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Abstract

The use of oncolytic viruses (OVs) to selectively destroy cancer cells is poised to
make a major impact in the clinic and potentially revolutionize cancer therapy. Pre-clinical
and clinical studies have shown that OV therapy is safe, well-tolerated and effective in a
broad range of cancers. Still, resistance due to tumour heterogeneity highlights areas for
improvement in OV based therapeutics. Combining OVs and small molecules is a promising
strategy to selectively enhance OV-mediated anti-tumour effects. To this end, we have
previously identified the synthetic compound Viral Sensitizer 1 (VSel) that enhances the
spread of oncolytic vesicular stomatitis virus (VSVA51) in resistant cancer cell lines up to
1000-fold, resulting in synergistic cell killing and improved efficacy in vitro and in vivo. The
electrophilic nature of VSel prompted us to investigate the scaffold to identify active
analogs with more favourable physiochemical properties and explore structure-activity
relationships (SAR). In vitro assays and a rational approach in the design of VSel analogs
allowed us to identify functional groups that can be modified without hampering activity.
Lead compounds created in this study based on a pyrrole scaffold increase OV growth up to
2000-fold in vitro and demonstrate remarkable selectivity for cancer cells over normal
tissue ex vivo and in vivo. Compared to the parental VSel, these small molecules also
possess enhanced stability with reduced electrophilicity and are well-tolerated in animals,
leading to reduced tumour burden and prolonged survival in vivo when used in combination
with VSVAS51.

It was known from previous studies that VSel suppresses the type | interferon

response generated by cancer cells to defend against viral infection. In this study, further



investigation revealed that VSel and its analogs inhibit the nuclear translocation of nuclear
factor kappa-light-chain-enhancer of activated B cells (NFkB), resulting in dampened
transcriptional expression and secretion of IFN-B3 and interferon stimulated genes, thereby
increasing viral replication and spread. While these findings further elucidated the effect
these compounds have on the innate antiviral response, the molecular mechanisms leading
to NFkB inhibition remained unclear. We used the newly generated VSel analogs to
perform ligand-based affinity capture studies leading to the identification of glutathione-s-
transferases as interacting proteins, catalytically inhibited by VSel and to a lesser extent by
its pyrrole analogs. Further inquiry revealed that VSel and its analogs cause an imbalance in
cellular glutathione homeostasis and increase oxidative stress, which is associated with
inhibition of the nuclear translocation of NFkB. However, further studies are required to
assess whether these phenomena are directly or indirectly linked.

Overall, this study highlights a novel approach to improving OV therapy by using a
previously uncharacterized class of compounds that ultimately alter the innate cellular

antiviral response through inhibition of NF«kB.
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Introduction
1.1 Cancer

According to the Canadian Cancer Society, 1 in 2 Canadians will develop some form
of cancer and 1 in 4 will eventually succumb to the disease making it the leading cause of
death in Canada'. The impact of cancer goes beyond just that of patient mortality and
morbidity, but also affects the lives of family members and caregivers, and is a significant
burden on the health care system. Over the past 30 years, survival rates for many cancer
types have significantly improved, due to advances in efforts to better prevent, detect, and
diagnose malignanciesl. Still, low survival rates for cancers such as lung, pancreatic and
ovarian cancers®, and high recurrence rates due to resistance to first and second-line
therapies1 demonstrate the need for more effective therapeutic agents.

Cancer has been traditionally characterized as the rapid and uncontrolled growth of
cells. While the start of the modern era of cancer research can be traced back to the late
19%" century?, our understanding of this complex and multifactorial disease is continuously
being revised. The fundamental properties of this disease are perhaps best delineated by
eight properties outlined by Dr. Hanahan and Dr. Weinberg called the Hallmarks of Cancer:
(1) sustained proliferative signaling, (2) evasion of growth suppressors, (3) activation of
invasion and metastasis, (4) replicative immortality, (5) induction of angiogenesis, (6)
resistance to cell death, (7) dysregulated cellular energetics and metabolism and (8) evasion
of detection and destruction by the immune systems. An underlying state of genomic
instability, leads to mutations that drive the manifestation of these hallmarks. Activating

mutations in genes that drive cellular transformation and proliferation can promote



tumourigenesis®. Such genes are termed proto-oncogenes and their mutated, pro-
tumourigenic forms are known as oncogenes4. Conversely, inactivating mutations in tumour
suppressor genes that normally restrict cellular proliferation can also support tumour

development™>.

1.1.1. NFxB

The transcription factor nuclear factor kappa-light-chain-enhancer of activated B
cells (NFkB) is activated by several oncogenes such as human epithelial growth factor
receptor 2 (HER2/Neu), and is negatively regulated by tumour suppressors such as von-
Hippel Lindau (VHL)®’. NFkB plays an essential role in a variety of cellular processes,
including the antiviral response, cell cycle regulation, proliferation, cell death, inflammation
and response to oxidative stress®. It is @ homo or hetero-dimer of five potential subunits:
RelA/p65, p50, RelB, p52 and c-Rel®. All subunits contain a Rel homology domain (RHD) that
facilitates the formation of homo- or heterodimers prior to DNA bindingg. P65, RelB and c-
Rel also contain a transactivation domain that is required for transcriptional activityg.
Activation of NFkB can occur through a canonical or non-canonical pathway. The canonical
pathway leads to the activation of the p65-p50 dimer®. In the absence of stimuli, the dimer
is sequestered in the cytoplasm by inhibitor of kBal (IKBoc)lo. Upon upstream activation of
this pathway, IkBa is degraded and the p65-p50 dimer translocates to the nucleus to
initiate transcription of target genesg'lo. Activation of this pathway, as well as the role of
NF«kB in the antiviral response, is described in more detail in section 1.2.3. NFxB is found to

be constitutively active in many tumours, in part due to the aberrant over-activation of



upstream regulators, and it has been implicated in the development of several Hallmarks of

1112 'NFkB contributes to the pathogenesis of a diverse set of cancer types that

Cancer
include but are not limited to leukemia, lymphoma, multiple myeloma, glioblastoma,
prostate cancer, breast cancer, colon cancer, and renal cell carcinoma (RCC)** ™. In RCC, the
overexpression of NFkB can be attributed to its dysfunctional regulation conferred by

14 Mutated VHL is a chief risk factor for developing clear cell

mutations in the VHL gene
RCC, which makes up 70-80% of all RCCs®. In a meta-analysis carried out on clear cell RCC
gene expression datasets from human patients, loss of VHL expression correlated strongly
with the appearance of NFkB gene signatures™. In addition to promoting tumour growth,
NFxB is also involved in the development of resistance to chemotherapy by inducing the

1617 "1ts undeniable role

expression of the drug efflux pump multidrug resistance 1 (MDR1)
in promoting tumourigenesis and resistance to therapy has made NFkB a popular target in
anti-cancer drug development. The drug bortezomib is a ubiquitin-proteasome inhibitor
that is approved for the treatment of multiple myeloma and multiple mantle cell
Iymphomalg. While it is not a specific inhibitor of NFkB, one of its proposed mechanisms of
action is that it abolishes NFkB signaling by inhibiting the degradation of lkBa'®*. This
effect may not be applicable to all cell types and proteasome inhibitors, as some groups
have shown that certain proteasome inhibitors can activate NFkB in some cell lines®®2,
Numerous specific inhibitors of the NFkB pathway have been under pre-clinical

. . 12,1
development for decades, however none have yet been approved for clinical use'**®.



1.1.2. Therapeutic challenges with current cancer treatments

Historically, radiation and cytotoxic chemotherapy have been the mainstay of non-
surgical anti-cancer therapeutic modalities. The rationale for these therapies is that they
interfere with DNA synthesis and repair, thus targeting genomically unstable, rapidly

dividing cells****

. Such therapies are effective to a certain extent. For example, survival
rates for non-Hodgkin’s lymphomas vary widely depending on the type of lymphoma, stage,
and patient age. According to one systematic review, the standard cocktail of
chemotherapy drugs known as CHOP 21 (cyclophosphamide, doxorubicin, vincristine and
prednisolone, given at 21-day cycles) induced complete response rates between 37-85%,
with overall survival at 5 years ranging from 38-51%”. A meta-analysis of adjuvant
chemotherapy regimens for early-stage breast cancer in 100 000 women from 123
randomized trials found that on average, the use of chemotherapy was associated with a
one-third reduction in 10-year mortality?®. However, cancer recurrence and relapse can
occur due to tumour heterogeneity and the selection pressure on residual cancer cells,
leading to the formation of treatment-resistant tumours with mutations in DNA repair
pathways®®. It is also well documented that these therapies cause adverse reactions,
primarily due to off-target effects on non-cancerous cells that also have rapid turnover,
such as erythrocytes, leukocytes and epithelial cells that maintain mucosal membranes.
Debilitating side effects that can occur include nausea, vomiting, diarrhea,

myelosuppression, mucositis, alopecia and cutaneous reactions®>?4%"~%°

. Efforts to develop
more targeted therapies for certain types of cancers have led to game-changing treatments

such as hormonal therapies for estrogen and progesterone receptor positive breast



cancers,**3*! monoclonal antibodies (mAbs) against overexpressed tumour antigenssz, drug-

conjugated mAbs*, receptor tyrosine kinase inhibitors (TKis)**, and angiogenesis

inhibitors>>3®

. Still, resistance to these agents has been observed, mediated through similar
mechanisms responsible for resistance to cytotoxic chemotherapy, such as alterations in
target expression, increased drug efflux and metabolism, activation of cell survival
pathways, and insensitivity to apoptosis37. These agents also cause significant adverse
effects such as increased risk of thrombotic events, endocrine-related aberrations,
myelosuppression, and edema, secondary to treatment with angiogenesis inhibitors or
TKis**™. Thus, a concerted effort is being made to find more effective anti-cancer therapies
that are better tolerated.

More recently, research efforts have shifted focus towards harnessing the power of
the immune system to control malignancies. The rise of cancer immunotherapy has been
driven by progress in our understanding of how cancer evades the immune system and how
it can be re-programmed to fight tumour growth*!. The immune system plays a pivotal role
in fighting cancer through the recognition and eradication of transformed cells. However,
chronic inflammation and tumour immunoediting give rise to an immunosuppressive
tumour microenvironment, promoting tumour progression and resistance to anti-tumour

1— . .
M4 " As our understanding of the mechanisms of cancer-related

immune responses
immunosuppression grows, so too does our ability to design therapies to combat these
mechanisms. The cancer immunoediting hypothesis describes a process by which extrinsic

immune pressure on tumours can block tumour growth, but in some cases can promote the

formation of immune-resistant tumours*. Cancer immunoediting is characterized by three



phases: elimination, equilibrium and escape. In the first phase of elimination, transformed
cells are detected and eliminated by components of the innate (e.g. natural killer (NK) cells)
and adaptive (e.g. antigen-specific cytotoxic T-lymphocytes; CTLs) immune system™®. The
second phase, equilibrium, occurs as a result of the immune system being able to eliminate
the entire population of transformed cells. The tumour enters a dormant phase, where the
immune system is able to prevent tumour growth, yet a subpopulation of transformed cells
persists46. The cells that persist are insensitive to the immune onslaught, often through
evolved defects in antigen presentation or apoptotic pathways47. Eventually, the immune
system is no longer able to keep tumour growth at bay, leading to the final phase, escape
from immune surveillance and the appearance of clinically detectable tumours®. This can
happen as a result of loss of antigen presentation, upregulation of inhibitors of CTL
responses (e.g. CTL-associated protein 4 (CTLA-4), programmed cell death 1 protein (PD-1),
and its ligand, PD-1 ligand 1 (PD-L1)) and the infiltration of immunosuppressive cells into
the tumour microenvironment (e.g. myeloid derived suppressor cells (MDSCs) and
regulatory T-cells)*’.

It is well documented that through processes such as cancer immunoediting,
tumours can acquire mutations in the type | interferon (IFN) pathway45. Type | IFNs have
very well-defined roles in the response to viral infection (described in sections 1.2.3 and
1.2.4). However, they also possess pleiotropic functions in controlling tumour growth by
promoting cell growth arrest, inducing cell death, inhibiting angiogenesis, and stimulating
innate and adaptive anti-tumour immune responses48. As tumours evolve to escape

immune control, they often acquire defects in the type | IFN pathway, and this has been



associated with poor prognosis*® ™2

. Several therapeutic modalities have been developed to
exploit the anti-tumour properties of type | IFNs, including exogenous administration of
type | IFN (IFN-a2b), treatment with inducers of endogenous IFN (e.g. polyribosinic-
polyribocytidylic acid (Poly(1:C)), imiquimod), and gene therapy with viral vectors*. IFN-a.2b
and imiquimod are both approved for use in human patients>>>*.

Immune checkpoint inhibitors are drugs that target molecules that block T cell
activation. Specifically, these are inhibitors of the aforementioned molecules CTLA-4, PD-1,
and PD-L1. Clinical responses to these therapies have been remarkable, leading to complete
tumour regression and improved survival in some solid tumour types and hematological
malignanciesSS. Still, relapse and disease progression occurs in some patients, indicating
that there is room for improvement, possibly through combinatorial strategies56. Another
exciting development in this field is the recent FDA approval of chimeric antigen receptor T
cells (CAR T cells) for diffuse large B-cell lymphoma and B-cell acute lymphoblastic

leukemia®’®

. In CAR T cell therapy, a patient’s own T cells are engineered to target a
specific tumour-associated-antigen and infused back into the patient (part of an

overarching immunotherapy strategy known as adoptive cell transfer)*!. The approved CAR

T cell therapies target the CD19 receptor, which is highly expressed on B cells.

1.2 Oncolytic viruses for cancer therapy
Hallmark changes in cancer cells fuel cell growth via altered cellular energy
metabolism and allow cancer cells to resist apoptosis 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 Iysissg'60

. Oncolytic
viruses (OVs) are multi-mechanistic biotherapeutic agents that destroy tumours by inducing
direct lysis of cancer cells, expression of therapeutic transgenes, vascular shutdown of
tumour-associated blood vessels, and generation of an anti-tumour immune response>” .
The notion that viruses could be used to treat cancer stems from observations at the
turn of the 20™ century that cancer patients who naturally contracted viral infections went

into temporary remission®*®

. Since then, viruses have been investigated as anti-cancer
agents with fluctuating interest, until a resurgence in the 1990s, following significant
advancements in viral engineering63. A diverse set of viral platforms have been investigated
for their oncolytic potential. Virus families of note include poxviridae, adenoviridae,
herpesviridae, paramyxoviridae, reoviridae, rhabdoviridae, picornaviridae, and
togaviridae61. In 2005, the oncolytic adenovirus H101 became the first oncolytic virus to be
approved for use in humans, for the treatment of head and neck cancers in China®*. Interest
in the development of OVs as targeted cancer therapeutics has skyrocketed over the past
few years, with the emergence of positive clinical trial data and the recent approval of the
herpes simplex virus type 1 (HSV-1)-based talimogene laherparepvec (T-VEC; IMLYGIC®) in

the United States®™®’

. An area of high interest is the use of OVs in combination with other
modalities of cancer therapy, including cytotoxic chemotherapy, targeted therapies and

novel immunotherapies. This is discussed further in section 1.3.1.



1.2.1 Selectivity of oncolytic viruses towards cancer cells

OVs preferentially target cancer by exploiting multiple tumour-specific defects.
Some specificity for the preferential infection of tumours is conferred by the aberrant over-
expression of cell surface receptors that facilitate viral entry. For example, measles virus
binds to CD46 and nectin-4, both of which are upregulated in many types of cancers®® 2.
Dysregulated cellular metabolism prevalent in cancer cells also provides a supportive
environment for viral replication. Due to high metabolic demands, cancer cells favour the
generation of ATP through glycolysis, as opposed to mitochondrial oxidative
phosphorylation, a phenomenon known as the Warbug effect’®. The precise reason for this
has not been clearly elucidated, but one theory is that switching to the glycolytic pathway
also increases pools of precursors of nucleotides and amino acids, thus fueling tumour
growth. This would also promote viral growth, and several viruses have been shown to
induce this glycolytic switch, including measles and vaccinia virus”>"*.

Through engineering or experimental selection, OV tropism for cancerous tissue
over normal tissue can be further enhanced compared to wild-type viruses. For example, T-
VEC contains a deletion in the gene encoding for neurovirulence factor Infected cell protein
35.4 (ICP35.4). ICP35.4 prevents the shutdown of host cell translation induced by viral
infection by promoting the dephosphorylation of eukaryotic initiation factor elF2a, thus
allowing the translation of viral proteins to continue”. In doing so, ICP35.4 also opposes the
function of protein kinase R (PKR), an enzyme that is activated by the presence of double-
stranded RNA and subsequently works to limit cell growth and initiate antiviral pathways,

7577

such as through the phosphorylation of elF2a . Without this gene, the replication of



HSV-1 is largely restricted to cells that overexpress elF2a. and have dysfunctional PKR

signaling, which is common in tumour cells’®”.

Increased specificity of HSV-1 towards
cancer cells can also be conferred by targeting the viral ICPO gene, a ubiquitin E3 ligase that
targets host proteins for degradation’®. Many ICPO-targeted proteins are involved in the
induction of a type | IFN-mediated antiviral response, thus HSV-1 variants containing ICPO
mutations (such as oncolytic HSV-1 N212) are particularly sensitive to type | IFN®. As
described in section 1.1.2, the type | IFN pathway is often dysregulated in cancer cells, thus
ICPO mutations confer enhanced selectivity for cancer cells over non-cancerous cells which
retain intact type | IFN-mediated antiviral signaling78.

The list of virulence genes that have been deleted or modified to improve the
selectivity of OVs for cancer cells is extensive. By no means an exhaustive list, genes that
have been modified in some of the OV platforms that have undergone clinical testing
include viral thymidine kinase (TK; vaccinia virus, HSV-1), ICP6 (HSV-1), a47 (HSV-1), E3 and
E1A (adenovirus)®’. The rhabdovirus vesicular stomatitis virus (VSV) has undergone
extensive pre-clinical testing for almost two decades and has also been genetically

engineered in a variety of ways to specifically replicate in cancer cells® 3.

1.2.2 Vesicular stomatitis virus

VSV is a bullet-shaped, single stranded negative-sense RNA virus with an 11 kilobase
genome that encodes for five proteins: nucleocapsid (N), large protein (L), phosphoprotein
(P), glycoprotein (G), and matrix protein (M)®**. The RNA genome is encapsidated by N

proteins and associated with the viral RNA dependent RNA polymerase (RdRp), comprised

10



of the L and P protein584. This complex is surrounded by the M protein and host-derived
lipid bilayer in which the transmembrane G protein is anchored®. The G protein plays a
crucial role in viral entry and budding from host cells®*. VSV enters target cells upon binding
of the G protein to low-density lipoprotein receptors (LDLR) and LDLR family members on
the cell surface, followed by clathrin-mediated endocytosis®. A drop in endosomal pH
triggers fusion of the viral and endosomal membrane, uncoating and release of the viral
genome into the cytoplasm84. Here, the RdRp uses the negative-sense viral RNA as a
template for primary transcription of positive-sense mRNAs for each gene, which are
translated by host ribosomes®. The resulting viral proteins synthesize complimentary
negative-sense viral RNA genomes that are used as templates for further viral replication,
secondary transcription or are assembled into infectious particle584. Infectious viral progeny
are formed when virions bud out of the host at sites on the plasma membrane enriched in
VSV G protein, with this host plasma membrane serving as a new viral envelope®*. VSV M
protein also facilitates viral budding and has several roles that are crucial to VSV replication.
In particular, it blocks host gene expression by inhibiting the transcription and nuclear

export of host mRNAs®*#°,

The early events of VSV’s life cycle (binding, endocytosis,
uncoating and primary transcription) occur within a few hours after infection®*. The

subsequent steps of genome replication, secondary transcription and progeny virion

assembly occur over the next 12-18 hours®,

11



1.2.3 The type | Interferon response: Induction of type | interferon

The innate immune response is the body’s first line of defence against pathogens
such as viruses. At the molecular level, type | interferon (IFN) plays a major role in the
response to viral infection. Type | IFNs include IFN-B as well as multiple isoforms of IFN-c..
The former is ubiquitously expressed, while the latter are primarily produced by

hematopoietic cells and plasmacytoid dendritic cells®*

. The induction of type | IFNs is
typically initiated through the stimulation of pattern recognition receptors (PRRs). PRRs are
stimulated by the recognition of pathogen-associated molecular patterns (PAMPs), which
include microbial glycoproteins, lipopolysaccharides, proteoglycans, and nucleic acid
motifs®™. PRRs can be separated into families according to ligand specificity and cellular
localization. A major class of PRRs activated by viral infection are Toll-like receptors (TLRs).
TLRs are transmembrane glycoprotein receptors that are stimulated by a variety of PAMPs
and can be found in intracellular compartments as well as at the cell surface®. For example,
TLR7 recognizes single-stranded viral RNA motifs and is primarily located in the
endoplasmic reticulum. Upon stimulation, it migrates to endosomes and downstream
signaling processes are initiated”. TLR7 is known to sense several RNA viruses, including
influenza A virus, human immunodeficiency virus, Dengue virus and VSV*°. VSV has also
been shown to trigger TLR4 signaling through its G protein®’.

VSV is also recognized by another class of PRRs: retinoic acid-inducible gene | (RIG-I)-
like receptors (RLRs). RLRs are located in the cytosol and include RIG-I, melanoma

differentiation-associated antigen 5 (MDAS), and laboratory of genetics and physiology 2

(LGP2)®®. Both RIG-I and MDAS5 bind to viral RNA motifs, although it is thought that VSV is

12



preferentially recognized by RIG-17%%

. LGP2 is thought to modulate antiviral signaling by
interacting with RIG-1 and MDA5”*%.

TLRs and RLRs differ in the manner and location in which they are stimulated,
leading to the recruitment of various adapter molecules. Ultimately, these pathways
converge to activate three key signaling pathways: mitogen-activated protein kinases
(MAPKs), interferon regulatory factors (IRFs), and NFkB (Figure 1). Transcription factors
activated in these pathways bind to the IFNB enhanceosome and are necessary for

100,101

maximal induction of IFN- expression . Activation of the MAPK pathway via TLRs and

RLRs can lead to the activation of c-Jun terminal kinase (JNK), which phosphorylates and
activates activator protein 1 (AP-1), a heterodimeric transcription factor’®>*%. The AP-1
heterodimer is comprised of c-Jun and activating transcription factor-2 (ATF-2) and induces
the transcription of pro-inflammatory cytokines as well as IFN—BIOS’I%. IFN-B is also induced

by IRFs. Of the nine IRF family members, IRF3 and IRF7 play key roles in initiating an

105

antiviral response via TLR signaling™ . IRF3 is constitutively expressed and thus largely

107,108

responsible for the first wave of type | IFN production . IRF7 is present at low levels in

most cell types and is induced upon virus infection following the first wave of type | IFN

108

production to induce various subtypes of IFN-a . However, there is evidence in mouse

embryonic fibroblasts that IRF7 is necessary for IFN-3 production as well**®

. Once triggered,
TLRs and RLRs will initiate molecular cascades resulting in the phosphorylation of IRF3 and
IRF7, causing them to form hetero- or homodimers®’. These dimers translocate to the

nucleus, form a complex with the co-activators CBP (cyclic-AMP-response element-binding

protein (CREB)-binding protein) or p300 and bind to the promoter regions of IFNf and IFN«

13



isoforms to initiate their transcription in cooperation with other transcription factors or
coactivators'®.

In addition to its role in cancer (explained previously in section 1.1.1), the
transcription factor NFkB is a pivotal coordinator of the IFN response. As mentioned
previously, NFkB transcription factors are hetero- or homodimers that are comprised of
two of five possible subunits: RelA/p65, p50, RelB, p52 and cRel. Prior to activation, dimers
are sequestered in the cytoplasm by the inhibitor of kB (IkB) family of proteins. IxBs are
characterized by the presence of ankyrin repeats which facilitate binding to and inhibition
of the DNA binding domains of NFkB®*''°. Activation of NFkB-mediated transcription can
occur through canonical or non-canonical pathways. The non-canonical pathway is mainly
activated by stimuli involved in cell differentiation and development through the tumour
necrosis factor receptor (TNFR) and affects lymphoid organ development and the adaptive

immune responsem

. It may also negatively regulate the type | IFN response by regulating
histone modifications and the recruitment of p65 to the IFN-f3 promoterm. Upon TNFR
stimulation, NFkB kinase (NIK) phosphorylates 1kB kinase alpha (IKKa), which in turn
phosphorylates p100, the precursor to NFkB subunit p52 and inhibitor of RelB. Due to the
presence of ankyrin repeats, p100 is considered to be an IkB protein as well**>. Once p100
is phosphorylated, the ankyrin repeats are cleaved, yielding p52. The resulting p52-RelB
dimer is transcriptionally active and translocates to the nucleus to initiate transcription of
its targetsg.

The canonical pathway is responsible for the induction of type | IFN transcription

and leads to the activation of a p65-p50 heterodimer®. As mentioned previously, in the

14



absence of stimuli, the p65-p50 heterodimer is sequestered in the cytoplasm by IkBa'®. TLR
and RLR stimulation activates the IkB kinase (IKK) complex, which consists of IKKa, IKK[ and
IKKy' "5, IKKa. and IKKB possess kinase activity and IKKy (also known as NFkB essential

116,117

modulator, or NEMO) is a regulatory subunit The activated IKK complex

phosphorylates IkBa at serines S32 and S36, targeting it for ubiquitination and proteasomal

degradation!*!>118

. The liberated p65-p50 dimer is then able to translocate to the nucleus
and initiate transcription of target genes. Following phosphorylation of IkBa, IKKB also
phosphorylates p65 at S536 in its transactivation domain, which enhances its
transactivation™".

NFxB activation and transcriptional activity as described above has been shown to
occur as soon as 2 hours following virus inoculation at a high multiplicity of infection
(MOI)***22 There is also a low level of constitutive activity that is responsible for

124

maintaining a basal level of IFN-3 that is necessary for timely autocrine IFN-f3 signaling™". In

p65'/' murine embryonic fibroblasts (MEFs), Ifnb and ISG induction and was significantly

. . . . . 125,12
delayed in response to VSV or Newcastle disease virus infection'*>?®

. NFkB is the primary
driver of IFNS transcription in the early stages of viral infection and stabilizes interaction of
CBP/p300 at the enhanceosome'®*. Once IRF3 and IRF7 are present and interact with
CBP/p300, these transcription factors power the expression of IFNS. In this later stage of
infection, NFkB is less important for IFN-B production and instead has a more important
role in regulating the expression of chemokines, matrix metalloproteinases, proteins

. . . . . . . 124,12
involved in antigen processing, and proteins with pro-inflammatory roles*?**%,
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1.2.4 The type |l interferon response: Induction of interferon stimulated genes

Once secreted, type | IFN elicits pleiotropic autocrine and paracrine effects through
its cognate receptor. The type | IFN receptor (IFNAR) is composed of two subunits, IFNAR1
and IFNAR2'. IFNAR is associated with the protein tyrosine kinases Janus kinase 1 (JAK1)
and tyrosine kinase 2 (TYK2). When type | IFN binds to IFNAR, it triggers the
autophosphorylation of JAK1 and TYK2, causing the recruitment and phosphorylation of
signal transducer and activator of transcription 1 and 2 (STAT1 and STAT2)'?8. STAT1 and
STAT2 dimerize and associate with IRF9, forming a complex known as IFN-stimulated gene

factor 3 (ISGF3)1°5'129. ISGF3 translocates to the nucleus and binds to DNA sequences known

91,130

as IFN-stimulated response elements (ISREs) . This leads to the expression of over a

hundred different IFN-stimulated genes (ISGs) whose products combat viral infection by

interfering with various stages of the virus life cycle, including viral entry, uncoating,

1

endocytic trafficking, translation of viral mRNAs and budding™!. For example, murine

myxovirus resistance 2 (MX2) inhibits the capsid of human immunodeficiency virus-1 (HIV-

132,133

1), limiting nuclear entry of the viral genome . MX2 has also been shown to limit VSV

infection™*. IFN-induced transmembrane (IFITM) proteins limit the entry of viruses

including VSV, possibly by altering membrane properties and the kinetics of endosome

135,136

fusion . The initial wave of type | IFN produced by most cells in response to virus

consists of IFN-f3 and IFN-4 00105108137 itk the exception of plasmacytoid dendritic cells,

100,138,139

which produce mostly IFN-a isoforms ). JAK-STAT signaling further induces these

IFNs and various IFN-o subtypes, generating a positive feedback loop and a second wave of

type | IFN production®*®**,
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1.2.5 VSV as an OV candidate

VSV has broad tissue tropism, demonstrated by its ability to infect a wide range of
cell types, giving it wide applicability as an anti-cancer therapeutic. This is likely due to the
fact that its putative receptor, LDLR and its related family members, are expressed

ubiquitously by mammalian cells, with the exception of quiescent T cells, B cells and

142

hematopoietic stem cells™™“. This tropism makes it possible for VSV to infect non-cancerous

tissues as well. While an effective oncolytic agent, wild-type VSV has been shown to cause

81,143-145

neurotoxicity in animal models . Efforts to attenuate VSV while maintaining its
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oncolytic effect have largely focused on increasing its specificity for cells with defective type
| IFN. VSV is a potent inducer of type | IFN and downstream signaling. Normally, this
response is triggered in infected cells and rapidly spreads to neighbouring cells to protect
them from infection. As previously stated, a large number of tumour types and cancer cell
lines have defects in type I IFN signaling and are thus vulnerable to VSV oncolysis'*®. As
mentioned above, VSV M blocks host gene expression, and in doing so blunts a non-
cancerous cell’s ability to produce and respond to type | IFN. The genetically attenuated
variant known as VSVA51 contains a deletion of the 51°" amino acid in the M protein which
hinders its ability to block host antiviral gene expression146. Thus, VSVA51 has an improved
safety profile over its wild-type counterpart146, as normal cells with intact antiviral
responses can resist infection and cancer cells with defective antiviral responses are more
susceptible to viral infection and oncolysis.

Another mechanism of VSVA51-mediated tumour eradication is the induction of

147

tumour vasculature collapse™’. VSVA51 is able to limit tumour perfusion through direct

infection of tumour-associated vasculature and recruitment of neutrophils, which leads to

148,149

intratumoural coagulation . Upon further examination, it was found that vascular

endothelial growth factor (VEGF; a major driver of tumour neovascularization and

150,151

metastasis that is overexpressed in many solid tumours ), sensitized endothelial cells to

infection by several type | IFN-sensitive viruses, including VSVA51, through the upregulation

of PRD1-BF1/Blimp1, which suppresses type | IFN-mediated signaling pathways152

. Blimp1
expression was found to be significantly higher in tumour vasculature compared to

. . . 152
vasculature from normal tissues, and was dependent on VEGF signaling™2.
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In addition to causing cell lysis and destruction of tumour vasculature, VSVA51

induces a potent anti-tumour immune response that contributes to the eradication of

153-157

tumours . This is partly due to the type | IFN response induced following virus

infection, which creates an immunostimulatory environment and recruits innate immune

158,159

effector cells such as neutrophils and NK cells to the tumour site . Additionally, virus-

mediated cell lysis results in the release of tumour-associated antigens (TAAs), PAMPs, and
danger-associated molecular patterns (DAMPs), resulting in the activation of antigen-

presenting cells and the subsequent generation of tumour-specific CD8" T cells that drive an

153,160,161

adaptive immune response against the tumour . Due to its immunostimulatory

properties, VSVA51 has been used to successfully eradicate tumours in pre-clinical models
as part of two innovative therapeutic platforms: an infected-cell vaccine (ICV) and a

heterologous prime-boost strategy. The ICV consists of irradiated tumour cells that are

157,162,163

infected with a rhabdovirus, such as VSVA51 . Administration of the ICV to mice was

157,162,163

able to robustly protect them from subsequent tumour challenge and was also able

157,163

to control the growth of pre-established tumours . ICV treatment stimulates both an

innate (e.g. NK cell-mediated) and adaptive (e.g. cytotoxic T-cell-mediated) immune

157,163

response that is required for tumour eradication . Efficacy was further enhanced by

1
" and

using a virus expressing granulocyte-monocyte colony stimulating factor (GMCSF)
interleukin-12 (1L-12)'®3. The prime-boost strategy involves administration of a non-

replicating viral vector (such as adenovirus) expressing a TAA, following by the

administration of a replicating OV (such as VSVA51) expressing the same TAA. This strategy
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leads to a skewing of the T-cell responses towards the TAA, leading to enhanced efficacy®*
166.

Rhabdoviruses 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 response83. Furthermore, unlike many other
platforms based on human pathogens or vaccines, pre-existing immunity in the human
population is rare®. Oncolytic variants of VSV, as well as the closely related Maraba virus,
are now undergoing phase I/Il clinical evaluation in a number of malignancies as a
monotherapy or as part of the prime-boost strategy in combination with immune
checkpoint blockade (NCT02285816, NCT02879760). A Maraba virus-based OV known as
MG1 contains 2 point mutations in its M and G proteins that impair its ability to block the
production of type | IFN and attenuate its virulence selectively in non-cancerous cells and in

vivo'®’

. Two VSV variants based on the wild-type VSV backbone expressing human IFN-3
alone or along with the sodium iodide symporter (VSV-IFN-3 and VSV-IFN-B-NIS) are being
evaluated in human phase | clinical trials (NCT02923466, NCT03120624, NCT03017820,
NCT01628640). Expressing IFN-3 from within VSV is intended to enhance the induction of
anti-tumour immune responses and also limit viral replication to cells that are unable to
generate an adequate type | IFN- response on their own (a property of many cancers, as

13 This strategy is analogous to the A51 mutation in the matrix protein,

mentioned above)
but differs in that (1) it does not rely on the capacity of cells to produce type I IFN, and (2)

the amount of type | IFN produced correlates with viral replication. The expression of NIS

allows for non-invasive tracking of in vivo viral replication and distribution through
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131 168

radioactive iodine (**'I) administration and imaging'®®. The combination of **!I and NIS-

encoding viruses has also been shown to synergistically improve therapeutic outcomes

preclinical tumour models****7>,

1.3 Heterogeneous response and resistance to OV therapy

While the deletion of methionine 51 improves VSVA51’s safety profile considerably
compared to its wild-type counterpart, patient-derived cancer cell lines and tumour
samples show variable sensitivity to in vitro and ex vivo VSVA51 infection and
approximately 30% of cancer cell lines in the NCI-60 Human Tumor Cell Line panel are IFN-

146,174,175

responsive and thus resistant to infection with VSVA51 . Given that tumour

heterogeneity may be one reason behind resistance to various types of OVs seen in clinical

trialsl’¢178

, significant efforts have been made to increase OV efficacy in resistant tumours.
Some groups have resorted to further genetic manipulation of the virus to increase its
virulence while others have incorporated prodrug converting enzymes to enhance virus-

179182 Both engineering strategies

mediated tumour cell death in the presence of prodrugs
have distinct pitfalls: the former could potentially compromise safety while the latter still
requires productive infection of the tumour, which is limited in resistant tumours. One

alternative strategy is to use small molecules to enhance the replication and spread of OVs

in resistant tumours.
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1.3.1 Pharmacological combinations to enhance OV therapy

The study of pharmacologic enhancement of OV therapy has led to the discovery of
molecules that improve the efficacy of OVs by modulation of the anti-viral immune
response to OVs and/or the anti-tumour immune response induced by OVs. The
pharmacologic categories of drugs that have been used are widely varied, ranging from
cytotoxic chemotherapy agents, epigenetic modifiers, microtubule destabilizers, targeted
immunomodulators and novel, unclassified compound5183.

Cyclophosphamide is DNA alkylating agent used as a first-line agent for many types

184

of cancers, including leukemias and lymphomas™". It has been used in combination with

177,185,186 187-190

various types of OVs, including HSV , adenovirus , vaccinia virusm, reoviruslgz,
measles'®™® and vsv*%, leading to improved efficacy in vivo. Cyclophosphamide may
augment OV-related outcomes through inhibiting the production of anti-viral neutralizing
antibodies as well as by decreasing levels of regulatory T cells, thus promoting adaptive
anti-tumour immunity177'186_189'196.

Due to their immune-stimulating effects, combining OVs with agents that modulate
the immune system is a logical choice. In fact, it has been shown that OVs are able to
modulate the expression of PD-1 and PD-L1 on cancer cells, providing rationale for the

197,1 are
97198 positive results from numerous pre-

combination of OVs and checkpoint inhibitors
clinical studies legitimized this approach and several phase | and Il trials testing the
combination of checkpoint inhibitors with various OVs are underway (NCT03004183,

NCT02620423, NCT03206073, NCT02977156, NCT03153085, NCT03294083,

NCT02824965)°%19%8-201,
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Given that the type | IFN response plays a crucial role in limiting viral replication,
targeting this pathway would theoretically lead to improved oncolysis in cancer cells with
intact type | IFN signaling. Resistance to VSV in squamous cell carcinoma, sarcoma and
bladder cancers was overcome through the use of JAK1 inhibitors and was associated with

202,203

decreased ISG expression . Inhibiting type | IFN further upstream through the use of

IKK inhibitors in vitro was also able to sensitize cancer cells to infection with oncolytic VSV,

HSV-1 and encephalomyocarditis virus (ECMV)?%42%

. Transcriptional activation of ISGs is
known to require the activity of histone deacetylase (HDAC)?’. HDAC inhibitors have been
used in combination with a diverse set of OVs, leading to synergistic enhancements of
oncolysis, decreased ISG expression and improved survival in a variety of pre-clinical cancer

mode|5208—214

. Additionally, the HDAC inhibitor MS-275 was able to potentiate the anti-
tumour immune response in the context of oncolytic VSV administered as part of a
heterologous prime-boost vaccination strategy?**. More specifically, oncolytic adenovirus
expressing the TAA human dopachrome tautomerase (hDCT) was administered to mice
bearing B16 tumours engineered to express this TAA. This was followed by oncolytic VSV
also expressing hDCT, with or without concomitant administration of MS-275. The inclusion
of MS-275 was shown to lead to a reduction of antiviral neutralizing antibodies,
improvement of the T-cell response towards hDCT, and complete cures in approximately
60% of mice®™.

As demonstrated above, rationally selecting therapeutics to use in combination with

OVs based on predictable mechanistic synergy has proven to be a successful method of

improving OV therapy. However, there is value to be had in using an unbiased approach to
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identify compounds that enhance OV activity through previously uncharacterized
mechanisms. To this end, nearly a decade ago, a high-throughput small molecule screen
was conducted to identify compounds that would sensitize resistant cells to infection with
VSVA51°". The screen was conducted on 4T1 cells, a murine mammary carcinoma cell line
that is highly resistant to infection with VSVA51. Unexpectedly, several compounds that
were found to enhance VSVAS51-mediated oncolysis turned out to be microtubule
destabilizing agents (MDAs). MDAs were found to augment OV therapy in vivo, impede the
translation of type | IFN and increase bystander killing of cancer cells pursuant to a boost in
virus-induced cytokine production®’®. The combination of MG1 and paclitaxel, a
microtubule targeting agent and first-line chemotherapy drug used in a variety of cancer
types, lead to improved efficacy in multiple murine mammary carcinoma models,
demonstrating the potential benefits of combining OV therapy with standard

chemotherapy drugsm.

