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Abstract

Genetically engineered oncolytic viruses (OVs) have been proven to be effective anti-
cancer agents. However, the heterogeneity of tumours and obligate attenuation of OVs to achieve
safety can limit their efficacy. Our lab has previously shown that diverse small molecules, which
we have termed “Viral Sensitizers”, used in combination with OVs can potentiate the infection of
cancer cells by OVs over 1000-fold in some cases, resulting in cancer-specific killing in both in
vitro and in vivo tumour models. We observed that a subset of viral sensitizer compounds
ultimately act by reducing the expression of IFNf, thereby inhibiting antiviral signaling. Here, we
aimed to further refine the mechanism of action of this class of compounds. Our results suggest
that VSel and more stable analogs such as VSel-28 inhibit nuclear accumulation of NF-kB p65
and expression of various antiviral cytokines including, TNFa, IL-6, IFITMI1, and MX2 in
multiple oncolytic VSV-resistant cancer cell lines but not in normal cells. This was also observed
in vivo in CT26wt immune-competent mouse tumour models, where our group has already
demonstrated the therapeutic benefit of combining VSel-28 with oncolytic VSV. Using various
biochemical methods, we have determined that VSel and its analog VSel-28 lead to these effects
at least in part through covalent modification of NF-kB p65. In sum, this study provides a new
understanding of how these novel viral sensitizers work at the molecular level. This new
understanding will not only aid in the discovery and development of improved molecules but also
their clinical translation in combination with oncolytic viruses.
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1 Chapter: Introduction

1.1 Cancer History

Cancer has afflicted humans for thousands of years, with one of the earliest documented
records of cancer found in ancient Egyptian manuscripts'. Notably, the Smith papyrus written
between 1500-1600 BC documented what is believed to be the first reference to breast cancer!.
Along with those records, cancerous growths have been found in Egyptian and Peruvian mummies,
with the oldest identified in a king found in Southern Siberial. Hippocrates is credited for defining
such malignant growths as “cancer”. He has been documented to describe these ulcerating, non-
healing lumps that range from benign to malignant tumours as karkinos and suggested surgery as

a method to cure these karkinomas'.

1.2 Cancer Statistics

In 2018, the World Health Organization (WHO) ranked cancer as the 2" leading cause of
death in the world with 1 in 6 deaths attributable to cancer 2. In Canada today, it has become the
number one cause of death in 2019 with 1 in every 2 Canadians developing the disease in their
lifetime’. Additionally, treatments such as chemotherapy and radiation present a significant
economic burden with costs increasing every years; in 2012, cancer care cost Canadians $7.5
billion, rising from $2.9 billion in 2005°. Further, cancer not only contributes to taxing the
Canadian economy, it also represents significant emotional challenge for patients and families,
incurring unexpected expenses including medical equipment, childcare, homecare, and

transportation fees among others?>.



1.3 Hallmarks of Cancer

Cancer cells evolve through the accumulation of mutations that lead to characteristics
defined by Hanahan and Weinberg as the “Hallmarks of Cancer”. These include uncontrolled
cellular metabolism, resistance to cell death, genomic instability, dysregulated angiogenesis, tissue
invasion and metastasis, tumour-promoted inflammation, replicative immortality, bypassing of
growth suppressors, uncontrolled proliferation, and evasion of immune recognition*. Tumour
structure and growth are supported by the tumour microenvironment (TME) which consists of
many players including the extracellular matrix (ECM), fibroblasts, neuroendocrine cells, adipose
cells, immune-inflammatory cells, blood, and lymphatic networks®. Cancer-associated fibroblasts
have been associated with tumour progression and direct stimulation of cancer cell proliferation
through remodeling of the ECM, stimulation of angiogenesis, recruitment of inflammatory cells,
and secretion of growth factors and cytokines 3. Essentially all cancer therapies leverage the
hallmarks of cancer as a basis of their cancer-selectivity, and modifying the supporting TME is

increasingly popular as an approach to stop the growth of cancer cells.

1.4 Cancer Immunoediting

The immune system plays an important role in the progression of cancer. Originally, the
immune surveillance theory suggested that the immune system recognizes and eliminates mutated
cells®. Later this concept was refined as “Cancer immunoediting,” recognizing the interaction and
co-evolutionary relationship between the immune system and cancer 6. The immune system can
suppress and kill tumour cells but in doing so also helps shape the immune profile of the tumour’.
From an immunological perspective, cancer occurs in three stages: elimination, equilibrium, and

escape®’. In the elimination stage, the immune system acts as a surveillance system, detecting and



eliminating mutated cells®’. In the equilibrium stage, the growth of cancer cells that are not
effectively eliminated by the immune system is in equilibrium wherein the immune system
controls the net growth of tumours but also leads to alterations in cancer cell immunogenicity’.
Eventually, this leads to one of the “Hallmarks of Cancer,” escape from the immune system which
leads these immunologically altered tumours to grow and establish their own immunosuppressive
microenvironment’. During this stage, continuous rounds of immunoediting may take place. It is
during this immunoediting stage where genes encoding for proteins and cytokines that can be
detrimental to a growing tumour, such as interferon, are downregulated as they can stimulate the

immune system, stop cell growth, and induce apoptosis®.

1.5 Type 1 Interferon Pathway

Type 1 Interferons (IFN) are cytokines that include IFN[, IFNa., IFNg, IFN«k, and IFN
which all bind type 1 IFN receptor®!°. They are often activated following viral infection and have
antiviral, anti-proliferative and immune-modulatory effects®!!. Type 1 interferons become
activated after viral nucleic acids and proteins bind toll-like receptors or RNA helicase enzymes
like retinoic acid-inducible gene I (RIG-I)°. IFNf transcriptional activation requires a tri-partite
activation of three signaling pathways forming an enhanceosome consisting of activating
transcription factor 2 (ATF-2)/c-jun, interferon regulatory factor (IRF)-3/7, and nuclear-factor kB
(NF-xB)!2. This enhanceosome then plays a part in recruiting coactivators and chromatin
remodelling proteins to the IFNP promoter, resulting in IFNf transcription, translation, and
secretion'?. The initial activation of the Type I IFN response requires IFN and IFNa4!314. This
first wave of Type I IFN acts in both an autocrine and paracrine fashion through interferon alpha

receptor to induce a second wave of Type I IFN response that includes all members of the IFNa



family and IFNP to further enhance the Type I IFN response!*!4. Type 1 IFN activates the antiviral
response through the JAK-STAT pathway. Type 1 IFN binds to the IFN alpha receptor which is
associated with Janus kinases (JAKs)'"S. This leads to the downstream phosphorylation of both
signal transducer and activator of transcription 1 (STAT1) and signal transducer and activator of
transcription 2 (STAT2) which then associates with IFN-regulatory factor 9 (IRF9). This protein
complex translocates into the nucleus and binds the IFN stimulated response elements (ISREs)
leading to transcription of interferon stimulated genes (ISGs) and activation of the second wave of
IFN and IFNa!*-15. Activation of the type I IFN pathway stimulates over 300 ISGs that prevent
viral replication within target cells and induces activation of innate immune cells's. These ISGs
are able to inhibit the viral life cycle through multiple mechanisms including the prevention of
virion release, inhibition of virus entry, and viral transcription'é. One example is the MX2 gene,
which encodes both MxA and MxB ISG products that have been shown to prevent the uncoating
of proviral DNA from HIV-1 capsids and also prevent Herpes Simplex Virus (HSV)-1 DNA from

translocating into the nucleus of target cells!’.

1.6 Nuclear Factor-«xB
1.6.1 Nuclear Factor-kB Signalling Pathway

NF-kB is a transcription factor that plays many roles in the immune system including the
regulation of pro-inflammatory cytokines and chemokines like IFN3. The NF-kB transcription
factor contains dimeric complexes of Rel (c-Rel), Rel A (p65), Relb, NF-xB1 (p50), and NF-xB2
(p52)18-20. All members possess a 300 amino acid long N-terminal Rel homology domain that is
responsible for dimerization, nuclear translocation, association with IkBs, and DNA binding'8. In

addition, p65, RelB, and c-Rel also contain transactivation domains located on the C terminal

4



ends'®. A schematic of NF-kB family members with the location of the Rel homology domain
(RHD) and transactivation domain (TAD) is shown in Figure 1.

There are two pathways leading to NF-kB activation, 1) the canonical pathway which
mediates a cell inflammation and survival response, and 2) the non-canonical pathway which
mediates immune cell differentiation and lymphoid organogenesis?!. In the canonical pathway,
NF-«B is triggered by an NF-kB essential modulator (NEMO) dependent IxkB Kinase 2(IKK?2) 2!
This pathway is activated in the presence of pro-inflammatory signals including cytokines,
pathogen-associated molecular patterns (PAMPs), and danger-associated molecular patterns
(DAMPs)?!. The most common dimer in this pathway is p65-p5S0. NF-kB in its inactive state is
bound by IkBa, IkBf3, or [kBe?!. IkBa has a nuclear export signal which keeps NF-xB at high
levels in the cytoplasm!'®. Alternatively, NF-xB -IkBJ3 complexes are sequestered in the cytoplasm
as IkBP blocks the nuclear localization signals'®. Upon activation of NF-kB by TLRs, B-
Interleukin-1 Receptor (IL-1R), or Tumour necrosis factor receptor (TNFR), IkB is
phosphorylated by canonical IKKs, followed by ubiquitination and degradation of IkBs!®!°. NF-
kB can then translocate and sequester into the nucleus and bind to target DNA promoter sites like
the IFNP promoter and activate downstream antiviral signaling (Figure 2).

The distinction between the canonical and non-canonical pathway is such that in the non-
canonical pathway, NF-kB activation is mediated through a NEMO independent IKK1 complex?'.
This pathway is mainly activated through survival signals like cellular inhibitor of apoptosis
(cIAPI and cIAP2), TNF receptor-associated factor (TRAF2 and TRAF 3), and NF-xB inducing

kinase (NIK)?!. An increase in the accumulation of NIK triggers phosphorylation of p100 and

activation of IKK1?!'. This causes partial degradation of the C-terminus of p100 and inactivation



of the associated IkBJ, leading to the release of both RelB-p50 and RelA-p50 dimers?'. The
phosphorylation of p100 and activation of IKK1 also causes the processing of newly synthesized

p100, resulting in nuclear translocation of RelB-p52 dimers?'.



p65
RelA

RelB

c-Rel
p100/p52
NF-xB2

p105/p50
NF-xB1




Figure 1. Schematic view of NF-kB subunits.

NF-xB members all ccontains a Rel Homology domain (RHD) responsible for dimerization, DNA
binding, associations with IxBs, and nuclear translocation. Only some members including p65,
RelB and c-Rel possess a transactivation domain (TAD). GRR: glycine rich regions, ANK: ankyrin
repeats, DD: death domain. Figure adapted from Oeckinghaus and Ghosh, 2009%2. © Cold Spring
Harbor Laboratory Press






Figure 2. Structure of NF-kB p65/p50 heterodimer bound to PRDII element of IFN@
promoter.

The structure and interaction of p65 (blue) and p50 (Grey) bound to a DNA region in the PRDII
element of IFNP promoter. Image was generated using PyMOL Molecular Graphics system.
Crystal structure adapted from Escalante et. al., 2002.
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1.6.2 NF-«xB in Cancer
Activation of NF-kB helps advance many of the hallmarks of cancer as it promotes
transcription of genes involved in cell proliferation, survival, angiogenesis, inflammation, and

1823 Chromosomal translocations, deletions, and other

tumour promotion and metastatsis
mutations that often occur in cancer cells drive the disruption of NF-xB genes or genes controlling
the activation of NF-kB, frequently leading to constitutive NF-kB activation?>. NF-kB can then
activate genes that prevent apoptosis and stimulate cell proliferation?®. In addition, NF-kB has
been shown to promote transcription of genes like Vascular Epithelial Growth Factor (VEGF)
which can promote tumour angiogenesis?*. More recently, there is evidence that NF-kB also plays

a role in changing tumour metabolism to increase glucose transporter 3 (GLUT3) to allow for

higher levels of glycolysis to take place, allowing for increased energy consumption and growth?*.

1.6.3 NF-xB Inhibitors

Due to NF-«xB involvement in multiple hallmarks of cancer, many therapeutic attempts
have focused on developing strategies to block its activation. In addition, constitutive NF-xB
activation has been shown in haematological malignancies like multiple myeloma, and B-cell
lymphoma, as well as solid tumours including breast, renal, bladder, and colon cancers®.
Currently, a limited number of NF-kB inhibitors are being used in the clinic although many
compounds with anti-inflammatory and anti-cancer properties have been proven to inhibit NF-xB.
There are several classes of compounds that inhibit different steps of the NF-kB pathway, these
include upstream of IKK inhibitors, IKK inhibitors, proteasome inhibitors, and NF-kB nuclear

translocation or DNA binding inhibitors. A table of NF-kB inhibitors mentioned in this thesis is

listed in Table 1.
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One strategy is to block NF-kB activation upstream of IKK. NIK SMI is a small molecule
inhibitor that targets and inhibits NIK activation leading to decreased activation of NF-xB
pathways?®. Inhibition of NIK using NIK SM1 leads to suppressed immune responses and pro-
inflammatory gene expression, improving disease outcome, kidney function, and survival in a
systemic lupus erythematosus mouse model®®. Another example is curcumin, a natural product
used for its cytoprotective properties against cancer shown to inhibit NIK/IKK complex and
downregulate NF-kB activation®’. It is thought this inhibition of NIK/IKK is responsible for
curcumins ability to inhibit COX2 and attributes to its chemopreventive properties?’.

Another class of NF-kB inhibitors are IKK inhibitors. TPCA-1 is an IKK inhibitor that
inhibits downstream NF-kB activation and target genes including TNFa, IL6 and, IL-152%%. In
addition, TPCA-1 also inhibits STAT3 phosphorylation, DNA binding, and transactivation?.
TPCA-1 when used for treatment of non-small cell lung carcinomas also showed growth repression
in vivo®. Other IKK inhibitors include wedelolactone and parthenolide?**°. Wedelolactone is a
natural compound that not only inhibits IKK but has also been shown to downregulate protein
kinase Ce triggering apoptosis in prostate cancer cells!. Parthenolide is another natural compound
derived from the plant feverfew that has anti-inflammatory properties®®. It specifically interacts
with Cys 179 on IKKp and inhibits NF-kB activation®’. Another small molecule inhibitor PS-1145
acts as an antagonist to IKK and blocks IkBa degradation®?. PS-1145 shows anti-cancer properties
against multiple myeloma and prostate carcinoma’?3,

As NF-kB activation requires the ubiquitination and degradation of IkBa, one class of
inhibitor targets proteasomes that mediate this process. Bortezomib is a boronic acid dipeptide

that can inhibit the 26s proteasome, preventing degradation of IkBoa and therefore downstream

NF-«xB activation®*. Bortezomib is approved by the FDA for the treatment of multiple myeloma
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and mantle cell lymphoma**. Another proteasome inhibitor is a small molecule Ro106-9920 which
inhibited IxBo degradation and downstream activation of NF-kB*. This small molecule was
shown to have anti-inflammatory properties in mouse models*>.

Other classes of inhibitors aimed to block the last steps before NF-kB activation, including
nuclear translocation and DNA binding. Dehydroxymethyl-epoxyquinomicin (DHMEQ) is
derived from the antibiotic epoxyquinomicin C3¢. DHMEQ has both anti-inflammatory and anti-
tumour properties and inhibits both canonical and non-canonical NF-kB nuclear
translocation3>3%37, In addition, DHMEQ was shown to induce apoptosis and cause cell-cycle
arrest in human hepatoma cells®S. Finally, sesquiterpene lactones, which possess anti-
inflammatory properties and act through modifying the Cys38 region of p65, located in the DNA-
binding loop?®. This leads to inhibition of NF-kB DNA binding and activation.

In recent years, there have been several clinical trials conducted in an attempt to modulate
NF-«kB activity for various ailments. One example is a topical treatment for atopic dermatitis using
an NF-kB decoy which consists of oligodeoxynucleotides that mimic the NF-xB binding sequence
on chromosomal DNA (NCT00125333). Another example was a trial where an NF-kB inhibitor,
edasalonexent, was shown to be effective at inhibiting NF-kB p65 dependent inflammatory
responses for the treatment of Duchenne Muscular Dystrophy (DMD)*°. But so far, treatments
have been met with limited success due to off-target toxicity.

Due to the many roles of the NF-kB pathway including inflammation, proliferation, cell
survival, regulation of immune function, and production of cytokines and chemokines, inhibition
could lead to unwanted side effects and toxicities. Also, many of these inhibitors are not specific
and can cause off-target effects. In addition, prolonged inhibition of NF-kB pathway could lead
to dysregulation of host defenses*’. Combination therapies with NF-kB inhibitors may prove to be

13



more effective in order to limit side effects and increase the efficacy of these compounds. There
are already some promising examples. Bortezomib has been shown to increase the sensitivity of
both chemo and radiotherapy in colorectal cancer. It is thought Bortezomib inhibits NF-kB
activation caused by chemo and radiotherapy*. TPCA-1, when combined with tyrosine kinase
inhibitors like Gefitinib, was able to enhance apoptosis in non-small cell lung cancers®. Also,
TPCA-1 has shown promising results when combined with oncolytic viruses; inhibiting ISGs and

increasing viral infection in malignant peripheral nerve sheath tumour?!.
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Class Name Target Mechanism of Action Reference
NIK SMI1 NF-kB inducing Inhibits NIK and activation of NF-kB non-  Brightbill et. al.
kinase (NIK) canonical pathway activation (25)
i @f IS Tl Curcumin NIK/IKK Inhibit NIK/IKK complex preventing Plummer et. al.
downstream activation of NF-xB and cyclo- (26)
oxygenase 2
TPCA-1 IxkB kinase Inhibits IKK and subsequent [kBa Nan et. al. (28)
degradation
Wedelolactone IxkB kinase Inhibits IKK and subsequent [kBa Park and Hong
o degradation (22)
IKK Inhibitor Parthenolide IxkB kinase Directly interacts with Cys 179 and inhibits ~ Kwok et. al.
IKKp (29)
PS-1145 IxkB kinase Inhibits IKK and subsequent [kBa Yemelyanov et.
degradation al. (32)
Bortezomib 26s Proteasome  Inhibits 26s proteasome preventing Baud and Karin
Proteasome Inhibitor Logadation of Lita (24)
R0106-9920 IxBa Inhibits ubiquination of IkBa Swinney et. al.
(34)
Dehydoroxymethyl- NF-«B nuclear  Inhibits nuclear translocation of canonical Umezama (36)

NF-kB nuclear translocation or
DNA binding inhibitor

epoxyquinomicin (DHMEQ)
Sesquiterpene lactones

Edasalonexent

Epoxyquinone A monomer

Dimethyl Fumarate

translocation
p65

p65

IKKp and p65

p65

and non-canonical NF-«B dimers

Directly binds p65 and inhibits DNA
binding, NF-kB activation, and downstream
pro-inflammatory cytokines

Inhibits p65 dependent inflammatory
response and downstream pro-inflammatory
genes

Directly binds both IKKf and p65 inhibiting
downstream signaling of NF-xB activation
Directly binds p65 and inhibits nuclear
translocation of p65

Garcia-Pifieres
et. al. (37)

Donovan et. al.
(33)

Liang et. al.
(75)

Kastrati et. al.
(77)
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Table 1. Classes of NF-kB Inhibitors.
NF-«kB inhibitors block different parts of the pathways. Listed here are different classes of NF-xB
inhibitors with examples and their targets and mechanism of action.
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1.7 Current Cancer Therapy

Common cancer treatment options presently rely on chemotherapy on its own or in
combination with surgery and radiotherapy. Chemotherapy drugs such as paclitaxel target all fast
growing cells in the body, whether they are tumour or normal cells, by stabilizing cell microtubules
and inhibiting depolymerization of microtubule units and thereby blocking progression of the cell
cycle 4243, Platinum-based chemotherapeutic agents like cisplatin* are being used to treat almost
half of all cancer patients. Cisplatin works by crosslinking purine bases in DNA and inhibiting
repair mechanisms, thereby causing irreparable DNA damage and cancer cell death®.

