinoma, cat. CRL-1932), CT26WT
(murine colon carcinoma, cat. CRL-2638) and Vero (African green monkey kidney cells, cat.
CCL-81) were acquired from the American Type Culture Collection (ATCC). These cells
utilized Dulbecco’s modified Eagle’s medium (DMEM; HyClone cat.10-013) supplemented
with 1% (v/v) penicillin-streptomycin (Gibco), 30mM HEPES buffer and 10% (v/v) serum
composed of 3-parts HyClone newborn calf serum (Thermo Fisher, cat. SH3011803) and 1-
part Fetal Bovine Serum (Gibco, cat. 12483020). Cell lines were maintained in 37°C and 5%

CO; conditions in a humidified incubator.

Oncolytic Virus: The Indiana serotype of VSV harboring a deletion of methionine 51 in
the M protein (VSVAS51) and insertion of green fluorescence protein (GFP) or firefly luciferase
(FLuc) were used throughout this study(38). All viruses were propagated on Vero cells and
purified on 5-%-50% Optiprep (Sigma-Aldrich, St. Louis, MO) gradients. All viral titers were

determined by standard plaque assay according to published protocol (197). Measles virus of
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the Schwartz strain expressing GFP was obtained as a generous gift from Dr. Guy Ungerechts

of the Ottawa Hospital Research Institute (Ottawa, Canada).

Reverse Screen Strategy using Kinase Inhibitor Library: The Ontario Institute for Cancer
Research (OICR) small molecule library was generously supplied by Rima Alawar via Dr.
William Stanford of the Ottawa Hospital Research Institute. The library composed of 480
kinase inhibitors and 320 tool compounds from various developmental stages (e.g., approved,
pre-clinical, clinical). 3 x 10* 786-0 cells were plated per well of a 96-well microplate and
allowed to adhere overnight. Cells were pre-treated with screen compounds (1pM) and
vanadate (125uM). Four hours later, cells were infected with VSVAS51-FLuc at a MOI of 0.1.
Infectivity was quantified by high-throughput titration (see below) and cell viability using
resazurin (Millipore Sigma, cat. SI03200) were measured 48 hours post infection (hpi) (147).
The experiment was conducted in triplicate. Every microplate included a series of positive

(vanadate + VSVAS51) and negative (untreated) controls, with a total of 80 library compounds.

High Throughput Titration: Using opaque white bottom 96-well microplates (Thermo
Fisher, cat. 07-200-628), Vero cells were seeded at a density of 2.5 x 10* cells/well. 20 pL of
the supernatant from the sample of interest was transferred onto the Vero cells and incubated
for 5 hours at 37°C and 5% CO,. 25 pL of luciferin solution (2mg/mL constituted in sterile
PBS, Cederlane Lab, cat. 122799(PE)) was subsequently added and mean luminescence was
analyzed 30 seconds later. Results were normalized against a standard curve of samples with
known titers and normalized to an uninfected, untreated well. Refer to published protocol for

further details (147).

In Silico Analysis: Microarray data from a previous study was processed (106). A list of

genes of increased or decreased abundance more than 3-fold between the VSVAS1 infected
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condition and the vanadate and VSVAS51 combinational condition was generated, then input
into the TFactS computational database script to generate statistical values for each
transcription factor. Related gene lists for each respective transcription factor were obtained
from the published TFactS catalogue. Heatmaps of relative gene expression were generated
using the R-studio pheatmap package. Refer to original published study for further details

(151).

Cell Viability Assay: Metabolic activity of cells was measured 48hpi by adding 1:10
dilution resazurin metabolic dye (Millipore Sigma, cat. SI03200) to treated cells and incubated
for 2 hours. Fluorescence was measured at 590nm upon excitation at 530nm using a BioTek
Microplate Reader and Gen5 2.07 software (Norgen BioTek Corp, ON, Canada). Background

signal was adjusted for by subtracting readings from wells only containing media.

Quantitative Real-time Polymerase Chain Reaction: RNA was extracted from samples
using the QTAGEN RNeasy kit (Qiagen, cat. 74106) according to manufacturer’s protocol and
quantified using a Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scientific,
Rockford, IL). Corresponding cDNA was generated using the RevertAid H Minus First Strand
cDNA Synthesis Kit (Thermo Fisher, cat. K1632). Real-time PCR reactions were performed
using respective primers (Table S2), Applied Biosystems PowerUp SYBR Green Master Mix
(Thermo Fisher, cat. A25776) in a 7500 Fast Real-Time PCR system (Applied Biosystems,
Foster City, CA). Relative gene expression was normalized to GAPDH, and fold-induction

calculated relative to an uninfected and untreated condition.

Enzyme-linked immunosorbent assay (ELISA): 786-0 cells were treated with respective
drugs for 4 hours and infected with VSVASI1. After 24 hours, supernatants of cells were

collected and analyzed for CXCL10 concentration using the Human CXCL10/IP-10 DuoSet
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Assay kit (R&D Systems, cat. DY266). The assay was performed according to manufacturer’s
protocol with a 1:30 dilution. Absorbance was read using the Multiskan Ascent Microplate

Reader (MXT Lab Systems) at 450nm and corrected for plate imperfections at 540nm.

Immunoblotting and immunoprecipitation: Samples were washed twice with cold PBS
and lysed for 10 minutes at 4°C using 50mM HEPES, 150mM NaCl, 10mM EDTA, 10mM
NasP207, 100mM NaF, 2mM Na3;VOQs, protease inhibitor cocktail (Roche), phosphatase
inhibitor cocktail (Cell Signaling Technology, cat. 5870S) and 1% Triton X-100. Cells were
scraped and the collected lysate was centrifuged. For nuclear and cytoplasmic fractionation,
the NE-PER Nuclear and Cytoplasmic Extraction Kit (Thermo Fisher Scientific) was used
according to manufacturer’s protocol. Supernatant was collected the protein quantified using
the Pierce BCA Protein Assay Kit (Thermo Fisher, cat. 23225). 20ug was loaded with 4X
NuPAGE LDS Sample Buffer (Thermo Fisher, cat. NP0007) into 4-15% Mini-PROTEAN
Gels (Bio-Rad, Mississauga, ON), electrophoresed using the Mini Trans-Blot Cell system
(Bio-Rad, Mississauga, ON) and transferred onto nitrocellulose membrane using the Trans-
Blot Turbo RTA Mini Transfer Kit according to manufacturer’s protocol (Bio-Rad, cat.
1704270). Blots were subsequently blocked with 5% Bovine Serum Albumin (BSA) and
probed with respective primary and secondary antibodies as listed in the Key Resources Table
(Table S1). Bands were visualized using Clarity Western ECL Substrate (Bio-Rad, cat.

1705061) on a ChemiDoc Touch Imaging System (Bio-Rad, Mississauga, ON).

Immunocytochemistry: Cells were seeded on 12mm glass round coverslips (Thomas
Scientific, cat. 64-0712), then treated with specified reagents. After washing twice with PBS*
(PBS with ImM CaCl; and 500uM MgCl), cells were fixed using 4% paraformaldehyde for

30 minutes, permeabilized using a 0.2% Triton-X 100 in 200mM glycine/PBS* solution for 8
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minutes, then quenched in 200mM glycine/PBS*. Samples were then blocked using 5%
BSA/PBS* for 1 hour at room temperature, then incubated with respective primary antibody
overnight in a humidified chamber at 4°C as listed in the Key Resources Table (Table S2.1).
Corresponding secondary antibodies were applied for 1 hour, then samples were mounted onto
glass slides and counterstained using Prolong gold anti-fade with 4’,6-diamidino-2-phenyl-
indole (Molecular Probes). Slides were imaged using Zeiss Axiocam HRM Inverted
fluorescent microscope (Zeiss, Toronto, Canada) and Axiovision 4.0 software. Images were
processed using ImagelJ. Nuclear: cytoplasmic signal quantification processes were performed

using CellProfiler (Massachusetts Institute of Technology, Cambridge, USA).

Ex Vivo Tumor Model: 8-week-old healthy, female Balb/c mice were implanted with
subcutaneous CT26WT cells. Mice were sacrificed after reaching a tumor volume of
1000mm?. Tumor tissues were extracted from the mice, cut into 2-mm slices and 2mm x 2mm
cores were taken using a punch biopsy tool. Cores were maintained in humidified incubators
at 37°C, 5% CO; in DMEM supplemented with 10% serum, 30mM HEPES, 1% (v/v)
penicillin-streptomycin and 0.25mg/L amphotericin B. Cores were treated with their respective
drugs at indicated timepoints, then infected with VSVAS51-GFP (3e4 pfu/core for CT26WT).
Fluorescence images were taken 24hpi and supernatant stored at -80°C 48hpi for viral titer

plaque assay.

In vivo Tumor Models: Female 8-week-old Balb/c mice (Charles River Laboratories)
were implanted subcutaneously with CT26 WT cells and allowed to progress to 100mm?, about
11 days. Tumors were treated intratumorally with vanadyl sulfate (50mg/kg) and/or gefitinib
(100mg/kg) at various time points. Tumors were then injected with VSVAS51-FLuc (1e8

pfu/tumor) intratumorally. After 24 hours, mice were anesthetized and imaged using a live in
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vivo imaging system (Perkin Elmer). Bioluminescent signal intensity was quantified and
analyzed using Living Image v2.50.1 software. All experiments were performed in accordance
with the University of Ottawa Animal Care and Veterinary Service guidelines for animal care

under the protocols OHRI-2264 and ORI-2265.

Quantification and statistical analysis: Statistical analyses were performed using Prism
8 (GraphPad, San Diego, CA) software. Experiments involving viral titer, absolute
luminescence and relative mRNA expression were log-transformed prior Statistical tests were
performed as indicated by Fig. legends including Student’s t-test, one-way and two-way
ANOVA according to experimental conditions. Error bars represent the standard error from

the mean (SEM). A P-value less than 0.05 was considered statistically significant.
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3.1 Abstract

Strategies in genetic and pharmacological modulation of various cellular processes are
being explored to overcome the inherent limitations in clinical therapeutic activity of oncolytic
virotherapy (OV) against cancer. We have recently characterized the ability for vanadium-
based compounds, a class of pan-phosphatase (PP) inhibitors, to potentiate OVs. We next
sought to identify PPs that could be targeted to enhance OVs, akin to vanadium. By conducting
a high-throughput screen of a library of silencing RNA (siRNA) targeting human PPs, we
uncovered several PPs that robustly enhanced infectivity and oncolysis of the oncolytic
vesicular stomatitis virus (VSVAS51). Knockdown of our top validated hit, lysosomal acid
phosphatase 2 (ACP2), increased VSVASI1 viral titers by over 20-fold. /n silico analysis by
RNA sequencing revealed ACP2 to interfere with antiviral type I interferon (IFN-1) signaling
and repress downstream IFN-1 effectors, similar to vanadium. To further exploit this
mechanism for therapeutic gain, we encoded a short-hairpin RNA (shRNA) against ACP2 into
oncolytic vesicular stomatitis virus (VSVAS1) under a miR-30 promoter. This bioengineered
OV demonstrated expression of the miR-30 promoter, knockdown of ACP2, repression and
ultimately, showed markedly enhanced viral VSVAS51 particle production compared to its non-
targeting control counterpart. Altogether, this study identifies IFN-1 regulating PP targets,
namely ACP2, that may prove instrumental in increasing the therapeutic efficacy of OVs.
Furthermore, this study also serves as a proof of concept that these targets can be exploited

using RNA interference expressing OVs.
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3.2 Introduction

Since its discovery as a potent anti-tumor agent in the 1950s, the development of viruses
as a cancer immunotherapy has escalated in recent decades highlighted by the clinical approval
of talimogene laherparepvec (T-VEC) for the treatment of melanoma in 2015 (25, 27). Through
genetic engineering, oncolytic virotherapy (OV) promises potent cancer cell killing and the
development of robust anti-tumor immunological memory, all while leaving physiological
tissue unharmed (28). This efficacy hinges upon the innate type 1 interferon (IFN-1) response,
which orchestrates the initial propagation of cellular antiviral programs and bridging to
inflammatory processes (198). While most tumors have been thought to be deficient in this
IFN-1 response as a byproduct of malignant transformation, residual IFN-1 responses have
been blamed for therapeutic resistance to OV regimens (199). Thus, the genetic or
pharmacological modulation of cellular processes that ultimately impinge upon the IFN-1
response represents a logical strategy to improve the therapeutic gain of OVs (78, 86). To this
end, our group identified vanadium-based compounds, among others, to improve the viral
spread, bystander killing and anti-tumor efficacy of OVs, such as the oncolytic vesicular
stomatitis virus (VSVAS51), when administered in combination (106). This mechanism was
eventually found to be secondary to activation of the epidermal growth factor receptor (EGFR)
subsequently leading to changes in STAT phosphorylation and NF-kB signaling to subvert
IFN-1 responses towards more of an IFN-2 phenotype (200). However, given the well-known
pan-protein phosphatase (PP) inhibitory activity of vanadium, the exact PPs responsible for

this phenomenon remains elusive.

Protein phosphorylation represents a major post-translational regulatory mechanism;

therefore, its imbalance typically results in disruption of key cellular functions. The covalent
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addition of a phosphate group by kinases triggers conformational changes to its respective
substrate thereby changing its response, typically towards activation (109). PPs are responsible
for the removal of phosphatases to reverse this regulation, therefore, their inhibition often
culminates in substrate hyperactivation, as in the case of constitutive EGFR activity upon
vanadium treatment (200). Given their extensive regulation across a plethora of cellular
processes, interception of a few PPs has unsurprisingly been demonstrated to both enhance and
antagonize IFN-1 responses. Through dephosphorylation of IFN-binding receptors, protein
tyrosine phosphatase 1B (PTP1B) stimulates their endocytic turnover to repress antiviral
response and defenses (201). On the other hand, there is evidence that phosphatase slingshot
homolog protein 1 (SHP-1) controls the secretion of IFN-1 effectors and pro-inflammatory
cytokines (202). Without the use of a high-throughput screening approach, there are

undoubtedly many more involved PP targets to be discovered.

In an attempt to increase OV potency and selectivity, various payloads have been
encoded into the genomic backbone of viral vectors (203). These typically consist of
immunomodulatory transgenes, such as interferon gamma (IFN-y) or interleukin-12, intended
to elicit stronger anti-tumor immune responses (72, 204). The use of RNA interference (RNA1)
has recently led to the investigation of another potential class of payloads for delivery by viral
vectors for cancer therapy. Through the delivery of RNAI effectors which include silencing
RNA (siRNA) and microRNA (miRNA), the expression of specific gene transcripts can be
dramatically reduced for therapeutic gain. Broadly, these RNAI effectors can elicit similar
effects as virus encoded transgenes from immunomodulation to induction of tumor cell
apoptosis to direct oncogene silencing (116). Although the majority of in vivo tested viral-

delivered RNAI are by replication incompetent vectors, the synergy between RNAi effectors
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and the inherent oncolytic ability of replication-competent viruses represents a promising

avenue for investigation.

The objective of this study was to identify PP targets that could mimic the OV-enhancing
effects of vanadium and its respective mechanism of action in regulating the innate antiviral
response. Upon successful identification of a OV-enhancing PP target, we then aimed to
express RNAIi against the identified PP as a payload using a VSVAS1 vector to develop a

bioengineered OV with increased viral infectivity and oncolytic activity.

3.3 Results
High-throughput siRNA phosphatase screen identifies candidates for OV enhancement

To identify protein phosphatases (PP) that play a regulatory role in the cellular antiviral
defense, we employed a high-throughput screening (HTS) approach using the MISSION®
silencing RNA (siRNA) Human Phosphatase Library targeting 303 phosphatase genes using
an arsenal of 1,131 total siRNA. 786-0 cells were seeded in 96well plates and transfected with
respective siRNA at a concentration of 0.2uM using Invitrogen’s Lipofectamine® RNAIMAX
reagent, then infected with oncolytic vesicular stomatitis virus (VSVAS1) tagged with firefly
luciferase (FLuc). Following 48 hours of incubation, samples were titered using a previously
established high-throughput method and relative cell viability was established using resazurin
metabolic dye (Fig. 3.1A) (147). Each siRNA was assigned calculated values expressed as (1)
fold-change in viral titer over infected cells transfected with a universal negative control and

(2) oncolysis enhancing factor defined as the logarithm of the viability of transfected cells
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Fig 3.1. High throughput screen reveals PP targets that enhance oncolytic VSVAS1. (A)
Schematic diagram representing the workflow of the high-throughput screen. (B-E) Human
786-0 cells were seeded in 96-well plates, transfected with RNA from the MISSION®
silencing RNA (siRNA) Human Phosphatase Library or corresponding controls for 48 hours.
Cells were then infected with VSVAS] tagged with firefly luciferase (VSVAS51-fluc) at a
multiplicity of infection of 0.05. Blue dots indicate cell treated with vanadate. Red dots
indicated cells transfected with RIG-I siRNA. Green dots indicate cells transfected with
scramble siRNA. (B) Oncolysis enhancing factor was calculated as described in the methods
and plotted. Candidates of interest are labeled as shown. (C) Supernatant was assessed for viral
titer by high-throughput titration 48hpi and expressed a fold-change over infected-only cells,
and by significance from average infectivity of infected-only cells by unpaired t-test assuming
unequal variance. (D) Oncolysis enhancing factor of candidates were plotted against fold-

change viral titer. Top candidates of interest are labeled as shown.
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divided by the viability of transfected infected cells. As a positive control, siRNA against
retinoic acid-inducible gene I (RIG-I), central to innate antiviral interferon (IFN) signaling

(205), and cells treated with vanadate were used.

Each siRNA target was plotted for its viability when combined with VSVAS1 and
significance in p-value when compared to cells treated only with control siRNA (Fig. S3.2). A
total of 232 of the 1,131 tested targets were able to significantly decrease the cell viability
below 40% with a P-value less than 0.05 (upper left quadrant). To score viability, an oncolysis
enhancing factor was assigned to each library siRNA target which considers the cytotoxicity
generated from the siRNA in the absence of VSVAS1 infection and gives a positive score to
targets that synergize with VSVASI1 for increased oncolysis. Given that the average oncolysis
enhancing factor for vanadate treated samples is 0.43 (blue points in Fig. 3.1B), a total of 54
PP targets scored higher than vanadate with the highest hit being slingshot homolog 3 (SSH3).
Similarly, in Fig. 1C, the fold-change in VSVAS]1 viral titer with PP siRNA transfection was
plotted for each target against significance in p-value compared to cells treated with control
siRNA. The HTS found 78 targets situated in the upper right quadrant with viral titer fold-
change greater than 1.5 and P-value less than 0.05. The HTS found that the target with the
greatest increase in viral titer was protein phosphatase 1, regulatory subunit 16A (PPP1R16A)
which increased VSVAS1 by about 3-fold. To combine the results of both measures to
determine the top candidates of the HTS, oncolysis enhancing factor and fold-change in viral
titer were plotted together in Fig. 3.1D. Using the previously selected cutoffs of oncolysis
enhancing factor greater than 0.43 and fold-change in viral titer greater than 1.5, this identified
38 hits, which are shown in Table 3.1. These candidates were subsequently selected for

validation.
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Table 3.1. Top hits from the high-throughput siRNA phosphatase screen

Target

FC Viral
Titer

Oncolysis
enhancing
factor

Gene ID

Gene Name

Accession #

PTP1C2

PTP1C3

PTP1F11

PTP2C2

PTP2DS

PTP2D8

PTP2ES

PTP3A9

PTP3D2

PTP3E1

0

PTP3F11

PTP4D3

PTP4D9

1.62

2.22

2.13

2.21

2.07

1.71

2.09

1.89

1.88

1.87

1.87

2.24

2.51

0.54

1.31

1.09

1.31

1.34

0.71

0.79

0.98

0.69

0.62

0.47

0.56

1.14

ACP2

ACYPI

EYA2

ACP2

CTDP1

DUSP26

CTDSP1

DUSP6

ACP5

ENPP7

EYA2

ILKAP

PFKFB2

65

acid phosphatase 2,
lysosomal
acylphosphatase 1,
erythrocyte
(common) type
eyes absent
homolog 2
(Drosophila)

acid phosphatase 2,
lysosomal

CTD (carboxy-
terminal domain,
RNA polymerase II,
polypeptide A)
phosphatase,
subunit 1

dual specificity
phosphatase 26
(putative)

CTD (carboxy-
terminal domain,
RNA polymerase II,
polypeptide A)
small phosphatase 1
dual specificity
phosphatase 6

acid phosphatase 5,
tartrate resistant
ectonucleotide
pyrophosphatase/ph
osphodiesterase 7
eyes absent
homolog 2
(Drosophila)
integrin-linked
kinase-associated
serine/threonine
phosphatase
6-phosphofructo-2-
kinase/fructose-2,6-
biphosphatase 2

NM_001610

NM 203488

NM 005244

NM_ 001610

NM 004715

NM 024025

NM 021198

NM_001946
NM 0011110
34

NM 178543

NM 005244

NM_176799

NM_0010180
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PTP4D1
0

PTP4H9

PTP6E4

PTP6FS

PTP6F11

PTP6H2

PTP7A7
PTP7B1
1
PTP7H1
0

PTP8H2

PTPI9BS

PTPICé6

PTPIC1
1

PTPI9D4

1.85

1.63

1.75

2.36

2.45

1.61

3.00

2.88

2.66

2.35

2.19

1.64

2.03

2.68

0.50

0.85

0.45

0.56

1.02

1.48

1.60

1.38

1.45

1.64

1.17

0.45

0.81

1.66

PHOSPHO
2

PGAM4

INPPSE

LHPP

PPAPDC3

G6PC3

PPPIR16A

PPP4R1

PPP4C

PPM1B

PPP1R10

PPPIR14A

PPP4R1L

PPMIM

66

phosphatase,
orphan 2
phosphoglycerate
mutase family
member 4

inositol
polyphosphate-5-
phosphatase, 72
kDa

phospholysine
phosphohistidine
inorganic
pyrophosphate
phosphatase
phosphatidic acid
phosphatase type 2
domain containing
3

glucose 6
phosphatase,
catalytic, 3

protein phosphatase
1, regulatory
subunit 16A
protein phosphatase
4, regulatory
subunit 1

protein phosphatase
4, catalytic subunit
protein
phosphatase,
Mg2+/Mn2+
dependent, 1B
protein phosphatase
1, regulatory
subunit 10

protein phosphatase
1, regulatory
(inhibitor) subunit
14A

protein phosphatase
4, regulatory
subunit 1-like
protein
phosphatase,

NM_0010084
89

XM_930828

NM_ 019892

NM 022126

NM 032728

NM_138387

NM_ 032902

NM_ 005134

NM_ 002720

NM_0010335
56

NM 002714

NM_033256

NM_ 018498

NM 144641



PTPIDY

PTP10E
6

PTP10G
10
PTP12D
2

PTP12F2

PTP12F8

PTP12H
10

PTP12H
11

PTP13G
3

PTP14B
8

PTP16F4

2.25

1.70

2.13

2.92

242

2.95

2.80

2.89

2.30

2.00

2.86

FC = Fold-change

0.60

0.91

1.85

1.57

0.82

0.46

1.29

1.25

0.50

0.61

0.74

PPP2R2C

PTPN6

SSH3

PSPH

PTER

PTPN7

SSU72

THTPA

ENTPD2

PTPN20A

PTPRO

67

Mg2+/Mn2+
dependent, IM
protein phosphatase
2, regulatory
subunit B, gamma
protein tyrosine
phosphatase, non-
receptor type 6
slingshot homolog
3 (Drosophila)
phosphoserine
phosphatase
phosphotriesterase
related

protein tyrosine
phosphatase, non-
receptor type 7
SSU72 RNA
polymerase II CTD
phosphatase
homolog (S.
cerevisiae)
thiamine
triphosphatase
ectonucleoside
triphosphate
diphosphohydrolase
2

protein tyrosine
phosphatase, non-
receptor type 20A
protein tyrosine
phosphatase,
receptor type, O

NM 020416

NM_ 002831

NM 018276

NM_004577

NM 0010014
84

NM_ 002832

NM 014188

NR 023314

NM 203468

XM 931711

NM_030668



Knockdown of ACP2 enhances VSVAS5 1 infectivity and oncolysis

For the validation of top PP targets in Table 3.1, we transfected cherry-picked siRNA
from the library into 786-0 cells, then infected with VSVASI1 tagged with green fluorescent
protein (GFP) to directly visualize the viral enhancing impact of the siRNA. Fluorescent foci
were counted and fold change was calculated relative to control cells treated with scramble
siRNA. The validation demonstrated that only two hits were able to increase VSVAS1 greater
than vanadate: lysosomal acid phosphatase 2 (ACP2) and phosphoserine phosphatase (PSPH)
by 19.5 and 17.5-fold respectively (Fig. 3.2A). We ultimately selected to proceed with ACP2
given its greatest increase in VSVASI viral titer on validation. To confirm its genetic
knockdown using custom sequence siRNA (outlined in Supplemental Table S3.3), 786-0 cells
transfected with ACP2 siRNA and infected with VSVAS51 were probed by real-time
quantitative polymerase chain reaction (QPCR) for ACP2 RNA transcripts. Indeed, we
confirmed that the siRNA reduced ACP2 transcription by roughly 10-fold both in the presence

and absence of infection (Fig. 3.2B).

Given the successful knockdown using our ACP2 siRNA, we quantified the increase
in VSVASI viral titer using standard plaque assay (Fig. 3.2C). Moreover, we demonstrated its
ability to increase tagged VSVd51-GFP expression by florescence microscopy (Fig. 3.2D) and
VSV-M RNA expression by qPCR, both indicating increased VSVAS1 (Fig. 3.2E). To evaluate
cell viability, resazurin metabolic dye was used and showed that knockdown of ACP2
increased the oncolytic activity of VSVAS1, akin to the results of the screen. Transfection with
ACP2 siRNA alone decreased the viability of the cells to 85%, while the further addition of
VSVASI significantly reduced viability to 60% 72 hours post-infection. Together, these results

confirm ACP?2 as a suitable target of interest to enhance oncolytic VSVASI.
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Fig 3.2. ACP2 knockdown increases VSVAS1 infectivity and oncolysis. (A) Top hits from
the high-throughput screen were validated in 786-0 cells using a similar protocol. Cells were
transfected with PP-targeting siRNA for 48 hours, then infected with VSVAS1 tagged with
green fluorescent protein (VSVAS51-GFP) at a multiplicity of infection of 0.05. Fluorescent
foci were counted 24 hours post infection (hpi) and expressed as fold-change over the infected-
only condition (n=3, mean). (B-F) 786-0 cells were transfected with siRNA targeting ACP2
for 6 hours, then the media was replaced. 48 hours later, cells were infected with VSVAS1-
GFP (MOI 0.01). (B) Cells were lysed 24hpi for RNA extraction and analyzed for ACP2
transcripts by qPCR (n=3, mean + SD; ***P<(.001, ****P<0.0001 by two-way ANOVA). (C)
Supernatant was taken 24hpi and analyzed for viral titer by plaque assay (n=3, mean + SD;

*#**%p<0.0001 by unpaired t-test). (D) Representative fluorescent images were taken 24hpi.
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(E) Infected cells were lysed 24hpi for RNA extraction and analyzed for VSV-M transcripts
by qPCR (n=3, mean + SD; ***P<0.001 by unpaired t-test). (F) Relative viability was
measured by resazurin metabolic dye over mock transfected, uninfected controls at indicated

timepoints (n=3, mean + SD; ****P<(0.0001 by two-way ANOVA).

Regulation of the type I interferon response by ACP2

Asides from roles in neurodevelopment in mice (206, 207), ACP2 was mainly
established to be instrumental in lysosomal activity for the processing of cellular degradation
products (208, 209). There are previous reports suggesting a role for ACP2 in regulating
herpes-simplex virus (HSV) cellular entry (210), but none directly describing its role in
regulating the antiviral defense response. Therefore, to investigate this potential new role for
ACP2, we performed in silico analysis via RNA sequencing. RNA from 786-0 cells transfected
with siRNA against ACP2 was extracted after 24 hours of infection with VSVAS51, then
sequenced for whole transcriptome changes and gene expression profiles calculated between
experimental conditions. Between uninfected cells transfected with scramble siRNA or siRNA
against ACP2, 1,080 genes were significantly upregulated (P <0.05, log>-fold change >1) and
1,813 genes were significantly downregulated (Fig. 3.3A). Analysis of involved gene ontology
(GO) terms using the GOrilla tool revealed significant downregulation of antiviral-related
terms including “type I interferon signaling pathway” and “defense response to virus” (211,
212) (Fig. 3.3B). A heatmap with differential expression of all genes related to the “type I
signaling pathway” GO term was plotted which overall demonstrates repression of related
genes upon transfection with siACP2, in both the absence and presence of VSVAS1 infection

(Fig. 3.3C, S3.3).
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Fig 3.3. ACP2 is involved in the IFN-1 response. (A-D) 786-0 cells were transfected with
siRNA targeting ACP2 for 6 hours, then the media was replaced. 48 hours later, cells were
infected with VSVAS51-GFP (MOI 0.01). RNA was then extracted 24 hours post infection (hpi)
and sequenced in two biological replicates. Processing by KALLISTO pseudo-alignment and
SLEUTH yielded normalized log2-fold change in differential gene expression and P-values.
(A) Each gene was plotted for fold-change and P-value in a volcano plot, notable hits were
labeled. (B) Significantly downregulated (>2 log2-fold change) gene expressions were
processed by Gorilla to identify relevant gene ontology (GO) terms. FDR = False Discovery
Rate. (C) A heatmap of the fold-change expression of gene related to the ”Type 1 Interferon
Signaling Pathway” GO term was plotted. (D) Significantly downregulated genes were input
into the Graphite and CliPPER tools to determine relevant Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways. (E) 786-0 cells were transfected with siRNA targeted ACP2,
then infected with VSVAS1 (MOI 0.05). Cells were lysed 24 hours later and RNA was
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extracted. MX2 and IFITM1 mRNA transcripts were quantified by qPCR (n=3, mean + SD;
*P<0.05, ***P<0.001 by two-way ANOVA).