1.3.2. Identification of VSel as a viral sensitizer

The compound 3.4-dichloro-5-phenyl-2,5-dihydrofuran-2-one (hereafter referred to
as VSel) was identified in the high-throughput small molecule screen described above and
was the most effective at inducing synergistic cell death in combination with VSVA51, and
augmenting in vitro infection in several VSVA51-resistant cell lines, in some cases up to
1000-fold**. VSe1l also enhanced ex vivo infection of human tumour samplesm. Infection
was not enhanced in normal GM38 fibroblast cells or normal tissue samples, indicating that

215

VSel’s virus sensitizing effect is specific to cancer cells*™. Additional data suggest that VSel
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may act by inhibiting antiviral signaling as it does not significantly increase infection of wild-

type VSV in CT26.WT mouse colon carcinoma cells, which are resistant to infection with the

215

A51 mutant™”. In the IFN-responsive U251 human glioma cell line, VSel was able to

215

partially suppress IFN-mediated protection from VSVAS51 infection”™. VSel treatment was

also shown to repress the expression of approximately 96% of VSVA51-induced mRNA

215

transcripts in CT26.WT cells, most of which were IFN-stimulated genes“™. While these data

insinuate that VSe1l has an impact on IFN signaling, the exact target(s) were unknown.

1.4 Covalent inhibitors as therapeutic candidates
A noteworthy feature of VSel’s structure is the presence of an a, B-unsaturated

carbonyl moiety which can act as a Michael acceptor (Figure 2).

Figure 2. Structure of 3.4-dichloro-5-phenyl-2,5-dihydrofuran-2-one (VSel). The o and

[3 carbons in the Michael acceptor group are indicated.

Compounds with Michael acceptors are electrophilic and thus are susceptible to
nucleophilic attack from other molecules. For this reason, they are thought to have the
potential to react covalently and indiscriminately with biological molecules and are

generally regarded as undesirable drug candidates by the pharmaceutical industry?®?°,
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This largely stems from data connecting the formation of reactive electrophilic drug
metabolites to organ toxicity and idiosyncratic adverse drug reactions®?. Many marketed
parent compounds that are covalent inhibitors were discovered serendipitously and

218219 A petter

identified as such only after approval and widespread clinical use
understanding of the Michael addition reaction with biological molecules under
physiological conditions can lead to the development of drug candidates that bind with high
affinity to specific nucleophilic moieties, such as a particular cysteine on a target proteinm.

Such compounds are also reported to be less susceptible to drug resistance?!®22172%4,

218219 |In the case of irreversible

Covalent inhibition can be reversible or irreversible
inhibitors, pharmacodynamic effects are driven by the turnover rate of targets (i.e. rate of
de novo synthesis) as opposed to the pharmacokinetic parameters of the drug (absorption,
distribution, metabolism and elimination) and target inhibition can persist after the drug

219225 Thus, depending on the rate of target turnover, an

has been cleared from the body
irreversible inhibitor could be administered less often than a non-covalent reversible
inhibitor targeting the same protein®®?*®. Advances in in silico targeting of proteins and
drug design have permitted the development of targeted covalent inhibitors (TCls) that
possess relatively weak electrophilic warheads designed to react with a specific residue,
and will only do so after coming in close enough proximity to first interact non-

219,226.227 This strategy has recently led to the approval of several compounds that

covalently
irreversibly or reversibly covalently modify their target. Several of these compounds contain

acrylamide groups, which are weakly electrophilic and need to be in close proximity to the

target cysteinem. As a result, off-target reactions are minimized. The success of telaprevir,
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a covalent inhibitor of the NS3 protein from hepatitis C virus (HCV), spawned the
development of numerous covalent inhibitors against HCV proteins®®. Tyrosine kinase
inhibitors used in cancer therapy (ibrutinib and spebrutinib, for example) also covalently
modify their target, Bruton’s tyrosine kinase??*%.

Contrastingly, the therapeutic effect of some electrophilic compounds is attributed
to their induction of antioxidant signaling pathways. Dimethyl fumarate (DMF) is a drug
approved for the treatment of psoriasis (Europe) and multiple sclerosis (North America)®*°
and is under investigation for the treatment of chronic lymphocytic leukemia and
cutaneous T cell lymphoma (NCT02546440, NCT02784834). DMF is an electrophilic
compound that contains an a, B-unsaturated carbonyl and is known to act as a Michael
acceptor. One of the proposed mechanisms of actions of DMF is that it activates the nuclear
factor (erythroid-derived 2)-like 2 (NRF2) antioxidant response pathway, a key mediator in

231,232

the cellular response to oxidative stress . The activation of this pathway leads to the

upregulation of glutathione synthesis and other neuroprotective effects that are thought to

233,234 However, other mechanisms of DMF have

have a beneficial effect in multiple sclerosis
been proposed more recently, in particular DMF’s ability to covalently bind to a key
cysteine on p65, which leads to inhibition of its nuclear translocation, DNA binding and
transcriptional activity’®. Interestingly, other key players of innate antiviral pathways, such
as p50, IFNAR1 and JAK1 also contain cysteine moieties that have previously been shown to
be prone to oxidation or reacting with electrophilic compounds, leading to inhibition of

.oea 2362
downstream activity?*® %,
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1.4.1 Response to oxidative stress

In addition to covalently reacting with endogenous biomolecules, reactive
electrophilic compounds can lead to the formation of reactive oxygen and nitrogen species
(ROS and RNS). ROS encompass radical and non-radical species such as hydrogen peroxide
(H,0,), superoxide anion (0,"), and hydroxyl radical (HO®) that contain reactive and

reduced oxygen molecules?*?*2

. RNS are various nitric oxide derived compounds, including
nitric oxide radical (NO®) and peroxynitrite (ONOO)***?*2 ROS/RNS are formed as by-
products of normal metabolism, are known to regulate a variety of cell signaling pathways
and are critical in antimicrobial defence mechanisms®**?**2*_ The formation of ROS/RNS is
tightly regulated by the cell, as an imbalance can lead to oxidative stress and irreversible
damage to cellular macromolecules. This has been implicated in pathogenic mechanisms of
numerous diseases, including carcinogenesis, atherosclerosis and neurodegeneration246'249.
As mentioned above, the transcription factor NRF2 has an integral role in the cell’s
response to oxidative stress. Under non-stressed conditions, NRF2 is sequestered in the
cytoplasm by Kelch-like ECH-associated protein-1 (Keapl), which also targets NRF2 for

proteasomal degradation via cullin-3 E3-ubiquitin ligase (Cul3)*% %>

. ROS oxidizes specific
reactive cysteines on Keap1, resulting in its dissociation from NRF2. NRF2 then translocates
to the nucleus and binds to the antioxidant responsive element (ARE) enhancer, initiating
the transcription of genes whose protein products are required for phase Il detoxification of
electrophiles, glutathione synthesis, and also function as antioxidant themselves®*%°,

Glutathione (GSH) is a tripeptide molecule formed by glutamate, glycine and

cysteine that is primarily responsible for the detoxification of endogenous electrophilic

28



compounds and xenobiotics®>>. GSH is an essential biological molecule. Homozygous
deletion of the gene responsible for the rate limiting step of GSH synthesis, y-glutamyl

>4 GSH is capable of scavenging

cysteine synthetase/ligase (GCL) is embryonic lethal in mice
ROS such as H,0, via glutathione peroxidase (GPx), which reduces H,0, to water and
oxidizes two GSH molecules together to form glutathione disulfide (GSSG). GSH reductase
(GR) is responsible for catalyzing the reduction of GSSG, replenishing GSH stores (Figure
3A). In view of its principal role as an antioxidant, the ratio of GSH to GSSG is often used as
an indicator of oxidative stress®.

GSH is also covalently conjugated directly to electrophilic substrates via the thiol

group on its cysteine (Figure 3B).
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Figure 3. Glutathione synthesis, redox cycle and conjugation. (A) Synthesis of glutathione
(GSH) is a two-step process. The first and rate-limiting step is the conjugation of glutamate
with cysteine and is catalyzed by y-glutamyl cysteine synthetase/ligase (GCL), which is
composed of catalytic (C) and modifier (M) subunits. The second step is catalysed by GSH
synthase (GS) which adds glycine to y-glutamylcysteine to form the final product, y-
glutamylcysteinylglycine, or GSH. ROS species such as H,0, are reduced via GSH peroxidase
(GPx). In the process, 2 GSH molecules are oxidized to form glutathione disulfide (GSSG).
GSH is replenished via glutathione reductase (GR), requiring nicotinamide adenine
dinucleotide phosphate (NADPH) as a co-factor. (B) Glutathione S-transferase (GST)
enzymes catalyze the conjugation of GSH to electrophiles such as 1-chloro-2,4-
dinitrobenzene (CDNB).
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The GSH conjugate is typically less reactive and harmful than the electrophile and is also
more polar, which aids in the excretion of the electrophile-GSH conjugate®®. Reactions
between GSH and electrophiles can occur non-enzymatically, but are often facilitated by

257,258

glutathione-S-transferase (GST) enzymes . There are seven classes of cytosolic GSTs

with different individual class members (Table 1).

GST class Class members
Alpha (o) Al, A2, A3, A4, A5
Mu (w) M1, M1L, M2, M3, M4, M5
Pi (m) P1
Sigma (o) S1
Theta (0) T1, T2
Omega (o) 01, 02
Zeta (C) 1

Table 1. Class members of human cytosolic glutathione S-transferases.

Within a class, members have at least 40% sequence homology and between

259

classes, homology is less than 25%°°. GSTs are catalytically active as dimers, and are thus

named according to class and dimerization members. The GSH binding site (G site) is highly

259,260

conserved between classes and is located at the N-terminus of each protomer . Class

assignment is based on this domain, which contains a catalytically active tyrosine, cysteine,

260

or serine residue”". The electrophilic substrate binding site is a more variable hydrophobic
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region (H site) located at the C-terminus and is in close proximity to the G site, according to

297202 several GSTs are catalytically

tertiary structure analysis by x-ray crystallography
redundant and have common electrophilic substrates™. In addition to detoxifying
electrophiles, GSTs are involved in other cellular processes, including post-translational
modification of proteins via S-glutathionylation and the biosynthesis of various endogenous

259,263

compounds, including testosterone and progesterone . GSTs also interact with

264 GSTM1 regulates the activity of apoptosis signal-

components of the MAPK pathway
regulating kinase 1 (ASK1) by sequestering it and preventing its oligomerization and
activation of downstream pro-apoptotic signaling cascades®®?®’. GSTP1 binds to and
inhibits the activity of JNK. Under conditions of oxidative stress, GSTP1 oligomerizes,
releasing JNK, which is able to phosphorylate and activate the transcription factor c-jun,
leading to either increased cell differentiation and proliferation or apoptosis (depending on

260

the length of exposure to stress)”". The overexpression of GSTP1 in many types of cancers

is thought to drive cell proliferation as well as confer resistance to chemotherapeutic

2642682270 " £or this reason, GSTP1 is a highly sought after anti-cancer drug target.

drugs
Telintra® (ezatiostat), a structural analog of GSH designed to be a potent GSTP1-1 inhibitor,
was being investigated in Phase Il trials in the United States for the treatment of
myelodysplastic syndrome (NCT01422486, NCT01459159) and severe neutropenia
(NCT00909584, NCT00701870). In myelodysplastic syndrome, it is believed that the
inhibition of GSTP1 promotes JNK-mediated phosphorylation of c-jun, leading to

proliferation of normal hematopoietic progenitors and apoptosis of malignant cells®’* ",
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The ability of ezatiostat to induce apoptosis in malignant cells may also be related to its

ability to increase levels of ROS in these cells?’*.

1.5 Rationale, hypothesis and objectives

The heterogeneous response to OVs continues to be a significant barrier that limits
their use as standalone treatments for cancer patients. Combination strategies have the
potential to overcome this barrier, as demonstrated by positive results emerging from

clinical trials of OVs and pharmacological therapies™®*****%",

VSel is a previously
uncharacterized molecule that is able to robustly improve VSVA51 efficacy in vitro and in
pre-clinical in vivo studies. In spite of this, VSel exhibits poor stability in agueous
environments at physiological pH and is not well tolerated by mice when administered

27, Specifically, mice treated with lethal doses of

intraperitoneally at doses over 10 mg/kg
VSel experience irrevocable weight loss and intestinal distension, associated with tissue
destruction in the abdominal cavity. This could be due to a number of factors, one of which
is poor aqueous solubility and consequent compound precipitation®’®. Altogether, these
factors limit VSel’s suitability for in vivo use. Studying the physico-chemical and
pharmacological properties of VSel and elucidating its precise mechanism of action would
aid in the development of it or related compounds into viable drug candidates. Structure-
activity-relationship studies are regularly employed in the pharmaceutical industry during
lead optimization to identify important pharmacophores of drug candidates. This can also
lead to the generation of active and inactive probes that can be used to identify putative

277-279

biomolecular targets through activity-based profiling . Thus, we chose to combine
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chemistry-based and biology-based strategies to simultaneously tackle the unknown
mechanism of action of VSel and the need for more viable drug candidates based on this

molecule.

Hypothesis

1. Structure—activity—relationship studies will allow the generation of VSel analogs with
improved physico-chemical and pharmacological properties that can be used to
enhance VSVA51-mediated oncolysis in vivo

2. Synthetic VSel derivatives can be used to identify potential targets of VSel

Objectives

1. Characterize the structure-activity relationship (SAR) of VSel via high-throughput
screening of VSel analogs.

2. Evaluate the in vivo safety and efficacy of VSel analogs that possess better physico-
chemical and pharmacological properties.

3. Characterize the mechanism of action of VSel.
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Materials and Methods

2.1 Drugs, chemicals and cytokines

VSel and its analogs (compounds 2-53, 57, 58, 10-GSH adduct and 28-GSH adduct) were

synthesized in Dr. Christopher Boddy’s lab. Synthetic methods and characterization dose

response curves for VSel and analogs 2 — 51 are described in the Appendix. Other drugs,

chemicals and cytokines used in this study are described below in Table 2.

Table 2. Drugs, chemicals and cytokines

Name Abbreviation Supplier(s)
bardoxolone methyl ester CDDO-Me Cayman Chemical
buthionine sulfoximine BSO Sigma-Aldrich (St. Louis, MO)
6-carboxy-2',7'-
dichlorodihydrofluorescein C-H,DCFDA Thermo Fisher Scientific
diacetate
1-chloro-2,4-dinitrobenzene CDNB Alfa Aesar
diethyl maleate DEM Sigma-Aldrich (St. Louis, MO)
diethyl fumarate DMF Sigma-Aldrich (St. Louis, MO)
dimethyl maleate DMM Sigma-Aldrich (St. Louis, MO)
dimethyl fumarate DMF Sigma-Aldrich (St. Louis, MO)
dimethyl sulfoxide DMSO Fisher Scientific
dithiothreitol DTT Bioshop
ezatiostat hydrochloride - ApexBio (Houston, TX)
L-glutathione, reduced GSH Sigma-Aldrich (St. Louis, MO)
L-glutathione, oxidized GSSG Sigma-Aldrich (St. Louis, MO)
hydrogen peroxide H,0, Fisher Scientific (Fair Lawn, NJ)
interferon beta IFN-3 PBIE;;;tczl;f:\;/Zr;'S;T)rce
D-luciferin, potassium salt luciferin Biotium (Hayward, CA)and
Perkin Elmer
N-[4-[2,3-Dihydro-1-(2-
methrzt’tir;zl_c’zy_'t)hil;c')j'y‘:ﬁ'1,53_"'] > ML385 Sigma-Aldrich (St. Louis, MO)
benzodioxole-5-acetamide
monomethyl fumarate MMF Sigma-Aldrich (St. Louis, MO)
human tumour necrosis factor TNF-a, R&D systems (Minneapolis, MN)

alpha
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2-[(aminocarbonyl)amino]-5 -(4-
fluorophenyl)-3-
thiophenecarboxamide

TPCA-1 Abcam

2.2 Cell lines
All cell lines were incubated at 37°C with 5% CO; in a humidified incubator and described
below in Table 3.

Table 3. Cell lines

Cell Line Origin Cell Type r?]:;\?;tr: Source
| cl Il
786-0 human renatclear ce DMEM?®#3 ATCC
adenocarcinoma
CT26.WT mouse colon adenocarcinoma DMEM** ATCC
B16-F10 mouse melanoma aMEM™# ATCC
HT29 human colorectal DMEM?> ATCC
adenocarcinoma
Afri
Vero rican green kidney DMEM?®**® ATCC
monkey
471 mouse mammary carcinoma DMEM®* ATCC
Pan02 mouse pancreatic DMEM®* ATCC
adenocarcinoma
MC-38 mouse colon carcinoma DMEM®* NIH
CT-2A mouse astrocytoma DMEM®* *
S180 mouse Sarcoma DMEM®* ATCC
OVAC433 human ovarian carcinoma RPMI* **
293T human embryonic kidney DMEM®* ATCC
A549 human lung adenocarcinoma DMEM®* ATCC

? Dulbecco’s Modified Eagle’s Medium (Corning, Manassas, VA)

® Minimum Essential Medium Alpha modification (Hyclone,

“Roswell Park Memorial Institute medium (Hyclone, Waltham, MA)

* supplemented with 10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO) and 30 mM
Hepes (Thermo Fisher Scientific, Waltham, MA)

> supplemented with 10% 3:1 newborn calf serum: fetal bovine serum (Sigma-Aldrich, St.
Louis, MO) and 30 mM Hepes (Thermo Fisher Scientific, Waltham, MA)

* Kindly provided by Dr. Thomas N. Seyfried (Boston College, Chestnut Hill, MA)

** Kindly provided by Dr. Barbara Vanderhyden, University of Ottawa, Ottawa, ON
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2.3 Viruses

Oncolytic Rhabodviruses

VSVAS1 is a recombinant variant of the Indiana serotype of Vesicular Stomatitis Virus (VSV)
harbouring a deletion of the 51* methionine in the M protein. VSVA51 expressing green
fluorescent protein (GFP), red fluorescent protein (RFP) or firefly luciferase (FLuc) are
recombinant derivatives of VSVA51 that have been previously described**°. Maraba MG1 as
described was obtained from Dr. David F. StojdI*®’. All virus stocks were propagated in Vero

cells, purified on Optiprep gradient and titered on Vero cells as previously described*®.

Oncolytic Herpes simplex-1

HSV-1 N212 (an ICPO-deleted oncolytic strain) expressing GFP was obtained from Dr. Karen
Mossman and has been described previously281. HSV-1 samples were titered on Vero cells.
Vero cells (2.5 x 10° cells) were infected with serial dilutions of virus containing samples in
12-well dishes. Cells were incubated at 37° C for 1 h, after which the inoculum was removed
and replaced with fresh culture media. After 48h incubation at 37° C, GFP positive plaques

were visualized and counted.

Non-replicating vectors
AAV2-luciferase (adeno-associated virus serotype 2 expressing luciferase) was a gift from
Dr. Sarah Wootton (University of Guelph) and Ad5-luciferase (adenovirus serotype 5

expressing luciferase) was a gift from Dr. Jack Gauldie (McMaster University).
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2.4 Luciferase reporter-based viral titration assay

This assay has been described in detail by Garcia et al**

. Cells were seeded in 96-well plates
at a density of 3x10% cells/100 uL/ well. Twenty-four hours later, cells were pre-treated for
4 hours with control vehicle (DMSO) or compound at various concentrations and
subsequently infected with VSVA51-FLuc at a MOI of 0.005. Forty hours later, 25 plL of 786-
0 supernatant from each well was transferred into corresponding wells of white-walled 96-
well plates seeded with a confluent monolayer of Vero cells. 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 two columns on the white-walled plate to generate a standard
curve. Plates were centrifuged at 430xg for 5 minutes and then incubated for 5 hours at
37°C. Then, 25 uL of luciferin (2mg/mL) was added to each well and bioluminescence was
measured 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) and strongly correlate positively

with VSVAS51 titers obtained via plaque assay on Vero cells (Figure 4).
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Figure 4. Comparison of standard plaque assay titers with those obtained by high-
throughput method. (A) Viral titers in pfu/ml obtained by standard plaque assay on Vero
cells were compared with calculated viral titers (VEU/mI) from the same samples titered
using the high-throughput luciferase assay. (B) Linear relationship between VEU/mI and
titer obtained via standard plaque assay. Linear regression curve and coefficient of
determination (R%) are shown. Reprinted with permission from Garcia V, et al J. Vis. Exp.
(91), €51890, do0i:10.3791/51890 (2014) (published under the Creative Commons License
3.0, by,nc,nd).
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2.5 In vitro cellular cytotoxicity assay

Cellular cytotoxicity was assessed by incubating treated samples with alamarBlue® (AbD
Serotec and BioRad) as per the manufacturer’s instructions. After 2.5 hours, fluorescence
was measured (530 nm excitation and 590 nm emission) on a Fluoroskan Ascent Microplate
Fluorometer (Thermo Scientific, Hudson, NH). Emission values were normalized to that of
untreated controls after subtracting background fluorescence from wells containing media

without cells.

2.6 Glutathione reactivity experiment

Reactivity with glutathione was assessed using an assay adapted from a recently reported
method?®®. 250 uL of a 40 mM DMSO stock solution of each compound was added to L-
glutathione (15.4 mg, 5 mol equiv.) suspended in 250 pL of DMSO. The resulting mixture
was placed in a 37 °C shaker. 10 pL aliquots were removed and quenched in 990 puL of water
(containing 0.5% formic acid) at various time points, including at t = 0 min, for analysis by
electrospray ionization- liquid chromatography-mass spectrometry (ESI-LC-MS). All ESI-LC-
MS analyses were collected on an API2000 LC/MS/MS System (Applied Biosystems)
equipped with a turbo-ion spray ESI probe interfaced with a Prominence UFLC (Shimadzu)
equipped with a reverse phase BDS Hypersil C18 50 x 2.1 mm column, particle size 3 um
(Thermo Scientific). HPLC/LC-MS UV absorption was monitored at 254 nm and 210 nm.
Both the compound and the glutathione adduct were identified by MS. Area of the UV peak

was recorded for each time point.
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2.7 Plasma stability assay

10 mM methanol stock solutions of each analog were prepared and diluted to 1 uM
with aqueous 0.1% formic acid. 5 pL of the diluted solution was inserted into a Proxeon
nanoelectrospray emitter (Thermo Scientific, Odense, Denmark) and analyzed in positive
ion mode via nanoESI MS on a QStarXL hybrid quadrupole time-of-flight mass spectrometer
(AB Sciex, Framingham, MA, USA). Product ion spectra were collected for each compound
at varying CID collision energies using an ESI voltage of 1000 V, a declustering potential of
30 V and a focusing potential of 120 V. Two fragments were chosen as multiple reaction
monitoring (MRM) transitions for each compound with optimized collision energies. The
guantitative transition was used to determine the relative quantities of each compound and
the confirmatory transition was used to validate the ion signal observed for the first
transition (see Supporting Information).

1 mM methanol stock solutions of each analog were prepared and mixed in
experimental triplicate with Balb/c mouse plasma (Innovative Research, Novi, MI, USA) that
was buffered 1:1 with phosphate buffered saline (PBS, pH=7.4). The compounds were
multiplexed into sets of three and added to a final concentration of 10 uM in a total volume
of 400uL. Immediately upon mixing, 200uL of the sample mixture was quenched with 300uL
of aqueous formic acid (5%) to prevent further analog degradation. The remaining 200uL of
sample was incubated at 37°C for 3 hours and quenched in an identical fashion®®*. The
guenched samples were passed through 3 kDa Amicon molecular weight cut off filters
(Millipore, Billerica, MA, USA) by centrifugation at 14,000 rpm for 15 minutes. 20 uL

samples of the filtrates were subjected to LC-MRM (liquid chromatography-mass
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spectrometric multiple reaction monitoring) analysis using a Qtrap 4000 (AB Sciex,
Framingham, MA, USA) hybrid triple quadrupole linear ion trap mass spectrometer with an
ion spray voltage of 5000 V and a declustering potential of 25V. The MS was equipped with
a Turbo V ion spray source coupled to a Dionex Ultimate3000 HPLC (Thermo Fisher
Scientific, Waltham, MA, USA). Fritted fused silica columns (200 um ID) (Molex, Lisle, IL,
USA) were packed with 5 um Magic C18 (MICHROM Bioresources Inc., Auburn, CA, USA)
reversed-phase beads to a length of 5 cm using an in-house high-pressure vessel.
Chromatographic separation employed a linear gradient using reversed phase solvents
(water and acetonitrile both containing 0.1% formic acid) over 10 minutes (see Supporting
Information). Automatic quantitation was achieved using MultiQuant software (AB Sciex,
Framingham, MA, USA) by integrating the peak areas of the quantitative MRM transition
extracted ion chromatogram. The plasma stability of each compound was calculated as a
percentage of the compound ion signal detected after 3 hours of plasma incubation relative

to the original amount.

2.8 Ex vivo studies

Balb/c mice were implanted with CT26.WT (murine colon carcinoma) cells. Mice were
sacrificed 24 days later, after tumours had reached at least 10mm x 10mm in size. Tumour,
lung, spleen, brain, and abdominal muscle tissue were extracted from the mice, cut into 2
mm thick slices and cored into 2mm x 2mm pieces via punch biopsy. Each tissue core was
incubated in 1 mL of Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10%

fetal bovine serum, 30 mM HEPES and 2.5 mg/L amphotericin B, in a 37°C, 5% CO,
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humidified incubator. In order to assess the viability of each core, alamarBlue® was added
to each well for a 4-hour incubation period. Viable cores were selected and treated with
various concentrations of VSel and analogs. Four hours later, cores were infected with
1x10* pfu of VSVA51-GFP. GFP pictures were taken for each core 24 hours post infection.
Cores and supernatants were collected 36 hours post infection and titered by plaque assay.

Cores were homogenized with a TissueLyser Il (Qiagen) prior to titering.

2.9 In vivo studies

All experiments were reviewed and approved by the University of Ottawa Animal Care
Committee (ACC) and were performed in accordance with the University of Ottawa Animal
Care and Veterinary Services guidelines for animal care under protocols OGHRI-58, OHRI-

2264 and OHRI-2265.

Dose escalation studies

Nine-week-old Balb/c mice were intraperitoneally administered various doses of VSel, 10,
24, or 28 dissolved in DMSO (approximately 50 uL). The dose was adjusted for individual
mice based on weight. Weight loss and other outward signs of toxicity (piloerection,
lethargy, respiratory distress, quiet behaviour) were recorded over a 10 (VSel, 10) or 18-
day (24, 28) period. Mice were euthanized when more than 20% of original body weight

was lost or outward signs of toxicity did not improve within 48 hours.
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Pharmacokinetics

Short time course

Nine-week-old female Balb/c mice were given subcutaneous tumours by injecting ~ 3x10°
syngeneic CT26.WT cells suspended in 100 ul serum-free DMEM. Nineteen days post-
implantation, mice were intratumourally administered 50 mg/kg of compound 10 or 24
dissolved in DMSO (approximately 50 uL). Tumours were excised after Oh, 15 minutes, 1h
and 3h and homogenized immediately at 30 Hz for 5 minutes with a Tissuelyser Il (Qiagen).
At the time of tumour excision, peripheral blood was also collected and allowed to clot at
room temperature for at least 30 minutes. Samples were then centrifuged (20,000 rpm, 30
s, 4°C) and tumour samples were homogenized again in 500 pL PBS. Serum was diluted 5x
with 0.1% formic acid in water. After another round of centrifugation, supernatants were
passed through Amicon Ultra-0.5 mL 3 kDa molecular weight cut off filters (EMD Millipore)

by centrifugation, and the filtrate was quantified by LC-MRM.

Long time course

Nine-week-old female Balb/c mice were given subcutaneous tumours by injecting ~ 3x10°
syngeneic CT26.WT cells suspended in 100 ul serum-free DMEM. Nineteen days post-
implantation mice were intratumourally administered vehicle control (DMSQO), or 28
dissolved in DMSO (40mg/kg of body weight, approximately 30 pL). Tumours treated with
28 were excised after 1h, 3h, 10h and 24h. Tumours treated with vehicle alone were
excised after 3h and 24h. Tumour homogenization and centrifugation was conducted in an

identical fashion to that described in the short time course (above). At the time of tumour
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excision, peripheral blood was also collected and allowed to clot at room temperature for
at least 30 minutes. Samples were centrifuged at 20,000 rpm for 10 minutes at 4°C, and the
supernatant (serum) was collected. Serum was diluted 5x with 0.1% formic acid in water
and centrifuged through Amicon Ultra-0.5 mL 3 kDa molecular weight cut off filters (EMD
Millipore). For both tumour and serum samples, 25 uL of the filtrate was mixed with 5 pL of
a 6 UM solution of caffeine in water (as a standard to allow relative quantitation) and

guantified by LC-MRM.

In vivo imaging of virus replication

Twenty-four hours after treatment and infection, 200 pl of a 10 mg/mL luciferin solution in
sterile PBS (Corning, Manassas, VA) was administered to mice intraperitoneally. Five
minutes later, mice were anaesthetized using 3% isoflurane and imaged with an in vivo
imaging system (IVIS; Perkin Elmer, Waltham MA) according to the manufacturer’s
instructions. For quantification of luminescence, bioluminescent signal intensities were
measured using Living Image® v2.50.1 software. Background intensities were measured
using the software and subtracted from user-defined regions of interest (ROIls) that were

manually delineated around the tumour for each mouse.

CT26.WT tumour model

Compound 10 + VSVA51-FLuc

Six-week-old female Balb/c mice were given subcutaneous tumours by injecting 3x10°

CT26.WT cells suspended in 100 pl serum-free DMEM. Eleven days post-implantation (when
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tumours were approximately 5 mm x 5 mm), mice were treated with 50 mg/kg of 10
dissolved in DMSO or vehicle control administered intraperitoneally (approximately 30 pL;
weight-adjusted for each mouse). Four hours later, mice were treated with an
intratumoural injection of 1x10® pfu of VSVA51-FLuc. 10 or vehicle was re-administered on
day 13 and 15 post-implantation. Tumour dimensions were measured with electronic
calipers. Tumour volumes were calculated as (width? x length) / 2. Mice were euthanized
when tumour volume exceeded 1600 mm?. Initial tumour sizes measured on the first day of

treatment were used to calculate relative tumour size.

Compound 28 + VSVA51-FLuc

CT26.WT tumours were implanted as above. When tumours were at least 5 mm x 5 mm
(between 11-15 days post-implantation), mice were treated with 40 mg/kg of 28 dissolved
in DMSO or vehicle control administered intratumourally (approximately 30 pL; weight-
adjusted for each mouse). Four hours later, mice were treated with intratumoural injection
of 1x10® pfu of VSVA51-FLuc. Twenty-four hours later, viral luciferase expression was
monitored with an IVIS as described above. Tumour dimensions were measured with
electronic calipers. Tumour volumes were calculated as (width? x length) / 2. Mice were
euthanized when tumour volume exceeded 1600 mm?>. Initial tumour sizes measured on

the first day of treatment were used to calculate relative tumour size.
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HT29 tumour model

Six-week-old CD1 nude mice were given subcutaneous tumours by injecting 1x10° HT29
cells suspended in 100 pl serum-free DMEM. When tumours grew to at least 5 mm x 5 mm
(between 18 — 25 days post-implantation), mice were treated with 40 mg/kg of 28 dissolved
in DMSO or vehicle control administered intratumourally (approximately 30 pL; weight-
adjusted for each mouse). Four hours later, mice were treated with an intratumoural
injection of 1x10® pfu of VSVA51-FLuc. Twenty-four hours later, viral luciferase expression
was monitored with an IVIS as described above. Tumour dimensions were measured every
other day with electronic calipers. Tumour volumes were calculated as (width” x length) / 2.
Mice were euthanized when tumour volume exceeded 1600 mm?. Initial tumour sizes

measured on the first day of treatment were used to calculate relative tumour size.

B16-F10 tumour model

Seven-week-old female C57/B6 mice were given subcutaneous tumours by injecting
3.5x10° B16-F10 cells suspended in 100 pl serum-free DMEM. When tumours grew to at
least 5 mm x 5 mm (between 10-14 days post-implantation), mice were treated with 40
mg/kg of 28 dissolved in DMSO or vehicle control administered intratumourally
(approximately 30 uL; weight-adjusted for each mouse). Four hours later, mice were
treated with intratumoural injection of 1x108 pfu of VSVA51-FLuc. Twenty-four hours later,
viral luciferase expression was monitored with an IVIS as described above. Tumour
dimensions were measured with electronic calipers. Tumour volumes were calculated as

(width2 x length) / 2. Mice were euthanized when tumour volume exceeded 1600 mm>.
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Initial tumour sizes measured on the first day of treatment were used to calculate relative

tumour size.

2.10 Microarray

786-0 cells seeded at a density of 1 x 10° cells in 6-well flat bottom plates (Costar). Twenty-
four hours later, cells were treated with VSel (55 uM), 2 (55 uM), 6 (50 uM), 40 (55 uM), 28
(95 uMm), 29 (95 uM), 25 (95 uM), 58 (150 uM), 52 (150 uM), media or vehicle (DMSO).
After 28 hours, cell lysates were collected, RNA was collected using an RNA-easy kit
(Qiagen, Valencia, CA, USA). Biological triplicates were subsequently pooled and RNA
quality was measured using Agilent 2100 Bioanalyzer (Agilent Technologies) before
hybridization to Affymetrix Human PrimeView Array. Hybridization was performed by The
Centre for Applied Genomics, The Hospital for Sick Children, Toronto, Canada. Microarray
datasets were processed using Transcriptome Analysis Console (TAC) 3.0 under default
parameters of Gene Level Differential Expression Analysis. Fold change in gene expression
was calculated for each gene in relation to uninfected, untreated control. Gene ontology

(GO)-term enrichments were evaluated using GOrilla®®.

2.11 ELISA

IFN-

786-0 cells were seeded at 3x10° cells per well in 12-well plates. The following day, the cells
were pre-treated with 60, 50, 50 and 95 uM of VSel, 2, 10 and 28 respectively. Two hours

later the cells were infected with VSVA51-GFP at MOI 3. Supernatants were collected 16
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hours post infection, and an ELISA was performed using VeriKine™ Human IFN Beta ELISA
Kit (PBL Assay Science, Piscataway, NJ) according to the manufacturer’s protocol. IFN-3

levels were interpolated from experimental standard curves.

TNF-«

786-0 cells were seeded at 2.5x10° cells per well in 12-well plates. The following day, the
cells were pre-treated with 60, and 80 uM of VSel, and 28 respectively. Two hours later the
cells were infected with VSVA51-GFP at MOI 1. Supernatants were collected 8, 16 and 24
hours post-infection and an ELISA was performed using the Human TNF-alpha Quantikine
ELISA Kit (R&D Systems, Minneapolis, MN) according to the manufacturer's protocol. TNF-a

levels were interpolated from experimental standard curves.

2.12 Quantitative real-time PCR

786-0 cells were seeded at 1x10° cells/well in 6-well plates. The following day, the cells
were pre-treated with 60, 50, 50 and 95 uM of VSel, 2, 10 and 28 respectively. Two hours
following pre-treatments the cells were infected with VSVA51-GFP at MOI 3. Sixteen hours
post infection the cells were lysed and RNA extraction was performed using RNeasy® Mini
Kit (Qiagen, Valencia, CA). RNA (1 ug) was converted to cDNA with RevertAid H Minus First
Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA). Real-time PCR reactions
with 20 ng of cDNA were performed with QuantiTect® SYBR® Green PCR Kit (Qiagen,

Valencia, CA) on a 7500 Fast Real-Time PCR system (Applied Biosystems, Foster City, CA).
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Gene expression was normalized to GAPDH and fold induction was calculated relative to the

untreated/uninfected samples for each gene using the Pfaffl metho

Table 4. g-RT PCR primers

286
d™.

Model Gene Forward Primer (5'>3') Reverse Primer (5'>3')
Human IFNB CATTACCTGAAGGCCAAGGA CAGCATCTGCTGGTTGAAGA
Human MX2 GAACGTGCAGCGAGCTTGTC AAGGCTTGTGGGCCTTAGAC
Human GBP3 ACTGGTGGCGAATCCAGAAG GCCCAGAGAGAAGCCCTTATT
Human IFI44 CCCATCGCTGAAGGACAGAA CACATGTACCACACCAGCGT
Human IFIT3 GCACAGACCTAACAGCACCC TTGGTGACCTCACTCATGATGGC
Human IL6 ACCCCCAATAAATATAGGACTGGA GAAGGCGCTTGTGGAGAAGG
Human TNFa GCTGCACTTTGGAGTGATCG GAGGGTTTGCTACAACATGGG
Human GAPDH ACAGTCAGCCGCATCTTCTT GTTAAAAGCAGCCCTGGTGA
Human GSTP1 GAGACCAGATCTCCTTCGCTG GCCATTGATGGGGAGGTTCA
Human | HMOX1 ACTGCGTTCCTGCTCAACAT GGGGCAGAATCTTGCACTTT
Human OSGIN GTTCCCCTGACCCTCCTAGT GGCCGTTACCCACAATGATG

2.13 Immunoblot analysis

Cells were lysed on ice for 10 minutes in protein extraction buffer (50mM Hepes, 150mM

NaCl, 10mM EDTA, 10mM Na4P,0,, 1% NP-40 pH 7.4) containing 1M NaF, 200mM Na3VO,

and protease inhibitor cocktail (Roche, Mississauga, Ontario, Canada). Lysates were

centrifuged at 16,000xg 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. Protein determination was performed

by Bradford assay (Protein Assay Solution, BioRad, Mississauga, Ontario) and 20-50 ug of
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protein extracts were prepared in NUPAGE LDS sample buffer (Invitrogen, Burlington,
Ontario) supplemented with dithiothreitol (DTT). Lysates were separated by SDS-PAGE
using 4-12% precast gradient gels (Invitrogen, Burlington, Ontario) and the XCell SureLock®
Mini-cell (Invitrogen, Burlington, Ontario), and then transferred onto nitrocellulose
membranes (GE Healthcare, Baie d’Urfe, Quebec). Membranes were blocked with 5%
bovine serum albumin (BSA) or 5% non-fat dry milk in 0.1% TBS-Tween-20 for 1 hour at
room temperature and then incubated overnight at 4°C with rabbit or mouse antibodies
against NFkB p65 (#8242 Cell Signaling Technology, Danvers, MA), phospho-NFkB p65
(Ser536, #3033, Cell Signaling Technology, Danvers, MA), NFkB p105/p50 (#3035, Cell
Signaling Technology, Danvers, MA), IRF-3 (#11904, Cell Signaling Technology, Danvers,
MA), phospho-IRF-3 (Ser396, #4947, Cell Signaling Technology, Danvers, MA), c-jun (#9165,
Cell Signaling Technology, Danvers, MA), phospho-c-jun (Ser63, #9261, Cell Signaling
Technology, Danvers, MA), IkBa (#4814, Cell Signaling Technology, Danvers, MA), B-Actin
(#4970, Cell Signaling Technology, Danvers, MA), or o-Tubulin (sc-8035, Santa Cruz
Biotechnology, Dallas, Texas). The membranes were then probed with horseradish-
peroxidase conjugated anti-rabbit (Jackson Immunoresearch Labs, West Grove, PA) or anti-
mouse (Cell Signaling Technology, Danvers, MA) secondary antibodies for 1 hour at room
temperature. Bands were imaged using Clarity™ Western ECL blotting substrates (Bio-Rad,

Mississauga, Ontario) on HyBlotCL autoradiography films (Denville Scientific, Holliston, MA).
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2.14 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-NFkB 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.