Radiotherapy uses ionizing radiation to deposit energy into tissues it penetrates 6. This
energy can kill cancer cells through mainly two mechanisms: 1) directly, through damage of
cellular DNA inhibiting cell proliferation or 2) indirectly, through the production of free radicals
that cause DNA damage and cell death?.

Standard strategies to eradicate cancer are not specific and induce many side effects.
Chemotherapy treatments are often administered through short repeated rounds where the highest
possible dose of these cytotoxic drugs are administered, and lengthy recovery periods are required
for normal cells to recover from the therapy*’. Furthermore, radiotherapy, like chemotherapy, still
presents many challenges in selectively providing ionizing radiation to cancerous cells, although
methods like dose fractionation and new technological advances are in place to minimize
toxicities*. More targeted therapies are required in the quest to find better treatment options for
cancer.

Based on the hallmarks of cancer, certain biologics have been developed in an effort to
target more specific molecular pathways and characteristics of cancer cells that distinguish them

from normal cells, thereby limiting potential harmful off-target effects that treatments like
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chemotherapy and radiotherapy have. For example, biological treatments have been used to target
epidermal growth factor receptors (EGFR) either with monoclonal antibodies like cetuximab or
trastuzumab, which target HER2 receptors present on some breast cancer cells*’. Other treatments
target EGFR using small molecule inhibitors like gefitinib or erlotinib*’.

More recent advances in immune checkpoint blockade have shown some promising results.
Most immune checkpoint blockade therapies center around monoclonal antibodies against
cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) or programmed cell death protein 1
pathways (PD-1/PD-L1). CTLA-4 and PD-1/PD-L1 play a crucial role in the negative suppression
and modulation of T cell activity and by blocking these signals, immune checkpoint blockade
therapies attempt to reactivate immune surveillance often suppressed during the cancer
immunoediting stage. Thus, using monoclonal antibodies like ipilimumab (anti-CTLA-4) and
nivolumab/pembrolizumab (anti-PD-1) can delay or prevent T-cell silencing**+°. By blocking these
signals, immune checkpoint blockade allows for reactivation of the immune system and better
control of the tumour. However, so far monotherapies using immune checkpoint blockade have

only been successful in a subset of patients and malignancies.

1.8 Oncolytic Viruses
1.8.1 Development of Oncolytic Viruses

The development of oncolytic viruses (OVs) first started from the observation that tumours
were regressing in certain patients who had a viral infection™. This led to studies conducted in the
1940s using unmodified viruses that sometimes led to dangerous outcomes, including death®. In
the 1940s, there were two cases in which patients with Hodgkin’s disease who also were infected

with viral hepatitis showed improvement in Hodgkins disease prognosis’!. This led to one of the
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first trials involving OVs conducted on patients with Hodgkin’s disease using Hepatitis B virus
from unpurified human serum and tissue extracts that were administered through parenteral
injections®'. Although some improvement in Hodgkin’s disease was noted, the potential dangers
of viral hepatitis infection to patients was too high to be deemed a successful therapeutic measure’'.

Natural viruses which are not genetically modified, like Newcastle disease virus (NDV),
mumps virus, and reovirus already have tropism for tumour cells>. With advancements in
molecular techniques, viruses can now be genetically modified to be attenuated and targeted
towards certain cell types. Indeed viruses such as adenovirus, vesicular stomatitis virus (VSV),
vaccinia virus, and herpes simplex virus can among others be genetically engineered to increase
tropism for cancer cells>. In addition, humans are not natural hosts to some viruses including VSV
and NDV>*54 which minimizes risks of unwanted infection and increases safety profiles. Whether
there is natural or engineered tumour tropism, viruses are attracted to biological characteristics of
tumours including their ability to evade immune system detection and destruction, promote
uncontrolled cellular metabolism, resistance to apoptosis, and defective innate antiviral
responses®*. Oncolytic viruses can kill cancer cells through four main mechanisms: 1) direct virus-
mediated cytotoxicity or indirect mechanisms including 2) reactivation of systemic anti-tumour
immunity, 3) damage of blood vessels surrounding tumors, and 4) therapeutic effects of transgenes
incorporated into genetically engineered viruses’333.

The first oncolytic virus to receive clinical approval was adenovirus H101 in China in 2005
which was used in combination with chemotherapy for treatment of nasopharyngeal carcinoma®’.
In 2015 the Food and Drug Administration and European Medicines Agency approved talimogene
laherparepvec (T-Vec). T-Vec is a genetically modified herpes simplex virus, type 1 that has both

55,58

v-34.5 genes deleted to attenuate the virus and prevent neurovirulence’>°. Further, two copies of
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human granulocyte-macrophage colony-stimulating factor (GM-CSF) were inserted to promote
differentiation of antigen-presenting cells (APCs) in infected tumours 3%, T-Vec is currently
approved for advanced stage melanoma, but there are multiple clinical trials ongoing for T-Vec to
be used for other cancers including head and neck cancers and Merkel cell carcinomas, as well as

combination therapies of T-Vec with checkpoint inhibitors>®,

1.8.2  Oncolytic Vesicular Stomatitis Virus

Vesicular stomatitis virus (VSV) is an enveloped, bullet shaped, negative-sense RNA virus
belonging to the Rhabdoviridae family®. The two major strains are VSV-Indiana and VSV-New
Jersey and both are endemic to parts of Central and South America as well as parts of the United
States infecting mostly horses, cattle, and pigs >°. Most of these infections are non-lethal and appear
as fever and blister-like lesions in the oral cavity, feet, and teats®. There has been only one case of
wildtype VSV (WT VSV) mediated encephalitis in humans®.

The VSV genome consists of 11,000 nucleotides coding for 5 viral proteins: the
nucleocapsid (N), phosphoprotein (P), matrix (M), glycoprotein (G) and large polymerase (L)>.
It infects cells through its glycoprotein (G) which mediates attachment onto ubiquitously expressed
low-density lipoprotein receptors (LDLR), followed by endocytosis and internalization into
endosomes®. Acidification of the endosome causes a conformational change of the G protein,
facilitating fusion of the viral envelope to the endosomal membrane and release of the viral genome
and proteins in the cytoplasm of the cell®*%°. The genome, which is protected by the nuclease-
resistant N protein, then serves as the template that is transcribed by the VSV polymerase complex
consisting of the L and P proteins®. The M protein contributes to VSV’s pathogenic effects. The

M protein binds the nuclear envelope of cells and inhibits the nuclear to cytoplasmic transport of
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cell RNA and proteins, and accounts for VSV’s ability to block host anti-viral interferon
responses>®%.

Due to the relatively low rate of pre-existing immunity to VSV in the human population,
and its ability to rapidly replicate and cause cytotoxicity, it is an attractive platform for oncolytic
virotherapy®. In order to make WT VSV oncoselective and to improve its safety profile, oncolytic
VSV derivatives are often attenuated via genetic modification. One way is a deletion of the 51%
methionine of the M protein resulting in VSVAS1. As the M protein blocks nuclear to cytoplasmic
transport of cell RNA and proteins, including antiviral mediators, defects in this protein prevents
VSVASI1 from evading innate antiviral defense mechanisms and only allows replication in IFN

defective cells, which is often the case in cancer cells as a consequence of cancer immunoediting™.

1.9 Combination Therapy with Oncolytic Viruses
1.9.1 Small-Molecule Combination Therapy

Limited clinical efficacy of oncolytic viral therapy has been observed due to tumour
heterogeneity and remains a major obstacle in the field 3. Approximately 30-35% of tumours
retain some level of antiviral defense, which severely limits the efficacy of oncolytic viruses like
VSVASI that are attenuated in their ability to combat innate antiviral defense mechanisms®!. Many
researchers are now using drug-OV combinations to augment the limitations of OV monotherapy
as an alternative to direct genetic insertion of therapeutic transgenes, which could also offer
benefits in OV safety profiles.

Currently, many different compounds are being examined that can enhance viral infection
of cancer cells in different ways, many of which have been discovered by our group, including

vanadium compounds, fumaric and maleic acid esters, and microtubule targeting agents®>-**. Drug
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combinations aim to drive viral efficacy in 4 main ways, by 1) increasing replication/spread of
OVs, 2) increasing bystander killing of surrounding cells, 3) achieving systemic
immunosuppression, and 4) increasing apoptosis/stress response® (Figure 3). These compounds
are diverse in structure and function and many are already in use to treat other diseases (Figure
4). Many groups have looked at combining already clinically approved chemotherapeutics, like
cyclophosphamide; which is already part of the standard chemotherapeutic regimen used currently
to treat lymphomas®, with OVs. Paclitaxel, another chemotherapeutic used in the treatment of
breast, ovarian, and non-small lung cancer has also been shown to enhance the effect of oncolytic
Maraba virus in syngeneic murine breast cancer models®. Chemotherapeutics have been credited
with their ability of synergistic cell killing and apoptosis as well as stimulation of anti-tumour
immune responses®. There are also other classes of compounds that target different steps in the
antiviral signaling pathway. These include compounds like TPCA-1 an IKK inhibitor, which
improved in vitro spread of oncolytic HSV*!. Valproic acid, which is already approved in the
treatment of epilepsy, a histone deacetylase inhibitor (HDACi) which can dampen expression of
interferon stimulated genes and was found to synergize with a wide range of OVs including HSV-
1, vaccinia virus, VSV, reovirus, and adenovirus®.

There are also compounds that have been found to augment killing of infected cells and
also induce bystander killing of uninfected cancer cells. Colchicine, a microtubule destabilizer
used to treat gouty arthritis showed cancer-selective synergistic killing in both in vifro and mouse
tumour models when combined with oncolytic rhabdoviruses®. In addition, colchicine decreased
type I IFN translation and promoted increased viral bystander killing through secretion of virally
induced cytokines®. Another compound is vanadate, which is a pan-protein tyrosine phosphatase

inhibitors, and has been shown to enhance viral titers of multiple RNA viruses in resistant cancer
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cell lines®. Furthermore, vanadate has also shown to lead to increased virus-induced bystander
killing and abscopal effects in mouse bilateral tumour models thereby lead to the eradication of
both treated and untreated tumours®’. In addition, many combination therapies with OVs are being

tested in clinical trials, of which a large portion are combinations with chemotherapeutics®.
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Figure 3. Mechanism of action of compounds combined with OVs.

There are four main mechanisms of action in which small molecules or antibodies can enhance
efficacy of oncolytic viruses. 1) increase in viral replication/spread; 2) induction of factors that
increase bystander killing, through cytokine release or activation of anti-tumour immunity on
uninfected cells; 3) suppression of immune cells and antibody-mediated elimination of viruses;
and 4) increased apoptosis and cell stress of infected cells. Figure and caption adapted from Phan
et. al., 2018%.
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Figure 4. Small molecule enhancers of oncolytic viruses.

These compounds are examples of a broad range of molecular structures and functions from
chemotherapeutics, to drugs that target cellular innate immune responses to viruses or drugs that
augment killing of infected cells and induce bystander killing of uninfected cancer cells. Figure
and caption adapted from Phan et. al., 2018%°.
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1.9.2  Viral Sensitizers

Over a decade ago, in a search to find novel small molecule compounds that can enhance
oncolytic virus efficacy, our group conducted a high-throughput screen of small molecule
compounds. It was believed at the time that some of these small molecule compounds might
complement deleted viral genes in oncolytic viruses and allow for more efficacious infection of
cancer cells. From this screen, many promising drug candidates that can enhance oncolytic
VSVASI1 were discovered. These compounds were coined “viral sensitizers” for their ability to
sensitize cancer cells to OV infection. These compounds included many microtubule destabilizers,
like colchicine, described above. Our group has also shown the vanadium based compounds
described above are effective viral sensitizing compounds and are effective in CT26wt, 4T1, and

DBT in vivo tumour models, increasing VSVA51 growth and improved survival®’.

1.9.3 VSel

As its name implies, Viral Sensitizer 1 (VSel, Figure 5a) or 3,4-dichloro-5-phenyl-2,5-
dihydrofuran-2-one was the first of several small molecule compounds identified in the high-
throughput screen looking for compounds that enhanced oncolytic viral infection of VSVASI in a
virus-resistant cancer cell line (4T1)%. VSel enhanced viral infection in multiple resistant cancer
cell lines, showing up to over a 1000-fold increase in titers in the most resistant cancer cell line
(786-0)°. VSel was shown soon after its discovery to transiently inhibit IFNf transcription and
reduce activation of the innate antiviral response. It was hypothesized that this inhibition of IFNf3
complements the M protein deletion in VSVAS1 by blocking cellular antiviral genes and increasing
viral infection®. Further, testing VSel in combination with VSVAS51 in vivo significantly delayed

tumour progression without viral spread to normal tissues®. While VSel is effective, due to its
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electrophilic nature and toxicity profile, analogs were developed to try to improve physicochemical
and toxicological properties. Using VSel as the scaffold, our group aimed to identify other active

analogs and examine the structure-activity relationship of these compounds.

194 VSel-28

One of the top analogs based on retained viral enhancement activity and improved toxicity
and stability profiles synthesized was VSel-28 (Figure Sb (H-Pyrrol-2-one,3,4-dichloro-1,5-
dihydro-5-hydroxy-1-[2-(4-morpholinyl)ethyl]), which is a pyrrole derivative of VSel®.
Compared to VSel, which has a plasma stability of 0% after three hours, VSel-28 is much more
stable with a plasma stability of 40% remaining after three hours®®. Furthermore, upon analyzing
glutathione (GSH) half-life; a measure of the time it takes for glutathione to form an adduct with
the compounds, VSel-28 demonstrated a half-life of 96 minutes, compared to VSel which had a
half life of less than 5 minutes®. As GSH is conjugated to electrophilic compounds as a way to
eliminate them from the human body, a longer GSH half-life suggested VSel-28 is less
electrophilic compared to VSel and leading to increased stability. VSel-28 also retained similar
activity and potency (peak potency of VSel:60uM, VSel-28: 80uM) compared to VSel®.
Notably, VSel-28 enhanced VSVAS]1 infection in ex vivo tumour specimens similarly to VSel.
VSel-28 showed similar efficacy in inhibiting IFN, blocking its antiviral effects®. In addition, it
showed improved toxicological profiles only showing toxicity at doses higher than 100mg/kg
compared to VSel which had toxicity starting at 10mg/kg®. VSe1-28 was also able to significantly
enhance viral replication as well as delay tumour progression and improve survival in vivo tumour

models®’. Altogether, this shows that VSel-28 is a good starting candidate to further pursue

clinically for combination therapy with VSVAS1.
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Figure 5. Chemical structure of VSel and VSel-28.
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1.10 Deducing the mechanism of action of VSel and VSel-28

VSel and VSel-28 have both been proven to be effective in enhancing oncolytic virus
infection both in vitro and in vivo. But, the specific mechanism of action and molecular targets
remain poorly understood. The original hypothesis was based on the small molecules’ ability to
dampen IFNP response and decrease antiviral signaling to enhance viral infection, as IFNf is a
cytokine involved in the Type I IFN response that is activated by host innate immune system in
response to pathogen infection and tumourgenesis’. Our group has recently found that both VSel
and VSel-28 significantly decrease mRNA expression of IFNf as well as ISGs MX2 and IFITM1
with effects observed as early as 8 hours post VSVAS1 infection and up to 24 hours post-infection
in 786-0 cells (Manuscript in preparation-Appendix A). Analysis of nuclear translocation of
molecular players involved in the tripartite pathway that activate IFNf including ATF-2/c-Jun,
Interferon Response Factors (IRF) 3 and 7, as well as NF-kB p65/p50, revealed that VSel and
VSel-28 both inhibit the translocation of NF-kB p65/p50 into the nucleus following VSVASI
infection of 786-0 cells (Manuscript in preparation-Appendix A). The above observations led us
to further explore the effects these compounds had on the NF-kB pathway, which so far revealed
no effect on upstream effectors including the phosphorylation of p65, dimerization of p65/p50, as
well as degradation of IkBa.. In addition, looking at NF-kB targeted genes tumour necrosis factor
o (TNFa) and IL6"!, showed decreased expression of both genes upon treatment with VSel and
VSel-28 and infection of 786-0 with VSVAS] as early as 8 hours and up to 24 hours post-infection

(Manuscript in preparation-Appendix A).
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1.11 GSTP1-1

In our attempts to identify the molecular target of our VSe-1 related compounds, an
experiment using ligand-based affinity chromatography was performed. This method aimed to
identify non-covalent proteins interacting with an analog of VSe-1 covalently bound to beads. A
schematic of the workflow is shown (Figure 6). Using this method, Glutathione S-transferasen-1
(GSTPI1-1) was identified as a top interacting molecule, identifying the protein in 3/3 runs.

GSTs catalyze the conjugation of GSH to both endogenous and exogenous electrophilic
compounds and play a role in the elimination of toxic compounds’. GSTs are divided into 6
groups: Alpha, Mu, Omega, Pi, Sigma, Theta, and Zeta’>’*. GSTP1-1 was found to be the
predominant class found in human tumour cell lines and has been increasingly associated with
drug resistance in chemotherapy patients’>’>. GSTs have been shown to interact with members
involved in the mitogen-activated protein kinase pathway (MAPK) which is involved in cell
survival and death signaling as well as inhibition of c-Jun N-terminal kinase (JNK) through direct
interaction’. Furthermore, the promoter sites of many GST isoenzymes have been shown to
contain binding sites for transcription factors including Jun, AP-1, and NF-kB74, all of which are

key players in antiviral signaling.
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Figure 6. Schematic view of ligand based-affinity profiling.

Workflow of the steps involved in using ligand based-affinity profiling which identified GSTn
(GSTPI1-1) as an interacting protein with an active VSe based probe. Schematic adapted from
Krishnan, El-Sayes, and Phan et. al., Manuscript in Preparation-Appendix A.
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1.12 Rationale and Hypothesis

Our lab has previously found that VSel and VSel-28 inhibit IFN} expression and
downstream ISGs including MX dynamin-like GTPase 2 (MX2) and Interferon-induced
transmembrane protein 1 (IFITM1). Evidence to date suggests that this phenomenon is linked to a
compound-induced reduction in the level of NF-kB nuclear accumulation following stimulation
either by virus infection or the addition of cytokines like TNF-c., with signaling upstream of NF-
kB still seemingly functional. Thus, the next logical step was to perform experiments that could
identify the molecular target of VSel and VSel-28 and its mechanism of action.

As GSTPI1-1 was identified as an interacting molecule through ligand-based affinity
capture chromatography already and is over-expressed in most cancers, this provides a first
potential candidate to explore and validate. As an alternative possibility, many drugs and small
molecule compounds are known to post-translationally modify their targets. Such targets could not
be identified by ligand-based affinity capture chromatography. Indeed, many drugs have been
found to affect the nuclear accumulation of NF-kB through covalent modification. These include
epoxyquinone A monomer, which is a synthetic derivative of epoxyquinol A, and sesquiterpene
lactones which have been shown to directly modify and inhibit the DNA binding domain of the
p65 subunit of NF-kB %7 Another compound is Helenalin, which has medicinal properties
identified over a century ago, which was shown to modify p657’. Of high relevance is dimethyl
fumarate (DMF). This fumaric acid ester compound was previously shown by our group to have
viral sensitizing properties and like VSel and VSel-28, also inhibits nuclear accumulation of NF-
kB 2, Furthermore, it was recently demonstrated that DMF inhibits nuclear accumulation of NF-
kB through covalent modification of a reactive cysteine present in the DNA binding region of

p657%. Both DMF and Helenalin possess an o, unsaturated carbonyl moiety that can undergo
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hetero Michael addition”, a moiety which is also present on VSel and VSel-287778 All this
combined provides evidence to hypothesize VSel and VSel-28 may follow a similar mechanism
through covalent modification of NF-«xB p65 and reduce nuclear accumulation.