Furthermore, when downregulated ranked gene lists between cells transfected with
scramble siRNA and siRNA against ACP2 were analyzed using Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways to link the sequencing data to involved cellular processes, we
identified relevant pathways including the lysosome pathway and the RIG-I-like receptor
signaling pathway (Fig. 3.3D). The former hit validates our knockdown method given that
ACP2 is responsible for regulating lysosomal pathways (209), while the latter further
implicates innate antiviral immunity to be a new repressed pathway upon ACP2 knockdown
(Fig. S3.4, S3.5). Given that our in silico analyses support the repression of IFN-1 pathways,
we wanted to confirm the suppression of IFN-1 effectors by ACP2 knockdown. Indeed,
quantification of mRNA 24 hours after infection showed that transfection with siRNA against
ACP2 significantly reduced transcription of the antiviral IFN-1 effectors, MX2 and IFITM1

(Fig. 3.3E).

VSVAS1 expressing shACP2 has increased viral infectivity in human tumor models

The second objective of this study was to test the feasibility of cloning RNAI into a
VSVASI vector against a PP target for improved infectivity. The cloning plan for the viral
backbone is outlined in Fig. 3.4A. After generating a pre-miR-30 short hairpin cassette with
our predetermined siRNA sequence against ACP2 flanked by Xhol and Nhel restriction, we

digested the oligonucleotide sequence into a VSVAS1 plasmid between the G and L proteins.
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To confirm the knockdown efficacy of the resulting bioengineered virus, we infected 786-0
cells with either VSVAS1 against non-targeting control (VSVAS51-NTC) or shACP2 (VSVASI-
shACP2) and analyzed their lysate for miR-30 expression and ACP2 mRNA. Indeed, our
analysis by qPCR with primers against miR-shACP2 foci found increased expression by
VSVAS51-shACP2 at both multiplicities of infection (MOI) 0.01 and 0.1 as soon as 12 hours
after infection (Fig. 3.4B). Moreover, our data found about 30% repression of ACP2
transcription in cells infected with VSVA51-shACP2 (Fig. 3.4C) relative to the control. These
data confirm proper expression of our desired miR-30 cassette and effective knockdown of our

target gene, ACP2, in infected cells.

After establishing the functionality of VSVA51-shACP2, we wanted to test its efficacy
in increasing viral infectivity. Upon infection of 786-0 cells with VSVd51-shACP2 or
VSVdA51-NTC at different MOI, resulting titers showed significant increases with VSVAS51-
shACP2 at higher MOI, supporting increased viral output per infected cell (Fig. 3.4D). In
testing the growth kinetics of VSVAS51-shACP2, we found that VSVA51-shACP2 was able to
enhance viral output in both the single- and multistep growth curves performed in 786-0 cells
which suggest that VSVAS51-shACP2 exhibits increased viral spread and replication over the
control (Fig. 3.4E). To confirm that our novel bioengineered virus has increased infectivity
across multiple tumor contexts, we tested both VSVAS1-NTC and VSVAS51-shACP2 in several
cell lines. Indeed, we found that VSVAS51-shACP2 had greater viral titers after 24 hours of
infection in human in vitro models of lung, breast, and sarcoma tumors (Fig. 3.4F). VSVAS1-
shACP2 also showed increased cytotoxicity relative to the control across all tested cell lines at

the same MOI (Fig. 3.4G).
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Fig 3.4. VSV expressing shRNA against ACP2 has improved infectivity and oncolysis. (A)
Schematic detailing the viral backbone of VSVA51-shACP2. (B-D) 786-0 cells were infected
with either VSVAS1-non targeting control (NTC) or VSVAS51-shACP2 (with indicated
multiplicity of infection, MOI). (B) Cells were lysed, miRNA was extracted at indicated
timepoints, then probed for miR-30 and shRNA against ACP2 cassette expression. (C) Lysates
were extracted from cells 24 hpi and RNA was extracted. ACP2 mRNA transcript levels were
probed by gPCR (n=3, mean = SD; *P<0.05, **P<0.01 by one-way ANOVA). (D) Supernatant
of infected cells with different MOI were assessed for VSVAS51 viral titer 24 hpi by viral plaque



assay (n=3, mean = SD; *P<(.05, ***P<0.001, ****P<0.0001 by two-way ANOVA). (E)
Multi-step and single-step growth curves of 786-0 infected with VSVAS51-NTC or VSVASI-
shACP2 (MOI 0.01 or 3). Supernatants were quantified by viral plaque assay at specified
timepoints (n=3, mean + SD; *P<0.05, ****P<0.0001 by one-way ANOVA. (F-G) Various
cell lines were infected with VSVAS51-NTC or VSVA51-shACP2 (MOI 0.01). (F) Supernatant
was analyzed for VSVAS1 viral titer 24 hpi by viral plaque assay (n=3, mean + SD;
*#x4p<0.0001 by two-way ANOVA). (G) Cell viability was measured by resazurin metabolic
dye 48 hpi, normalized to the uninfected condition (n=3, mean + SD; ****P<(0.0001 by two-
way ANOVA). (H) RNA was extracted from 786-0 cells infected with VSVAS51-NTC or
VSVAS51-shACP2 24 hpi, then probed for MX2 and IFITM 1 mRNA transcripts by qPCR (n=3,
mean £ SD; *P<0.05, ****P<0.0001 by two-way ANOVA).

Finally, to confirm the proposed mechanism of action of IFN-1 repression by our novel
VSVAS51-shACP2, we analyzed 786-0 cell lysates infected for 24 hours with VSVA51-shACP2
for IFN-1 effectors, MX2 and IFITM1. While the magnitude was not large, VSVA51-shACP2
was still able to show significant repression of MX2 and IFITM1 transcription (Fig. 3.4H),
similar to what was observed in 3E with the silencing RNA against ACP2. Taken altogether,
this data supports that VSVAS51-shACP2 has more potent infectivity and cytotoxicity in tumor

cells compared to the control VSVASI vector and operates via repression of the IFN-1 axis.

3.4 Discussion

Here, we demonstrate that multiple PPs have intimate roles in regulating the antiviral
response through a high-throughput screening approach. Knockdown of some PP transcripts

confer enhanced VSVAS1 infectivity and/or oncolysis. Further molecular analysis of our top
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hit, ACP2, confirmed its VSVAS1 enhancing activity and found that its mechanism of action
hinges upon repression of IFN-1 signaling and its downstream antiviral effectors. We then
secondarily demonstrated that upon cloning of an ACP2-targeting shRNA into a VSVAS1
backbone, the resulting VSVAS51-shACP2 virus exhibited increased infectivity and

cytotoxicity over its non-targeting control counterpart in multiple cancer cell lines.

Balance of the protein phosphatome is crucial to the regulation of innate cellular process
including the antiviral response. The targeting of kinases using small molecular inhibitors to
favor dephosphorylated states has been shown to influence the interferon signalling and
resistance to infection in a multitude of ways. For example, in light of the recent SARS-CoV-
2 (COVID-19) pandemic, high-specificity kinase inhibitors have been explored as a clinical
therapeutic to repress SARA-CoV-2 infection (213). On the other hand, phosphatases are much
harder to target with specificity given that 1) a highly conserved active tissue or phosphatase
binding pocket makes specificity difficult, and 2) the positively charged active site challenges
cell membrane permeability (111, 112). For these reasons, it is more feasible to execute
specific PP inhibition via gene knockdown using RNAi as opposed to using small molecules
(116). Accordingly, we applied this strategy with our HTS using the MISSION® silencing
RNA (siRNA) Human Phosphatase Library to identify relevant PP targets to enhancing OV

infectivity.

Aside from ACP2, our HTS yielded some interesting insights into the roles of other PPs
that simultaneously enhanced VSVASI1 infectivity and oncolysis (Fig. 3.1E). Eyes absent
(EYA) proteins are haloacid dehalogenase PPs that have been implicated to interact with signal
transducers of innate antiviral immunity including MAVS, STING and NLRX1. Transduction

of EYA1-4 into murine embryonic fibroblasts has been reported to show increased IFN-f§ and
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pro-inflammatory CXCL10 production when stimulated with pattern-associated molecular
patterns (214). In our HTS, knockdown of both EYA2 and EYA4 significantly increased
VSVASI viral titers (Fig. 3.1D). Secondly, we found that knockdown of both regulatory and
catalytic subunits of the phosphoprotein phosphatases family (PP1R16A, PPP4R1, PPP4C,
PPP1R10, PPP1R14A, PPP4RIL, and PPP2R2C) conferred VSVASI enhancing activity.
Phosphoprotein phosphatases such as PP1 and PP2A have been shown to inactivate interferon
response factors (IRF) to ultimately impede IFN responses in response to viral infection (215—
217). In the case of PP1, the target PPP1R14A is responsible for negative control of the PP1
catalytic subunit; therefore, its knockdown allows for dysregulated PP1 activity and impedance

of the IFN response to ultimately allow for increased viral infection (218).

On the other hand, some identified hits run counterintuitive to literature. PPP4C and
PPP4R1, the two dimeric components of PP4, were part of the short list of 38 hits we identified
to simultaneously increase VSVAS]1 infectivity and oncolysis upon genetic knockdown (Table
3.1). However, PP4 activity has been implicated to dephosphorylate and deactivate TBK1 to
disrupt IFN-1 production via IRF3 repression. The same study found that knockdown of
PPP4C in macrophages increased IFN-f production and thus reduced VSV replication (219).
This discordance therefore raises two assertions: 1) the need for validation of these hits to
remove false positives, or 2) the elucidation of different roles of the same PP across different
contexts (e.g., in immune vs. tumor cells). In both scenarios, further investigation is warranted
to cement the role of each respective PP in the IFN pathway and further our understanding of

how the phosphatome interacts with the natural anti-viral response.

Nonetheless, in this study we were successful in identifying the role of ACP2 in the

innate antiviral response. Given the roles of ACP2 in regulating lysosome and endosome
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trafficking, knockout of ACP2 was previously shown to compromise influenza A virus
membrane fusion, thereby halting viral entry (210). In the context of VSVAS5I1, it appears that
ACP2 knockdown is not involved in VSV trafficking (220), but rather ACP2 may be necessary
for intracellular viral detection given the identification of repression of the “RIG-I-like receptor
signalling pathway” KEGG pathway term on in silico analysis (Fig. 3.3D, S3.3, S3.4). One
working hypothesis for this interference may depend on the required localization of toll-like
receptors (TLR) to endosomes during viral detection, which may be compromised without
functional ACP2 (221). A secondary explanation could involve compromise of the JAK-STAT
signalling pathway, whose components, like STAT2, were shown to be downregulated upon
ACP2 knockdown from our transcriptome analysis (Fig. 3.3C). Interference of signal
transduction following IFN-B binding could potentially explain our observed decreases in

downstream antiviral effectors such as MX2 and IFITM1 (Fig. 3.3E).

The design of our RNAi-expressing VSVAS51 vector (Fig. 3.4A) is based upon previous
studies establishing the utility of a miR-30 promoter for the expression of ShRNA (222). The
resulting VSVAS51-shACP2 primarily represents a proof-of-concept that PPs can be targeted
using RNAI expressed by an OV vector for beneficial effects. Indeed, our VSVA51-shACP2
demonstrates improved viral infectivity and oncolysis through its predicted mechanism of
action of IFN-1 repression (Fig. 3.4). However, there remain several limitations to this
approach before it can be considered for therapeutic use. Firstly, while our knockdown efficacy
was significant, it was only capable of modestly reducing ACP2 transcripts by less than 2-fold,
compared to 10-fold using direct siRNA transfection. This translated to weaker inhibition of
downstream IFN-1 effectors (Fig. 3.4H). Another important consideration is that upon

infection of healthy tissues, the off-target gene silencing does not compromise the safety profile
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of the virus. Strategies like placing RNAI effectors under tissue-specific promoters could help
mitigate unwanted gene knockdown events. Finally, the immediate clinical utility of VSV is
limited given lack of experience in human clinical trials; therefore, exploration of the
relationship between PP knockdown and its ability to potentiate other viral vectors further
along in clinical trial pipelines (i.e., HSV-I) represent intriguing avenues of investigation.
Comprehensive strategies on addressing each of these limitations: efficacy, safety, and vector

selection are outlined in a related review by our group (116).

The development of innovative strategies to improve efficacy are paramount for the
continued success of oncolytic virotherapy. Altogether, this study represents a proof-of-
concept for incorporating RNAI targeting PPs for increased viral infectivity and oncolysis.
Next steps for this experimental series would be to validate and clone several other PP targets
into VSV and test their impact on OV infectivity and oncolysis. Casting a wider net could pave
the way for unexpected therapeutic synergies and hopefully, a better chance at clinical impact

by OVs.

3.5 Material and Methods

Study Design

In this controlled laboratory study, the hypothesis was initially formulated upon the
previous observation that vanadium-based compounds, which operate as pan-phosphatase (PP)
inhibitors, increases VSVAS1 infectivity and oncolysis. Subsequently, the objective was to
identify PPs that could mimic this oncolytic virus enhancing effect. An in vitro approach was

taken by employing a high throughput screen using the MISSION® siRNA Human
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Phosphatase Library to identify PP targets, that when knocked down, could confer OV
enhancement. Upon identification of top candidates, subsequent hypotheses led us to

investigate their mechanism of action and its potential exploitation for further therapeutic gain.
Drugs and Chemical Reagents

Sodium orthovanadate (vanadate, Na3VOs), the main vanadium-based compound used
in the study, was obtained from Sigma-Aldrich (cat. 450243). To prepare the sodium
orthovanadate, the compounds was dissolved in water, pH-adjusted to 10, boiled until
translucent, then allowed to cool to room temperature to ensure formation of stable monomeric
vanadate (223). The remainder of drugs, chemical and cytokines along with their supplies,

catalog numbers and solvent are listed in Supplemental Table S3.1.
Cell Lines

A complete list of the cell lines (species, tissue type, supplier) can be found in Table S1.
Cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM; HyClone cat.10-013)
supplemented with 1% (v/v) penicillin-streptomycin (Gibco), 30mM HEPES buffer, and 10%
(v/v) serum composed of 3-parts HyClone newborn calf serum (Thermo Fisher, cat.
SH3011803) and 1-part Fetal Bovine Serum (Gibco, cat. 12483020). Cells were incubated at
37°C and 5% COz conditions in a humidified incubator. Phase and fluorescence images were

taken using the EVOS Live Cell Imaging System (Thermo Fisher).
Oncolytic Viruses

The Indiana serotype of vesicular stomatitis virus harboring a deletion of methionine 51
in the M protein (VSVAS51) and insertion of green fluorescence protein (GFP) or firefly

luciferase (FLuc) were used throughout this study (38). All viruses were propagated on Vero
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cells and purified on 5-50% OptiPrep (Sigma-Aldrich, St. Louis, MO) gradients. Viral titers
were determined by high-throughput titration according to published protocol(147), or

standard plaque assay on Vero cells according to published protocol(197).

The oncolytic VSVAS51 virus backbone and propagation protocols have been previously
described (38). To generate replication-competent shRNA-expressing VSVAS1 viruses, a non-
targeting control (NTC) or a siRNA targeting ACP2, incorporated in a pre-miR-30-based short
hairpin cassette flanked by Xhol and Nhel restriction sites, were obtained from Integrated DNA
Technology (IDT). The VSVASI1 plasmid was digested with Xhol and Nhel (NEB), and the
shRNA inserts were ligated individually into the VSVAS1 empty vector at the gene junction
between the G and L proteins, following established protocols. Sanger sequencing (performed
at StemCore Laboratories, Ottawa, ON) was conducted to confirm the constructs' integrity.
The viruses were generated using an infection-transfection method, as previously described

(222).
High Throughput siRNA Screen

The entire experimental workflow is graphically summarized as Figure 3.1A. The
phosphatase library used for the high-throughput screen was taken from the MISSION®
siRNA Human Phosphatase Library (cat. SI03200) targeting 303 phosphatase genes (1131
siRNA total) was acquired from Millipore Sigma and reconstituted by diluting in molecular
grade RNase, DNase, protease-free water (Sigma, cat. W4502) to a final stock concentration
of 2.5uM and stored at -20°C until use. Immediately prior to transfection, a working plate was
derived from each library plate by diluting phosphatase siRNA (siPP) in molecular grade water
to a working concentration of 0.2uM. Human 786-0 renal cell carcinoma cells were seeded at

a final cell density of 1.6 x 10* cells/well in 96-well microplates and transfected with siRNA
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using Lipofectamine® RNAiMax (Invitrogen, cat. 13778150). RNAiMax Lipofectamine was
first prepared by mixing into serum-free Opti-MEM I Medium (Thermo Fisher Scientific, cat.
31985070) and allowed to incubate for 5 minutes. Respective siRNAs were then diluted into
this solution and incubated for 20 minutes to allow for formation of siRNA-lipid complexes,
then mixed into the cell suspension at a final siRNA concentration of 20nM. All dilutions were
performed using the BioTek™ Precision™ Microplate Pipetting System (Thermo Fisher
Scientific) and solutions were dispensed using the MicroFlo Select™ Microplate Dispenser
(Biotek™). After 48 hours incubation in standard conditions, cells were subsequently infected
with VSVAS51-FLuc (MOI 0.05) using the manual Liquidator 96 Pipetting System (Mettler

Toledo).

Infectious viral particles were quantified by high-throughput titration 48 hours post
infection (hpi) and relative metabolic activity assessed by resazurin metabolic dye (Millipore
Sigma, cat. SI03200). The dye was added to samples at a 1:10 dilution and incubated for 2
hours. Using a BioTek Microplate Reader (Norgen BioTek Corp, Ontario, Canada) and Gen5
2.07 software, fluorescence was measured at 590 nm upon excitation at 530 nm. Readings were
normalized to the average of the uninfected, mock treated condition. To calculate oncolysis
enhancing factor (formerly viral sensitizing factor (93)) for ranking of primary hits based on

viability, the following equation was used.

Viability siPP alone
Viability siPP + VSVA51

Oncolysis enhancing factor = Log,,(

Each microplate, performed in triplicate, consisted of 80 wells of tested siRNA, two

scramble siRNA controls (Mission® siRNA Universal Negative Control #1, Sigma, cat.
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SIC001), two vanadate-treated wells (125uM) and two RIG-I (Millipore Sigma, cat.
NM 014314, siRNA ID SASI Hs01 00047980) knockdowns acting as transfection control.

This plate layout is graphically represented as Figure S3.1B.
Small-interfering RNA (siRNA) transfection

786-0 cells were seeded at 40% density in 24-well plates in serum-free DMEM
overnight. Transfections were performed using control, scramble RNA (ON-TARGETplus
Non-targeting Control Pool, #D-001810-10-05, Horizon Discovery), custom siRNA against
lysosomal acid phosphatase 2 (ACP2) (Thermo Fisher). Custom siRNA sequences are listed
in Table S2. Transfection was performed using Lipofectamine™ RNAiMAX Transfection
Reagent (Thermo Fisher, cat. 13778075) according to manufacturer’s protocol in Opti-MEM™
I Reduced Serum Medium (Thermo Fisher, cat. 31985062). After 6 hours, media containing
siRNA was replaced with DMEM supplemented with 1% (v/v) penicillin-streptomycin
(Gibco), 30mM HEPES buffer and 10% (v/v) serum composed of 3-parts HyClone newborn
calf serum (Thermo Fisher, cat. SH3011803) and 1-part Fetal Bovine Serum (Gibco, cat.
12483020). Upon reaching approximately 80% confluency, cells were treated with reagents or

infected with VSVAS51 as specified.
Quantitative Real-time Polymerase Chain Reaction

To first homogenize cells for RNA yield, cells were lysed using the QIAshredder
(Qiagen, cat. 79656). RNA was then extracted using the QTAGEN RNeasy kit (Qiagen, cat.
74106) according to manufacturer’s protocol and quantified using a NanoDrop™ One
Microvolume UV-Vis Spectrophotometer (Thermo Fisher Scientific, Rockford, IL). The
RevertAid H-Minus First Strand cDNA Synthesis Kit (Thermo Fisher, cat. K1632) was used

to generate corresponding cDNA from extracted RNA. To isolate miRNA, RNA extractions
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were performed using TRIzol™ reagent as per manufacturer protocol (Invitrogen). The
miRNA 1st-Strand cDNA Synthesis Kit was used according to manufacturer protocol (Agilent,

cat. 600036).

Resulting nucleic acid was subject to quantitative real-time PCR using primers outlined
in Table S2, Applied Biosystems PowerUp SYBR Green Master Mix (Thermo Fisher, cat.
A25776) in a 7500 Fast Real-Time PCR system (Applied Biosystems, Foster City, CA). Gene
expression was calculated using the Pfaffl method (224). For miRNA gPCR, the universal

poly-A tail (Agilent) was used as the reverse primer.
RNA-Sequencing Analysis

RNA was extracted from cell lysates as described in the previous section. Upon
quantification and quality assurance, samples were shipped to the Donnelly Sequencing Centre
(University of Toronto) and mRNA-seq libraries were generated using the NEB NEBNext
Ultra II Directional RNA library prep kit according to manufacturer’s protocol. Libraries were
sequenced using the Illumina NovaSeq with paired-end 150bp reads. After sequencing,
resulting Fastq files were checked for quality using FastQC (Babraham Bioinformatics, United
Kingdom). Pseudo alignment and transcript quantification were performed with
KALLISTO(225), and differential expression was determined using SLEUTH (226). Gene
ontology analysis was performed using the Gene Ontology enrichment analysis and
visualization tool (GOrilla) (211, 212). Signaling pathway topology analyses were performed
using Graphite and CliPPER (Department of Biology, University of Padova, Italy) (227, 228).
Finally, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses was
performed using the ShinyGO version 0.77 tool (South Dakota State University, United States

of America) (229).
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Statistics

All statistical analyses and visualization of data was performed using Prism 9 (GraphPad,
San Diego, CA) software. Statistical tests were performed as indicated by figure legends
including Student’s t-test, one-way analysis of variance (ANOVA) with Tukey’s multiple
comparisons test, and two-way ANOVA. Two-tailed testing was used unless otherwise
specified, and error bars represent the standard error from the mean (SEM). A P-value less than

0.05 was considered statistically significant throughout this study.
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4.1 Abstract

The clinical efficacy of VSVAS1 oncolytic virotherapy has been limited by tumor
resistance to viral infection, thus strategies to transiently repress antiviral defenses are
warranted. Pevonedistat is a first in-class NEDD8-activating enzyme (NAE) inhibitor currently
tested in clinical trial for its antitumor potential. In this study, we demonstrate that pevonedistat
sensitizes human and murine cancer cells to increase oncolytic VSVAS1 infection, increase
tumor cell death, and improve therapeutic outcomes in resistant syngeneic murine cancer
models. Increased VSVAS]1 infectivity was also observed in clinical human tumor samples.
We further identify the mechanism of this effect to operate via blockade of the type 1 interferon
(IFN-1) response through neddylation-dependent interferon-stimulated growth factor 3
(ISGF3) repression and neddylation-independent inhibition of NF-xB nuclear translocation.
Together, our results identify a role for neddylation in regulating the innate immune response
and demonstrate that pevonedistat can improve the therapeutic outcomes of strategies

employing oncolytic virotherapy.
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4.2 Introduction

Since the clinical approval of talimogene laherparepvec (T-VEC) for the treatment of
melanoma in 2015 (27), the success of oncolytic virotherapy as a viable cancer therapeutic has
seen limited advances. Describing a broad class of cancer immunotherapy, oncolytic viruses
(OV) have the unique ability to selectively infect, replicate within, and kill tumor cells to not
only directly reduce tumor burden, but also to orchestrate a potent antitumor response by the
patient’s own immune system (38, 86, 140). However, challenges pertaining to incomplete
tumor infection, large variabilities in resistance to OV infectivity, and subsequent poor patient
responses remain at the forefront of questions to be answered. The development of innovative
solutions to overcome these barriers have become imperative to establishing the efficacy of

this budding immunotherapy.

Of particular focus is the interferon (IFN) signaling pathway, which mediates the initial
cellular response to infection and the production of antiviral products (230). While cancer cells
are typically deficient in IFN reactivity as a byproduct of neoplastic transformation, some
tumors actually demonstrate an upregulation of IFN signaling (84, 199). Consequently,
strategies targeting the reduction or blockade of IFNs have shown to be effective in improving
the OV response, particularly in combination with the oncolytic vesicular stomatitis virus
(VSVAS1). Using a broad pharmacological screening approach, our group has previously
identified and characterized several small molecules that are effective in modulating IFN
signaling to augment VSVASI infectivity, spread, and tumor cell killing (93, 95, 96, 106). A
common denominator between these compounds is their ability to decrease type I IFN (IFN-
1) production, responsible for triggering pleiotropic effects of antiviral cytokine production,

curbing cell proliferation, and adaptive immune cell activation (67, 230). This ultimately
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allows for a transient window of opportunity for the OV to gain a foothold within the resistant

tumor and orchestrate its full antitumor effect.

Pevonedistat, or MLLN4924, is a first in-class small molecule NEDDS (neural precursor
cell expressed developmentally downregulated protein 8)-activating enzyme (NAE) inhibitor.
Pevonedistat represents a first in-class tool to inhibit neddylation, a post-translational proteome
regulatory process that has previously been implicated to be inappropriately upregulated in
tumors and their respective microenvironments (129, 231). NAE, which is a heterodimer
composed of amyloid-B precursor protein binding protein 1 (APPBP1) and ubiquitin-
activating enzyme 3 (UBA3), first uses adenosine triphosphate (ATP) to attach NEDDS to an
active site cysteine residue. A subsequent transthiolation reaction attaches NEDDS to an E2
conjugating enzyme, which is then transferred to target substrate proteins by E3 conjugating
enzymes (232). As an adenosine mimetic, pevonedistat is used by NAE to create an
irreversible, covalent bond with NEDDS. This complex subsequently halts the neddylation

process as it cannot be used in its respective downstream processes (126).

The cellular effects of pevonedistat primarily hinge upon its ability to disrupt cullin-
RING ligases (CRL) to ubiquinate target proteins for proteasome-dependent degradation. As
neddylation is required for CRL activation, accumulation of targeted substrates consequently
dysregulate processes of tumor suppression, damage stress responses, and inhibit NF-kB signal
transduction (129, 233). At the forefront of clinical application are its antitumor effects through
DNA damage-induced apoptosis (122, 234, 235). Several phase 1-3 clinical trials testing
pevonedistat in combination with chemotherapy are currently underway in hematological and
solid tumor cancers (236, 237). Given its antitumor potential and ability to alter cellular targets

involved in IFN signaling, the objective of this study was to characterize the potentiating
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effects of pevonedistat on oncolytic VSVAS1 virotherapy and to elucidate the mechanism of

action by which it confers these immunomodulatory properties.

4.3  Results
Pevonedistat sensitizes cancer cells to oncolytic VSVAS5 1 infectivity

In a previously performed high-throughput screen of kinase inhibitors in combination
with rhabdovirus VSVAST1 infection, pevonedistat (Fig. 4.1A) was identified among several
classes of kinase inhibitors capable of increasing VSVAS1 infectivity and oncolysis (200). To
first characterize the viral sensitizing properties of pevonedistat, human renal 786-0 carcinoma
cells, a model naturally refractory to VSVAS1 infection were used to distinctly emphasize any
pharmacological viral enhancing activity. Cells were first pre-treated with a standard dose of
1uM for 4 hours, then infected with VSVAS1 tagged with green fluorescent protein (VSVAS1-
GFP) at a low multiplicity of infection (MOI). At 24 hours post infection (hpi), we were able
to demonstrate a marked increase in viral GFP transgene expression by fluorescent microscopy
(Fig. 4.1B) and flow cytometry (Fig. 4.1C), supporting the robust enhancement of VSVAS5I
infectivity by pevonedistat. Further investigation by high-throughput titration using a wide
concentration range of pevonedistat revealed that pevonedistat was able to significantly
increase viral titer compared to VSVAS1-infected only cells across a range of approximately
180nM to 120uM (Fig. 4.1D and S4.1A). Moreover, we demonstrate that administration of
pevonedistat as early as 24 hours prior until 4 hours after infection was capable of increasing
VSVASI viral titer highlighting its rapid uptake and extended pro-viral mechanism of action
(Fig. S4.1B). To confirm increased levels of VSVAS51, RNA extracted from these cells

waanalyzed for VSV genome expression by quantitative polymerase chain reaction (qPCR).
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Fig. 4.1. Pevonedistat confers potent viral sensitizing activity. (A) Structure of pevonedistat
(MLN4924). (B-G) Human 786-0 cells were pre-treated for 4 hours with pevonedistat (30nM
— 400uM), then infected with VSVAS1 expressing green fluorescent protein (GFP) or firefly
luciferase (FLuc) at MOI 0.01. (B) Representative phase and fluorescent images were taken
24 hours post infection (hpi) (scale bar = 1000um). (C) Cells were collected 24hpi and
quantified for green fluorescence protein (GFP) expression by flow cytometry, FSC-H =
forward scatter height. (D) Supernatants were quantified by high-throughput titration 24hpi
(n=2, *P<0.05 by two-tailed t-test to mock treated, infected cells). (E) RNA was extracted from
cells at 24hpi, then expression of VSV-M and VSV-N genes quantified by qPCR (n=3, mean +
SD; ****pP<(0.0001 by Student’s t-test). (F) Multi-step and single-step growth curves of 786-0
treated with pevonedistat, then infected with VSVA51-FLuc (MOI 0.001, 0.01, 3).
Supernatants were quantified by high-throughput titration at specified timepoints (n=3, mean
+ SD; ***P<0.001, ****P<0.0001 by one-way ANOVA compared to the mock treated, mock
infected condition). (G) 786-0 were treated with pevonedistat (1uM), then infected with
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VSVAS51 (MOI 0.0001). After 1 hour, an agarose overlay was added. At 48hpi, cells were then
stained with Coomassie blue and plaque diameters were measured at random (n=10, mean +

SD; ****P<(0.0001 by two-tailed t-test).