2.15 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 VSVA51-GFP (MOI 0.005). Twenty-
four hours later, cells were then lysed on ice (in 50 mM Tris-HCl pH 7.4, 150 mM NacCl, 0.5%
Triton-X, 10% glycerol, 5 mM EDTA, 1 M NaF, 200 mM NasVO, and protease inhibitor
cocktail). Three mock-infected plates were pooled, 6 infected plates were pooled and both
lysates were incubated with 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.
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Visible bands were cut out and sent for liquid chromatography-mass spectrometry (LC-MS)

analysis. A schematic is presented in Figure 5.
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Figure 5. Schematic workflow of ligand-based affinity chromatography.

2.16 Glutathione S-transferase activity assay

Glutathione S-transferase (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, pH 6.5.
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 CDNB. The final
concentration of non-aqueous components in the reaction mixture was < 2%. Formation of
the reaction product (GSH-CDNB adduct; S-((2,4)-dinitrobenzene)glutathione) was
monitored at 340 nm with an Evolution™ 60S UV-Visible Spectrophotometer (Thermo

Scientific) in quartz cuvettes. The initial rate of the reaction (V,) was calculated using the

following equation:
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Vo = absorption/(l X &)
where / (path length of cuvette) is 1 cm and & for the GSH-CDNB adduct is 9.6 mM cm™. 1Csg
values were measured by fitting the four-parameter logistic function?®® to each data set,

using Sigma-Plot™ software.

2.17 Reversibility of GST inhibition

The reversibility of GST inhibition was tested by removing the inhibitor (VSel) by dialysis.
GSTP1-1 (25 ug) was incubated with VSel (0.5 mM), and GSH (1 mM) in 100 mM potassium
phosphate buffer, pH 6.5. Control samples lacked VSel. Dialysis was carried out for 3 hours
at 4°Cin 100 mM potassium phosphate buffer. Enzyme activity was subsequently measured

as described above, with 1 mM GSH and 0.5 mM CDNB.

2.18 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 antibodies against GSTP1 (#LS-C154708; LifeSpan Biosciences,
Inc.) and B-Actin (#4970, Cell Signaling Technology, Danvers, MA. A parallel set of plates
was infected with VSVA51-GFP at MOI 0.01. Supernatants were collected 24 and 46 hours

post-infection and titered by plague assay. RNA was also collected 72 hours post-
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transfection for quantification of human GSTP1 mRNA via quantitative RT-PCR as described

above.

2.19 GSH and GSSG measurement by High Performance Liquid Chromatography (HPLC)

786-0 cells were seeded in 60mm tissue culture plates and treated 24 hours later with VSel
or 28. At the indicated times post-treatment, cells were washed twice with ice-cold PBS and
lysed on ice for 20 minutes in 125mM sucrose, 1.5mM EDTA, 5mM Tris, 0.1% TFA and 0.5%
MPA in HPLC mobile phase (10% HPLC grade methanol, 0.09% TFA — 0.2 uM filtered).
Lysates were centrifuged for 20 min at 14,000 g at 4°C and supernatants were collected and

injected into an Agilent HPLC system?****°

. Samples were run in duplicate on a Pursuit5 C18
column (150 x 4.6 mm, 5 uM; 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.

2.20 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 density of 1.25x10"
cells/well. Twenty-four 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-
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C3, Clonetech, Mountain View, CA, USA, Cat. PT3052-5) using Genejuice®, according to the
manufacturer’s protocol (EMD Millipore). Forty-eight hours later, cells were excited at 408
and 488 nm and the ratios of the emissions detected at 530 nm were calculated. Cells were
then treated with H,0,, VSel or 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.

2.21 Detection of reactive oxygen species (ROS) with carboxy-H,DCFDA

786-0 cells were seeded in 12-well plates, at 3x10° cells/well. The next day, cells were
treated with H,0; (3 mM), DMSO or VSel (60 uM, 120 uM). Four hours later, cells were
detached with Cellstripper® (Corning, Manassas, VA). Cells were re-suspended in fresh
DMEM and incubated with 15 uM C-H,DCFDA for 45 minutes at 37°C with 5% CO; in a
humidified incubator. Then, samples were washed twice with FACS buffer (0.5% BSA in
PBS), filtered through 40 pM cell strainers (Fisher Scientific) and stained with 7-
Aminoactinomycin D (7-AAD, eBiosciences; 0.5 puL per sample). Samples were analysed

within 30 minutes with a BD FACSCelesta™ (BD) and FlowJo vX.07 software (BD).

2.22 Statistics

The results shown in this study are presented as means + standard error unless otherwise
stated. For all experiments statistical significance (using indicated statistical tests) was
considered to be a P value less than or equal to 0.05. Graphs and statistics were computed

using GraphPad Prism 6 and Microsoft Excel.
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RESULTS
3.1 Physiochemical and in vitro biological characterization of VSel
3.1.1 VSel suffers from rapid degradation

As previously discussed, VSel sensitizes resistant cancer cells to infection with
VSVAS1, leading to a significant enhancement of viral titers. Upon further study, we found
that pre-incubating VSel in an aqueous solvent prior to treating cells resulted in an
abrogation of its viral sensitizing effect (Figure 6A). This prompted an analysis of VSel’s
stability in an aqueous environment using a LC-MRM assay. When dissolved in mouse

plasma, rapid degradation was observed, with a half -life of 2.1 min (Figure 6B).
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Figure 6. VSel suffers from rapid degradation. (A) VSel was incubated in sterile water for
0 h, 1.5 h, 3 h or 24 h before being used to treat 786-0 cells at different concentrations.
Four hours post-treatment, cells were infected with VSVA51 expressing firefly luciferase
(VSVA51-Fluc) at a multiplicity of infection (MOI) of 0.005. Forty hours later, virus output in
viral expression units (VEUs) per millilitre was measured with a luciferase reporter assay
(Materials and Methods, section 2.4)%%2. (B) Stability of VSel in mouse serum over time,
measured by HPLC.
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In addition to VSel’s drawbacks regarding in vivo administration presented earlier and the
limited knowledge of VSel’s molecular target, these results provided rationale to synthesize
and test derivatives of VSel with increased stability that could be used as tools for

mechanism of action studies and that may be better suited for in vivo administration.

3.1.2 Structure-activity-relationship studies on VSel

In order to study the structure-activity relationship of VSel, chemical analogs of
VSel were screened for their ability to augment VSVA51 replication in 786-0 cells, a human
renal carcinoma cell line which is highly resistant to infection with VSVA51, but sensitive to

275

infection after pre-treatment with VSel“”. A high-throughput luciferase reporter-based

viral titration assay was used to assess changes in virus output 40 hours post-infection

(described in detail in Materials and Methods)*®?

. Viral Expression Units (VEUs) obtained
from this assay correlate directly with infectious titers obtained from plaque assays (Figure
4)*%2, Cytotoxicity of each analog in the presence and absence of virus was also measured
using the metabolic dye alamarBlue®. For each compound, the peak fold enhancement
(PFE) in VEU relative to vehicle-treated infected samples is displayed, as well as the
concentration at which this occurs (PFE dose). For 49 of the analogs tested, plasma stability
was measured by LC-MRM, and susceptibility to nucleophilic attack was measured using a
GSH challenge assay, where compounds were incubated with GSH at a supraphysiological
concentration (five-fold molar excess of compound) and the quantity of unreacted parent

compound was measured over time (Table 5). Fold-changes in viral output at 40 hours post-

infection for each compound across all concentrations tested are included in Appendix B.
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Table 5. Analog activity, toxicity and stability

LDsg Plasma
Peakfold | ""C | LDs | with |, oM | stability at 3
ID Structure 2 | dose . half-life
enhancement e (uM) | virus (min)) hours (%
(uM) (uM) ' remaining)
1 Cl Cl
(V5el) O% 1910 60 | 79 | 16 | <5 0
Br, Br
2 O% 705 72 | 87 | 50 | <5 0
O
Ph
Cl. HN—
3 b\@ 365 96 | 140 | 140 | NR® | 656%65
070
Cl HN~>\
4 — 345 80 9 | 90 NR 0
070
Cl Cl
5 = 515 36 41 | 27 <5 0
A
Cl Cl
6 = 400 60 73 | 51 <5 0
Cl Cl
7 = 575 60 52 | 17 <5 0
OJ\;S\O/\Q
Cl Cl
8 Oﬁ NE¢ - | >180 | >180| NR 88.3+09.3
O
Cl Cl
9 OQIQOH 1280 120 | 148 | 87 117 0
H
10 07" OH 555 48 67 | 51 32 19.8 + 0.4
Cl Cl
11 oi:g 55 240 | 332 | 332 64 425+9.6

—

aY
=y
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LDso Plasma
Peakfold | = | LDso | with | CSH | stability at 3
ID Structure a | dose X half-life
enhancement (M) (uM) | virus (min)) hours (%
H (uUM) ' remaining)
Cl Cl
12 Ol:g\OMe 535 180 206 | 203 118 476 +1.4
I\Ph
Cl Cl
13 07N\~ ~OAc 305 60 61 45 21 0
|\Ph
Cl Cl
14 ol;Lo 75 96 91 85 <5 70.2+8.4
kPh
Cl Cl
Ll
15 0 NE - 66 66 340 149+7.1
Nk Ph
Ph
H H
16 oézzﬁ\OH NE - > 360 320 NR 98.2+3.7
kPh
17 O)\;LOH NE - >360 | . NR 82.0+10.2
L 360
Ph
18 O™ N7 OH 475 60 67 28 45 54.1+5.1
(0]
|
19 O~ N~ "OH 975 60 64 27 40 50.1+10.5
S
|/
20 O¢/< . >LOH NE - >360 | >360 NR 1029+ 1.6
L

T
>
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LDsq Plasma
Peakfold | = | LDso | with | CSH | stability at 3
ID Structure . | dose . half-life
enhancement (M) (uM) | virus (min)) hours (%
H (uUM) ' remaining)
(o]
cl s/ N
21 ﬁ : 55 504 | 630 | 567 | NR |102.7+108
0=\~ ~OH
kPh
Cl Cl
22 Oi;ﬁ\ o 895 96 119 76 68 72.0+3.0
I
Cl Cl
23 OJT&OH 1105 120 171 89 - ND
L
Cl Cl
24 O%OH 915 120 174 96 61 91.6+5.2
Cl Cl
25 o/l;ﬁ\OH 1415 80 127 51 53 54.8 + 3.6
Cl Cl
26 OJI&OH 995 96 110 66 46 64.8 +7.7
3
Cl Cl
27 O%OH 40 48 100 87 21 90+14
o
Cl Cl
O)\:X\OH
28 H 1910 80 153 55 96 38.9+5.2
)
(0]
Cl Cl
29 975 72 74 27 74 57.6+6.6

(@)
2T
e

T
>
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LDsq Plasma
Peakfold | = | LDso | with | CSH | stability at 3
ID Structure . | dose . half-life
enhancement (M) (uM) | virus (min)) hours (%
H (uUM) ' remaining)
Cl Cl
O)\:X\OH
30 KL 1090 32 36 20 50 429+72
Ph
Cl Cl
O)\TX\OH
31 H\ 495 40 40 34 72 40.1+9.8
Ph
Cl Cl
32 N 210 27 28 5 24 ND®
Ph
Cl Cl
33 OJI&OH 575 18 18 12 24 0
\
Ph
34 O™ N7 o 630 72 74 6 31 48.0 +16.5
35 O™ N7 TOH 265 27 36 23 43 63.8 +3.2
Cl Cl
36 55 72 56 56 34 282+26
MeO
Cl Cl
O)\:g\OH
37 1070 48 58 38 41 0.7+0.1

v
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LDsq Plasma
Peakfold | = | LDso | with | CSH | stability at 3
ID Structure . | dose . half-life
enhancement (M) (uM) | virus (min)) hours (%
H (uUM) ' remaining)
38 o7 N7 o 670 216 | 215 | 107 32 25.7+2.9
Cl
Cl Cl
39 | &~ 975 60 | >90 | 25 34 | 414+54
: ~SO,Mp
Cl Cl
Oi:X\OH
40 2005 27 36 | 13 32 153+25
41 O7 N7 TOH 365 40 39 30 35 51.4+8.2
42 | O N OH 190 40 55 | 17 40 | 491+12.4
OMe
Cl Cl
o/l:g\OH
43 285 60 | >90 | 45 69 58.3 + 0.6
OH
Cl Cl
44 155 60 63 | 39 31 459+ 8.1
F
Cl Cl
45 115 48 43 | 37 31 54.2 + 4.2
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LDsq Plasma
Peakfold | = | LDso | with | CSH | stability at 3
ID Structure . | dose . half-life
enhancement (M) (uM) | virus (min)) hours (%
H (uUM) ' remaining)
Cl Cl
46 170 40 42 36 32 23.1+0.8
F
Cl Cl
47 F 190 40 36 35 35 227+8.4
F
F
Cl Cl
OJ\IS\OH
48 1240 32 38 24 14 365+ 7.6
49 O™ N7 OH 590 26 131 | 67 64 446 +1.2
I\
N~
50 07 N7 oA 800 60 85 | 29 54 39.6+2.6
|\
N/
51 O™ N7 "OH 590 72 89 28 53 44.0 1.0
X
|/N
=
52 O7 N7 TOH NE¢ - >360 | >360 | ND® ND®

&
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LDsg Plasma
Peakfold | "= | LDs | with |, o | stability at 3
ID Structure a | dose X half-life
enhancement (M) (uM) | virus (min)) hours (%
H (uUM) ' remaining)
“r@
53 o ; OH NE? - 249 | 250 ND°® ND°®
cl H\)\ d e e
57 /l:L NE - >120 | 120 ND ND
oAy 0T =
58 Cl_ HN NE® - | >360 | >360 | ND° ND®
0™ g o

? Peak fold enhancement is the peak fold change in viral expression units (VEU) relative to
vehicle-treated infected samples.

® PFE dose is the compound concentration cells were treated with to achieve the peak fold
change in VEU.

° No reaction with glutathione observed.

4 No enhancement of VEU.

¢ No data.

VSel was used as a reference standard every time the screen was performed, and the PFE
for VSel is the mean from 33 separate screens. To control for minor changes in baseline
VEUs and the resulting effect on PFEs, peak VEUs for each analog was normalized to those
of VSel-treated controls from that particular screen. The resulting ratio for the PFE dose
was multiplied by the PFE for VSel, and the results are displayed in column 3. Compounds
that were used in additional experiments presented in this thesis following this screen are
bolded.
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Substitution of both chorines for bromines led to 2, which had slightly reduced
activity compared to VSel and similar stability and reactivity profiles. Substitution of the -
chlorine with an alkyl amine (3 and 4) resulted in compounds with reduced reactivity,
increased stability (3 only), but decreased viral enhancement activity. Removal of the aryl
group (5) or replacement with a methoxide group (6) resulted in active compounds with
poor stability, similar to VSel. Replacing the furan scaffold with a pyrrole-based scaffold
resulted in compounds (9, 10) that were active but less electrophilic, as shown by the
increased half-life from the GSH challenge assay. With 10, this also resulted in increased
plasma stability. The LC-MS trace observed in the GSH stability assay also showed that 10,
contrary to VSel, cleanly reacted with GSH to form the GSH adduct as the sole detectable

product (Figure 7).
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Figure 7. Reaction products of VSel and 10 from GSH stability assay. (A) 250 pL of 40 mM
DMSO stock solution of VSel was added to L-glutathione (15.4 mg, 5 mol equiv.) suspended
in 250 p L DMSO. The resulting mixture was placed in a 37 °C shaker. 10 pL aliquots were
removed and quenched in 990 p L water (containing 0.5% formic acid) at various timepoints
(t = 0 minutes and t = 60 minutes shown). Analysis by ESI-LC-MS allowed for the
identification and quantification of VSel and the glutathione adduct by UV-Vis at 254 nm.
(B) 250 uL of 40 mM DMSO stock solution of 10 was added to L-glutathione (15.4 mg, 5 mol
equiv.) suspended in 250 puL DMSO. The resulting mixture was placed in a 37 °C shaker. 10
pL aliquots were removed and quenched in 990 uL water (containing 0.5% formic acid) at
various time points (t = 0 minutes and t = 60 minutes shown). Analysis by ESI-LC-MS allowed
for the identification and quantification of 10 and the glutathione adduct by UV-Vis at 254
nm. These results were generated by Mark Dornan.
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Given these results, additional analogs based on the pyrrole scaffold were
generated. Alterations to the hydroxyl group (11-15) considerably hindered activity, as did
alterations to the dichloro- a,B-unsaturated carbonyl moiety (16, 17, 20, 21, 52, 53 and 57).
This suggests that the ability of these compounds to act as Michael acceptors is important
for their ability to sensitize cells to VSVA51. Activity was maintained when the N-benzyl
group from 10 was replaced with a furan or thiophene (18 and 19, respectively), indicating
that substitutions at this position are tolerated. Cyclopropyl and morpholine containing
analogs (25 and 28) retained activity and displayed remarkably improved in vitro toxicity
and stability profiles. Examination of arylamine containing analogs showed that the spacer
length between the amine and phenyl ring was optimal at three carbons (10, 29 and 31).
Testing a large set of substituted benzylamine derivatives (36-51) demonstrated that the 4-
trifluoromethyl substituted system (40) possessed improved activity (2,000 fold
enhancement, 105% of VSel) and improved stability. A summary of the key findings from
these SAR studies is presented in Figure 8. Overall, these results demonstrate that the
activity and stability of VSel analogs can be readily tuned, and the capacity of VSel

derivatives to act as Michael acceptors is likely implicated in their mechanism of action.
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3.1.3 Activity of VSel and analogs in VSV A51-resistance cancer cell lines

Following initial analog screening studies carried out in 786-0 renal cancer cells, we
tested human ovarian cancer cells (OVCA433) and various mouse cancer cell lines including
B16-F10 (melanoma), CT26.WT (colon adenocarcinoma), 4T1 (mammary carcinoma), MC-38
(colon adenocarcinoma) and Pan02 (pancreatic ductal adenocarcinoma), S180 (soft tissue
sarcoma) and CT-2A (glioma). These cell lines were also sensitized to VSVA51 by VSel and

pyrrole-based analogs (Figures 9-10).
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Figure 9. VSel and analogs enhance VSVA51 spread in murine melanoma and colon
cancer cells. Murine melanoma (B16F10-LacZ) cells were treated with vehicle, VSel, 10, 27,
or 36 for 4h at the specified concentrations. Four hours later, cells were infected with
VSVA51-GFP at MOI 0.001. (A) Virus replication was assessed by fluorescence microscopy
24 hours post-infection. (B) Samples were titered 48 hours post-infection. *p = 0.0392, **p
= 0.0027 for 10 vs. vehicle and 0.0015 for 27 vs. vehicle, ***p = 0.0007 for 36 vs. vehicle
(one-way ANOVA with Dunnett’s multiple comparisons test), Error bars represent standard
error (N =3). (C) Murine colon carcinoma (CT26.WT) cells were treated with vehicle, VSel,
10, 27, 28, or 29 for 4h at the specified concentrations. Four hours later, cells were infected
with VSVA51-GFP at MOI 0.005. Virus replication was assessed by fluorescence microscopy
24 hours post-infection.
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Figure 10. VSel and analogs enhance VSVAS51 titers in multiple cancer cell lines.
Each indicated cell line was pre-treated with VSel or 28 for 4 hours and then infected with
infected with VSVA51-FLuc at MOI 0.005. Forty hours post-infection, virus output in VEUs

was measured with a luciferase reporter-based viral titration assay (Materials and Methods,

section 2.4)%%,
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3.1.4 Activity of VSel and analogs with other virus platforms

VSel, 10 and several other pyrrole analogs increased the oncolytic activity of
Maraba MG1 virus'®’ (Figure 11) as well as spread of oncolytic HSV-1 N212 (Figure 12) and
modified Vaccinia Ankara virus (MVA; commonly used as a vaccine platform), both
expressing GFP (Figure 13), suggesting the compounds have a broader scope of application
for virus-based therapies. Luciferase transgene expression delivered to human A549 lung
cancer cells by non-replicating adeno-associated virus (AAV) and adenovirus vectors
(Figures 14A and 14B, respectively) was also enhanced by the compounds, suggesting the

potentiating effects of these compounds are not limited to replicating viruses.
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Figure 11. VSel and analogs enhance oncolytic VSV and MG1 activity in cancer cells.
Murine mammary carcinoma (4T1) cells were treated with vehicle, (A) VSel, (B) 10, or (C)
38 for 4h at the specified concentrations. Four hours later, cells were infected with VSVA51
or Maraba MG1 at MOI 0.005. Forty hours post-infection, cytotoxicity was assessed by
incubating samples with alamarBlue® for 2 h at 37°C before measuring fluorescence
(530nm excitation, 590 nm emission). Values were normalized to that of untreated
controls. (D) 786-0 cells were pre-treated with VSel and analogs for 4 hours and then
infected with MG1-eGFP at an MOI of 0.005. Twenty-four hours post-infection, eGFP was
guantified with a Cellomics ArrayScan® VTI HCS Reader (Thermo Fisher Scientific).
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Figure 12. VSel and analogs sensitize cancer cells to oncolytic HSV-1. (A) Mouse mammary
carcinoma (4T1) cells were left untreated or, treated with VSel, 10, 27, or 36 for 4 h at
various concentrations: 2.5 u M, 5 uM, 10 u M, 15 u M or 20 u M. ICPO-null HSV-N212eGFP
was then added at MOI 0.005. eGFP fluorescence was detected 48 h after HSV infection. (B)
HSV titers were determined 48 h after infection. (C) 786-0 cells were pre-treated with VSel
and analogs for 4 hours and then infected with ICPO-null HSV-N212eGFP at an MOI of 0.01.
Forty-eight hours post-infection, eGFP was quantified with a Cellomics ArrayScan® VTI HCS
Reader (Thermo Fisher Scientific).
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Figure 13. VSel and analogs sensitize cancer cells to MVA virus. 786-0 cells were pre-
treated with VSel and indicated analogs for 4 hours and then infected with MVA-eGFP at
an MOI of 0.1. Forty-eight hours post-infection, eGFP expression was quantified with a
Cellomics ArrayScan® VTI HCS Reader (Thermo Fisher Scientific).
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Figure 14. VSel and 10 enhance transduction of non-replicating gene therapy vectors in
human lung carcinoma cells. Human lung carcinoma (A549) cells were treated with VSel or
10 analogs at various concentrations. Four hours later, cells were infected with (A)
replication defective adeno-associated virus expressing firefly luciferase (AAV2-luc) or (B)
replication defective adenovirus expressing firefly luciferase (Ad5-luc) at an MOI of 1.
Twenty-four hours later, luciferase activity was measured. Results are represented as the
fold increase in mean relative light units (RLU) of treated samples versus untreated
controls.
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3.2 Ex vivo and in vivo activity of VSel and active analogs
3.2.1. Selective viral enhancement in ex vivo tumour specimens

A notable advantage of OV therapy over traditional cancer therapies is its selectivity
for cancerous tissue and ensuing safety profile. Thus, it was necessary to confirm that this
novel class of viral sensitizers does not enhance viral replication in normal tissues. To
facilitate evaluation of a larger number of compounds prior to in vivo testing, we chose to
test a subset of analogs with favourable properties (10, 28, 29, 30 and 40) for their ability to
enhance VSVA51 oncolysis in ex vivo tissue samples using an established method,”* in
comparison to VSel as a benchmark. Tissue samples from VSVA51-resistant CT26.WT

215,292,293 55 well as normal brain, lung and spleen tissue from

murine colon cancer tumours
the same mice were excised and cored. Viable cores were selected for subsequent
treatment with each compound and VSVA51 expressing green fluorescent protein (VSVA51-
GFP). Figure 15A shows representative images of infected cores that were pre-treated with
an optimized concentration of compound. Corresponding viral titers determined by plaque
assay are shown in Figure 15B. VSel and analogs robustly enhanced VSVA51-GFP titers in
CT26.WT tumour specimens. There was little to no enhancement of VSVA51 in normal

tissue specimens, indicating that the specificity of VSVA51 towards tumour tissue is

maintained following treatment with VSel and its derivatives.

87



Spleen Lung Brain  CT26.WT

Log,; oPFU/mL

XK

Log, oPFU/mL

Tumor

%

Tumor

Brain

Brain

Lung

29

Lung

Spleen

I oum
B 6opum

Spleen

Log, oPFU/mL

Log, oPFU/mL

Tumor

Tumor

Brain

Brain

Lung

30

Lung

I oum
B 60um

Spleen

I oum
B 30um

Spleen

Log; oPFU/mL

*Ek K

Log; oPFU/mL

Tumor

Tumor

Brain

Brain

28

Lung

40

Lung

Il oum
B 250 um

Spleen

H oum
B 30um

Spleen

88



Figure 15. VSel and its analogs selectively enhance the replication of VSVA51-GFP in ex
vivo tumour tissues. (A) CT26.WT (murine colon carcinoma) tumours were grown
subcutaneously in Balb/c mice and subsequently excised and cored, along with normal
brain, lung and spleen tissues. Tissue samples were treated in triplicate with 3
concentrations of each compound for 4 hours prior to infection with VSVA51-GFP. Virus
replication was assessed by fluorescence microscopy 24 hours post- infection.
Representative images from each triplicate set for the most effective concentration are
shown. (B) Infected cores and corresponding supernatants were collected 36 hours post-
infection. VSVA51-GFP titers were quantified by standard plaque assay. Graphs show the
sum of infectious titer from core and supernatant for each compound in each tissue type.
The horizontal black line on each graph at 1x10* PFU/mL represents the amount of VSVA51-
GFP used to initially infect each core. Error bars represent standard error from biological
triplicates and statistical significance was calculated using two-way ANOVA with a Dunnett’s
multiple comparison test (**** P < 0.0001, ** P <0.01, * P <0.05, ns = P >0.05).
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3.2.2. Analogs are well tolerated in vivo

Prior to evaluating the in vivo efficacy of these compounds in combination with virus
in mouse models of cancer, we deemed it necessary to determine the in vivo tolerability of
the compounds alone in non-tumour bearing mice. Dose escalation studies were conducted
with a subset of analogs, selected based on desirable physiochemical characteristics, in vitro
activity and ex vivo activity. Compounds were administered intraperitoneally to non-tumour
bearing Balb/c mice and body weight was monitored over several days. Mice were
sacrificed when they reached the endpoint of 20% loss of body weight or showed significant
outward signs of toxicity (piloerection, lethargy, respiratory distress, quiet behaviour) for
more than 48 hours. Figure 16 shows that VSel leads to toxicity starting at a dose of 10
mg/kg. In contrast 10 was well tolerated up to a dose of 50 mg/kg and 24 and 28 were well

tolerated up to 100 mg/kg.
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Figure 16. Pyrrole-based derivatives of 1 are substantially better tolerated in mice. Balb/c
mice were given (A) VSel, (B) 10, (C) 24 or (D) 28 dissolved in DMSO via intraperitoneal
administration. Five mice were assigned to each dose group for each compound. Graphs
stop when the first mouse in the group was euthanized. For VSel and 10, mice were
injected on Day 1 and weights were recorded over a 10 day period. For 24 and 28, mice
were injected on Day 1, 3 and 5 and weights were recorded over an 18 day period. For all
groups, weights are reported relative to initial weight on Day 1.
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3.2.3. Compound 10 enhances therapeutic efficacy of VSVA51 in CT26.WT tumours

Given its high tolerability and that it was one of the first analogs to be tested in vivo,
initial in vivo studies in tumour-bearing mice were performed with compound 10. Balb/c
mice were subcutaneously engrafted with CT26.WT cells and treated eleven days post
engraftment with VSVA51-FLuc (administered intratumourally) alone or in combination
with 10 (administered intraperitoneally). The combination of 10 and VSVA51-FLuc
significantly delayed tumour progression and enhanced overall survival, compared to each

treatment alone or vehicle controls (Figure 17).
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Figure 17. Compound 10 enhances VSVA51 oncolytic activity in a resistant syngeneic
tumour model. Balb/c mice bearing subcutaneous CT26.WT tumours were given 50 pL of
vehicle (DMSO) or 50 mg/kg of 10 by intraperitoneal injection. Four hours later, mice were
treated with 1x10® plaque-forming units of VSVA51-Fluc by intratumoural injection. Vehicle
or 10 was re-administered on day 2 and 4 post-initial treatment. Pooled results from two
separate experiments are shown. Averages of relative tumour volumes (relative to volume
on day 1 of treatment) for each treatment group are shown and error bars correspond to
standard error. Tumour volume curves are terminated when the first mouse in each group
is euthanized. Average relative tumour volumes of 10 + VSVA51-Fluc treated groups were
compared to the other treatment groups on each day. Statistical significance was calculated
by two-way ANOVA with Dunnett’s multiple comparison test (for 10 + VSVA51 versus
vehicle + VSVAS51, * P < 0.05). (B) Survival was monitored over time. Log —rank tests indicate
that treatment with 10 and virus in combination significantly improved overall survival
compared to vehicle control (p = 0.0004), 10 alone (p = 0.0003) or virus alone (p = 0.04).
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3.2.4. Detection of analogs in tumours

Despite the efficacy observed with 10 and VSVA51, 10 was not detectable by LC-
MRM in tumour homogenates following intraperitoneal administration, up to 3 hours post-
administration, although it could be detected in the serum (Figure 18A). We therefore
decided to administer both the viral sensitizer and VSVA51-FLuc intratumourally.
Compounds 10 and 24 were detected in the tumour up to 3 hours post-intratumoural
injection into mice bearing CT26.WT tumours (Figure 18B). Following intratumoural
injection, 28 was also detectable in the tumour and serum for up to 10 hours post-

administration (Figure 19).
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Figure 18. Compounds 10 and 24 can be detected in the tumour following intratumoural
injection. Balb/c mice (N = 1 per timepoint) bearing subcutaneous CT26.WT tumours were
injected (A) intraperitoneally (IP) or (B) intratumourally (IT) with 50 mg/kg of 10 or 24.
Serum was collected (IP samples) or tumours were excised (IT samples) at various times
post-injection and analysed for the presence of compound by LC-MRM. Areas under the
peak (AUP) for the parent compound(s) are shown. Error bars represent the standard
deviation of 3 technical replicates.
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Figure 19. Compound 28 can be detected in the tumour and serum following
intratumoural injection. Balb/c mice bearing subcutaneous CT26.WT tumours were
injected intratumourally with 40 mg/kg of 28 (N = 3 per timepoint) or vehicle control (N =1
for 3h and 24h timepoints). (A) Tumours and were excised and (B) serum was collected at
various times post-injection and analysed for the presence of compound by LC-MRM.
Standardized areas under the peak (AUP) for the parent compound are shown. Error bars
represent the standard error for 3 biological replicates.
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3.2.5 Compound 28 enhances therapeutic efficacy of VSVA51 in multiple murine tumour
models

An in vivo imaging system (IVIS) was used to measure luciferase activity associated
with virus replication 24 h post-treatment of CT26.WT tumours. Compared to VSVA51-FLuc
alone, 28 significantly enhanced virus replication-associated luciferase expression
specifically in the tumour (Figure 20). This treatment regimen also led to a delay in tumour
progression; however there was no significant improvement in overall survival compared to
virus alone (Figure 20). When administered in a similar manner to two additional
subcutaneous tumour models (B16-F10 melanoma in C57BI/6 mice and HT29 human colon
carcinoma in nude mice), the combination of 28 and VSVA51-FLuc significantly delayed
tumour progression and improved survival compared to the mono-therapies (Figure 21).
This demonstrates the feasibility and potential of using small molecules, such as 28, in

combination with OV therapy in vivo.
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Figure 20. Pyrrole-based compound 28 enhances VSVA51 oncolytic activity in a resistant
syngeneic murine colon cancer model. (A) Balb/c mice bearing CT26.WT cells were treated
with vehicle (DMSO) or 40 mg/kg of 28 by intratumoural injection. Four hours later, mice
were treated with 1 x 10° plaque-forming units of VSVA51-FLuc. Virus replication was
monitored twenty-four hours later by measuring luminescence using an IVIS (representative
images are shown, color scale bar represents photons) and (B) tumour radiance was
guantified. Statistical significance was determined with an unpaired t test. (C) Vehicle or 28
was 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 was euthanized. Error bars correspond to standard
error. Differences between average relative tumour volumes of the 28 + VSVA51-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 28 + VSVA51 versus VSVA51
alone, * P < 0.05, ** P < 0.01). (D) Survival was monitored over time. Log —rank tests
indicate that treatment with 28 and virus significantly improved survival compared to
vehicle alone (p =0.0012), but not 28 alone (p = 0.0934) or virus alone (0.1032).
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Figure 21. Compound 28 enhances VSVA51 oncolytic activity and survival in resistant
syngeneic and xenograft tumour models. (A) Nude mice bearing subcutaneous HT29
tumours and (B) C57/B6 mice bearing subcutaneous B16-F10 tumours were treated with
vehicle (DMSO) or 40 mg/kg of 28 by intratumoural injection. Four hours later, mice were
treated with 1x10® plague-forming units of VSVA51-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 28 + VSVA51-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 28 + VSVA51 vs. VSVAS51 alone, * P < 0.05, ** P < 0.01, **** P < 0.0001 ) Survival for
mice bearing (C) HT29 and (D) B16-F10 tumours were monitored over time. Log —rank tests
indicate that treatment with 28 and virus in HT29 tumours significantly improved survival
compared to vehicle control (p = 0.0338), 28 alone (p = 0.0062) or virus alone (p = 0.0018).
Surviving mice had static tumours that neither shrank nor grew for at least 2 weeks. Log —
rank tests indicate that treatment with 28 and virus in B16-F10 tumours significantly
improved survival compared to vehicle control (p = 0.0001), 28 alone (p = 0.0003) or virus
alone (p =0.0002).
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3.3 Mechanism of action of VSel and its pyrrole-based analogs

3.3.1. In vitro kinetics of VSel activity and effects on viral growth kinetics

In spite of the rapid degradation of VSel described earlier, we observed that the
onset of its effect on viral growth is rapid and sustained even after removal of compound
from cell culture prior to infection. Treatment of 786-0 cells with VSe1l for as little as 60 min
followed by replacement with fresh media (compound-free) and subsequent infection with
VSVAS51 resulted in substantial enhancement of viral titers (Figure 22A). The same
phenomenon was observed for 10, which is more stable and less reactive (Figure 22B). This
suggests that these compounds irreversibly inhibit their putative target and/or change the
state of the cell, increasing its sensitivity to infection.