In addition, irrespective of the mechanism, we consider that if NF-kB is a key biological target,
we should observe its decreased activity by VSel and VSel-28 not only in 786-0 cells but also
other cancer cell lines in which VSVASI1 growth is sensitized by these molecules. This effect
should also be observed in vivo models where the molecules have been found to be therapeutically
effective. In addition, it will be of critical importance for clinical translation to determine whether
the impact of these compounds on NF-kB regulation is selective to cancer cells or whether it also
occurs in normal cells.

To address these hypotheses, we set out to carry out experiments specifically aiming to:

1. Validate or reject GSTP1-1 as a molecular target in the mechanism of action of VSel and

VSel-28.

2. Use activity-based protein profiling to explore the possibility of covalent modification as
an alternative mechanism of VSel and VSel-28.

3. Validate the mechanism of action of VSel and VSel-28 in other cancer cell lines and
normal cells by analyzing their effects on nuclear accumulation and induction of NF-xB
activated genes and interferon stimulated genes.

4. Evaluate the mechanistic impact of VSel-28 combined with VSVAS51 in mouse models of

cancer.
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2 Chapter: Material and Methods

2.1 Drugs, Chemicals, and Cytokines

The synthesis of VSel, VSel-28 and DMF probe was carried out by Dr. Christopher Boddy’s
lab and has been previously described®®%-7®.  The synthesis of the active VSel-54 probe and
inactive VSel-56 probe was also done by Dr. Christopher Boddy’s lab. Dimethyl Fumarate (DMF)
was obtained from Sigma-Aldrich (St Louis, MO). TNFo was obtained from R&D systems
(Minneapolis, MN).
2.2 Viruses

The virus used in experiments is a recombinant variant of the Indiana serotype of VSV that
contains a deletion of the 51% amino acid in the M protein (VSVA51). VSVAS51 constructs
expressing green fluorescent protein (GFP) or firefly luciferase (Fluc) which are used in the
experiments below are recombinant derivatives of VSVAS1, and have been described in Stojdl et
al®!. Viruses were produced in Vero cells and purified using an Optiprep gradient as previously
described®® and titered by standard plaque assay as described below.
2.3  Cell Lines

786-0 (human renal carcinoma), Vero (African green monkey kidney), B16F10 (murine
melanoma), CT26wt (murine colon carcinoma), 4T1 (murine mammary carcinoma) and 293T
(human embryonic kidney) were obtained from the American Type Culture Collection (Manassas,
VA). 786-0 and Vero cell lines were maintained in Dulbecco’s Modified Eagle’s medium
(Corning, Manassas, VA) supplemented with 10% 3:1 newborn calf serum:fetal bovine serum
(Sigma-Aldrich, St Louis, MO). B16F10 cells were maintained in Minimum Essential Medium
Eagle (Corning, Manassas, VA) supplemented with 10% fetal bovine serum (VWR, Mississauga,

ON). CT26wt, 4T1, and 293T were maintained in Dulbecco’s Modified Eagle’s Medium
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supplemented with 10% fetal bovine serum (VWR, Mississauga, ON). All cell lines were
incubated at 37 °C with 5% COx.
2.4 Isolation of Murine Hepatocytes

Primary murine hepatocytes were isolated as previously decribed®' and provided by Dr.
Morgan Fullerton’s lab. Briefly, the superior vena cava was clamped and the portal vein was cut
from the liver, the liver was perfused through the inferior vena cava with EGTA buffer (140 mM
NaCl, 6.7 mM KCIl, 10 mM HEPES, and 50 uM EGTA, pH 7.4) at 7 mL/min to a total 25 mL.
The perfusion was then switched to a 0.5% Collagenase solution (67 mM NaCl, 6.7 mM KCI, 5
mM CaCl2*2H20, and 100 mM Hepes, pH 7.6) at 6 mL/min to a total of 25 mL. The liver was
then removed and transferred to a dish containing Williams Media E (Wisent Bioproducts, Saint-
Jean-Baptiste, Quebec) and liver cells were teased out of the sac and filtered through a 100 um
cell strainer. Cells were centrifuged at 1000 rpm for 5 minutes and resuspended in fresh Williams
Media E. Cells were then centrifuged again at 1000 rpm for 5 minutes and resuspended in Williams
Media E supplemented with 10% FBS (VWR, Mississauga, ON), 1% Penicillin/Streptomycin
(ThermoFisher, Waltham, MA), and 1% L-Glutamine (Thermofisher, Waltham, MA) . Trypan
Blue Exclusion was used to determine cell viability. Cells were incubated at 37 °C with 5% COx.
2.5 siRNA Transfection

786-0 cells were seeded 6 x 10* cells/well in 12 well plates twenty-four hours prior to
transfection. Cells were then transfected with scrambled siRNA control ((ON-TARGETplus Non-
targeting Control Pool; # D-001810-10-05; Dharmacon), SMARTpool ON-TARGETplus GSTP1
siRNA (#L-011179-00-0005; Dharmacon), or oligofectamine (Invitrogen, Burlington, ON) alone,
following manufacturer’s protocols. After forty-eight hours, cell lysates were collected for

immunoblot analysis against GSTP1-1 to determine knockdown efficiency. Parallel sets of plates
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were either treated with varying concentrations of VSel and subsequently infected with VSVAS1-
GFP or with virus alone at MOI 0.01. Supernatants were collected twenty-four and forty-six hour
post-infection to be titered by standard plaque assay.
2.6 Luciferase Reporter-Based Viral Titration Assay

This assay has been previously described in detail®®. Briefly, 786-0 cells were seeded in 96
well plates at 3x10"4 cells/well 24 hours prior to treatment. Cells were then pre-treated for 4 hours
with either control (Dimethylsulfoxide (DMSO) or water) or compound at various concentrations
and then infected with VSVAS1 Fluc (MOI 0.005). After forty hours, 25 pL of supernatant from
the treated 786-0 cells were transferred onto Vero cells. A standard curve of known amounts of
virus starting from 1 x 108 plaque forming units (pfu) to 10 pfu, decreasing by 1 log unit was also
added to corresponding wells of Vero cells. Plates were then centrifuged at 430 xg for 5 minutes
and incubated for 5 hours at 37 °C, 5% COa.. Luciferase expression was measured by the amount
of bioluminescence in each well expressed as mean relative light units (mRLU; SynergyMx
Microplate Reader, BioTek). The mRLU standard curve was generated by plotting mRLU against
known input viral pfu from each standard curve that was added to Vero cell plates. A four-
parameter non-linear regression analysis was used to generate a Hill plot from which unknown
sample pfu can be interpolated. This represented an estimate of viral titers which are termed “viral
expression units (VEU.)” All data transformation was performed using R.
2.7 Cell Viability Assay

Cell viability was measured by incubating cell samples with Rezasurin (Sigma Aldrich, St.
Louis, MO) according to the manufacturer’s instructions. After 2 hours, fluorescence was

measured (530 nm excitation and 590 nm emission) using a fluorescent plate reader (SynergyMx
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Microplate Reader, BioTek). Cell viability was calculated by normalizing samples to untreated
controls after subtracting background fluorescence from wells with media alone.
2.8 Bradford Assay

To determine protein extract concentration, a Bradford assay was used. BSA standards with
concentrations: 100 pg/mL, 200 pg/mL, 400 pg/mL, 600 pg/mL, 800 ng/mL, 900 pg/mL, 2000
ug/mL was used to generate a standard curve. Bio-Rad Protein Assay Dye Reagent Concentrate
(Bio-Rad, Mississauga, ON) was used to determine protein concentration on a Vis
Spectrophotometer (Thermo Fisher, Waltham, MA).
2.9 Immunoblotting

Cells were lysed for 10 minutes on a rotator at 4 °C with protein extraction buffer (50 mM

Hepes, 150 mM NaCl, 10 mM EDTA, 10 mM NasP>07, 1% NP-40, pH 7.4) containing 0.5 M
NaF, 200 mM NazVO4 and protease inhibitor cocktail (Roche, Mississauga, ON). Lysate was
collected and centrifuged at 14,000 rpm for 10 minutes. Protein concentration was read using a
Bradford Assay. 15-30 pg of lysate were used per sample, prepared in NuPAGE LDS sample
buffer (Invitrogen, Burlington, ON) supplemented with 0.5 M dithiothreitol (Sigma Aldrich, St.
Louis, MO). Samples were electrophoresed on a 4-12% Bis-Tris precast gradient gel (Invitrogen,
Burlington, Ontario) using the Mini Gel Tank system (Invitrogen, Burlington, ON). Gels were
transferred onto 0.45 uM nitrocellulose membrane (GE Healthcare, Baie d’Urfe, Quebec) using
Mini Blot Module (Invitrogen, Burlington, ON). Membranes were blocked with 5% skim milk or
5% BSA in 0.1% TBS-Tween 20 for 1 hour and then probed overnight with rabbit or mouse
antibodies against NF-kB p65 (#8242 Cell Signaling Technology, Danvers, MA), NF-xB p105/p50
(#3035, Cell Signaling Technology, Danvers, MA), B-Actin (#4970, Cell Signaling Technology,

Danvers, MA), or a-Tubulin (sc-8035, Santa Cruz Biotechnology, Dallas, Texas). Membranes
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were then probed for 1 hour with a rabbit (Cell Signaling Technology, Danvers, MA) or mouse
(Cell Signaling Technology, Danvers, MA) antibody conjugated with horseradish-peroxidase.
Western bands were visualized using Clarity TM Western ECL blotting solution (Bio-Rad,
Mississauga, ON) on a Chemi-Doc MP Imaging System (Bio-Rad, Mississauga, ON).
2.10 Nuclear and Cytoplasmic Protein Extraction

Nuclear and cytoplasmic protein extracts were isolated using NE-PER™ Nuclear and
Cytoplasmic Extraction Reagent (Thermo Fisher, Waltham, MA). In brief, cells were harvested
using trypsin-EDTA and pelleted at 500 xg for 5 minutes. Cells were washed once in PBS. 250
uL of ice-cold cytoplasmic extraction reagent I was added to cell pellet, vortexed and incubated
on ice for 10 minutes to lyse cells. 11.75 uL of cytoplasmic extraction reagent II was added to the
pellet, vortexed and incubated on ice for 1 minute. Cells were then centrifuged at 14000 rpm for 5
minutes and the supernatant containing the cytoplasmic extract was collected. 125 puL of nuclear
extraction reagent was then added to the remaining pellet, and incubated on ice for 40 minutes,
vortexing the pellet every 10 minutes. Cell extract was centrifuged 14000 rpm for 10 minutes, and
the supernatant containing the nuclear extract was collected. Protein concentration for both extracts
was determined using Bradford assay.
2.11 Standard Plaque Assay

Methods have been previously described®. Briefly, Vero cells are seeded in 12 well plates at
3x10° cells/well the day before so they are 95% confluent at the start of the assay. Serial dilutions
of supernatants containing virus are done using serum-free media. 400 pL of diluted supernatants
are used to infect Vero cells for 45 minutes while being incubated at 37°C, 5% CO». After 45
minute infection, the supernatant is removed off of the Vero cells and a 1:1 volume of 1%

agarose:2x DMEM supplemented with 20% FBS is added to each well covering the cells. Cells
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are then incubated at 37°C, 5% CO; for 24 hours after which they are fixed with 3:1 methanol:
acetic acid fixative. After 2h incubation at room temperature, the agarose and fixative are washed
off the cells. The cells are then stained with Coomassie blue for 30 minutes on a shaker. Plaques
can then be counted at dilutions steps where 15-100 plaques per well are visible and plaque forming
units/ml are calculated.
2.12 Activity-Based Protein Profiling

Methods have been previously described®?%3. Briefly, cells were lysed with cold 1% Triton X-
100 in PBS for 10 minutes on a rotator at 4 °C. Cells were then scraped, collected and spun at
14,000 rpm for 10 minutes. Supernatants were collected and protein concentration was determined
by Bradford Assay. For fluorescent scanning, rhodamine azide was used. 70 pg of protein was
mixed with freshly prepared click chemistry mixture (0.1 mM Rhodamine Azide, 1 mM Tris(2-
carboxyethyl)phosphine (TCEP, Sigma Aldrich, St Louis MO), 0.1 mM Tris[1-benzyl-1H-1,2,3-
triazol-4-yl)methyl]amine (TBTA, Sigma Aldrich, St Louis, MO), 5 mM CuSOjs (Fisher, Toronto,
ON)) and rotated at room temperature for 45 minutes. Samples were then precipitated with 1 mL
acetone at -80 °C for 15 minutes. Samples were spun at 6500 rpm for 15 minutes and the
supernatant was removed. Pellet was air-dried and then dissolved in 2X SDS gel loading buffer
(Bio-rad, Missisauga, ON)) and denatured at 95 °C for 10 minutes. Samples were then loaded on
an SDS-PAGE. Gels were imaged on a Bio-Rad Chemi-Doc, using absorbance 501 nM and
Emission 525 nM.

For ABPP and western experiments, 1mg of protein was mixed with freshly prepared click

chemistry mixture (0.1 mM Biotin Azide (Sigma Aldrich, St Louis, MO), 1 mM TCEP, 0.1 mM
TBTA, 5 mM CuSOs) and rotated at room temperature for 2 hours. Acetone was then added to

samples and placed at -80 °C for 15 minutes to precipitate proteins. Samples were then centrifuged
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at 6500 rpm for 15 minutes. Samples were washed three times with methanol and sonication (30%
power) to break up the protein pellet. Proteins were pelleted by centrifuging at 6500 x g between
each wash. After washing in methanol, samples were resuspended in 2.5% SDS in PBS and
dissolved by sonication and then heated at 60 °C for 5 minutes. Samples were then pelleted at 6500
x g for 4 minutes and the supernatant was transferred to a fresh tube. Samples were topped off to
8mL total volume with PBS and 100 uL of streptavidin-agarose beads were added (Sigma Aldrich,
St Louis, MO). Samples containing streptavidin beads were rotated at room temperature for 1.5h
to allow biotin to bind to streptavidin beads. Beads were then pelleted at 1400 x g for 2 minutes
and washed 3x with 1% SDS in PBS, 3x with 6M Urea, 3x with PBS, pelleting beads between
each wash by centrifugation. Beads were eventually resuspended in 2x SDS Page buffer and
proteins were removed off the beads by heating samples at 95 °C for 15 minutes. Samples were
then loaded on SDS-PAGE gels and transferred onto nitrocellulose to be blotted for antibodies
indicated.
2.13 RNA Extraction

Cells were lysed with RLT buffer (Qiagen, Hilden) supplemented with 1% 2-
Mercaptoethanol (Life Technologies, Carlsbad, CA). Lysates were then centrifuged using a
Qiashredder Spin Column (Qiagen, Hilden) at 14,000 rpm for 1 minute. After centrifugation, flow-
through was combined with 70% ethanol (Commercial Alcohols, Brampton, ON) and placed in an
RNeasy Mini Kit Spin Column (Qiagen, Hilden, Germany) and centrifuged at 8000 % g for 15
seconds. Column was then washed once with RW1 buffer (Qiagen, Hilden) and twice with RPE
Buffer (Qiagen, Hilden). Column was then dried by centrifuging at 14,000 rpm for 1 minute.

Samples were eluted off the column by adding 30 pL of RNase free water (Qiagen, Hilden) and
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centrifuging at 8000 x g for lminute. RNA concentrations were read using a Nanodrop
Spectrophotometer (Thermo Fisher Scientific, Waltham, MA).
2.14 Quantitative Real Time PCR

cDNA was generated using a RevertAid H Minus First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific, Waltham, MA) with 1 pg of RNA. Quantitative Real-Time PCR
reactions were performed using Powerup SYBR Green Master Mix (Thermo Fisher Scientific,
Waltham, MA) on a 7500 Fast Real-Time PCR System (Applied Biosystems, Foster City, CA)
using 20 ng of cDNA per sample. Forward and reverse primers were generated for both human
and murine samples for specified genes as shown in Table 1. Samples were normalized to GAPDH
and fold change was compared to untreated/uninfected samples using the Pfaffl Method®*. This
method is used to analyze and compare relative expression ratio, normalizes to an endogenous

standard and accounts for PCR efficiency (Equation 1)34.

ACt target(control—-sample
_ (Etarget) get( ple)

RQ = (Eref)ACt ref(control-sample)
Equation 1. Pfaffl Method.
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Model Gene Forward Primer (5'—3") Reverse Primer (5'—3")

Human | IL6 ACCCCCAATAAATATAGGACTGGA | GAAGGCGCTTGTGGAGAAGG
Human | TNFa GCTGCACTTTGGAGTGATCG GAGGGTTTGCTACAACATGGG
Human | GAPDH | ACAGTCAGCCGCATCTTCTT GTTAAAAGCAGCCCTGGTGA
Human | MX2 GAACGTGCAGCGAGCTTGTC AAGGCTTGTGGGCCTTAGAC
Human | IFITM1 | CGTGAAGTCTAGGGACAGG GGTAGACTGTCACAGAGCCG
Mouse | IL6 TCCTCTCTGCAAGAGACTTCC GGTCTGTTGGGAGTGGTATCC
Mouse | TNFa CCTCTTCTCATTCCTGCTTGT TGGGAACTTCTCATCCCTTTG
Mouse | GAPDH | CCCTTAAGAGGGATGCTGCC TACGGCCAAATCCGTTCACA
Mouse | MX2 GAATTACCAGGGTGGCTGTAG CAGGTTGATGGTCTCCTGTTT
Mouse | IFITM1 | CAACTAGTGGTGCCAGCCGA GTGAGGAGCACGTAGTCGGG
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Table 2. Primer sequences for quantitative RT-PCR.
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2.15 In vivo Tumour Models

Six week old female BALB/c mice were obtained from Charles River Laboratory (Senneville,
QC). The mice were implanted with subcutaneous tumours by injecting 3 x 10° syngeneic CT26wt
cells in 100 pL of PBS. Eleven days post-implantation, tumours were treated intratumourally with
either VSel-28 (dissolved in DMSO) or DMSO vehicle control. Four hours later, mice were
infected intratumourally with 1 x 10® pfu VSVA51-Fluc in 25 puL PBS. Tumours were harvested
12 hours later by excising 30 mg of tumour tissue, flash freezing in dry ice and homogenized in
RLT buffer using a Tissue Lyser II (Qiagen, Hilden, 25Hz, 4 minutes). RNA was extracted from
homogenized tissue as described above. In parallel, IVIS (Perkin Elmer) was used to determine
bioluminescent signal intensities to determine the efficiency of VSVASI infection as described
below. Quantification of bioluminescent signal intensities was done using Living Image v2.50.1
software. Mice were randomized to the different treatment groups based on tumour size.
2.16 In vivo Imaging

Mice were injected intraperitoneally with 200 uL of 10 mg/mL luciferin dissolved in PBS
(Corning, Manassas, VA). Mice were then anesthetized using 3% isoflurane and imaged using an
in vivo imaging system (IVIS; Perkin Elmer, Waltham, MA).
2.17 Statistical Analysis

Results are shown as means +/- standard error. Statistical significance was calculated using

either a one way or two-way anova with Dunnett’s multiple comparison to mean a P-value equal

to or less than 0.05. Graphs and statistics were calculated using GraphPad Prism 6.
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3 Chapter: Results

3.1 Identification of GSTP1-1 as an interacting molecule through ligand based affinity
chromatography

After identifying GSTP1-1 as an interacting molecule with VSel and VSel-28, we wanted
to determine if GSTP1-1 was responsible for the viral sensitizing effects of VSel and VSel-28.
Using siRNA against GSTP1-1 to inhibit GSTP1-1 expression, we confirmed knockdown by
western blot analysis (Figure 7¢) at 12.5, 25 and 50 nM concentrations of siRNA. 786-0 cells were
transfected with GSTP1-1 siRNA and 48 hours after transfection, cells were infected with
VSVAS1 (MOI 0.01). Supernatant was collected 24 and 46 hours post-infection and titered by
standard plaque assay. Knockdown of GSTP1-1 did not lead to the enhancement of viral infection
at 24 or 48 hours (Figure 7a). In parallel, after transfecting 786-0 cells with siRNA against GSTP1-
1 for 48 hours, cells were also treated with VSel and then infected with VSVAS1 (MOI 0.01).
Supernatant was collected at 24 hours post-infection and titered by standard plaque assay revealing
that VSel was still able to sensitize 786-0 cells to VSVAS1 infection despite knockdown of
GSTP1-1 (Figure 7b). All this suggests that that GSTP1-1, despite being pulled down by ligand
affinity chromatography experiments, is not responsible for the viral sensitizing effects of VSel

and its analogs.
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Figure 7. GSTP1-1 fails to abrogate the viral sensitizing effects of VSel.