Expectedly, messenger RNA (mRNA) levels of VSV matrix protein (M) and nuclear protein
(N) were significantly increased in pevonedistat-treated cells compared to their untreated

counterparts (Fig. 4.1E).

Further investigation into the ability of pevonedistat to potentiate viral infectivity was
explored by comparing multi-step to single-step growth curves. Pevonedistat was able to
robustly enhance VSVAS51 when infected at a low MOI of 0.001 or 0.01, but not at a high MOI
of 3 by high-throughput titration (Fig. 4.1F). This suggests that pevonedistat promotes viral
spread to increase its growth. However, given that pevonedistat was able to increase the spread
of wild-type VSV, we cannot exclude that pevonedistat may also have some impact on VSV
replication or viral entry (Fig. S4.1D). Nevertheless, analysis of viral spread by plaque
expansion assay demonstrated that pevonedistat significantly increased the average plaque
diameter of each viral foci in a monolayer of 786-0 cells as visualized by Coomassie blue stain

(Fig. 4.1G).

Pevonedistat confers VSVAS51 viral sensitization across a variety of tumor models

Given that pevonedistat is currently under clinical investigation for its antitumor effect
(236, 237), we sought to establish its viral sensitizing ability across a large variety of cancer

types. In both human and murine models, we successfully demonstrate that pevonedistat
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increases VSVAS1-GFP viral titer across different solid and hematological cancer cell lines
(Fig. 4.2A). Fluorescent microscopy confirms increased VSVAS1-GFP transgene expression
in these cell lines (Fig. S4.2A). This trend was also observed in human ovarian (OVAPT) and
glioma (PriGO) patient-derived cell lines where pevonedistat also significantly increased
VSVASI viral titer as determined by viral plaque assay (Fig. 4.2B). Moreover, pevonedistat
does not increase viral replication in isolated primary murine hepatocytes, demonstrating that
tumor selectivity is maintained (Fig. 4.2C). Pevonedistat also increased VSV infection of

isolated human T-cell lymphocytes (Fig. S4.2B).

To test this phenomenon in an ex vivo model, murine CT26WT colon carcinoma cells
were implanted into BALB/c mice. Mice were culled upon reaching a tumor volume of
1500mm?. Normal brain, lung, spleen and muscle cores, and tumor cores were extracted, pre-
treated with 10uM pevonedistat, then infected with VSVAS51-GFP. Fluorescent images 24hpi
confirm that pevonedistat has significant viral sensitizing properties in tumors ex vivo, but not
in physiological tissue (Fig. 4.2D). In fact, pevonedistat was able to increase VSVASI viral
titer by over 30-fold in the CT26WT model as indicated by viral plaque assay. Similar results
were also obtained in ex vivo 76-9 rhabdomyosarcoma cores in C57BL/6 mice (Fig. S4.2C and
fig. S4.2D). When tested in primary human ex vivo clinical samples, pevonedistat was also
able to increase VSVAS1 infection across the large variety of tumor types acquired for our
assays including from breast, colon, lung, rectal and renal as demonstrated by viral plaque
assay and fluorescent microscopy (Fig. 4.2E). In the rectal cancer sample, pevonedistat
increased the viral titer by over 15-fold. Along with Fig. 4.2B using patient-derived in vitro
models, these results provide rationale for testing pevonedistat and VSVAS1 combinational

therapy in a clinical setting.
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Fig. 4.2. Pevonedistat sensitizes human and murine tumor types to VSVASI. (A) Various
human and murine cell lines were pre-treated = pevonedistat (1uM), then infected with
VSVAS51-GFP (MOI 0.01). At 24 hours post infection (hpi), supernatants were quantified for
viral titer by plaque assay (n=3, mean + SD; ****P<(.0001 by two-tailed t-test). (B) Patient-
derived ovarian (OVAPT) and glioma (PriGO) cells were pre-treated + pevonedistat (1puM),
then infected with VSVAS1-GFP (MOI 0.01). At 48hpi, supernatants were quantified for viral
titer (n=3, mean + SD; ***P<0.001, ****P<(0.0001 by two-tailed t-test). (C) Primary murine
hepatocytes were isolated, cultured, treated + pevonedistat (1uM) for 4 hours, then infected
with VSVAS51-Fluc (MOI 0.05). At 40hpi, supernatants were quantified for viral titer (n=3,
mean + SD). (D) CT26WT colon tumors were grown subcutaneously in BALB/c mice, then

excised and cored upon reaching 1500mm?. Normal brain, lung, spleen, and muscle tissues
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were also obtained and cored. (E) Clinical human samples were obtained and cored. (D,E)
Cores were treated with pevonedistat (10uM) for 4 hours, then infected with VSVAS1-GFP (3
x 10* pfu/core). At 24hpi, representative fluorescent images were obtained (scale bar =
1000pm). Supernatants were taken 48hpi and quantified for viral titer (n>6, mean = SD; ns =

no significance, *P< (.05, ****P<0.0001 by two-tailed t-test).

Pevonedistat increases VSVAS5 1-mediated oncolysis through apoptotic pathways

Similar to other small molecules with viral sensitizing properties, we hypothesized that
pevonedistat could also synergize with VSVAS1 to increase apoptosis-mediated oncolysis
(238, 239). 786-0 cells were pre-treated with various concentrations of pevonedistat for 4 hours
and infected with VSVA51 (MOI 0.01). Cell viability was then assayed using resazurin
metabolic dye 48hpi. While pevonedistat on its own had a calculated median lethal dose
(LD50) of 109.6uM, the addition of VSVASI robustly reduced the LD50 to 7.36uM with
significant differences detected at a concentration as low as 120nM (Fig. 4.3A). This
synergistic cytotoxicity phenomenon can be generalized across different solid and
hematological tumor types using sub-lethal doses of pevonedistat (Fig. 4.3B). Conversely,
isolated primary murine hepatocytes treated with pevonedistat and infected with VSVAS1
showed no significant viability differences from hepatocytes treated only with pevonedistat

(Fig. S4.3A).

Next, to establish the role of apoptosis, 786-0 cells treated in combination with
pevonedistat and VSVAS1 (MOI 0.1) were lysed 48hpi and probed for downstream effectors

of apoptosis by western blot (Fig. 4.3C). As expected, cells treated with the combination
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Fig. 4.3. Pevonedistat synergizes with VSVAS1 to induce apoptosis via TNF-a pathways.
(A) Human renal 786-0 carcinoma cells were pre-treated with pevonedistat (30nM — 175uM),
then infected with VSVAS1 (MOI 0.01). At 48 hours post infection (hpi), cells were measured
for cell viability using resazurin metabolic dye normalized to untreated, uninfected cells.
Lethal dose (LD50) was calculated (n=3, mean + SD; ****P<(0.0001 by two-tailed t-test). (B)
Indicated cell lines were pre-treated + pevonedistat (1uM), then infected + VSVAS51 (MOI
0.01). Cell viability was measured at 48hpi (n=3, mean + SD; **P<0.01, ****P<0.0001 by
one-way ANOVA). (C-E) 786-0 cells pre-treated with pevonedistat (1uM) for 4 hours and
infected with VSVAS51 (MOI 0.01). (C) At 48hpi, cells were lysed and probed for caspase-3,
PARP, and B-actin by western blot. (D) Cells collected 48hpi were stained for Annexin V by
flow cytometry, FSC = forward scatter area (n=3, mean + SD; ****P<(0.0001 by one-way

ANOVA). (E) At indicated timepoints, 786-0 cells were measured for caspase-8 activity using

96



a luciferase-based assay (n=3, mean = SD; ****P<(0.0001 by one-way ANOVA). (F) 786-0
cells were treated & pevonedistat (1uM) £ Z-VAD-FMK (10uM) for four hours, then infected
+ VSVAS51 (MOI 0.01). Cell viability was measured 48hpi (n=3, mean £ SD; ****P<(0.0001
by two-way ANOVA). (G) 786-0 cells were pre-treated with pevonedistat (1uM), then infected
with VSVAS51 (MOI 0.01) 4 hours later. HMGBI1 levels were assessed using a luminescence-
based assay 48 hpi (n=3, mean = SD; *P<0.05 by one-way ANOVA).

showed markedly higher levels of cleaved caspase-3 and decreased levels of full-length poly
(ADP-ribose) polymerase (PARP), indicating their increased activation. Similarly, flow
cytometry analysis of these cells following Annexin V staining demonstrated a significantly
greater proportion of positive cells in the combination treatment compared to either
monotherapy, suggesting increased apoptosis in this population (Fig. 4.3D). We then sought
to assess the activity of caspase 8, the subsequent initiator to the extrinsic apoptotic cascade,
which was analyzed via luciferase assay. Our data revealed that caspase-8 activity in cells
treated in combination with pevonedistat and VSVAS51 peaked at 36hpi and remained
significantly increased 48hpi compared to all other conditions (Fig. 4.3E). Moreover, the
addition of the broad-spectrum caspase inhibitor Z-VAD-FMK was able to significantly rescue
cell viability in cells co-treated with pevonedistat and VSVAS51 from 33% to 71%, supporting
that the oncolytic impact of pevonedistat ultimately operates through caspase-dependent

apoptotic mechanisms (Fig. 4.3F).

We then wanted to investigate the impact of pevonedistat on immunogenic modes of
cell death. To do this, we looked at mobility group box 1 protein (HMGB1), which is a damage-

associated molecular pattern released to activate the innate immune system (240). We assessed
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HMGBI secretion using a luminescence-based assay as a surrogate for immunogenic cell death
(ICD). The data revealed that 786-0 cells treated in combination with pevonedistat and
VSVASI increased secretion of HMGB1 compared to cells only infected with VSVASI,

suggesting increased ICD in combination with pevonedistat (Fig. 4.3G).

Pevonedistat improves oncolytic VSVAS5 1 therapeutic efficacy in vivo

Upon establishing the potentiation of VSVAS51 oncolytic efficacy by pevonedistat, we
wondered whether this combinational treatment regimen would improve the anti-cancer
therapeutic efficacy of oncolytic VSVAS1 therapy in mouse models of cancer. Syngeneic
murine colon CT26WT or mammary 4T1 carcinoma cells, both of which demonstrated marked
viral sensitization responses in vitro, were subcutaneously implanted into 6-week-old BALB/c
mice and allowed to progress to 100mm?®. Mice were then injected intratumorally with
pevonedistat (90mg/kg), then 1 x 108 pfu of VSVAS51 4 hours later for a total of three treatments
spaced one day apart (day 0, 2 and 4). When mice were imaged using a live in vivo imaging
(IVIS) system 7 days after treatment, tumors exhibited greater luminescence suggesting
increased concentration of VSVAS51 (Fig. S4.4B). Luminescence was minimal in other
physiological tissues supporting the tumor selectivity of our treatment. Mice given the
combination therapy were successfully able to suppress tumor progression as tumor volumes
taken post-treatment were significantly smaller when compared to either monotherapy (Fig.
4.4A, 4.4B). For survival studies, mice were culled according to animal care guidelines when
tumor volumes reached 1500mm?®. In accordance with the greater tumor control observed in

mice receiving the combination treatment, 4/15 (27%) mice bearing CT26 WT tumors achieved
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Fig. 4.4. Pevonedistat improves VSVAS]1 therapeutic efficacy in murine in vivo tumor
models. (A) Colon CT26WT and (B) mammary 4T1 tumors were implanted into the right flank
of BALB/c mice. Upon reaching sufficient size, tumors were injected intratumorally with
pevonedistat (90mg/kg). Four hours later, tumors were then injected intratumorally with
VSVAS51 (1 x 108 pfu/tumor). Tumor volumes were monitored every 2-3 days (n > 10, mean +
SEM; *P<0.05, **P<0.01 by one-way ANOVA). Mice were culled when tumor volumes
reached 1500mm? for survival analysis. Kaplan-Meier curves were plotted and compared using
the log-rank (Mantel-Cox) test (n=10 to 15). (C) Ovarian ID8-Tp53-/- (F3) cells were injected
intraperitoneally and allowed to achieve sufficient tumor burden. Mice were then injected
intraperitoneally with pevonedistat (90mg/kg), then VSVA51 (1 x 10® pfu) three times, spaced
one day apart. Tumor burden was assessed by luminescence signal measurements taken with
the in vivo imaging system (IVIS) and quantified at day 21 and 28 after first treatment (n=4-5,
mean + SEM; *P<0.05, **P<0.01 by two-way ANOVA, all other comparisons not significant).
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(D,E) Melanoma B16 tumors overexpressing OVA antigen (B16-OVA) were implanted into
the right flank of C57BL/6 mice. When tumor volume reached 100mm?, mice were injected
intratumorally with three doses of pevonedistat (90mg/kg), then VSVA51 (1 x 108 pfu/tumor),
spaced one day apart. (D) 7 days after implantation, blood was harvested and analyzed by flow
cytometry for proportions of CD4+ and CD8+ T-cells (n=5, mean + SD; ns = no significance
by one-way ANOVA). (E) Splenocytes were also independently stimulated using a CD8-OVA
specific peptide (SIINFEKL) and assessed for CD69+CD8+ T-cell populations (n=5, mean +
SD; *P<0.05, **P<0.01 by one-way ANOVA) by flow.

complete remission whereas all other mice receiving placebo or monotherapies succumbed to
their tumor burden (Fig. 4.4A; P=0.001 vs. Pevonedistat group, P=0.03 vs. VSVAS1 group).
In the more aggressive 4T1 model, the pevonedistat + VSVAS51 combination also significantly
prolonged survival compared to all other conditions (Fig. 4.4B; P=0.0009 vs. Pevonedistat
group, P=0.04 vs. VSVAS51 group). These results demonstrate that pevonedistat in combination
with VSVASI therapy confers improved therapeutic benefit when compared to mice receiving

placebo or either monotherapy.

We then wanted to investigate the efficacy of systemically administered pevonedistat
combination therapy in a disseminated model of intra-abdominal cancer. Murine ID8-Tp53-/-
(F3) ovarian cancer cells were tagged with firefly luciferase, injected into the peritoneum of
C57BL/6 mice, and monitored using IVIS. When sufficient tumor burden was achieved (7d
post implantation), mice were injected intraperitoneally with pevonedistat (90mg/kg), then 1 x
108 pfu VSVAS51 4 hours later. Compared to mice receiving placebo treatment, mice receiving
combinational treatment demonstrated significantly reduced tumor burden as measured by

luciferase signal, which was notably not significant for either monotherapy (Fig. 4.4C).
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Finally, to investigate the in vivo immunological response to pevonedistat + VSVAS51
combinational therapy, we performed a descriptive analysis of T- cell populations. Using the
murine B16 melanoma model expressing OVA-antigen (B16-OVA), tumors were established
in C57BL/6 mice and treated intratumorally with pevonedistat (90mg/kg) and VSVASI (1 x
10% pfu) for three doses, then blood was collected 7 days after first treatment for flow
cytometry. The results revealed that pevonedistat alone decreased circulating CD3+ immune
cell populations (Fig. S4.4C) but maintained similar proportions of CD4+ and CD8+ T-cells
(Fig. 4.4D). More importantly, when bulk splenocytes from VSV-treated or pevonedistat +
VSVAS51 combination treated mice were stimulated using an OVA-specific peptide
(SIINFEKL), no significant difference in the proportion of activated CD69+CD8+ T-cells was
observed (Fig. 4.4E). These data together support comparable cytotoxic T-cell anti-tumor
immunological response induced by combined VSVAS1 and pevonedistat, but conversely
suggest that differences in tumor-specific T-cells may not be the main driver of increased

efficacy in vivo.

Pevonedistat impairs the antiviral type 1 interferon response

To take an unbiased approach in elucidating the viral sensitizing mechanism of
pevonedistat, we first employed RNA-sequencing to analyze whole transcriptome changes in
response to pevonedistat and VSVAS1 combinational therapy. RNA was extracted from 786-
0 cells pre-treated with or without pevonedistat (1uM) for 4 hours and infected with or without
VSVAS1 (MOI 0.01) after 24 hours. After sequencing, gene expression profiles between cells
infected with VSVASI treated with or without pevonedistat identified 3,038 genes that were

significantly upregulated (P <0.05, log>-fold change >2) and 3,326 genes that were
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significantly downregulated (Fig. 4.5A). Gene ontology (GO) enrichment analyses were
performed on ranked lists using the GOrilla tool (211, 212), which confirmed upregulation of
previously established processes of pevonedistat including cellular processes of DNA
metabolism, cell cycle regulation and stress responses (Fig. S4.5A) (130, 241, 242). More
importantly, the GO analysis identified defense responses to virus, immune response and the
IFN-1 signaling as being significantly downregulated in both the presence and absence of
infection (Fig. 4.5B and Fig. S4.5B). Upon closer inspection of the genes related to the
“Defense response to virus” GO term, almost all genes were downregulated upon addition of
pevonedistat with the promyelocytic leukemia protein (PML) gene being downregulated by
approximately 79-fold (Fig. 4.5C). Moreover, graphing the logz-fold change of all genes
related to the IFN-1 GO term revealed that these genes were significantly downregulated upon
the addition of pevonedistat, even in the absence of VSVAS5I1 infection (Fig. 4.5D). These
findings support that pevonedistat behaves similarly to many other viral-sensitizing
compounds by impairing the IFN-1 response to increase VSVAS1 sensitivity (86). However,
not only does pevonedistat impair the cellular ability to respond to viral infection but it

continues to suppress the antiviral response even in the absence of infection.

Neddylation inhibition confers viral sensitizing activity through ISGF3 repression

To gain insight into which transcription factors were modulated in response to
pevonedistat during VSVAS1 infection, we first analyzed our RNA sequencing dataset by
inputting significantly downregulated genes upon addition of pevonedistat using the published

TFactS tool in 786-0 cells (151). Our in silico results identified that STATI is inhibited with
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Fig. 4.5. Pevonedistat impairs the IFN-1 response. (A-D) Two biological replicates of 786-
0 cells were pre-treated + pevonedistat (1uM) for 4 hours, then infected = VSVAS51 (MOI1 0.01)
for 24 hours. RNA was extracted and sequenced. Processing by KALLISTO pseudo-alignment
and SLEUTH yielded normalized log:-fold change in differential gene expression and P-values
between the VSVAS1 infected condition vs. the pevonedistat + VSVAS1 condition (225, 226).
(A) Each gene was plotted on a volcano plot, and notable hits were named. (B) Significantly
downregulated (>2 log»>-fold change) gene expressions were processed by GOrilla to identify
relevant gene ontology (GO) terms. (C) Heat map of differential gene expressions related to
the “Defense response to virus” GO term normalized to the mock treated, uninfected control
condition. (D) Logy-fold changes of genes related to the “Response to type 1 interferon” GO
term between conditions were plotted. Overall gene expressions levels were compared (n=2;

*#%4p<0.0001 by one-way ANOVA).
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pevonedistat both in the absence and presence of VSVAS1 infection (Fig. 4.6A). Indeed, a
heatmap of STAT1 regulated genes demonstrates a global reduction in RNA transcripts upon
pevonedistat treatment (Fig. 4.6B). Cells respond to IFN cytokines via activation of the JAK
(Janus activated kinase) / STAT (signal transducer and activator of transcription) pathway.
Therefore, STATI1 represents a crucial player in the IFN-1 response given its role in the
interferon-stimulated growth factor complex 3 (ISGF3), along with STAT2 and interferon
regulatory factor 9 (IRF9), which propagates transcription of downstream interferon-
stimulated genes (ISGs) by binding to the interferon-stimulated response element (31). To
investigate this relationship, whole and fractionated cell lysates were probed for the
components of ISGF3: STAT1, STAT2 and IRF9. We show that pevonedistat causes a global
reduction in protein availability of ISGF3 components (Fig. 4.6C ad fig. S4.6A). Different
concentrations of pevonedistat were unable to markedly influence phosphorylation levels of
STATI and STAT?2 in response to IFN-3 treatment (Fig. S4.6B). On the RNA level, we found
that pevonedistat significantly decreased transcription of STAT1 and its ISGF3 counterparts,
as well as several of its downstream ISGs (IRF7, MX2, IFTM1) relative to both mock and

VSVASI only conditions (Fig. 4.6D and fig. S4.6C).

Pevonedistat confers most of its cellular effects by inhibiting neddylation activity;
therefore, we wondered whether inhibiting the neddylation pathway via silencing RNA
(siRNA) could recapitulate the same viral sensitizing effects. 786-0 cells were transfected with
siRNA targeting NEDDS8 or UBA3, key components of the neddylation mechanism, and
successful knockdown was validated at both the protein and RNA level (Fig. 4.6E,F and fig.

S4.6D,E). Transfected cells were subject to the same treatment regimen of pevonedistat pre-
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Fig. 4.6. Neddylation inhibition confers some viral sensitizing activity by repressing
ISGF3. (A) Differential gene expressions from performed RNA-sequencing between the mock
vs. pevonedistat condition (uninfected) and between the VSVAS1 infected condition vs. the
pevonedistat + VSVAS1 condition (infected) were input into TFactS to predict involved
transcription factors (151). E-value and percentage of regulated genes were plotted. (B)
Heatmap of logy-fold change of genes regulated by the STATI transcription factor. (C,D)
Human renal 786-0 carcinoma cells were pre-treated + pevonedistat (1uM) for 4 hours, then
infected £ VSVAS51 (MOI 0.1). (C) At 24 hours post infection (hpi), cells were lysed and
probed for proteins as indicated by western blot. (D) Cells were lysed at 8, 16, and 24hpi and
expression of STAT] and IRF7 were quantified by qPCR (n=3, mean + SD; ****P<(0.0001 by
one-way ANOVA between the VSVASI infected condition vs. pevonedistat + VSVAS]
condition). (E-I) 786-0 cells were transfected either with scramble, control siRNA or siRNA
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targeting NEDDS8 or UBA3. Transfected cells were then pre-treated + pevonedistat (1uM) for
4 hours, then infected = VSVAS51 (MOI 0.05). (E,F) Cells were lysed at 24hpi and probed for
NEDDS or UBA3 protein expression by western blot. (G) Supernatant was taken 24hpi and
quantified for viral titer by plaque assay (n=3, mean + SD; ns = no significance, ****P<(0.0001
by two-way ANOVA). (H) Representative fluorescent images were taken 24hpi (scale bar =
1000um). (I) Lysates taken at 24hpi were probed for STAT1 and IRF7 expression by qPCR
(n=3, mean + SD; *P<0.05, ****P<(0.0001 by two-way ANOVA).

treatment for 4 hours, then infection with VSVAS51-GFP (MOI 0.01). Supernatant analyzed for
viral titer by plaque assay demonstrates an increase in VSVAS1 viral titer with pevonedistat
upon NEDDS8 or UBA3 knockdown (Fig. 4.6G). This finding was confirmed by representative
fluorescent images taken 24hpi, which display increased tagged GFP expression upon
knockdown of NEDDS8 and UBA3 (Fig. 4.6H). Moreover, analysis of mRNA from treated,
transfected cells 24hpi by qPCR demonstrated that siRNA against neddylation components on
their own were able to inhibit transcription of STAT1 and downstream IRF7 (Fig. 4.61 and fig.
S4.6F). Interestingly, this phenomenon did not apply in normal MRCS lung fibroblasts (Fig.
S4.6G). Together, these data support that pevonedistat’s viral sensitizing ability is, at least in
part, mediated by a neddylation-dependent suppression of ISGF3 signaling that was

reproduced using a genetic approach to neddylation knockdown.

Pevonedistat inhibits NF-xB independently of neddylation to block the primary IFN-1 response

Given that neddylation inhibition on its own was unable to recapitulate the full viral

sensitizing effect of pevonedistat, we sought to identify a second mechanism of action. Another
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notable observation from the TFactS analysis was the inhibition of NF-kB transcriptional
activity by pevonedistat in VSVAS51 infected cells. Pevonedistat has previously been reported
in the literature to inhibit NF-kB nuclear translocation (243), and to repress pro-inflammatory
cytokine production (133, 244). We therefore sought to confirm this effect in our pevonedistat
+ VSVAS5I1 combination therapy. Indeed, nuclear/cytoplasmic fractionated lysates of 786-0
cells pre-treated with pevonedistat and infected with VSVAS1 for 24 hours showed markedly
less NF-kB protein expression, but not IRF3, in nuclear fractions compared to cells infected
only with VSVAS51 (Fig. 4.7A). The inhibition of NF-kB nuclear translocation in response to
VSVASI infection and TNF-a stimulation was also observed by immunofluorescence (Fig.
4.7B,C, fig. S4.7A,B). As expected, treated cells showed repressed transcription of pro-
inflammatory cytokines controlled by NF-kB signaling (Fig. 4.7D) including the central IFN-
1 cytokine, IFN-f as early as 16hpi (Fig. S4.7D). Quantification of IFN-f secretion 24hpi by

enzyme-linked immunosorbent assay (ELISA) followed a similar trend (Fig. 4.7E).

Next, we wondered if neddylation inhibition via gene silencing would be able to
recapitulate these same phenomena. Our results demonstrate that siRNA targeting NEDD8 was
in fact unable to abrogate induced NF-«B nuclear translocation (Fig. 4.7F and fig. S4.7E),
impair IFN-B transcription (Fig. 4.7G), nor impair the secretion of IFN-B in response to
VSVAS1 (Fig. S4.7H). This same nuclear NF-kB inhibiting phenomenon was confirmed in
cells treated with siRNA against UBA3 (Fig. S4.7F,G). Together, these results suggest that
pevonedistat’s ability to inhibit NF-kB nuclear translocation and abrogate IFN-f3 production
may be independently conferred from its ability to inhibit neddylation. Moreover, further
investigation demonstrates that pevonedistat is still able to increase viral titers (Fig. S4.71)

while inhibiting the transcription of STAT1 and downstream IRF7 (Fig. 4.7H and fig. S4.7)),
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Fig. 4.7. Pevonedistat inhibits NF-kB to suppress IFN-p in a neddylation-independent
manner. (A) Human renal 786-0 carcinoma cells were pre-treated for 4 hours with
pevonedistat (1uM), then infected with VSVAS1 (MOI 0.01). At 24 hours post infection (hpi),
cells were lysed and fractionated to separate nuclear and cytoplasmic proteins, then probed for
indicated proteins by western blot. (B,C) 786-0 cells were seeded on glass coverslips, pre-
treated for 4 hours with pevonedistat (10uM). After treatment, cells were then infected with
VSVAS51 (MOI 1) for 6 hours. Cells were fixed and immunostained for NF-«kB and nuclei
(DAPI). (B) Representative fluorescent images were taken. (C) Nuclear NF-kB intensity was
quantified (n=3, mean + SD; ****P<0.0001). (D,E) 786-0 cells pre-treated = pevonedistat
(1uM) for 4 hours, then infected £ VSVAS51 (MOI 0.01). (D) RNA was extracted from cells
24hpi and probed for indicated genes by qPCR. Relative mRNA expression was plotted on a
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heatmap. (E) At 24hpi, supernatants were quantified for [IFN-f secretion by ELISA (n=3, mean
+ SD; ****P<(.0001 by two-way ANOVA). (F,G) 786-0 cells were transfected either with
scramble siRNA or siRNA targeting NEDDS. (F) Cells were pre-treated + pevonedistat
(10uM), then infected + VSVAS1-GFP (MOI 1) for 6 hours, fixed and immunostained for NF-
kB and nuclei (DAPI). Images were quantified for mean nuclear NF-kB signal (n=3, mean +
SD; ns = no significance, ****P<0.0001 by one-way ANOVA). (G) Cells were pre-treated
with pevonedistat (1uM) for 4 hours, then infected with VSVA51 (MOI 0.01). RNA was
extracted 24hpi and probed for /FN-f gene expression by qPCR (n=3, mean + SD; ns = no
significance, ***P<0.001 by one-way ANOVA). (H) 786-0 cells were pre-treated for 4 hours
with pevonedistat (1uM), then treated with human IFN- (1000 U/mL) for 6 hours. RNA was
extracted and probed for STATI gene expression (n=3, mean + SD; *P<0.05 by one-way
ANOVA).

even in the presence of exogenous IFN-a and IFN-B. These data support our findings that
pevonedistat’s identified mechanisms in repressing ISGF3 factor expression and inhibiting

NF-«B nuclear translocation are not co-dependent.

4.4 Discussion

The outstanding promise of tumor selectivity, self-amplifying therapeutic effects, and
long-term antitumor immunity by oncolytic virotherapy make it an attractive area of
investigation in the fight against cancer. Despite this, there are still many barriers obstructing
more OV products from reaching the clinic, namely heterogenous tumor resistance to viral
infection through retention of the antiviral IFN-1 response (28, 38, 83, 245). In this study, we

identify and characterize the viral sensitizing properties of pevonedistat, a first in-class NAE
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inhibitor, and its application to enhance oncolytic virotherapy. Many combinational therapies
between cellular modulators and oncolytic viruses have previously been identified and
reviewed (246). We tout that compared to previously established viral-enhancing compounds,
pevonedistat demonstrates superior potency, achieving similar if not higher levels of VSVASI
enhancement at a fraction of the concentration required by the other drugs, as well as a broader
and sustained activity range (Fig. S4.4.1E) (94, 96, 106). Through mechanisms of IFN-1
inhibition, pevonedistat increases the viral spread, cytotoxicity, and therapeutic efficacy of
VSVAS1 OV treatments across a broad range of tumor types (Fig. 2), including some primary
human samples, while sparing physiological tissue (Fig. 4.2B,E, S4.6G). Pevonedistat was also
successful in reducing tumor burden in several in vivo models when administered both locally
and systemically, indicating broader clinical applicability (Fig. 4.4). Moreover, we
successfully identify pevonedistat’s viral sensitizing mechanism to operate through
neddylation-dependent repression of ISGF3 and neddylation-independent inhibition of NF-kB

signaling.