The analog screens in 786-0 cells were conducted with a 4 hour pre-treatment
period prior to infection, an arbitrary schedule based on the initial high-throughput screen
where VSel was discovered. When this treatment schedule was altered, VSel and 10 were
able to enhance VSVA51 when administered up to 30 hours before and 8 hours after
infection, albeit the amount of enhancement was significantly reduced with the 30 hour
pre-treatment condition (Figure 23). The compounds had minimal or no effect on viral
growth when cells were treated 12 or 16 hours post-infection. This could indicate that the
compounds are affecting cellular processes before the cells have had a chance to initiate an
anti-viral response. Indeed, results from single step and multi-step growth curves
demonstrate that VSel and its analogs increase viral replication as well as spread (Figure

24).
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Figure 22. The impact of VSel and analogs on viral growth is rapid and sustained. 786-0
cells were treated with VSel or 10 at various concentrations. Compound was removed and
replaced with fresh media after 1 h, 1.5 h, 2 h, 2.5 h and 6 h. Compound was not removed
in the control condition. Four hours post-treatment, cells were infected with VSVA51
expressing firefly luciferase VSVA51-FLuc at an MOI of 0.005. For the condition where
compound was replaced with fresh media 6 h after treatment, infection was performed
immediately following media replacement. Forty hours later, virus output in viral
expression units (VEUs) per millilitre was measured with a luciferase reporter-based viral

titration assay (Materials and Methods, section 2.4)?%2.
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Figure 23. Treatment time-course with VSel, 10 and 28. 786-0 cells were treated with
VSel, 10, or 28 before (-30h, -4h, Oh) or after (+2h, +4h, +8h, +12h, +16h) infection with
VSVAS51-FLuc (MOI 0.005) as indicated. Forty hours later, virus output in viral expression
units (VEUs) per millilitre was measured with a luciferase reporter-based viral titration

assay (Materials and Methods, section 2.4)%2,

110



Log,,VEU/mL

Multi-step

VSel

Log;oVEU/mL

- Vehicle
= 40.96 uM
== 51.2 uM
¢ 64 UM

10 20 30 40 50 60

Hours post-infection

10

Log,;oVEU/mL

10 20 30 40 50 60
Hours post-infection

28

10 20 30 40 50 60
Hours post-infection

- Vehicle
£ 35.84 1M
= 44.8 uM
¢ 56 uM

- Vehicle
£ 50.625pM
2 67.5uM
¢ 90 uM

Log, o VEU/mL

Log,VEU/mL

Log,oVEU/mL

Single step

VSel

Vehicle
40.96 UM
51.2 uM
64 UM

¥t dé

10 20 30 40 50 60

Hours post-infection

10

Vehicle
35.84 uM
44.8 uM
56 uM

b

10 20 30 40 50 60

Hours post-infection

28

- Vehicle
= 50.625 uM
= 67.5uM
¢ 90 uM

10 20 30 40 50

Hours post-infection

60

111



Figure 24. VSVA51 growth curves with VSel, 10 and 28. 786-0 cells were pre-treated with
various concentrations of (A — B) (VSel), (C — D) 10, or (E — F) 28 for 8 hours and then
infected with VSVA51-Fluc at MOI 3 (single step growth curves) or MOI 0.005 (multi-step
growth curves). For the single step growth curves, virus inoculum was replaced with media
after 1 hour. Supernatants were collected and frozen after various timepoints and virus
titer was determined using a luciferase reporter-based viral titration assay (Materials and

Methods, section 2.4)%%2.
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3.3.2. VSel and active analogs suppress the innate immune response to VSVA51

As mentioned in section 1.3.2, initial studies done with VSel showed that it suppressed the
expression of VSVA51-induced mRNA transcripts in CT26.WT cells (many of which were
ISGs) and pre-treatment of U251 cells with VSel overcame IFN-a-induced antiviral effects,

resulting in recovery of viral titers?®

. When 786-0 cells were treated with exogenous IFN-B
to impede viral replication and spread, a similar effect on the recovery of viral titers was
observed (Figure 25). This prompted us to look further into the both the production and
response to type | IFN. Analysis by real-time quantitative PCR and ELISA revealed that active
compounds decreased overall VSVA51-induced levels of IFN-f3 protein and mRNA in 786-0

cells, as well as several ISGs that were selected from previous microarray studies (Figure

26).
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Figure 25. Interferon-induced antiviral response is overcome by VSel and its analogs.
Human renal carcinoma (786-0) cells were co-treated with compound and IFN-3 (200 U/mL)
for 4 hours and then challenged with VSVA51-GFP at MOI 0.01. Samples were titered 48
post-infection. Values were compared to IFN-B alone and statistical significance was
calculated by one-way ANOVA with Dunnett’s multiple comparisons test (* P = 0.0109, ***
P = 0.001, **** P < 0.0001). Error bars represent standard error. These results were
generated by Nader El Sayes.
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Figure 26. VSel and its analogs inhibit the production of IFN- 8 and interferon-stimulated
genes. (A) 786-0 cells were pre-treated for 2 hours with VSel, 2, 10 or 28 before infection
with VSVA51-GFP (MOI 3) for 16 hours. Amount of IFN-§ in the supernatant was measured
by sandwich ELISA. Average values form biological triplicates were compared to VSVA51
alone and statistical significance was calculated using two-way ANOVA with Dunnett’s
multiple comparison test, (** P < 0.01, **** P < 0.0001). Error bars represent standard
error. (B-F) Quantitative RT-PCR for IFNB and ISG expression in 786-0 cells pre-treated with
VSel, 2, 10 and 28 before infection with VSVA51-GFP for 16 hours. Biological duplicates
were pooled and the RT-qPCR was done in triplicate. Values were compared to VSVA51
alone and statistical significance was calculated using two-way ANOVA with Dunnett’s
multiple comparison test, (* P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001). Error
bars represent standard error. This experiment was performed twice with similar results.
Representative results from one experiment are shown. The data for (A-F) were generated
by Nader El Sayes.
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3.3.3 VSel and 28 inhibit the activity of NFxB

Given that the compounds induced a significant reduction in IFN-B mRNA and protein, we
investigated the effects of the compounds upstream of type | IFN transcription. As
described in the sections 1.2.3 and 1.2.4, the IFN-f promoter requires a tripartite signal
from NFkB p65/p50, IRF3/7 and AP-1 for maximal activation. Accordingly, we examined the
effect of VSel and 28 on the phosphorylation and nuclear translocation of NFkB, IRF3, and
c-jun. 786-0 cells were pre-treated with VSel and 28 for 2 hours then infected with a high
MOI (MOI=1) of VSVA51 for 8 hours. Western blots of cell lysates show that the nuclear
translocation of NFkB subunits p65 and p50 that is induced by virus alone is inhibited when
the cells are pre-treated with VSel and 28 (Figure 27A). Under these conditions, the
dimerization of p65 and p50, the phosphorylation and nuclear translocation of other
transcription factors associated with the /FN-£ promoter were not affected (Figure 27A-C).
The effect on the translocation of p65 and p50 was reproduced when NFkB activation was
induced by TNF-a treatment (Figure 27D). Interestingly, TNF-a-induced phosphorylation of
p65 as well as IkBa degradation was not blocked (Figure 27E), suggesting that upstream
signals from the IKK complex occur normally. We next investigated the effect of VSel and
28 on NFkB transcriptional activity by measuring the expression of TNFA and IL6, two target

genes of NFB?%42%

. Consistent with NFkB inhibition, VSVA51 infection-induced expression
of TNFA and IL6 was inhibited by both compounds as early as 8 hours and for up to 24 hours
post infection (Figure 28A). Furthermore, significantly less TNF-o. was secreted into the

supernatant of VSVAS51-infected cells treated with VSel and 28 at these time points as

shown by ELISA (Figure 28B). Additionally, we observed that the compound 2-
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[(@aminocarbonyl)amino]-5 -(4-fluorophenyl)-3- thiophenecarboxamide (TPCA-1), an
inhibitor of NFkB via inhibition of the IKK complex, was able to sensitize 786-0 cells to
VSVAS51 infection in a similar manner to VSel and 28 (Figure 29A). When cells were treated
with TPCA-1, subsequent treatment with VSel or 28 was not able to induce a significant
increase in titers (Figure 29B-C), supporting the fact that the targets of VSel and 28 are
downstream of TPCA-1's targets. Altogether, these data suggest that VSel and 28
consistently inhibit the nuclear translocation of NFkB and its transcriptional activity, which
coincides with down-regulation of virus-induced production of IFN-B and TNF-a, and

enhancement of VSVA51 propagation.
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Figure 27. VSel and 28 inhibit virus and TNFa-induced NFkB nuclear translocation. (A, B,
D) 786-0 cells were treated with VSel (60 uM) and 28 (80 uM) and then infected with
VSVAS51-GFP (MOI 1). Whole cell, cytosolic and nuclear lysate fractions were collected 8
hours post-infection, separated by SDS-PAGE and probed with the indicated antibodies. (C)
NFkB p65 was immunoprecipitated from lysates from 786-0 cells treated with VSel (60 uM)
or 28 (90 uM) then infected with VSVA51-GFP (MOI 1) for 8. Proteins were separated by
SDS-PAGE then probed for p50. (E) 786-0 cells were treated as in A and then treated with
TNF-a. (50ng/uL). Nuclear and cytoplasmic extracts were collected 30 minutes later and
were probed with the indicated antibodies. In (A, B, and E), arrows indicated lanes with
VSVA51 or TNF-o alone. The data for (A-E) were generated by Nader El Sayes.
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Figure 28. VSel and 28 inhibit the expression of NFkB targets. (A) 786-0 cells were treated
with VSel (60 uM) and 28 (80 uM) then infected with VSVA51-GFP (MOI 1). RNA was
extracted 8, 16 and 24 hours post-infection and quantitative RT-PCR was used to measure
relative levels of TNFA and IL6 mRNA Values were normalized to GAPDH and are relative to
untreated control for each timepoint. (B) 786-0 cells were treated and infected as in A, then
supernatants were collected and levels of secreted TNF-a. were measured by ELISA. Error
bars represent standard error from biological triplicates and statistical significance was
calculated using two-way ANOVA with Dunnett’s multiple comparison test (*** P < 0.001,
** P < 0.01, ns = P > 0.05). Values were log transformed before analysing statistical
significance. The data for (A-B) were generated by Nader El Sayes.
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Figure 29. The IKK inhibitor TPCA-1 enhances VSVA51 spread. (A) 786-0 cells were pre-
treated with various concentrations of TPCA-1 for 4 hours and then infected with VSVA51-
Fluc (MOI 0.01). Supernatants were collected 40 hours later and virus output was
determined using a luciferase reporter-based viral titration assay (Materials and Methods,
section 2.4). (B) 786-0 cells were treated with various concentrations TPCA-1 for 4 hours
and then treated with VSel or (C) 28 at the indicated concentrations for 2 hours prior to
being infected with VSVA51-Fluc (MOI 0.005). Supernatants were collected 40 hours later
and virus output was determined using a luciferase reporter-based viral titration assay

(Materials and Methods, section 2.4)282.
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3.3.4. Active compounds interact with GSTP1

While the inhibition of NFkB translocation by VSel and 28 could explain their capacity to
block IFN-B production and response, sensitizing cancer cells to viral infection, the
molecular mechanisms leading to NFkB inhibition were unclear. As a starting point, we
deemed it relevant to determine whether VSel and its structural analogs interact with
cellular proteins. To this end, 27, an active analog, or 57, and inactive analog, were
separately linked to Amino PEGA resins. Both probes were incubated with lysates from
uninfected or VSVA51-infected 786-0 cells. Bound proteins were eluted and separated by
gel electrophoresis. Visible bands were purified and sequenced via LC-MS/MS and are
presented in Table 6. Of the three attempts, glutathione S-transferase w (GSTP1) was
consistently identified as interacting specifically with the active probe. Peroxiredoxin-1,
thioredoxin and annexin A2 were identified in only one out of three attempts and thus did
not satisfy our reproducibility criteria to be considered as genuine targets. No proteins

were pulled down with the inactive probe.

Table 6. Interacting proteins identified by affinity capture

Sample Sequenced hits

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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In light of the interaction between the 27-based probe and GSTP1, we wondered
whether the parental compound VSel and its analogs could impact the enzymatic activity
of GSTP1-1. To this end, we assayed GST enzymatic activity over short periods (5 minutes)
in vitro using 2,4-dinitrochlorobenzene (CDNB) as a model GST-substrate as described in

Groom et al*®’

. In these assays, VSel was found to inhibit GSTP1-1 (ICso of 2.67 uM; Figure
30A). The inhibitory activity of VSel on GSTP1-1 was further maintained following dialysis,
suggesting a very strong, potentially irreversible interaction (Figure 30B). We also found
that VSel inhibited the enzymatic activity of GSTM1-1 (ICso of 1.74 uM; Figure 27C) and
GSTA4-4 (ICso of 46.6 uM; Figure 30D). Compound 2 was also found to inhibit GSTP1-1,
GSTM1-1, and GSTA4-4 (Table 7). However, VSel and 2 did not inhibit GSTA1-1, GSTA2-2,
and GSTM2-2 in these assays (Table 7). Surprisingly 28 and many other pyrroles in Table 5
structurally related to 27 that was used to pull down GSTP1 did not inhibit GSTs at a
concentration of 25 uM (Table 7). A prolonged incubation of a higher concentration of 10
and 28 inhibited the activity of GSTP1-1, albeit less effectively than VSel (Figure 31A).

In section 3.1, it was demonstrated that VSel and its analogs react with supra-
physiological concentrations of free GSH with varying kinetics, with VSel reacting nearly
instantaneously (<5 min half-life) compared to pyrrole analogs that have vastly reduced
electrophilicity (e.g. 28 has a half-life of 96 minutes; Table 5), which may make them much

. . 298—
better tolerated in vivo*®3%

. In line with this observation, we found that a high
concentration of the pre-formed adduct between the 10 and GSH also inhibited GSTP1-1
(Figure 31B). The inhibition assay was also conducted after incubating VSel, 10 or 28 with

GSTP1-1 in the absence of GSH. GSH was added to the reaction mixture at the end of the
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incubation period. Under these conditions, inhibition of enzyme activity was still observed
(Figure 31C). This may indicate that the inhibition of enzymatic activity that was observed is
partially due to direct inhibition of GSTP1-1 by the inhibitor tested, and partially due to the
inhibitor-GSH adduct. Thus, VSel and its analogs could mediate their viral sensitizing effect
indirectly through inhibition of GST activity, formation of adducts with GSH, or both. To
evaluate the former, we tested the documented GSTP1 inhibitor ezatiostat, a structural
analog of GSH, for its capacity to enhance VSVA51 growth in 786-0 cells. We found that
ezatiostat hydrochloride (Figure 32A) enhanced VSVA51 growth between 75-150 uM,
leading to a peak fold increase in VEU of approximately 2 logs compared to vehicle-treated
controls (Figure 32B). In comparison, treatment with VSel and 28 led to nearly 4-log and

3.5 log increases in VEU respectively using the same assay (Figure 32C-D).
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Figure 30. VSel inhibits GSTP1-1, GSTM1-1 and GSTA4-4. (A) GST P1 (5 pug) was incubated
with VSel and GSH, 1 mM, at 37°C for 5 min. 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 % standard error of three biological replicates. IC50 values were determined by
curve-fitting, as described in Materials and Methods. (B) GSTP1-1 enzymatic activity was
tested pre- and post-dialysis, with and without VSel. (C) GSTM1 and (D) GSTA4 were
incubated with VSel as in (A), and the assay was performed as described above. The data
for (A = D) were generated by Hilary Groom.
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Table 7. Summary of GST inhibition activity

VSel inhibitory inhibitory inhibitory
25 - - - - - -
28 - - - - - -
30 - - - - - -
Recombinant human GST enzymes were incubated with 1 mM GSH and 25 puM of inhibitor
at 37°C for 5 min, in 100 mM potassium phosphate buffer, pH 6.5. CDNB was added to

initiate the reaction and product formation as in Figure 26. “-“ indicates that inhibition of
activity was not observed. These results were generated by Hilary Groom.
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Figure 31. Pyrrole analogs are less potent inhibitors of GSTP1-1. (A) GSTP1 (1 pg) was pre-
incubated with GSH (final concentration 1 mM), vehicle (DMSO), VSel, 10 or 28, for 5 min
or 120 min at 37 °C. After the incubation period, CDNB was added to initiate the reaction,
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 < 0.01, ns = P > 0.05). (B) GSTP1 (1 pg) was pre-incubated with
vehicle (DMSO), 10-GSH adduct, and GSH (1 mM), for 5 min at 37 °C. The reaction with
CDNB was initiated as in panel A. Bars represent the mean * standard error of three
biological replicates. Statistical significance was calculated using one-way ANOVA with
Holm-Sidak’s multiple comparisons test (** P < 0.01, ns = P > 0.05). (C) GSTP1 (1 pug) was
pre-incubated with vehicle (DMSO), VSel, 10 or 28, for 5 min or 120 min at 37 °C. CDNB
(dissolved in DMSO) and GSH was added to initiate the reaction (final concentration, 0.5
mM and 1 mM, respectively), and product formation was monitored at 340 nm. 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).
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Figure 32. Ezatiostat hydrochloride sensitizes 786-0 cells to VSVA51. (A) Structure of
ezatiostat. (B-D) 786-0 cells were pre-treated with ezatiostat HCL, VSel or 28 then infected
with VSVA51-Fluc (MOI 0.005). Supernatants were collected 40 hours later and virus output

was determined using a luciferase reporter-based viral titration assay (Materials and

Methods, section 2.4)?%2.
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3.3.5 RNAi-mediated inhibition of GSTP1-1 does not sensitize 786-0 cells to VSVA51

The effect of GSTP1-1 inhibition was further evaluated through targeted siRNA-mediated
knock-down in 786-0 cells. Although the knock-down was successful, inhibition of GSTP1
expression through this method did not have an effect on viral titers (Figure 33A-D).
Furthermore, when siRNA-transfected cells were treated with VSel, enhancement of
VSVAGSL1 titers was still observed, and was not significantly different from the enhancement
observed in mock-transfected samples (Figure 33E). Altogether, this implies that inhibition

of GSTP1 alone does not account for the viral enhancement induced by VSel.
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Figure 33. Knock-down of GSTP1 does not sensitize 786-0 cells to VSVA51. (A) 786-0 cells
were transfected with vehicle control (“0”), scrambled siRNA control (‘scrambled”; final
concentration 25 nM), or various amounts of siRNA against GSTP1 (siGSTP1) such that the
final concentration of siRNA was 12.5 nM, 25 nM or 50 nM. Forty-eight hours later, samples
were lysed, and triplicate protein lysates were pooled, separated by SDS-PAGE and probed
for GSTP1 and B-actin by immunoblotting. (B) RNA from 786-0 cells exposed to the same
conditions as (A) were collected 72 hours post-transfection and quantitative RT-PCR for
GSTP1 mRNA was performed. (C-D) In parallel to (A), transfected 786-0 cells and controls
were infected with VSVA51-GFP at MOI 0.01. Supernatants were collected 24 and 46 hours
post-infection and titered by plaque assay. Error bars represent standard error from
biological triplicates. Any differences between conditions are statistically non-significant, by
one-way ANOVA. Similar results were obtained from 2 independent experiments. Results
from one experiment are shown. (E) 786-0 cells were transfected with vehicle control
(“untransfected”), scrambled siRNA (“scrambled”) or siRNA against GSTP1 (“siGSTP1”) such
that the final concentration of siRNA was 25 nM. Forty-eight 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 and 46 hours post-infection and titered by
plague assay. Within each treatment group (vehicle, VSel 40 uM, or VSel 60 uM),
differences between transfection conditions are statistically non-significant, by one-way
ANOVA. Similar results were obtained from 2 independent experiments. Results from one
experiment are shown. The data for (E) were generated by Michael Phan.
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3.3.6. Depletion of cellular GSH levels sensitizes cells to VSV A51 infection

Given that VSel and its analogs react with free GSH (Table 5) and GSH is a substrate GSTs, |
proceeded to evaluate the impact of other compounds known to modulate GSH levels.
Diethyl maleate (DEM) and its structural analogs (Figure 34A) have been reported to
deplete GSH3*3%_ All of these compounds proved to be effective viral sensitizers, leading
to over 3-log increases in VEUs in 786-0 cells (Figure 34B). As discussed previously in section
1.4, the compound dimethyl fumarate (DMF) has been marketed as a treatment for
psoriasis in Europe and for multiple sclerosis in Canada, the United States, and Europe.
Once administered, DMF undergoes esterase-mediated hydrolysis to its active metabolite
monomethyl fumarate (MMF). MMF also sensitized 786-0 cells to VSVA51, albeit at much
higher concentrations, perhaps owing to the fact that it is partially hydrolyzed and thus may

not diffuse across the plasma membrane as efficiently as its parent compound (Figure 34C).
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Figure 34. Glutathione depletors sensitize 786-0 cells to VSVA51. (A) Structures of GSH
depletors. (B-C) 786-0 cells were treated with various concentrations of the compounds
depicted in panels A and C. Four hours later, cells were infected with VSVA51-FLuc (MOI
0.005). Supernatants were collected 40 hours later and virus output was determined using a

luciferase reporter-based viral titration assay (Materials and Methods, section 2.4)%2,
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Given the strong impact of these known GSH depletors on VSVA51 replication and spread
and the fact that VSel and its active analogs react with free GSH, we proceeded to evaluate
the impact of some of these compounds in cellular GSH and GSSG levels. Whole cell lysates
from samples treated over a period of 12 hours were collected and used to quantify GSH
and GSSG levels by HPLC-UV. Our data revealed that while GSSG levels remained stable,
GSH levels decreased after 1 hour of treatment with VSel, or 28 (Figure 35). Intriguingly,
depletion was greater with 28 and was sustained for up to at least 4 hours post-treatment.
However, GSH depletion was ultimately short-lived and was followed by recovery and

accumulation of GSH above control levels by 12 hours post-treatment.
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Figure 35. VSel and 28 deplete intracellular glutathione. 786-0 cells were treated with
VSel or 28 for 1, 4, and 12 hours before whole cell lysates were collected. Cellular GSH and
GSSG levels were measured by HPLC-UV detection. “—*“ represents vehicle treated samples,
collected at the same time as all other samples. Error bars represent standard error from
biological duplicates and technical duplicates. Mean values for GSH or GSSG levels were
compared to the respective mean values for the vehicle controls. Statistical significance was
calculated using two-way ANOVA with Dunnett’s multiple comparison (*** P < 0.001, * P <
0.05).
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To gain a better idea of the kinetics of GSH depletion and changes in GSSG/GSH ratio
caused by VSel and 28, we transfected 293T cells with a redox-sensitive GFP plasmid
covalently linked to the catalytic domain of glutaredoxin-1 (cyto-Grx1-roGFP2), enabling

real-time monitoring of changes in the intracellular GSSG/GSH ratio>®*

. Upon oxidation of
cysteines in roGFP2, light emission following excitation at 408 nm increases, while emission
following excitation at 488 nm decreases, resulting in an increase in the ratio of emissions
(408 nm/488 nm). This is reversed upon reduction. Increases in this ratio are directly
proportionate to increases in the GSSG/GSH ratio by virtue of the fused Grx1 protein. Upon
treatment with H,0; (a positive control for this assay) or VSel for 2 minutes the 408/488
ratio was increased (significantly more than vehicle controls) and subsequently decreased
upon treatment with the reducing agent dithiothreitol (DTT) (Figure 36A, B, D). The ratio
obtained from 293T cells transfected with a non-redox sensitive GFP plasmid (“ctrl GFP”)
did not increase to the same magnitude, indicating that the signal seen with cells expressing
cyto-Grx1-roGFP2 is specific to the activity of this fusion protein. Interestingly, the increase
in the 408 nm/488 nm ratio was observed within minutes of VSel treatment whereas the
increase with 28 occurred much later and was sustained for up to 4 hours (Figure 36 C, G).
Comparatively, the increases observed with H,0, and VSel treatments were much shorter
lived and the ratios decreased after the 2-minute timepoint without the need of a reducing
agent (Figure 36E, F). Bearing in mind that the GSH-reaction half-lives of VSel and 28 are
less than 5 minutes and 96 minutes respectively (Table 5), the changes in cyto-Grx1-roGFP2

fluorescence in this assay are consistent with the differences in electrophilicity of these two

compounds.
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Figure 36. Ratiometric detection of GSSG/GSH ratios. Transfected 293T cells were treated
with VSel (60 uM), 28 (160 uM) or H,0, (300 uM). Fluorescence readings were taken prior
to treatment and post-treatment at the indicated times. 5 mM DTT was added to quench
the signal. Observed ratios were normalized to a scale of 0.1 to 1.0, with 0.1 representing a
fully reduced state (minimum observed ratio) and fully oxidized state (maximum observed
ratio). Error bars represent standard error from biological triplicates and statistical
significance was calculated using two-way ANOVA with Holm-Sidak’s multiple comparison
test (* P<0.05, ** P<0.01, **** P <0.0001, ns = P > 0.05).
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To better understand the relevance of GSH depletion on viral enhancement, 786-0 cells
were cultured in buthionine sulfoximine (BSO; Figure 37A) to deplete endogenous GSH.
BSO irreversibly inhibits y-glutamylcysteine-synthase, the enzyme responsible for the rate-

limiting step of GSH synthesis>***

. GSH depletion was confirmed by HPLC-UV detection.
786-0 cells cultured in BSO for 3 days were treated with VSel or 28 then infected with
VSVA51 (Figure 37B). When cells were cultured in BSO for at least 3 days, BSO treatment
alone was able to enhance VSVAS1 titers approximately 10-fold compared to cells cultured
in regular media (Figure 37C). When cells were treated with VSel or 28, the potency of the
viral sensitization was increased in BSO-cultured cells, where cellular GSH is not detectable
(Figure 37D). This suggests that, while GSH depletion alone may have some impact on
VSVAS1 infection, depletion of GSH does not fully explain the virus sensitizing effects of
VSel and 28. This also argues against a key role of a viral sensitizer-GSH adduct, since this

would predict an abrogation of the effects of VSel and 28 in the context of GSH-depleted

cells, as opposed to their enhancement as we have observed.
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Figure 37. Glutathione depletion sensitizes 786-0s to VSVA51, VSel and 28. (A) Structure
of BSO. (B) 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 Holm-Sidak multiple comparisons
test (****P <0.001, * P <0.05, ns = P > 0.05). (C) 786-0 cells were cultured as in (B) then
infected with VSVA51-Fluc (MOI 0.05). Supernatants were collected 40 hours later and virus
output was determined using a luciferase reporter-based viral titration assay (Materials and
Methods, section 2.4)*?. Statistical significance was calculated using unpaired t-test. (D)
786-0 cells were cultured in DMEM or DMEM supplemented with BSO 2mM for 10 days.
Cells were then treated with VSel or 28 for 4 hours and then infected with VSVA51-Fluc
(MOI 0.005). Supernatants were collected 40 hours later and virus output was determined
using a luciferase reporter-based viral titration assay (Materials and Methods, section
2.4)%2,
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3.3.7 VSel and compound 28 induce oxidative stress

A fundamental role of GSH and GSTs is the regulation of cellular redox homeostasis. We
therefore questioned whether the inhibition of GST activity and GSH depletion caused by
VSel and 28 causes a shift in cellular redox status, leading to increased viral replication. ). A
gene expression microarray was conducted in in 786-0 cells and a number of genes under
the GO term “response to oxidative stress” were upregulated by VSel and the active
analogs (Figure 38A). The microarray samples were collected 28 hours after treatment,
whereas in the GSH depletion experiments and time course experiment (Figure 20) we
observed that the onset of action of the compounds is likely earlier than 28 hours post-
treatment. Thus, gPCR was used to validate a selection of these genes at earlier timepoints.
VSel or 28 treatments alone were able to highly upregulate HMOX-1 and OSGIN (Figure
38B). Interestingly, the maximal induction of HMOX-1 occurred 8h post-treatment, and was

further induced in combination with VSVA51.
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Figure 38. VSel and compound 28 induce oxidative stress. (A) 786-0 cells were pretreated
with media, vehicle (DMSO), or viral sensitizer. Twenty-eight hours later, RNA was
collected, and triplicates were pooled and hybridized on Affymetrix Human PrimeView
Array. Shown are heat maps of genes contained within the GO term “Response to Oxidative
Stress.” (B) 786-0 cells were treated with VSel (60 uM) or 28 (80 uM) for two hours prior to
infection with VSVA51-GFP (MOI 1) and RNA was extracted at 8, 16 and 24 hours post
infection. HMOX-1 and OSGIN mRNA levels were measured by quantitative RT-PCR. Values
were normalized to GAPDH and are relative to untreated control for each timepoint. Values
were log transformed for statistical analysis. Error bars represent standard error 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). The data for B
were generated by Nader El Sayes.
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3.3.8 The activity of VSel and 28 is not likely mediated by NRF2

NRF2 is a transcription factor known to coordinate the transcriptional upregulation of
antioxidant response genes, including HMOX-1 and OSGIN**’7%. Due to the coincidence
between the induction of the antioxidant response and the viral sensitizing effects of VSel
and 28, we considered two possibilities: 1) the antioxidant response coincides with the
production of reactive oxygen species (ROS) that is directly important for NFkB inhibition;
or 2) an antioxidant response gene product inhibits antiviral signalling through NFkB. To
assess the latter, we treated cells with ML385, a known inhibitor of NRF2 transcription that
directly interacts with NRF2 and prevents DNA binding®'°. When 786-0 cells were pre-
treated with ML385 prior to treatment with VSel or 28 and infection with VSVA51, titers
decreased with increasing concentrations of ML385 (including samples treated with ML385
alone), however the potencies of VSel and 28 were not affected and at least 2-log increase
in titers were still observed. Thus, while ML385 did decrease baseline infection of 786-0
cells, ML385 did not hinder the capacity of VSel and 28 to sensitize 786-0 cells to VSVA51.
This suggests that while NRF2 activity may be relevant for VSV infection, NRF2 does not

likely mediate the viral sensitizing effect of VSel or 28 (Figure 39).
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Figure 39. NRF2 inhibitor ML385 does not significantly abrogate the activity of VSel or 28.
786-0 cells were treated with various concentrations of ML385. Four hours later, cells were
treated with vehicle, VSel or 28. Two hours later, cells were infected with VSVA51-Fluc
(MOI 0.01). Supernatants were collected 36 hours later and virus output was determined

using luciferase reporter-based viral titration assay (Materials and Methods, section 2.4)%2.
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3.3.9 Reactive oxygen species sensitize cancer cells to VSV A51

Altogether, the data presented so far suggest that VSel and its analogs induce
oxidative stress, which in turn may or may not contribute to increased sensitivity to
VSVAS51. To confirm the potential that VSel and analogs increase oxidative stress, changes
in reactive oxygen species (ROS) levels following VSel treatment were analysed using 6-
carboxy-2',7'-dichlorodihydrofluorescein diacetate (C-H,DCFDA), a non-specific indicator of
intracellular ROS levels (e.g. H,0,, 05", and NO°) that fluoresces when it is hydrolysed by

intracellular esterases and then oxidized®!

. 786-0 cells were pre-treated with H,0, or VSel
for 4 hours, collected and treated with C-H,DCFDA while in suspension. The viability
indicator 7-aminoactinomycin D (7-AAD) was added 30 minutes prior to FACS analysis.

Samples treated with H,0, and VSel exhibited higher levels of fluorescence from C-

H,DCFDA, indicating higher levels of ROS (Figure 40).
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Figure 40. ROS production in 786-0 cells. 786-0 cells were treated with (A) H,0, (3 mM), (B)
vehicle (DMSO), or VSel. Four hours later, cells were collected and stained with C-H,DCFDA
and 7-AAD. Median fluorescence intensity (MFI) of C-H,DCFDA in live cells (7-AAD’) is
presented. For (A), statistical significance was determined by an unpaired t test (P =
0.0212). For (B), statistical significance was determined by one-way ANOVA with Dunnett’s
multiple comparisons test (* P = 0.0417, *** P = 0.0007, N = 4 biological replicates for each
condition).
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To determine whether the exogenous administration of ROS could directly lead to viral
sensitization, we pre-treated cells with H,0, prior to infection with VSVA51. Interestingly,
H,0, was able to sensitize 786-0 cells to VSVA51 (Figure 41A). To functionally corroborate
these results, we assessed the nuclear translocation of NFkB following co-treatment of cells
with TNF-o. and H,0,. Western blot analysis revealed that NFkB p65 and p50 nuclear
translocation was hampered by H,0, in the same range of concentrations that enhanced
virus output (Figure 41B).

Given these results, we hypothesized that VSel may be indirectly increasing
endogenous H,0, via increased oxidative stress, leading to increased virus output. To test
this theory, 786-0 cells were co-treated with 3-amino-1,2,4-triazole (3-ATZ), a catalase
inhibitor, along with H,0, or VSel. Catalase converts H,0, to water and oxygen. Thus,
inhibiting this enzyme would lead to an accumulation of intracellular H,0,. Consistent with
this mechanism, while treatment with 3-ATZ alone did not increase viral titers, when
combined with H,0,, lower amounts of exogenous H,0, were required to achieve the same
increase in viral titers as H,0, alone (Figure 41C). However, when 3-ATZ was combined with
VSel, the potency of VSel did not change, in contrast with what was observed for H,0,.
When cells were pre-treated for 4 hours with (Figure 41E) H,0, or (Figure 41F) VSel prior
to treatment with 3-ATZ, the potency of neither compound was affected. Altogether this
suggests that H,0, levels can modulate antiviral responses in a similar fashion to VSel and
analogs, however the activity of VSel and its analogs is not primarily mediated through
increases of intracellular H,0,. Nevertheless, we cannot currently exclude the involvement

of other ROS species (e.g. superoxide anion) or redox imbalance.
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Figure 41. H,0, treatment sensitizes 786-0 cells to VSVA51. (A) 786-0 cells were treated
with H,0;, and infected 4 hours later with VSVA51-Fluc (MOI 0.005). Supernatants were
collected 40 hours later and virus output was determined using luciferase reporter-based
viral titration assay (Materials and Methods, section 2.4)*®2. (B) 786-0 cells were treated
with the indicated concentrations of H,0, for 4 hours then infected with VSVA51-GFP (MOI
1). Nuclear and cytoplasmic extracts were collected 8 hours post-infection then probed with
the indicated antibodies. (C) 786-0 cells were treated concurrently with H,0, and 3-ATZ or
(D) VSel and 3-ATZ. Four hours later, cells were infected with VSVA51-Fluc (MOI 0.005).
Supernatants were collected 40 hours later and virus output was determined using
luciferase reporter-based viral titration assay (Materials and Methods, section 2.4)%%. (E)
786-0 cells were pre-treated with H,0, or (F) VSel for 4 hours and then treated with 3-ATZ.
Four hours later, cells were infected with VSVA51-Fluc (MOI 0.005). Supernatants were
collected 40 hours later and virus output was determined using luciferase reporter-based
viral titration assay (Materials and Methods, section 2.4)%% For (A), (C-F), experiments
were performed with biological triplicates. The data for B were generated by Nader El Sayes
and Michel Phan
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DISCUSSION

There is a growing list of OV clinical candidates for the treatment of cancer including VSV,
vaccinia virus, reovirus, adenovirus, and herpes simplex virus-based platforms®*2.
Nevertheless, it is well-recognized in the field that combination therapies will be necessary
to overcome the heterogeneous response observed with these potentially curative

177,178,201,313314 Tha novel agents we have developed in this study robustly increase

biologics
the growth and oncolytic effects of VSVA51, MG1, and HSV-1-N212 in otherwise resistant
cancer cells and therefore cater to an unmet need in this therapeutic area. Additionally, the
enhancement in replication of the vaccine platform MVA and enhancement of transgene
expression by replication-defective adenovirus and AAV vectors extends the potential of
using these small molecules for co-administration with cancer gene therapies. There are
numerous registered clinical trials employing gene therapy vectors expressing transgenes

315318 1t is easily foreseeable that the pharmaco-

for the treatment of various malignancies
viral approach described here can be applied to therapeutically enhance attenuated viral

vectors used for other types of gene therapy or for vaccines as well.

4.1 Pyrrole-based VSel analogs are stable and effective alternatives to VSel

The physiochemical and in vitro biological characterization of structural VSel
analogs led to the identification of compounds with enhanced aqueous stability and
decreased susceptibility to nucleophilic attack, while maintaining in vitro efficacy of a
similar order to the parent compound. Disruption of the o, dichloro carbonyl moiety

significantly abrogated efficacy, indicating that this group is central to activity. Interestingly,

163



the inactivity observed with compound 16 indicates that the a and 3 carbons must be
substituted. Furthermore, the diminished activity displayed by compounds 3, 4, 17, 52, 53,
57 and 58 implies that the substituted groups at the 3 carbon must be good leaving groups.

As described earlier, compounds with o, unsaturated carbonyl act as Michael
acceptors and can covalently react with nucleophilic residues on proteins, such as cysteines
and lysines. Traditionally, the pharmaceutical industry has avoided the incorporation of
such reactive groups in drug development due to concerns for indiscriminate reactivity.
However, targeted covalent inhibitors with relatively weaker electrophilic groups such as
acrylamides can be effective and potentially safer than more reactive compounds, as they
need to be in close proximity to their target cysteines to form covalent bonds, thus limiting
the probability of reacting non-specifically with other exposed protein thiols and GSH?8,
The reactivity of compounds containing Michael acceptors can also be finely tuned by
making minor structural changes. In one study, the authors used this concept to
demonstrate a correlation between the ability of their compounds to inhibit growth of
ciliate protozoa and rate of reaction with GSH (an indication of compound electrophilicity

by way of thiol reactivity)**®

. Similarly, with active VSel pyrrole analogs, a positive
correlation exists between the GSH reactivity half-life and the concentration at which the
peak fold-change in VEUs is observed (Table 5, Appendix Figure 1). This means that the
potency of this subset of compounds inversely correlates with their susceptibility for
nucleophilic attack, further supporting the fact that the reactivity of the o, unsaturated

carbonyl is a key feature of the activity of these compounds. Such a correlation may not

exist with furan analogs as all of the furans tested had a GSH reaction half-life of less than 5
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minutes, regardless of the peak-fold concentration. Thus, switching from a furan to a
pyrrole scaffold gives us a platform that can be manipulated and refined to generate
compounds with desired properties. Pyrrole derivatives 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. Along with their enhanced plasma
stability, these advantages over VSel and furan derivatives make the pyrrole analogs much

better suited for in vivo use.

4.2 Effect on the type | IFN pathway and in vitro kinetics of VSel and analogs
VSel and its analogs are able to enhance the replication and cytopathic effect of
VSVAS51, Maraba MG1 and HSV-1 N212 in cancer cells. Notably, these viruses induce type |

80,146,167,317-319 Previously published

IFNs and are susceptible to type | IFN antiviral signaling
data with VSel suggest that it dampens the type | IFN response induced by viral
infection?’>. Results presented in the current study provide evidence that in 786-0 cells,
VSel and its analogs inhibit the nuclear translocation of NFkB, leading to decreased
expression of its target genes IFNB, TNFA and IL6, as well as ISGs. The compounds are most
likely acting downstream of IkBa phosphorylation by the IKK complex, as IkBao is still being
degraded after TNF-a treatment in the presence of VSel or 28 (Figure 27E). Furthermore,
the IKK inhibitor TPCA-1 is also able to sensitize 786-0 cells to VSVA51, and co-treatment
with VSel or 28 did not enhance infection any further. Thus, it is conceivable that the action

of VSel and 28 are also downstream of TPCA-1’s targets, namely IKKs. 786-0 cells are

particularly responsive to the viral sensitizing effects of VSel and its active analogs. It is
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worthwhile to note that the 786-0 cell line harbours a VHL mutation®® and is unable to

321

produce wild-type VHL™*". This has been linked to dysfunctional regulation of antiviral

322

signaling pathways'* and inherent resistance of 786-0 cells to VSV**2. 786-0 cells have also

been shown to possess high basal NFkB-DNA-binding activity>**

. Thus, VSel derivatives may
be especially effective in tumours with high basal NFkB activity. Our findings should be
confirmed in other cell lines that are sensitized by VSel and analogs (such as B16-F10,
CT26.WT and MC-38 cell lines). Repeating these assays with inactive analogs would assist in
drawing a correlation between the functionally reactive pharmacophores of VSel and its
effects on NFkB translocation and the production of IFN-B and ISGs. The effect of these
compounds on NFkB could be further corroborated by seeing if the relative amount of p65
and p50 inhibition correlates with compound dose-response curves, and if it shifts in
parallel with the shift in potency observed when the compounds are combined with BSO.

Further experiments are required to determine if in addition to blocking NFkB
translocation, VSel and analogs also affect the phosphorylation and translocation of ATF-2,
the dimerization partner of c-jun. The inhibition of NFkB target genes (TNFA, IL6, IFNB) that
was observed can be corroborated by examining the effect of the compounds on the
transcriptional activity and DNA binding of all components of the IFNB enhanceosome
(NFxB, clun/ATF-2, IRF3/7, CBP/p300) by electromobility shift assays (EMSA) and chromatin
immunoprecipitation (ChIP).

It has been reported that TNF-a and IFN-3 act in synergy to inhibit viral replication
and spread, as well as cell proliferation in normal human fibroblasts and primary cell

324,325

cultures . However the combination failed to induce a cytostatic or antiviral state in
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cancer cells, even in cell lines that were able to respond to TNF-a and IFN-f3 stimulation®**.
Hence, the synchronized inhibition of TNF-a and IFN-3 that we observe offers a potential
explanation for why VSel and its analogs are able to enhance viral replication and spread in
cancer cells, but not in normal tissues (Figure 15). Even if the compounds are able to inhibit
TNF-a and IFN-B in normal tissues, low levels of both cytokines may be adequate to confer
a synergistic antiviral response.

The effect of VSel or 28-induced cytokine depletion can be tested by transferring
supernatants from cancer cells infected with VSVA51 alone or VSVA51 in combination with
viral sensitizer on to new cells, and then infecting these new cells. Using a G-less version of
VSVAS51 (which is capable of replicating in cells, but incapable of producing infectious viral
progeny>2°) would ensure that the effects observed are due to virus-induced cytokine
production, and not the transfer of infectious virions. Cells incubated with supernatant
from VSVA51-G-less alone would, in theory, be protected from virus challenge due to the
presence of IFN-B and TNF-a in the supernatant. Cells incubated with supernatant from
VSVA51-G-less and viral sensitizer should be more susceptible to virus infection due to
diminished levels of these cytokines. Transferring supernatants on to normal cells such as
GM38 fibroblasts, followed by infection with wild-type VSV, would also test the theory that
low levels of TNF-a and IFN-3 are still able to induce an effective antiviral response in non-
cancerous cells.