(a) 786-0 cells were transfected with vehicle control (0), scrambled siRNA (scrambled) or varying
concentration of GSTP1-1 siRNA. 48 hours later, cells were infected with VSVA51-GFP (MOI
0.01). Virus output was measured by standard plaque assay at 24 and 46 hours post infection. (b)
786-0 cells were transfected with vehicle control, scrambled siRNA or 25 nM GSTPI1-1 siRNA.
Forty-eight hours post transfection, cells were pre-treated with vehicle control or varying
concentration of VSel for 4 hours, then infected with VSVA51-GFP (MOI 0.01). Virus output was
determined by standard plaque assay 24 hours post infection. (¢) In parallel to (a) protein lysate
from transfected cells were collected forty-eight hours after transfection and probed for GSTP1-1
and B-actin. Data obtained in (a) adapted from Krishnan, El-Sayes, and Phan, Manuscript in
Preparation.
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3.2 VSel and VSel-28 reduce nuclear accumulation of NF-kB and expression of NF-xB
induced ISGs in various cancer cell lines

To further validate NF-kB’s involvement in the mechanism of action of VSe-1 and analogs
as previously observed in 786-0s, we expanded our evaluation to other cancer cell lines. We chose
B16F10 (murine melanoma), CT26wt (murine colon carcinoma), and 4T1 (murine mammary
gland cancer), which are three cell lines that can be implanted syngenically in immunocompetent
mice and that are relatively resistant to VSVAS1 infection. Furthermore, we have previously shown
VSel and VSel-28 can sensitize these cancer cell lines to VSVAS51 infection®®. In order to
determine the virus sensitizing concentration of VSel and VSel-28 in each cell line, cells were
treated with varying concentrations of VSel and VSel-28 and then infected with VSVAS51-GFP.
Viral infection was monitored by GFP pictures 24 hours post-infection (Figure 8), and the most
effective concentration was determined by the number of GFP-positive cells. To examine the effect
of NF-kB nuclear translocation, BI6F10, CT26wt, and 4T1 were pre-treated with VSel or VSel-
28 for 2 hours and then treated with TNFa. Nuclear and cytoplasmic protein extracts were
collected and analyzed via western blot for NF-kB p65 and p50 nuclear translocation (Figure 9).
Both VSel and VSel-28 inhibited TNFa induced nuclear accumulation of NF-xB p65 in all three
cell lines, generally by approximately 50%. However, the effects on nuclear accumulation of p50
were not as striking.

We next investigated the ability of VSel and VSel-28 to modulate NF-xB induced genes
in B16F10, CT26wt and 4T1 cells following VSVAS1 infection. RNA was collected from each of
the cell lines following pre-treatment with VSel, VSel-28, or mock, and infected with or without
VSVAS51 (MOI 1) for 8, 16, and 24 hours. Quantitative RT-PCR was used to analyze gene

expression of NF-kB targeted genes TNFa and IL-6 and also ISGs IFITM1 and MX2 (Figure 10).
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Markedly, VSel and VSel-28 inhibited TNFa, IL-6, [IFITM1, and MX2 in all three cell lines most
significantly at 8 hours post-infection. But in BI6F10 and 4T1 cells, the effects extend for as long
as 24 hours post-infection. Altogether, this suggests that both VSel and VSel-28 can impair NF-
kB antiviral response in a variety of different cancer cell lines.

After validating the impact of VSe-1 and VSel-28 on NF-kB activity in multiple cancer
cell lines, we wanted to explore the cancer selectivity of their effects. With that in mind, we treated
primary normal murine hepatocytes (obtained from Dr. Morgan Fullerton) with VSel-28 at
varying concentrations for 4 hours and then infected with VSVAS1. After collecting supernatant
40 hours post-infection and titering the virus output using a previously described luciferase based
titering assay®’, it was revealed that VSVAS51 titers were not increased by VSel-28 (Figure 11).
Consistent with this data, we observed that even the maximum tolerated dose of VSe1-28 in murine
hepatocytes was unable to inhibit mRNA expression of NF-kB target genes TNFa and IL6, nor
ISGs MX2 and IFTIM1 at both 8 and 16 hours post-infection (Figure 12). Interestingly, when
compared to previous cancer cell lines we had tested, BI6F10, CT26wt, and 4T1, murine
hepatocytes had higher baseline expression of some antiviral genes (Figure 13). Altogether, this
data suggests that VSe-1 and VSel-28 inhibit NF-«B nuclear accumulation and activity in a broad
range of cancer cell lines, but do not downregulate this pathway sufficiently to elicit viral

sensitization in normal cells.
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Figure 8. VSel and VSel-28 sensitize various cancer cell lines to VSVAS1 infection.
B16F10, CT26wt, and 4T1 cell lines were treated with varying concentrations of (a) VSel or (b)
VSel-28. Two hours later, cells were infected with VSVAS51-GFP (MOI 0.01). GFP pictures were
taken twenty-four hours post infection to monitor viral infection.
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Figure 9. VSel and VSel-28 inhibit nuclear translocation of NF-kB in multiple cancer cell
lines.

Western Blot analysis of nuclear extracts of (a) BI6F10 (b) CT26WT (c¢) 4T1 treated with VSel
(B16F10 and CT26wt: 15 uM, 4T1: 30 uM) and VSel-28 (B16F10: 40 uM, CT26wt: 60 uM, 4T1:
80 uM) for 2 hours and then treated with TNFa (25 ng/mL) for 30 minutes. NF-«kB p65 was
quantified using ImageJ and normalized to actin loading control bands.
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Figure 10. VSel and VSel-28 inhibit NF-kB targeted genes and interferon stimulated genes.
Quantitative RT-PCR was conducted on RNA collected from (a)B16F10 (b)CT26WT (c)4T1 cells
treated with VSel (B16F10 and CT26wt: 15 uM, 4T1: 30 uM) and VSel-28 (B16F10: 40 uM,
CT26wt: 60 uM, 4T1: 80 uM) for 2 hours and then infected with VSVAS51-GFP (MOI 1) for 8, 16
and 24 hours. Gene expression was analyzed for NF-kB targeted genes TNFa and IL6 and ISGs
I[FITM1 and MX2. ns: P > 0.05, *P<0.05, **P<0.01, ***P<0.001 ****P<0.0001 (Two-way
ANOVA with Dunnett’s multiple comparison).
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Figure 11. VSel-28 does not enhance viral efficacy of VSVAS1-fluc in primary murine
hepatocytes.

Primary murine hepatocytes were pre-treated with VSel-28 at various concentrations for 4 hours
and then infected with VSVAS51-Fluc (MOI 0.005). Supernatants were collected 40 hours later and
virus output was determined using a luciferase based titration assay. Relative metabolic activity
was determined using resazaurin. Primary hepatocytes were isolated by Dr. Morgan Fullerton and
Conor O’Dwyer.
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Figure 12. VSel-28 does not inhibit expression of NF-kB targeted genes and ISGs in primary

murine hepatocytes.
Quantitative RT-PCR was analyzed on RNA collected from primary murine hepatocytes pre-

treated with VSel-28 (10uM) for 2 hours and infected with VSVAS51-GFP (MOI 1) for 8 and 16
hours. Gene expression was analyzed for NF-«B targeted genes TNFa and IL6 and ISGs MX2 and
I[FITM1.
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Figure 13. Baseline expression of p65 induced genes higher in primary murine hepatocytes.

Baseline expression of TNFa, IL6, IFITM1, and MX2 of primary murine hepatocytes were
compared to BI6F10, CT26wt, and 4T1 cancer cell lines. Samples are normalized to GAPDH and
expressed as relative mRNA expression compared to hepatocyte mRNA expression.
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3.3 Covalent modification of NF-kB p65 identified as molecular target

As an alternative method in identifying the molecular target of VSel and its analogs, we
used activity-based protein profiling®® (Figure 14), which focuses on covalent interactions of drugs
to proteins, aimed to identify the molecular target of VSel and its analogs. We designed a panel
of probes that had the ability to be linked to biotin and rhodamine azide using click chemistry.
This click chemistry method allows for a simplistic way to tag proteins with probes for detection
and evaluation®’. This reaction can be used for the addition of azides to terminal alkynes using
copper as the catalyst and is one of the most used click chemistry reaction®”. This reaction produces
an extremely stable bond between the azide and terminal alkyne®’. Using this reaction, we were
able to link protein-bound probe to rhodamine or biotin azide followed by pulldown with
streptavidin beads and subsequent detection and evaluation using immunoblotting or fluorescent
imaging. Altogether, three probes were synthesized: 1) VSel-54, which is an active probe of VSel
and VSel-28 that retains viral enhancing activity and can be linked to biotin or rhodamine azide
(Figure 15a and b), 2) VSel-56, which is an inactive probe that has the o.,3 unsaturated carbonyl
moiety removed and had no impact on viral titers (Figure 15a and c), and 3) a DMF probe, taking
advantage of the fact that DMF has already demonstrated viral sensitizing activity®? and was shown
by another group to covalently modify Cys 38 of p657®. The DMF probe was based on the one
previously synthesized by Kastrati et al., and we confirmed its viral sensitizing properties (Figure
15a and d).

Using concentrations that potentiated VSVAS1 infection, 786-0 cells were pre-treated with
VSel-54, VSel-56 or DMF probe for 2 hours, and then treated with vehicle or TNFa.. Whole cell
lysates were then collected and a click chemistry reaction performed to link rhodamine azide with

VSel-54, and DMF probes. Rhodamine is a fluorescent dye that has an absorbance of 501 nm and
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excitation at 525 nm3%¥, This allows any protein that has been modified by the two probes to
fluoresce when imaged. Lysate was then separated by SDS Page and imaged using a fluorescent
gel imager. The DMF probe showed very promiscuous binding to numerous proteins across all
size ranges showing strong banding patterns after a 5 second exposure (Figure 16a). VSel-54
(active probe) also showed binding to multiple proteins across different size ranges, but was
weaker, as banding patterns did not appear until 40 second gel exposure (Figure 16b).

Next, we wanted to investigate if covalent modification of our compounds depended on
folding states of proteins. The experiment was repeated using whole cell lysates that were heat
inactivated at 95 °C for 5 minutes (or unheated), and then treated with VSel-54 (active probe) or
DMEF probe. After 1 hour, lysates were incubated with thodamine azide. In both normal and heat
denatured conditions, the DMF probe showed stronger banding patterns of proteins than VSel-54
(Figure 17). Interestingly, upon heat inactivation of lysate, which causes proteins to denature, the
banding pattern of both VSel-54 (active probe) and DMF probe changed, with some bands,
particularly in the 65kDa range, becoming stronger.

To examine if p65 was a molecular target of VSel and VSel-28, we used a competitive
activity-based protein profiling approach. As we already know DMF covalently modifies p65”7,
we considered that if the target of VSel and VSel-28 is also p65, prior blocking of the binding
site with VSel-28 would reduce DMF probe-bound p65. 786-0 cells were pre-treated with VSel-
28, or VSel-56 (inactive probe) before being treated with the DMF probe. Whole cell lysate was
collected and biotin azide was used to pulldown interacting proteins with the DMF probe. As
expected, incubation of DMF probe alone with 786-0 cells resulted in the detection of DMF probe

bound p65. But, when cells were pre-treated with increasing concentrations of VSel-28 (120 uM-

500 uM), there was a dose-dependent reduction in DMF bound p65, demonstrating VSel-28 can
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compete with the same binding site(s) as DMF (Figure 18). In contrast, the inactive probe VSel-
56 was unable to inhibit the binding of the DMF probe to p65. Altogether, our data provide

evidence that both VSel and VSel-28 covalently modify NF-kB p65, which inhibits nuclear

accumulation, leading to dampened IFNf and ISG expression and increased VSVAS1 infection.
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Figure 14. Schematic workflow of activity based protein profiling.

Technique was used to identify covalently modified proteins by VSel-28. VSe based probes were
designed and synthesized by Dr. Christopher Boddy’s lab to maintain the active o, unsaturated
carbonyl portion of VSel-28. It also contains an alkyne group to allow addition of biotin azide to
be added to the probe using click chemistry so the probe-protein complex can be pulled down and
identified.
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Figure 15. VSe and DMF probes still retain viral enhancement activity.

(a) Chemical structures of VSel-54 (active probe), VSel-56 (inactive probe) and DMF probe.
786-0 cells were pretreated for 4 hours with (b) VSel-54 (active probe) (c¢) VSel-56 (inactive
probe) (d)DMF and DMF probe and infected with VSVAS51-Fluc (MOI 0.005). Supernatants were
collected 40 hours post infection and titered via a luciferase based method. Viral titers are
represented as Logio VEU/mL and graphed on the left Y axis. Cell viability was determined using
rezasaurin and represented as relative metabolic activity compared to mock untreated cells and
graphed on the right Y axis.
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Figure 16. Comparative Binding of DMF and VSel-54 active probe.

786-0 cells were treated with VSel-54 (400uM), or DMF(150uM) probe for 2 hours and then
TNFo(25ng/mL) for 30 minutes. Whole cell lysate was collected. Lysate were incubated with
rhodamine azide to allow addition of probe-protein complex to bind rhodamine azide. Protein was
separated by SDS-PAGE and imaged with Fluorescence Chemi-Doc reader. (a) Gel was exposed
for 5 seconds (b) Gel was exposed for 40 seconds.
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Figure 17. DMF and VSe-1-54 active probe increase binding to heat inactivated lysate.
Whole cell lysate were collected from 786-0 cells. DMF probe or VSel-54 was either incubated
with whole cell lysate or heat inactivated (95 °C for 5 minutes) whole cell lysate for 1 hour. Lysate
was then incubated with rhodamine azide to allow click-chemistry reaction of rhodamine azide to
probes. Proteins were run on SDS-Page and imaged with a Fluorescence gel imager. (a) Gel was
exposed for 0.5 seconds (b) Gel was exposed for 20 seconds. <— indicates a stronger banding
pattern in the 65kDa range.
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Figure 18. VSel-28 blocks binding of DMF probe to NF-kB p65.

786-0 cells were treated for 1 hour with varying concentrations of VSel-28, VSel-56 (Inactive
probe), or DMF. Cells were then treated with DMF probe for 1 hour. Whole cell lysate was then
collected, biotin azide was incubated with lysate for 1 hour to allow click-chemistry reaction to
take place between biotin azide and DMF probe. Probe-protein complex were then pulled down
with streptavidin beads and run on a SDS-Page gel and immunoblotted for p65 and B-actin.
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3.4 VSel-28inhibits NF-kB target genes and interferon stimulated genes in mouse tumours

Our lab has previously shown that VSel-28 improved therapeutic efficacy in syngeneic
CT26wt murine tumour models (Manuscript in Preparation-Appendix A). When VSel-28 was
combined with VSVAS51-Fluc, it led to a significant delay in tumour progression and extended
survival (Manuscript in Preparation-Appendix A). Due to its efficacy already demonstrated in
CT26wt tumour models, we attempted to validate the lead analog VSel-28 and its ability to impact
NF-«B target gene transcription in murine tumour models. Balb/c mice were implanted with
CT26wt tumours and injected intratumourally with VSel-28 (40 mg/kg) or vehicle. Four hours
later, mice were injected intratumourally with 1 x 10® pfu of VSVA51-Fluc. RNA was extracted
from tumours 16 hours post-infection, and consistent with our in vitro data, we saw that VSel-28
was able to reduce expression of NF-xB target genes TNFa and IL-6 and ISG IFITM1 (Figure
19). Furthermore, although not significant at this time point, there was a trend of increased
VSVAS1-Fluc luciferase expression in the presence of VSel-28 (Figure 20). Overall, our data
suggest that VSel-28 can dampen NF-kB mediated transcription of target genes following

VSVASI1 administration, thereby potentiating viral infection of murine tumours.
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Figure 19. VSel-28 inhibits NF-kB target gene expression in mouse tumours.

Balb/c mice bearing CT26wt tumours were treated with vehicle (DMSO) or 40 mg/kg VSel-28 by
intratumoural injection. Four hours later, mice were injected with 1 x 108 plaque forming units of
VSVASI1-Fluc. RNA was harvested from tumours 16 hours post infection. Quantitative RT-PCR
was used to analyze gene expression of TNFa, IL6 and IFITM1. ***P < 0.001, ****P < (0.0001.
(One-way anova with Dunnet’s multiple comparison). N=2-3 mice per group.
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Figure 20. VSel-28 enhance VSVAS1-Fluc infection in mouse tumour model.

(a) Balb/c mice bearing CT26wt tumours were treated with vehicle or 40 mg/kg of VSel-28 by
intratumoural injection. Four hours later, mice were intratumourally injected with 1 x 10® plaque
forming units of VSVAS5I-Fluc. Virus replication was analyzed 16 hours post infection by
measuring luminescence using IVIS and (b) signal was quantified. N=5 mice per group.
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4 Chapter: Discussion

Oncolytic viruses are attenuated to safely target cancer cells, however, this often limits
their efficacy. VSVAS1 which relies on defective IFN pathways in cancer cells to be able to
achieve therapeutic benefit can be ineffective in some cases as not all cancers have completely
defective antiviral pathways. Many different strategies are being employed to try to enhance the
efficacy of oncolytic viruses. Combining VSVAS51 with small molecule compounds such as VSel
and VSel-28 is a particular strategy that our lab has pioneered. But, in trying to enhance the
effectiveness of oncolytic viruses, it is important to consider safety and off-target effects that could
result. As such, it is important to clearly define the mechanism of action of these compounds and
fully understand the mechanism through which they can potentiate oncolytic virus infection of

cancer cells.

4.1 GSTP1-1 is not the molecular target of VSe compounds

In a quest to find the molecular target of our compounds, we used ligand-based
chromatography techniques. Such techniques often used to study interactions between proteins and
ligands were useful in our search for interacting proteins®. The top hit from this technique revealed
GSTP1-1 as a major interacting molecule (Manuscript in Preparation-Appendix A). GSTP1-1 is
responsible for detoxifying both endogenous and exogenous compounds through conjugation with
GSH allowing export out of cells’. GSTP1-1 has been shown to play an important role in drug
detoxification through conjugation with GSH and has been known to attribute to tumour
chemoresistance including resistance to cisplatin treatment’®2, It has also been shown that
GSTP1-1 plays a role in cervical cancer as loss in expression of GSTP1-1 inhibits the proliferation

and survival of the cancer cells®>. It has also been shown in turn that IKK is able to down-regulate
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the expression of GSTP1-1 while upregulating other antioxidative and cytoprotective genes’.
Furthermore, GSTP1-1 has been shown to interact with and modulate the NF-kB pathway. GSTP1-
1 associates with IkBa and is hypothesized to prevent the phosphorylation and ubiquitination of
IkBa and prevent NF-kB activation®. However, it is interesting that our lab has shown no impact

on IxBa degradation when cells are treated with VSel nor VSel-28 (Manuscript in Preparation-
Appendix A).