Pevonedistat is currently being investigated as an anti-cancer agent, namely in an
ongoing phase 3 clinical trial in combination with standard chemotherapy (azacytidine) in
patients with myelodysplastic syndromes, chronic myelomonocytic leukemia (CMML) or
acute myelogenous leukemia (AML) (128). In accordance with our gene ontology analysis
(Fig. S4.5A), pevonedistat induces the DNA damage stress response towards apoptosis in
tumor cells (122). Additionally, by inhibiting CRL ubiquitin activity, pevonedistat is able to
stabilize members of the extrinsic apoptotic pathway such as Bcl-2 homologous
antagonist/killer (BAK) (247, 248). While pevonedistat monotherapies have demonstrated

success in murine models of cancer (249), they typically require intensive treatment regimens

110



with high drug dosages and/or frequent administration. With our proposed combination of
pevonedistat and the VSVAS1 OV, we were able to induce tumor cell killing at much lower

doses (Fig. 4.3), likely translating into decreased off-target toxicity and subsequent side effects.

Several viruses such as Kaposi’s Sarcoma-Associated Herpesvirus (KSHV) have
evolved dependency on neddylation as part of their lifecycle, while other viruses hijack CRL
activity for their own survival (120, 250, 251). Subsequently, pevonedistat has previously been
characterized to have potent, antiviral activity against several families of viruses including
Herpesviridae (HSV-1, cytomegalovirus)(250), Adenoviridae (AdS5) (252), and
Orthomyxoviridae (influenza), some of which we also observed (Fig. S4.1C) (253). For
example, the influenza virus induces increased neddylation of CRL-1 at an early stage to help
propagate its proteins and uses neddylation to help stabilize basic protein 2 (PB2), an essential
viral replication component (254). By inhibiting neddylation of these components,
pevonedistat was able to block the early replication capability of influenza. Additionally, this
mechanism of viral suppression is thought to be independent from the IFN system as
pevonedistat impaired cytomegalovirus growth even in the absence of IFNARI (252). Given
that we can confidently establish that pevonedistat operates through IFN-1 (Fig. 4.5), it
becomes intuitive that only oncolytic virotherapy strategies employing IFN-sensitive viruses
such as VSVAS1 benefit (38, 255). This narrow specificity could prove beneficial in ensuring
that patients undergoing this treatment regimen do not become vulnerable to unintended

infection by other viruses.

The response to the IFN-1 axis is centrally controlled by the JAK/STAT pathway, where
reception of IFN-f to the interferon-alpha/beta receptor (IFNAR) triggers phosphorylation and

heterodimerization of STAT1 and STAT?2 to transcribe downstream IFN-1 genes. As such,

111



many characterized viral sensitizing compounds classically inhibit STAT1 or STAT2
phosphorylation, compromising ISGF3 complex formation to impair the subsequent IFN-1
response (95, 96, 106). However, we surprisingly found that pevonedistat did not similarly
influence STAT phosphorylation (Fig. S6B), but for the first time to our knowledge, we report
a neddylation-dependent inhibition of both baseline and VSV-induced ISGF3 expression by
pevonedistat (Fig. 4.6C,D). In latent cells, constitutive expression of STAT1 allows for cells
to quickly respond to IFN cytokines (256); therefore, any reduction in these baseline levels
compromise the cellular ability to activate IFN processes, including positive feedback
upregulation of all ISGF3 components (69, 257, 258). Accordingly, we demonstrate that the
silencing of neddylation by siRNA could confer some viral sensitizing activity by repressing
STATI expression (Fig. 4.6, fig. S4.61). The exact mechanism by which this occurs could be

of interest in developing the relationship between neddylation and innate immunity.

In the case of VSVASI1 infection, viral single-stranded RNA or glycoproteins are first
picked up by Toll-like receptor 3 (TLR3) and retinoic-acid induced gene I (RIG-I) to initiate
the IFN-B promoter stimulator (IPS-1) signaling cascade (259). The downstream result is
phosphorylation of interferon regulatory factor 3 (IRF3) and nuclear translocation of NF-«xB,
both of which are crucial components of the enhanceosome complex at the IFN-f3 promoter,
stimulating IFN-B production and secretion (260, 261). The inhibition of NF-kB nuclear
translocation to block the IFN-1 response is used by wild-type VSV via its functional M protein
(262), and has also been identified as the main mechanism of action of other viral sensitizing
compounds (93, 96). Here, we demonstrate that pevonedistat impairs pro-inflammatory
cytokine production (Fig. 4.7D), including IFN-f transcription and secretion (Fig. S4.7D and

fig. 4.7E) presumably by relying on this same mechanism of NF-«xB inhibition (Fig. 4.7A-C).
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While we found that this mechanism is independent of neddylation inhibition (Fig. 4.7F,QG),
which runs counterintuitive to the established mechanism in literature of CRL-1 deactivation
and stabilization of IkB-a to sequester NF-«kB in the cytoplasm (Fig. S4.7C) (263), few other
studies have also found that genetic silencing of neddylation could not impact levels of IFN-3
in response to viral infection (133, 264). Indeed, we demonstrate that despite increasing IkB-a
abundance (Fig. S4.7C), siRNA-mediated knockdown of UBA3 was unable to inhibit NF-kB
activation (Fig. S4.7F,G). Finally, while some compounds that inhibit NF-kB indirectly (e.g.
bortezomib (265)) have been reported to enhance the activity of VSV, we also consider that
many others are unable to sensitize cancer cells to VSVAS51 infection (188, 189). This suggests
that depending on the mechanism involved, blocking the NF-kB pathway alone does not
necessarily confer viral sensitization. Based on our observations, we further hypothesize that
the cooperation of both neddylation-dependent and independent mechanisms is required for

pevonedistat to achieve its full, potent viral sensitizing effect.

The limitations associated with this combinational approach pertain to the apparent
immunosuppressive role of pevonedistat (244, 266). This notion is supported by our data
demonstrating the repression of pro-inflammatory cytokines by pevonedistat (Fig. 4.7D),
which could potentially impair induction of immunological memory (267, 268). However,
tumor-specific T-cell activation appears to be unchanged with pevonedistat (Fig. 4.4E),
suggesting that T-cell activation is not impaired, but may also not be the main driver of
improved efficacy in vivo. Given the therapeutic importance of antitumor memory, OV
therapies furthest along the clinical development pipeline tend to carry immunostimulatory
payloads (269); therefore, it is imperative that in addition to the increased oncolysis (Fig. 4.3),

cells undergo an immunogenic cell death mode (immunogenic apoptosis, necrosis, pyroptosis)
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to release damage-associated molecular patterns (DAMPs) as suggested by Fig. 4.3G, and
tumor-associated antigens (TAAs) into the microenvironment to trigger inflammatory
processes (32). We therefore conclude that tumor cell killing is likely a result of both direct
and immune-mediated oncolysis. Future studies will be needed to further characterize the
immunological landscape established by this combinational therapy in order to maximize its
effects, particularly for the treatment of systemic disease. Altogether, our study provides the
pre-clinical basis for evaluating pevonedistat in combination with VSV-based oncolytic

immunotherapy in a clinical setting.

4.5 Material and Methods
Study Design

In this controlled laboratory study, the hypothesis was initially formulated upon the
observation that pevonedistat increased VSVASI infectivity in an unrelated, high-throughput
screen. Subsequently, the objective was to characterize pevonedistat’s ability to improve the
therapeutic efficacy of oncolytic VSVAST1 virotherapy in a variety of contexts including in cell-
culture models, ex vivo murine and human patient samples, and in vivo tumor models.
Hypotheses stemming from the initial objective led us to further investigate and elucidate the
mechanism of action by which pevonedistat was able to confer these beneficial effects. For in
vivo studies, a sample size of 5 — 15 was chosen, and endpoints were defined when tumor
volumes reached 1500mm?. To assign experimental groups, stratified randomization was used
so that each group had a comparable mean tumor volume at the time of first treatment.

Investigators were not blinded, and no outliers were excluded from data analysis.
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Drugs and Chemical Reagents

Pevonedistat (MLN4924), the primary drug of this study, was obtained from Cedarlane
Labs (cat. A11260) dissolved in dimethyl sulfoxide (DMSO). The remainder of drugs,
chemical and cytokines along with their supplies, catalog numbers and solvent are listed in the

Resources Table (Table S4.1).
Cell Lines

Cell lines used in this study along with their species, tissue type, supplier and catalog
number are outlined in Table S4.1. Cells either utilized Dulbecco’s modified Eagle’s medium
(DMEM; HyClone cat.10-013) or RPMI 1640 medium (Corning) supplemented with 1% (v/v)
penicillin-streptomycin (Gibco), 30mM HEPES buffer, and 10% (v/v) Fetal Bovine Serum
(Gibco, cat. 12483020) or 10% (v/v) serum composed of 3-parts HyClone newborn calf serum
(Thermo Fisher, cat. SH3011803) and 1-part Fetal Bovine Serum (Gibco, cat. 12483020). Cell
lines were maintained in 37°C and 5% CO; conditions in a humidified incubator. Phase and

fluorescence images were taken using the EVOS Live Cell Imaging System (Thermo Fisher).

Primary murine hepatocytes were generously supplied by Dr. Morgan Fullerton and
Conor O’Dwyer (University of Ottawa) and were isolated as previously described (270).
Primary ovarian cancer patient-derived cell lines (OVAPT) were derived from patient ascites
fluid were obtained from routine paracentesis according to Ottawa Health Science Network
Research Ethics Board (OHSN-REB) protocol #20140075-01H. Primary human glioblastoma
(PriGO) cells were established from surgically resected tumors from patients at The Ottawa
Hospital and were obtained as a generous gift from Dr. Ian Lormier of the Ottawa Hospital
Research Institute (Ottawa, Canada). PriGO cells were grown on laminin-coated plates using

serum-free Neurobasal A (NA) media supplemented with epidermal growth factor (EGF),
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fibroblast growth factor 2 (FGF2), B-27 and N-2, and maintained in 37°C, 5% O; and 20%

CO; conditions in a humidified incubator.

Human T-cells were isolated from frozen PBMCs (STEMCELL cat. 70025) by
negative selection following the EasySep Human T-cell Isolation Kit (STEMCELL, cat.
10981) and expanded following manufacturer instructions with ImmunoCult Human
CD3/CD28 T-cell activator (STEMCELL, cat. 10981) for at least 3 days prior to treatment and

infection.
Oncolytic Viruses

Rhabdovirus: Indiana serotype of VSV wild-type (VSV-WT) or harboring a deletion of
methionine 51 in the M protein (VSVAS51) and insertion of green fluorescence protein (GFP)
or firefly luciferase (FLuc) were used throughout this study(38). All viruses were propagated
on Vero cells and purified on 5-50% OptiPrep (Sigma-Aldrich, St. Louis, MO) gradients. Viral
titers were determined by standard plaque assay on Vero cells according to published

protocol(197).

Herpes Simplex Virus: HSV-1 N212 expressing GFP was obtained as a generous gift
from Dr. Karen Mossman of McMaster University (Hamilton, Canada). Viral titers were

determined by standard plaque assay on Vero cells according to published protocol(81).

Vaccinia Virus: The VV Wyeth strain harboring a disruption of thymidine kinase (TK)
and vaccinia growth factors genes, and insertion of GFP (VVdd) was obtained as a generous
gift from Dr. Andrea McCart of Mount Sinai Hospital (Toronto, Canada). Viral titers were

determined by standard plaque assay on U20S cells according to published protocol (47).

High Throughput Viral Titration
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Vero cells were seeded at a density of 2.5 x 10* cells/well in opaque white bottom 96-
well microplates (Thermo Fisher, cat. 07-200-628). 20 pL of sample supernatant was
transferred to the microplates and incubated for 5 hours. The automated addition of 25 pL of
luciferin solution (2mg/mL constituted in sterile PBS, Cedarlane Labs, cat. 122799(PE)) was
performed, and mean luminescence read after 30 seconds. Readings were analyzed in

comparison to a standard curve. Refer to published protocol for further details (147).
In vivo mouse tumor models

CT26WT: 6-week-old BALB/c mice (Charles River Laboratories) were
subcutaneously implanted with a bolus of 100uL PBS containing 3 x 10° syngeneic CT26WT
colon carcinoma cells in the right flank. After 11 days when tumor volumes reach roughly
100mm?, tumors were injected intratumorally with pevonedistat (90mg/kg) or vehicle alone.
Four hours later, tumors were injected intratumorally with a bolus of 25uL PBS containing 1
x 10® pfu of VSVAS51. This treatment regimen was repeated two more times, spaced one day
apart. After 7 days, mice were anesthetized and imaged using a live in vivo imaging system
(Perkin Elmer). Bioluminescent signal intensity was analyzed using Living Image v2.50.1

software.

4T1: 6-week-old BALB/c mice (Charles River Laboratories) were subcutaneously
implanted with a bolus of 100uL PBS containing 5 x 10° 4T1 syngeneic 4T1 mammary
carcinoma cells in the right flank. After 9 days when tumor volumes reach roughly 100mm?,
tumors were injected intratumorally with pevonedistat (90mg/kg) or vehicle alone. Four hours
later, tumors were injected intratumorally with a bolus of 25uL PBS containing 1 x 10® pfu of

VSVASI. This treatment regimen was repeated two more times, spaced one day apart. For
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survival studies, mice were end pointed when tumor volumes reached greater than 1500mm?

or showed significant respiratory distress from lung metastases.

ID8-Tp53-/- tagged with firefly luciferase (F3) were generated as previously
described(271). 5 x 106 cells were injected intraperitoneally into 8-week-old C57BL/6 mice
and allowed to progress for 10 days. Mice were then injected intraperitoneally with
pevonedistat (90mg/kg) or vehicle alone, then 1 x 10® pfu of VSVAS51 4 hours later for three
treatments, spaced 1 day apart. Tumor burden was measured using the in vivo imaging system
(IVIS) for luciferase activity at day 21 and 28. Mice were randomized to different treatment

groups according to tumor size prior to the first treatment.

B16-OVA: 6-week-old C57BL/6 mice (Charles River Laboratories) were
subcutaneously implanted with 100uL PBS containing 5 x 10° syngeneic B16-OVA melanoma
cells in the right flank. After 9 days when tumor volumes reached roughly 100mm?, tumors
were injected intratumorally with pevonedistat (90mg/kg) or vehicle alone. Four hours later,
tumors were injected intratumorally with a bolus of 25uL PBS containing 1 x 10® pfu of
VSVASI. This treatment regimen was repeated two more times, spaced one day apart. All
experiments were performed in accordance with the University of Ottawa Animal Care and
Veterinary Service guidelines for animal care, under the protocols OHRI-2264 and OHRI-

2265.
Human and Murine Ex Vivo Tumor Models

BALB/c mice were subcutaneously implanted with 3 x 10° CT26WT colon carcinoma
cells or C57BL/6 mice were subcutaneously implanted with 3 x 10° 76-9 rhabdomyosarcoma
cells. Upon reaching a tumor volume of 1500 mm?, mice were culled, and tissues of interest

were extracted. For human tissue samples, tumor samples were obtained from patients
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undergoing surgical resection who provided informed consent in accordance with Declaration
of Helsinki guidelines. The global tissue collection program was approved by the OHSN-REB
under the protocol numbers OHSN-REB #2003109-01H and OHSN-REB #20120559-01).
Tissues were processed into 2mm slices and 2mm diameter circular cores were taken using a
punch biopsy tool. Cores were maintained in humidified incubators at 37°C, 5% CO; in
DMEM supplemented with 10% serum, 30mM HEPES, 1% (v/v) penicillin-streptomycin and
0.25 mg/L. amphotericin B. Cores were treated with pevonedistat 4 hours, then infected with
VSVA51-GFP at 3 x 10* pfu/core. After 48hpi, fluorescence images were taken using the
EVOS Live Cell Imaging System (Thermo Fisher) and the supernatant was analyzed for viral

titer by standard plaque assay as described previously(197).
Quantitative Real-time Polymerase Chain Reaction

RNA from lysed cells were homogenized using the QIAshredder (Qiagen, cat. 79656),
then extracted from lysed cells using the QIAGEN Rneasy kit (Qiagen, cat. 74106) according
to manufacturer’s protocol and quantified using a NanoDrop One Microvolume UV-Vis
Spectrophotometer (Thermo Fisher Scientific, Rockford, IL). To generate cDNA, the
RevertAid H-Minus First Strand cDNA Synthesis Kit (Thermo Fisher, cat. K1632) was used.
Resulting nucleic acid was subject to quantitative real-time PCR using primers outlined in
Table S4.2, Applied Biosystems PowerUp SYBR Green Master Mix (Thermo Fisher, cat.
A25776) in a 7500 Fast Real-Time PCR system (Applied Biosystems, Foster City, CA). Gene

expression was calculated using the Pfaffl method.
Cell Viability Assay

Resazurin metabolic dye (Millipore Sigma, cat. SI03200) was added to samples ata 1:10

dilution and incubated for 2 hours. Using a BioTek Microplate Reader (Norgen BioTek Corp,
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Ontario, Canada) and Gen5 2.07 software, fluorescence was measured at 590 nm upon
excitation at 530 nm. Readings were expressed relative to the average of the uninfected, mock

treated condition.
Luminescence-based Assays

786-0 seeded in a 96-well white plate were subject to treatment with pevonedistat or
vehicle, then infection by VSVASI or vehicle four hours later. At the specified time-point of
interest, cells were assayed using the Caspase-Glo® 8 Assay System (Promega, cat. G8201)
or Lumit™ HMGBI1 Human/Mouse Immunoassay (Promega, cat. W6110) according to
manufacturer’s instructions. Luminescence readings were taken using the BioTek Microplate

Reader (Norgen BioTek Corp, Ontario, Canada).
Enzyme-linked Immunosorbent Assay (ELISA)

Supernatant from treated and infected 786-0 cells seeded in a 24-well plate were
collected 24hpi and quantified for human IFN-B concentration using the Human IFN Beta
ELISA Kit (PBL Assay Science, cat. 41410) according to manufacturer’s protocol.
Absorbance readings were taken using the BioTek Microplate Reader (Norgen BioTek Corp,

Ontario, Canada) at 450nm.
RNA-Sequencing Analysis

Two biological replicates of RNA were extracted from lysates of treated cells and
quantified as described above. Pooled samples were then shipped to the Donnelly Sequencing
Centre (University of Toronto) and mRNA-seq libraries were generated using the NEB
NEBNext Ultra II Directional RNA library prep kit according to manufacturer’s protocol.

Libraries were sequenced using the [llumina NextSeq500 with single-end 75bp reads. After
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sequencing, resulting fastq files were checked for quality using FastQC (Babraham
Bioinformatics, United Kingdom). Pseudo alignment and transcript quantification were
performed with KALLISTO(225), and differential expression was determined using
SLEUTH(226). Gene ontology analysis was performed using the Gene Ontology enrichment
analysis and visualization tool (GOrilla) (211, 212). Identification of involved transcription
factors was performed using the TfactS tool (de Duve Institute, Université Catholique de

Louvain, Brussels, Belgium) (151).
Immunoblotting

Sample were washed twice with cold PBS and lysed for 10 minutes at 4°C using 50 mM
HEPES, 150mM NaCl, 10mM EDTA, 10mM NasP>07, 100mM NaF, 2mM Na3;VOs3, protease
inhibitor cocktail (Roche), phosphatase inhibitor cocktail (Cell Signaling Technology, cat.
58708) and 1% Triton X-100. Resulting cell lysates were centrifuged to remove cellular debris.
For nuclear and cytoplasmic fractionation, the NE-PER Nuclear and Cytoplasmic Extraction
Kit (Thermo Fisher Scientific) was used according to manufacturer’s protocol. Protein
concentrations were quantified using the Pierce BCA Protein Assay Kit (Thermo Fisher, cat.
23225). 20 pg was loaded with 4X NuPAGE LDS Sample Buffer (Thermo Fisher, cat.
NP0007) into 4-15% Mini-PROTEAN Gels (Bio-Rad, Mississauga, ON), electrophoresed
using the Mini Trans-Blot Cell system (Bio-Rad, Mississauga, ON) and transferred onto
nitrocellulose membrane using the Trans-Blot Turbo RTA Mini Transfer Kit according to
manufacturer’s protocol (Bio-Rad, cat. 1704270). Blots were blocked with 5% BSA for 1
hours, then probed with respective primary and secondary antibodies as listed in Table S1.
Bands were visualized using Clarity Western ECL Substrate (Bio-Rad, cat. 1705061) on a

ChemiDoc Touch Imaging System (Bio-Rad, Mississauga, ON).
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Immunocytochemistry

Cells were seeded on 12mm glass round coverslips (Thomas Scientific, cat. 64-0712) in
a 12-well format. Following indicated experimental processes, cells were washed twice with
PBS* (PBS supplemented with 1mM CaCl,, 500uM MgCly), fixed wusing 4%
paraformaldehyde (PFA) for 30 minutes, permeabilized using a 0.2% Triton-X 100 in a
200mM glycine/PBS* solution for 7 minutes, then quenched in 200mM glycine/PBS* for 15
minutes. Slides were then blocked using 5% BSA/PBS* for 1 hour at room temperature, then
incubated overnight with the respective primary antibody (Table S4.1) in humidified chamber
at 4°C. After two washes with PBS*, corresponding secondary antibodies (Table S4.1) were
applied for 1 hour, then samples were mounted onto glass slides and counterstained using
Prolong gold anti-fade with 4’,6-diamidino-2-phenyl-indole (Molecular Probes). Slides were
imaged using a Zeiss Axiocam HRM Inverted fluorescent microscope (Zeiss, Toronto,
Canada) and images were processed using Axiovision 4.0 software. Quantification of
fluorescent intensities were performed using CellProfiler 3.0.0 (Massachusetts Institute of
Technology, Cambridge, USA). Each graphed data point represents mean fluorescence from

one, individually analyzed nucleus as determined by CellProfiler using the DAPI stain.

Tumour Processing and Flow Cytometry

786-0 cells were treated and infected with VSVAS51-GFP in a 6-well format. At 24hpi,
cells were collected, washed, and stained with propidium iodide (PI) (Biolegend, cat. 421301)
or Annexin V (Cedarlane labs, cat. 640934) according to manufacturer’s protocol. Samples
were then analyzed for PI staining and GFP signal by flow cytometry on a BD LSRFortessa.

Acquired data was analyzed using FlowJo software.
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For OVA-specific T-cell responses were measured in the blood at day 7 by intra-orbital
bleed using anti-CD3, CD4 and CD8 antibodies. To assess SIINFEKL-specific CD8+ T cell
in vitro restimulation, 1 x 10° splenocytes were harvested on day 7, then incubated in RPMI
medium, supplemented with 10% FBS and 5% pen-strep containing 10 uM of SIINFEKL
peptide overnight, and brefeldin A (Golgi plug) was added for the last 6 hours. Cells were then
stained with V510 viability dye (1:1000) in PBS for 15 min at RT. Following washes, cells
were incubated with anti-CD16/32 in 0.5% BSA/PBS at 4°C to block nonspecific antibody
interaction with Fc receptors. Subsequently, anti- CD8, and CD69 antibodies were added to
cells and incubated for 30 min (4°C). After staining, cells were washed with FACS buffer and
fixed in 1% paraformaldehyde. Cells were acquired on Becton Dickinson (BD) flow cytometry

(Fortessa), and analyses were performed using FlowJo software version (v.9).
Small-interfering RNA (siRNA)

786-0 cells were seeded at 40% density in 24-well plates in serum-free DMEM
overnight. Cells were then transfected either with control, scramble RNA (ON-TARGETplus
Non-targeting Control Pool, #D-001810-10-05, Horizon Discovery) or a SMARTpool of
siRNA targeting NEDDS (ON-TARGETplus NEDDS siRNA, #L.-020081-00-0005, Horizon
Discovery) or targeting UBA3 (ON-TARGETplus UBA3 siRNA, #L-005249-00-0005,
Horizon Discovery) using the Lipofectamine™ RNAiIMAX Transfection Reagent (Thermo
Fisher, cat. 13778075) according to manufacturer’s protocol in Opti-MEM™ [ Reduced Serum
Medium (Thermo Fisher, cat. 31985062). After 6 hours, media containing siRNA was replaced
with DMEM supplemented with 10% (v/v) serum composed of 3-parts HyClone newborn calf

serum (Thermo Fisher, cat. SH3011803) and 1-part Fetal Bovine Serum (Gibco, cat.
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12483020). Upon reaching approximately 80% confluency, cells were treated with reagents or

infected with VSVAS51 as specified.

Statistics

Statistical analyses were performed using Prism 9 (GraphPad, San Diego, CA) software.
Viral titer and mRNA expression values were log-transformed prior to analysis. Viability
measures were normalized to untreated, uninfected cells as indicated in figure legends.
Statistical tests were performed as indicated by figure legends including Student’s t-test, one-
way analysis of variance (ANOVA) with Tukey’s multiple comparisons test, and two-way
ANOVA. Two-tailed testing was used unless otherwise specified. Kaplan-Meier curves were
graphed for survival studies and differences detected using the log-rank test. Error bars
represent the standard error from the mean (SEM). A P-value less than 0.05 was considered

statistically significant.

4.6  Acknowledgements

The graphical abstract of pevonedistat’s mechanism of action was created using
BioRender.com (Toronto, ON, Canada) licensed to Boaz Wong (agreement #Y V234Y2B6F).
The authors would like to thank Michael Phan (University of Ottawa) for his assistance with
the RNA work, Dr. William Stanford and Rina Al-awar (Ontario Institute for Cancer Research)
for supplying the kinase inhibitor library, Dr. Sylvie Lavictoire (Ottawa Hospital Research
Institute) for her assistance with using the PriGO cells, and Dr. David Cook (University of
Ottawa) for his guidance throughout the RNA sequencing analysis. The authors would also

like to acknowledge Donnelly Sequencing Centre (http:/ccbr.utoronto.ca/donnelly-

124


http://ccbr.utoronto.ca/donnelly-sequencing-centre

sequencing-centre) for their efficiency and professionalism in providing their RNA-sequencing

service. This study was funded by: Terry Fox Research Institute, TFF-122868 (JSD), Canadian
Institutes of Health Research, grant INI-147824 and #705952 (JSD), and by the Canadian
Cancer Society supported by the Lotte & John Hecht Memorial Foundation, grant #703014
(JSD). BW is supported by a Canadian Institutes of Health Research, Canada Graduate

Scholarship Doctoral Award.

125


http://ccbr.utoronto.ca/donnelly-sequencing-centre

Chapter 5. General Discussion

5.1 Dependency of OV efficacy on the IFN response

While significant progress has been made in the recent decade, a comprehensive
understanding of the sheer complexity of malignant transformation processes remains out of
reach. Cellular processes that were assumed to be detrimental for malignancy are not always
eliminated, rather are context-dependent and can instead be exploited to favour growth of the
tumour (272). One relevant example, the antiviral IFN response can be seen as an obstacle to
overcome for cancer immunoediting. The natural anti-tumour role of IFNs to inhibit cellular
proliferation, arrest cell cycle, and alert nearby immune defenses deems this process as one
that should be suppressed in malignancy (273). Indeed, in a number of different tumour types,
IFN signaling is blocked at various points to favour tumour progression, with evidence being
found for STATI1 (274), IFNAR1/2 (275, 276), and suppressor of cytokine signaling (SOCS)
(277). This has also been demonstrated in the epigenetics of cancer cells, where 46% of genes
that were downregulated via methylation following cellular immortalization were involved in

IFN signaling in some capacity (278).

However, the entire transformation picture goes beyond simple insensitivity to IFN as
later stages of immunoediting paradoxically may use IFNs in pro-tumorigenic roles. Prolonged
IFN exposure in surviving IFN-sensitive cells promotes immune escape by inducing
expression of immune checkpoint ligands such as PD-L1 (279). Still in certain cancer types,
increased IFN signaling promotes metastasis via switching to more invasive phenotypes (280,
281). That is to say that deficiency in antiviral IFN responses may not be present in all tumour

types. Given that the efficacy of many OV therapies hinges upon this same response, the level
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of heterogeneity in IFN system “wiring” becomes a large determinant of OV success (34). To
combat this, strategies aimed at the suppression of functional antiviral responses have been
explored. Our group and others have successfully characterized the use of multiple compounds
capable of potentiating OV infectivity and local oncolysis particularly through IFN-1 inhibition
(144). In this thesis, we looked to further dissect cellular mechanisms that regulate IFN-1 and
exploit them to improve OV therapeutic regimens. In Chapter 2, we elucidate in depth cell
signaling events linking EGFR activation to suppression of the antiviral response while in
Chapters 3 and 4, we uncover new posttranslational mechanisms and identify novel protein
targets (i.e., ACP2, neddylation) that regulate IFN-1 pathways and that can be exploited for

enhancing oncolytic VSV and potentially other OVs (Fig. 5).

5.2  Overlapping target pathways for OV potentiation

All chapters of this thesis pertain to cellular modification of some aspect of the IFN-1
signal transduction pathway to potentiate oncolytic virotherapy. Using a global transcriptome
approach, in silico results from microarray and RNA sequencing experiments each confirm
downregulation of the gene ontology terms “defense response to virus” and “type 1 interferon
signaling pathway” upon pevonedistat treatment or ACP2 knockdown with VSVAS1 infection.
Specifically, our established viral sensitizing compounds intercept this pathway at two major
points: inhibition of the IFN- enhanceosome (including NF-kB, IRF3), or blockade of
JAK/STAT signaling to compromise downstream ISG production. The aforementioned in

silico approaches also agree with this observation as STAT1 and NF-kB come up among top
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Fig. 5. Summary of main cellular pathways implicated in this thesis. As demonstrated by
several chapters of this thesis, some genetic or pharmacological antagonism of the IFN-1
response can enhance oncolytic virotherapy. In chapter 2, we demonstrate that vanadium-based
compounds through EGFR activation helps subvert IFN-1 into IFN-2 responses. In chapter 3,
we demonstrate that knockdown of ACP2 impedes the early IFN-1 response. In chapter 4, we
demonstrate that pevonedistat co-impairs both JAK/STAT and NF-«B pathways to dampen
IFN-1.

128



hits of downregulated transcription factors upon treatment with vanadate or pevonedistat, upon
infection (Fig. 2.4A, 4.6A). Still other pathways including PI3K and MAPK have been shown

in literature to also be contributory to IFN production and regulation (31).