Our data indicate that VSel-derived compounds need to be administered and take
effect before an anti-viral response is initiated, demonstrated by the fact that VSel does

not significantly enhance virus replication when 786-0 cells are treated 12 hours post-
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infection with a low MOI of VSVA51. This fits with evidence from literature showing that in
786-0 cells infected with a low MOI of VSVAS51, very little IFN-f3 is secreted during the first

21 The time-course

12 hours post-infection, and then levels spike at 24 hours post-infection
experiment in Figure 23 implies that the compounds need to be present before this spike in
IFN-B occurs. Presumably, once NFkB, AP-1 and IRF3/7 have initiated the transcription of
IFNB and downstream ISGs, treating cells with VSel analogs is not able to overcome their
antiviral effects. The results from the IFN- competition assay showing that VSel and its
analogs are able to overcome the antiviral effects of IFN-} treatment (Figure 25) indicates
that, in addition to blocking the action of NFkB, these compounds may also act downstream
of IFN-B signaling. However, this experiment was performed by treating cells exogenously
with IFN-B and VSel analogs concurrently, prior to infection with VSVA51. Thus, the
compounds would have had a chance to bind to any targets upstream of IFN-3 before an
antiviral response was induced. The kinetics of antiviral ISG expression is likely specific to
cell type and the nature of the stimulant. For example, in Huh7 hepatoma cells, ISG
expression starts to increase 4 hours after IFN-o treatment and peaks between 6- 8 hours
before rapidly decreasing®*’>?®. A similar pattern has been reported in human lymphatic

329

endothelial cells™”. In Huh7 cells, treatment with IFN-B resulted in a similar time to peak

328 |n the case of treatment

ISG expression, but expression was sustained for up to 24 hours
with compounds 2 or 28 in combination with IFN-f3, viral titers were only partially recovered

compared to untreated controls, indicating that antiviral signaling was still effective to an

extent.
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Treatment with VSel and 28 prior to viral infection ultimately leads to decreased
virus-induced ISG expression. It has also been reported that NFkB can bind to ISRE motifs

on I1SG promoters and drive their transcription®*

. Thus, additional experiments are required
to determine if VSel and its analogs decrease ISG expression via NFkB, or by also affecting
elements downstream of IFN-3 secretion. The phosphorylation, dimerization, translocation
and transcriptional activity of components of the JAK-STAT pathway (i.e. IFNAR, JAK1, TYK2,
STAT1, STAT2, and IRF9) in the context of VSVA51 infection should be assessed. Assuming
the kinetics of ISG expression in response to IFN-f3 treatment in 786-0 cells is similar to
Huh?7 cells, pre-treating cells with IFN-3 for several hours prior to treatments with the
compounds (and vice-versa), followed by infection with VSVA51, would help to verify if
VSel and its analogs are acting upstream or downstream of IFN-f signaling. Silencing or
overexpressing individual components of these pathways with CRISPR or RNAi-based
strategies and then seeing if our viral sensitizers can still enhance infection would inform us
if the compounds are working upstream or downstream of the altered gene.

The enhancement of viral replication, as demonstrated by the single-step growth
curves, also corroborates the fact that the compounds are most effective before an anti-
viral response is fully generated, i.e. earlier in VSV’s life cycle. It would be valuable to
further characterize the onset of action of these compounds by examining key points in the
life cycle of VSV. In addition to their clear impact on antiviral defenses, some of our data
suggest that the compounds may impact viral entry. Specifically, the microarray performed

in 786-0 cells shows that the mRNA expression of SLC7A11 (solute carrier family 7 member

11, also known as cysteine transporter (xCT)), a factor reported to play a role in the entry of
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VSV>*! is enhanced after treatment with the compounds (Figure 38, Appendix Figure 2).
The magnitude of this observed effect is small and may be underestimated, much like it was
for redox genes such as HMOX-1, given that samples for the microarray were collected 24
hours after treatment and infection. SLC7A11 has been shown to be required for the entry

of Kaposi’s sarcoma-associated herpesvirus (KSHV)**?

and is upregulated by the
transactivator protein (Tat) encoded by human immunodeficiency virus-1 (HIV-1)**3. With
respect to VSV, SLC7A11 was found to be upregulated in monocytes as soon as 6 hours post
infection with a high MOI and CRISPR-mediated knockdown abrogated viral infection®*.
The increase in intracellular GSH observed following VSel or 28 mediated depletion in
Figure 35 also supports the hypothesis that these compounds could upregulate SLC7A11,
since SLC7A11 is a cysteine-glutamate transporter that is involved in the maintenance of

intracellular GSH levels®343%’

.The upregulation of SLC7A11 in response to our compounds
and the effect of SLC7A11 inhibition (via CRISPR or RNAi) on VSVAS51 titers needs be
validated in our 786-0 model. It would be logical to examine changes in protein expression
within 12 hours of treatment and infection with a high MOI of VSVA51.

Viral entry can be assessed by several methods. After a short (e.g. 1 hour)
incubation to allow for virion binding and internalization, cells could be lysed and
intracellular viral genomes could be quantified using RT-qPCR. There are caveats to this
method, as it would not provide information on whether the genomes are from virions that
are bound to the cell surface, internalized in endosomes, or in the cytoplasm after
endosomal fusion. This could be explored in more detail by covalently labeling virions with

a fluorophore as well as organelles of interest (e.g. plasma membrane and endosomes)*%.
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Live-cell microscopy would allow us to track the progress of virions after inoculation.
Altering incubation conditions (e.g. infecting at 4°C, and then warming to 37°C) could also

339

allow us to distinguish between binding and endocytosis™. The localization of virions to

specific sub-cellular compartments could also be analysed by labelling virions with
[**S]methionine and analysing fractions of infected cells separated by centrifugation.

The results from the single-step growth curves imply that the compounds are
increasing viral replication. The impact on viral replication versus spread can be further
teased apart by seeing if the compounds are able to enhance VSVA51-G-less titers.
Additionally, gPCR can be used to assess increases in viral genomes over a 24-hour period,
bearing in mind that this method would also quantify genomes from defective interfering
particles and may not correlate with final infectious titers from fully formed virions. It
would also be worthwhile to examine if VSVA51 itself is altered by treatment with VSel or
analogs, or even if the compounds are incorporated into virions. Changes to VSVA51 virion
structure, protein sequence and structure could be assessed by electron microscopy, mass

spectrometry and x-ray crystallography. The presence of viral sensitizers in VSVAS51

preparations could be identified by mass spectrometry as well.

4.3 GSH and GSTP1-1 are not direct mediators of VSel-induced viral sensitization

Results from affinity-based chromatography studies directed us towards GSTs and
GSH as possible targets of VSel and its derivatives. Indeed, we found that VSel inhibits the
enzymatic activity of GSTP1-1, GSTA4 and GSTMS5-5, and that high concentrations of

compounds 10, 28 and the 10-GSH adduct inhibit GSTP1-1. VSel, 10 and 28 were also able
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to inhibit GSTP1-1 activity when incubated without GSH, indicating that the observed
inhibition could be due to both the compounds alone and GSH-adducts. The dialysis
experiment in Figure 27B also suggests that the nature of this inhibition is irreversible. 1Cso
values for irreversible inhibitors measured after a set incubation time length are largely
arbitrary as these compounds interact with their targets in a time-dependent fashion, and
different incubation time lengths would give different 1Csq values®®®, Thus, if VSel and the
analogs presented in Table 7 are irreversible inhibitors, these inhibition data must be taken
into context of the incubation lengths for these experiments, which was 5 minutes. This is
supported by the fact that longer incubation times were required to see significant
inhibition with 10 and 28.

Despite the confirmation that these compounds inhibit GSTP1-1, the knockdown of
GSTP1 by siRNA transfection indicates the mechanism of action of VSel cannot be
attributed to GSTP1-1 inhibition alone. We know that VSel also inhibits GSTA4-4 and
GSTM5-5. It would be informative to examine the changes in VSVAS51 titers after knocking
down these GST enzymes as well. Given the redundancy between the conjugating activities
of GSTs, it may be necessary to knock-down multiple GST enzymes. This could be done by
co-transfecting multiple siRNAs, using a viral vector that encodes for multiple short-hairpin
RNAs (shRNAs), or by designing a siRNA that targets a conserved region of the GST family,
such as the G site.

While GSTP1 knockdown did not impact VSVA51 growth, ezatiostat nevertheless
enhanced the sensitivity to VSVA51. Ezatiostat is a GSH analog and is presumed to be a

potent, specific inhibitor of GSTP1-1, with its active metabolite having an ICsg of 400 nM.
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However, at the concentrations able to enhance VSVA51, it is likely inhibiting other classes
of GSTs (specifically GSTA1-1, GSTM1-1 and GSTM2-2)*"%**° and could potentially also have
off-target effects that do not relate to GST inhibition. It would be important to confirm
whether ezatiostat is still capable of sensitizing cells to VSVAS51 after GSTP1 knockdown.
Interestingly, depletion of cellular GSH by BSO significantly increases viral titers;
however, the magnitude of this effect is small in comparison to VSel and highly active
analogs, and the potency of VSel and 28 actually improves in the absence of GSH.
Altogether, this indicates that GSTP1-1 and its substrate GSH are not dominant players in
the mechanism by which VSel sensitizes cells to VSVA51. However, their respective
inhibition and depletion would cause an imbalance in redox homeostasis and oxidative
stress. In this state, the cell may be more susceptible to VSVA51 infection. This is further
supported by the increase in VSVAS1 titers observed with H,0,. Oxidative stress has been

341-343

known to affect protein function and signaling . In particular, cysteine residues are

prone to oxidation at the thiol group. This has been shown to affect protein-protein

interactions and signal transduction®*

. Thiol oxidation is often followed by reversible, GST-
catalysed, S-glutathionylation, which prevents irreversible over-oxidation and preserves
redox homeostasis***. GSH depletion and inhibition of GSTs could theoretically lead to
irreversible thiol over-oxidation which would significantly impact downstream activity. The
lack of impact in viral titers when VSel was combined with the catalase inhibitor 3-ATZ
implies that increased intracellular H,0, is not implicated in VSel’s mechanism of action. If

it was, we would have expected the potency of VSel to increase when combined with 3-

ATZ, due to increased intracellular H,O,. However, as this was an indirect method of
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assessing the impact of VSel on endogenous H,0, levels, this should be confirmed by direct
measurement of H,0,. This can be done using HyPer, a fluorescent probe that is transfected
into cells and can be used to ratiometrically detect changes in intracellular H,0,**. To
further examine the effect of H,0, in 786-0 cells, catalase can also be inhibited via CRISPR
or RNAI, or overexpressed following plasmid transfection. We would expect that inhibition
would recapitulate the results shown in Figure 41, and overexpression would require higher
concentrations of H,0, to enhance VSVA51 titers. Based on our current knowledge, we
would also predict that alterations in catalase expression would not affect the potency of

VSel.

4.4 VSel and 28 induce cellular oxidative stress

The changes in HMOX-1 and OSGIN gene expression and increase in C-H,DCFDA
fluorescence altogether strongly indicate that VSel and 28 increase cellular oxidative stress.
The induction of HMOX-1 and OSGIN is maximal 8 hours post-infection, which is when
inhibition of p65 and p50 was observed. It would be informative to examine both HMOX-1
and OSGIN gene and protein expression, as well as NFkB translocation at various timepoints
within a 24 hour period to confirm if the kinetics of both phenomena is the same.

Both HMOX-1 and OSGIN are downstream targets of NRF2 signaling. It has been
reported by one group that the activation of HMOX1 leads to the inhibition of p65

translocation>*®

. Thus we hypothesized that inhibiting NRF2 would abrogate the effect that
VSel and 28 have on VSVASL1 titers. However, this was not the case. Another lab member

also determined that knocking down NRF2 via siRNA did not alter VSVA51 titers or the
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enhancement of titers after DMF treatment™’. This observation may be unique to 786-0

cells, as another group has shown that silencing NRF2 in A549 cells, where it is

348

constitutively active, did lead to decreased titers™ . Although we observed a moderate, yet

overall decrease in titers in 786-0 cells with the NRF2 inhibitor ML385, combinations with
VSel or 28 still yielded titers that were comparable to VSel or 28 alone. To support this
observation, it will be important to confirm if ML385 inhibits NRF2 transcriptional activity
and HMOX-1 expression in 786-0 cells at the concentrations tested. These results do not
necessarily rule out the involvement of HMOX-1 itself, as other stress-induced transcription

349

factors such as heat shock factors and AP-1 bind to the HMOX-1 promoter™". Thus, the role

of HMOX-1 should be definitively ruled out by gene silencing.

Increased oxidative stress has been associated with VSV infection. In Vero cells, wild-
type VSV (wtVSV) infection led to the accumulation of lipid peroxidation products and
treatment with the antioxidant butylated hydroxyanisole protected against VSV infection*°.
Other groups have shown that treatment with wtVSV M protein increases ROS levels and

up-regulates antioxidant enzymes in MKN28 human gastric cancer cells (although the ROS

351

were not specifically identified) and that treatment of A549 cells expressing the

oncogene CUG2 (cancer upregulated gene 2) with H,0, enhanced wtVSV-induced
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apoptosis™“. CUG2 has been associated with increased levels of STAT1 phosphorylation and

353,354

confers resistance to wtVSV . Another group has shown that ROS may have an effect

on the antiviral state induced by IFN-o. Hela cells transfected with CuZn-superoxide
dismutase (CuzZnSOD), the enzyme responsible for detoxifying O," by converting it to

355

H202241, had a biphasic effect on IFN-a-mediated control of viral infection®™". Hela clones
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with moderate levels of CuZnSOD activity were more resistant to effects of IFN-a and

susceptible to VSV,

whereas clones with high CuZnSOD activity were more responsive to
the effects of IFN-o. and were able to resist virus-induced cytoxicity>*>. The authors
concluded that this implicated O," in promoting the antiviral state induced by IFN-a.
However, increased CuZnSOD activity would theoretically lead to an accumulation of
intracellular H,0,, which in our hands augments VSVAS1 titers. Thus, it would be edifying to
investigate whether VSVA51 increases specific types of ROS. While VSV infection in 293T
cells expressing cyto-Grx1-roGFP2 did not induce a significant change in the GSSG/GSH ratio
over a 24 hour period (Appendix Figure 3), this should be confirmed by measuring GSH and
GSSG by HPLC/UV-Vis. Oxidative stress, H,0, and O," levels can be measured as well.
Altogether, we have demonstrated that VSel and its analogs impede the activity and
function of GSTs and GSH, which are key mediators of cellular redox homeostasis, and this
is associated with increased oxidative stress. Furthermore, VSel and 28 inhibit the
translocation of the NFkB subunits p65 and p50. However, we have not established a clear

link or cause-and-effect relationship between these two phenomena and their impact on

enhancement of VSVAS5L1 titers.

4.5 Oxidative stress and NFkB activity.
The effect of oxidative stress on NFkB signaling is controversial®**®**’. There are
numerous reports that reactive oxygen and nitrogen species (ROS/RNS) activate®*3%° or

inhibit**3%? NFxB activity. The diversity of reported effects could be due to cell-type

specific effects, intracellular location-specific effects, differences between the upstream
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pathways that are investigated, and different stimuli used to activate these

336357383 pespite this, it has been well established that the oxidation and/or

pathways
subsequent covalent modification of specific cysteine residues of subunits p65 and p50
inhibit nuclear translocation and transcriptional activity”>>?***°. |n fact, Cys38 in p65
(located at its DNA-binding interface®®) has been shown to be covalently modified by

235,365

compounds containing o, unsaturated carbonyls, such as DMF . As demonstrated in

Figure 34, DMF is an effective viral sensitizer and also decreases the nuclear translocation

235,366-368 347

of p65 in a number of cell lines , including 786-0 cells™’. A similar mechanism could
reasonably explain many of our observations, in particular the increased potency of VSel
and 28 in the absence of GSH, following BSO treatment.

Other proteins in the type | IFN pathway have also shown to have cysteines that are
prone to electrophilic modification. For example, CBP/p300 has redox-sensitive cysteines
and oxidative stress has been shown to increase complex formation between this co-

363,369

activator and transcription factors . Additionally, one of the subunits of the type | IFN

receptor, IFNAR1, is palmitoylated on Cys463 and this is required for downstream STAT1

and STAT2 activation®3®

. When this residue is mutated to alanine, palmitoylation does not
occur and IFN-a. mediated activation of STAT1 and STAT2 is inhibited®*®. If an electrophile
forms an adduct with Cys463, this would theoretically block palmitoylation and also inhibit
STAT1 and STAT2 activation. JAK1 also contains a reactive cysteine (Cys1077) in its kinase
domain and forms adducts with the compound bardoxolone methyl ester (CDDO-Me),

resulting in inhibition of downstream pathways®’. Interestingly, CDDO-Me also inhibits

NFkB activation by inhibiting the activation of the IKK complex*’® and we have found that it
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sensitizes 786-0 cells to VSVA51 infection (Appendix Figure 4). In addition to blocking the
translocation of NFkB, VSel and analogs diminish the antiviral effects of exogenously
administered IFN-B (notwithstanding certain caveats, as discussed in section 4.2). If these
compounds do covalently modify cysteines on the aforementioned proteins in the JAK-STAT
pathway, it could offer an explanation for this observation.

Activity-based protein profiling (ABPP) would be the method of choice for assessing
whether or not VSel-based compounds covalently modify proteins. The method used to
perform the affinity capture where GSTP1 was identified was not designed to detect
covalent binding partners and was more likely to yield hits 35 kDa or smaller, due to the
permeability of the Amino PEGA beads to which the small molecule probes (27 and 58)
were attached. For ABPP, active and inactive VSel probes that are amenable to “click-
chemistry” reactions would be used (Appendix Figure 5). After in situ labeling of
intracellular targets or incubating probes with cell lysate, a copper(l) catalysed reaction
between the alkyne group on the probe and an azide-conjugated reagent, such as biotin-
azide, would be carried out, forming a triazole linker between the probe and biotin®"*. This
would be followed by a pull-down of biotin-conjugated probe-protein complexes with
streptavidin beads. At this point, eluted samples could be analysed by mass spectrometry
or run on SDS-PAGE to compare proteins pulled down with the positive and negative
probes. This technique can also be used with purified proteins of interest containing point
mutations to confirm if a particular residue is covalently modified by our compounds. The
relevance of hits that interact specifically with the positive probe can be verified with gene

silencing/overexpression studies and x-ray crystallography of the protein-inhibitor complex.
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4.6 In vivo mechanism of pyrrole analogs

Combination regimens of VSVA51 and compounds 10 or 28 led to delays in tumour
progression and increased survival, particularly in the immunocompromised HT29 model,
where complete cures were observed. Efficacy in the immunocompetent CT26.WT and B16-
F10 models could be enhanced by incorporating these compounds into treatment
strategies involving OVs that have proven to be effective. The ICV treatment strategy
(described in section 1.2.5) has been used in the B16-F10 model, leading to delayed tumour
progression and enhanced survival, although complete cures were not observed™’ 1%,
Given that the compounds are able to robustly boost viral replication in vitro, a potential
application that could be explored is their use during preparation of the ICV when tumour
cells are infected with VSV.

Curiously, despite the enhancement in efficacy conferred by combining 28 with
VSVAS51 in the B16-F10 and HT29 models, no enhancement of viral replication was detected
by IVIS (Appendix Figure 6). This does seem to contradict the fact that these compounds
are able to enhance VSVAS1 replication in vitro and in the CT26.WT model. It is possible
that if the mice were administered a lower dose of virus (i.e. 1x10” pfu instead of 1x10°
pfu), a more significant difference would have been observed. Another potential caveat
relates to the fact that luminescence is rapidly lost upon death of cells given that the
luciferase-luciferin reaction requires ATP. This means that dead cells do not contribute to
the signal, which is relevant, given that we typically observe increased cytotoxicity in the

combination treatment in our in vitro assays. Indeed, it is for this very reason that we used

a secondary infection protocol to measure viral output by VEU in the luciferase reporter-
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based titration assay. It is unclear whether this effect is at play in HT29 and B16-F10
models.

Considering that VSVA51 has the ability to induce a strong anti-tumour immune
response (as described in section 1.2.5), it may be that the observed improvement in
efficacy could be due to 28 enhancing the immune stimulating properties of VSVA51. In
particular, the improved efficacy observed in the HT29 model in athymic nude mice
suggests that the compounds may be affecting processes that drive the innate immune
response, as these mice are unable to produce T cells and fully functional B cells, and are
thus unable to generate successful adaptive immune responses®’”>. The ensuing
implications are that cells involved in the innate immune response, such as NK cells, are the
primary mediators of the anti-tumour immune response in this context. An examination of
tumour infiltrating leukocytes (TILs) in both models suggests that the combination of 28
with VSVAS51 is associated with enhanced infiltration of activated NK cells, which could
contribute to tumour eradication (Appendix Figure 6). This could also explain why 10
administered intraperitoneally in combination with intra-tumoural VSVA51 lead to delayed
tumour progression (Figure 17) even though 10 was not detected in the tumour. Systemic
administration of the compound may have an effect on NK cell activation. The impact on NK
cell activation on efficacy with this treatment regimen can be further evaluated by
depleting NK cells prior to treating mice to see if we lose the benefit of the combination
treatment. Furthermore, increased NK cell activity should be confirmed with functional

assays, such as NK cell killing assays.
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Processes that would abrogate virus-induced anti-tumour activity, such as the
production of antiviral neutralizing antibodies and increased infiltration of regulatory T
cells, would be at play in the immunocompetent models, but not in the HT29 model. Thus,
an examination of these factors in the CT26.WT and B16-F10 models could explain the
observed differences in efficacy.

Given that our compounds inhibit the translocation of NFkB and production IFN-f3,
the increase in activated NK cells in these models may seem contradictory, since NK cells

373-376

typically require type | IFN for activation . However, the effects of the compounds on

NFxB activation and type | IFN signaling may be cell type specific376

, Which is why it is critical
to examine these effects in the different types of immune cells and tumours grown in situ.
Moreover, the inhibition of type | IFN production and signaling may be temporary. In fact, in
786-0 cells treated with 28 and VSVA51, TNF-a and IFN-3 mRNA levels are initially reduced,
but start to increase 24 hours post-infection (Figure 28, Appendix Figure 7). It is
conceivable that the initial inhibition of NFkB and type | IFN signaling provides the virus a
head start to replicate and spread efficiently and then the cell overcompensates by up-
regulating components of these pathways. Examining in vivo NFkB activation and type | IFN
production over a period of several days could confirm this theory. The in vivo distribution
of the compounds should also be assessed. We have demonstrated that after IT injection,
the parent compound is detectable in serum, and thus could potentially accumulate in
other organs and tissues. These experiments would complement the examination of the

effects of VSel and its analogs on non-tumour tissue in an in vivo setting and could also

allow us to predict possible off-target pharmacological and toxicological effects.
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5. Concluding Remarks

Oncolytic viruses are poised to make a significant impact in the clinic and revolutionize
cancer therapy. The OV field is entering a critical phase where it is crucial to establish real-
world efficacy in order to obtain regulatory approval. The strategy of combining OV therapy
and drug therapy is proving to be a valid approach of boosting OV efficacy in patients. The
work presented here describes a new class of molecules that can be broadly utilized to
enhance OV activity, and provides insight into the mechanism of action by which these
electrophilic molecules inhibit innate antiviral signalling. Furthermore, this study
underscores how such molecules can be tempered to maintain the safety profile of OVs
such as VSVAS51, while improving oncolytic efficacy. Thus far, our efforts have been
focussed on elucidating the effects of these compounds on the type | IFN pathway. Future
work should continue to identify the specific cellular and viral components involved, and
establish a causal link between the actions of these compounds at a molecular level and
their enhancement of the oncolytic effects of VSVA51 in vivo. Ultimately, the knowledge
gained from this study contributes to the growing repertoire of combination therapy

strategies to enhance OV therapy and overcome heterogeneity in clinical responses.
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Appendix A- Additional Figures
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Appendix Figure 1. Correlation between a subset of pyrrole VSel analogs and GSH
reactivity. Pyrrole analogs with a hydroxyl group substituted at C5, that are active (PFE in
VEU > 10-fold) at 200 uM or lower were plotted against their GSH reactivity half-lives.
Spearman correlation R’= 0.6742, p<0.0001.
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Appendix Figure 2. Fold-change in expression of SLC7A11. 786-0 cells were pre-treated
with media, vehicle (DMSO), or viral sensitizer. Twenty-four hours later, RNA was collected
and triplicates were pooled and hybridized on Affymetrix Human PrimeView Array. Fold-
change in gene expression is shown relative to the uninfected, media control.
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Appendix Figure 3. Ratiometric detection of GSSG/GSH after VSVA51 infection. (A) 293T
cells were transfected with cyto-Grx1-roGFP and then infected with VSVA51-RFP and
infection was monitored by fluorescence microscopy pictures 24 hours post-infection. (B-E)
Transfected 293T cells were infected with VSVA51-RFP or treated with H,0, (300 uM).
Fluorescence readings were taken prior to treatment and post-treatment at the indicated
times. 5 mM DTT was added to quench the signal.
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Appendix Figure 4. Bardoxolone methyl ester sensitizes 786-0 cells to VSVA51. 786-0 cells
were pre-treated with bardoxolone methyl ester (4 uM) for 4 hours prior to infection with
VSVA51 (MOI 0.01). Twenty-four hours later, supernatants were collected and virus titers
were quantified by plaque assay. Statistical significance was calculated with an unpaired t
test (****P < 0.0001). These results were generated by Mohammed Selman.
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Appendix Figure 5. Structure and activity of 28-based probes for activity-based protein
profiling experiments. (A) Active (54) and inactive (56) probes. (B) The viral-sensitizing

effect of the active and inactive probes was assessed with a luciferase reporter-based viral
titration assay in 786-0 cells.
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Appendix Figure 6. Effect of 28 on VSVA51-associated luminescence and on innate
immune cell infiltration in HT29 and B16F10 models. (A-B) HT29 cells were subcutaneously
engrafted into female CD1 nude mice and (C-D) B16F10 cells were subcutaneously
engrafted into female C57/B6 mice. When tumors reached 5 mm x 5 mm in size, mice were
given 25 pL of vehicle (DMSO) or 40 mg/kg of 28 by intratumoural injection. Four hours
later, mice were treated with 1x10® plaque-forming units of VSVA51-FLuc. Virus replication
was monitored twenty-four hours later by measuring luminescence using an IVIS
(representative images are shown, color scale bar represents photons) and tumor radiance
was quantified. Statistical significance was determined with an unpaired t-test (ns =P >
0.05). (E-F) Mice were treated as described above, with vehicle, PBS, 28 and VSVA51-GFP.
Forty hours after treatment tumours were excised, dissociated (Tumor Dissociation Kit and
gentleMACS™ Dissociator, Miltenyi Biotec) and processed for analysis by flow cytometry.
Each experiment was performed twice, producing similar results. Results from one
experiment are shown. Samples were stained with Fixable Viability Stain 780 (#565388, BD
Biosciences) and antibodies specific for mouse CD45 (#564225, BD Biosciences), CD3
(#561388, BD Biosciences), CD122 (#12-1222-81, eBioscience), CD49b (#560628, BD
Biosciences) and CD69 (#563290, BD Biosciences). After gating on live cells, samples were
gated as follows: CD45" = CD3™ = CD122°CD49b" = CD69". For each tumour model,
average values for each group were compared to each other with a one-way ANOVA and
statistical significance was calculated with Holm-Sidak’s multiple comparisons test (for (E) *
P =0.0306; for (F) * P =0.0233).
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Appendix Figure 7. Expression of IFN-3 over time. 786-0 cells were treated with 28 (80 uM)
then infected with VSVA51-GFP (MOI 1). RNA was extracted 8, 16 and 24 hours post-
infection and quantitative RT-PCR was used to measure relative levels of IFN- mRNA.
Values were normalized to GAPDH and are relative to untreated control for each timepoint.
Error bars represent standard error from biological triplicates and statistical significance
was calculated using two-way ANOVA with Dunnett’s multiple comparisons test (*** P <
0.001, ns = P > 0.05). Values were log-transformed before analyzing statistical significance.
These results were generated by Nader El Sayes.
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Appendix B- Dose response curves for compounds in Table 5

Fold-changes in VEUs (black solid line) is to be read on the left y-axis. Relative metabolic

activity (cytotoxicity) is to be read on the right y-axis. Grey solid lines represent compound
alone and grey-hashed lines represent compound plus virus. Error bars represent standard

error.

Log,, (Fold change in VEU) Log,, (Fold change in VEU)

Log (Fold change in VEU)

VSel

1.25

1.00

0.75

0.50

0.25

40 60
Concentration (uM)

80

0.00
100

1.25

1.00

0.75

0.50

0.25

0 50 100 150
Concentration (uM)

0.00
200

1.50
125
1.00
0.75
0.50
0.25

Concentration (uM)

0.00
50

Annanoe aijogelaw anne|ay Ajanoe Jljoqelaw anleRy

AjAnoe J1j0geIaW AANE|aY

Concentration (uM)

2
S 4- 1.25
L
>
£ 3 1.00
@
g
s 2 0.75
=
o
o
5 1 0.50
S
20 0.25
oo
s
-1 T T T r 0.00
0 20 40 60 80 100
Concentration (uM)
4
I 3 1.25
S i
s 2 1.00
@
o 1
H 0.75
S0
= 0.50
€ -1
& 2 0.25
5
-3 T T T 0.00
0 50 100 150 200
Concentration (uM)
6
= 37 1.25
=
£ 2 1.00
a
o 14
s 0.75
S 04
I 0.50
£
3 \ 0.25
-2
§ -5\
-3 T T T T 0.00
0 20 40 60 80 100

AjiAnoe J1jogelaw aneRy

Alnnoe a1joqelaw annelay

Ajianoe Jljogelaw anneley

215



Relative metabolic activity

n © wm ©o 1 o
N © K~ un & ©
- & o8 6 & dJ&o
=}
—
]
L]
' o
[] " o0
'
®
)
1
iy L8
@
L
]
»
‘ | ©
<
L1
»
L ©
~
\
T T T o
= & \n o 0
{n3A w1 a8uey pjod) 0307
Relative metabolic activity
n 9 1 o 1 o
N O K~ 1 AN O
4 o4 S © o o
~N
-

(N3A w1 28ueyd pjo4) 9807

Concentration (pM)

Concentration (uM)

10

Relative metabolic activity

1.25
1.00
0.75
0.50
0.25

40
Concentration (uM)

r —p T

o (o] L] (=] -l

(N3A w aSueyd pjo4) %807

Relative metabolic activity

L b= n o n
o~ Q M~ n o~

s =2 ©6 S o

7

Tt M N = O = N

(N3 u1 aSueya pjo4) °*9oq

Concentration (uM)

Relative metabolic activity

n © 1 o wm o
N @ ~ un N QS
-~ 4 ©6 © o o

o
=)
5]
=)
- ©
~
o~
-
=)
=]
-
o
0
(N3A ur a3ueyd pjo4) 7807
Relative metabolic activity
nm © ! o wm o
N S K wm AN Q
- 4 © ©6 o© oco
=]
i
o
- ©
o
- o
- R
o
=]
-l
— 4 — o

Mm N = O = Nm

(N3 u1 a8ueyd pjo4) %807

Concentration (uM)

Concentration (uM)

216



Logyq (Fold change in VEU) Log,, (Fold change in VEU)

Log,g (Fold change in VEU)

13

21 1.25
14 1.00
0 0.75
-11 0.50
3 1
. .- kT

-2 0" & 0.25
-3 T T T T 0.00

0 20 40 60 80 100

Concentration (M)
15

1.25
1.00
0.75
0.50
0.25
-3 T T T T 0.00

0 20 40 60 80 100

Concentration (LM)
17

1 1.00
0 0.75
-1 0.50
-2 0.25
-3 T r T 0.00

0 100 200 300 400

Concentration (uM)

Ayanoe Jljogelaw anne|ay Alianoe J1joqelaw anneRy

Alianoe J1jogelaw anneRy

14
5 2 175 Z
w o
= 1.50 =
g1 s
gn . 1.25 %
_;:: 1.00 g
T 0.75 S
& 0.50 o
o 0.25 =
— P -
-3 T T T 0.00
0 50 100 150 200
Concentration (pM)
16
5 1 1.25
w —
z 2
£ 1.00 =
En 3
c 075 ©
= W
o g
3 0.50 =
£, 2
n% 0.25 g
5 <
-3 T T T 0.00
0 100 200 300 400
Concentration (uM)
18
5 2 150 #
g o
= 1 125 2
& 1.00 3
g O =
S 0.75 &
st 3
g 0.50 o
[s]
6§ -2 N ) 0.25 =
— hc PR =z
-3 . . < . 0.00
0 20 40 60 80 100

Concentration (uM)

217



20

19

Relative metabolic activity
[Ts] (=] wn o [Ty ]

=]
N & N~ ’m N &
S

W &4 o 4o g

300
Concentration (uM)

200

100

400

o

(N3A w1 a3ueyd pjog) 7307

Relative metabolic activity

[T)] [=] [Tp] o [Te] [=]
N © K~ ! N Q
- - o [=] o o

m N = O = &N ™

(N3A u1 23ueyd pjo4) 91807

o~

(=]
Q
-

80

60
Concentration (uM)

40

20

22

21

Relative metabolic activity

o 1 © 1 o 1 o
m &N Q K oo Q
4 o 4 8 8 & Sg
~N
=)
(T3]
-
o
=)
-
o
[Ty ]
- ©
N M
o
(N3A ur 38ueyd pjog) Ot307
Relative metabolic activity
n @ W;w © wm o
N @ K~ ! N 9
- H4 6 o & &o
=]
@
o
=]
)
o
L ©
<
=]
B=)
~
r o

(N3A w1 a8ueyd pjo4) °*807

Concentration (uM)

Concentration (uM)

24

23

Relative metabolic activity
n o w;m o I

o
N @ " oo Q
=

= - o o o

r 4 T T o

<< o ~ - - 1_.
(N3A u 98ueyd pjo4) %507

Relative metabolic activity

w @ . o w\n 9
o @ ~ 0 o 9
W &4 & &8 o o

{n3A w 38ueyd pjo4) °1807

200

Concentration (uM)

Concentration (uM)

218



26

25

Relative metabolic activity

nw @ o wu o
e Rk n N9
4 €4 & & &8 o

r T T T s T o
g M N = O = 9~

(N3A v 38ueyd pjo4) *307

Relative metabolic activity

n @ wm o wun o
N Q@ ©~r N Q
- €4 6 o & o

r T T T o
L] o~ - o — (]

(N3A u1 28ueyd pjo4) **807

Concentration (M)

Concentration (uM)

28

27

Relative metabolic activity

n o n o n o
o Q ™~ n o Q
— — o (=] o o

200

r T T T o
(2] ~ - o - ~

(N3A v 38ueyd pjod) ®307

Relative metabolic activity
O 1 © 1 O v o
e T T T B
o +H &4 8 8 8 o

100

40

-
{(N3A u1 a8ueyd pjo4) °¥807

Concentration (uM)

Concentration (uM)

30

29

Relative metabolic activity

n © wm © 1! o
N Qo K~ N O
- - (=] (=] o o

|
&
g

T W T

S MmN H O = oNm
{naA w a8ueyd pjog) %F0q

Relative metabolic activity

n o n o n [=]
o~ Q ~ tn ™~ =
- —f o o (=] o

m o~ - o - (o]

{n3A w a8ueyd pjo4) 9807

o
o
-

150

Concentration (uM)

Concentration (uM)

219



32

31

Relative metabolic activity
n @ w o i

(=]
N § R~ @ N S
(=]

4 4 o6 6 o

(N3aA ui @8ueyd pjog) %807

-3

Relative metabolic activity

n o n o n 9
o Q ™~ n o Q
- — o (=] o o

T T T ol T T
[22] o~ - o - o~ [32]

{(N3A u1 a8ueyd pjo4) °¥807

20 40 60 80 100

0

100

o

Concentration (uM)

Concentration (LM)

34

33

Relative metabolic activity
- -

[=]
N © ~N 1’ N ©
=

- &4 o o o

GGGQ.O.S_O__G___@_--G-"'

r T LA w T T

(N3A u1 8ueyd pjog) 7807

Relative metabolic activity

1N o 1N O 1 o
I T R T
- - - O O O o

(N3A w a8ueyd pjo4) %907

40 60 80 100

20

100

Concentration (uM)

Concentration (uM)

Relative metabolic activity

© 1 © wn o un
m N Q R~
- - = O O

0.2

36

{(N3A u1 a8ueyd pjo4) 0807

Relative metabolic activity

n 9 wm o i
N © ~ 1! N

- €4 & e o

o
<
=

35

[0

0

—¥

54..“21_01.234

{N3A u1 a8ueyd pjo4) %807

100

Concentration (uM)

Concentration (uM)

220



38

37

Relative metabolic activity

wn [=} wn o N o
Mo R NS
- - o o o o

< 0N N = © o

Relative metabolic activity

n o wnm o wm o
N e i1 o 2
4 &4 8 © & o

o ~ - o 1.. q..,_
(N3A ui 23ueyd pjog) O30

Concentration (pM)

Concentration (M)

40

39

Relative metabolic activity

un (=] un [=] [T [=]
N2 K~ ownmoN Q9
- - (=] o o o

(=]
L

(23] o~ - [=] 1_. o~
(N3A u1 @3ueyd pjo4) Soq

Relative metabolic activity

nw © ! o wm o
N o2 ~o;noA g
4 &4 © © © o

(=]
o
—

80

< () ~ - -3 1_.
(n3A ur 28ueyd pjo4) °'80q

Concentration (uM)

Concentration (uM)

42

41

Relative metabholic activity
n (=] LN [=] 7]

o
N © N~ 1m &N o
=

- - 8 © o

o~

(N3A w1 28ueyp pjo4) T50q

Relative metabolic activity

N © wm 9 wun o
N Q B 0 N Q
- - o o o (=]

Mm N = O = &N M <

(NaA ur a8ueyd pjo4) O180q

150

100

50

(=]
(=]
-

80

Concentration (uM)

Concentration (uM)

221



44

43

Relative metabolic activity

[Te] (=] [Ty] (=] [Te] (=]
N 9@ Kk oo Q
o

- d4 © o o =}
=)
=1
o
0
o
@
o
<
o
~

r o

)

. h

(nN3A ur a8ueyd pjod) 307

Relative metabolic activity

n @ ;m o wm 9

N Q@ ~ 1 o O

- €4 © 6 & oo
S
-

| ©
@
| ©
)
| ©
<
L ©
~
r * T . T o

on o~ -l (=] - (]

{N3A u1 a8ueyd pjo4) °*Soq

Concentration (uM)

Concentration (uM)

46

45

Relative metabolic activity

n @ wm o wn o
N @ K~ ;N Q
4 €4 6 o 4o o

(=]
o
-
o
-]
o
o
(=]
<
o
o~
T o
(N3aA w1 a8ueyd pjod) %807
Relative metabolic activity
n (=] n (=] n o
N e n~r o QS
— i o o (=] [=R=]
o
-
=3
©0
(=3
o
o
<
(=]
o~
- O

Mm N = O = &N ™M

(N3A ur 28ueyd pjo4) °*807

Concentration (uM)

Concentration (uM)

48

47

Relative metabolic activity

n © w;m © wu»n o
N e K o N Q
4 4 ©o © o o

(=]
-]

4 M N =H O = ~Nom
(N3A w a8ueyd pjo4) °¥807

Relative metabolic activity
n @ 1w o wm 9
N o r un o Q
“ & 8 © o oo
o
i

80

32101__234

(N3A ur a8ueyd pjo4) 0807

Concentration (uM)

Concentration (uM)

222



50

49

Relative metabolic activity

mw 9O 1;m © 1 o
N © K~ wn & O
— - o =] =] o

o o~ — o - p

(naA w 28ueyd pjo4) °907

Relative metabolic activity

n [=] w0 (=] n [=
N o KR A& Q
4 &4 ©o © o©o o

Mm N = O = ~Nom

(N3 ur a8ueyd pjo4) 0T30

100

200

Concentration (uM)

Concentration (uM)

52

51

Relative metabolic activity

un o 7] o "
- - S s S

=)
Q
=]

(N3 ut a8ueya pjo4) %807

Relative metabolic activity

w o n o I 0
- - o o o S

m ~ - -3

(N3A ui a8ueyd pjo4) %'807

400

(=]
(=]
-

30

Concentration (uM)

Concentration (uM)

57

53

Relative metabolic activity
[T] (=) uw [=] (1] (=]
N Q &~ 0 oo Q
- +4 6 ©6 © o
.e_

i (=] — ~ "

(N3A w1 a8ueyd pjo4) 507

Relative metabolic activity

[Ts] o wn o n o
- - o o o S

i (=] - ~ A

(N3A w1 28ueyd pjo4) 01307

100

50
Concentration (uM)

100 200 300 400

0

Concentration (uM)

58

Relative metabolic activity

un (=] T o n o
- - o o o =

- o - S 5
(N3A ui1 33ueyd pjo4) 01307

100 150 200 250

50

Concentration (uM)

223



Appendix C- Licenses

Creative Commons Attribution 3.0 License (CC BY).