However, even though GSTP1-1 was identified as an interacting molecule with the VSel
analog class of viral sensitizers, knocking down GSTP1-1 expression in 786-0 cells using siRNA
and infection with VSVAS51 showed no enhancement of viral infection (Figure 7a). In addition,
knocking down the expression of GSTP1-1, followed by treatment with VSel did not prevent
robust sensitization to infection (Figure 7b). Altogether, our data imply that GSTP1-1 alone is not
likely the main molecular target responsible for VSel’s viral sensitizing activity as knockdown of
GSTP1-1 was not able to mimic the viral sensitizing effects seen with VSel and after knocking
out GSTP1-1, VSel was still able to enhance viral infection. Therefore, GSTP1-1 may not play a
role in the viral sensitizing effects of VSel but may have been identified as an interacting molecule
due to VSes electrophilic nature and the role of GSTP1-1 in the detoxification of cells from drug

compounds.

4.2 VSel and VSel-28 suppress p65 nuclear-translocation and inhibit target gene
expression in various cancer cell lines

To validate the proposed mechanism of action, we needed to examine the reproducibility
of the mechanism of action of our compounds across multiple cell lines. In addition to human 786-

0 renal carcinoma cells, we have shown that both VSel and VSel-28 decrease nuclear
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accumulation of NF-kB p65 in B16F10 (murine melanoma), CT26wt (murine colon carcinoma)
and 4T1 (murine breast mammary cancer). These cell lines have all been previously shown to be
relatively resistant to VSVAS1 infection (Figure 9), but pretreating cells with VSel or VSel-28,
leads to increased viral titers. It was interesting to note that VSel and VSel-28 consistently
decreased nuclear accumulation of p65, but the impact on p5S0 was more variable across the three
cell lines. This suggested that pSO may not be as important in the mechanism of VSel and VSel-
28’s ability to enhance infection by VSVASI.

Analyzing gene expression of NF-kB target genes TNFa and IL-6 as well as interferon
stimulated genes (ISGs) IFITM1 and MX2 in B16F10, CT26wt, and 4T1 showed that VSel and
VSel-28 inhibit NF-kB mediated genes in these various cancer cell lines. Indeed, dampened RNA
upregulation of TNFa, IL-6, IFTIM1, and MX2 was observed as early as 8 hours post-infection
(Figure 10). In B16F10 and 4T1 cells, dampened expression of NF-kB controlled genes extends
to 16 and 24 hours post-infection (Figure 10). However in CT26wt cells, after the initial reduction
around 8h, RNA expression of these genes begins to increase higher than VSVASI infected cells
alone at about 16 hours post-infection. This rebound effect is also seen in the other cell lines, but
at much later timepoints. The surge in RNA expression of these genes at later timepoints, after the
initial dampening due to a reduction in p65 nuclear accumulation, is believed to be due to the
increased viral infection of these cells, which in turn will trigger these pathways. In CT26wt cells,
this effect seems to be happening much faster than in the other cell lines.

Altogether, seeing both inhibition of nuclear accumulation of NF-kB as well as reduction
in RNA expression of TNFa, IL-6 and ISGs IFITM1 and MX2 shows that the mechanism of action

of VSel and VSel-28 could be ubiquitous across multiple cancer cell lines.
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4.3 VSel analogs do not sensitize normal cells to viral infection

We next examined the cancer selectivity of VSel and VSel-28. Treating primary murine
hepatocytes with VSel-28 prior to VSVAS1 infection led to no increases in infection (Figure 11).
Luciferase expression remained at baseline levels at all concentrations of VSel-28. Our group has
also previously shown tumour selectivity in both an ex vivo and in vivo model®®. Altogether this
provides further evidence that the effect of VSel and VSel-28s exhibits selectivity for cancer cells.

Importantly, we saw no suppression of NF-kB target genes TNFa and IL-6 nor ISGs
IFITM1 and MX2 following treatment by VSel-28 and VSVAS5]1 infection of normal murine
hepatocytes (Figure 12). VSel-28 was not able to inhibit the expression of TNFa, IL-6, [FITMI,
and MX2, in contrast with what was observed in cancer cell lines. This correlates well with the
lack of sensitization to virus VSVASI1, albeit it remains unclear why this is the case. What was
interesting to note was when comparing baseline RNA expression levels of these genes between
normal murine hepatocytes and various cancer cell lines including BI6F10, CT26wt, and 4T1, we
saw higher baseline expression in hepatocytes compared to cancer cell lines in some antiviral
genes, markedly TNFa (Figure 13). This could be because in the acute-phase of infection, TNFa.
and IL-6 are upregulated to mediate the transcriptional activity of key proteins to limit tissue injury
and boost host defense systems”. In consequence, since VSVAS51 has an inactive viral M-protein,
it loses its ability to inhibit cellular gene expression and limits its ability to infect normal cells with
intact antiviral signaling pathways. One possibility is that higher expression of genes like TNFa
at baseline limits the ability of VSVAS1 to infect normal cells altogether, and in consequence, NF-
kB nuclear accumulation is not induced, and therefore even though VSel-28 may still covalently
modify p65, there is no effect on target gene expression. Further testing can be done by pre-treating

hepatocytes with VSel-28 and then treating with TNFa to induce NF-kB nuclear accumulation
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and expression of target genes. If VSel-28 does covalently modify p65 in hepatocytes, we should
see a decrease in the expression of these target genes.

However, we cannot conclude that TNFa and IL-6 are the only mediators responsible for
this and in addition, it remains to be tested whether this is true for all types of normal cells, not
just hepatocytes. Further steps would need to be taken, a panel of ISGs should be examined across
not only different cancer cell lines but also different normal cell lines to examine exactly which
genes may be responsible in preventing normal cells from becoming infected in the presence of
viral sensitizers. Also, developing an in vivo experiment treating mice with VSel-28 and
subsequently infecting with VSVAS1 intraperitoneally, and harvesting mouse organs, analyzing
viral titer as well as expression of these genes might give us more information on the effects of

these compounds in non-cancerous cells.

4.4 NF-B p65 identified as a molecular target

As GSTP1-1 was not found to be the molecular target responsible for VSel and VSel-28,
new approaches were taken to find the correct molecular target. Due to the o,  unsaturated
carbonyl moiety present on the chemical structure of both VSel and VSel-28, it was likely that it
was able to react covalently with other molecules. In the literature, many compounds were shown
to bind NF-kB p65 subunit and decrease nuclear accumulation. We followed up the data by
Kastrati et. al who demonstrated that DMF can covalently modify Cys 38 of p657%. In addition,
our lab has identified DMF as a compound that can potentiate VSVA51 infection®. Using click-
chemistry, we synthesized the DMF probe previously described by Kastrati et. al’®. In a
competition assay, we showed that by treating 786-0 cells with VSel-28 prior to treating with

DMF probe, decreased DMF probe bound to p65 (Figure 18). When treating cells with VSel-56,
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the inactive analog, which does not have an o3 unsaturated carbonyl moiety, we saw no decrease
in DMF-bound p65. This provided evidence that VSel and VSel-28 share the same target as DMF
as they both compete for p65.

As DMF is currently approved by the FDA to be used for relapsing-remitting multiple
sclerosis (MS) and psoriasis®”*¥, and VSe1/VSe1-28 and DMF share the same target, it is tempting
to speculate that our small molecules could be used as standalone drugs towards treating these
diseases. DMF is marketed as Tecifidera for MS and SKilarence and Fumaderm for psoriasis®®°.
DMEF is the most prescribed drug for relapsing-remitting multiple sclerosis in the U.S. 1%°, All three
are oral formulations and it is thought currently that DMF is a prodrug and is rapidly converted by
esterases in the gastrointestinal mucosa to monomethyl fumarate®®°-1%!, DMF seems to act through
multiple mechanisms in psoriasis including reacting with glutathione, modulating oxidative stress
responses, activation of nuclear factor (erythroid-derived 2)-like (NRF2) stimulating both
cytoprotective and anti-inflammatory genes as well as inhibition of NF-xB activity, decreasing
cytokine production and modulating the immune response”. In MS, DMF also seems to induce an
antioxidant and anti-inflammatory response through modulating NRF2 and NF-kB%%1% Given
that DMF’s target is also NF-xB, very similar to VSel and VSel-28, and GSTP1-1, which is
involved in the addition of GSH onto compounds and its involvement in oxidative stress, it is
interesting to consider VSel-28s use for treatment of MS and psoriasis. In a direct pull-down assay
using active probes for VSel as well as one for DMF, we see that the DMF probe binds proteins
across a wide range of protein sizes (Figure 16a). But our VSel-54 probe only shows detectable
protein binding after longer exposure (Figure 16b).

Furthermore, in addition to being current therapeutics for MS and psoriasis, NF-xB

inhibitors have also been evaluated and tested in cancer therapy, as many cancers exhibit
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constitutively active NF-kB pathways, albeit without much success. Much of this is due to off-
target effects and resistance!'?2. Since the VSel-28 probe appears less reactive compared to the
DMF probe (Figure 16), due to banding signals only appearing after longer exposure times, this
could provide evidence that VSel-28 may have more specific target proteins. Alternatively this
could mean that the VSel-28 probe is comparatively more labile. This could prove beneficial not
only as a viral sensitizer and increase the efficacy of oncolytic virotherapy for treatment of cancer,
but could be effective when combined with other already existing cancer treatments like
chemotherapy or radiotherapy.

Future experiments should be aimed at confirming the interaction between VSel and
VSel-28 with p65. As there is a possibility that our VSel-28 probe is labile when bound to protein,
this could be an alternative explanation for the decreased signaling found in the rhodamine azide
blots (Figure 16), new probes are being synthesized that contains an alkyne bond that is more
stable and less likely to break apart during click-chemistry reactions. The alkyne on VSel-54
(active probe) and VSel-56 (inactive probe) is attached to an oxygen that is apart of a N,O acetal
which is unstable. As both the nitrogen and oxygen are bonded to the same carbon atom, the
oxygen that the alkyne is bonded to can be easily eliminated resulting in the inability of biotin
azide or rhodamine azide to be linked to our probes. A more stable probe can be used to examine
if VSel-28 directly modifies p65. Efforts are also being made to identify the direct site of binding
to p65. As other molecules have shown binding to the Cys 38 region of p65, this is where our
efforts are currently being concentrated. Also, we can treat purified recombinant p65 in silico that
has a mutated cysteine 38 with VSe1-28, and if this is the site of binding, we should see no covalent
modification of p65 using mass spectrometry. Upon examining the crystal structure of p65 (Figure

2), it is noted that Cys 38 is located in close proximity to DNA, and it is therefore possible that
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covalent modification of this cysteine could disrupt DNA binding. All this should confirm that
VSel and VSel-28 are acting by blocking NF-kB nuclear accumulation through binding of p65
resulting in decreased antiviral signaling allowing for sensitization to viral infection. However,
from our data, p65 may not be the only target of VSel and VSel-28 (Figure 16), therefore a
broader investigation using mass spectrometry can be used to further uncover other potential
targets. Comparing these hits to targets of other drugs like DMF could also lead us to investigate

the effectiveness of VSel and VSel-28 for the treatments for other diseases other than cancer.

4.5 VSel-28 decrease expression of NF-kB target genes in mouse tumour models

As our group has previously shown, VSel-28 is much more stable in aqueous media, has
higher plasma stability, and dose escalation studies in vivo have revealed much better tolerability
profiles compared to VSel, therefore, VSel-28 is much better suited for animal and eventually
human testing. Previous data from our lab has indicated increased survival and tumour regression
in mice bearing CT26wt tumours treated with VSel-28 followed by VSVAS1 (Manuscript in
preparation-Appendix A). With that in mind, we wanted to examine if VSel-28 followed the same
mechanism as we have demonstrated in vitro.

RNA expression analysis of tumour tissue revealed that VSel-28 pre-treatment, followed
by VSVAS51 administration, significantly inhibited expression of NF-kB target genes TNFo and
IL-6 as well as ISG IFITM1 at 16 hours post-infection (Figure 19). This suggests that our
compounds act in murine models through NF-kB mediated inhibition of antiviral signaling
pathways, very similar to what we have already seen in vitro in various cancer cell lines, including
CT26wt. This provides important evidence into the translation of this combination therapy into a

clinical setting. We have shown that VSel-28 in combination with VSV can inhibit anti-viral
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signaling in tumours and potentiates the oncolytic effect of VSVAS51. Future work will be needed
to further confirm the effects in mouse models. For example, quantifying the impact of VSel-28
on nuclear accumulation of NF-kB p65 in tumours using immunohistochemistry. Furthermore, as
safety will be an important criterion for clinical translation, the effects of VSel-28 on organs and

surrounding tissue should be analyzed.

5 Chapter: Conclusion

Oncolytic virotherapy is a new and improving avenue of cancer therapeutics. But due to
tumour heterogeneity, efficacy is severely limited. Through the administration of VSes in
combination with oncolytic viruses, our group has already shown increased efficacy. In this study,
we have deduced the mechanism of action and molecular target of how VSel and VSel-28 work.
We were able to uncover that these compounds are acting through direct modification of NF-xB
p65, a key player in antiviral signaling, decreasing its nuclear accumulation. This results in a
decrease in NF-kB target gene expression including expression of IFN which ultimately increases
the efficacy of oncolytic viruses to infect cancer cells. Furthermore, we confirmed the
oncoselectivity of our compounds for cancer cell lines over normal cell lines. Following up on past
results done by our group proving that VSel-28 was able to slow tumour progression and increase
survival in mouse tumour models, we show that VSel-28 decreases expression of NF-kB target
genes and ISGs in vivo. Although further work will be needed to validate VSes effects in mouse
tumour models and its ability to enhance oncolytic viral therapys, this study has laid the groundwork
to the mechanism of action of VSel and VSel-28. This provides valuable information into both
the mechanism of action and safety of these compounds for future development and clinical

translation.
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Abstract

Oncolytic viruses (OVs) are often attenuated to increase their safety profile, however this
can lead to reduced efficacy in heterogeneous malignancies and result in resistance to OV therapy.
Our group has previously discovered a novel class of furan and pyrrole-based small molecule viral
sensitizers (VSes) that can sensitize resistant tumours to OV infection leading to reduced tumour
burden and prolonged survival in vivo. In this study, we dissected the effect of these VSes on the
cellular innate antiviral response in order to identify the principal molecular target responsible for
their viral-sensitizing properties. We found that treatment with the VSes inhibits nuclear
translocation of NF-«kB via covalent modification of the p65 subunit and dampens transcriptional
expression and downstream secretion of IFN-B, increasing viral replication and spread
preferentially in cancer cells. This study identifies NF-kB as a key target for viral sensitization to
improve OV infection of resistant tumours and opens a path to clinical translation of novel VSe

compounds.
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Introduction

Cancer cells have evolved to resist apoptosis, fuel cell growth via altered cellular energy
metabolism, and avoid detection and destruction by the immune system. Altogether, this makes
tumours ideal microenvironments for viral replication, rendering them uniquely vulnerable to viral
infection and lysis!?. Oncolytic viruses (OVs) are anti-cancer bio-therapeutic agents that target
tumours by exploiting multiple cancer-specific defects. Through engineering or experimental
selection, OV tropism for cancerous tissues over normal tissues can be further enhanced compared
to wild-type viruses. OVs are multi-mechanistic and destroy tumours by inducing direct lysis of
cancer cells, expresing therapeutic transgenes, causing vascular shutdown of tumour-associated
blood vessels, and generating an anti-tumour immune response?. Interest in the development of
OVs as targeted cancer therapeutics has skyrocketed over the past few years owing to the recent
approval of the HSV-1-based Talimogene laherparepvec or T-VEC* and the realization that OV's
mechanistically complement immune checkpoint blockade (PMID 24598590).

Vesiculoviruses (rhabdoviridae) were some of the earliest OV candidates tested pre-
clinically and have emerged as promising OV platforms due to their ability to rapidly induce cell
death and generate a strong anti-tumour immune response (PMID 23052398). Furthermore, unlike
many other platforms based on human pathogens or vaccines, pre-existing immunity in the human
population is rare (PMID 23052398). Oncolytic variants of vesicular stomatitis virus (VSV), as
well as the closely related Maraba virus, are now undergoing phase I/II clinical evaluation in a
number of malignancies as a monotherapy or in combination with immune checkpoint blockade
(NCT02285816, NCT02879760, NCT03618953, NCT03773744). Cancer cells with defective type
I IFN signalling pathways have been shown to be particularly vulnerable to rhabdovirus infection,
a property that has been exploited to generate IFN-sensitive and thereby tumour selective variants
such as VSVA51°. However, approximately 30-35% of cancer cell lines are fully IFN-responsive
and block viral spread and oncolysis’~!!. Tumour resistance to OV infection is a well-known
contributor to the heterogeneous clinical response to OVs, which is not mechanistically addressed

12-17

through combination with immune checkpoint blockade'='’. This highlights a need for novel
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strategies to improve the infection of resistant tumours by IFN-sensitive OVs such as, but not

limited to, oncolytic thabdoviruses.

Our group has previously described a novel class of OV-sensitizing small molecules
derived from the synthetic furan VSel, which was identified by phenotypic high-throughput
screening!'®. VSel and its pharmacologically-improved pyrrole analogs (e.g. VSel-28) enhance
the oncolytic effects of multiple OVs, including those based on HSV-1, Maraba, and VSV, VSel
and its analogs have been previously shown to sensitize resistant tumours to infection by OVs in
vitro and in vivo by inhibiting the production of interferon-f (IFNf), as well as dampening the
expression of interferon-stimulated genes (ISGs) and ultimately blocking the antiviral effects of
exogenous type-I IFN treatment *-2°. While the compounds have a broad impact on the type I IFN
response, the exact molecular target remains unknown, limiting their potential for clinical
translation as adjuvant-enhancers of OV therapy. In the current study, we set out to determine the
molecular mechanism of action consistent with the robust activity of both furan and pyrrole VSel

derivatives on both type I IFN secretion and response.

Results

VSel analogs inhibit nuclear translocation of NF-kB, increase VSVAS51 growth in cancer cells

We have previously reported the viral sensitizing activity of VSel (3,4-dichloro-5-phenyl-
2,5-dihydrofuran-2-one) (PMID 20389287) and its pyrrole analogs and lead derivative VSel-28
(3,4-dichloro-5-hydroxy-1-(2-morpholinoethyl)-1H-pyrrol-2(5H)-one)  (PMID  27226390);
structures shown in Figure la. Single and multi-step growth curves in VSVAS51-resistant human
renal carcinoma cells (786-0 cells), where cells are infected at high or low multiplicity of infection
(MOI) respectively revealed that these compounds increase both virus burst size (production per
cell) and spread of VSVAS] as early as 8h post infection (Figure 1b). This is consistent with prior
studies demonstrating that both VSel and VSel-28 impair the production of antiviral IFNf
following infection with VSVAS51, as well as reduce ISG expression in cancer cells (PMID
20389287) '°. We further investigated the kinetics of this interference by quantitative RT-PCR at
multiple times post-infection with a high MOI (MOI = 1). As shown in Figure 1¢c, VSel and VSel-
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28 each significantly inhibit the mRNA expression of IFNP as early as 8 hours and for up to 24

hours post-infection, which parallels the enhancement of viral titers seen in Figure 1b.