5.2.1 Antagonizing the JAK/STAT pathway

Inhibition of the JAK/STAT pathway has already been established as a strategy to
potentiate oncolytic virotherapy. Knockout models of STAT1 and STAT2 show impaired IFN-
1 signaling and susceptibility to oncolytic virus infection (282, 283). To mimic this effect using
pharmacological strategies, several drugs targeting the JAK/STAT pathway have already been
demonstrated to this effect. Ruxolitinib, an approved JAK1/2 inhibitor for the treatment of
myelofibrosis, was found to sensitize head and neck squamous cell carcinoma cell lines to VSV
infection (88). In sarcoma tumors, thought to have naturally high resistance to oncolytic viral
infectivity due to their high basal levels of IFN, JAK1 inhibition by valproate was capable of
increasing their susceptibility to oncolytic VSV and Sindbis virus infection (284). These
findings are in line with our findings in Chapter 2, where we demonstrate EGFR activation by
vanadium to directly repress JAK/STAT phosphorylation and signaling (Fig. 2.3), as well as
Chapter 4, where we demonstrate pevonedistat’s ability to transcriptionally suppress STATSs

to consequently block downstream ISGs through a neddylation-dependent mechanism (Fig.

4.6).

However, studies by our group suggest that is important to distinguish the role of
STATI1 compared to STAT2, especially in how they play into downstream IFN-1 vs. I[FN-2
responses. In the case of vanadium, we found that STAT2 phosphorylation was inhibited, but

not STATI1, which allowed for intact pro-inflammatory cytokine production (Fig. 2.3D, 2.4F).
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Retaining STAT1 homodimers for IFN-2 signaling is a key distinguishing feature of vanadium
compared to other viral-enhancing compounds (86), which by more broadly blocking IFN-1
production and response may not initially promote immune responses in the tumour
microenvironment. Our group has recently characterized the immune landscape of tumours
treated in combination with vanadium and VSVAS51. Indeed, we found that vanadium further
boosts IFN-2 in animals and enhances antigen-specific anti-tumour responses which may

translate into more complete and durable anti-cancer treatments (285).

5.2.2 Antagonizing the NF-kB pathway

The NF-«kB axis hosts downstream effects with implications in almost all the hallmarks
of cancer including inflammation, cellular transformation, and invasion. Aberrant NF-kB
signaling is therefore typically seen to be a driver of malignancy and its blockade should be
beneficial for cancer therapy (286). However, NF-kB has been discovered to be pleomorphic,
where its activation supports both pro- and anti-tumorigenic processes (287). A good example
of'this is found when we contrast the mechanism of vanadium to pevonedistat. We demonstrate
that vanadium activates EGFR to promote NF-kB signaling (Fig. 2.4D), while pevonedistat
treatment clearly inhibits the nuclear localization of NF-«B (Fig. 4.7). Despite this, both
compounds have viral enhancing activity, and from this we can formulate two hypotheses. The
first is that sensitivity to OV may generally be predominantly controlled by JAK/STAT
signaling. In one study, the authors tested a panel of 16 small molecules that were known to
enhance OVs and found that the most potent candidates commonly impaired JAK (189).
Indeed, vanadium compounds show that antagonizing STAT alone is sufficient for potent VSV

viral enhancement via repression of ISG effectors despite increased NF-kB activity (106). This
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intact NF-kB axis was later found to be required for the production of pro-inflammatory

CXCL10 to promote anti-tumor immune responses by vanadium (Fig. 2.4F, G).

The second hypothesis is that careful consideration of the cellular context by which
NF-kB is regulated is key for viral enhancement. This is reasonable given the multitude of
regulatory mechanisms that control NF-kB through canonical and non-canonical pathways
(288). In turn, the dependency of the IFN response on NF-kB signaling will certainly be
different between different tumour types, ultimately altering the impact of inhibiting NF-xB
on oncolytic virus enhancement. For example, BMS-34551 is a specific inhibitor of NF-xB
activation through IKK inhibition (289). In glioma cells, BMS-34551 inhibited CXCL8
transcription via NF-kB antagonism to enhance VSV infection (188). However, in the U266
and STGM1 multiple myeloma cell lines, the study demonstrated that NF-xB activity was in
fact required for the VSV lifecycle and treatment with BMS-34551 inhibited VSV replication
and spread (265). Relating this question back in the context of this thesis, NF-xB is a key
transcription factor as part of the IFN-f enhanceosome, thus its inhibition is likely contributory
to improved OV infectivity through reduced production of IFN-B. This mechanism is also
common for other viral enhancing compounds including dimethyl fumarate and VSel (93, 96).
As we found in Chapter 4, the full viral enhancing effect of pevonedistat appeared to require

inhibition of both JAK/STAT and NF-«kB pathways (Fig. 4.6, 4.7).

5.2.3 Regulation of IFN production by phosphatases

The initial objective of the kinase inhibitor and siRNA PP high-throughput screens were
to identify the exact PPs by which vanadium confers its viral sensitizing effect. In addition to

leading to discovering the involvement of the EGFR pathway in Chapter 2, this screen also led
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us identify PPs that have their own IFN-modulating effects in Chapter 3 and further to the
identification of Pevonedistat which was further studied in Chapter 4. PPs have already been
demonstrated to regulate JAK/STAT signaling, for example via the slingshot homolog proteins
1 and 2 (SHP-1 and SHP-2) (290). Mouse fibroblasts lacking SHP-2 had prolonged STAT
phosphorylation, resulting in IFN secretion (291) While we did not analyze the exact
mechanism by which ACP2, the top hit from our high-throughput siPP screen, regulated the

IFN pathway, we can make two inferences based upon our data.

First, our RNA sequencing in silico analysis identified the RIG-I signaling pathway as
being impacted by ACP2 knockdown. This suggests that ACP2 may be involved in the early
phases of the viral response to initiate production of IFN-1 cytokines given the involvement of
RIG-I (292, 293). Disruption of RIG-I cumulatively led to a decrease in downstream anti-viral
ISGs (Fig. 4.3C, E). Secondly, this phenomenon may involve a virus-specific mechanism. In
some preliminary experiments, ACP2 knockdown by siRNA was unable to enhance other
viruses (data not shown). Given that ACP2 is involved in lysosome and endosomal trafficking,
one hypothesis is that ACP2 knockdown impairs endosomal toll-like receptor 7 (TLR-7)
detection of viral nucleic acids and the downstream anti-viral response (294). Indeed, ACP2
has been implicated in viral entry for HSV-1 (210). Admittedly the connection between ACP2
and IFN is not immediately obvious, therefore further characterization is required before

announcing ACP2 as a target for oncolytic virotherapy.

5.3 Beyond targeting IFN for OV resistance

The biggest caveat to the strategies outlined by this thesis is that [IFN antagonism may

not be the only pattern of resistance against oncolytic virotherapy, and in fact, may not even
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correlate with therapeutic efficacy in some cases. Firstly, at its current stage of development,
delivery of IFN-targeting compounds is often still required to be done directly into tumour for
sufficient efficacy. While we have some data supporting efficacy following systemic
administration of pevonedistat and VSVAS51 (Fig. 4.4C), there are certainly many other factors
contributing to therapeutic resistance, including the tumour microenvironment, that must be
overcome in addition to high IFN responses (295). Investigation into strategies to target viral
enhancing compounds to the tumour are also underway for example through antibody-drug

conjugates (ADC) (296).

Secondly, IFN signaling inhibits tumour growth by arresting cell cycling and inducing
apoptosis, and thus its pharmacological inhibition may not always be desirable (297). In this
thesis, all the chapters have mainly used VSV as the prototype OV, which is known to be
particularly sensitive to IFN resistance (297, 298). Along with reovirus and NDV (299, 300),
these represent viruses that are susceptible to IFN and may be good candidates for
combinational therapy with IFN-antagonizing compounds. Conversely, vanadate and
pevonedistat (Chapter 4) were unable to enhance the viral titer of DNA viruses like HSV-1 and

vaccinia which are further along in clinical development pipelines (106).

Additionally, decreasing IFN may compromise recruitment of immune cells to the
tumour cells and subsequently, may reduce the formation of anti-cancer immunological
memory (301). Depending on the method by which IFN is blocked and the cancer subtype, this
may prove to be a crucial consideration. T-VEC has actually been shown to increase IFN-1,
which appears to run counterintuitive to increased viral infectivity proposed by our thesis

(302). This is all to say that there are multiple, important factors to be considered before IFN
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antagonism can definitively be relied upon as a possible solution to resistance to oncolytic

virotherapy in the clinic.

5.4 Involving anti-tumour immunological memory

From our findings, it generally appears that in some cases, inhibition of STATI of the
JAK/STAT pathway permits OV infectivity, while NF-kB helps tune the inflammatory
response depending on the cellular context. As demonstrated by the mechanism of action of
vanadium compounds, the retention of pro-inflammatory signals can be beneficial for
mounting the anti-tumour immune response (Fig. 2.4F) (106), which may be a critical effect
and benefit of oncolytic virotherapy. Looking at successful therapies in the clinic, involvement
of the immune system appears paramount. The goal of modern cancer therapy has seemingly
shifted from trying to directly eradicate cancer cells towards boosting the body’s natural
immune response against tumours for a more durable cure. For example, immune checkpoint
inhibitors in metastatic melanoma have drastically improved median survival from
approximately 6 months to 6 years, while showing milder side effects (303). Accordingly, the
goal of oncolytic virotherapy should not only be direct tumor lysis, but the amplification of
anti-tumour immunity. Accordingly, some viral enhancing compounds and combinations
represent better candidates than others towards this objective. We demonstrate that
pevonedistat may unfortunately fall in the latter category as we show that pevonedistat does
not particularly benefit immune T-cell populations (Fig. 4.4D), while vanadium-based drugs
may be better candidates given their ability to induce pro-inflammatory cytokine secretion and

to increase recruitment of immune cells to the tumour site (106, 285).
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5.4.1 Arming viruses with therapeutic payloads

T-VEC, the only clinically approved oncolytic virus in the United States, is armed with
GM-CSF, with the specific intention of increasing tumour-specific immune recruitment (304).
As we explored in Chapter 3, arming oncolytic viruses with payloads can help antagonize IFN
to lower antiviral cellular defenses or stimulate the immune response. For example, VSV can
directly be encoded to express IFN cytokines such as IFN-f and IFN-y to augment pro-
inflammatory cytokine production to drive anti-tumour immunity (72, 305). The therapeutic
effect of these encoded cytokines is lost in immunodeficient mice models, confirming
dependency on the immune response. Additionally, our group has shown that VSV armed with
interleukin 12 (IL-12) combined with vanadium further improved therapeutic outcomes (285).
On the other hand, in our review (Appendix A), we broadly describe 4 categories of RNAi
effector payloads for the potentiation of oncolytic virotherapy: increasing tumour lysis, drug
sensitivity, immunomodulation and oncogenic silencing. With respect to IFN pathways,
siRNA against suppressor of cytokine signaling (SOCS-1), when delivered into dendritic cells,

has been shown to enhance cytokine production to help mount an anti-tumour response (306).

We demonstrate in Chapter 3 that siRNA can be used to temporarily suppress IFN-1 to
improve viral titer when delivered by VSV. However, we would assert that this study serves
more as a proof-of-concept for viral delivery of RNAi than a direct avenue of investigation
given how little is known about ACP2. As with all transgene-encoding viruses, this strategy
faces challenges in efficacy given that the viral infection event has to take place prior to the
payload being released. Thus, these viruses still face initial resistance to infection and may still
require transient IFN knockdown by pharmacological compounds. This hypothesis may

explain why our VSVAS51-shACP2 only showed a marginal increase in viral titer compared to
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its non-targeting control counterpart as both were challenged by initial tumour resistance to
infection (Fig. 3.4E). This strategy may therefore be better suited for tumour types with already
low basal expression of IFN and natural resistance to infectivity, allowing for the RNAi to be

expressed and further enhance the OV’s effects.

5.5 Conclusion

Oncolytic virotherapy has made progress over the last decade towards approval in the
clinic; however, it also continues to face several hurdles, primarily relating to insufficient
efficacy in patients. Indeed, while T-VEC was approved by regulators for treatment of
melanoma, it has since been abandoned commercially since more effective and more easily
administered options are now available. High resistance to infection, which is controlled by
the IFN pathways, represents one of the hurdles to efficacious OV therapy, particularly for
IFN-sensitive viruses like VSV. This thesis focused on pharmacological and genetic strategies

to repress IFN-1 to enhance OVs (Fig. 5).

In Chapter 2, we identified the mechanism by which vanadium suppresses IFN-1, which

is through activation of the EGFR pathway to modulate JAK/STAT and NF-kB signaling.

In Chapter 3, as a finding of our recent human phosphatase siRNA library high-
throughput screen, we identified ACP2 as a novel regulating PP on IFN-1, and bioengineered

VSV to carry siACP2, which demonstrates improved infectivity.

Finally in Chapter 4, we identified and characterized pevonedistat, a first in-class
neddylation inhibitor, as a viral enhancing compound through impedance of the STAT1 and

NF-kB pathways. We found that these strategies were indeed able to increase susceptibility of

136



tumours to VSVAS1 and improved in vivo therapeutic outcomes compared to VSVAS1 therapy

alone.

As discussed in this thesis, these strategies hold promise in advancing oncolytic
virotherapy into the clinic, but further investigation is needed. Long-term inhibition of IFN-1
is likely not a definite solution to OV resistance as it may compromise the secondary action of
oncolytic virotherapy, which is orchestration of long-lasting anti-tumour immunological
memory. Follow-up studies to this thesis should choose to investigate whether certain
properties of IFN-1 inhibition can be harnessed to allow for OV uptake within the tumour
without impeding the downstream, pro-inflammatory role of IFN. Altogether, this thesis
deepens our mechanistic understanding of the cellular intricacies that govern the IFN-1
response to boost the efficacy of OV treatment strategies and to exploit them towards improved

cancer treatment options in the future.
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A.1 Abstract

In recent years, there has been a surge in the innovative modification and application
of the viral vector-based gene therapy field. Significant and consistent improvements in the
engineering, delivery and safety of viral vectors have set the stage for their application as RNAi
delivery tools. Viral vector-based delivery of RNAi has made remarkable breakthroughs in the
treatment of several debilitating diseases and disorders (e.g., neurological diseases); however,
their novelty has yet to be fully applied and utilized for the treatment of cancer. This review
highlights the most promising and emerging viral vector delivery tools for RNAi therapeutics
while discussing the variables limiting their success and suitability for cancer therapy.
Specifically, we outline different integrating and non-integrating viral platforms used for gene
delivery, currently employed RNAI targets for anti-cancer effect, and various strategies used
to optimize the safety and efficacy of these RNAI therapeutics. Most importantly, we provide
great insight into what challenges exist in their application as cancer therapeutics and how

these challenges can be effectively navigated to advance the field.

A.2 Main Text

An introduction to RNA interference mechanisms and delivery methods

What is RNA interference?

RNA interference (RNA1i) describes the mechanism of gene expression knockdown by
disrupting cellular messenger RNA (mRNA) levels using short sequences of non-coding RNA.
This phenomenon was first described by Andrew Fire & Craig C. Mello in 1998 where they

described genetic interference via the injection of double-stranded RNA (dsRNA) in a C.
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elegans nematode model (307). In the following years, the silencing mechanism was slowly
elucidated including the discovery of silencing intermediates such as small interfering RNA
(siRNA), identification of enzymes responsible for RNA cleavage and other regulatory
pathways (308). In a physiological setting, endogenous RNA1 effectors are used in the immune
response, particularly in antiviral defence to knockdown essential viral proteins, thereby
limiting virus propagation (309). When applied to the current research landscape, RNAi has

since become the standard for transient gene knockdown studies.

The three most common types of RNAi species are silencing RNA (siRNA), short-
hairpin RNA (shRNA) and microRNA (miRNA), each type differing in features including
base-pair length, structure, and mechanism of gene regulation (308). When dealing with single
gene knockdown, siRNA is typically used given that it is almost fully complementary to its
target mRNA thus conferring maximum specificity. These 21-23 nucleotide RNA sequences,
with a 2-nucleotide overhang at the 3’ end, result either from the cellular processing of double-
stranded RNA by Dicer, a specialized ribonuclease IlI-like enzyme, or can directly be
artificially synthesized (310). Similarly, shRNA is typically 50-70 base-pairs with double-
stranded RNA bridged by a single-strand loop with a 3* overhang (311). This effector also
inhibits protein translation through the same direct mRNA-degrading mechanism but is
significantly more efficient (312, 313). On the other hand, miRNA species exist endogenously,
they are first processed within the nucleus, and then exported to the cytoplasm where they are
further processed by the Dicer complex. Unlike siRNA, mature miRNA effectors are capable
of silencing multiple mRNA targets via partial complementation to the 3” untranslated region

to repress its translation (314). Among these, there also exist other RNAi effectors such as
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piwi-interacting RNA (piRNA) or guide RNA for CRISPR-Cas9 applications (dCas9-gRNA)

(315, 316).

The development of RNAi therapeutics

Since its discovery, the therapeutic potential of RNAi has always been highly touted.
Given that its target specificity is largely based upon genetic sequence, short sequences of non-
coding RNA can be designed against virtually any cellular target, including targets without an
available pharmacological inhibitor (113). As such, the concept of versatile, post-translational
knockdown therapeutics was poised to revolutionize the entire field of gene therapy and
become a powerful tool for targeting the “‘undruggable’ targets. Despite challenges related to
site-specific delivery, knockdown efficacy and potential off-target toxicities, the United States
Food and Drug Administration (FDA) approved the first RNAi-based therapeutic in August
2018. Patrisiran (Onpattro®) uses lipid nanoparticles (LNPs) that deliver a small-interfering
RNA (siRNA) to knockdown transthyretin (TTR) gene expression for the treatment of
polyneuropathy in patients with hereditary TTR-mediated amyloidosis (317). The FDA has
since approved two other RNAi-based therapeutics: Givosiran (Givlaari®) for acute hepatic
polyuria in 2019 and Lumasiran (Oxlumno®) for primary hyperoxaluria in 2020. Moreover,
currently seven other siRNA-based therapies are undergoing phase 3 clinical trial investigation
(318). With respect to cancer therapy, there are many potential therapeutic roles for RNAI. In
personalized medicine, genetic screening for overexpressed or overactive cancer driver
mutations can identify effective knockdown targets tailored to each tumor. For example, a

G12D ;

phase 1 trial of exosome-delivered siRNA targeting Kras in KRAS-mutated pancreatic

ductal adenocarcinoma is currently underway (NCT03608631).
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Preferential delivery of RNAi by viral vectors

Although many therapeutic RNAI delivery strategies have been developed, one of the
largest obstacles to their clinical application is the effective delivery of the RNAI effectors
enough for potent gene knockdown. A vehicle, such as a viral vector or nanoparticles, is
required as naked RNA molecules are rapidly degraded by nucleases present in the
extracellular milieu. Accordingly, a competent delivery strategy should encompass the
following qualities: (i) the ability to safeguard the RNAi effector in extracellular space, (ii) the
ability to seamlessly penetrate the cellular membrane, and (iii) the ability to release the RNAi
effector into the cytoplasm when appropriate (319). The simplest delivery vehicle is liposome-
mediated transfection or lipofection which describes the packaging of the RNAI effector into
a phospholipid bilayer complex that merges with the cellular membrane and releases the
effector into the cytoplasm. Representing the simplest form of RNAi delivery, this strategy is
very well-established for routine use in experimental applications in laboratory settings.
Despite this, its applications are limited by low target specificity and its reduced stability in
vivo. Meanwhile, nanoparticle-based delivery technologies are being continuingly investigated
and improved by using newly developed nanomaterials with greater stability including

nanotubes, quantum dots or dextran cages (320).

To further improve cell selectivity, nanoparticles can be conjugated to biomolecules such
as peptides or antibodies for targeted delivery of RNAI to specific cell types or diseased cells.
In a hallmark study by Song et al, protein-encased siRNA conjugated to Human
Immunodeficiency Virus (HIV) type 1 envelope antigen-binding fragments (Fab)
demonstrated target specificity to HIV envelope-expressing melanoma cells in vivo (321).

Similar strategies however are notably reliant on nonspecific electrostatic interactions between

194



the RNAIi carrier and the biomolecule, leaving them prone to aggregation events and
subsequently unpredictable pharmacokinetics (322). Majority of these RNAi delivery methods
may also be limited by off-site toxicity. For example, nanoparticles fail to extravasate from the
blood to the site of interest often end up accumulating in the liver. While recent technological
advancements have shown glimpses of accomplishing selective delivery to mitigate toxicities,
these strategies have complicated preparation procedures and are often expensive to

manufacture (320, 323).

As a simple solution to alleviate these concerns of low stability and specificity, viral
vectors represent an intriguing and naturally occurring option (324). Firstly, viruses are stable
in extracellular environments and already excel at efficiently delivering genetic material to
cellular targets. Viral vectors such as retroviruses, lentiviruses and adenoviruses have well-
characterized modes of transmission and gene transfer mechanisms, unlike the aforementioned
physical means of RNAI transfection (325). For example, adenoviruses have already been
extensively explored in cancer gene therapy, delivering genes that trigger apoptosis (e.g., pS3)
or to stimulate anti-tumor immune responses (e.g., interleukin 2) (117). Secondly, especially
in the field of cancer therapy, several virus types have natural tumor tropisms (28, 326). In the
process of attaining neoplasticity, early on cancer cells often lose immunoregulatory
mechanisms thus becoming exquisitely susceptible to viral infection. This phenomenon is the
basis of oncolytic virotherapy (76). Similar to nanoparticle-antibody conjugation, the tissue
selectivity of viral vectors can also be further accomplished through “pseudotyping”, which is
the incorporation of envelope material of other viral types to modulate its natural tissue tropism
(327) or through “retargeting”, which involves the reprogramming of viral surface-exposed

components with single chain variable fragment antibodies (scFvs) or other cell-targeting
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moieties (118). Finally, with the recent advances in the field of synthetic biology, the
production of genetically engineered viral vectors has become increasingly simple and cost-
effective, making it an attractive therapeutic option with the capacity to deliver multiple RNA1
species at once (328). In this review (summarized in Figure A1), we present viruses as optimal
vectors for RNAi therapeutics and summarize the current strategies employed to target

obstacles limiting their success in the clinic.

The versatility of viral vectors for RNAI delivery

Considerations in using viruses as RNAi delivery systems

There has undoubtedly been a recent surge in the innovative modification and application
of viral vector-based gene therapy (324). The last decade has seen significant and consistent
improvements in the engineering, delivery, and safety of viral vectors as viable RNAi delivery
tools in the clinic. Classically, the most common viral-vector gene delivery candidates have
proven to be the retroviruses [e.g., gammaretroviruses (y-retroviruses) and lentiviruses],
herpes-simplex viruses (HSV), adenoviruses (AdV) and adeno-associated viruses (AAV)
(329). These five main classes of viral vectors can be categorized into two groups according
to whether their genomes integrate into host cellular chromatin (e.g., retroviruses and
lentiviruses) or persist in the cell nucleus predominantly as extrachromosomal episomes (e.g.,
AAV, AdV, and HSV). More recently, self-replicating cytoplasm RNA viruses (e.g., Vesicular
Stomatitis Virus) have also emerged as promising candidates for gene delivery, especially
within the field of oncolytic virotherapy (330, 331). Moreover, some of these classes have

already been tested for the delivery of RNAI. Selection for their use in cancer therapy will
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depend on differences in key features, namely their efficacy, specificity, stability, and safety.
In this section, we will discuss features of the most common viral vector-based RNAi-delivery
agents; the integrating and non-integrating viral vectors, as well as introduce the emerging
class of self-replicating cytoplasmic RNA viruses as it pertains to their application as RNAi

delivery tools, both inside and outside of the field of cancer therapeutics (Table A1).

Retroviruses as integrating viruses for the delivery of RNAi

Characterized by their unique ability to efficiently integrate their viral genome into host
cells, retroviruses are a family of enveloped, positive-sense single-stranded (ss) RNA viruses
defined by the enzymatic activities of reverse transcriptase and integrase (332). While several
retroviruses have been investigated for various gene therapy applications, y-retroviruses and
lentiviruses are the most extensively studied and frequently modified for use as replication-
incompetent vectors to deliver RNAi to mammalian cells (333, 334). Their genome is largely
non-overlapping, and thus relatively amenable to manipulation while the separation of cis (i.e.,
packaging signal) and trans (i.e., gag, pol, env) elements generates a simple recombinant
retroviral system with up to 8-kb of transgene coding capacity suitable for the easy production
of replication-defective recombinant RNAi-retrovirus (332). Great advancements in the
engineering of retroviral production systems, notably the advent of self-inactivating (SIN)
vectors, have greatly increased the safety profile of these vectors as RNAi delivery tools in
vivo. Upon their activation, any subsequent spread is abolished and the induction of immune-
related responses following transduction are minimized as no viral proteins are synthetized
(335, 336). These advancements ultimately result in relatively lower immunogenicity profiles

compared to other viral platforms (337).
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Retroviruses replicate through a double-stranded (ds) DNA intermediate and integrate
their genomes stably into the host cells' DNA, a unique feature that allows for long-term
expression of RNAi molecules (332). While the y-retroviruses [e.g. Murine leukemia virus
(MLV)] are only capable of integrating their viral genome into the host cells’ genomic DNA
during the mitotic phase of the cell cycle, lentiviruses are capable of inducing stable and long-
term gene silencing in both dividing and non-dividing cells (332). As such, lentiviral vectors
serve as a more attractive option for the delivery of RNAI to the central nervous system (CNS)
where they have been shown to efficiently transduce CNS neurons and mediate RNA silencing
in the brain and spinal cord in vivo to successfully ameliorate several animal models of CNS
diseases/disorders. The first studies to use lentiviral-mediated delivery of RNAIi to pre-
clinically treat CNS disorders, employed an shRNA-based lentiviral approach to silence a
disease-causing gene (SOD1) in mouse models of familial amyotrophic lateral sclerosis (ALS).
Silencing the expression of SOD1 by lentiviral delivery of shSODI to familial ALS mice
increased motor neuron survival, improved motor performance, and successfully delayed the
onset and slowed down the progression of the disease (338). Indeed, retroviral delivery of
RNAi has also shown remarkable pre-clinical success in the treatment of several
neurodegenerative diseases and CNS disorders including but not limited to Huntington’s
disease (HD)(339), Parkinson’s disease (PD)(340, 341), Alzheimers disease (AD)(342, 343),

Prion disease (344, 345), and spinal cord injury (346).

Lentiviruses offer the potential to transduce stem cells, making them particularly
attractive tools for the delivery of RNAi to these non- or slowly proliferating and often difficult
to transduce cell types. As such, lentivirus-based RNAi delivery has become a useful tool for

the in vitro or ex vivo engineering of immune cells in the treatment of chronic viral infection.
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Hematopoetic stem cells (HSC) can be engineered to resist viral infections through
transduction with lentivirus-encoding anti-viral RNAi effector (347, 348). This approach was
first pioneered by transplanting human (CD34+) HSCs transduced with a lentivirus expressing
an anti-HIV-1 shRNA (shRNA against rev) into thymus and liver grafts in humanized severe
combined immunodeficiency disease (SCID) mice (349). These studies demonstrate that
transduced T cells and macrophages isolated from mice were shown to resist HIV-1 challenge
(349-351). Later this approach was adopted to transduce (CD34+) HSCs with single or
bispecific lentiviral constructs expressing shRNAs against the host cell factors, CCR-5 and/or
CXCR-4, which subsequently gave rise to progeny macrophages resistant to HIV-1 (352). In
non-human primates, a stable reduction of CCR-5 in progeny T cells transduced with shCCR-
5 ex vivo was observed and shRNA transgene expression was sustained for over a year in vivo
(353). RNALI has also been combined with other types of gene therapy approaches in a single
lentiviral vector (348, 354). For example, people living with HIV-1/AIDS suffering from
malignant lymphomas may undergo autologous transplantation with peripheral blood-derived
(CD34+) hematopoietic progenitor cells (HPCs) transduced with lentivirus encoding the 3-
RNA-based anti-HIV-1 moieties (Tat/Rev shRNA, TAR decoy and CCRS ribozyme) as
treatment. Importantly, it is well documented that the vector persists in multiple cell lineages
with prolonged siRNA expression, albeit at low levels, for up to 24 months (347). Using similar
approaches, lentiviral RNA1 delivery systems have been employed to express anti-viral RNAi
mediators for the treatment of many chronic viral infections, including but not limited to
encephalitogenic flavivirus (355, 356) and Coxsackie B infections (357), as well as targeting
the viral oncogenes E6 and E7 in human papillomavirus (HPV) transformed carcinomas (358,

359).
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Despite the recent successes discussed above, the in vivo application of retroviral-based
RNAI delivery so far has been largely limited to local administration (i.e. treatment of
neurological disease) or ex vivo approaches (i.e. HSC programming) due to safety and efficacy
limitations associated with systemic delivery (360, 361). The irreversible and stable nature of
retroviral integration mean that targeting recombinant retroviral particles to desired cell types
is essential for safe and effective systemic administration of retroviral-RNAi therapies.
Currently, retroviral cell-targeting cannot be accomplished using retroviral vectors
pseudotyped with the glycoprotein of Vesicular Stomatitis Virus (VSV-G) given its broad
tissue tropism through binding to the ubiquitously expressed cell-surface low-density
lipoprotein receptor (LDLR) (362, 363). Several diverse approaches have instead been used to
alter retroviral tropism and/or develop highly targeted retroviral delivery systems, including
the incorporation of heterologous attachment glycoproteins, single-chain and bi-specific
antibody adaptors, and genetic-based systems that alter glycoprotein tropism (364). While
these changes improved target cell specificity, in many cases they are also accompanied by
reduced transduction efficiency (365-367). Subsequently, developing highly targeted
retroviral delivery systems remains one of the largest obstacles for the systemic delivery and
clinical applicability of retroviral-based delivery of RNAIi in the treatment of many human

diseases including cancer.