A copy of this license is presented below, and can also be found at
https://creativecommons.org/licenses/by/3.0/legalcode.

creative
commons

Attribution 3.0 Unported

CREATIVE COMMONE CORFORATION IS NOT A LAW FIRM AND DOES NOT PROVIDE LEGAL SERVICES.
DISTRIBUTION OF THIS LICENSE DOES NOT CREATE AM ATTORMEY-CLIENT RELATIOMSHIP. CREATIVE
COMMONSE FROVIDES THIS INFORMATION OM AN "AS-I5" BASIS. CREATIVE COMMONS MAKES NO
WARRAMTIES REGARDING THE INFORMATION FROVIDED, AMD DISCLAIMS LIABILITY FOR DAMAGES
RESULTING FROM ITS USE.

License

THE WORK (A5 DEFIMNED BELOW) IS5 PROVIDED UMDER THE TERMS OF THIS CREATIVE COMMONS PUBLIC
LICEMSE ("CCPL" OR "LICENSE"). THE WORK IS5 PROTECTED BY COPYRIGHT ANDFOR OTHER APPLICABLE LAW.
AMNY USE OF THE WORK OTHER THAM AS AUTHORIZED UNMDER THIS LICENSE OR COPYRIGHT LAW IS
FROHIBITED.

BY EXERCISING ANY RIGHTS TO THE WORK PROVIDED HERE, vOU ACCEFT AND AGREE TO BE BOUND BY THE
TERMS OF THIS LICENSE. TO THE EXTENT THIS LICEMSE M&Y BE CONSIDERED TC BE A COMTRACT, THE
LICENSOR GRAMTS ¥OU THE RIGHTS CONTAINED HERE IN CONSIDERATION OF ¥OUR ACCEFPTANCE OF SUCH
TERMS AND COMDITIONS.

1. Definitions

8. "Adaptation” means a work based upon the Work, or upon the Work and other pre-existing works, such as a
translation, adaptation, dervative work, arrangement of music or other alterations of a literary or artistic work, or
phonogram or performance and includes cinematographic adaptations or any other form in which the Work may be
recast, transformed, or adapted including in any form recognizably derived from the original. except that a work that
constitutes a Collection will not be considered an Adaptation for the purpose of this License. For the avoidance of
doubt, where the Work is a musical work, performance or phonogram, the synchronization of the Work in imed-
relation with a moving image ("synching"”) will be considered an Adaptation for the purpose of this License.

b. "Collection” means a collection of literary or artistic works, such as encyclopedias and anthologies, or performances,
phonograms or breadeasts, or other works or subject matter other than works listed in Section 1(f) below, which, by
reason of the selection and arrangement of their contents, constitute intellectual creations, in which the \Wark is
included in its entirety in unmedified form slong with one or more other contributions, each constituting separate and
independent works in themselves, which together are assembled into a collective whaole. & work that constitutes a
Collection will not be considered an Adaptation (as defined abowe) for the purposes of this License.

[}

"Distribute™ means to make available to the public the original and copies of the Work or Adaptation, as appropriate,
through sale or other transfer of ownership.

d. "Licensor" means the individual, individuals, entity or entities that offer(s) the Work under the terms of this License.

e. "Driginal Author” means, in the case of a literary or artistic work, the individual, individuals, entity or entities who
created the Work or if no individual or entity can be identified, the publisher; and in addition (i} in the case ofa
performance the actors, singers, musicians, dancers, and other persons who act, sing, deliver, declaim, play in,
interpret or otherwise perform literary or artistic works or expressions of folklore; {ji} in the case of a phonogram the
producer being the person or legal entity who first fizes the sounds of a perfformance or other sounds; and, (jii} in the
case of broadeasts, the organizetion that transmits the broadeast.
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f "Work" means the literary andior artistic work offered under the terms of this License including without limitation any
production in the literary, scientific and artistic domain, whatever may be the mode or form of its expressiion including
digital fiorm, such as a book, pamphlet and other writing; a lecture, address, sermon or other work of the same nature;
a dramatic or dramatico-musical work; & choreographic work or entertainment in dumb show; 8 musical composition
with or without words; a cinematographic work to which are assimilated works expressed by a process analogous to
cinematography: a work of drawing, painting, architecture, sculpture, engraving or lithography; a photographic work to
wihich are assimilated works expressed by a process analogous to photography; a work of applied art; an illustration,
mag, plan, sketch or three-dimensional work relative to geography, topography, architecture or science; a
performance; a broadeast; a phonogram; & compilation of data to the extent it is protected as a copyrightable work; or
a work performed by a variety or circus performer to the extent it is not otherwize considered a literary or aristic work.

4. "You" means an individual or entity exercising rights under this License who has not previously viclated the terms of
this License with respect to the Waork, or who has received express permission from the Licensor to exercise rights
under this License despite a previous vielation.

h. "Publicly Perform™ means to perform public recitations of the Work and to communicate to the public those public
recitations, by any means or process, including by wire or wireless means or public digital performances; fo make
available to the public Works in such a way that members of the public may access these Works from & place and ata
place individually chosen by them:; to perform the Work to the public by any means or process and the communication
to the public of the perfiormances of the Work, including by public digital performance; fo broadcast and rebroadeast
the Work by any means including signs, sounds or images.

. "Reproduce" mesns to make copies of the Work by any means including without limitation by sound or visual
recordings and the right of fization and reproducing fizations of the \Work, including storage of & protected performance
or phonogram in digital form or other electronic medium.

2. Fair Dealing Rights. Mothing in this License is intended to reduca, limit, or restrict any uses free from copyright or rights
arising from limitations or exceptions that are provided for in connection with the copyright protection under copyright law or
othar spplicable laws.

3. License Grant. Subject to the terms and conditions of this License, Licensor hereby grants You a worldwide, royalty-free,
non-exclusive, perpetual (for the duration of the applicable copyright) license to exercise the rights in the Work as stated
belawr:

8. to Reproduce the Work, to incorporate the Work into one or more Collections, and to Reproduce the Work as
incorporated in the Collections;

b. to create and Reproduce Adaptations provided that any such Adaptation, including any translation in any medium,
takes reasonable steps to clearly label, demarcate or otherwise identify that changes were made fo the original Work.
For example, a translation could be marked "The original work was translated from English to Spanish," ora
madification could indicate "The ariginal work has been modified.”;

c. to Distribute and Publicly Parform the Work including as incorporated in Collections; and,
d. to Distribute and Publicly Perform Adaptations.
e. For the avoidance of doubt:
i. Non-waivable Compulsory License Schemes. In those jurisdictions in which the right to collect royalties

through any statutory or compulsory licensing scheme cannot be waived, the Licensor reserves the exclusive
right to collect such royalties for any exercise by “You of the rights granted under this License;

i. Waivable Compulsory License Schemes. In those jurisdictions in which the right to collect royalties through
any statutory or compulsory licensing scheme can be waived, the Licensor waives the exclusive right to collect
such royalties for any exercise by You of the rights granted under this License; and,

Woluntary License Schemes. The Licensor waives the right to collect royalties. whether individually or, in the
event that the Licensor is & member of a collecting society that administers voluntary licensing schemeas, vis
that society, from any exercise by You of the rights granted under this License.

The abowve rights may be exercised in all media and formats whether now known or hereafter devised. The above rights

include the right to make such modifications as are technically necessary to exercise the nghts in other media and formats.
Subject to Section 2(f), all rights not expressly granted by Licensor are hereby reserved.
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4. Restrictions. The license granted in Section 3 above is expressly made subject to and limited by the following restnctions:

8. You may Distrbute or Publicly Perform the Wark only under the terms of this License. You must include a copy of, or
the Uniform Resource ldentifier (URI) for, this License with every copy of the Work You Distribute or Publicly Perform.
‘fou may not offer or impose any terms on the Work that restrict the terms of this License or the ability of the recipient
of the Work to exercise the rights granted to that recipient under the terms of the License. You may not sublicense the
Work. ou must keep intact all notices that refer to this License and to the disclaimer of warranties with every copy of
the Work You Distribute or Publicly Perform. When You Distribute or Publicly Perform the Waork, You may not impose
any effective technological measures on the Work that restrict the ability of a recipient of the Work from You to
exercise the rights granted to that recipient under the terms of the License. This Section 4(a) applies to the Work as
incorporated in a Collection, but this does not require the Collection apart from the Work itself to be made subject to
the terms of this License. If You create a Collection, upon notice from any Licensor You miust, to the extent practicable,
remgve from the Collection any credit as required by Section 4({b). as requested. If You creste an Adaptation, upon
notice from any Licensor You must, to the extent practicable, remove from the Adaptation any credit as required by
Section 4(b). as reguested.

b. if You Distribute, or Publicly Perform the Work or any Adaptations or Collections, You must, unless a request has been
made pursuant to Section 4{a), keep intact all copyright notices for the Work and provide, reasonable to the medium
or means ou are ufilizing: (i} the name of the Original Author (or pseudonym, if applicable) if supplied, andior if the
Original Author andfor Licensor designate another party or parlies {e.g.. a sponsor institute, publishing entity, journal)
for attribution ("Attribution Parties”) in Licensor's copyright notice, terms of service or by other reasonable means, the
name of such party or parties; (i) the tile of the Work if supplied:; {ii) to the extent reasonsbly practicakble, the URI, if
any, that Licensor specifies to be associated with the Work, unless such URI does not refer to the copyright notice or
licensing information for the Waork; and (iv) , consistent with Section 3(b}, in the case of an Adaptation, a credit
identifying the use of the Work in the Adaptation (e.g., "French translation of the Work by Cnginal Author,” or
"Sereenplay based on original Waork by Original Author"). The credit required by this Section 4 {b) may be
implemented in any reasonakble manner; provided, however, that in the case of a Adaptation or Collection, at a
minimum such credit will appear, if a credit for all contributing authors of the Adaptation or Collection appears, then as
part of these credits and in & manner at least as prominent as the credits for the other contributing authors. For the
avoidance of doubt. You may only use the credit required by this Section for the purpose of attribution in the manner
set out above and, by exercising Your rights under this License, You may not implicitly or explicitly assert or imply any
connection with, sponsorship or endorsement by the Original Author, Licensor and/or Atfribution Parties, as
appropriate, of You or Your use of the Work, without the separate, express prior written permission of the Criginal
Author, Licenser andfor Atfribution Parties.

c. Except as otherwise agreed in writing by the Licensor or as may be otherwise permitted by applicable law, if You
Reproduce, Distribute or Publicly Perform the Waork either by itself or as part of any Adaptations or Collections, You
must not distort, mutilate, modify or take other derogatory action in relation to the Work which would be prejudicial to
the Original Author's honor or reputation. Licensor agrees that in those jurisdictions {e.g. Japan), in which any
exercise of the right granted in Section 2({b) of this License (the right to make Adaptations) would be deemed fo be a
distortion, mutilation, modification or other derogatory action prejudicial to the Original Author's honer and reputation,
the Licensor will waive or not assert, as appropriate, this Section, to the fullest extent permitted by the applicable
national law, to enable You to reasonably exercise Your right under Section 2(b) of this License (right to make
Adaptations) but not othensise.

5. Representations, Warranties and Disclaimer

UMLESS OTHERWISE MUTUALLY AGREED TC BY THE PARTIES IN WRITING, LICEMSOR OFFERS THE WORK AS-IS
AMD MAKES NO REPRESENTATIONS OR WARRAMTIES OF ANY HIND CONCERMIMG THE WORK, EXPRESS,
MPLIED, STATUTORY QR OTHERWISE, INCLUDING, WITHOUT LIMITATION, WARRAMTIES OF TITLE,
MERCHAMTIBILITY, FITMESS FOR A PARTICULAR PURPOSE, MOMINFRINGEMEMT, OR THE ABSEMCE OF LATENT
OR OTHER DEFECTS, ACCURACY, OR THE PRESEMCE OF ABSENCE OF ERRORS. WHETHER OR MOT
DISCOVERAEBLE. SOME JURISDICTIONS DO NOT ALLOW THE EXCLUSION OF IMPLIED WARRANTIES, S0 SUCH
EXCLUSION MAY MOT APPLY TO YOU.

6. Limitation on Liability. EXCEPT TC THE EXTENT REQUIRED BY APPLICABLE LAW, IN NO EVEMT WILL LICEMSOR
BE LIABLE TO YOU OM ANY LEGAL THEQRY FOR ANY SPECIAL, INCIDENTAL, CONSEQUENTIAL, PUNITIVE OR
EXEMPLARY DAMAGES ARISING OUT OF THIS LICENSE OR THE USE OF THE WORK, EVEMN IF LICENSOR HAS
BEEM ADVISED OF THE POSSIBILITY OF SUCH DAMAGES.
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7. Termination

8. This License and the rights granted hereunder will terminate automatically upon any breach by You of the terms of this
License. Individuals or entities who have received Adaptations or Collections from You under this License, however,
will not have their licenses terminated provided such individuals or entities remain in full compliance with those
licenses. Sections 1. 2, 5, 8, 7, and & will survive any termination of this License.

b. Subject to the sbove terms and conditions, the license granted here is perpetusl (for the duration of the applicable
copyright in the Work). Motwithstanding the abowe, Licensor reserves the right to relesse the Work under different
license terms or to stop distributing the Work at any time; provided, however that any such election will not serve to
withdraw this License (or any other license that has been, or is required o be, granted under the terms of this
License}, and this License will continue in full force and effect unless terminated as stated above.

8. Miscellaneous

8. Each time ¥ou Distribute or Publicly Perform the Work or a8 Collection, the Licensor offers to the recipient a license to
the Work on the same terms and conditions as the license granted to You under this License.

b. Each time ¥ou Distribute or Publicly Perform an Adaptation, Licensor offers to the recipient a license to the original
\Waork on the same terms and conditions as the license granted to “ou under this Licenss.

c. If any provision of this License is invalid or unenforceable under spplicable law, it shall not affect the validity or
enforceability of the remainder of the terms of this License, and without further action by the parties to this agreement,
such provision shall be reformed to the minimum extent necessary to make such provision valid and enforceable.

d. Mo term or provision of this License shall be deemed waived and no breach consented to unless such waiver or
consent shall be in writing and signed by the party to be charged with such waiver or consent.

. This License constitutes the entire agreement between the parties with respect to the Work licensed here. There are
no understandings, agreements or representations with respect to the Work not specified here. Licensor shall not be
bound by any additional provisions that may appear in any communication from Yiou. This License may not be
madified without the mutusl written agreement of the Licensor and You.

f. The nghts granted under, and the subject matter referenced, in this License were drafted utilizing the terminology of
the Berne Convention for the Protection of Literary and Artistic Waorks (as amended on September 28, 1978), the
Rome Convention of 1861, the WIPO Copynght Treaty of 1998, the WIPO Performances and Phonograms Treaty of
1886 and the Universal Copyright Convention (as revised on July 24, 1871). These rights and subject matter take
effect in the relevant jurisdiction in which the License terms are sought to be enforced according to the corresponding
provisions of the implementation of those treaty provisions in the applicable national law. If the standard suite of rights
granted under applicable copyright law includes additional rights not granted under this License, such additional rights
are deemed to be included in the License; this License is not intended to restrict the license of any rights under
applicable law.

Creative Commons Notice

Creative Commons is not a party to this License, and makes no warranty whatsoever in connection with the Worlk.
Creative Commons will not be liable to You or any party on any legal theory for any damages whatsoever, including
without limitation any genersl, special, incidental or consequential damages arising in connection to this license.
Motwithstanding the foregoing two (2) sentences, if Creative Commons has expressly identified itself as the Licensor
hereunder, it shall have all rights and obligatons of Licensor.

Except fior the limited purpose of indicating to the public that the Work is licensed under the CCPL, Creative Commons
does not authorize the use by either party of the trademark "Creative Commons" or any related trademark or logo of
Creative Commons without the prior wntten consent of Crestive Commons. Any pemmitted use will be in compliance with
Creative Commons' then-current trademark usage guidelines, as may be published on its website or otherwise made
available upon request from time to time. For the avoidance of doubt, this trademark restriction does not form part of this
License.

Creative Commons may be contacted at https:Vereativecommons._org).
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Creative Commons Attribution 3.0 License (CRC 3.0, by,nc,nd).

A copy of this license is presented below, and can also be found at
https://creativecommons.org/licenses/by-nc-nd/3.0/legalcode
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¥ T

9 commons

Attribution-NonCommercial-NoDerivs 3.0 Unported

CREATIVE COMMONE CORFORATIONM IS NOT A LAW FIRM AND DOES NOT PROVIDE LEGAL SERVICES.
DISTRIBUTION OF THIS LICEMSE DOES MOT CREATE AM ATTORMEY-CLIEMT RELATIOMSHIP. CREATIVE
COMMONE FROVIDES THIS INFORMATION ON AN "AS-I5" BASIS. CREATIVE COMMONS MAKES NO
WARRAMNTIES REGARDIMNG THE INFORMATION PROVIDED, AMD DISCLAIMS LIABILITY FOR DAMAGES
RESULTING FROM ITS USE.

License

THE WORHK (AS DEFINED BELOW) IS PROVIDED UNDER THE TERME OF THIS CREATIVE COMMONS PUBLIC
LICEMSE ("CCPL" OR "LICENSE"). THE WORK |5 PROTECTED BY COPYRIGHT ANDVOR OTHER APPLICABLE LAW.
AMNY USE OF THE WORK OTHER THAM AS AUTHORIZED UNDER THIS LICEMSE OR COPYRIGHT LAW IS
PRCHIBITED.

BY EXERCISING ANY RIGHTS TO THE WORK PROVIDED HERE, vOU ACCEPT AND AGREE TO BE BOUND BY THE
TERMS OF THIS LICENSE. TO THE EXTENT THIS LICENSE MAY BE CONSIDERED TC BE A CONTRALCT, THE
LICENSOR GRANTS ¥OU THE RIGHTS CONTAINED HERE IN CONSIDERATION OF YOUR ACCEFTANCE OF SUCH
TERMS AND COMDITIONS.

1. Definitions

8. "Adaptation” means a work based upon the Werk, or upon the Work and other pre-existing works, such as a
translation, adaptation, dervative work, arrangement of music or other alterations of a literary or artistic work, or
phonogram or performance and includes cinematographic adaptations or any ather form in which the Work may be
recast, transformed, or adapted including in any form recognizably derived from the original, except that a work that
constitutes & Collection will not be considered an Adaptation for the purpese of this License. For the avoidance of
doubt, where the Work is a musical work, performance or phonogram, the synchronization of the Weork in timed-
relation with a moving image ("synching”) will be considered an Adaptation for the purpose of this License.

b. "Collection™ means a collection of literary or artistic works, such as encyclopedias and anthologies, or perfformances,
phonograms or broadcasts, or other works or subject matter other than works listed in Section 1(f) below, which, by
reason of the selection and arrangement of their contents, constitute intellectual creations, in which the Work is
included in its entirety in unmodified form along with one or more other contributions, each constituting separate and
independent works in themselves, which together are assembled into a collective whaole. & work that constitutes a
Caollection will not be considered an Adaptation (as defined sbowve) for the purposes of this License.

c. "Distribute” means to make available to the public the original and copies of the Waork through sale or other transfer
of ownership.

d. "Licensor” means the individual, individuals, entity or enfities thet offer(s) tha Work under the terms of this Licens=.

. "Driginal Author” means, in the case of a literary or artistic work, the individual, individuals, entity or entities who
created the Work or if no individual or entity can be identified, the publisher; and in addition (i} in the case ofa
performance the actors, singers, musicians, dancers, and other persons who act, sing, deliver, declaim, play in,
interpret or othenwise perform literary or artistic works or expressions of folklore; (1i) in the case of a phonogram the
producer being the person or legal entity who first fixes the sounds of & performance or other sounds; and, (i} in the
case of broadeasts, the organization that transmits the broadeast.
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T "Work" means the lterary and/or artistic work offered under the terms of this License including without limitation any
production in the literary, scientific and artistic domain, whatever may be the mode or form of its expression including

digital formn, such as a book, pamphlet and other writing: a lecture, address, sermon or other work of the same nature;

a dramatic or dramatico-musical work; a choreographic work or entertsinment in dumb show; a musical compaosition
with or without words; a cinematographic work to which are assimilated works expressed by a process analogous to

cinematography; a work of drawing, painting, architecture, sculpture, engraving or lithography; a photographic work to

which are assimilated works expressed by a process analogous to photography; a work of applied art; an illustration,
map, plan, sketch or three-dimensional work relative to geography, topography, architecture or science; a

performance; a broadcast; a phonogram; & compilation of data to the extent it is protected as a copyrightable works; or
a work performed by a variety or circus performer to the extent it is not otherwise considered a literary or artistic work.

g. "You" means an individual or entity exercising rights under this License who has not previously viclated the terms of
this License with respact to the Work, or who has received express permission from the Licensor to exercise righis
under this License despite a previous violation.

h. "Publicly Perform™ means to perform public recitations of the Work and fo communicate to the public those public
recitations, by any means or process, including by wire or wireless means or public digital perfformances; to make

available to the public Works in such a way that members of the public may access these Works from a place and at s

place individually chosen by them; to perform the Work to the public by any means or process and the communication

to the public of the performances of the Work, including by public digital performance; to broadcest and rebroadcast
the Work by any means including signs, sounds or images.

. "Reproduce" mesans to make copies of the Work by any means including without limitation by sound or visual

recordings and the right of fixation and reproducing fizations of the Work, including storage of a protected performance

or phonogram in digital form or other electronic medium.

2. Fair Dealing Rights. Mothing in this License is intended to reduce, limit, or restrict any uses free from copyright or nghts
ansing from limitations or exceptions that are provided fior in connection with the copyright protection under copyright law or
other applicable laws.

3. License Grant. Subject to the terms and conditions of this License, Licensor hereby grants You a worldwide, royalty-free,
non-exclusive, perpetual (for the duration of the applicable copyright) license to exercise the rights in the \Work as stated
below:

8. to Reproduce the Work, to incorporate the Work into one or more Collections, and to Reproduce the Work as
incorporated in the Collections; and,

b. to Distribute and Publicly Perform the Work including as incorporated in Collections.

The above rights may be exercised in all media and formats whether now known or hereafter devised. The above rights
include the right to make such modifications as are technically necessary to exercise the nights in other media and formats,

but otherwise you have no rights to make Adaptations. Subject to 8(f), all rights not expressly granted by Licensor are hereby

reserved, including but not limited to the rights set forth in Section 4({d}.

4. Restrictions. The license granted in Section 2 above is expressly made subject to and limited by the following restnctions:

8. You may Distribute or Publicly Perform the Wark only under the terms of this License. You must include a copy of, or

the Uniform Resource Identifier (URI) for, this License with every copy of the Work You Distribute or Publicly Perform.

‘fou may not offer or impose any terms on the Work that restrict the terms of this License or the ability of the recipient

of the Waork to exercise the rights granted to that recipient under the terms of the Licensa. You may not sublicense the

Waork. You must keep intact all notices that refer to this License and to the disclaimer of warranties with every copy of
the Work You Distibute or Publicly Perform. When “You Distribute or Publicly Perform the Work, “ou may not imposea
any effective technological measures on the Work that restrict the ability of a recipient of the Work from You to
exercise the rights granted to that recipient under the terms of the License. This Section 4(a) applies to the Work as
incorporated in a Collection, but this does not require the Collection apart from the Work itself to be made subject to

the terms of this License. If You create a Collection, upon notice fromn any Licensor You must, to the extent practicable,

remove from the Collection any credit as required by Section 4{c), as requested.

b. ¥ou may not exercise any of the rights granted to You in Section 3 above in any manner that is primarily intended for
or directed toward commercial advantage or privete monetary compensation. The exchange of the Work for other
copyrighted works by means of digital file-sharing or otherwise shall not be considered to be intended for or directed
toward commercial advantage or private monetary compensation, provided there is no payment of any monetary
compensation in connection with the exchange of copyrighted works.
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¢. If You Distribute, or Publicly Perform the Work or Collections, You must, unless a request has been made pursuant to
Section 4{a). keep intact all copyright notices for the Work and provide, reasonable to the medium or means You are
utilizing: (i) the name of the Crginal Author (or pseudonym, if applicable) if supplied, and/or if the Criginal Author
andfor Licensor designate another party or parties (e.g., 8 sponsor institute, publishing entity, journal) for attribution
("Attribution Parties"} in Licensor's copyright notice, terms of service or by other reasonable means, the name of such
party or parties; {ii) the title of the Work if supplied; (iii} to the extent reasonably practicable, the URI, if any, that
Licensor specifies to be associated with the Work, unless such URI does not refer to the copyright notice or licensing
information for the Work. The credit required by this Section 4{c) may be implemented in any reasonable manner;
provided, however, that in the case of a Collection, at a minimum such credit will appear, if a credit for all contributing
authors of Collection appears, then as part of these credits and in @ manner at least as prominent as the credits for the
other confributing authors. For the avoidance of doubt, You may only use the credit required by this Section for the
purpose of attribution in the manner set out above and, by exercising Your rights under this License, “You may not
implicitly or explicily assert or imply any connection with, sponsorship or endorsement by the Original Author, Licensor
andfor Affribution Parties, as appropriste, of ¥You or Your use of the Work, without the separate, express prior written
permission of the Original Author, Licensor and/or Attribution Parties.

d. Faor the avoidance of doubt:
i. Non-waivable Compulsory License Schemes. In those jurisdictions in which the right to collect royalties

throwgh any statutory or compulsary licensing scheme cannot be waived, the Licensor reserves the exclusive
right to collect such royalties for any exercise by You of the rights granted under this License;

. Waivable Compulsory License Schemes. In those jurisdictions in which the right to collect royslties through
any statutory or compulsory licensing scheme can be waived, the Licensor reserves the exclusive right to
collect such royalties for any exercise by You of the rights granted under this License if Your exercise of such
rights is for a purpose or use which is otherwise than noncommercisl 8s permitted under Section 4(b) and
otherwise waives the right to collect royalties through any statutory or compulsory licensing scheme; and,

Voluntary License Schemes. The Licensor reserves the right to collect royalties, whether individually or, in the
event that the Licensor is 8 member of a collecting society that administers voluntary licensing schemes, via
that society, from any exercise by You of the rights granted under this License that is for a purpose or use
which is otherwise than noncommercial as permitted under Section 4(b}.

. Ezcept as otherwise agreed in writing by the Licensor or as may be otherwise permitted by applicable law, if You
Reproduce, Distribute or Publicly Parform the Work either by itself or as part of any Collections, You must not distort,
mutilate, modify or take other derogatory action in relation to the Work which would be prejudicial to the Crigina
Author's honor or reputation.

5. Representations, Warranties and Disclaimer

UMLESS OTHERWISE MUTUALLY AGREED BY THE PARTIES IN WRITING, LICEMSOR OFFERS THE WORK A5-13
AMD MAKES NO REPRESENTATIONS OR WARRAMTIES OF ANY HIND COMCERMIMG THE WORK, EXPRESS,
MPLIED, STATUTORY QR OTHERWISE, INCLUDING, WITHOUT LIMITATION, WARRAMNTIES OF TITLE,
MERCHAMTIBILITY, FITMESS FOR A PARTICULAR PURPOSE, MOMINFRINGEMEMT, OR THE ABSEMCE OF LATENT
OR OTHER DEFECTS, ACCURACY, OR THE PRESEMNCE OF ABSENCE OF ERRORS, WHETHER OR MNOT
DISCOVERAEBLE. SCOME JURISDICTIONS DO NOT ALLOW THE EXCLUSION OF IMPLIED WARRANTIES, S0 SUCH
EXCLUSION M&Y MOT APPLY TO W OU.

&. Limitation on Liability. EXCEPT TO THE EXTENT REQUIRED EY APPLICABLE LAW, IN NO EVENT WILL LICEMSOR
BE LIABLE TO ¥OU OM ANY LEGAL THEORY FOR ANY SPECIAL, INCIDEMNTAL, CONSEQUENTIAL, PUNITIVE OR
EXEMPLARY DAMAGES ARISING QOUT OF THIS LICEMSE OR THE USE OF THE WORK, EVEM IF LICENSOR HAS
BEEM ADVISED OF THE FOSSIBILITY OF SUCH DAMAGES.

7. Termination

8. This License and the rights granted hereunder will terminate automatically upon any breach by You of the terms of this
License. Individuals or entities who have received Collections from You under this License, howewver, will not hawve
their licenses terminated provided such individuals or entities remain in full compliance with those licenses. Sections
1,2, 5.8, 7. and 2 will survive any termination of this License.

b. Subject to the above terms and conditions, the license granted here is perpetusl (for the duretion of the applicable
copyright in the Work). Motwithstanding the above, Licensor reserves the right to relesse the Work under different
license terms or to stop distributing the Work at any time; provided, howewer that any such election will not serve to
withdraw this License (or any other license that has been, or is required fo be, granted under the terms of this
License), and this License will continue in full force and effect unless terminated as ststed sbove.
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8. Miscellaneous

8. Each time ¥ou Distribute or Publicly Perform the Work or a Collection, the Licenser offers to the recipient a license to
the Work on the same terms and conditions as the license granted to You under this License.

b. If any provision of this License is invalid or unenforcesble under spplicable [aw, it shall not affect the walidity or
enforceability of the remainder of the terms of this License, and without further action by the parties to this agreement,
such provision shall be reformed to the minimum extent necessary to make such provision valid and enforcesble.

c. Mo term or provision of this License shall be deemed waived and no breach consented to unless such waiver or
consent shall be in writing and signed by the party to be charged with such waiver or consent.

d. This License constitutes the entire agreement between the parties with respect to the Work licensed here. There are
no understandings, agreements or representations with respect to the Work not specified here. Licensor shall not be
bound by any additional provisions that may appear in any communication from You. This License may not be
maodified without the mutusl written agreement of the Licensor and You.

. The rights granted under, and the subject matter referenced, in this License were drafted utilizing the terminclogy of
the Berne Convention for the Protection of Literary and Artistic Waorks {as amended on September 28, 1978), the
Rome Convention of 1861, the WIPO Copynght Treaty of 1888, the WIPO Performances and Phonograms Treaty of
1885 and the Universal Copyright Convention (as revised on July 24, 1871). These rights and subject matter take
effect in the relevant jurisdiction in which the License terms are sought to be enforced according to the corresponding
provisions of the implementation of those treaty provisions in the applicable national law. If the standard suite of rights
granted under applicable copyright law includes additional rights not granted under this License, such additional nghts
are deemed to be included in the License; this License is not intended to restrict the license of any rights under
applicable law.

Creative Commons Notice

Creative Commons is not a party to this License, and makes no warranty whatsoever in connection with the Waork.
Creative Commons will not be liable to You or any party on any legal theory for any damages whatsoever, including
without limitation any genersl, specisl, incidental or consequential damages arising in connection to this license.
Motwithstanding the foregoing two (2) sentences, if Creative Commens has expressly identified itself as the Licensor
hereunder, it shall have all rights and obligatons of Licensor.

Except fior the limited purpose of indicating to the public that the Work is licensed under the CCPL, Creative Commons
does not authorize the use by either party of the trademark "Creative Commons" or any related trademark or logo of
Creative Commons without the prior written consent of Crestive Commons. Any permitted use will be in compliance with
Creative Commons' then-current trademark usage guidelines, as may be published on its website or otherwise made
available upon request from time to time. For the avoidance of doubt, this trademark restriction does not form part of this
Licensa.

Creative Commons may be contacted at https:lcreativecommons._org).
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Creative Commons Attribution 4.0 International License

A copy of the license is presented below, and can also be found at
https://creativecommons.org/licenses/by/4.0/legalcode.

creative
commons

Attribution 4.0 International

Official translations of this license are available in other languages. E

4 3

Creative Commons Corporation ("Creative Commons™) is not a law firm and does not provide legal services or legal
advice. Distribution of Creative Commons public licenses does not create a lawyer-client or other relstionship. Creative
Commons makes its licenses and related information avsilable on an "as-is” basis. Creative Commons gives no warranties
regarding its licenses, any material licensed under their termns and conditions, or any related information. Creative
Commons disclaims all liability for damages resulting from their use to the fullest extent possible.

Using Creative Commaons Public Licenses

Creative Commons public licenses provide a standard set of termis and conditions that creators and other rights holders
may use to share onginal works of authorship and other material subject to copyright and certain other rights specified in
the public license below. The following considerations are for informational purposes only, are not exhaustive, and do not
form part of our licenses.

Considerations for licensors: Our public licenses are intended for use by those suthorized to give the public
permission to use material in ways otherwise restricted by copyright and certain other rights. Cur licenses are
irrevocable. Licensors should read and understand the terms and conditions of the license they choose before applying
it. Licensors should also secure all rights necessary before applying our licenses so that the public can reuse the
material as expected. Licensors should elearly mark any material not subject to the license. This includes other CC-
licensed material, or material used under an exception or limitation to copyright. More considerations for licensors.

Considerations for the public: By using one of our public licenses, a licensor grants the public pemission fo use the
licensed material under specified termis and conditions. If the licensor's permission is not necessary for any reason—for
example, because of any applicable exception or limitation to copyright—then that use is not regulated by the license.
Cwr licenses grant only permissions under copyright and certain other rights that a licensor has authority to grant. Use
of the licensed material may still be resticted for other reasons, including because others have copyright or other rights
im the material. & licensor may make special requests, such as asking that all changes be marked or described.
Although not required by our licenses, you are encouraged to respect those requests where reasonable. Maore
considerations for the public.

Creative Commons Attribution 4.0 International Public License

By exercising the Licensed Rights (defined below), You accept and agree to be bound by the terms and conditions of this
Creative Commons Attribution 4.0 International Public License ("Public License"}). To the extent this Public License may be
interpreted as 8 contract, You are granted the Licensed Rights in consideration of Your acceptance of these terms and
conditions, and the Licensor grants You such rights in consideration of benefits the Licensor receives from making the
Licensed Material svailable under these terms and conditions.
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Section 1 — Definitions.

8. Adapted Material means material subject to Copyright and Similar Rights that is derived from or based upon the
Licensed Material and in which the Licensed Material is franslated, altered, arranged, transformed, or otherwise
maodified in a manner requiring permission under the Copyright and Similar Rights held by the Licensor. For purposes
of this Public License, where the Licensed Matenal is a musical work, performance, or sound recording, Adapted
Material is slways produced where the Licensed Material is synched in fimed relation with a moving image.

b. Adapter's License means the license You apply to Your Copynght and Similar Rights in Your contributions to
Adapted Material in accordance with the terms and conditions of this Public License.

()

. Copyright and Similar Rights means copyright andior similar nghts closely related to copyright including, withouwt
limitation, performance, broadcast, sound recording. and Sui Generis Database Rights, without regard to how the
rights are labeled or categorized. For purposes of this Public License, the rights specified in Section 2{(b){1}+(2} are not
Copyright and Similar Rights.

d. Effective Technological Measures means those measures that, in the absence of proper authaority, may not be
circumvented under laws fulfilling obligations under Article 11 of the WIPO Copynght Treaty adopted on December 20,
18846, and/or similar international agreements.

&. Exceptions and Limitations means fair use, fair dealing. and/or any other exception ar limitation to Copyright and
Similar Rights that applies to Your use of the Licensed Maternal.

o

. Licensed Material means the artistic or literary work, database, or other material to which the Licensor applied this
Public License.

g. Licensed Rights means the rights granted to You subject to the terms and conditions of this Public License, which
are limited to all Copyright and Similar Rights that apply to “our use of the Licensead Material and that the Licensor has
authority to license.

h. Licensor means the individual{s} or entity{ies) granting rights under this Public License.

. Share means to provide material to the public by any means or process that requires permission under the Licensad
Rights, such as reproduction, public display, public perfiormance, distribution, dissemination, communication, or
impaortation, and to make material available to the public including in ways that members of the public may access the
material from & place and at a time individually chosen by them.

. Sui Generis Database Rights means rights other than copyright resulting from Directive 86/%/EC of the European
Parliament and of the Council of 11 March 1228 on the legal protection of databases, as amended andfor succeeded,
as well as other essentially equivalent nghts anywhere in the world.

k. You means the individual or entity exercising the Licensed Rights under this Public License. Your has a
corresponding meaning.

Section 2 — Scope.

8. License grant.
1. Subject to the terms and conditions of this Public License, the Licensor hereby grants You a worldwide, royalty-
free, non-sublicensable, non-exclusive, irrevocable license to exercise the Licensed Rights in the Licensed
Material to:
A reproduce and Share the Licensed Material, in whale or in part; and

B. produce, reproduce, and Share Adapted Material.

pa

. Exceptions and Limitations. For the avoidance of doubt, where Exceptions and Limitations apply to Your use,
this Public License does not apply. and You do not need to comply with its terms and conditions.

3. Term. The term of this Public License is specified in Section G(a).

4. Medis and formasts: technical modifications sllowed. The Licensor authorizes You to exercise the Licensed
Rights in all media and formats whether now known or hereafter created, and to make technical modifications
necessary to do so. The Licensor waives and/or agrees not to assert any right or authority to forbid You from
making technical medifications necessary to exercise the Licensed Rights, including technical modifications
necessary to circumvent Effective Technological Measures. For purposes of this Public License, simply making
maodifications suthorized by this Section 2{a){4) never produces Adapted Material.

5. Downstream recipients.
A Offer from the Licensor — Licensed Material. Every recipient of the Licenzed Material automatically
receives an offer from the Licensor to exercise the Licensed Rights under the terms and conditions of
this Public License.
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B. Mo downstream restrictions. You may not offer or impose any additional or different terms or conditions
on, or apply any Effective Technological Measures to, the Licensed Material if doing so restricts exercise
of the Licensed Rights by any recipient of the Licensed Material.

G. Mo endorsement. Mothing in this Public License constitutes or may be construed as permission to assert or
imply that “You are, or that Your use of the Licensed Material is, connected with, or sponsored, endorsed, or
granted official status by, the Licensor or others designated to receive attribution as provided in Section 3{a}1

(A
b. Other rights.