It has been previously shown that the IFNf promoter requires a tripartite signal from NF-
kB, IRF3/7, and c-jun/ATF2 for maximal activation?'. Based on this, we next investigated the
effect of VSel and VSel-28 on the phosphorylation and nuclear translocation of NF-xB (p65 and
p50 subunits), IRF3, c-jun and ATF2. 786-0 cells were pre-treated with VSel and VSel-28 then
infected with VSVAS51 at MOI 1. Whole cell lysates or nuclear/cytoplasmic fractions were
collected 8 hours post-infection and probed by Western blot. While IRF3, and c-jun nuclear
translocation were unaffected by VSel (Figures 1d, lane 5 vs 4, and S1, lane 3 vs 2) or VSel-28
(Figures 1d, lane 6 vs 4, and S1, lane 4 vs 2), the nuclear translocation of NF-kB (both p65 and
p50 subunits) was substantially decreased by VSel (Fig. 1d, lane 5 vs 4) and VSe1-28 (Figure 1d,
lane 6 vs 4). In the classical/canonical pathway of NF-«B signalling, NF-kB p50 and p65 subunits
are initially sequestered by IxkBo.. Upon signalling through TLRs or the TNFR superfamily,
phosphorylation of IxkBa by the IKK complex leads to its ubiquitination and degradation, thereby
freeing pS0-p65 homo or heterodimers. NF-kB subunits can then be post-translationally modified
through phosphorylation prior to nuclear translocation. We investigated the effects of VSel and
VSel-28 on NF-«xB signalling upstream of nuclear translocation, and found that virus-induced
dimerization of p65 and p50 was not affected, as assessed by ColP (Figure S2). To assess the effect
of VSel and VSel-28 on canonical NF-«xB signalling more specifically, TNF-o was used to induce
NF-«kB signalling through the TNFR superfamily. Western blots of nuclear/cytoplasmic extracts
confirmed that both compounds inhibited TNF-a-induced nuclear translocation of NF-kB p65 as
early as 30 minutes post-stimulation with TNF-a (Figure S3, lanes 5 and 6 vs 4). Interestingly,
TNFa-induced phosphorylation of p65, as well as IkBa degradation, were not inhibited by VSel
or VSel-28 (Figure le, lanes 5 and 6 vs 4), suggesting that upstream signals from the IKK complex
are not impacted by these small molecules 2. We next investigated the effect of VSel and VSel-
28 on NF-«B transcriptional activity by measuring the expression of TNF-o and IL-6, two target
genes of NF-«kB 2726, Consistent with NF-kB inhibition, VSVAS51 infection-induced expression of
TNF-a and IL-6 was inhibited by both compounds as early as 8h and for up to 24 hours post
infection (Figure 1f). Furthermore, significantly less TNF-a was secreted into the supernatant of

VSVAS51-infected cells treated with VSel and VSel-28 at these time points as shown by ELISA
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(Figure 1g). Finally, using a 3xxB reporter in 293T cells, we observed inhibition of TNF-a induced
NF-«B transcriptional activity by VSel in a dose-dependent manner (Figure S4). Additionally, as
we have previously shown (PMID 29367345), we observed that the compound TPCA-1 (2-
[(aminocarbonyl)amino]-5 -(4-fluorophenyl)-3- thiophenecarboxamide), which inhibits NF-xB by
targeting the IKK complex (PMID 26331681), was able to sensitize 786-0 cells to VSVASI
infection (~4log increase) and subsequent addition of VSel or VSel-28 was not able to
significantly increase viral titers any further (Figure S5). Altogether, these data suggest that VSel
and VSel-28 consistently inhibit the nuclear translocation of NF-kB and its transcriptional activity,
which coincides with the suppression of virus-induced production of IFNP and TNF-a, and

enhancement of VSVAS1 growth in these cells.
VSel analogs inhibit NF-xB and increase VSVAS51 growth preferentially in cancer cells

We have previously shown that VSel and several pyrrole-based analogs can sensitize
murine cancer cell lines, including virus-resistant B16-F10 (melanoma), CT26wt (colon
carcinoma) and 4T1 (breast carcinoma) to infection with OVs. In contrast, these compounds have
little impact on OV growth in normal cells and tissues (PMID 27226390, 20389287). We therefore
investigated the scope and tumour selectivity of NF-«xB inhibition in cancerous and normal murine
cell lines. BI6F10, CT26wt and 4T1 cells were pre-treated with virus sensitizing concentrations
of VSel and VSel-28 then treated with TNF-a. Western blotting from nuclear (Figure
2a)/cytoplasmic (Figure S6) protein extracts shows that VSe-1 and VSel-28 inhibits TNFa-
induced nuclear translocation of NF-«kB (p65), generally by 50% (Figure 2a). The impact of these
compounds on nuclear translocation of the p5S0 subunit of NF-kB was not as striking as their effect
on p65 (Figure 2a). We next sought to investigate whether VSel and VSel-28 could modulate
mRNA expression of NF-kB-induced genes in these cell lines following VSVAS1 infection at high
MOIL. Figure 2b shows that both VSel and VSel-28 inhibit mRNA expression of TNFa and IL6
most significantly at 8 hours post infection. In addition, VSel and VSel-28 could inhibit mRNA
expression of the interferon-stimulated genes (ISGs) MX2 and IFITMI1 as early as 8 hours post-
infection (Figure 2b). The effect of VSel-28 on these target genes was generally more pronounced

than that of VSel in all 3 cell lines (Figure 2b). Taken together these data suggest that VSel and
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VSel-28 can impair NF-kB-mediated antiviral responses in a variety of different cancer cell lines

and that this mechanism is likely driven by their impact on p65 nuclear translocation.

To further understand the tumour selectivity of VSel and VSel-28, we isolated normal
murine primary hepatocytes and plated them in tissue culture dishes. Primary hepatocytes were
pretreated for 4h with a range of concentrations of VSel-28 followed by infection with VSVAS51-
Fluc (MOI 0.005) or mock infection. Metabolic activity and high-throughput viral quantification
assays revealed that VSVAS] titers were not increased by the compound in these cells in contrast
with cancer cells (Figure 2c¢, 1b). Consistent with a lack of viral sensitization, the maximum non-
toxic dose of VSel-28 did not inhibit mRNA expression of NF-«kB target genes TNFa and IL6, or
interferon stimulated genes MX2 and IFITMI1 (Figure 2d). Interestingly, compared to cancer cell
lines (Figure 2b), we observed higher baseline expression of some antiviral genes (Figure S7) in
cultured normal mouse hepatocytes, which could explain their resistance to VSVAS1 infection.
Altogether this data suggests that NF-«xB is activated following VSVAS51 infection preferentially
in cancer cell lines, and that VSel and VSel-28 impinge on NF-«kB activation by inhibiting p65

nuclear translocation independently of upstream signaling.

Role of glutathione homeostasis in viral sensitization by VSel analogs

While the inhibition of NF-kB by VSel and VSel-28 explained their capacity to block
both response to and production of IFNf, the molecular mechanisms linking the treatment of cells
with VSel/VSel-28 to NF-kB inhibition remained unclear. We therefore set out to use ligand
affinity capture techniques along with LC-MS/MS to identify proteins interacting with VSel and
its structural analogs. To this end, VSel-27, an active analog of VSel (Figure S8) was linked to
amino PEGA resins and incubated with lysates from 786-0 cells. An inactive analog (VSel-57)
was also used as a negative control (Figure S8). Bound proteins were eluted and separated by gel
electrophoresis (Figure S9). Visible bands were purified and sequenced via LC-MS/MS. These
experiments consistently identified glutathione S-transferase-pi (GSTP1) as interacting
specifically with VSel-27 (Figure 3a), although other proteins of similar molecular weight such
as peroxiredoxin were also identified in some attempts (Table S1) .

GSTs play a key role in glutathione (GSH) metabolism and the maintenance of cellular
redox homeostasis and are best known for their role in detoxification of reactive electrophiles and

xenobiotics through conjugation to GSH?%?°. GSTs can further modulate cell signaling pathways
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by directly interacting with transcription factors in the absence of physical or chemical stress.
Notably GSTs have been shown to impact NF-kB signaling by either inducing S-glutathionylation
of its inhibitor IkBa in unstimulated cells or indirectly through the metabolism of lipid oxidation
products (PMID 27058114, 27840321). In light of the interaction between VSel-27 and GSTP1,
we wondered whether VSel and its analogs could affect NF-kB indirectly by impacting the
enzymatic activity of GSTs. GST enzymatic assays (as described in Groom et al’?) revealed that
VSel inhibits multiple GST isoforms including GSTP1-1 (ICso of 2.67 uM), GSTA4-4 (ICso of
46.6 uM) and GSTMI1-1 (ICso of 1.74 uM), as determined using dialysis (Figures 3b and S10).
VSel-28, also inhibited GSTPI1-1, albeit much less potently than VSel and only when co-
incubated with the enzyme for a longer period of time (Figure 3¢).We next used siRNA-mediated
knock-down of GSTPI in 786-0 cells to definitively assess the impact of GSTP1 on VSVASI
spread. Although the knock-down was successful (Figure 3d), inhibition of GSTP1 through this
method did not increase viral titers (Figure 3e). Furthermore, when siGSTP1-transfected cells were
treated with VSel, enhancement of VSVASI1 titers was still observed, and was not significantly
different from the enhancement observed in untransfected samples and samples transfected with

scrambled control siRNA (Figure 3f).

These observations argued against a role for GSTs and GSTPI in mediating the viral
sensitizing effects of VSel and analogs. Given that VSel and VSel-28 can directly react with free
GSH?, it remained possible that their viral sensitizing effects are mediated through an imbalance
in glutathione homeostasis. We thus evaluated the kinetic effects of VSel and VSel-28 on cellular
GSH levels. This revealed that the compounds significantly decreased free GSH levels after 1 hour
of treatment while oxidized GSH (GSSG) levels remained stable (Figure S11). However, GSH
depletion was ultimately short-lived and was followed by recovery and accumulation of GSH
above control levels by 12 hours post-treatment (Figure S11). We next attempted to deplete GSH
by culturing 786-0 cells in buthionine sulfoximine (BSO); a potent inhibitor of y-glutamylcysteine
synthase, which is the rate-limiting step in glutathionine biosynthesis (PMID: 19061505), for at
least 3 days. Upon verifying by HPLC that intracellular GSH was depleted (Figure S12) cells were
pre-treated with VSel or VSel-28 (or mock) followed by infection with VSVAS51. Viral titration
assays revealed that BSO-mediated GSH depletion , led to a modest increase in viral titer on its
own (Figure S13). However, arguing against a role of GSH in mediating the viral sensitizing

effects of VSel and analogs, culturing cells in BSO led to an increase in potency rather than an
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abrogation of the effects of VSel and VSel-28 (Figure S14). BSO-mediated GSH depletion was
verified and maintained even after treatment with the compounds (Figure S15). Altogether this
suggests that while GSH depletion alone may have a moderate impact on VSVASI1 infection, it
does not fully explain the virus sensitizing effects of VSel and VSel-28. Furthermore, we failed
to detect glutathionylation of the p65 subunit of NF-kB upon treatment of 786-0 cells with our
compounds (Figure S16). Altogether, our data suggests that the viral enhancement effects of VSel
and its pyrrole derivative may not be mediated through their impact on GSTP1 or GSH depletion.

VSel and VSel-28 inhibition of NF-kB involves covalent modification of p65

As an alternative to inhibitor affinity capture which is designed to identify high affinity by
non-covalent binders, we next turned to activity based protein profiling to investigate potentially
covalently modified molecular targets of VSel and VSel-28. It has been well-established that the
oxidation and/or subsequent covalent modification of specific cysteine residues of subunits p65
and p50 inhibit nuclear translocation and transcriptional activity (PMID 26683377, 12213807,
15356172). In fact, Cys38 in p65 (located at its DNA-binding interface (PMID 9450761) has
been shown to be covalently modified by compounds such as dimethyl fumarate (DMF PMID
26683377, 15356172), a compound we have also recently shown to have viral sensitizing
properties (PMID 29367345) and that contains an o, B-unsaturated carbonyl moiety, similar to
VSel and analogs. To specifically investigate a potential covalent interaction with p65, we applied
a click chemistry approach using a biotin-azide-linked probe followed by pull-down with
streptavidin beads then immunoblotting (Figure 4a). We took advantage of the fact that DMF has
been previously shown to covalently modify Cys38 of p65 in order to perform binding competition
assays with VSel and VSel-28. To this end, we synthesized a DMF probe similar to the construct
previously validated by Kastrati et. al. (Figure S17), which we further demonstrated to have viral
enhancement properties similar to unmodified DMF(Figure 4b). To examine if p65 was a
molecular target of VSel and VSel-28, cells were mock treated or pretreated with either VSel-
28, or an inactive VSel analog (Figure 4c) that had no impact on viral titers (Figure S18), prior to
incubation with the DMF probe. As expected, incubation of mock-treated 786-0 cells with the
DMF probe resulted in the detection of DMF-bound p65. When cells were pretreated with
increasing amounts of VSel-28 (120-500uM) we observed a dose-dependent reduction in the

ability of the DMF probe to bind and pull down p65, demonstrating that VSe1-28 can compete for
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the same site (Figure 4d, lanes 2 - 4 vs. lane 9). In contrast, incubation of 786-0 with the inactive
compound at the highest concentration (500uM) did not impact DMF binding to p65 (Figure 4d).
Altogether, our data suggests that both VSel and VSel-28, like DMF, covalently modifies NF-kB
(p65), which inhibits its nuclear translocation. Following VSVAS51 infection in cancer cells, this

leads to dampened IFNf and ISG expression, and increased viral growth.

VSel-28 can suppress the expression of p65-induced genes in murine models of cancer leading

to increased therapeutic efficacy in combination with VSVA51

We next attempted to validate whether the lead analog VSel-28 could impact p65-
mediated transcription in murine models of cancer and the therapeutic efficacy of VSVAS1 . Balb/c
mice bearing subcutaneous CT26. WT tumours were treated intratumourally with either vehicle
or 40 mg/kg of VSel-28. Four hours later, mice were treated intratumourally with VSVAS51-Fluc
or PBS. Tumours were excised 16h following VSVAS1 treatment and RNA was extracted and
assessed for the expression of IFITM1 and NF-kB target genes IL6 and TNFa by qPCR.
Consistent with our in vitro data, we found that treatment with VSel-28 reduced the expression of
these genes (Figure 5a), enhanced expression of viral M-protein (Figure S19) and VSVAS1-Fluc

associated luminescence specifically in the tumour (Figure S20).

To expand on our previous studies carried out in human xenograft models, we further
evaluated the therapeutic efficacy of VSel-28 in the syngeneic CT26.WT and B16-F10 murine
tumour models where mice were treated as described above. VSel-28 treatment combined with
VSVAS51-Fluc led to a significant delay in tumour progression and improved survival over vehicle
(p=0.0012) in the CT26.WT model (Figure 5b-c). When administered in a similar manner in the
B16-F10 melanoma model, the combination of VSel-28 and VSVAS1 also delayed tumour
progression and significantly extended survival compared to vehicle (p=0.0002), VSel-28
(p=0.0003) and virus alone (p=0.0002, Figure 5d-¢)). Overall our data demonstrate that VSel-28
treatment can inhibit NF-kB-mediated transcription of target genes, thereby enhancing the
infection of tumours with VSVAS51, and leading to improved therapeutic outcomes in murine

models of cancer.
Discussion

In this study, we demonstrate for the first time that the viral sensitizing effect of VSel and

its novel pyrrole derivatives occurs through the inhibition of nuclear translocation of NF-kB,
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specifically through covalent association with its p65 subunit. We have previously demonstrated
that VSel and its analogs are able to enhance the replication and cytopathic effect of VSVASI,
Maraba MG1 and HSV-1 in cancer cells (PMID 27226390). Notably, these oncolytic viruses
induce type I IFNs and are susceptible to type I IFN antiviral signaling (PMID 10644380,
14585354, 20551913, 19073732, 9603331, 24743339). Previously published data with VSel
suggests that it dampens the type I IFN response induced by viral infection (PMID 20389287,
27226390). In the current study we provide evidence that in cancer cells, VSel and its analogs
inhibit the nuclear translocation of NF-kB, leading to decreased expression of its target genes
IFNB, TNFA and IL6 (Figure C, F, and G). We demonstrate that the compounds are likely acting
downstream of IKK-mediated [kBa phosphorylation and subsequent degradation, as IkBa and p65
phosphorylation still occurs upon TNFa treatment even in the presence of VSel or VSel-28
(Figure 1d-e). Furthermore, while the IKK inhibitor TPCA-1 can sensitize 786-0 cells to VSVAST1,
co-treatment with VSel or VSel-28 does not enhance infection any further (Figure S5). Thus, it
is conceivable that the action of VSel and VSel-28 are also downstream of TPCA-1’s targets,
namely IKKs.

Further, as it is critical for clinical translation and efficacy, we examined our compounds
effects in different cancer cell lines including B16F10 (murine melanoma), CT26.WT (colon
carcinoma) and 4T1 (murine mammary gland carcinoma) showed much the same results. In all
three cell lines we saw inhibition of nuclear translocation of the p65 subunit of NF-kB (Figure 2a)
and decrease expression of target genes TNFa, IL6, MX2 and IFITM1 (Figure 2b) as early as 8
hours post infection. What is interesting was the inhibition of nuclear translocation of p50 seen in
786-0s was less consistent in these cancer cell lines, signifying that p65 might play a more
important role in our compounds ability to potentiate oncolytic viral infection.

Most notably, our data highlights the remarkable selectivity of our compounds for cancer
cells over normal cells (Figure 2¢) or tissue, demonstrated ex vivo and in vivo (PMID 27226390).
We reveal that suppression of NF-kB target genes and downstream ISGs is not observed following
treatment of normal murine hepatocytes with VSel-28 followed by infection with VSVASI
(Figure 2d). The inactivation of the viral M-protein’s ability to inhibit cellular gene expression in
VSVAS1 renders it susceptible to antiviral innate responses generated in normal cells. This is in
line with our observations that normal hepatocytes demonstrated a higher baseline expression of

some antiviral genes (TNFa and IFITM1) compared to cancer cell lines. This suggests expression
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of these genes abrogates VSVAS1’s ability to infect normal cells, and consequently NF-kB nuclear
translocation would not be triggered and VSel-28 cannot exert its effects. It would be interesting
to pinpoint the exact antiviral gene responsible for the inability of VSVASI to infect these cells.

Overall these data support the oncoselectivity and safety of this combination approach.

We first explored affinity-based chromatography to identify direct targets of our
compounds, which we could potentially link to their impact on NF-kB nuclear translocation.
Results directed us towards GSTs and GSH as possible candidates, and indeed GSTs have
previously shown to impact NF-kB signaling by either inducing S-gluathionylation of IkBa (PMID
27058114) in unstimulated cells or indirectly through the metabolism of lipid oxidation products
(PMID 27840321). Despite discovering that VSel and VSel-28 are novel inhibitors of GSTPI,
the fact that knockdown of GSTPI by siRNA transfection could not increase viral titers and VSel
supplementation could still exert viral sensitization in these cells indicated that the mechanism of
action of VSel cannot be attributed to GSTP1 inhibition alone. Indeed while there is some degree
of redundancy between the conjugating activities of GSTs (PMID 15822171), it would be
interesting to knock down multiple GSTs at once and examine the impact on VSVAS1 growth.
However the affinity of VSel and analogs for GSTP1 specifically appeared the strongest based on
our pulldown results. Furthermore, while depletion of cellular GSH by BSO could significantly
increase viral titers, the magnitude of this effect was small in comparison to VSel and VSel-28,
and interestingly, the potency of VSel and VSel-28 improved in the absence of GSH. Hence, the
observed link between these compounds and GSTs may simple be due to an electrophile
detoxifying process.