In the context of treating human malignancies, lentiviruses do not have any natural tumor
tropism, therefore they require a targeted delivery strategy for the delivery of RNAi to tumor
cells (e.g. protease-activated Env proteins) (368—370). However, the y-retroviruses possess a
stringent requirement for cell division to achieve productive infection and preferentially

replicate in cells with defective innate immunity making them uniquely well suited for use in
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cancer therapy (371-373). By retaining all of the elements necessary for viral replication,
retroviral replicating vectors (RRVs) based on y-retroviruses (i.e., MLV) are capable of
transmitting genes via exponential in sifu amplification and are currently being pursued as
therapeutic agents for cancer (374—379). While many other virus types being investigated for
this purpose are inherently cytolytic, RRVs confer a considerable degree of natural specificity
for tumors without the immediate induction of cytolysis which can contribute to longer-lasting
therapeutic efficacy and be particularly advantageous for RNAi therapeutics (380).
Furthermore, RRV’s non-lytic replication cycle does not trigger immediate anti-viral immune
responses, allowing for sustained viral replication and therapeutic transgene expression into
the tumor microenvironment (380). These factors alongside a growing safety and drug activity
record in humans suggest that these delivery vectors could allow effective use of RNAi

strategies in human cancers; however, this potential utility has yet to materialize.

Adenovirus, Adeno-Associated Virus, and Herpes Simplex virus vectors as non-integrating

vectors for the delivery of RNAi

While integrating viruses offer the potential for stable, long-term transgene expression
though their capacity to integrate in the host cell genome, this unique feature can also pose
great genotoxic risk, and in some cases even induce oncogenesis (381, 382). Non-integrating
vectors specifically share reduced risk of genotoxicity, offering a safer profile in vivo and in
vitro. In contrast to retroviruses, their genomes exist and replicate efficiently as episomes
during infection producing high, yet transient expression of transgenes; however, expression
can still be retained for long periods in post-mitotic tissues (381). AdV, AAV, and HSV vectors
are three examples of non-integrating viruses that have been employed for RNAi delivery

(383-385). All three of these vectors are capable of transducing or infecting dividing and non-
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dividing cells, thus offering excellent potential for RNAi delivery to cells in the CNS and other

difficult to transduce cell types, such as in stem cells.

Herpesviruses are an important family of dsDNA viruses known for their elaborate and
large genome (152 kb), which encodes over 80 gene products. Several genes involved in HSV
replication, virulence, and immune evasion are non-essential for the viral life cycle in in vitro
cell cultures. These genes can be deleted or modified, alone or in combination, to create
attenuated and/or safer HSV mutants. In the context of cancer therapy, many of these mutants
present with a reduced ability to replicate in normal quiescent cells, but can grow efficiently
in tumor or dividing cells setting the stage as cancer therapeutic RNAi delivery vehicles (386,
387). Recent efforts have also been made to further modify the envelope of the HSV-1 virion
to target specific receptors that selectively increase infectivity of tumor cells bearing
corresponding receptors (388, 389). Although well exploited as an oncolytic virotherapy
platform, HSV-1 has unfortunately been less explored as an RNAi delivery vehicle compared
to the retroviruses, AdV and AAV. However; HSV amplicon vectors expressing shRNA have
been used recently to mediate posttranscriptional silencing of Epidermal Growth Factor
Receptor (EGFR), which is frequently activated in human glioblastoma cells (385) and to
inhibit the expression of BK polyomavirus (BKV) T antigen and tumorigenicity of BKV-

transformed cells in vitro (390).

Adenoviruses are nonenveloped viruses containing a dsDNA genome that provide
efficient transduction of target cells at a low multiplicity of infection (MOI) and have well-
established methods for manipulation and propagation (391). Compared to retroviruses, these
vectors have more established manufacturing capabilities (391). A recombinant AdV (rAdV)

encoding shRNA (rAdV-shAbcc2) has been employed in-vivo to target the murine ATP-
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binding cassette multidrug resistance protein 2 (4bcc?), a protein involved in the transport of
bilirubin out of liver cells and into the bile. C57/BL6 mice injected with rAdV-shAbcc2
showed significant impairment of Abcc2 function for up to 3 weeks, as reflected by high levels
of processed shRNA targeting Abcc2, specific reduction of Abcc2 mRNA, and increased serum
bilirubin levels. These results were the first of several to indicate that AdV vectors can be used
to express sufficient levels of ShARNA capable of silencing target genes in the liver of mice

(392).

In the field of cancer gene therapy, AdV has gained considerable attention due to its
selective and potent cancer-cell killing properties, amplified transgene expression, an
additional therapeutic efficacy by shedding of virus progeny. The first strategy of oncolytic
AdV armed with RNAIi involved the use of conditionally replicating AdV (CRAdV) encoding
shRNA against firefly luciferase. This proof of principle study demonstrated that siRNAs
expressed from CRAdV could suppress the expression of firefly luciferase while the efficiency
of silencing increased during viral replication (393). Zhang et al. later adopted the oncolytic
AdV-RNAI platform to achieve siRNA-mediated gene silencing that led to tumor cell death
(384). The authors engineered a novel oncolytic AdV carrying a mutant Kras siRNA transgene
(AdV-siRNA Kras) which demonstrated an additive tumor growth—inhibitory response on
human cancer cells through siRNA-mediated Kras knockdown and AdV-mediated cancer cell
lysis. In a subcutaneous mouse xenograft model of H79 pancreatic cancer, daily intratumoral
injections of AdV-siRNA Kras significantly reduced tumor growth (85.5% growth reduction)
relative to parental-AdV (47.8% growth reduction) or AdV expressing siRNA targeting GFP
(44.1% growth reduction). Tumor were characterized by marked down-regulation of Ras

signaling-related gene expression (AKT2, GSK3p, E2F2, and MAP4KS) and cell cycle

203



blockage reflecting potent siRNA Kras transgene activity (384). Since then, AdV mediated
delivery of RNAI effectors with anti-angiogenic (e.g., VEGF, IL-8) and anti-tumor properties
(e.g., Ki67, MYCN) as well as the ability to sensitize cancer cells to chemotherapeutics (e.g.,
Survivin, Akt) have been tested the treatment of breast cancers (394), bladder cancer (395),
neuroblastomas (396), prostate cancers (397), pancreatic cancers (384), lung cancers (398),
colorectal cancers (398—400), and hepatocellular carcinoma (401, 402) in the pre-clinical

setting.

Oncolytic AdV vectors undoubtedly possess the capacity to deliver RNAi species to
tumor cells for efficient gene knockdown; however, a major limitation to the clinical use of
vectors is the host immune response (403—405). Neutralizing antibodies and preexisting
immunity represent two significant barriers to repeated vector administration of AdV based
delivery of RNAIi (406). Low-level expression of viral vector genes in such settings almost
always results in the generation of immune responses directed against AdV-transduced cells
and ultimately in the loss of transgene expression. On the other hand, AAV is highly valued
for its lack of pathogenicity in multiple vertebrate species, including human and non-human
primates (407, 408). Due to their relatively low immunogenicity and their ability to mediate
persistent gene expression, AAV vectors are the most actively investigated gene therapy

vehicles, currently being tested in several human gene therapy trials (324, 329).

AAVs are a unique group of non-enveloped single stranded DNA viruses characterized
by their reliance on helper viruses (i.e., Adenoviruses) to support their propagation. In the most
commonly used recombinant AAV (rAAV) systems, all AAV protein-coding sequences are
removed to incorporate a payload that is flanked by AAVs inverted terminal repeats

(ITRs)(409). When designing vectors for gene replacement therapies, the relatively limited
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packaging capacity (~4.7kb) of AAV typically represents a disadvantage; however, this does
not apply to RNAi-based applications. Separate or combined packaging constructs containing
AAV rep and cap genes alongside adenoviral helper genes required for replication are provided
in trans to produce replication-deficient AAV virions. While in quiescent cells, AAV’s stable
transgene expression can be observed for multiple years, in rapidly dividing cells such as tumor
cells, episomal AAV is gradually diluted and in some cases even lost over the repeated rounds
of cell division. Of note, the AAV genome cannot replicate along with the host cell DNA
leading to loss of the transgene expression (381). Reports on the stability and duration of
transgene expression are variable and the exact molecular processes involved in establishing
stable gene transduction remain under investigation. As such, it is very difficult to predict with
certainty the duration of transgene expression from AAV, particularly in the case of cancers.
Nonetheless, AAV is the first RNAi-based gene therapy viral delivery system to be used in
humans in clinical settings (NCT01899092). TT-034, an AVV-based RNAi product for the
treatment of Hepatitis C virus (HCV) infection, is comprised of an AAVS8 vector carrying three
different anti-HCV shRNA that cleave the 5> UTR and two coding NS5B regions in the HCV
genome. The clinical trial data demonstrates that TT-034 is well tolerated, safe and can
effectively transduce hepatocytes and concurrently express three anti-HCV shRNAs in human
subjects infected with HCV (383). As a result of the increasing competitive landscape in HCV
treatment and the time required to get TT-034 to market, TT-034 has received limited
partnering interest preventing its clinical advancement. Despite this fact, TT-034 has provided
a great proof of concept AAV based RNAI delivery platform and has built a great foundation
for use of viral vector-based RNAIi delivery platforms, particularly AAV, in the treatment of

human disease.
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AAYV has also shown pre-clinical promise for the delivery of RNAI therapeutics to treat
cancers. For instance, silencing of the human Telomerase Reverse Transcriptase (TERT) using
an AAYV vector-based approach was shown to restore apoptosis in human oral squamous cells
both in vitro and in vivo (410). Furthermore, expression of endogenous RNAi mediators like
miRNA-7 from AAV decreased tumor growth in human glioblastoma mouse xenograft models
through downregulation of the growth-promoting EGFR pathway and upregulation of death
receptor pathways (411). AAV-based delivery of RNAI has also been employed to target the
expression of cancer-promoting miRNAs (e.g., miRNA-21). AAV can mediate stable
expression of a ShRNA targeting miRNA-21, and thus attenuate HT29 human colon carcinoma

and PC3 human prostate tumor growth in mice (412).

One of the main challenges with AAV-based cancer gene therapy is improving the AAV-
specific transduction of cancer cells. Efficient targeting of cells and tissues beyond the liver
remains a challenge for both AdV and AAV-based RNAI delivery. Systemic administration of
AdV and AAV vectors often results in liver retention, thus representing a key barrier when
other organs are the intended targets (409, 413). Fortunately, the engineering of novel AAV
capsids has been a constant pursuit to improve and expand AAV biodistribution and
transduction efficiency (409). To date, 12 different AAV serotypes have been translated into
rAAV-based delivery systems. These vectors have variable tropism due to the differential
binding of viral capsid proteins to specific cell-surface receptors. Many attempts have also
been made to increase the target specificity of rAAV vectors using natural discovery(414),
rational design (e.g., capsid/host cell biology) (415, 416), and directed evolution techniques
(e.g., error prone PCR) (417, 418) setting the stage for the future of highly targeted rAAV/AdV

RNAI delivery systems.
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Cytoplasmic RNA Viruses for the delivery of RNAi

Although less explored, self-replicating cytoplasmic RNA viruses (cRNA) represent
another valuable option for the delivery of RNAi therapeutics. Unlike retroviruses and
lentiviruses, cRNA viruses have a single-stranded RNA genome that replicates without
reliance on any DNA intermediates. As such, viral genomic sequences do not integrate into the
host cell genome and their transcription and replication are restricted to the cytoplasm.
Although many cRNA viruses have proven to have off-target toxicity, several cRNA viruses
lack toxicity or can be genetically modified to be used as safe viral vectors for therapeutic
delivery(331, 419). Moreover, many cRNA viruses possess an inherent oncolytic capacity,
making them an attractive tool for the delivery of RNAI to treat human malignancies (420,
421). Compared to integrating RNA viruses, cRNA viruses ultimately pose less of an
oncogenic risk due to the lack of viral sequence integration into the host genome. Due to their
high replicative capacity, cRNA viruses such as alphaviruses, flaviviruses, and rhabdoviruses
provide both efficient delivery and high-level expression of transgenes (331, 419). These viral
vectors are of ample use for delivering therapeutic payloads, including vaccine development

and gene therapy-based immunotherapy (331).

Historically, the restriction of cRNA virus transcription to the cytoplasm was initially
theorized to prevent the adequate processing of certain RNAI intermediates by preventing
access to canonical miRNA processing elements in the nucleus (e.g., Drosha/DGCRS).
However, cytoplasmic RNA viruses can to induce the accumulation of RNAi processing
machinery (e.g., Drosha) in the cytoplasm (422). The accumulation of Drosha in the cytoplasm
following infection with cRNA viruses expressing RNA1 species allows Drosha to act on viral

RNA in the cytoplasm to produce pre-miRNA that is subsequently processed into double-
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stranded RNAI effectors that can engage their target (330). This theory has been supported, for
example, by the discovery of several cRNA virus-derived small RNAs and a functional mature
miRNA-like structure (KUN-miR-1) expressed from the Kunjin strain of West Nile Virus
(WNVxun) (423). Another potential barrier for cRNA virus delivery of RNA1 species is that
the potential excision of RNAi precursors from the viral RNA genome can also destroy the
viral genome and thus reduce the efficiency of viral replication. However, the presence of a
functional and naturally occurring miRNA precursor element in the tick-borne encephalitis
virus (TBEV, a cytoplasmic RNA virus) genome was shown to have no measurable negative
impact on viral replication (330). To date, multiplexed high-throughput sequencing has
revealed populations of small RNAs (10-60 nucleotides long) produced in cells following
infection with six different cytoplasmic RNA viruses. While the secondary structure of these
RNAs differs from traditional miRNAs, populations of virally-produced small RNAs that exist
as duplexed siRNAs have been identified and strand-selective loading of viral siRNAs onto
Argonaute complexes observed (424). Although the structure of these small RNAs suggests
that miRNA processing may occur through alternative non-canonical pathways, these findings
demonstrate that RNAi effectors can be expressed from cRNA viruses. By developing a better
understanding of the structure and biogenesis of viral small RNAs, future work may exploit
the intrinsic nature of these species for the development of targeted RNAi delivery by cRNA

viruses.

Recent discoveries in the field of viral delivery have shown that both positive- and
negative-sense cytoplasmic RNA viruses including; TBEV , Sindbis virus (SV), and VSV
have been engineered to produce RNAi intermediates and subsequently induce post-

transcriptional gene silencing of target genes (330, 425, 426). These replicating viral vectors
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represent a safe delivery method for RNAi and a potent strategy for the induction of
transcriptional gene silencing due to their capacity to express RNAi species without integrating
viral sequences into the host genome (426, 427). Similarly, we recently employed a SV library
to perform an in-vitro screen based on virus-encoded artificial microRNAs (amiRs) targeting
~16,000 mammalian genes to identify amiRs that can confer a replicative advantage to OV
platforms. Results revealed amiRNA, termed amiR-4, targets ARID1A, a protein involved in
chromatin remodeling and an important player in mediating resistance to OV replication. An
OV backbone armed with amiR-4 enhanced OV replication and survival of tumor-bearing
xenograft and immunocompetent murine models (428). While still at early stages of pre-
clinical development, recent evidence highlights that replicating cRNA viruses can be
employed as delivery vehicles for RNAi-based gene silencing for therapeutic interventions of
various diseases, including in treatment of human cancers. More research is needed to unfold

the full potential of cRNA viruses as safe delivery vehicles for RNAi therapeutics.

Applying RNAI to cancer therapy

Viral-delivered miRNA targets for cancer therapy

Given the powerful and versatile capabilities of miRNAs as biodrugs, many academic
and pharmaceutical research groups are exploring the application of miRNA delivery via viral
vectors for the treatment of cancer. The intended application of these different therapeutic
miRNAs can be broadly classified into three modes of action: (1) induction of tumor lysis, (2)
inhibition of tumor processes, and (3) sensitization to other therapy regimens. Delivery of

RNAI effectors against these targets by non-replicating viral vectors has shown promise across
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different preclinical cancer models. While only a handful of examples will be covered herein,
a list of all recently tested viral vectors delivering RNAi payloads in vivo is included in Figure

A2.

A logical starting point for increasing cancer cell destruction would be to induce inherent
cell death programs such as apoptosis, necrosis and pyroptosis. Control of these processes is a
delicate balance between the promotion and inhibition of growth and relies on many host-cell
factors. miRNAs can influence these pathways at multiple steps, either by silencing anti-
apoptotic factors or promoting expression of pro-apoptotic effectors (429). For example, the
Bcl-2 family is a commonly targeted family of proteins that operate as guardians to the
apoptotic cascade. Delivery of miR-122, known to downregulate the expression of Bcl-2
members, by an AAV vector demonstrated markedly increased cell death in hepatocellular
carcinoma cells and increased in vivo therapeutic efficacy in human liver mouse xenograft
models (430). Similarly, miR-34a delivered by an adenovirus vector also blocked expression
of Bcl-2 in liver cancer and multiple myeloma models. In addition, miR-34a-expressing viral
vectors showed significant tumor regression in preclinical models using immunodeficient mice
(431). Other miRNAs that target apoptotic effectors and can be expressed from viral vectors
for cancer therapeutic purposes include miR-143, which targets Kras and miR-144, and thus
negatively controls the expression of the TP53-inducible glycolysis apoptosis regulator

(TIGAR) factor (432, 433).

Delivery of miRNAs by AAV to modulate key components of uncontrolled cellular
replication can also be utilized to limit cell growth. For example, in a study by Kota et al., the
authors encoded miR-26a, a cell cycle regulatory miRNA, into an AAV vector (AAV-miR-

26a)(434). Upon treatment with AAV-miR-26a, while most cells express miR-26a, liver tumor
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cells have markedly reduced levels of miR-26a and displayed reduced cell cycle control.
Indeed, using AAV-miR-26a as a replacement therapy approach, the authors found that the
systemic administration of AAV-delivered miR-26a induced G1 cell-cycle arrest by inhibiting
cyclins D2 and E2, which resulted in reduced tumor growth of a hepatocellular carcinoma
mouse model. Other targets seek to replace down-regulated tumor-suppressing miRNAs (e.g.

miR-370-3p) responsible for controlling tumorigenesis and tumor migration (435).

Finally, miRNA can be deployed to modulate processes that sensitize tumor cells to
existing chemotherapy drugs or other therapeutic modalities. Expression of a subset of
miRNAs (e.g., miR-886, 923, 944, 138) were found to correlate with both response to cisplatin
and overall improved survival in bladder cancer (436). Applying a similar proof-of-concept,
another group separately identified that miR-6077, through GLUT1 repression, lowered the
half maximal inhibitory concentration (IC50) required for anlotinib, a tyrosine kinase inhibitor,
to achieve its antitumor effect in patient-derived cell lines of lung adenocarcinoma (437).
Accordingly, this addition of novel miRNA-expressing viral appears poised as an avenue to

supplement existing current treatment regimens already in clinic.

Viral-delivered siRNA/shRNA targets for cancer therapy

Compared to miRNA, siRNA and shRNA differ by focusing on the knockdown of a
single gene target as opposed to multiple. However, like many other single-target therapeutics,
the application of siRNA and shRNA can have a profound therapeutic effect with a smaller
side effect profile if the right target is selected. Here, we present four categories of explored

RNAI targets: (a) immunosuppressive genes, (b) oncogenes, (c¢) genes promoting cell death,
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and (d) other cancer promoting molecules. A comprehensive list of virally delivered siRNAs

or shRNAs cancer therapeutics tested in pre-clinical studies can be found in Figure 2.

Targeting immunosuppressive molecules. The success of immune checkpoint inhibitors
(ICIs) has placed this therapeutic modality at the forefront of modern cancer therapy
development. By using monoclonal antibodies to inhibit immune checkpoint proteins, namely
PD-1/PD-L1 and CTLA-4, cytotoxic (CD8+) T-lymphocytes are reengaged to recognize and
kill cancer cells more efficiently (438). While many patients have successfully shown long-
term remission, a fraction of patients remain resistant to ICIs (439). This resistance is mostly
attributable to low tumor antigenicity, low infiltration of T cells in the tumor niche or an overall
poor immune response. The advantage of delivering ICI molecules using a viral vector is that
viral backbones can intrinsically induce immune activation and upregulation of the antigen
presentation machinery in the tumor microenvironment. Indeed, the combinational delivery of
immune checkpoint blockade via oncolytic viral vectors has demonstrated efficacy in various

mouse cancer models (440, 441).

Studies are already underway to incorporate into viral-based platforms RNAi effectors
targeting immune checkpoint molecules. For example, the incorporation of RNAi against PD-
L1 and CTLA-4 into a Newcastle disease oncolytic virus (NDV) has demonstrated reduced
tumor burden and improved overall survival in the poorly immunogenic B16-F10 syngeneic
melanoma mouse model (442). Deploying si/shRNA against multiple other immunotargets
such as indoleamine 2,3-Dioxygenase (IDO), interleukin-10 (IL-10) and Suppressor Of
Cytokine Signaling 1 (SOCS-1) have also demonstrated increased activation of immune cells

to stimulate a more robust anti-tumor response (306, 443, 444). Taken together, there is no
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shortage of immunosuppressive targets that can be downregulated by viral-mediated delivery

of RNAI effectors to improve anti-cancer therapeutic efficacy.

(b) Targeting oncogene addiction. Upon transformation of proto-oncogenes into
oncogenes, tumors gain many of the characteristics essential for its pathogenesis, namely
increased cell proliferation and survival. Naturally, it is hypothesized that the silencing of these
genes would reverse this effect to limit tumor growth or increase cancer sensitivity to
chemotherapy. As over 700 oncogenes have been identified to date (445), there are a plethora
of targets for viral RNAi-delivery. For example, Li, Y. et al. engineered an AAV expressing
shRNA against MYCN, a known oncogene in 25% of neuroblastoma cases. By decreasing
MYCN transcription factor levels and its downstream cell differentiation and proliferation
programs, the virally delivered shRNA was shown to significantly reduce tumor burden
through apoptosis induction in in vivo mouse xenograft neuroblastoma models (400, 446).
Additionally, knockdown of other well-established oncogenic markers by viral RNAi delivery
have shown promise in pre-clinical studies, including EGFR in head and neck cancer (447),

and the androgen receptor (AR) in prostate cancer (448).

(c) Cell death induction. Similar to the miRNA targets mentioned above, si/shRNA can
be designed to target core cell components and thus either directly inhibit tumor proliferation
and knockdown anti-apoptotic effectors to induce cell death. Among other tested targets,
adenovirus-delivered knockdown of Survivin, an established inhibitor of apoptosis, has shown
efficacy in reducing tumor burden in murine models of colorectal and pancreatic cancers (449,
450). Of similar interest, synthetic lethal gene pairs describe two unrelated mutations that do
not impact the cell on their own but when present together lead to cell death (451). In this

context, RNAi has typically been utilized preferentially as a screening tool to identify novel

213



synthetic lethal gene pairs. For example, in human acute myeloid leukemia (AML) cells, the
authors found that the silencing Bcl-2 via lentiviral-delivered shRNA in cells featuring the
isocitrate dehydrogenase 1 and 2 (IDH) R132H mutation significantly decreased their viability
(452). Exploration of delivery of these synthetic lethal pairs by viral vector represents yet
another opportunity for investigation and development of virally expressed RNAi-based

therapeutics.

(d) Other RNAi therapeutic targets. In addition to targeting specifically the cancer cells,
virus mediated- RNAi delivery has been tested to modify the tumor microenvironment and
discourage malignant growth. Multiple studies have previously demonstrated the use of viral
vectors to target genes that inhibit angiogenesis. The vascular endothelial growth factor
(VEGF) is a central signaling protein to initiate blood vessel formation and orchestrate tumor
blood supply. By delivering a VEGF-targeting shRNA using AAV, the strategy demonstrated
reduced tumor vascularization, blood vessel density, and blood vessel size. This potent anti-

angiogenic effect led to improve overall survival of glioma-bearing mice (402).

Utilizing RNAI to boost the therapeutic efficacy of oncolytic viruses

Most explored RNAi-delivering viral vectors employ viruses without replicating
potential, meaning that any therapeutic activity can almost entirely be attributed to the cellular
impact of the RNAI effector. While choosing viral vector delivery offers several advantages
over other RNAI delivery platforms, herein lies an intriguing opportunity to synergize the
effects of RNAi with the inherent killing ability of oncolytic viruses given the multitude of
platforms available, as outlined in Section 2. Indeed, several groups have already begun

exploring this strategy. A study by Rovira-Rigau ef al. screened an adenoviral library of 243
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human miRNAs in human pancreatic cancers and identified that miR-99b and miR-485
repressed multiple target genes responsible for transcriptional regulation (e.g., ELF4, MDM?2,
and KLF§), allowing for the enhanced production of adenoviral proteins (453). Subsequently,
when directly expressed by an oncolytic adenovirus, this viral enhancement was able to
overwhelm tumor cells leading to increased tumor cytotoxicity and an enhanced anti-tumor

effect in various in vivo murine cancer models.

Herpes virus simplex-1 (HSV-1) is one of the best characterized oncolytic viral platforms
and has been modified to express RNAI effectors. An oncolytic HSV-1 has been engineered to
target the apoptotic pathway and disrupt the cancer cell cycle by co-expressing siRNAs against
Bcl-2 and Survivin. This recombinant HSV-1 vector showed decreased tumor volume growth
in athymic nude mice bearing human breast adenocarcinomas (454). Through a similar
mechanism of suppressing pro-survival proteins like Bel-2 and SIRT1, expression of miR-34a
by a tumor-specific oncolytic vaccinia virus (VV-miR-34a) showed increased cytotoxicity in
multiple myeloma cells. Although the VV-delivered expression of miR-34a did not show
significant improvement in tumor regression alone, its co-administration with a vaccinia virus
armed with another apoptosis inducer, SMAC, was able to achieve significantly improved

survival of tumor bearing mice (455).

The field of oncolytic virotherapy continues to face obstacles in identifying an optimal
combination of payloads to simultaneously increase viral spread and tumor cell killing, all
while maintaining the initiation of a potent anti-tumor immune response for a durable cure.
Some conventional payloads such as granulocyte-macrophage stimulating factor (GM-CSF) to
stimulate the immune system have been used with success (26, 27); however, it is likely that

more than one payload may be required to confer curative therapeutic effects. In addition to
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cytokines and cytotoxic proteins, RNAI effectors, like the examples outlined in this section,

present as a novel class of payloads that can be explored for effective anti-cancer combinations.

Optimizing the viral-RNAIi relationship for better safety and efficacy

Safety limitations to the viral-RNAi approach

As with any therapeutic strategy, concerns pertaining to safety and efficacy must be
addressed before the therapy is able to move into clinical trials. The delivery of RNAi effectors
using viral vectors alleviates many inherent concerns of using RNAI therapeutics including
extracellular stability, tissue selectivity, and cellular uptake (456). Despite these advantages,
several more breakthroughs are still required to increase the viability of viral-mediated RNA1
delivery in cancer therapy. Starting with safety, excess accumulation leading to toxicity
remains a concern following systemic delivery, especially in the liver. AAV-mediated in vivo
delivery of high quantities of various shRNA were found to induce hepatotoxicity and, in some
cases, death within two months of treatment (457). This occurs when the amount of
exogenously delivered RNAi overwhelms the cell’s processing ability, resulting in cytotoxicity
(458). Moreover, dose-dependent side effects can also arise at the administration site in
response to the virus (17); therefore, a delicate balance is required between reducing toxic side
effects and maintaining good gene knockdown efficacy. As in the case of integrating viruses,
the capacity for genome integration of lentivirus and retrovirus vectors into healthy host cells
have been demonstrated to lead to side-effects of leukoproliferation and malignancy (459,
460). Finally, with any replication-competent, unintended infection of healthy cells could

cause necrosis of physiologically vital tissue (e.g., liver toxicity) and downstream adverse
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events (28). Fortunately, several innovative strategies exist to optimise the viral-RNAi
relationship to improve RNAi processing and tissue selectivity to improve safety profiles of

these biotherapeutics.

Strategies to increase tissue selectivity

Strategies that maintain this goldilocks level of RNAi expression over a prolonged period
of time has been explored by rationally selecting the “type” of promoter that drives the specific
RNAI effector expression. In viral vectors, RNAi effectors are typically expressed under RNA
polymerase III promoters, such as H1 or U6 promoters given their simple structure and well-
understood features (461—463). In some contexts where expression is suboptimal, promoters
with greater activity like the cytomegalovirus (CMV) promoter can be considered (464, 465).
Additionally, these promoters can be swapped for tissue-selective promoters and thus increase
on-target effects. For instance, the use of a liver-specific RNA polymerase II type promoter
(ApoE/hAAT) for AAV-mediated delivery of shRNA in vivo showed decreased long-term
hepatotoxicity and limited shRNA detection in other tissues (e.g. spleen, heart), even at very
high doses, compared to the U6 promoter (466). Similar results were obtained from lentiviral-
delivered RNAI using a neuron-specific polymerase II enolase promoter (NSE), which limited
long-term brain tissue toxicity compared to a conventional CMV promoter in in vivo murine
models (467). It is worthwhile to discuss that this obstacle may potentially be completely
bypassed by the selection of tumor-selective oncolytic viruses with inherent tumor tropism,
offering the benefit of less viral backbone modification (468). However, given that some
oncolytic viruses rely on targets of apoptosis, rapid transcription, and rapid translation for

selectivity, there still may be cell populations with rapid cell tumor where oncolytic virus
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infection may be undesirable (469). As such, integration of tumor-specific promoters in these

vectors may still be worth investigation as a redundant mechanism for safety.

Another potential strategy for selective targeting employs miRNA response elements
(MREs), which are short target sequences typically found on mRNAs that are recognized by
specific miRNA species. Superior complementarity pairing between MRE and mRNA leads
to a greater likelihood of mRNA cleavage (470). Given that many miRNAs have their
expression restricted to specific tissues or even particular cell types (471), MREs can be
incorporated into the viral vector to reduce its expression in specific tissues or cells (472, 473).
For example, let-7 is a family of miRNA that operates as tumor suppressors and are
subsequently downregulated in tumor cells. Indeed, in a study by Edge ef al., infection of
normal cells with an oncolytic VSV encoding let-7a MREs into the VSV-M gene showed
repressed VSV infection in normal GM38 fibroblasts cells, but unaffected activity in lung
A549 carcinoma cells, which express minimal let-7a levels. The let-7a engineered VSV
platform did not cause weight loss in mice, and its antitumor activity was maintained at a
comparable level to control VSV in a murine model of colon carcinoma (474). Modifications
in MRE quantity, insertion location, or combinations of different MREs are continued avenues

of investigation to ensure enhanced targeting efficacy of the viral vector (475).