1. Moral rights, such as the right of integrity, are not licensed under this Public License, nor are publicity, privacy,
andfor other similar personality rights; however, to the extent possible, the Licensor waives and/or agrees not
to essert any such rights held by the Licensor fo the limited extent necessary to sllow You to exercise the
Licensed Rights, but not otherwise.

2. Patent and frademark rights are not licensed under this Public License.

3. To the extent possible, the Licensor waives any right to collect royalties from “ou for the exercise of the
Licensed Rights, whether directly or through a collecting society under any voluntary or waivable statutory or
compulsory licensing scheme. In all other cases the Licensor expressly reserves any rnight to collect such
royalties.

Section 3 - License Conditions.
‘Your exercise of the Licensad Rights is expressly made subject fo the following conditions.
a. Attribution.
1. if You Share the Licensed Material (including in modified fiorm), You must

A retain the following if it is supplied by the Licensor with the Licensed Material:
i. identification of the creator(s) of the Licensed Material and any others designated to receive
attribution, in any reasonable manner requested by the Licensor {including by pseudonym if
designated);

ii. a copyright notice;
ii. & notice that refers to this Public License;
iv. & notice that refers to the disclaimear of warrantias;
w. & URI or hyperlink to the Licensed Material to the extent reasonably practicable;
B. indicate if You medified the Licensed Material and retasin an indication of any previous modifications; and

C. indicate the Licensed Material is licensed under this Public License, and include the text of, or the URI
or hyperink to, this Public License.

. fou may satisfy the conditions in Section 2{al1] in any reasonable manner based on the medium, means, and
context in which You Share the Licensed Material. For example, it may be reasonable to satisfy the conditions
by providing a URI or hyperlink to a resgurce that includes the required information.

P

3. if requested by the Licensor, You must remove any of the information required by Section 3{a){1HA} to the
extent reasonably practicable.

4. if You Share Adapted Material You produce, the Adapter's License “You apply must not prevent recipients of the
Adapted Materal from complying with this Public License.

Section 4 — Sui Generis Database Rights.
Where the Licensed Rights include Sui Generis Database Rights that apply to Your use of the Licensed Material:

8. for the avoidance of doubt, Section 2{a){1]) grants “You the right to extract, reuse, reproduce, and Share all or a
substantial portion of the contents of the database;

b. if You include all or a substantial portion of the datsbase contents in & database in which You have Sui Generis
Database Rights, then the database in which You have Sui Generis Datebase Rights {but not its individual contents) is
Adapted Material; and
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. fou must comply with the conditions in Section 3{a} if You Share all or a substantial portion of the contents of the
database.

Far the avoidance of doubt, this Section 4 supplements and does not replace Your obligations under this Public License
where the Licensed Rights include other Copyright and Similar Rights.

Section § — Disclaimer of Warranties and Limitation of Liability.

a. Unless otherwise separately undertaken by the Licensor, to the extent possible, the Licensor offers the
Licensed Material as-is and as-available, and makes no representations or warranties of any kind concerning
the Licensed Material, whether express, implied, statutory, or other. This includes, without limitation,
warranties of title, merchantability, fitness for a particular purpose, non-infringement, absence of latent or
other defects, accuracy, or the presence or absence of errors, whether or not known or discoverable. Where
disclaimers of warranties are not allowed in full or in part, this disclaimer may not apply to You.

b. To the extent possible, in no event will the Licensor be liable to You on any legal theory (including, without
limitation, negligence) or otherwise for any direct, special, indirect, incidental, consequential, punitive,
exemplary, or other losses, costs, expenses, or damages arising out of this Public License or use of the
Licensed Material, even if the Licensor has been advised of the possibility of such losses, costs, expenses, or
damages. Where a limitation of liability is not allowed in full or in part, this limitation may not apply to You.

«. The disclaimer of warranties and limitation of liability provided sbove shall be interpreted in a manner that, to the
extent possible, most closely approximates an absolute disclaimer and waiver of all iability.

Section & — Term and Termination.

8. This Public License apples for the term of the Copyright and Similar Rights licensed here. However. if You fail to
comply with this Public License, then Your rights under this Public License terminate automatically.

b. Where “Your right to use the Licensed Material has terminated under Section B{a), it reinstates:

1. automatically as of the date the violation is cured, provided it is cured within 30 days of YYour discovery of the
violation; or

2. upon express reinstatement by the Licensor.

Faor the avoidance of doubt, this Section G(b) does not affect any right the Licensor may have to seek remedies for
Your violations of this Public License.

c. For the avoidance of doubt, the Licensor may slso offer the Licensed Material under separate terms or conditions or
stop distributing the Licensed Material at any time; however, doing so will not terminate this Public License.

d. Sections 1, 5, 8, 7, and 8 survive termination of this Public License.
Section 7 — Other Terms and Conditions.

8. The Licensor shall not be bound by any additional or different terms or conditions communicated by You unless
expressly agreed.

b. Any arrangements, understandings, or agreements regarding the Licensed Material not stated herein are separate
from and independent of the terms and conditions of this Public License.

Section & — Interpretation.

8. For the avoidance of doubt, this Public License does not, and shall not be interpreted to, reduce, limit, restrict, or
impose conditions on any use of the Licensed Material that could lawfully be made without permission under this
Public License.

b. To the extent possible, if any provision of this Public License is deemed unenforceable, it shall be automatically
reformed to the minimum extent necessary to make it enforceable. If the provision cannot be reformed, it shall be
severed from this Public License without affecting the enforceability of the remaining terms and conditions.

c. Mo term or condition of this Public License will be weived and no failure to comply consented to unless expresshy
agreed to by the Licensor.

d. Mothing in this Public License constitutes or may be interpreted as a limitation upon, or waiver of, any privileges and
immunities that apply to the Licensor or You, including from the legal processes of any jurisdiction or authonty.
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Creative Commons is not a party to its public licenses. Motwithstanding, Creative Commons may elect to apply one of its
public licenses to material it publishes and in those instances will be considered the “Licensor.” The text of the Creative
Commons public licenses is dedicated to the public domain under the CC0O Public Domain Dedication. Except for the
limited purpose of indicating that material is shared under a Creative Commaons public license or as otherwise permitted by
the Creative Commons policies published at crestivecommons.org/policies, Creative Commons does not sauthorze the use
of the trademark “Creative Commaons” or any other tredemark or logo of Creative Commons without its prior written
consent including, without limitation, in connection with any unauthorized medifications to any of its public licenses or any
other arrangements, understandings, or agreements concerning use of licensed material. For the avoidance of doubt, this
paragraph does not form part of the public licenses.

Creative Commans may be contacted at creativecommons.org.

Additional languages available: Bahasa Indonesia, Deutsch, francais, hrvatski, italiano, Mederlands, norsk, polski,
suomeksi, svensks, te reo M3or, Torkce, ykpaikcess, 2u = 5 EE Flease read the FAQ for more information about
official translations.

236



Appendix D:

Dornan MH?, Krishnan R?, Macklin AM?, Selman M, El Sayes N, Son HH, Davis C, Chen A, Keillor K, Le
PJ, Moi C, Ou P, Pardin C, Canez CR, Le Boeuf F, Bell JC, Smith JC, Diallo JS, Boddy CN. “First-in-class
small molecule potentiators of cancer virotherapy.” Scientific Reports. 26;6:26786 (2016) doi:
10.1038/srep26786.

1Equal contribution

This article was published under a CCY BY license (Creative Commons Attribution 4.0
International License). A copy of the license is available here:
https://creativecommons.org/licenses/by/4.0/legalcode

237



SCIENTIFIC REPLIRTS

OPEN

Received: 09 September 2015
Accepted: og May 2016
Published: 26 May 2016

First-in-class small molecule
potentiators of cancer virotherapy
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John C. Bell?3, Jeffrey C. Smith#, Jean-Simon Diallo*3 & Christopher N. Boddy*

The use of engineered viral strains such as gene therapy vectors and oncolytic viruses (OV) to selectively
destroy cancer cells is poised to make a major impact in the clinic and revolutionize cancer therapy. In
particular, several studies have shown that OV therapy is safe and well tolerated in humans and can
infect a broad range of cancers. Yet in clinical studies OV therapy has highly variable response rates.
The heterogeneous nature of tumors is widely accepted to be a major obstacle for OV therapeutics

and highlights a need for strategies to improve viral replication efficacy. Here, we describe the
development of a new class of small molecules for selectively enhancing OV replication in cancer tissue.
Medicinal chemistry studies led to the identification of compounds that enhance multiple OVs and
gene therapy vectors. Lead compounds increase OV growth up to 2000-fold in vitro and demonstrate
remarkable selectivity for cancer cells over normal tissue ex vivo and in vivo. These small molecules also
demonstrate enhanced stability with reduced electrophilicity and are highly tolerated in animals. This
pharmacoviral approach expands the scope of OVs to include resistant tumors, further potentiating
this transformative therapy. It is easily foreseeable that this approach can be applied to therapeutically
enhance other attenuated viral vectors.

Genetically attenuated viruses form the basis of a growing number of biotechnology and pharmaceutical plat-
forms, including oncolytic viruses (OVs) and gene therapy vectors for the treatment of cancers. In particular, OV
therapy has shown significant promise with strong clinical evidence demonstrating that OV's can lead to profound
anti-tumor responses in patients"* with very mild side-effects, often described as acute flu-like symptoms®. OVs
are based on a wide range of viral backbones from small RNA viruses like rhabdoviruses, to large DNA viruses
such as herpesviruses (HSV) and are currently being evaluated in clinical trials to treat a range of cancer types’.
OV therapeutics have been explored for over 60 years and in 2005, the oncolytic adenovirus H101 was approved
in China for the treatment of head and neck cancers. Oncolytic HSV-1 expressing granulocyte macrophage col-
ony stimulating factor has been approved in North America based on favourable phase III clinical trial data in
melanoma (NCT00769704).

OVs have been selectively engineered to take advantage of several hallmarks of cancer in order to prefer-
entially replicate in tumor cells. The increased metabolism of cancers, their resistance to apoptosis, and their
often defective innate antiviral response provide fertile ground for most viruses*. Genetic attenuation of specific
virulence genes generates viruses that are selectively attenuated in normal host cells but still capable of infecting
cancer cells. When effective, OV's lead to durable cures by direct lysis of cancer cells, vascular shutdown, and
through generation of a strong anti-tumor immune response*.

Heterogeneity in the clinical response to OV's remains a major hurdle to overcome, as demonstrated in sev-
eral human clinical trials>*®. Because an estimated 30-35% of tumors have effective antiviral defenses*®”, it is
no surprise that OVs show tremendous effects in some models and patients but have minimal impact in oth-
ers. Given that innate cellular antiviral responses can compromise the therapeutic efficacy of OVs, developing

*Departments of Chemistry and Biomolecular Sciences, University of Ottawa, Ottawa, Ontario, Canada. *Centre
for Innovative Cancer Research, Ottawa Hospital Research Institute, Ottawa, Ontario, Canada. 3Department of
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and Institute of Biochemistry, Carleton University, Ottawa, Ontario, Canada. *These authors contributed equally to
this work. Correspondence and requests for materials should be addressed to J.C.S. (email: jeff.smith@carleton.ca)
orJ.-S.D. (email: jsdiallo@obhri.ca) or C.N.B. (email: cboddy@uottawa.ca)
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Figure 1. Compound 1 acts quickly but suffers from rapid degradation. (a) Structure of 1 (3,4-dichloro-5-
phenyl-5H-furan-2-one). (b) Stability of 1 in mouse serum over time measured by HPLC (c) 1 was incubated
in sterile water for Oh, 1.5h, 3h or 24 h before being used to treat 786-0 cells at different concentrations. 4 hours
post-treatment, cells were infected with VSVA 51 expressing firefly luciferase (VSVA 51-FLuc) ata multiplicity
of infection (MOI) of 0.005. 40 hours later, virus output in viral expression units (VEUs) per millilitre was
measured with a previously describe luciferase reporter assay'2. (d) 786-0 cells were treated with 1 at various
doses. 1 was removed and replaced with fresh media after 1h, 1.5h, 2h, 2.5h and 6h. 1 was not removed in

the control condition. 4 hours post-treatment, cells were infected with VSVA 51 expressing firefly luciferase
VSVA 51-FLuc at an MOI of 0.005. For the condition where 1 was replaced with fresh media 6 h after treatment,
infection was performed immediately following media replacement. 40 hours later, virus output in viral
expression units (VEUs) per millilitre was measured with a previously describe luciferase reporter assay'2.

pharmaceuticals that target this complex cellular defense mechanism will have important clinical ramifications,
improving current OV therapies and enabling the development of new therapeutic strategies®®°.

We recently identified compounds from a high-throughput screen that sensitize resistant cancer cells to infec-
tion with the rhabdovirus-based OV named VSVA 51'°. VSVA 51 is an engineered mutant of vesicular stomati-
tis virus (VSV) that is highly sensitive to interferon (IFN) and its antiviral effects. Much like HSV-1 and many
other OV, VSVA 51 faces a roadblock in tumors that retain effective cellular antiviral responses. The most active
compound from this screen (1, Figs 1a and 2), was shown to enhance VSVA 51 oncolysis in vitro and in vivo,
where virus output was increased by as much as 1,000-fold in cancer cells'®. 1 has been shown to dampen the
activation of antiviral responses in cancer cells, including the transcriptional response to type I TFN'°. Given the
impact of tumor heterogeneity on the clinical response to OV, there is an unmet need and an opportunity to
develop small molecule potentiators such as 1 to improve OV therapy. The electrophilic nature of 1 prompted us
to investigate the scaffold to identify active analogs with more favourable physiochemical properties and explore
structure-activity relationships. Herein we report the development of first-in-class small molecules with favour-
able pharmacological properties and demonstrate that they significantly enhance OV propagation selectively in
resistant cancers in vitro, ex vivo, and in vivo, completing proof-of-concept studies for a pharmacoviral combina-
tion approach to enhancing OV therapy.

Results

1 suffers from rapid degradation. To gain a better understanding of the physiochemical nature of 1, we
measured the compound’s stability in mouse serum with an LC/MRM assay (Fig. 1b). Degradation occurred very
quickly (t,,= 2.1 min). 1 showed similar degradation behaviour in a simple aqueous medium (data not shown),
which resulted in reduced biological activity. Pre-incubation of 1 in aqueous media for as little as 90 min was suf-
ficient to eliminate the robust enhancement of VSVA 51 titers otherwise observed (Fig. 1c). However, the effect of
1 on viral growth is rapid and sustained. Treatment of cells with 1 for as little as 60 min followed by its complete
removal from cell culture media and subsequent infection with VSVA 51 of drug treatment resulted in substantial
enhancement of viral titers (Fig. 1d).
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Figure 2. The structure of the analogs investigated in this study, their ability to enhance VSVA 51 activity,
their half-life in a glutathione challenge assay, and their stability in serum.

Derivatives with improved properties and activity. These observations provided a rationale to derive
novel compounds based on 1 with increased stability. Taking advantage of the versatile reactions that mucochlo-
ric acid can undergo!!, a diverse set of analogs (1-10) was synthesized to reveal structure-activity relationships
(Supplementary Table 1). Analogs were screened for their ability to augment VSVA 51 activity in OV resistant
786-0 renal cancer cells using a previously described high-throughput luciferase reporter-based titration assay'?
and their maximal viral enhancing activity was compared to that of 1. Cytotoxicity in the presence and absence
of virus was also assessed using an alamarBlue® metabolic dye. Analog stability was measured with a plasma
stability assay as well as a glutathione stability assay, which indicated physiochemical susceptibility to act as a
Michael-acceptor.

Substitution of the B-chlorine with an alkyl amine resulted in compounds with dramatically increased stability
but loss of viral enhancement activity (3 and 4). Removal of the aryl group (5) or replacement with a methoxide
group (6) resulted in active compounds with poor stability similar to 1 (Supplementary Table 1). Encouragingly,
compounds with a pyrrole-based scaffold (9 and 10) enhanced viral growth and showed remarkably improved
stability by both the GSH and plasma stability assays. The LC/MS trace observed in the GSH stability assay also
showed that 10, contrary to 1, cleanly reacted with the nucleophile to form the glutathione adduct as the sole
detectable product (Fig. 3a,b). Similar to 1, the impact of 10 on viral growth was found to be rapid and sustained
(Fig. 3¢).

Given these results, we decided to further explore the pyrrole scaffold from 10 (Supplementary Table 1).
Analogs with alterations to the hydroxyl group (11-15) abolished activity, as did alterations to the dichloro- moi-
ety (16-21). We then decided to investigate various substitutions on the pyrrole amine (Supplementary Table 1).
Cyclopropyl and morpholine containing analogs (25 and 28) displayed retained activity and remarkably
improved in vitro toxicity and stability profiles. Examination of arylamine containing analogs showed that the
spacer length between the amine and phenyl ring was optimal at three carbons (10, 29, 30 and 31). Testing a large
set of substituted benzylamine derivatives (36-51) demonstrated that the 4-trifluoromethyl substituted system
(40) possessed improved activity (2,000 fold enhancement, 105% of 1) and improved stability. Overall the activity
and stability of the analogs could be readily tuned.

‘While initial analog screening studies were carried out in highly virus-resistant human 786-0 renal cancer
cells, mouse cancer cell lines originating from skin (B16-F10), colon (CT26) and breast (4T1), were also sensi-
tized to VSVA 51 by pyrrole-based analogs (Supplementary Figs 1-3). 1, 10 and several other pyrrole analogs
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Figure 3. Pyrrole-based derivatives of 1 have improved stability but retain rapid, robust activity with
oncolytic VSV and HSV-1. (a) 250 pL of 40 mM DMSO stock solution of 1 was added to L-glutathione
(15.4mg, 5 mol equiv.) suspended in 250 uL. DMSO. The resulting mixture was placed in a 37 °C shaker.

10 pL aliquots were removed and quenched in 990 pL water (containing 0.5% formic acid) at various time
points (t= 0 minutes and t = 60 minutes shown). Analysis by ESI-LC-MS allowed for the identification

and quantification of 1 and the glutathione adduct by UV-Vis at 254 nm. (b) 250 pL of 40 mM DMSO stock
solution of 10 was added to L-glutathione (15.4 mg, 5mol equiv.) suspended in 250 uL DMSO. The resulting
mixture was placed in a 37 °C shaker. 10 uL aliquots were removed and quenched in 990 pL water (containing
0.5% formic acid) at various time points (t= 0 minutes and t= 60 minutes shown). Analysis by ESI-LC-MS
allowed for the identification and quantification of 10 and the glutathione adduct by UV-Vis at 254 nm.

(c) 786-0 cells were treated with 10 at various doses. 10 was removed and replaced with fresh media after
1h,1.5h, 2h, 2.5h and 6h. 10 was not removed in the control condition. 4 hours post-treatment, cells were
infected with VSVA 51 expressing firefly luciferase (VSVA 51-FLuc at a multiplicity of infection (MOI) of
0.005). For the condition where 10 was replaced with fresh media 6h after treatment, infection was performed
immediately following media replacement. 40 hours later, virus output in viral expression units (VEUs) per
millilitre was measured with a previously describe luciferase reporter assay'2. (d) Mouse mammary carcinoma
(4T1) cells were left untreated or, treated with 1, 10, 27, or 36 for 4 h at various concentrations: 2.5 pM, 5

M, 10 M, 15uM or 20 uM. ICPO-null HSV-N212eGFP was then added at MOI 0.005. eGFP fluorescence was
detected 48 h after HSV infection. (e) HSV titers were determined 48 h after infection.
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increased the oncolytic activity of Maraba MG-1 virus'® (Supplementary Fig. 3) as well as spread of oncolytic
HSV-1 expressing GFP'* as observed by fluorescence microscopy and standard plaque assay (Fig. 3d,e, and
Supplementary Fig. 4), suggesting the compounds have a broader scope of application for virus-based therapies.
Luciferase transgene expression delivered to human A549 lung cancer cells by non-replicating adenovirus and
adeno-associated virus (AAV) vectors (Supplementary Fig. 5a,b respectively) was also enhanced by the com-
pounds, suggesting the potentiating effect of the compounds is not limited to replicating viruses.

Selective viral enhancement in ex vivo tumor specimens.  To facilitate evaluation of a larger number
of compounds prior to in vivo testing, we chose to test a subset of analogs (1, 10, 28-30 and 40, Fig. 2) for their
ability to enhance VSVA 51 oncolysis in ex vivo tissue samples using an established method'®. Tissue samples
from VSVA 51 resistant CT26 murine colon cancer tumors'®'!” as well as normal mouse brain, lung and spleens
were cored. Viable cores were selected for subsequent treatment with each compound and VSVA 51 expressing
green fluorescent protein (VSVA 51-GFP). Figure 4a shows representative images of infected cores that were
pre-treated with an optimized dose of compound. Corresponding viral titers as determined by plaque assay are
shown in Fig. 4b-g and Supplementary Fig. 6. 1 and analogs robustly enhanced VSVA 51-GFP titers in CT26
colon cancer specimens. There was little to no enhancement of VSVA 51 in normal tissue specimens, indicating
that the specificity of VSVA 51 towards tumour tissue is maintained following treatment with 1 and its derivatives.

Analogs are well-tolerated and enhance tumor specific OV replication in vivo. We proceeded
to evaluate the in vivo tolerability of a subset of analogs, selected based on desirable physiochemical characteris-
tics, in vitro activity and ex vivo activity. Compounds were administered intraperitoneally to non-tumor bearing
Balb/c mice and body weight was monitored over several days. Mice were sacrificed when they reached the end-
point of 20% loss of body weight or showed significant outward signs of toxicity. Figure 5 shows that 1 leads to
toxicity starting at a dose of 10 mg/kg. In contrast 10 was well tolerated up to a dose of 50 mg/kg and 24 and 28
up to 100 mg/kg.

Because it was highly active ex vivo and very well tolerated in mice, we proceeded to evaluate 28 for its ability
to increase the infection of tumors with VSVA 51 expressing luciferase (VSVA 51-FLuc) in vivo. Balb/c mice were
subcutaneously engrafted with CT26 cells and treated intra-tumorally with VSVA 51-FLuc alone or in combina-
tion with 28. We used an in vivo imaging system (IVIS) to measure luciferase activity associated to virus repli-
cation 24 h post treatment. Figure 6a—c shows that compared to VSVA 51-FLuc alone, 28 significantly enhanced
virus replication-associated luciferase expression specifically in the tumor. A similar treatment schedule was used
to evaluate therapeutic efficacy in the human HT29 colon cancer xenograft model. The combination of 28 and
VSVA 51-FLuc significantly delayed tumour progression and improved survival compared to the mono-therapies
(Fig. 6d,e). This demonstrates the feasibility and potential of using small molecules, such as 28, in combination
with OV therapy in vivo.

Discussion

In this study, we identified a new class of pyrrole-based potentiators of tumor specific OV infection. Compared
to the parent molecule 1, these have substantially improved stability, reduced electrophilicity, and retained or
improved ability to enhance growth of OVs in resistant cancer cell lines in vitro and in vivo.

There is a growing list of OV clinical candidates for the treatment of cancer including VSV, vaccinia virus,
reovirus, poliovirus, adenovirus, and herpes simplex virus-based platforms® Talimogene laherparepvec (T-Vec,
Amgen), an intra-tumorally delivered HSV-1-based oncolytic virus expressing granulocyte-macrophage
colony-stimulating factor (GM-CSF), has been recently approved for treatment of melanoma in North America.
Nevertheless, it is well-recognized in the field that combination therapies will be necessary to overcome the het-
erogeneous response observed with these potentially curative biologics. The first-in-class agents we have devel-
oped in this study robustly increase growth of oncolytic VSV, (Fig. 2 and Supplementary Table 1), Maraba MG-1
(Supplementary Fig. 3), and HSV-1 (Fig. 3e) in otherwise resistant cancer cells and therefore cater to an unmet
need in this therapeutic area. In this regard, we consider that pyrrole-based molecules have significant clinical
potential due to their in vivo activity and high tolerability. Indeed, the combination of 28 and oncolytic VSV deliv-
ered intra-tumorally robustly improved survival in the human HT-29 colon cancer model. Enhanced therapeutic
effect of the combination treatment was also observed when 10 was delivered by intra-peritoneal route in the
mouse CT26 colon cancer model (Supplementary Fig. 7), suggesting systemic administration is feasible.

Further to this, we have observed that the pyrrole-based compounds derived in this study can also enhance
transgene expression levels from replication-defective gene therapy vectors such as AAV and adenovirus
(Supplementary Fig. 5a,b). This extends the potential of using these small molecules for co-administration with
cancer gene therapies. There are numerous registered clinical trials employing gene therapy vectors expressing
transgenes for the treatment of various malignancies. It is easily foreseeable that the pharmaco-viral approach
described here can be applied to therapeutically enhance other attenuated viral vectors as well.

In this study, we have observed that similarly to 1, pyrrole derivatives inhibit the production of IFNB and
various interferon-stimulated genes (ISGs) (Supplementary Fig. 8) and are able to block the antiviral effects of
IFNB (Supplementary Fig. 9). As such, it remains unclear whether this could also impact the adaptive immune
response. This is relevant since in addition to viral oncolysis, generation of anti-tumor immunity is thought to
contribute to the therapeutic effect of OVs®. Interestingly, other small molecules that dampen IFN response such
as HDAC inhibitors can skew the immune response favourably in some contexts, where oncolytic virotherapy
is coupled to a cancer vaccine approach!®. Non-replicating gene therapy vectors such as adenovirus or AAV
have been known to induce IFN'*?°. Thus, dampening innate immunity is likely to be an advantage for can-
cer gene therapy applications where the objective is to express a therapeutic transgene, for example a pro-drug
converting enzyme?!22, Clearly, the pyrrole derivatives described in this study lead to robust enhancement of
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Figure4. 1 and its analogs selectively enhance the replication of oncolytic VSV in ex vivo tumor tissues.
(a) CT26 (murine colon carcinoma) tumors were grown subcutaneously in Balb/c mice for 24 days and
subsequently excised and cored, along with normal brain, lung and spleen tissues. Tissue samples were treated
in triplicate with various concentrations of compounds for 4 hours prior to infection with 1x 10* plaque-
forming units of vesicular stomatitis virus expressing GFP (VSVA 51-GFP). Virus replication was assessed by
fluorescence microscopy 24 hours post- infection. Representative images from each triplicate set for the most
effective concentration are shown. (b-g) Infected cores and corresponding supernatants were collected 36 hours
post-infection. VSVA 51-GFP infection was quantified by standard plaque assay. Cores were homogenized
prior to titering. Graphs show the sum of infectious titer from core and supernatant for each compound in each
tissue type. Doses shown here are those that are depicted in panel (a). The horizontal black line on each graph at
1x 10*PFU/mL represents the amount of VSVA 51-GFP used to initially infect each core.

luciferase transgene expressed by oncolytic VSV in vivo (Fig. 6) but also in vitro using non-replicating vectors
(Supplementary Fig. 5a,b).

In addition to the broad potential therapeutic applications in combination with OVs and other virus-based
therapies, the novel pyrrole-based molecules provide an arsenal of new probes to explore innate immunity.
While the pyrrole-compounds described here clearly impact the antiviral IFN response as per 1 (Supplementary
Figs 8,9), the precise molecular target remains elusive. The enhanced stability of the pyrrole-based analogs will
provide opportunities to pursue target identification and/or activity based protein profiling. For example, the
propargyl-based compound, 27, synthesized in this study was found to be active and is amenable to click chem-
istry for inhibitor affinity capture or other relevant target identification strategies.

Relating to mechanism, one interesting property of the viral potentiators described in this study (including
1) is the observed rapid and sustained activity. As little as 1 hour pre-treatment with the compounds, prior to
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Figure 5. Pyrrole-based derivatives of 1 are substantially better tolerated in mice. Balb/c mice were given
(a) 1, (b) 10, (c) 24, or (d) 28 dissolved in DMSO via intraperitoneal administration. Five mice were assigned to
each dose group for each compound. The dose was adjusted for individual mice based on weight. Graphs stop
when the first mouse in the group was euthanized. (a,b) Mice were injected on Day 1 and weights were recorded
over a 10 day period. (c,d) Mice were injected on Day 1, 3 and 5. Weights were recorded over an 18 day period.
For all groups, weights are reported relative to initial weight on Day 1.

their complete removal from cell culture media, was sufficient to observe enhanced OV titers in cancer cells for
up to 40h (Figs 1d and 3c) . This suggests the possibility that these compounds irreversibly inhibit their putative
target and/or change the state of the cell, increasing its sensitivity to infection. This may notably explain why we
have previously observed in vivo activity with 1, even though we find it is rapidly degraded in serum (Fig. 1b)*°.
While we have not been able to detect 1 in tumors (data not shown), we could detect pyrrole-based 10 and 24 by
LC-MRM following intratumoral injection for up to 3hours (Supplementary Fig. 10). Following intratumoural
injection, 28 was detectable in the tumor and serum for up to 10hours (Supplementary Fig. 11).

Importantly, the selectivity of OVs for cancer cells is generally maintained using these novel compounds. It
is unclear whether this is due to the decreased susceptibility of normal cells to the small molecules, or rather,
a reflection of the inherent tropism of the viruses. In particular, cancer cells have generally elevated metabolic
rates and produce more virus per cell even with non-attenuated viruses**. Hence, in the context of cancer cells,
dampened IFN-response may have a more significant impact as has been suggested from mathematical modeling
studies?>2¢,

One of the properties that has been successfully improved over parent compound 1 is the reduction of
electrophilicity as determined by GSH reactivity. Highly electrophilic compounds such as 1 are susceptible to
nucleophilic attack and generally less desirable from a pharmacological standpoint. While completely eliminat-
ing the electrophilicity of the compounds leads to inactive molecules (Supplementary Table 1), reducing it by
employing the pyrrole scaffold does lead to biologically active molecules with substantially improved tolerability.
Importantly, similar electrophilic compounds are used clinically for cancer and other applications (e.g. afatinib,
mitomycin C, exemestane, esomeprazole, and orlistat)?.

In summary, we have developed a new class of well-tolerated compounds that sensitize cancer cells to infec-
tion with attenuated viruses in vitro and in vivo. As such, these have high clinical potential for use in combination
with OV and gene therapy strategies for treatment of cancer.

Experimental Section

Cell lines. 786-0 (human renal carcinoma), A549 (human lung adenocarcinoma), Vero (monkey kidney),
CT26 (murine colon carcinoma), 4T1 cells (murine mammary carcinoma), B16F10-LacZ (murine melanoma)
cells, and HT29 (human colon carcinoma) 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 (Sigma-Aldrich, St Louis, MO) and buffered with 30 mM Hepes (Thermo Fisher Scientific,
‘Waltham, MA). All cell lines were incubated at 37°C with 5% CO, in a humidified incubator.
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Figure 6. Pyrrole-based compound 28 enhances VSVA 51 oncolytic activity in resistant syngeneic and
xenograft tumor models. (a,b) VSVA 51-resistant CT26 cells were subcutaneously engrafted into female Balb/c
mice. After 11 days, mice were given 30 UL of vehicle (DMSO), or 40 mg/kg of 28 by intratumoral injection.
Four hours later, mice were treated with 1x 10° plaque-forming units of VSVA 51-FLuc. Virus replication was
monitored twenty-four hours later by measuring luminescence using an IVIS (representative images are shown,
color scale bar represents photons) and (c) tumor radiance was quantified. (d) HT29 cells were subcutaneously
engrafted into female CD1 nude mice. When tumors reached 5mm x 5mm in size, mice were given 30 pL of
vehicle (DMSO), or 40 mg/kg of 28 by intratumoral injection. Four hours later, mice were treated with 1x 10*
plaque-forming units of VSVA 51-FLuc. Tumor volumes were monitored every other day and average tumor
volumes for each treatment group are shown. Tumor volume curves are terminated when the first mouse

in each group is euthanized. Error bars correspond to standard error. (e) Survival was monitored over time.
Log-rank tests indicated that treatment with 28 and virus significantly improved survival compared to vehicle
control (p= 0.03), 28 alone (p= 0.006) or virus alone (p = 0.002). Surviving mice had static tumors that neither
shrank nor grew for at least 2 weeks.

Viruses. Oncolytic Rhabodviruses. VSVA 51 is a recombinant variant of the Indiana serotype of VSV har-
bouring a deletion of the 51% methionine in the M protein. VSVA 51 expressing green fluorescent protein (GFP)
or firefly luciferase (FLuc) are recombinant derivatives of VSVA 51 that have been previously described”. Maraba
MG-1 as described!? was obtained from Dr David E Stojdl. All virus stocks were propagated in Vero cells, purified
on Optiprep gradient and titered on Vero cells as previously described?.

Oncolytic Herpes simplex-1. HSV-1 N212 (an ICPO-deleted oncolytic strain) expressing GFP was obtained
from Dr. Karen Mossman and has been described previously?. HSV-1 samples were titered on Vero cells. Vero
cells (2.5 10° cells) were infected with serial dilutions of virus containing samples in 12-well dishes. Cell were
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incubated at 37°C for 1h, after which the inoculum was removed and replaced with fresh culture media. After a
48h incubation at 37 °C, GFP positive plaques were visualized and counted.

Non-replicating vectors. AAV2-luciferase (adeno-associated virus serotype 2 expressing luciferase) was obtained
from Dr. Sarah Wootton (University of Guelph) and Ad5-luciferase (adenovirus serotype 5 expressing luciferase)
was obtained from Dr. Jack Gauldie (McMaster University).

Luciferase reporter-based viral titration assay. This assay has previously been described in detail'2.
Briefly, 786-0 cells were seeded in 96-well plates at a density of 3 x 10* cells/100 uL/ well and allowed to adhere
over a 24-hour period. Cells were then pre-treated for 4hours with control vehicle (DMSO) or compound at var-
ious concentrations and subsequently infected with VSVA 51-FLuc at a multiplicity of infection (MOI) of 0.005.
Forty hours later, 25 uL of 786-0 supernatant from each well was transferred into corresponding wells containing
a confluent monolayer of Vero cells. At the same time, known amounts of virus (starting at 1 x 10° plaque forming
units (pfu) and decreasing by 1 log unit to 10 pfu) were added to Vero cells to generate a standard curve. Plates
were centrifuged at 1400rpm for 5 minutes and then incubated for 5hours 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). After supernatant transfer as described, cytotoxicity of compounds was assessed by incubating 786-0
cells with alamarBlue® (AbD Serotec) as per the manufacturer’s instructions. After 2.5 hours, fluorescence was
measured (530 nm excitation and 590 nm emission) on a Fluoroskan Ascent Microplate Fluorometer (Thermo
Scientific, Hudson, NH). Emission values were normalized to that of untreated controls.

Glutathione stability experiment. Glutathione stability was assessed using an assay adapted from
a recently reported method®. 250 uL of a 40 mM DMSO stock solution of each compound was added to
L-glutathione (15.4 mg, 5mol equiv.) suspended in 250 uL of DMSO. The resulting mixture was placed in a 37°C
shaker. 10 uL aliquots were removed and quenched in 990 pL of water (containing 0.5% formic acid) at various
time points, including at t= 0 min, for analysis by ESI-LC-MS. All ESI-LC-MS analyses were collected on an
API2000 LC/MS/MS System (Applied Biosystems) equipped with a turbo-ion spray ESI probe interfaced with a
Prominence UFLC (Shimadzu) equipped with a reverse phase BDS Hypersil C18 50 x 2.1 mm column, particle
size 3 um (Thermo Scientific). HPLC/LCMS UV absorption was monitored at 254 nm and 210 nm. Both the com-
pound and the glutathione adduct were identified by MS. Area of the UV peak was recorded for each time point.

Plasma stability assay. 10mM methanol stock solutions of each analog were prepared and diluted to 1M
with aqueous 0.1% formic acid. 5L of the diluted solution was inserted into a Proxeon nanoelectrospray emit-
ter (Thermo Scientific, Odense, Denmark) and analyzed in positive ion mode via nanoESI MS on a QStarXL
hybrid quadrupole time-of-flight mass spectrometer (AB Sciex, Framingham, MA, USA). Product ion spectra
were collected for each compound at varying CID collision energies using an ESI voltage of 1000V, a declustering
potential of 30 V and a focusing potential of 120 V. Two fragments were chosen as multiple reaction monitoring
(MRM) transitions for each compound with optimized collision energies. The quantitative transition was used to
determine the relative quantities of each compound and the confirmatory transition was used to validate the ion
signal observed for the first transition (see Supporting Information).

1 mM methanol stock solutions of each analog were prepared and mixed in experimental triplicate with Balb/c
mouse plasma (Innovative Research, Novi, MI, USA) that was buffered 1:1 with phosphate buffered saline (PBS,
pH= 7.4). The compounds were multiplexed into sets of three and added to a final concentration of 10uM in a total
volume of 400 pL. Immediately upon mixing, 200 uL of the sample mixture was quenched with 300 uL of aqueous
formic acid (5%) to prevent further analog degradation. The remaining 200 uL of sample was incubated at 37°C
for 3hours and quenched in an identical fashion?. The quenched samples were passed through 3 kDa Amicon
molecular weight cut off filters (Millipore, Billerica, MA, USA) by centrifugation at 14,000 rpm for 15 minutes.
20 pL samples of the filtrates were subjected to LC-MRM analysis using a Qtrap 4000 (AB Sciex, Framingham,
MA, USA) hybrid triple quadrupole linear jon trap mass spectrometer with an ion spray voltage of 5000V and
a declustering potential of 25 V. The MS was equipped with a Turbo V ion spray source coupled to a Dionex
Ultimate3000 HPLC (Thermo Fisher Scientific, Waltham, MA, USA). Fritted fused silica columns (200 um ID)
(Molex, Lisle, IL, USA) were packed with 5 um Magic C18 (MICHROM Bioresources Inc., Auburn, CA, USA)
reversed-phase beads to a length of 5 cm using an in-house high-pressure vessel. Chromatographic separation
employed a linear gradient using reversed phase solvents (water and acetonitrile both containing 0.1% formic
acid) over 10 minutes (see Supporting Information). Automatic quantitation was achieved using MultiQuant
software (AB Sciex, Framingham, MA, USA) by integrating the peak areas of the quantitative MRM transition
extracted ion chromatogram. The plasma stability of each compound was calculated as a percentage of the com-
pound ion signal detected after 3 hours of plasma incubation relative to the original amount.

ELISA. 786-0 cells were seeded at 3.0 x 10° cells per well in 12-well plates. The following day, the cells
were pre-treated with 60, 50, 50 and 95 uM of compound 1, 2, 10 and 28 respectively. Two hours following
pre-treatments the cells were infected with VSVA 51-GFP at MOI 3. Supernatants were collected 16 hours post
infection, and an ELISA was performed using VeriKine™ Human IFN Beta ELISA Kit (PBL assay science,
Piscataway, NJ).

Quantitative real-time PCR.  786-0 cells were seeded at 1.0x 10° cells/well in 6-well plates. The following
day, the cells were pre-treated with 60, 50, 50 and 95 uM of compound 1, 2, 10 and 28 respectively. Two hours
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following pre-treatments the cells were infected with VSVA 51-GFP at MOI 3. 16 hours post infection the cells
were lysed and RNA extraction was performed using RNeasy® Mini Kit (Qiagen, Valencia, CA). RNA was con-
verted to cDNA with RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Vilnius,
Lithuania). 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). Gene expression was normal-
ized to GAPDH and fold induction was calculated relative to the untreated/uninfected samples for each gene
using the Pfaffl method?.