Given that our group has already identified DMF as a compound with the ability to
potentiate VSVAST1 infection (PMID: 29367345), and Kastrati et. al., had demonstrated that DMF
was acting through covalent modification of p65 (PMID: 26683377), we turned to investigate if
VSel and VSel-28 had similar mechanism. Compounds with a o, unsaturated carbonyl, like
DMF, VSel, and VSel-28 can act as Michael acceptors and covalently react with nucleophilic
residues on proteins, such as cysteines and lysines. In addition, multiple other compounds
including quinones and santonin derived compounds have been shown to covalently modify NF-

kB (PMID: 28103680, 11500489, 16360644, 26683377, 11971029, 26004161, 25443417,

Using click-chemistry, we used a previously described DMF probe to examine the ability
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of our compounds to bind to NF-xB (PMID 26683377). Our observations show that VSel-28
decreased the binding of the DMF probe to the p65 subunit of NF-kB. Treating cells with an
inactive VSel-28 analog without the o,, unsaturated carbonyl moiety (which had no viral
sensitizing effects (Figure 4d)), led to no inhibition of the DMF probe binding to p65. This strongly
suggests that VSel and VSel-28 act through the same mechanism as DMF, covalently modifying
the p65 subunit of NF-kB and inhibiting its nuclear translocation and ultimately leading to
enhanced viral growth. We have previously demonstrated that pyrrole derivatives such as VSel-
28 possess an improved safety profile compared to VSel as demonstrated by selective replication
in ex vivo tumour tissues and superior in vivo tolerability in dose escalation studies (PMID
27226390). Along with their enhanced plasma stability (PMID 27226390), these advantages over
VSel and furan derivatives make the pyrrole analogs much better suited for in vivo use. As we
demonstrate here, VSel-28 administered in combination with VSVAS1 provides a clear significant
survival (Figure 5c and e) advantage in murine models of cancer and qPCR results suggest that
this may be indeed mediated through the impact of our compounds on NFkB-mediated inhibition
of antiviral signaling pathways based on a significant reduction by qPCR of IL6, TNFa and
I[FITM1 (Figure 5a)

Given that a number of cancers exhibit constitutive NF-xB signaling (PMID: 26179906,
24116146, 25187272) and the fact that our compounds target NF-kB subunits and impede
downstream responses with inherent tumour selectivity when administered in combination with
oncolytic viruses provides a key opportunity for clinical translation. Further, it is interesting that
VSel-28 shares a common target with dimethyl fumarate, which is currently being used to treat
relapsing-remitting multiple sclerosis (MS) and psoriasis, by targeting NF-«xB signalling. It would
be interesting to see VSel-28 effect in the treatment of both of these diseases. Ultimately, the
knowledge gained from this study contributes to the growing repertoire of understanding the

mechanism of combination therapy strategies to enhance OV therapy and overcome heterogeneity
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in clinical responses.

Materials and Methods

Drugs, chemicals and cytokines

The synthesis of VSel and its analogs (VSel-2, VSel-6, VSel-10, VSel-25, VSel-27, VSel-28,
VSel-29, VSel-40, VSel-57, CP02040, negative probe, and VSel-10-GSH adduct) ) has been
previously described '°. DMF was obtained from Sigma-Aldrich (St Louis, MO). The synthesis of
DMF probe has been previously described (citation). Buthionine sulfoximine (BSO), oxidized
glutathione (GSSG), N-aceylcysteine (NAC), cinnamaldehye and ML385 were obtained from
Sigma-Aldrich (St Louis, MO). H,O> was obtained from Fisher Scientific (Fair Lawn, NJ).
Ezatiostat hydrochloride was obtained from ApexBio (Houston, TX). TPCA-1 was obtained from
Abcam. IFNf was obtained from PBL Interferon Source (Piscataway, NJ). TNF was obtained from
R&D systems (Minneapolis, MN).

Cell lines

786-0 (human renal carcinoma), Vero (monkey kidney), BI6F10 (murine skin melanoma),
CT26wt (murine colon carcinoma), 4T1 (murine mammary carcinoma) and 293T (human
embryonic kidney) were obtained from the American Type Culture Collection (Manassas,VA) and
maintained in Dulbecco’s Modified Eagle’s medium (Corning, Manassas, VA) supplemented with
10% fetal bovine serum or 10% 3:1 newborn calf serum:fetal bovine serum (Sigma-Aldrich, St
Louis, MO) and buffered with 30 mM Hepes (Thermo Fisher Scientific, Waltham, MA). Primary
murine hepatocytes were isolated as previously described in Fullerton et. al. (PMID: 19625253 ).
All cell lines were incubated at 37 °C with 5% CO: in a humidified incubator.

Viruses

A recombinant variant of the Indiana serotype of VSV harbouring a deletion of the 51 methionine
in the M protein (VSVAS51) was used throughout this study. VSVAS51 expressing green fluorescent
protein (GFP) or firefly luciferase (FLuc) are recombinant derivatives of VSVASI that have been
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previously described in Stojdl et al ©. Viruses were propagated on Vero cells and purified on

Optiprep gradient, and titered on Vero cells as previously described 3.

Luciferase-based viral titration assay

This assay has previously been described in detail 1. Briefly, supernatants from samples infected
with VSVAS51-FLuc were added Vero cells seeded in white-bottom 96 well plates (Corning,
Kennebunk, ME, USA). At the same time, known amounts of virus (starting at 1x10% plaque
forming units (pfu) and decreasing by 1 log unit to 10 pfu) were added to adjacent columns on the
plate to generate a standard curve. Plates were centrifuged at 430xg for 5 minutes and then
incubated for 5 hours at 37°C. Luciferase expression was then measured and bioluminescence was
expressed in mean relative light units (mRLU; SynergyMx Microplate Reader, BioTek). To
generate the standard curve, mRLU was plotted against known input pfu. Four-parameter non-
linear regression analysis generated a Hill plot from which unknown input pfu (estimate of viral
titer) was interpolated. Data transformation was conducted in R. These estimated titers are termed

“viral expression units” (VEU).

Immunoblotting

Cells were lysed for 10 minutes on ice in protein extraction buffer (S0mM Hepes, 150mM NaCl,
10mM EDTA, 10mM Na4P>07, 1% NP-40 pH 7.4) supplemented with 1M NaF, 200mM Na3;VO4
and protease inhibitor cocktail (Roche, Mississauga, Ontario, Canada). Lysates were centrifuged
at 16,000 g for 10 minutes at 4°C. NE-PER™ nuclear and cytoplasmic extraction reagents (Pierce
Biotechnology, Rockford, IL) were used as per the manufacturer’s protocol for separation of
nuclear and cytoplasmic fractions. Following protein determination by Bradford assay (Protein
Assay Solution, BioRad, Mississauga, Ontario) 20-50 pg of protein extracts were prepared in
NuPAGE LDS sample buffer (Invitrogen, Burlington, Ontario) supplemented with dithiothreitol.
Lysates were electrophoresed on a 4-12% precast gradient gel (Invitrogen, Burlington, Ontario)
using the XCell SureLock® Mini-cell (Invitrogen, Burlington, Ontario) and transferred onto a
nitrocellulose membrane (GE Healthcare, Baie d’Urfe, Quebec). The membranes were blocked
with 5% BSA or 5% nonfat dry milk in 0.1% TBS-Tween-20 and probed with rabbit or mouse
antibodies against NF-kB p65 (#8242 Cell Signalling Technology, Danvers, MA), phospho-NF-
kB p65 (Ser536, #3033, Cell Signalling Technology, Danvers, MA), NF-kB p105/p50 (#3035,
Cell Signalling Technology, Danvers, MA), IRF-3 (#11904, Cell Signalling Technology, Danvers,
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MA), phospho-IRF-3 (Ser396, #4947, Cell Signalling Technology, Danvers, MA), c-jun (#9165,
Cell Signalling Technology, Danvers, MA), phospho-c-jun (Ser63, #9261, Cell Signalling
Technology, Danvers, MA), ATF2 (#9226, Cell Signalling Technology, Danvers, MA), phospho-
ATF2 (Thr71, #9221, Cell Signalling Technology, Danvers, MA), IxBa (#4814, Cell Signalling
Technology, Danvers, MA), B-Actin (#4970, Cell Signalling Technology, Danvers, MA), a-
Tubulin (sc-8035, Santa Cruz Biotechnology, Dallas, Texas) or glutathione (ab19534, Abcam,
Toronto, ON). The membranes were then probed with horseradish-peroxidase conjugated rabbit
(Jackson Immunoresearch Labs, West Grove, PA) or mouse (Cell Signalling Technology,
Danvers, MA) secondary antibodies. Bands were visualized using Clarity™ Western ECL blotting
substrates (Bio-Rad, Mississauga, Ontario).

Immunoprecipitation

Cells were lysed as described above and 250 pL of lysates were pre-cleared with protein G
Dynabeads (Invitrogen, Burlington, ON) for 30 minutes at room temperature. Lysates were then
incubated with fresh beads and rabbit anti-NF-xB p65 antibody for 1 hour at room temperature
(1:250 ratio for antibody to lysate). Beads were pelleted, washed three times with protein
extraction buffer and bound proteins were eluted with 100 mM glycine pH 2.8. Eluate was diluted

in NuPAGE LDS sample buffer with DTT and immunoblotting was performed as described above.

Quantitative real-time PCR

RNA extraction was performed using RNeasy® Mini Kit (Qiagen, Valencia, CA) according to the
manufacturer’s protocol. 1 ug of purified RNA was reverse transcribed using RevertAid H Minus
First Strand ¢cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA). Real-time PCR
reactions were performed with QuantiTect® SYBR® Green PCR Kit (Qiagen, Valencia, CA) on a
7500 Fast Real-Time PCR system (Applied Biosystems, Foster City, CA) with 20ng of cDNA.
Relative mRNA expression is normalized to GAPDH and fold induction was calculated relative to

the untreated/uninfected controls using the Pfaffl method °.
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Model Gene Forward Primer (5'>3') Reverse Primer (5'->3')
Human IL6 ACCCCCAATAAATATAGGACTGGA [GAAGGCGCTTGTGGAGAAGG
Human TNFa GCTGCACTTTGGAGTGATCG GAGGGTTTGCTACAACATGGG
Human IFNB CATTACCTGAAGGCCAAGGA CAGCATCTGCTGGTTGAAGA
Human GAPDH ACAGTCAGCCGCATCTTCTT GTTAAAAGCAGCCCTGGTGA
Human HMOX1 ACTGCGTTCCTGCTCAACAT GGGGCAGAATCTTGCACTTT
Human OSGIN GTTCCCCTGACCCTCCTAGT GGCCGTTACCCACAATGATG
Human MX2 GAACGTGCAGCGAGCTTGTC AAGGCTTGTGGGCCTTAGAC
Human IFITM1 CGTGAAGTCTAGGGACAGG GGTAGACTGTCACAGAGCCG
Mouse IL6 TCCTCTCTGCAAGAGACTTCC GGTCTGTTGGGAGTGGTATCC
Mouse TNFa CCTCTTCTCATTCCTGCTTGT TGGGAACTTCTCATCCCTTTG
Mouse GAPDH CCCTTAAGAGGGATGCTGCC TACGGCCAAATCCGTTCACA
Mouse MX2 GAATTACCAGGGTGGCTGTAG CAGGTTGATGGTCTCCTGTTT
Mouse IFITM1 CAACTAGTGGTGCCAGCCGA GTGAGGAGCACGTAGTCGGG
ELISA

TNF-a ELISA was done using the Human TNF-alpha Quantikine ELISA Kit (R&D Systems,

Minneapolis, MN) with supernatants from treated cells according to the manufacturer's protocol.
Ligand-based affinity chromatography

Active and inactive probes were independently conjugated to Amino PEGA resin (dimethyl
acrylamide and mono-2-acrylamidoprop-1-yl[2-aminoprop-1-yl] polyethylene glycol cross-linked
with bis 2-acrylamidoprop-1-yl polyethyleneglycol; Novabiochem). Confluent 15 cm plates of
786-0s were mock-infected or infected with VSV51-GFP (MOI 0.005). Twenty-four hours later,
cells were then lysed on ice (in 50 mM Tris-HCI pH 7.4, 150 mM NacCl, 0.5% Triton-X, 10%
glycerol, 5 mM EDTA, 1 M NaF, 200 mM Na3zVO4 and protease inhibitor cocktail). Three mock-

infected plates were pooled, 6 infected plates were pooled and both lysates were incubated with
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resin-bound active or inactive probe overnight at 4°C. The following day, resins were washed in
lysis buffer, eluted by boiling in Laemmli buffer and resolved by SDS-PAGE on 4-12% precast
gradient gels (Invitrogen, Burlington, Ontario). Proteins were stained with a 0.25% Coomassie
Blue R-250 solution (in a 50% methanol, 10% acetic acid solution) and de-stained overnight in a
45% methanol, 10% acetic acid solution. Visible bands were cut out and sent for liquid

chromatography-mass spectrometry (LC-MS) analysis.
GST assay

GST activity was assayed as described in Groom et al *°, with 1-chloro-2,4-dinitrobenzene
(CDNB) and by monitoring the formation of the dinitrophenyl-GSH adduct. Enzyme assays
performed in 100 mM potassium phosphate buffer. Recombinant human GST purified from
Escherichia coli (a kind gift from Dr. Bengt Mannervik, Uppsala University, Sweden) was
incubated with inhibitor and GSH for the indicated length of time. The reaction was initiated by
the addition of 1-chloro-2,4-dinitrobenzene (CDNB) . The final concentration of non-aqueous
compents in the reaction mixture was <2%. Formation of the reaction product (GSH-CDNB
adduct; S-((2,4)-dinitrobenzene)glutathione) was monitored at 340 with an Evolution™ 60S UV-
Visible Spectrophotometer (Thermo Scientific) in quartz cuvettes. The initial rate of the reaction
(Vo) was calculated using the following equation:

Vo = Absorption/(e X I)

where [ (path length of cuvette) is 1 cm and ¢ for the GSH-CDNB adduct is 9.6 mM-'em!. IC50
values were measured by fitting the four-parameter logistic function 7 to each data set, using
Sigma-Plot™ software.

Reversibility of GST inhibition

Reversibility of inhibition was tested by removing the inhibitor (VSel) by dialysis. GST P1-1 (25
ug) was incubated with VSel (0.5 mM), and GSH (1 mM) in 100 mM potassium phosphate buffer,
pH 6.5. Control incubations lacked VSel. Dialysis was carried out for 3 hours at 4°C in 100 mM

110



potassium phosphate buffer. Enzyme activity was subsequently measured as described above, with

1 mM GSH and 0.5 mM CDNB.

SiRNA Transfections

786-0 cells were seeded in 12-well plates at 6x10* cells/well. Twenty-four hours later, cells were
transfected with scrambled siRNA control (ON-TARGETplus Non-targeting Control Pool; # D-
001810-10-05; Dharmacon), or SMARTpool ON-TARGETplus GSTP1 siRNA (#L-011179-00-
0005; Dharmacon) or oligofectamine (#12252011, Invitrogen) alone, according to the
manufacturers’ protocols. Forty-eight hours later, cell lysates were collected for immunoblot
analysis with anti-GSTP1 (#LS-C154708; LifeSpan Biosciences, Inc.). Parallel sets of plates were
either treated with VSel and subsequently infected or virus alone with VSV51-GFP at MOI 0.01.

Supernatants were collected 24 and 46 hours post-infection and titered by plaque assay.

GSH and GSSG determinations by High Performance Liquid Chromatography

GSH, GSSG and their ratio was calculated with an Agilent HPLC system 3. 786-0 cells were
grown in 60mm tissue culture plates with the indicated treatments. Cells were then washed twice
with ice cold PBS and lysed on ice for 20 minutes in 125mM sucrose, 1.5mM EDTA, SmM Tris,
0.1% TFA and 0.5% MPA in mobile phase (10% HPLC grade methanol, 0.09% TFA — 0.2 micron
filtered). Lysates were cleared by centrifugation for 20 min at 14,000 g at 4°C. Each sample was
run in duplicate on a Pursuit5 C18 column (150 % 4.6 mm, 5 pm; Agilent Technologies, Santa
Clara, CA) with a 1 mL/min flow rate. GSH and GSSG were detected with an Agilent UV-Vis
wavelength detector at 215 nm. Retention times were determined by injecting standard solutions
prepared in the same buffer. Absolute amounts of GSH and GSSG were obtained by integrating
the area under each peak using Agilent ChemStation software. Quantities in nanomoles were
obtained by interpolating from GSH and GSSG standard curves. A parallel set of treated 786-0
plates were trypsinized so that GSH and GSSG levels could be calculated on a per cell basis.

Ratiometric detection of GSH and GSSG levels with cyto-Grx1-roGFP2

293T cells were seeded in poly-D-lysine coated 96-well plates at a denstiy of 1.25x10* cells/well.
24 hours later, cells were transfected with cyto-Grx1-roGFP2 (a kind gift from Dr. Brett Finlay,
University of British Columbia, Canada) or a GFP plasmid (pEGFP-C3, Clonetech, Mountain
View, CA, USA, Cat. PT3052-5) using Genejuice®, according to the manufacturer’s protocol
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(EMD Millipore, ). 48 hours later, cells were excited at 408 and 488 nm and the ratios of the
emissions in the green channel (530 nM) were calculated. Cells were then treated with H>O», VSel
or VSel-28 and fluorescent readings were made after the indicated timepoints. After the last
reading, cells were treated with 5 mM of DTT and fluorescence readings were taken after 2
minutes.

In Situ Affinity Based Protein Profiling

In order to confirm the molecular target of our VSes, in situ labelling of protein targets followed
by pull-down and immunoblotting were carried out as described below. 786-0 cells were grown to
95% confluency in 10cm plates as described above. Medium was removed and cells were treated
with S5Sml of DMEM containing DMF(concentration) or VSel-28 (concentration) for 1h. As shown
in figure 4a, DMF-probe (200uM final concentration) was then added to the medium for 1h. Final
DMSO concentration on cells did not exceed 0.05%. Medium was removed and cells were washed
with ice cold PBS. Cells were lysed with 1% Triton X-100 in PBS for 10minutes placed on a
rotator at 4C. Cells were then scraped, and spun at 14,000 rpm for 10 minutes. Supernatant was
collected and protein concentration was determined by Bradford assay as described above. For
pulldown of targets, biotin azide was attached to probes through click chemistry. 1mg of protein
lysates per sample was mixed with freshly prepared click-chemistry mixture (0.1mM Biotin Azide
(Sigma Aldrich, St Louis, MO) in DMSO, 1mM Tris(2-carboxyethyl)phosphine (TCEP, Sigma
Aldrich, St. Louis, MO), 0.1mM Tris[1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA,
Sigma Aldrich, St. Louis, MO), 5SmM CuSO4 (Fisher, Toronto, Ontario)) and incubated for 2 hours
on a rotator at room temperature. To precipitate proteins, acetone was added to protein lysates and
incubated at -80C for 15 minutes. Protein was then pelleted and washed with methanol. Samples
were resuspended in PBS and streptavidin-agarose beads (Sigma Aldrich, St. Louis, MO) for 90
minutes on a rotator at room temp. Beads were then pelleted and washed 3x in 1% SDS, 3x in
fresh 6M urea, and 3x PBS. Protein was eluted off streptavidin beads by resuspending in 2x SDS-
Page and heating at 95C for 15 minutes. Samples were then electrophoresised, transferred and
immunoblotted as described above.