Strategies targeting rate of RNAi processing

To successfully knockdown a gene product via RNAI, intensive cooperation of many
different cellular components is required. As a quick overview, the introduced RNAI effector
is loaded into the RNA-induced silencing complex (RISC) and is used as a guide to identify

the target mRNA strand for silencing. Recognition of the respective complementary mRNA
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triggers endonucleolytic cleavage by the slicer argonaute-2 (AGO2) to decrease availability of
the mRNA transcript for subsequent protein translation (476). Given that the combined kinetics
of RISC mRNA recognition and AGO2-mediated RNA degradation is finite, this represents
the rate-limiting steps to viral-delivered RNAI efficacy when overwhelmed with exogenous
RNAI effectors. In miRNA and shRNA processing, the Dicer enzyme (ribonuclease III) also
comes into play to generate the RISC-compatible siRNA for downstream silencing and limits
RNAI efficacy (476). Unengaged intracellular RNAi effectors then proceed to compromise cell
viability through outcompeting physiological miRNA required for normal cell function for
RISC-processing, or the accidental generation of off-target siRNA against vital cellular

proteins.

Given these limitations in the physiological processing rate of RNAI1 effectors, strategies
targeted at modifying these protein components can be considered to improve the safety and
efficacy of delivered RNAi. The first option involves artificially increasing AGO2 expression
to increase processing capacity. Co-expression of AGO2 along with RNAi effectors in the viral
vector have been demonstrated to achieve greater knockdown efficacy without the same
hepatotoxic effects. The knockdown was observed for five months after viral administration

without any increase in circulating liver damage markers (477).

To counteract these excessive RNAi species, the cell uses two major transport
karyopherins, exportin-5/XPO5 and exportin-1/CRM]1, to reduce levels of RNAI. In theory, by
overexpressing these shuttle proteins, the capacity to nuclear export excess siRNA is increased
to subsequently decrease any toxicity caused by oversaturation. XPOS5 is of particular interest
given its use in both sShRNA and miRNA export mechanisms. Pioneering studies showed the

promise of this approach by demonstrating improved shRNA silencing efficacy in cell lines

219



stably overexpressing XPOS5 (478). However, while delivery of XPOS5 overexpression along
with the desired shRNA via AAV was found to double the duration of gene silencing in mouse
models, its introduction also paradoxically increased mortality (479). The authors
hypothesized that the increase in XPOS5 precipitated the saturation of another downstream
player, AGO2, which could lead to hepatotoxicity. Indeed, RNAi efficacy was found to be best
when both XPO5 and AGO2 were co-overexpressed in the same viral vector (479). Thus, the
combination of AGO2 and XPOS5 remains a potential option to increase RNAI efficacy that

warrants further investigation.

Prior to entering the RISC complex for AGO2-mediated splicing, double stranded RNA
species, such as pre-miRNA, must undergo pre-processing by the Dicer complex to generate
functional siRNAs. Within this processing step, two potential actionable approaches to
increase RNAI efficacy could be implemented. The first is to bypass this rate-determining step
altogether through “intelligent shRNA design”. A study by Liu et al. introduces the concept of
“agoshRNA”, which describes the design of smaller siRNA with small loop sizes that can
shunt its processing away from Dicer and become more reliant on the AGO2 endonuclease
activity (480). Given its Dicer-independent miRNA processing, not only is RNA1 processing
efficacy expected to increase, but this approach could lead to a reduction in the levels of
antisense RNA species available for off-target toxicity. While delivery of agoshRNA via viral
vectors has not yet been explored, consideration of agoshRNA design over conventional
shRNA could represent a simple strategy to improve the safety profile of viral vectors

delivering RNAI.

RNAi suppression strategies to increase efficacy
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As miRNAs function as primary regulatory agents, it does not come as a surprise that the
inverse, which is the suppression of RNAI effectors, can also be used to increase the anti-
cancer therapeutic efficacy of viral vectors. The competitive endogenous RNA (ceRNA)
hypothesis suggests a potential regulatory network between mRNAs, miRNAs, and a set of
long non-coding RNAs (IncRNAs) which contain miRNA binding sites and can sequester them
(481). This hypothesis propelled effort to use this concept to create more effective “miRNA
sponge” strategies utilizing artificial IncRNAs. By delivering an artificial IncRNA designed to
“sponge out” different known oncogenic miRNAs via oncolytic adenovirus, the resulting
biotherapeutics were able to increase targeted endogenous mRNAs and significantly greater
anti-tumor activity in in vivo models of hepatocellular carcinoma and diffuse large B-cell
lymphoma (482, 483). Furthermore, viral delivery of the recently discovered circular IncRNA
(circRNAs), which feature greater stability due to resistance against endonucleolytic cleavage
for more efficacious miRNA scavenging ability (484), represents yet another promising option

for exploration.

Plants, fungi and invertebrates naturally rely on RNAi to combat RNA and DNA virus
infections (485, 486). To counteract this RNAi-mediated antiviral response, many viruses that
infect these eukaryotic hosts have evolved virus-encoded suppressors of RNAi (VSRs)(487).
One such virus is the Nodamura virus (NoV), which primarily infects insects but is also highly
virulent to certain mammals like suckling mice and hamsters (488, 489). NoV encodes a VSR
known as B2, which binds double-stranded RNA and inhibits processing by Dicer to prevent
the production of antiviral siRNAs (490, 491). Similarly, Influenza A (IAV) encodes the NS1
protein (492, 493), Ebola encodes VP35 (494, 495), HIV-1 encodes Tat (496, 497), Vaccinia

virus encodes VP55(498), and Encephalomyocarditis virus (EMCV) encodes 3A (499).
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Artificial incorporation of VSRs represents a related opportunity to increase production of their
oncolytic virus carriers, thereby increasing oncolytic efficacy. Indeed, several groups,
including ours, have demonstrated that expression of VSRs such as B2 or VP55 in VSV (500)
or P19 (another plant virus RNAi inhibitor) in adenovirus (501), increases oncolytic virus
production and tumor lytic efficacy. In the context of RNAi-expressing viral vectors, we need
to acknowledge in future designs that RNAi can attack viral genomes and thus compromise

the efficacy of these vectors as therapeutics and vectors to express payloads.

A. 3 Conclusion

Viral vector delivery of RNAI effectors has been successfully used for other therapeutic
applications as a powerful tool to knockdown specific genes of interest; however, while
exploration of its application for cancer therapy is underway, its clinical application remains
limited. The intrigue in its continued exploration lies in the vast opportunity of combinations
between different viral vector options, each with unique advantages and disadvantages, with
different RNAI effectors. In this review, we outline each of options of viral vectors and tested
therapeutic targets to date. Moreover, we also offer innovative strategies that could potentially
help overcome challenges faced by this therapeutic class such as modifying RNAi processing
or exploitation of newer RNAI species (e.g., IncRNA, agoshRNA). Future directions for this
field will continue to focus on identifying an optimal combination of virus and RNAI effectors
that meet standards of therapeutic efficacy while retaining safety. Herein, we outline many
options available, but a systematic approach to testing these combinations is reasonable for

identifying candidates suitable for each clinical application. Nonetheless, from these multitude
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of avenues, we immediately foresee expanding RNAI delivery to replication-competent viral
vectors with inherent tumor lytic abilities to have the potential for great synergy, and thus,
potent therapeutic efficacy. The main limitations to this approach include the natural
production of neutralizing antibodies against the virus, inhibiting both its oncolytic and
knockdown capacity, as well as sufficient bioavailability of the virus at the tumor site (28,
468). Strategies looking to overcome these obstacles in the form of optimal, context-dependent
viral platform selection or combinational therapies with pharmacological compounds (“viral
enhancers”) are under investigation (86, 502). Nonetheless, given the multitude of options and
strategies for researchers to bioengineer a breakthrough in viral vector delivery of RNAi for

the treatment of cancer, it is not a matter of whether we will succeed, but when.
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Figure Al. Viruses as optimal vectors for RNA interference delivery. A graphical depiction of the
major sections of the review. The selection of different viral vectors is first outlined, which can broadly
be divided into replication incompetent vs. competent vectors. Classification of RNA interference

targest with anti-cancer effects are then summarized. Finally, strategies to optimize the safety and

efficacy of these RNA interference expressing viral vectors is explored.
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Figure A2. The therapeutic potential of RNAi-species and their link to cancer therapy. (Left) The
delivery of microRNA by viral vectors can be divided into three major mechanisms of action: cell death
induction / direct tumor lysis, cellular process blockade, and drug sensitivity, each aiming to induce
greater cell death and discourage neoplastic growth in the infected tumor cells. The endogenous and
multi-targeting nature of microRNA give delivery of this RNAi species tremendous versatility in cancer
therapy. (Right) The delivery of shRNA/siRNA by viral vectors can be divided into four major
mechanisms of action: immunomodulation, oncogene silencing, tumor proliferation and viability, and
other inhibitory functions. If the correct gene is chosen, the strength of single gene knockdown by
shRNA/siRNA can also confer profound anti-neoplastic activity in infected cancer cells. All targets
listed have been experimentally demonstrated to confer therapeutic advantage in vivo over their

respective unarmed virus controls.
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Appendix B. Chapter 2 Supplemental Information

Table S2.1: Key Resources Table

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Phosphorylated STAT1 (Tyr701), Cell Signaling Technology 7649
rabbit

STAT]I, rabbit Cell Signaling Technology 9172
Phosphorylated STAT2 (Tyr690), Cell Signaling Technology 88410
rabbit

STAT?2, rabbit Cell Signaling Technology 72604
Phosphorylated EGFR (Tyr1068), Cell Signaling Technology 2234
rabbit

EGFR, rabbit Cell Signaling Technology 4267
Phosphorylated NF-«xB/p65 Cell Signaling Technology 3033
(Ser536), rabbit

NF-xB/p65, rabbit Cell Signaling Technology 8242
IkB-a (Amino-terminal antigen), Cell Signaling Technology 4814
mouse

Lamin B, rabbit Cell Signaling Technology 12586
a-tubulin, mouse Santa Cruz sc-8035
B-actin, rabbit Cell Signaling Technology 4970
hFAB™ Rhodamine Anti-Actin Bio-Rad 12004163
hFAB™ Rhodamine Anti-GAPDH Bio-Rad 12004168
Anti-rabbit  HRP  Secondary New England Biolabs 7074
Antibody

Anti-rabbit IgG (H+L) Alexa Cell Signaling Technology 44138
Fluor® 555

Bacterial and virus strains

VSVAS51-Green fluorescent protein Dr. Jean-Simon Diallo

(GFP)

VSVAS1AG-GFP Dr. Jean-Simon Diallo

VSVASI1-Firefly luciferase (FLuc) Dr. Jean-Simon Diallo

Measles virus, Schwartz strain - Dr. Guy Ungerechts

GFP

Chemicals, peptides, and recombinant proteins

Gefitinib BioVision 1589
Erlotinib BioVision 2048
U0126 Sigma-Aldrich 662005
IMD-0354 Sigma-Aldrich 13159
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SC-514 Sigma-Aldrich SMLO0557

Human EGF R&D Systems 236-EG

Human EGFR (cetuximab) InvivoGen hegfr-mabl

antibody

Human IFNf PBL Assay Science 11415-1

Critical commercial assays

Human CXCL10/IP-10 DuoSet R&D Systems DY266

Assay kit

Deposited Data

All uncropped Western blot images Mendeley Data doi:10.17632/

and raw data zzpvtnmdw?7.
1

Experimental models: Cell lines

786-0, human renal cell carcinoma ATCC CRL-1932

CT26WT, murine colon carcinoma ATCC CRL-2638

Vero, African green monkey renal ATCC CRL-81

cells

TC-1, murine lung carcinoma

Dr. Guy Ungerechts

Experimental models: Organisms/strains

Female Balb/c mice

Charles River Laboratories

Oligonucleotides

Please see supplementary table S2
for oligonucleotides

Thermo Scientific

Software and algorithms

Prism 9.0

GraphPad

Table S2.2: List of primers used in this study.

Model |Gene Forward primer (5’ to 3°) Reverse primer (5’ to 3°)

VSV M ATACTCAGATGTGGCAGCCG GATCTGCCAATACCGCTG
N CATGTCACTGCAAGGCCTAAGA ggCAGTATCGTGAATTCG

Human |STATI ATGGCAGTCTGGCGGCTGAATT égEE:CCAGGCTGGCAC
STAT2 CAGGTCACAGAGTTGCTACAGC (IIACI}ACEI?CC}}AACTTGCTGCCAG
GAPDH |ACAGTCAGCCGCATCTTCTT (g%l;{AAAGCAGCCCTGG
IFNB CATTACCTGAAGGCCAAGGA ggéCATCTGCTGGTTGAA

GA
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IL-1b CCACAGACCTTCCAGGAGAATG |GTGCAGTTCAGTGATCGT
ACAGG
TNF-a GCTGCACTTTGGAGTGATCG GAGGGTTTGCTACAACAT
GGG
CCL5 GCAGTCGTCCACAGGTCAAG TCTTCTCTGGGTTGGCAC
AC
IL-6 ACCCCCAATAAATATAGGACTG |GAAGGCGCTTGTGGAGA
GA AGG
CXCL9 AGTGCAAGGAACCCCAGTAG AGGGCTTGGGGCAAATT
GTT
CXCL10 |CTGAGCCTACAGCAGAGGAAC AGGTACTCCTTGAATGCC
ACTT
MX2 GAACGTGCAGCGAGCTTGTC AAGGCTTGTGGGCCTTAG
AC
IFITM1 CCGTGAAGTCTAGGGACAGG GGTAGACTGTCACAGAG
CCG
Mouse |GAPDH CATCACTGCCACCCAGAAGACTG |ATGCCAGTGAGCTTCCCG
TTCAG
CXCL9 CAGTGTGGAGTTCGAGGAACC TTTGTTGCAATTGGGGCT
TGG
CXCL10 |ATCATCCCTGCGAGCCTATCCT GACCTTTTTTGGCTAAAC

GCTTTC
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Viability > 50%
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Log-Fold-change viral titer over VSVAS1 plate control

Figure S2.1: Scatter plot of reverse kinase screen viability. 786-0 cells were pre-treated with
a drug library of kinase inhibitors (IuM) and vanadate (125uM) for four hours and
subsequently infected with VSVAS1-FLuc at a MOI of 0.1. Vanadate controls are shown in

blue. 48 hours post infection (hpi), the metabolic activity (surrogate for viability) was measured
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using resazurin (Alamar blue) assay. Values were blank-controlled then normalized against
infected, untreated 786-0 (mock-infected) controls. An unpaired t-test assuming unequal

variances was performed, the y-axis represents the calculated —Logio(P-value) (n=2-3).

Figure S2.2: Scatter plot of reverse kinase screen vial titer. 48 hours post infection (hpi), the
viral titer was determined using high-throughput virus assay. Values were normalized against
infected, untreated 786-0 (mock-infected) controls. An unpaired t-test assuming unequal

variances was performed, the y-axis represents the calculated —Logio(P-value) (n=2-3).
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Figure S2.3: pEGFR:EGFR and pERK 1/2:ERK1/2 volume densitometry ratios corresponding

to Figure 1D (n=3, mean + SD).

Figure S2.4: Human 786-0 renal carcinoma cells were treated pre-treated with or without

vanadate (150 uM) and varying concentrations of UO126 (0 — 100uM) as indicated for four
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hours. Cells were then treated with 10ng/mL EGF for 10 minutes and lysates were probed by

western blot for phosphorylated ERK1/2, total ERK1/2 and B-actin.

Figure S2.5: Human 786-0 cells were pretreated + vanadate (150uM) + gefitinib (10uM) for
4 hours, then consequently infected with VSVAS51-GFP (MOI 0.01). Phase and fluorescence

images were taken 24 hours post infection (hpi); scale bar = 1000um.

Figure S2.6: Count of GFP foci were obtained from Figure 2B and plotted relative to the

vanadate + VSVASI condition without kinase inhibitor (n=2, mean + SEM).

Figure S2.7: Human 786-0 cells were pretreated + vanadate (150uM) + UO126 (0 — 100uM)
for 4 hours, then consequently infected with VSVA51-GFP (MOI 0.01). Supernatants were
collected 24hpi and titered by viral plaque assay (n=3, mean + SD; *P<0.05, “P<0.0001; one-
way ANOVA compared to the infected VSVAS1 + vanadate only condition as indicated by the

filled bar).
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Figure S2.8: Human renal 786-0 cancer cells were simultaneously treated with varying
concentrations of gefitinib or UO126 (0 - 100 pM) and vanadate (150 uM). Four hours later,
cells were infected with measles virus expressing GFP (MOI 0.3). Representative fluorescent

images were taken 24 hours post infection (hpi).

Figure S2.9: Cell viability was measured by Alamar blue assay and compared relative to the
vanadate + VSVASI1 condition without kinase inhibitor (n=2, mean = SEM). Dotted line

represents 75% viability.
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Figure S2.10: Volume densitometry of pSTATI and pSTAT?2 levels from Figure 3A (n=3,

mean + SD).

Figure S2.11: Representative immunofluorescence images corresponding to Figure 3D. Scale

bar = 50um.
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Figure S2.12: Table listing STAT1 and NF-«B transcription factors from the TFactS in silico
analysis: Pval is P-value, Eval is E-value, 1 is the number of genes common between TF target
genes and the query list, #TG is number of target genes for the corresponding TF and RC(%)
is random control percentage which is a non-parametric control of false positives. Refer to

published paper for more details on these parameters [29].

Figure S2.13: Heatmap of genes downstream to STAT]I transcription factor on 786-0 cells

treated &+ vanadate (150uM) and £VSVAS1 infection (MOI 0.01).

Figure S2.14: Heatmap of genes downstream to NF-kB transcription factor on 786-0 cells

treated &+ vanadate (150uM) and £VSVAS1 infection (MOI 0.01).

Figure S2.15: Count of GFP foci were obtained from Figure 4B and plotted relative to the

vanadate + VSVASI condition without kinase inhibitor (n=2, mean + SEM).

Figure S2.16: Volume densitometry of [kB-a levels from Figure 4E (n=3, mean + SD, *P<0.05

by one-way ANOVA).
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Figure S2.17: Mouse CT26WT colon carcinoma cells were pretreated = vanadate (150uM)

Vanadate + VSV

for 4 hours + gefitinib (10uM) at -4, 0.5, 1, 2, 4 and 16 hours post infection (hpi), then

consequently infected with VSVAS51-GFP (MOI 0.01). Representative images are shown.

Figure S2.18: Supernatant from Figure S16 was collected 24hpi and titered by plaque assay

(n=3, mean + SD; ****P<(.0001 by one-way ANOVA).

Figure S2.19: Ex vivo mouse CT26W'T tumors implanted subcutaneously in Balb/c mice
were pretreated + vanadate (150uM) £ UO126 (20uM) for 4 hours, then consequently
infected with VSVAS51-GFP (3e4 pfu/core). Representative fluorescence images were taken

24 hours post infection. Scale bar = 1000 pm.
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Appendix C. Chapter 3 Supplemental Information

SUPPLEMENTARY TABLES

Table S3.1: Key Resources Table

REAGENT or RESOURCE  SOURCE | IDENTIFIER
Antibodies
Acid Phosphatase 2 Polyclonal Antibody Thermo Scientific PAS5-29961
hFAB™ Rhodamine Anti-Actin Bio-Rad 12004163
Anti-rabbit HRP Secondary Antibody New England 7074
Biolabs
Bacterial and virus strains
VSVA51-Green fluorescent protein (GFP) Dr. Jean-Simon
Diallo
VSVAS51-Firefly luciferase (FLuc) Dr. Jean-Simon
Diallo

Chemicals, peptides, and recombinant proteins

Critical commercial assays

Deposited Data

All uncropped Western blot images and raw data Mendeley Data doi:10.17632/zzpvt
nmdw7.1

Experimental models: Cell lines

786-0, human renal cell carcinoma ATCC RRID:
CVCL 1051

A549, human lung carcinoma ATCC RRID:CVCL 002
3

HT1080, human fibrosarcoma ATCC RRID:CVCL_L89
8

MCF7, human breast carcinoma ATCC RRID:CVCL_003
1

Oligonucleotides

Please see supplementary table S2 for Thermo Scientific

oligonucleotides

Software and algorithms

Prism 9.0 ‘ GraphPad ‘

Table S3.2: List of primers used in this study.
Model | Gene Forward primer (5’ to 3°) Reverse primer (5’ to 3°)
VSV M ATACTCAGATGTGGCAGCCG | GATCTGCCAATACCGCTGGA
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Human | ACP2 TCCATTGGTCTTCTGTCACCC | AGACCATCCACCTCCACTTC
G TC
GAPDH ACAGTCAGCCGCATCTTCTT | GTTAAAAGCAGCCCTGGTGA
IFN CATTACCTGAAGGCCAAGGA | CAGCATCTGCTGGTTGAAGA
MX2 GAACGTGCAGCGAGCTTGTC | AAGGCTTGTGGGCCTTAGAC
IFITM1 CCGTGAAGTCTAGGGACAG | GGTAGACTGTCACAGAGCCG
G
siRNA | ACP2 CAGACUUUGACCGGACUCU | AGAGUCCGGUCAAAGUCUG
UuU Uu
miRNA | miR-30 AACAGACTTTGACCGGACTC | Generic poly-A  tail primer
ACP2 TC (Agilent)
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Fig S3.1. Plate map for the siPP high-throughput screen performed in Fig 1.

Fig S3.2. Volcano plot of viability decrease and significance from siPP screen.

Fig S3.3. Fold-change expression of genes related to the “type 1 interferon” gene ontology

term were plotted from Fig 3.

Fig S3.4. A heatmap of the fold-change expression of gene related to the "RIG-I like receptor

signaling pathway” GO term was plotted from Fig 3.

Fig S3.5. 786-0 cells infected with VSVASI-NTC or VSVAS51-shACP2 with indicated
multiplicity of infection (MOI). Cell viability was measured using resazurin metabolic dye 48

hours post infection (hpi) (n=3, mean £+ SD; ****P<(0.0001 by two-way ANOVA).
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Appendix D. Chapter 4 Supplemental Information

SUPPLEMENTAL TABLES

Supplemental Table S4.1: Resources Table

REAGENT or RESOURCE

| SOURCE

| IDENTIFIER

Antibodies

NEDDS (19E3), rabbit

Cell Signaling Technology

RRID:AB_659972

Caspase-3, rabbit

Cell Signaling Technology

RRID:AB 2070042

PARP, rabbit

Cell Signaling Technology

RRID:AB_2160739

Phosphorylated STAT1 (Tyr701), rabbit

Cell Signaling Technology

RRID:AB 10950970

STATI, rabbit

Cell Signaling Technology

RRID:AB 2198300

Phosphorylated STAT2 (Tyr690), rabbit

Cell Signaling Technology

RRID:AB_2800123

STAT?2, rabbit

Cell Signaling Technology

RRID:AB 2799824

IRF-9 (D2T8M), rabbit

Cell Signaling Technology

RRID:AB_2799885

Phosphorylated ~ NF-«B/p65
rabbit

(Ser536),

Cell Signaling Technology

RRID:AB_ 331284

NF-kB/p65, rabbit

Cell Signaling Technology

RRID:AB 10859369

IkB-a (Amino Terminal), mouse

Cell Signaling Technology

RRID:AB_390781

NAE1/APPBPI (D9I4Z), rabbit

Cell Signaling Technology

RRID:AB 2798448

Lamin B1, rabbit

Cell Signaling Technology

RRID:AB 2650517

a-tubulin, mouse

Santa Cruz

RRID:AB 628408

VSV, rabbit

Gift from Dr. Earl Brown

hFAB™ Rhodamine Anti-Actin

Bio-Rad

RRID:AB 2861334

Anti-rabbit HRP Secondary Antibody, goat

New England Biolabs

RRID:AB 2099233

Anti-mouse IgG, HRP-linked antibody,
goat

Cell Signaling Technology

RRID:AB_330924

Anti-rabbit IgG (H+L) Alexa Fluor® 555,
goat

Cell Signaling Technology

RRID:AB 10694110

Armenian Hamster Anti-CD3e Monoclonal | BD Pharmingen RRID:AB 394595
Antibody, FITC Conjugated

Rat  Anti-Mouse CD4  Monoclonal | BD Pharmingen RRID:AB 1645271
Antibody, V450 Conjugated

Rat monoclonal Anti-CD8a Monoclonal | BD Pharmingen RRID:AB 11152075
Antibody

Armenian Hamster Anti-mouse CD69 | BD Pharmingen RRID:AB 2738120

BV605 Monoclonal Antibody

HSV-1 N212 - GFP

Dr. Karen Mossman

Vaccinia virus, Wyeth strain - GFP

Dr. Andrea McCart

Chemicals, peptides, and recombinant protei

ns

Pevonedistat (MLN4924)

Cedarlane Labs

A11260

Human TNF-alpha

Cedarlane Labs

210-TA-020
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Human IFN-beta PBL Assay Science 11415-1

Human IFN-alpha PBL Assay Science 11200-1

Poly I:.C Invivogen tlrl-pic
Z-VAD-FMK Promega G7231

Human TNF-alpha neutralizing antibody R&D Systems MAB210-SP
Critical commercial assays

Caspase-Glo® 8 Assay System Promega G8201

Lumit™ HMGBI1 Human/Mouse | Promega W6110
Immunoassay

Human IFN Beta ELISA Kit PBL Assay Science 41410

Deposited Data

All uncropped Western blot images and raw | Mendeley Data doi:10.17632/2fnzs3j
data pgé.1

Experimental models: Cell lines

786-0, human renal cell adenocarcinoma ATCC RRID: CVCL 1051
Vero, African green monkey renal | ATCC RRID: CVCL 0059
epithelial

76-9, human rhabdomyosarcoma

Dr. Robert Korneluk

A549, human lung carcinoma

ATCC

RRID:CVCL 0023

MCEF7, human breast adenocarcinoma ATCC RRID:CVCL 0031
HeLa, human cervical adenocarcinoma ATCC RRID:CVCL 0030
HT1080, human fibrosarcoma Dr. John Bell RRID:CVCL L1898
HT29, human colorectal adenocarcinoma ATCC RRID: CVCL 0320

THP-1, human acute monocytic leukemia

Dr. William Stanford

RRID:CVCL IR08

JIMT1, human breast adenocarcinoma

ATCC

RRID: CVCL 2077

SKOV3, human ovarian adenocarcinoma

Dr. Barbara Vanderhyden

RRID: CVCL 0532

4T1, mouse breast carcinoma

ATCC

RRID:CVCL 0125

B16F10, mouse melanoma

ATCC

RRID:CVCL 0159

CT26WT, mouse colon carcinoma

ATCC

RRID:CVCL 7256

CT2A, mouse glioma

Dr. John Bell

RRID:CVCL ZJ44

DBT, mouse astrocytoma

Dr. John Bell

RRID:CVCL _4W75

ID8, mouse ovarian

Dr. Barbara Vanderhyden

RRID:CVCL 1U14

L1210, mouse leukemia

Dr. William Stanford

RRID:CVCL 0382

PANO2, mouse pancreatic ductal | ATCC RRID:CVCL_ D627
adenocarcinoma

S-180, mouse sarcoma ATCC RRID:CVCL 2874
D17, canine osteosarcoma ATCC RRID:CVCL 1916

Experimental models: Organisms/strains

Female 6-week-old Balb/c mice

Charles River Laboratories

RRID:IMSR APB:47
90

Oligonucleotides

Please see supplemental table S1 for
oligonucleotides

Thermo Scientific

Software and algorithms

Prism 9

| GraphPad

| RRID:SCR_002798
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\ Imagel

\ Imagel

| RRID:SCR_003070

Supplemental Table S4.2: List of primers used in this study.

Model | Gene Forward primer (5’ to 3”) Reverse primer (5” to 3°)
VSV M ATACTCAGATGTGGCAGCCG | GATCTGCCAATACCGCTGGA
N GATAGTACCGGAGGATTGAC | TCAAACCATCCGAGCCATTC
G
Human | STATI1 ATGGCAGTCTGGCGGCTGAA | CCAAACCAGGCTGGCACAAT
TT TG
STAT2 CAGGTCACAGAGTTGCTACA | CGGTGAACTTGCTGCCAGTC
GC TT
GAPDH ACAGTCAGCCGCATCTTCTT | GTTAAAAGCAGCCCTGGTGA
IFN-B CATTACCTGAAGGCCAAGGA | CAGCATCTGCTGGTTGAAGA
IL-1B CCACAGACCTTCCAGGAGAA | GTGCAGTTCAGTGATCGTAC
TG AGG
TNF-a GCTGCACTTTGGAGTGATCG | GAGGGTTTGCTACAACATGG
G
CCL5 GCAGTCGTCCACAGGTCAAG | TCTTCTCTGGGTTGGCACAC
IL-6 ACCCCCAATAAATATAGGAC | GAAGGCGCTTGTGGAGAAG
TGGA G
IFITM1 CCGTGAAGTCTAGGGACAG | GGTAGACTGTCACAGAGCCG
G
IRF7 GCAAGGTGTACTGGGAGCG | GATGGTATAGCGTGGGGAG
C
IRF9 TTCTTCAAGGCCTGGGCAAT | CCTGGTGGCAGCAACTGATA
NEDDS CGCTGACCGGAAAGGAGAT | CAGAGCCAACACCAGGTGA
T A
UBA3 AATCTCCAGCCATCACAGCC | GTGACATCAGCAACCGCCAG
AC TT
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Fig. S4.1. Pevonedistat confers viral sensitization across multiple concentrations and

timepoints. (A) Fluorescent images corresponding to Fig. 4.1D. (B) 786-0 renal carcinoma

cells were treated with pevonedistat (1uM) at indicated timepoints prior to or after infection
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with VSVAS51 (MOI 0.01). Viral titers were measured 24 hours post infection (hpi) by plaque
assay (n=3, ****P<0.0001 by two-way ANOVA compared to the VSVAS51 only condition).
(C) 786-0 cells were pre-treated with pevonedistat (1uM) for 4 hours, then infected with HSV-
1 (MOI0.01) or vaccinia, Wyeth strain (MOI 0.01). Viral titers were measured by plaque assay
24hpi (n=3, ***P<0.001, ****P<0.0001 by Student two-tailed t-test). (D) 786-0 cells were
pre-treated with a variety of concentrations for 4 hours, then infected with wild type VSV-
FLuc (MOI 0.01). Viral titer was expressed relative to untreated controls (n=3). (E) 786-0 cells
were treated with a concentration range (130nM - 1mM) of multiple viral-enhancing
compounds (dimethyl fumarate, pevonedistat, sodium orthovanadate, VSel-28) for 4 hours,
then infected with VSVAS51-GFP (MOI 0.01). GFP foci were quantified 24hpi and plotted

(n=2).
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Fig. S4.2. Pevonedistat sensitizes different tumor models to VSVAS51. (A) Indicated cell types

were pre-treated with pevonedistat (1uM) for 4 hours, then infected with VSVAS51-GFP (MOI
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0.01). Fluorescent images were taken 24 hours post infection (hpi). (B) Isolated human T-cells
were treated with pevonedistat (100nM) for 4 hours, then infected with VSVA51-GFP (MOI
0.01). 24 hours later, cells were assessed for positive GFP signal by flow cytometry and
expressed as a percentage of the population (n=3, **P<0.01 by Student’s two-tailed t-test).
(C,D) Murine 76-9 rhabdosarcoma cells were implanted subcutaneously in C57BL/6 mice,
then excised and cored upon reaching 1500mm?. Normal brain, lung, spleen, and muscle
tissues were also obtained and cored. Cores were treated ex vivo with pevonedistat (10uM) for
4 hours, then infected with VSVAS51-GFP (3 x 10* pfu/core). (C) At 24hpi, representative
fluorescent images were obtained (scale bar = 1000um). (D) Supernatants were taken 48hpi
and quantified for viral titer (n>6, mean + SD; ns = no significance, ****P<0.0001 by two-

tailed t-test).
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Fig. S4.3. Pevonedistat increases tumor cell death. (A) Isolated murine hepatocytes were
treated a concentration range of pevonedistat for 4 hours, then infected with VSVAS1 (MOI
0.01). Cell viability was measured by Alamar blue assay and expressed relative to untreated,

uninfected controls (n=3, ns is not significant by two-way ANOVA).
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Fig. S4.4. Pevonedistat increases the in vivo therapeutic efficacy of VSVA51. (A) 3 x 10°
CT26WT cells were implanted subcutaneously into BALB/c mice and allowed to progress to
100mm?. Mice were then treated by intratumoral injection of pevonedistat (90mg/kg), then 1
x 10 VSVAS51 4 hours later for one dose. Mice were culled at 1500 mm? and Kaplan-Meier
survival curves were plotted (n=5, ns = no significance by log-rank test). (B) Representative
luminescence images were taken 7 days after first treatment in Fig. 4A using a live in vivo
imaging (IVIS) system. (C) Melanoma B16 tumors overexpressing OVA antigen (B16-OVA)
were implanted into the right flank of C57BL/6 mice. When tumor volume reached 100mm?,
mice were injected intratumorally with three doses of pevonedistat (90mg/kg), then VSVA51

(1 x 10® pfu/tumor), spaced one day apart. Tumours were extracted 7 days after first treatment,
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processed and analyzed by flow cytometry for CD3+ T-cell populations (n=3, *P<0.05,

**P<0.01 by one-way ANOVA).
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Fig. S4.5. Pevonedistat regulates multiple cellular processes. (A-C) RNA sequencing data

processed as described in Fig. 5 was used. (A) Significantly upregulated (>2 log2-fold change)
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gene expressions were processed by GOrilla to identify relevant gene ontology (GO) terms
between the VSVASI infected only condition and the combination with pevonedistat
condition. (B) Significantly downregulated (>2 log2-fold change) gene expressions were
processed by GOrilla to identify relevant gene ontology (GO) terms between the untreated,
uninfected control and cells treated only with pevonedistat. (C) The gene ontology tree of Fig.

4.5B.
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Fig. S4.6. Pevonedistat regulates STAT1 and downstream effectors. (A,C) Human 786-0

renal carcinoma cells were pre-treated with pevonedistat (1uM) for 4 hours, then infected with

VSVAS51 (MOI 0.01). (A) Following 24 hours post infection (hpi), cells were lysed, and

nuclear/cytoplasmic fractions were isolated. Lysate fractions were then probed by western blot

for the indicated proteins. (B) 786-0 cells were pre-treated with varying concentrations of

pevonedistat (0.01 — 50uM), then treated with human IFN- (1000 U/mL) for 2 hours. Cells
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were then lysed and probed by western blot for phosphorylated and total STAT1 and STAT?2.
(C) At 8, 16 and 24hpi, cells were lysed and RNA was extracted. Indicated genes were
quantified by qPCR (n=3, ****P<0.0001 by two-way ANOVA). (D,E) 786-0 cells were seeded
and transfected with siRNA against NEDDS or UBA3. Two days following transfection, cells
were infected with VSVAS1 (MOI 0.01) for 24 hours. RNA was extracted and probed for (D)
NEDDS or (E) UBA3 mRNA expression by qPCR respectively. (F) RNA was extracted and
probed for STAT1 and IRF7 mRNA expression 24hpi by qPCR (n=3, *P<0.05, **P<0.01,
*#x4p<0.0001 by two-way ANOVA). (G) Human lung fibroblast MRCS5 cells were pre-treated
with pevonedistat (1uM) for 4 hours, then infected with VSVAS1 (MOI 0.01). Cells were lysed,
RNA extracted and probed for STATI, MX2 and IFN-§ transcripts by qPCR (n=3, mean + SD;

ns = no significance by two-way ANOVA).
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Fig. S4.7. Pevonedistat controls NF-kB to regulate IFN-1 cytokines. (A) 786-0 cells were
seeded on glass coverslips, pre-treated for 4 hours with pevonedistat (10uM). After treatment,
cells were then treated with human TNF-a (10ng/mL) for 30 minutes. Cells were fixed and
immunostained for NF-kB and nuclei (DAPI). (B) Nuclear NF-«kB intensity was quantified
(n=3, mean =+ SD; ****P<(.0001). (C) 786-0 cells were treated with pevonedistat (1uM) for 4

hours or transfected with siRNA against UBA3 (20nM) for 2 days. Cells were then infected
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with VSVASI for 24 hours, then lysed and probed for IkB-a by western blot. Densitometry
was performed to quantify band intensity and normalized to the loading control. (D) 786-0
cells were treated with pevonedistat (1uM) for four hours, then infected with VSVAS1. Cell
lysates were obtained 8, 16 and 24 hpi and probed for IFN-f mRNA by qPCR (n=3,
*#%P<0.001 by two-way ANOVA). (E) Representative immunofluorescent images from Fig.
7F. (F,G) 786-0 cells were seeded on glass coverslips and transfected with siRNA against
UBA3 for two days. (F) Cells were then treated with TNF-a (30ng/mL) for 30 minutes, then
fixed and stained for NF-kB by immunocytochemistry. Representative immunofluorescent
images are shown. (G) NF-xB nuclear intensity was quantified and plotted (n=3,
*#x4p<0.0001 by two-way ANOVA). (H) 786-0 cells were seeded and transfected with siRNA
against NEDD8 for two days. Cells were then treated with pevonedistat (1uM) for 4 hours,
then infected with VSVAS1 (MOI 0.01). Supernatant was collected 24hpi and quantified for
IFN-B by ELISA (n=3, ****P<0.0001 by two-way ANOVA). (I,J) 786-0 cells were seeded
and treated with pevonedistat (1uM) £ IFN-a (250 U/mL) + IFN-$ (1000 U/mL) and four hours
later, cells were infected with VSVASI. (I) Viral titer was quantified by plaque assay 24hpi
(n=3, ****pP<(0.0001 by two-way ANOVA). (J) Cells were lysed 24hpi and RNA was
extracted. IRF7 mRNA expression was quantified by qPCR (n=3, **P<0.01 by two-way

ANOVA).
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Appendix E. Curriculum Vitae (CV)

Boaz Wong

Website: https://med.uottawa.ca/md-phd/people/wong-boaz

EDUCATION
September 2018 — present:
. Doctor of Medicine (MD), Combined Program — University of Ottawa,
Ottawa, ON
. Anticipated graduation date: June 2024
September 2018 — present:
. Doctor of Philosophy (PhD), Combined Program — University of Ottawa,

Ottawa, ON
. Graduate studies in Department of Biochemistry, Microbiology and
Immunology
. Anticipated graduation date: June 2024
September 2014 — May 2018
. Bachelor of Medical Sciences (BMSc), Honours — University of Western
Ontario, London, ON
. Honours Specialization in Physiology with Distinction, Schulich School of
Medicine & Dentistry
RESEARCH EXPERIENCE
June 2019 — present
. MD/PhD Candidate — Ottawa Hospital Research Institute, Ottawa, ON
. Supervisor: Dr. Jean-Simon Diallo
. Cellular Antagonization of the Type 1 Interferon Response for the

Potentiation of Oncolytic Virotherapy

September 2023 — present

. Clinical Research Assistant — Ottawa Hospital Research Institute, Ottawa,
ON

. Supervisor: Dr. Marcio Gomes

. Pathological trends in the incidence of peritoneal mesothelioma over the last
decade

October 2023 — present

. Clinical Research Assistant — Ottawa Hospital Research Institute, Ottawa,
ON

. Supervisor: Dr. Jordan Sim

. The role of immunohistochemistry in the pathological identification of

carcinoma of unknown primary (CUP)
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January 2019 — present

. Clinical Research Assistant — Ottawa Hospital Research Institute, Ottawa,
ON

. Supervisor: Dr. Paul Wheatley-Price

. Improving the diagnosis and treatment of carcinoma of unknown primary

(CUP) using next-generation sequencing (NGS) tools

November 2018 — June 2020

. Clinical Research Assistant — The Ottawa Hospital, Ottawa, ON
. Supervisor: Dr. Carolyn Nessim
. Analysis of the impact of various surgical factors on the prognosis of

liposarcoma (LPS) patients undergoing surgical resection

May 2018 — August 2018

. Summer Research Student — Mount Sinai Hospital, Toronto, ON
. Supervisor: Dr. Jeffrey Wrana
. Exploring cytoskeletal control of Hippo/TGFp signalling crosstalk in

intestinal regeneration and cancer organoid models.

September 2017 — April 2018

. Honours Thesis Candidate— Department of Physiology, University of
Western Ontario, London, ON

. Supervisor: Dr. John Di Guglielmo

. Role of TGFp type 3 receptor in non-small cell lung cancer metastasis

January 2015 — April 2018

. Research Assistant — Lawson Health Research Institute, London, ON
. Supervisor: Dr. Lisa Hoffman
. Identification of contributory biomarkers and treatment by ANG1 in

Duchenne Muscular Dystrophy (DMD).

May 2016 — August 2017

. Summer Research Student — Matrix Dynamics Group, University of
Toronto, Toronto, ON

. Supervisor: Dr. Boris Hinz

. Characterization of dynamic strain fields generated by actively contracting

myofibroblasts for the attraction of macrophages in the extracellular matrix.

PUBLICATIONS AND COMMUNICATIONS

Life-Time Summary
- Articles in refereed journals

- Articles in non-refereed journals
- Manuscripts in submission
- Published abstracts

NN O =
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- Patents 1
- Presentations 24
- Other academic materials 2

Articles in refereed journals

1.

10.

Alwithenani A, Taha Z, Thomson M, Chen A, Wong B, Diallo JS. Unlocking the
Potential of Dimethyl Fumarate: Enhancing Oncolytic HSV-1 Efficacy for Wider
Cancer Applications. Accepted to Front Immunol, December 2023. Co-author, IF:
7.3

Wong B, Bergeron A, Maznyi G, Ng K, Jirovec A, Birdi HK, Serrano D, Spinelli M,
Thomson M, Taha Z, Alwithenani A, Chen A, Lormier I, Vanderhyden B,
Arulanandam R*, Diallo JS*. Pevonedistat, a First in-class NEDD8-activating
Enzyme Inhibitor, sensitizes cancer cells to VSVAS51 Oncolytic Virotherapy. Mol
Ther,2023 Sept 27; 31(11):3176-3192. First author, IF: 124

Wong B*, Birtch R*, Rezaei R, Jamieson T, Crupi M, Diallo JS, Ilkow CI. Optimal
delivery of RNA interference by viral vectors for cancer therapy. Mol Ther, 2023
Sept 20; 31(11):3127-3145. First author, review, IF: 12.4

Bastin DJ, Montroy J, Kennedy MA, Martel AB, Shorr R, Ghiasi M, Boucher DM,
Wong B, Gresham L, Diallo JS, Fergusson DA, Lalu MM, Kekre N, Auer RC. Safety
and efficacy of autologous cell vaccines in solid tumors: a systematic review and
meta-analysis of randomized control trials. Sci Rep, 2023 Feb 27; 13:3347. doi:
10.1038/541598-023-29630-9. Co-author, IF: 4.996.

Wong B, Bergeron A, Allugmani N, Maznyi G, Chen A, Arulanandam R, Diallo JS.
Dependency of EGFR activation in Vanadium-based Sensitization to Oncolytic
Virotherapy. Mol Ther — Oncolytics, 2022 Apr 19; 24:146-159. doi:
10.1016/j.omt0.2022.04.004. First author, IF: 7.2

Wong B, Moore S, Wheatley-Price P. Complex Germline K757N Mutation in Non-
Small-Cell Lung Cancer: A Case Report. Case Rep Oncol, 2022 Mar; 15:285-290.
doi: 10.1159/000523734. First author, IF: 1.143

Bastin DJ, Khan ST, Montroy J, Kennedy MA, Forbes N, Martel AB, Baker L,
Gresham L, Boucher DM, Wong B, Shorr R, Diallo JS, Fergusson DA, Lalu MM,
Auer RC, Kekre N. Safety and efficacy of autologous whole cell vaccines in
hematologic malignancies: A systematic review and meta-analysis. Hematol Oncol,
2021 Oct;39(4):448-464. doi: 10.1002/hon.2875. Co-author, IF: 5.271

Apte SS, Radonjic A, Wong B, Dingley B, Boulva K, Chatterjee A, Purgina B,
Ramsay T, Nessim C. Preoperative imaging of gastric GISTs underestimates
pathologic tumor size: A retrospective, single institution analysis. J Surg Oncol, 2021
Jul;124(1):49-58. doi: 10.1002/js0.26494. Co-author, IF: 3.454

Wong B, Vickers MM, Wheatley-Price P. The Diminishing Importance of Primary
Site Identification in Cancer of Unknown Primary: A Canadian Single-Center
Experience. Front Oncol, 2021 Mar 3;11:634563. doi: 10.3389/fonc.2021.634563.
First author, IF: 6.244

Wong B, Apte SS, Tirotta F, Parente A, Mathieu J, Ford SJ, Desai A, Almond M,
Nessim C. Perioperative blood transfusion is not an independent predictor for worse
outcomes in retroperitoneal sarcoma surgery. Eur J Surg Onc, 2021 Jul;47(7):1763-
1770. doi: 10.1016/j.js0.2021.01.007. First author, IF: 4.424
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11. Pakshir P, Alizadehgiashi M, Wong B, Coelho NM, Chen X, Gong Z, Shenoy V,

McCulloch C, Hinz B. Dynamic Fibroblast Contraction Attracts Remote
Macrophages in Fibrillar Collagen Matrix. Nat Commun, 2019 Apr 23;10(1):1850.
doi: 10.1038/s41467-019-09709-6. Co-author, IF: 12.121

12. Gutpell K, Tasevski N, Wong B, Hrinivish WT, Su F, Hadway J, Desjardins L, Lee

TY, Hoffman LM. ANGI] treatment reduces muscle pathology and prevents a decline
in perfusion in DMD mice. PLoS One, 2017 Mar 23;12(3):e0174315. doi:
10.1371/journal.pone.0174315. Co-author, IF: 2.766

Manuscripts in submission

1.

2.

Wong B, Birtch R, Bergeron A, Ng K, Maznyi G, Spinelli M, Chen A, Arulanandam
A, Ilkow CS, Diallo JS. High throughput screen identifies lysosomal acid phosphatase
2 to regulate IFN-1 responses to potentiate oncolytic VSV AS1 activity. Sci Rep. First
author.

Wong B, LiuJ, Yeo S, Akurang D, Lo AQ, Xu W, Wang Y, Welch S, Wheatley-
Price P. Evolution in the diagnosis and treatment of carcinoma of unknown primary
(CUP): a multi-centre Canadian analysis. Ann Oncol. First author.

Published abstracts

1.

Patents
1.

Kassouf E, Wong B, Castonguay M. Abstract only: How I treat COVID-19 webinars:
A rapid communication platform between patients and physicians. Ann Oncol,
31:S1018 (2020). doi: 10.1016/j.annonc.2020.08.1807, abstract #1743P

Wong B, Apte S, Tirotta F, Parente A, Mathieu J, Ford S, Desai A, Almond M,
Nessim C. Poster Presentation: Is Perioperative Blood Transfusion a Predictor of
Outcomes After Retroperitoneal Soft Tissue. Society of Surgical Oncology SSO
2020. Ann Surg Oncol, 27, 1-230 (2020). doi: 10.1245/s10434-020-08278-z, abstract
#321

“Neddylation-activating enzyme inhibitors as enhances of viral-based therapies”.
Inventors: Boaz Wong, Anabel Bergeron, Rozanne Arulanandam, Jean-Simon Diallo.
United States Provisional Application No. 63/389,064.

Presentations

1.

Poster presentation: High-throughput screen identifies ACP2 to potentiate VSVd51
oncolytic virotherapy. International Oncolytic Virotherapy Conference (IOVC) 2023.
Banff, Alberta, Canada. November 2023.

Poster presentation: Evolution of the diagnosis and management of CUP: a decade
analysis. European Society of Medical Oncologists (ESMO) Congress 2023. Madrid,
Spain. October 2023.

Oral presentation: Does margin status after biopsy matter in melanoma? — A cohort
study of micro- and macroscopic margin status and their impact on residual disease
and survival. Canadian Surgical Forum. Vancouver, British Columbia, Canada.
October 2023.

Poster presentation: Pevonedistat, a First In-Class Neddylation activating enzyme
inhibitor, sensitizes cancer cells to VSV AS51 Oncolytic Virotherapy. International
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10.

11

12.

13.

14.

15.

16.

17.

18.

Oncolytic Virotherapy Conference (IOVC) 2022. Karuizawa, Nagano, Japan. October
2022.

Poster presentation: Exploiting oxidative stress regulation of the antiviral IFN-1
response for potentiation of VSVAS1 oncolytic virotherapy. University of Ottawa
BMI Symposium 2022. Montebello, Quebec, Canada. May 2022.

Poster presentation: Dependency of EGFR activation in Vanadium-based
Sensitization to Oncolytic Virotherapy. International Oncolytic Virotherapy
Conference (IOVC) 2021, Sedona, AZ, USA. November 2021.

Poster presentation: Dependency of EGFR activation in Vanadium-based
Sensitization to Oncolytic Virotherapy. BioCanRX Immunotherapy Summit 2021,
virtual due to COVID-19. November 2021.

Poster presentation: Dependency of EGFR activation in Vanadium-based
Sensitization to Oncolytic Virotherapy. OHRI Research Day 2021, virtual due to
COVID-19. November 2021.

Poster presentation: How I Treat COVID-19 Webinars: a rapid communication
platform between patients and physicians. 2020 Canadian Society for Clinical
Investigators — Clinician Investigator Trainee Association of Canada (CSCI-CITAC)
Joint AGM, virtual due to COVID-19. November 2020.

Poster presentation: Histology and Tumour Biology are More Important in Predicting
Overall Survival than Margins of Resection. Connective Tissue Oncology Society
(CTOS) Annual Meeting 2020, virtual due to COVID-19. November 2020.

. Poster presentation: How I Treat COVID-19 Webinars: a rapid communication

platform between patients and physicians. European Society of Medical Oncology
(ESMO) Congress 2020, Madrid, Spain. September 2020.

Poster Presentation: Is Perioperative Blood Transfusion a Predictor of Outcomes
After Retroperitoneal Soft Tissue Sarcoma Resection?. The Ottawa Hospital General
Surgery Research Day 2020, Ottawa, ON, Canada. August 2020.

Poster presentation: Perioperative blood transfusion is not an independent predictor
for worse outcomes in retroperitoneal sarcoma surgery. Canadian Society of Surgical
Oncology Annual Meeting 2020, Toronto, ON, Canada. April 2020.

Poster presentation: Perioperative blood transfusion is not an independent predictor
for worse outcomes in retroperitoneal sarcoma surgery. Society of Surgical Oncology
SSO 2020 General Meeting, Chicago, IL, USA. March 2020.

Poster Presentation: Cytoskeletal control of Hippo/TGFb signalling crosstalk in
intestinal regeneration and cancer. Mount Sinai Hospital Summer Studentship
Research Day, Toronto, ON, Canada. August 2018.

Mini Oral: Myofibroblasts attract macrophages in fibrillar collagen. Canadian
Connective Tissue Conference 2018, Toronto, ON, Canada. May 2018.

Poster Presentation: Tumour Growth Factor Beta Receptor III Suppresses MMP-1 &
MT-1 in NSCLC. University of Western Ontario, Department of Physiology and
Pharmacology Thesis Research Day, London, ON, Canada. April 2018.

Poster Presentation: Characterization of Mechanosensing of Macrophages in Fibrillar
Collagen Matrix. University of Toronto Faculty of Dentistry Research Day 2018,
Toronto, ON, Canada. February 2018.
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19.

20.

21.

22.

23.

24.

Poster Presentation: The Dynamic Nature of Macrophage-to-Myofibroblast
Attraction. Institute of Biomaterials and Biomedical engineering (IBBME)
Undergraduate Summer Research Symposium, Toronto, ON, Canada. August 2017.
Poster Presentation: The Dynamic Nature of Macrophage-to-Myofibroblast
Attraction. University of Toronto Undergraduate Engineering Research Day
(UnERD) 2017, Toronto, ON, Canada. August 2017.

Poster Presentation: Characterization of Mechanosensing of Macrophages in Fibrillar
Collagen Matrix. Faculty of Dentistry Undergraduate Student Research Program
2017, Toronto, ON, Canada. August 2017.

Poster Presentation: Fibroblast Contraction is an Attraction for Macrophages in
Fibrillar Collagen Matrix. Gordon Research Conference: Tissue Repair &
Regeneration, New London, New Hampshire, USA. June 2017.

Poster Presentation: The Dynamic Nature of Macrophage-to-Myofibroblast
Attraction. University of Toronto Faculty of Dentistry Research Day 2017, Toronto,
ON, Canada. February 2017.

Poster Presentation: Macrophage-to-Myofibroblast Attraction. Faculty of Dentistry
Undergraduate Student Research Program 2016, Toronto, ON, Canada. August 2016.

Other academic materials

1.

2.

Published report: Faces of Lung Cancer Report 2020: The Valuable Lessons from the
COVID-19 Global Pandemic. Lung Cancer Canada. November 2020. Link to article.
Dissertation: TGFf} Receptor III Suppresses MMP-1 and MT-1 Expression in Non-
Small Cell Lung Cancer. Honours Bachelor Thesis, University of Western Ontario.
Supervisor: Dr. John Di Guglielmo. April 2018.

RESEARCH GRANTS AND AWARDS

Research Funding

May 2021 — April 2024

. Frederick Banting and Charles Best Canada Graduate Scholarships —
Doctoral (CGS-D) — Canadian Institutes of Health Research (CIHR)
. Engineering and characterization of a novel immunomodulatory oncolytic

virus via modification of cellular phosphorylation homeostasis (PI: Diallo, JS)
. Funded: $105000 ($35000/3 years)

September 2020 — April 2023

. Canadian Partnership for Research in Immunotherapy Manufacturing
Excellence (CanPRIME) — Mathematics of Information Technology and
Complex Systems (MITACS)

. Development and characterization of a novel type I to type II interferon-
potentiating oncolytic virus biotherapeutic (PI: Diallo, JS)

. Funded: $45000 ($15000/3 years)

September 2020 — April 2021

. Ontario Graduate Scholarships (OGS) — Government of Ontario,
University of Ottawa
. Development and characterization of a novel type I to type II interferon-

potentiating oncolytic virus biotherapeutic, (PI: Diallo, JS)
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. Funded: $15000, ($5000/3 terms)
June 2019 — April 2023
. Scholarship of Excellence - Doctorate — Faculty of Medicine, University of
Ottawa
. Award: $33000 ($3000/11 terms)
May 2017 — August 2017

. Undergraduate: Summer Studentship Award — Institute Community
Support — Canadian Institutes of Health Research (CIHR)
. Attraction of Inflammatory Macrophages to Fibrotic Myofibroblasts is

Dynamic (PI: Hinz, B)
. Funded: $5000, one term
May 2016 — August 2016

. Undergraduate: Mobility, Musculoskeletal Health and Arthritis —
Institute Community Support — Canadian Institutes of Health Research
(CIHR)

. The fatal attraction between Macrophages and Myofibroblasts (PI: Hinz, B)

. Funded: $5000, one term

Awards

1. Faculty of Dentistry Research Program 2017: Canadian Connective Tissue
Conference (CCTC) Travel Award. Faculty of Dentistry, University of Toronto.
Award: $400. August 2017.

2. Director’s Choice Finalist, Institute of Biomedical Engineering and Biomaterial
(IBBME) Summer Research Program 2017. Award. August 2017.

3. Laurene Paterson Scholarship. University of Western Ontario. Scholarship: $1600.
November 2015.

4. UWO Second Year Science Faculty Scholarship. University of Western Ontario.
Scholarship: $700. November 2015.

5. Scholarship of Excellence. University of Western Ontario. Award: $2000. September
2014.

6. Dean’s Honour List. University of Western Ontario. 2014-2018.

7. Thornhill Secondary School Alumni Association Next Step Bursary. Thornhill
Secondary School. Scholarship: $1000. April 2014.

WORK EXPERIENCE
May 2013 — August 2014:
. Student Nurse — Vaughan Pediatric Clinic, Vaughan, ON
. Assisted with patient administrative work, prepared patients for appointment

including physical measurements and simple medical procedures, clean-up.
July 2012 — August 2014
. Computer Instructor — LogicFusion Inc., Markham, ON
. Instructed recreational courses in technology for children including
programming, robotics, and animation.
June 2012 — August 2012
. Summer Co-op student — The Scarborough Hospital, Scarborough, ON
. Introduction to working in a health-care setting.
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CREDENTIALS AND CERTIFICATIONS

April 2023
. AdMare Biolnnovations Scientist (BIS) Level 1 — adMare Biolnnovations,
Montreal, Quebec, Canada
January 2022
. Drug Development Product Management — Skaggs School of Pharmacy &
Pharmaceutical Sciences, University of California, San Diego
March 2021
. Market Research: Qualitative — LinkedIn Learning
May 2019
. Tri-Council Policy Statement: Ethical Conduct for Research Involving
Humans Course on Research Ethics (TCPS 2: CORE) — Panel on Research
Ethics, Government of Canada
January 2019
. Good Clinical Practice (GCP) Level 1 Basic — Collaborative Institutional
Training Initiative (CITI)
. Under requirements set by: Ottawa Hospital Research Institute / The Ottawa
Hospital (N2)

COMMUNITY AND VOLUNTEER EXPERIENCE
September 2022 - present:

. Judge — IgNITE Competition

. Judge for entries for scientific competition organized for high school and
university students across North America designed to help them develop and
present novel research proposals and gain valuable research skills.

April 2020 - present:

. Volunteer Director — Lung Cancer Canada

. Support for lung cancer patients, caregivers, and researchers. Directed a
committee of physicians and patients to generative informational materials in
response to the COVID-19 pandemic.

April 2020 — September 2022:

. Writer — 2 Minute Medicine, Harvard Medical School

. Weekly contribution to a medical media publishing and news company
designed to curate and summarize latest, high-impact medical research
articles. Link to articles.

March 2020 — November 2020

. English Webinar Coordinator — How I Treat COVID-19 (HITC)

. Spearheaded an initiative alongside Dr. Elie Kassouf to generate a platform
for rapid communication of information on COVID-19 between physicians
and cancer patients.

September 2019 — April 2020

. President — Oncology Interest Group, University of Ottawa Medical School

. Lead a group of medical students interested in the field of oncology in events
to further interest and clinical competency.

January 2019 — February 2020
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. Volunteer — The Ottawa Mission Hospice

. Accompanied and served clients in end-of-life care.
May 2013 — August 2018
. Head Coach — Chinese Christian Softball Association
. Managed and coached a youth softball team to increase their interest in the

sport and to promote a more active lifestyle.
September 2017 — May 2018:

. VP Communications — University Student Council Charity, University of
Western Ontario
. Directed a team of photographers, videographers, and graphic designers to

promote and document official charity events of university.
September 2016 — April 2018
. Volunteer — Ark Aid Street Mission, London
. Served weekly at a lunch-meal initiative in food preparation, distribution, and

clean-up for the homeless population in London, Ontario.
September 2014 — April 2018

. President — Canadian Feed the Children Western
. Lead the student division at the University of Western Ontario of Canadian
Feed the Children charity to orchestrate events to increase awareness and
fundraising.
September 2015 — April 2017
. Graphics Manager — CAISA Fashion Show Western
. Involved in graphics design for promotional materials for Canada’s largest

student-run charity fashion show contributing $50,000 annually towards local
biomedical research.
February 2013 — May 2014
. Volunteer — St. John’s Rehab, Sunnybrook Hospital
. Delivery and clean-up of patient bedside meals, attending to patent needs
throughout mealtimes. First exposure to healthcare environment.
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