Statistics

The results shown in this study are presented as means + standard error. For all experiments

statistical significance (using indicated statistical tests) was considered to mean a P value less than
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or equal to 0.05. Graphs and statistics were computed using GraphPad Prism 6 and Microsoft

Excel.
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Figure legends

Figure 1. VSel and VSel-28 inhibit virus-induced NF-kB nuclear translocation. (a) Chemical
structures of VSel and VSel-28. (b) 786-0 cells were pre-treated with VSel (64 uM) or VSel-28
(90 uM) for 8 hours and then infected with VSVAS51-Fluc at MOI 3 (single-step growth curve) or
MOI 0.01 (multi-step growth curve). For the single-step growth curve, virus inoculum was
replaced with media after 1 hour. Supernatants were collected and frozen at the indicated times
and virus titer was determined using a previously described luciferase-based titration assay 3! (¢)
786-0 cells were treated with VSel (60 uM) and VSel-28 (80 uM) then infected with VSVAS51-
GFP (MOI 1). RNA was extracted 8, 16 and 24 hours post-infection and quantitative RT-PCR was
used to measure relative levels of IFNB mRNA. Values were normalized to GAPDH and are
relative to untreated control for each timepoint. (d) 786-0 cells were treated as in ¢ then infected
with VSVAS51-GFP (MOI 1). Nuclear and cytoplasmic extracts were collected 8 hours post-
infection and were probed with the indicated antibodies. (e) 786-0 cells were treated as in ¢ then

treated with TNFa (50ng/pL). Nuclear and cytoplasmic extracts were collected 30 minutes later
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and were probed with the indicated antibodies. (f) RNA from ¢ was used to measure relative levels
of TNFa and IL-6 mRNA. Values were normalized to GAPDH and are relative to untreated control
for each timepoint. (g) Supernatants from ¢ were collected and levels of secreted TNFa were
measured by ELISA. Error bars represent s.e. from biological triplicates and statistical significance
was calculated using two-way ANOVA with Dunnett’s multiple comparison (*** P <0.001, ** P
< 0.01, ns = P > 0.05). Values from ¢ and f were log transformed before analyzing statistical

significance.

Figure 2. Inhibition of virus-induced NF-kB nuclear translocation of VSel and VSel-28 in
various normal and cancer cell lines. (a) B16F10 cells were treated with VSel (15uM) and
VSel-28(40uM). CT26wt cells were treated with VSel (15uM) and VSel-28 (60uM). 4T1 cells
were treated with VSel (30uM) and VSel-28 (80upuM). Cells were then treated with TNFa
(25ng/ul). Nuclear and cytoplasmic extracts were collected 30 minutes later and were probed with
the indicated antibodies. (b) Cells were treated as described in (a) with VSel and VSel-28 and
then infected with VSVAS51-GFP (MOI 1). RNA was collected 8, 16, and 24 hours post infection
and quantitative RT-PCR was used to measure relative levels of TNFa, 116, MX2 and IFITM1
RNA. Values were normalized to GAPDH and are relative to untreated control for each timepoint.
(¢) Primary murine hepatocytes were treated with VSel-28 and infected with VSVAS51-Fluc (MOI
0.01). Supernatants were collected 40 hours post-infection virus output was determined using a
previously described luciferase-based titration assay. Viral titers are shown on the right hand y-
axis. On the left hand y-axis shows relative metabolic activity of the hepatocytes after treatment
with VSel-28 and infection. (d) Primary murine hepatocytes were treated with 10uM VSel-28
and infected with VSVAS51-GFP (MOI 1). RNA was collected 8 and 16 hours post-infection and
quantitative RT-PCR was used to measure relative levels of TNFa, IL6, MX2 and IFITM1 RNA.

Values were normalized to GAPDH and are relative to untreated control for each timepoint.

Figure 3. VSel and VSel-28 inhibit GST-n enzymatic activity. (a) Schematic workflow of
ligand-based affinity chromatography. Active and inactive analogs of VSel were linked to amino
PEGA resins and incubated with lysates from 786-0 cells. Lysates were separated by gel
electrophoresis and visualized by coomassie blue. Visualized bands were cut out and sent for

sequencing via LC-MS/MS. (b) GST P1-1 (5 pg) was incubated with VSel and GSH, 1 mM, at
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37°C for 5 min, in 100 mM potassium phosphate buffer, pH 6.5. CDNB (dissolved in ethanol) was
added to initiate the reaction (final concentration, 0.5 mM), and product formation was monitored
at 340 nm. Final concentrations of DMSO and ethanol were 1% each. Data points represent the
mean =+ s.e. of three independent experiments. IC50 values were determined by curve-fitting, as
described in Materials and Methods. (¢) GSTP1-1 (1 pg) was pre-incubated with vehicle (DMSO),
VSel, VSel-28, and GSH, 1 mM, for 5 min or 120 min at 37 °C. CDNB was added to initiate the
reaction (final concentration, 0.5 mM), and product formation was monitored at 340 nm. Final
concentration of DMSO was 2%. Bars represent the mean + standard error of three or four
biological replicates. Statistical significance was calculated using two-way ANOVA with
Dunnett’s multiple comparisons test (**** P <(0.0001, *** P < 0.001, ** P <0.01, * P <0.05, ns
=P >0.05). (d) 786-0 cells were transfected with vehicle control (“0’), scrambled siRNA control
(“scrambled”; final concentration 25nM) or various amounts of GSTP/ siRNA (GSTP1) such that
final concentrations of siRNA was 12.5nM, 25nM, or 50nM. Forty-eight hours later, samples were
lysed, and triplicate protein lysates were pooled, separated by SDS-PAGE and probed for GSTP1
and B-acting by immunoblotting. (e) In parallel to (d), transfected 786-0 cells and controls were
infected with VSVAS51-GFP at MOI 0.01. Supernatants were collected 24 and 46 hours post-
infection and titered by plaque assay. (f) 786-0 cells were transfected with vehicle control
(“untransfected”), scrambled siRNA (“scrambled”) or siRNA against GSTP! (“siGSTP1”) such
that the final concentration of siRNA was 25nM. 48 hours post-transfection cells were treated with
vehicle control or VSel, and then infected 4 hours later with VSVA51-GFP at MOI 0.01.

Supernatants were collected 24 hours post-infection and titered by plaque assay.

Figure 4. Using affinity based protein profiling shows VSel-28 covalently modifying NF-kB.
(a) Schematic workflow of affinity based protein profiling using a previously described DMF
probe and VSel-28. (b )786-0 cells were treated with inactive VSel-28 probe or DMF probe and
infected with VSVd51 Fluc (MOI 0.005). Supernatants were collected 40 hours post-infection and
virus output was determined using a previously described luciferase-based titration assay. Viral
output is shown as Log VEU/ml on the right y-axis. Relative cell metabolic activity measured by
Alamarblue is shown on the left y-axis. (¢) Structure of DMF probe (d) 786-0 cells treated with
various concentrations of VSel-28, inactive VSel-28 or DMF for 1h and then treated with DMF
Probe (200uM) for 1h. Whole cell lysate was collected and biotin azide was linked using click-
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chemistry. Pulldown was done using streptavidin beads and eluent was probed with indicated
antibodies.

Figure 5. VSel-28 inhibit p65-induced genes in murine cancer models and increase
therapeutic efficacy in combination with VSVASI1. (A) Balb/C mice bearing CT26wt cells
treated with vehicle or 40mg/kg of VSel-28 by intratumoural injection and four hours later treated
with 1x10% plaque-forming units of VSVA51-FLuc. Tumours were harvested 16 hours post
infection for RNA. Quantitative RT-PCR was used to analyze gene expression of TNFa, IL6 and
[FITM1. ***pP < 0.001, ****P < (0.0001. (B) Balb/c mice bearing CT26.WT cells were treated
with vehicle (DMSO) or 40 mg/kg of VSel-28 by intratumoural injection. Four hours later, mice
were treated with 1 x 10® plaque-forming units of VSVA51-FLuc. Treatments (compound and
virus, or respective vehicles) were re-administered on day 2 and 4 post-initial treatment. Tumour
volumes were monitored every day and averages of relative tumour volumes (relative to volume
on day 1 of treatment) for each treatment group are shown. Tumour volume curves are terminated
when the first mouse in each group reaches endpoint (based on tumour size). Error bars correspond
to standard error. Differences between average relative tumour volumes of the VSel-28 +
VSVAS51-Fluc group were compared to the 3 other treatment groups. Statistical significance was
calculated by two-way ANOVA with Dunnett’s multiple comparison test (for VSel-28 + VSVAS1
versus VSVASI alone, * P <0.05, ** P <0.01). (C) Survival was monitored over time. Log —rank
tests indicate that treatment with VSel-28 and virus significantly improved survival compared to
vehicle alone (p =0.0012), but not VSe1-28 alone (p = 0.0934) or virus alone (0.1032). (D) C57/B6
mice bearing subcutaneous B16-F10 tumours were treated with vehicle (DMSO) or 40 mg/kg of
VSel-28 by intratumoural injection. Four hours later, mice were treated with 1x10® plaque-
forming units of VSVAS51-FLuc. Tumour volumes were monitored daily and average tumour
volumes for each treatment group are shown. Tumour volume curves are terminated when the first
mouse in each group reaches endpoint (based on tumour size). Error bars represent standard error.
Differences between average volumes of the VSel-28 + VSVAS51-Fluc group were compared to
the 3 other treatment groups. Statistical significance was calculated by two-way ANOVA with
Dunnett’s multiple comparison test (for VSel-28 + VSVAS1 vs. VSVASI1 alone, * P <0.05, ****

P < 0.0001). (E) Survival was monitored over time. Log —rank tests indicate that treatment with
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VSel-28 and virus significantly improved survival compared to vehicle control (p = 0.0001),

VSel-28 alone (p = 0.0003) or virus alone (p = 0.0002).

Figure S1. Effect of VSel and VSel-28 on phosphorylation of p65, c-jun, IRF3 and ATF2.
786-0 cells were treated with VSel (60 uM) and VSe1-29 (80 uM) then infected with VSVAS51-
GFP (MOI 1). Whole cell lysates were collected 8 hours post-infection and were probed with the

indicated antibodies.

Figure S2. Effect of VSel and VSel-28 on dimerization of p65 with p50. NF-kB p65 was
immunoprecipitated using whole cell lysates from 786-0 cells treated with VSel or VSel-28 for 2
hours and then infected with VSVA51-GFP (MOI 1) for 8 hours. Proteins were separated by SDS-
PAGE and probed for NF-kB p50

Figure S3. Effect of VSel and VSel-28 on TNFa-induced nuclear translocation of NF-kB.
786-0 cells were treated with VSel (60 uM) or VSel-28 (80 uM) then treated with TNFa (25
ng/mL). Nuclear and cytoplasmic extracts were collected 30 minutes later and were probed with

the indicated antibodies.
Figure S4.

Figure S5. TPCA-1 sensitizes 786-0 cells to oncolytic viral infection. (A) 786-0 cells were pre-
treated with TPCA-1, (B) 3 different concentration of VSel and TPCA-1, (C) 3 different
concentrations of VSel-28 and TPCA-1, then infected with VSVAS51-Fluc (MOI 0.005). (B)
Supernatants were collected 40 hours later and virus output was determined using a previously

described luciferase-based titration assay >'.

Figure S6. Nuclear/Cytoplasmic Fractionation of various cancer cell lines treated with VSel
and VSel-28. (A) B16F10 cells were treated with VSel (15uM) and VSel-28(40uM). (B)
CT26wt cells were treated with VSel (15uM) and VSel-28 (60uM). (C) 4T1 cells were treated
with VSel (30uM) and VSel-28 (80uuM). Cells were then treated with TNFa (25ng/pul). Nuclear
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and cytoplasmic extracts were collected 30 minutes later and were probed with the indicated

antibodies.
Figure S7. Baseline expression of p65 induced genes higher in primary murine hepatocytes.

Baseline expression of TNFa, IL6, IFITM1, MX2 of primary murine hepatocytes were compared
to BI6F10, CT26wt, and 4T1 cancer cell lines. Samples are normalized to GAPDH and expressed

as relative mRNA expression compared to hepatocyte mRNA expression.

Figure S8. Chemical structures and activity of active and inactive VSel analog probes. 786-
0 cells were pre-treated with the VSel analogs used to make the active (VSel-27) and inactive
probes. After a 4 hour pretreatment, cells were infected with VSVAS51-Fluc (MOI 0.005).
Supernatants were collected 40 hours later and virus output was determined using a previously

described luciferase-based titration assay >'.

Figure S9. Coomassie-stained gel after SDS-PAGE separation of eluted proteins from
affinity capture experiments. (i) Lysate incubated with with inactive probe. (ii) Lysate incubated

with active probe. Bands shown around 25 kDa was identified to be GSTP1-1.

Figure S10. Reversibility of enzyme inhibition by VSel. GSTP1-1 enzymatic activity was tested
pre- and post-dialysis, with and without VSel.

Figure S11. VSel and VSel-28 deplete cellular GSH levels. 786-0 cells were treated with VSel
or VSel-28 for 1, 4, and 12 hours before whole cell lysates were collected. Cellular GSH and
GSSG levels were measured by HPLC-UV detection. Error bars represent s.e. from biological
duplicates and technical duplicates. Statistical significance was calculated using two-way ANOVA

with Dunnett’s multiple comparison (*** P <0.001, * P <0.05).

Figure S12. Verification of depletion of intracellular GSH with BSO. 786-0 cells were cultured
in 2mM BSO for 3 days prior to collecting whole cell lysates. Cellular GSH and GSSG levels were
measured by HPLC-UV detection. Error bars represent standard error from biological duplicates

and technical duplicates. Statistical significance was calculated using a 2-way ANOVA with with

Holm-Sidak multiple comparisons test (****P <0.001, * P <0.05, ns = P > 0.05).

Figure S13. Depletion of GSH with BSO leads to increase in viral titers. 786-0 cells were
cultured in 2mM BSO for 3 days and then infected with VSVAS51-Fluc (MOI 0.05). Supernatants

118



were collected 40 hours later and virus output was determined using a previously described

luciferase-based titration assay 3!. Statistical significance was calculated using unpaired t-test.

Figure S14. Treating cells with BSO does not abrogate effects of VSel nor VSel-28. 786-0
cells were cultured in DMEM or DMEM supplemented with BSO 2mM for 10 days. Cells were
then treated with VSel or VSel-28 for 4 hours and then infected with VSVAS51-Fluc (MOI 0.005).
Supernatants were collected 40 hours later and virus output was determined using a previously

described luciferase-based titration assay *'.

Figure S15. GSH and GSSG levels after BSO and VSel-28 treatment. 786-0 cells were
cultured in 2mM BSO for 24 hours and then treated with VSel-28 for 1, 4, 12, or 24 hours prior
to collecting whole cell lysates. Cellular GSH and GSSG levels were measured by HPLC-UV

detection. Error bars represent s.e. from biological duplicates and technical duplicates.

Figure S16. Effect of VSel and VSel-28 on the glutathionylation of NF-kB subunit p65. 786-
0 cells were treated with VSel or VSel-28 for 12 hours before collecting whole cell lysates. P65
was precipitated from the lysates using an anti-NF-xB p65 antibody and its glutathionylation status
was assessed by western blot. As a positive control, lysates were treated with 50mM GSSG for 30

minutes to induce protein glutathionylation.
Figure S17. Chemical Structure of DMF probe (PMID: 26683377).

Figure S18. Inactive VSel-28 analog does not enhance VSVASI1 activity. 786-0 cells were
treated with various concentrations of inactive VSel-28 analog (VSel-56) for 4 hours and then
infected with VSVAS51-Fluc (MOI 0.005). Supernatants were collected 40 hours post infection and
virus output was determined using a previously decribed luciferased-based titration assay (left y-

axis). Cell viability was determined using rezasaurin (right y-axis).

Figure S19. VSVM gene expression in murine cancer models. Balb/c mice bearing CT26wt
tumours were treated with 40mg/kg VSel-28 intratumourally for 4 hours and then infected with
le8 pfu/ml of VSVAS1-Fluc intratumourally. Tumours were collected 16 hours post infection and

harvested for RNA. Real-time quantitative PCR was used to analyze gene expression of VSVM.

Figure S20. Luciferase expression of murine cancer models treated with VSel-28 in
combination with VSVAS51. Balb/c mice bearing CT26wt tumours were treated with 40mg/kg
VSel-28 intratumourally for 4 hours and then infected with 1e8 pfu/ml of VSVAS5I-Fluc
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intratumourally. 16 hours post infection, virus replication was analyzed by measuring

luminescence using IVIS and signal was quantified.
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Figure 3
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Figure 4
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A TNFa
104 e
8 ]
< & ==
z
E 67 :
S
B4
° N
0 T T T
PBS VSVA51 VSe1-28+VSVAS51
IL6
150+
<
Z 1004 "
£
3
2
[1+] =
5 50 ;
«
= A
c ? L) T
PBS VSVA51 VSe1-28+VSVAS51
IFITM1
40-
e
< " | |
< 30
[
£
© 204
2
K
& 104
ol —a= —p—
PBS VSVAS1 VSel-28+VSVAS51

=]

Relative Tumour Volume

=)

Relative Tumour Volume

Percent survival

! 0 T . . . .
15 0 5 10 15 20 25
Days post-treatment Days post-treatment
-©- Vehicle + PBS (N = 6) = Vehicle + PBS (N = 6)
= VSel-28+PBS(N=6) ~— VSel-28+PBS(N=6)
=& Vehicle + VSVAS51FLuc (N = 6) == Vehicle + VSVA51FLuc (N = 6)
=7~ VSe1-28 +VSVA5IFLuc (N = 6) == VSe1-28+VSV5A51FLuc (N = 6)
121 E
100
10 |ﬂ
% _ 801
- S
8 , £
! a 604
61 %, §
O 40-
44 ’ E
ily <
24 R -2d < 20 '
v - -
0+ r r r T ! 0 r . r !
0 3 6 9 12 18 0 5 10 15

Days post-treatment

Vehicle + PBS (N =7)
VSel-28 +PBS(N=7)
Vehicle + VSVAS51FLuc (N = 8)

T b

VSe1-28 + VSVA51FLuc (N = 8)

Days post-treatment

= Vehicle + PBS (N =7)

= VSel-28+PBS(N=7)

== Vehicle + VSVA51FLuc (N = 8)
== VSel-28+ VSVAS51FLuc (N = 8)

129

20



Supplementary

Figure S1

VSVA51

VSe1: - -+ -
VSe1-28: —

e v - [
IRF3 - [

o [ =
P ATF2 . [
N ——

B-Actin - |
Figure S3
Nuclear Cytosolic
PBS -[0 0 e | [ o — . ——
a-Tubulin - ~||--.¢a]

B-Actin - _
VSe1: -
VSe1-28: — -

+ - - +

TNFa

Figure S2
Mock VSVA51
vsel: — + - -+ -
VSel-28: — - + — — +
IB: p65 - | '

Figure S4

Rel Flourescence

NFKB + TNFa

EZIMOCK
E==110 uM
E=320 uM
I 30 uM

SOL OO OO OO
QQQ?»Q ISP ORENN eﬁs‘:@“
Tx

130



Figure S5
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Figure S8
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Table S1

Glutathione-S-transferase (25 kDa)
Active analog, uninfected lysate
Peroxiredoxin-1 (25 kDa)
Glutathione-S-transferase (25 kDa)
Peroxiredoxin-1 (25 kDa)
Active analog, infected lysate
Annexin A2 isoform 2 (20 kDa)

Thioredoxin (10 kDa)
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Contributions from Collaborators
Jesse Brown, André Paquette and members of Dr. Christopher Boddy’s lab (Department of

Chemistry, University of Ottawa) synthesized VSel, VSel-28 and the analog probes (VSel-54:
active probe and VSel-56: inactive probe).

Dr. Ramya Krishnan performed the plaque assay experiments in figure 7a (section 3.1).

The primary hepatocytes used in figure 11-13 (section 3.2) were isolated by Conor O’Dwyer from
Dr. Morgan Fullerton’s Lab (Department of Biochemistry, Immunology, and Microbiology,
University of Ottawa).

Anabel Bergeron assisted with the experiment in figure 11 (section 3.2).

Dr. Ramya Krishnan assisted with the experiments in figure 15b and c (section

Naveen Haribabu conducted the experiment in figure 15d (section 3.3).

The click-chemistry experiments in figures 16-18 (section 3.3) were performed using protocols
developed by members of Dr. John Pezacki’s lab (Department of Chemistry, University of
Ottawa).

Andrew Chen and Anna Jirovec assisted in the in vivo experiment in figure 19-20 (section 3.4).

Dr. Rozanne Arlunanadam assisted with the IVIS analysis in figure 20 (section 3.4)
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