Ex vivo studies. Balb/c mice were implanted with CT26-WT (murine colon carcinoma) cells. Mice were
sacrificed 24 days later, after tumors had reached at least 10mm x 10 mm in size. Tumor, lung, spleen, brain, and
abdominal muscle tissue were extracted from the mice, cut into 2 mm thick slices and cored into 2mmx 2mm
pieces via punch biopsy. Each tissue core was incubated in 1 mL of Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% fetal bovine serum, 30 mM HEPES and 2.5 mg/L amphotericin B, in a 37 °C, 5% CO,
humidified incubator. In order to assess the viability of each core, alamarBlue® was added to each well for a
4-hour incubation period. Viable cores were selected and treated with various concentrations of 1 and analogs.
The cores were then infected with VSVA 51 expressing a GFP transgene (VSVA 51-GFP) four hours post treat-
ment. GFP pictures were taken for each core 24 hours post infection. Cores and supernatants were collected
30 hours post infection and titered by plaque assay.

In vivo studies. Dose escalation studies. Nine-week-old Balb/c mice were intraperitoneally administered
various doses of compounds 1, 10, 24, or 28 dissolved in DMSO (approximately 50 uL). Weight loss and other
outward signs of toxicity (piloerection, malaise, quiet behaviour) were recorded over a 10 (1, 10) or 18-day (24,
28) period.

In vivo enhancement of virus replication. Nine-week-old female Balb/c mice were given subcutaneous tumors
by injecting 3x 10° syngeneic CT26 cells suspended in 100 pl serum-free DMEM. Eleven days post-implantation
(when tumors were approximately 5mm x 5mm), mice were treated with 40 mg/kg of compound 28 dissolved
in DMSO or vehicle control administered intratumorally (approximately 30 uL). Four hours later, mice were
treated with an intratumoral injection of VSVA 51-FLuc (1 x 10® plaque-forming units). For in vivo imaging, an
IVIS (Perkin Elmer, Waltham, MA) was used as described previously®. Briefly, 200 ul of a 10 mg/mL D-Luciferin
(Biotium Hayward, CA) solution in PBS (Corning, Manassas, VA) was administered to mice intraperitoneally.
Five minutes later, mice were anaesthetized using 3% isoflurane and imaged according to the manufacturer’s
instructions. For quantification of luminescence described in Fig. 6¢, bioluminescent signal intensities were
measured using Living Image® v2.50.1 software. Background intensities were measured using the software and
subtracted from user-defined regions of interest (ROIs) that were manually delineated around the tumor for each
mouse.

CT26 tumor model.  Six-week-old female Balb/c mice were given subcutaneous tumors by injecting 3x 10° syn-
geneic CT26 cells suspended in 100 pl serum-free DMEM. Eleven days post-implantation (when tumors were
approximately 5mm X 5mm), mice were treated with 50 mg/kg of compound 10 dissolved in DMSO or vehicle
control administered intraperitoneally (approximately 30 uL). Four hours later, mice were treated with an intra-
tumoral injection of VSVA 51-FLuc (1x 10® plaque-forming units). 10 or vehicle was readministered on day
13 and 15 post-implantation. Tumor dimensions were measured with electronic calipers. Tumor volumes were
calculated as (width?x length)/2. Mice were euthanized when tumor volume exceeded 1600 mm®. Initial tumor
sizes measured on day 11 were used to calculate relative tumor size.

HT29 tumour model.  Six-week-old CD1 nude mice were given subcutaneous tumors by injecting 1 x 10° syn-
geneic HT29 cells suspended in 100 pl serum-free DMEM. When tumors grew to approximately 5mmx 5mm
(between 18-25 days post-implantation), mice were treated with 40 mg/kg of compound 28 dissolved in DMSO
or vehicle control administered intraperitoneally (approximately 30 uL). Four hours later, mice were treated with
an intratumoral injection of VSVA 51-FLuc (1 x 10° plaque-forming units). Tumor dimensions were measured
every other day with electronic calipers. Tumor volumes were calculated as (width? x length)/2. Mice were euth-
anized when tumor volume exceeded 1600 mm?. Initial tumor sizes measured on the day of treatment were used
to calculate relative tumor size.

Pharmacokinetics. Short time course. Nine-week-old female Balb/c mice were given subcutaneous tum-
ors by injecting ~3 x 10° syngeneic CT26 cells suspended in 100 ul serum-free DMEM. Nineteen days
post-implantation, mice were intratumorally administered 50mg/kg of compound 10 or 24 dissolved in DMSO
(approximately 50 uL). Tumors were excised after 0h, 15 minutes, 1h and 3 h and homogenized immediately at
30 Hz for 5 minutes with a TissueLyser II (Qiagen). Samples were the centrifuged (20,000 rpm, 30, 4°C) and
homogenized again in 500 uL PBS. After another round of centrifugation, the supernatant was passed through
Amicon Ultra— 0.5 mL 3 kDa molecular weight cut off filters (EMD Millipore) by centrifugation, and the filtrate
was quantified by LC-MRM.

Long time course. Nine-week-old female Balb/c mice were given subcutaneous tumors by injecting ~3 x 10°
syngeneic CT26 cells suspended in 100 pl serum-free DMEM. Nineteen days post-implantation, mice were
intratumorally administered vehicle control (DMSO), or 28 dissolved in DMSO (approximately 30 uL). Tumors
treated with 28 were excised after 1h, 3h, 10h and 24 h. Tumors treated with vehicle alone were excised after 3h
and 24 h. Tumor homogenization and centrifugation was conducted in an identical fashion to that described in
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the short time course (above). At the time of tumor excision, peripheral blood was also collected and allowed to
clot at room temperature for at least 30 minutes. Samples were centrifuged at 20,000 rpm for 10 minutes at 4°C,
and the supernatant (serum) was collected. Serum was diluted 5x with 0.1% formic acid in water and centrifuged
through Amicon Ultra— 0.5 mL 3kDa molecular weight cut off filters (EMD Millipore). For both tumor and
serum samples, 25 uL of the filtrate was mixed with 5L of a 6 uM solution of caffeine in water (as a standard to
allow relative quantitation) and quantified by LC-MRM.

All experiments were reviewed and approved by the University of Ottawa Animal Care Committee (ACC) and
were performed in accordance with the University of Ottawa Animal Care and Veterinary Services guidelines for
animal care under protocols OGHRI-58 and OHRI-2265.
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Supplementary Figure S1. Analogs of 1 enhance oncolytic VSV spread in
murine melanoma cells. Murine melanoma (B16F10-LacZ) cells were treated with
vehicle, 1, 10, 27, or 36 for 4h at the specified concentrations. 4 hours later, cells
were infected with VSVAS51-GFP at MOI 0.001. (A) Virus replication was assessed
by fluorescence microscopy 24 hours post-infection. (B) Samples were titered 48
hours post-infection. *p = 0.0392, **p = 0.0027 for 10 vs vehicle and 0.0015 for 27 vs
vehicle, ***p = 0.0007 for 36 vs vehicle (one-way ANOVA with Dunnett's multiple
comparisons test), Error bars represent standard error.
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Supplementary Figure S2. Analogs of 1 enhance oncolytic VSV spread in
murine colon cancer cells. Murine colon carcinoma (CT26-WT) cells were
treated with vehicle, 1, 10, 27, 28, or 29 for 4h at the specified concentrations. 4
hours later, cells were infected with VSVAS1-GFP at MOI 0.005. Virus replication
was assessed by fluorescence microscopy 24 hours post-infection.
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Supplementary Figure 53. Analogs of 1 enhance oncolytic VSV activity in murine breast
cancer cells. Murine mammary carcinoma (4T1) cells were treated with wehicle, (A) 1, (B) 10, or
(C) 38 for 4h at the specified concentrationz. 4 hours later, cells were infected with YSWVAST or
Maraba MG1 at MOl 0.005. 40 hours postinfection, cytotoxicity was assessed by incubafting
samples with alamarBlue® for 2 h at 27°C before measuring fluorescence (S30nm excitation, 590
nm emission). Yalues were nomalized to that of untreated controls.

253



Vehicle 1 (15 pM) 10 (20 M)
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Supplementary Figure S4. Analogs of 1 enhance oncolytic HSV-1
spread in human renal carcinoma cells. Human renal carcinoma (786-0)
cells were treated with vehicle, 1, 10, 22, 27, or 36 for 4h at the specified
concentrations. 4 hours later, cells were infected with ICPO-null HSV-
N212eGFP at MOI 0.005. eGFP fluorescence was detected 48h after HSV
infection.
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Supplementary Figure 55. 1 and Pyrrole-based analog 10 enhance fransduction of
non-replicating gene therapy vectors in human lung carcinoma cells. Human lung
carcinoma (A549) cellz were treated with 1 or 10 analogs at various concentrations. 4
hours later, cells were infected with A) replication defective adeno-associated virus
expressing firefly luciferase (AAV2-luc) or B) replication defective adenovirus expressing
firefly luciferase (AdS-luc) at an MOl of 1. 242 hours later, luciferase activity was measured.
Data is represented as the fold increase in mean relative light units of treated samples
versus untreated controls
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Supplementary Figure 56, VSV Titers for all concentrations tested in ex vivo experiment.
Increazing doses of 1 and itz analogs were tested as described in Figure 3, which depicts the
most effective concentration in tumeor fissuwes for each analog. See Methods section for more
information.
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Supplementary Figure 57. Compound 10 enhances VSVAS1 oncolytic
activity in a resistant syngeneic tumor model. VSVAS1-resistant CT26
cells were subcutaneously engrafted into female Balb/c mice. After 11 days,
mice were given S0 pL of vehicle (DMS0), or S0 mgfkg of 10 by
intraperitoneal injection. Four hours later, mice were treated with 1x10°
plague-forming units of V5VAS1-Flue by intratumoral injection. Vehicle or or
10 was readministerad on day 2 and 4 post-initial treatment. Pooled results
from two separate expenments are shown. Average tumor volumes for each
treatment group are shown and emor bars comespond to standard emor.
Tumor volume curves are terminated when the first mouse in each group is
euthanized. Average tumor volumes of vehicle + V5VAS1-Fluc and 10 +
YWEWAS1-Flue treated groups were compared with a Student's t-test for each
day. * P < 0.05.
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Supplementary Figure S8, Compound 1 and its analogs inhibit the production of
IFHE and interferon-stimulated genes (15Gs). (a) T86-0 cells were pre-treated with
compounds 1, 2, 10 and 28 before infection with WV 5VAS1-GFP for 16 hours. Amount of
IFNI in the supernatant was measured by sandwich ELISA. ** P < 0.0001, *P =
0.0091 (One-Way ANOWA), n=3 (biclogical replicates). (b-f) Quantitative RT-PCR for
IFN and 156G expression in T86-0 cells pre-treated with 1, 2, 10 and 28 before infection
with WVSWAS1-GFP for 16 hours. (ANFMB)*P < 00001, # P <0.0001, &P =00001, _ P
= 0.0001, (B/MX2) * P < 0.0001, #P <= 0.0001, & P =0.0185, © P =< 0.0290, (C/GBP3) *
P=0.00018P=00001 &P=000010P=00001 (DAF44) * P < 00001, # P =
0.0001, & P =0.0001, © P=0.0003 (One-Way AMOVA), n=3 (biclogical duplicates were
pooled and the RT-PCR was done in triplicate). This experiment was performed twice
with gimilar results. Representative results from one experiment are shown.
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Supplementary Figure 59, Interferon-induced antiviral
response is overcome by 1 and its analogs. Human renal
carcinoma (786-0) cells were co-treated with compound and
IFME for 4 hours and then challenged with V3WAS1-GFP at MOl
0.01. Samples were titered 43 post-infection. *p = 0.0109, **p =
0.001, =**p = <0.0001 {one-way ANOWVA with Dunnett’s multiple
comparizons test), Emor bars represent standard emor.
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Supplementary Figure $10. Compounds 10, and 24 can be detected in the tumor
following intratumoral injection. Mice (N = 1 per timepoint) bearing subcutaneous
CT26 tumors were injected intratumorally with S0 mg'kg of 10 or 24. Tumors were
excised at various times post-injection and analysed for the presence of compound by
LC-MREM. Area under the peak (AUP) for the parent compound(z) are shown. Emor bars
reprezent the standard deviation of 3 technical replicates.
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Supplementary Figure S11. Compounds 28 can be detected in the tumor and
serum following intratumoral injection. Mice bearing subcutaneous CT26 fumors
were injected intratumorally with 40 mag/kg of 28 (N = 3 per timepoint) or vehicle control
{M =1 for 3h and 24h imepoints). (a) Tumors and were excized and (b) serum was
collected at vanious times post-injection and analysed for the presence of compound by
LC-MRM. Standardized area under the peak (AUP) for the parent compound are
shown. Emor bars represent the standard error for 3 biological replicates.
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Appendix E:

Forbes NE, Krishnan R, Diallo JS. "Pharmacological modulation of anti-tumor immunity
induced by oncolytic viruses." Frontiers in Oncology 4, 191 (2014) doi:
10.3389/fonc.2014.00191.

This article was published under a Creative Commons Attribution License (CC BY) which can
be found in Appendix C and here: https://creativecommons.org/licenses/by/3.0/legalcode
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Oncolytic viruses (OVsl not onfy kill cancer cells by direct lysis but also generate a signif-
icant anti-tumor immune response that slliows for profonged cancer control and in some
cases cures. How to best stimulate this effect is 2 subject of ntense investigation in the OV
fieid While pharmacological manipulation of the callular innate anti-viral immune response
has been shown by several groups to improve viral oncolysis and spread, it is increasingly
clear that pharmacological agents can also impact the anti-tumor immune response genes-
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INTRODUCTION: ONCOLYTIC VIRUSES: MULTI-MECHANISTIC
BIOTHERAPEUTICS AGAINST CANCER

Oncolytic viruses (OVs) are self-amplifying biotherapeutics that
have been sdected or engineered to preferentially infect and
kill cancer cells. Generated from a multitude of viral species,
OVs exploit cancer-associated cellular defects arising from genetic
perturbations including mutations and epigenstic reprograming
|reviewed in Ref. (1)]. Among others, these cellular defects lead to
dysfunctiomal anti-viral responses and immune evasion, increased
cell proliferation and metabolism, and leaky tumor vasculature
(2). These characteristics in turn provide a fertile ground for viral
replication and subsequent lysis of tumor cefls and permit the
growth of genetically attenuated OVs that are otherwise harmless
to normal cells.

In addition to the direct killing of cancer cells, OVs can also
trigger a potent anti-tumor immune response. Infected tumor
cells induce the release of pro-inflammatory cytokines and expose
both viral and tumor-associated antigens to patrolfing immune
cells, promoting the differentiation of antigen-presenting cells and
T-cell activation (3-5). How much tumor infection and lysis are
necessary to trigger these responses remains a topic of debate;
however, it is clear that the combimation of direct oncolysis and
activation of anti-tumor immunity can lead to durable cures in
pre-clinical mouse models of cancer.

A number of OVs are currently being evaluated in clinical
trials to treat a2 range of cancer types. For a more compre-
hensive overview, the reader is invited to consult an excellent
review by Russell et al. (6). OF particular note, herpes lmple:
wirus-1 {HSV-1), vaccinia virus, reovirus, and adenovirus-based
OV strains have made the most progress toward approval (7-
10). Shanghai Sunway Biotech's oncolytic adenovirus (HI01),
deleted for the viral EIB gene and thought to target p53 defi-
cient cancer cells, was the first approved OV in China as early
as 2005, indicated for head and neck cancers. (11). Profound

in using pharmacolcgical agents to improve the activity of OVs and their ability to generate
robust anti-tumor immune responses.

Koywords: Oncolytic virotharapy, antl-samor Immenity, cancer, combination herapy. pharmacological therapy.
chemotharapy, Immeno-modulatory therapy

tumor regression is common following treatment with OVs
for example, durable objective responses were observed in 3/14
patients (hepatocarcinoma, lung cancer, and melanoma) follow-
ing treatment with vaccinia virus JX-594 in a phase I trial (7).
This virus has been deleted for viral thymidine kinase (TK),
making it dependent on ceflular TK that & overexpressed in
cancer cells (7). In addition to the TK deletion that provides
tumor selectivity, the virus also expresses granulocyte macrophage
colony-stimulating factor (GM-CSF) to stimulate anti-tumor
immunity. Most recently, Amgen's HSV-1-based talimogene laher-
parepvec (T-VEC) led to 16% durable response in a phase
111 clinial trial for late-stage melanoma, and it is expected
that the company will file for FDA approval in North Amer-
ia in the coming year (12, 13). Like JX-554, T-VEC
GM-CSF but has deletions in viral genes ICP34.5 and ICP47
that confer tumor selectivity and promote antigen presentation,
respectively (14).

While widespread approval and dinical implementation of
ancolytic virotherapy are in the foresecable future,
ity in clinial response to OVs remains a significant challenge as
evidenced from a number of early and late-stage human clinial
trials (6, 15, 16). This heterogeneity in response can be attributed to
factors that impact OV delivery and spread within tumors, such as
pre-existing immunity and remnant tumor anti-viral responses, as
well as to a variably immunosuppressive tumor microenvironment
that can prevent the generation of an effective anti-tumor immune
response. To overcome these challenges, it has been long recog-
nized in the OV field that improvements to therapeutic efficacy
either through viral engineering or through combination thera-
pies will be critical (6, 17). In the current review, we will focus
on advances in therapeutic strategies employing small-molecule
pharmacological agents that ameliorate OV treatment in vive by

manipulating the innate andfor adaptive immune response to
virus and tumor (summarized in Table 1).
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STANDARD CHEMOTHERAPEUTIC DRUGS THAT BOOST OW
ACTIVITY THROUGH SYSTEMIC EFFECTS ON IMMUNE CELLS
AND THE IMMUNE RESPONSE

Muost cancer patients with advanced disease will be subjected o
some form of chemotherapy. This will largely depend on the
type of cancer and other slient pathophysiological dharacteris-
tics. Given that most patients enrolled in clhnical trials to best
the efficacy of OVs saffer from advanced dissase (7). 2 natural
trend in the OV feld has been to test OVs in combination with
chemptherapeatics that are currently the standard of care. Classic
chemotherapy drugs typically capitalize on the fact that cancer cells
are continuously replicating unliks most normal cells (18] How-
ever, some normal cell types have higher replication rates, leading
to signifcant off-target effects. Hematoposstic cells among others
can be affected and this can lead to systemic immunosuppres-
sion [discussed below). While the evaluation of chemotherapeutic
drugs in the context of OV therapy has been fairly empirical
for the most part, their immunosuppressive effects can inher-
ently complement OV activity by increasing OV spread within
tumor beds and/or increasing anti-tumor immuone responses. The
following sections provide an overview of classic chemotherapy
drugs that have been evaliated in combination with OVs focusing
on their anti-cancer mechani=m of action, examples of OVs with
which they have been tested, and the mechanism by which thess
agents suppress immunity and co-operate with OVs to improve
therapeatic outoomes.

CYCLOPHOSPHAMIDE

Cyclophosphamide (CPA) i a nitrogen mustard alkylating agent
that leads to cross-linking of nucdeotides. Its active metabo-
lite, phosphoramide mustard, interferes with DMA replication
by forming guanine-to-gumanine intra-strand and inter-strand
crosslinks (150, Aldehyde debypdrogenase (ALDH) catalyzes the
comversion of the immediate precarsor of phosphoramide muos-
tard, aldophosphamide, to an inactive metabolite. Mormal cells,
for example intestinal epithelial cells and bone marmow stem cells,
have a high level of ALDH, protecting them from the effects
of CPA's toxic metabolites. In contrast, some lymphocytes have
a bower level of ALDH, which makes them more susceptible to
the effects of CPA. CPA has been used in combination with sev-
eral OVs including HSV-1 [20-24), adenovirus [15-18], vaccinia
{29], repwimas [ 10), measles (31-32), and vesicular stomatitis virs
(w5v] (33}, leading to improved anti-tumor activity in vive. Sev-
eral studies suggest that CPA can be efficacions in combination
with {¥s by preventing immune-mediated viral nevtralization
through inhibiting or delaying the rise of newtralizing antibod-
ie=s and depleting anti-viral immuone cells induding matural killer
{MK) cells, momocytes, macrophages, and lymphocytes {20, 22, 23,
15, 26). For example, one study showed that CPA inhibits tomaor
infiltration of inmate phagocytes (macrophages, microglia, and NE
cells) following HZY treatment in a syngensic rat glioma mods,
l=ading to increased viral persistence and improved overall efficacy
(23] her studiessugpest CPA can also enhance the generation of
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anti-tumor immunity by inhibiting regulatory T-cells {(Tregs) (27,
34). Resalts from a first in-human clinical trial wsing Ad-GM-CSF
{CGETG-102) to treat solid tumors suggest that metronomic dos-
ingof CPA decreasss Tregs withowt compromising the inductionof
anti-tumor T-cell responses. This was found to be associated with
increased cytotoxic T-cell responses and the induction of Thl type
immunity in most patients. The best progression-free survival and
overall patient survival rates were seen with the combination of
mstronomic CPA and intratomoral infection of adenovirus (27).

GEMUCITAEINE

Cemcitabine is a2 floorinated deoxycytidine muclenside analog,
Incorporation of this analog into DMA prevents further addi-
tion of nuclensides during DNA polymerization and thersby halts
DA replication and cell division. Gemcitabine also binds irme
wersibly to the active site of ribonuclestide reductase. As a result,
nucleotide production is halted and DXA replication ceases, lead-
ing to apoptosis in rapidly dividing cells | reviewsd in Ref. (35]].
While gemcitabine can decrease nentraliving antibodies similar to
CPA (36), it is thought to promote anti-tumor immune responses
by off-target elimination of myeloid derived stem cells (MDSCs],
which suppress T-cell responsas. Gemcitabine treatment thereby
increases the ackivity of CDd+ and CDE+ T-cells that recog-
nize tamar antigens [37). This druag has been shown to increass
the anti-tumor activity of 2 wide array of OVs incloding aden-
ovires [38-44), parvovirus (45, 46), reovirus (47, 48), V5V (48],
HSW (50, 51}, waccinia [32], and myzoma virus (53} In the lat-
ter example, the anti-cancer activity of oncolytic myzoma virus
was improved using pemcitabine in disseminated pancreatic can-
cer marine models (53], Interestingly, no sensitization ccowrred
in immunocompromised mice, supporting the requirement for
a vins-triggersd anti-tumor immune response in mediating the
combimation effect. The combination of gemcitabine and reovirus
was recently evaluated in 2 phase | dinical trial and while anti-
tumor immune responsss were not measursd, neatralizing anti-
bodies agzinst reovirus were decreased by gemcitabine treatment.
In this study, 805 of evaluzble patients showed either partial
response of stable disease [36],

EORTEZOMIE

HBortezomib is a proteasome inhibitor approved to treat multipls
myeloma and mantle cell lymphoma. 1t reversibly binds the cat-
alytic site of the 265 proteasome with high affinity and specihcty
(54). Bortezomib has been shown to inhibit WE-x B by preventing
degradation of IcB-z in some cell types [ 55] although the opposite
effect has also been observed (56, Other mechanisms of action by
which bortezomib may kill cancer cells are through ER-stress and
activation of the unfolded protein response (UFR) (57) and trig-
gering apoptosis by preventing the degradation of pro-apoptotic
proteins (56, 58], Some studies have shown that treatment of can-
cer cells using bortezomib increases surface expression of HspSi
and Hspéd in cancer cells leading to their more effective phago-
cytosis by dendritic cells (IDCs), improwing tumor waccine effects
(58], Bortezomib-treated mice also exhibit increased D mat-
ration and phagocytic potential (59). On the other hand, one
study found that bortezomib treatment leads o apoptosis of

allo-reactive GO+ T-cells. Thus the net result on anti-cancer and
anti-viral immune responses is likely context-dependent (50]).

Bortezomib has been tested in combination with oncobytic
VEV (&1), reowiras (62], and adencvinos (63 ). Using VSV-mIFMA,
combined treatment with borteromib was inhibitory to vimos
replication in myeloma cells in vitro buot led to improved thera-
peutic eficacy compared to single treatments in syngensic murine
miyeloma models (61). Given no observed effect on tomaor wiral
load, this suggests bortezomib likely increases virus-induced cell
death and/or potentiates the anti-tumor response mediated by the
wims. Supporting the former, in combination with the oncolytic
adenovines hTERT-Ad, bortezomib enhanced infection-induced
ER-stress and activated the UFR and UFR-associated apopiotic
cell death in witro (63). In subootaneows hepatocellular carci-
nama [HOC) mouse models, borteeomib refocosad the immunes
respomse toward tumor-associated antigens by inhibiting immune
recognition of the virus. This allowed for a reduction in viral doss
in the combination therapy while maintaining similar efficacy. It
was further demonstrated that bortessmib’s efficacy is dependent
upon a functional C08+ T-cell resporse, as no response was seen
ir vivo upon depletion of CDE+ T-cells.

MITHCANTRONE

Mitomantrone i a type I topoisomerass inhibitor and a DNA
intercalating agent. Thus, it disrupts DNA synthesis and DXNA
repair in both healthy cells and cancer cells (64). Mitoxantrone
was initially developed for treatment of cancer and has been
notably approved to treat leukemia and prostate cancer. How-
ever, due to its immunosappressive sffscts, mitoxantrone was also
approved for the treatment of mubiple sclernsis over o decade agn.
Similar to other immunosuppressive chemotherapies, its activ-
ity can be attributed to its effects on proliferating immune cells,
bust it aleo has additional effects on antigen-presenting cells and
enhances suppressor T-cell functions. Mitoxantrone treatment
notably reduces the secretion of pro-inflammatory cytokines such
as [L-2, interferom-y (IFN-v), and tumor necrosis factor alpha
(55—68). This drag has been tested in combination with oncolytic
HE¥-1 in syngeneic murine breast tumor models (58] but onky
ir vitro with adenovirus in prostate cancer cells (70-72). In the
case of the HSV-1 FCPD nudl OV KM 100, mitoxantrone was found
to induce immunogenic cell death and whereas no enhanced cell
killing was ohserved in vitro, the combination treatment improved
sarvival compared to single trestments in a Her2/neu TURD-
derived syngeneic murine tumaor model. This effect was associated
with increased intratumoral infiliration of newtrophils and tomor
antigen-specific CIA+ T-cells. It was abo observed that CDE+
and CIM+ T-cells as well as LyfG+ neutrophils were important
in mediating the improved anti-tumaor effcacy.

IRINOTECAN

Irinotecan or mare acocarately its active metabolite SM-38 inhibits
topoisomeras: | leading to a blockade in DMA replication and
transcription. It is mainky used in colom cancer as part of 2 reg-
imen known 2= BOLFIR], which also inclodes folinic acid and
5-fuorouwracil. This course of therapy has been found to reduce the
number of Tregs in colorectal cancer patients with minimal impact
on total lymphocyte and CIM+ T-cells counts (73], Few studies
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have ussd irinotecan in combination with Vs in vivo, One study
showed that HSV-1 expressing CYP2BI, which converts irinote-
can imto SM-38, leads to improved sarvival in combination with
irinotecan as compared to virus or drog alone in an immunode-
ficient mouss glioma mods (741 While potential immunological
effects were not assessed, a Ekely contributor to the effect of com-
bination therapy is the increased comversion of irinotecan to active
5M-38 due to the expression of CYP2BL by the vines. Anotherstudy
used oncolytic Sindbis to treat immunodeficient mice bearing
human ovarian tumors (75). In this model irinotecan improved
the oncolytic efficacy of Sindbis and this effect required NE cells.

TEMOZOLOMIDE

Temozolomide [TMZ] is an alkylating agent that leads to alkyla-
tion/methylation of DMNA and has demonstrated clinical benehis
in patients with glioblastoma (GEM) [76) and advanced metasta-
tic melanoma (77). At higher doses, TMZ can be myeloablative
and in thess conditions, OO+ and CDB+ T-cells, as well as
Tregs are markedly reduced. Vaccimation using an anti-tumor
peptide vaccine following TMZ-induced myeloabhition leads to
improwed CDB+ T-cell anti-tamor responses and prolongs sor-
wival in 2 murine model of established intracerebral tumors (75].
However, Treg depletion has also been observed following low-
dose TMZ in rats (78). Oncolytic adenovirus [80-83) and HSV
(B4, 85) have been tested im wiwe in combination with TMZ,
albeit immune effects hawe not been spstematically explored. In
one study with Ad5/3-D24-CM-CEF £ low-dose CPA (1o redoce
Tregs). treatment with TME increased tumor cell autophagy,
anti-tumor immuanity, and wltimately reduced tomor burden in
miurine models of zenogeneic prostate cancer [E2), When used in
chemotherapy-refractory patients, adenovines infusion followsd
by TMZ treatment was found to increase tumor-specific T-cells
and immunogenic cell death as well as overall sarvival compared
to adenowiros treatment alone.

SUNITINIE

Sunitinik is an oral. small-molecule, and multi-tageted receptos
tyrosine kinase (ETK) inhibitor that was approved by the FDA for
the treatment of metastatic renal cell cardinoma (RCC) and gas-
traintestinal stromal tomors (GIST) in 2006 Since then it has also
been approved for use in newroendocrine pancreatic cances. Suni-
tinib inhibits cellular signaling by targsting multiple ETKs. Thess
inchude platebet-derived growth fBctor receptors (PDGE-R} and
vazcular endothelial p‘mﬂh factor recepiors [VEGF-R). Sanitinib
also inhibits KIT (CIM17), the BT that drives the majority of
GI5Ts In addition, sunitinib inhikits other RTEs including RET,
CSFE-IR, and FLT3. Sanitindh has been recently shown to have
additional off-target efects that block effector proteins of the IFN
signaling pathway such as EMasel and FKR (56],

Sunitinib has been evaluated in combination with ¥S¥ (87,
&R), reovirus (E7), and wvaccinia vims (88). In the context of WSV
oncovirtherapy, sunitinib decreased phosphorylation of the PEKR
substrate lF2-u, leading to increassd wiral titers in witre, Quite
remarkably, combination therapy resulted in complete and sos-
tained tumor regression in several immunodeficient and immuno-
compstent mouse tumor models (88). However, sunitinib may
have additional effects on the infectivity of tumor vasculature.

One stady wsed sunitinib to transiently inhibit VEGF signaling,
creating a “¥WEGF burst™ upon treatment recowery. In combina-
tion with oncolytic V5V and reowiros, this led to increased wiral
infection and endothedial cell hysis as well as virus spread from
blood vessek to cancerous tissaes (B7). A recent study looksd at
the combined effect of sunitinib and cnoolytic vaccinia wims in
syngeneic kidney and breast cancer mouse models, and found the
combined treatment led fo the most dramatic tumor reduction.
Infection of tumoars with oncalytic vaccinia as 2 monctherapy led
to decreased VEGF expression (89), in line with the observation
that waccinia induces tumor wascular shutdown in both muorine
tumor models and in patients (5092 ). Thereby, the combination
effect in this stady was attributed to enhanced tumor devascular-
imation, although other potential efects of sunitinib on the cellular
anti-wiral resporse cannot be moled oar.

DRUGS THAT EFIGENETICALLY REFROGRAM IMMUNE
RESPOMNSES TD ENHANCE OV THERAPY

Epigenetic chanpes in pene regulation and expression can lead to
phenatypic heterogeneity in genetically identical cell populations.
Through reversible modifications to DA and chromatin strue-
tures by enzymes targeting [MMA, histones, and the distribution
pattern of nudeosomes, the ability of transcriptional fctors to
access their respective promoters can be deeply altered (83). Mot
sarprisingly, many enzymes that are involved in spigenetic regua-
lation are deregulated in cancer and manipulation of the cancer
epigenome wsing small molecules has been explored saccessfully
as 2 treatment modality for cancer. As will be discussed in the
following sub-sections, modification of the cancer spigenome has
also prowen beneficial to improve oncolytic virotherapy through
effects on the cellular anti-wiral response, the anti-tumor mmune
response, and even viral gene expression |for 2 more extensive
rewiew, refier to Befl (1)).

HOAC INHIEITORS
Transformed cells often have defective IFM signaling pathways
due 1o the crtokine’s ability to suppress cellulr proliferation
and stimulite immune responsss, both of which cancer cells
must bypass in order to evolve to full-blown malignancies (54—
24). Indeed, it has been estimated that rooghly three guarters
of tumor cell lines within the NCIE0 panel have defective 1FH
responses (97}, Mumerous reports have attributed dysfanctional
1FM pathways in tomors to epigenstic silencing incleding DA
promoter hypermethylation and transcriptionally suppressive his-
tone madifications |reviewsd in Bef (1)]. The extent to which
interferon-stimulated genes (15Gs), the effector arsenal of the IFN-
meediated anti-wiral response, are epigenetically silenced can lead
to differences in the sensitivity to wins infection (98-102). Impor-
tanthy, transcriptional activation of 15Gs has been shown to requine
histone deacetylase [HDAC) activity [103), which has spawned
the evaluation of HDAC inhibitors (HDIs) in combination with
saveral OV,

HIMC inhibitors induding valproic acid (VPA), trichostatin
& [T5A), suberoylanilide hydroxamic acid (SAHA), and M5-275
have all been used in the context of OV therapy to effectively
“reprogram” [F-responsive tumors to become permissive to OV
infection. HDs such as VPA and TSA were found to enhance
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H5V oncolysis in oral squamons cardinoma cells (S0C) (104) and
glioma tumors [105-107). In one repoart, this was attributed to an
inhibition of virally induced 155 expression, even in the presence
of exogenously added [FHNE (106). The result of HDIHSY combi-
mation therapy led to prolonged survival in several murine tumor
madels (105, 106). T5A also enhanced the oncolytic capacity of
waccinia virus, whene the two agents symergistically increased cell
killing im witro in seweral cancer cell lines and the combination ther-
apy led to improved survival responses in syngeneic lung metasta-
sis and subcutaneous colorectal carcinoma mowse models (108]

Similarly, M5-275 (entincetat), SAHA (worinostat), and other
HDIs robustly sensitized resistant cedls to V5V-mediated oncol-
ysis by suppressing transcription of IFMP and 150, increasing
wiral titers, and increasing cancer cell death. This potent synergy
was cancer cell-specibc and led to delayed tumor progression in
zenograft models and improved viral spread within tumos in 2
syngeneic metastatic breast cancer moddel (3590 Whils only evalu-
ated in vitro in this study, HD treatment of several cancer cell lines
incrensed spreading of vaccinia and Semliki Forest wiroses as well
This actiwity was ultimately linked to HDI-elicited dampening of
the response to IFM (98],

In addition to the effects of HDMs on the response to TFM, evi-
dence suggests HIMs can have additional immuno-modulatory
properties. Particularly striking effects of H s have been observed
in the context of a heterologous oncolytic prime-boost strat-
egy, where mice with syngensic Bl6 mebknoma brain tomors
were first primed with an oncolytic adenovires expressing the
tumor-associated antigen dopachrome tautomerass (hIDCT, owver-
expressed in B16) then treated with onoolytic VEV expressing
hIMCT. M5-275 given along with W5¥-hIXCT potentiated the anti-
tumor response to hIET while suppressing the adaptive anti-viral
response, wtimately redirecting the immune responsa toward the
tumor. &s a result, eficacy was dramatically improved, where the
muzjority of mice given M5-275 in the prime-boost regime experi-
enced long-lasting [ 2= 200 day) cares, compared to 1 00%: mortality
before day 50 in the mice given the same therapy minwes M5275
{105). In this stady, it was also shown that M5-275 reduced virus
neutralizing antibodizs and memory CDE+ T-cells while main-
taining prime-indoced levels of humoral and cellular immunity
against the tumaor antigen (105

5-ATA

DMNA methylation and histone modifications are highly inter-
dependent epigenetic processes (110}, In addition to histone
acetylation-mediated gene silencing, 15Cs and other genes implict
in the IFM-mediated anti-viral response are often silenced in
cancers by DA hypermethylation at CpG islands in their pro-
mater region |reviewed in Ref. (1)), In addition o cellular genes,
wiral gemomes can also be susceptible to direct epigenetic silenc-
ing. For example, cncolytic SV njein®d 5 is lransriptionally
silenced upon infection of glioma cells, due to increased DA
meethylation levels at the virally encoded mammalian Mestin pro-
mater [111). As such, some groaps have investigated wsing (Vs
in combination with 5-AZA-1 -deoxyoptidine [5-AFA4): a DMA
methyltransferase inhibitor that prevents DNA methylation and
allows silenced DA to regain accessibility to transcription fac-
tors. In the case of oncolytic HSY ) MNestin3.5, treatment with

5-AFA was sufficient to de-repress transcription under control of
the Mestin promoter, allowing viral gene expression, increased wiral
replication, and H5V-mediated glioma cell killing. This translated
to increased survival in glioma bearing mice treated with bath
ST and the OV, -n:u:nplm:l to either treatment administersd
alone [111). However, it is interesting to mention that in the mme
study, VPA an HDAC inhibitor was suffcient to drive down DMA
methylaticn at the Mestin promoter in vitro in infected glioma cells,
highlighting the closely interrelated impact of DNA methylation
and histone modification {111}

PREAKYmTOR PATHWAY INHIBITORS

The phosphoinasitide 3-kinase (FI3K]} pathway is critical to cell
sarvivallapoptosis signaling in response to stress. Cenetic muta-
tions in the P13K pathway frequently oocur in cancers resualting
in dysfunctional apoptotic responses and pro-sarvival signaling
{112} Varicus growth hormones and stress signals inclading IFN-
 activate PI3K, which triggers a signaling cascade leading o Akt
phosphorylation (112, 113). This activates the kinase, which then
phosphorylates a number of cellular factors imvolved in cell sar-
vival and proliferation such as NF-xB, which is also involved in
inducing the type | IFM cascade.

Several PI3K pathway inhibitors incleding GDC-0941 and
NWP-BEZ235 are currently being clinically evaluated for the treat-
meent of cancer (114). Both GDC-0941 and LY284002, 2 commom
P13E inhibitor chemical probe, inhibit PI3K activity via competi-
tiwe inhibition of an ATP binding sit= on the pESa subunit {115).
The PI3K inhibitors LYZ94002, G041, BEZ235, as well as the
Akt inhibitor tricibine, acted synergistically with oncolytic H3V
MG 5L to induce apoptosis in glioma cell lines im vitro in 2 cancer
cell-specific manner. Eemarkably, combination therapy resalted
in durable cores in mice bearing glioblastoma multiforme (CBM)
tumars, surpassing the efficacy of either thermpy administered
alone (116). Recent Andings also indicated LY284002 increased
killing of multiple myeloma cells im vitno triggered by the oncolytic
adenavirnus ZDS5-TRAIL (117).

Mammalian target of rapamycin (mTOR], 2 master regulator
of cellular translation, s downstream of PI3K and Akt signal-
ing Indsed, both GIC-0841 and NVP-BEZ235, a PI3K inhibitor

by Mowvartis, hawe been reported to inhibit mTOR as
well as PI3E (114). While mTOR controls translation of 2 host of
cellular mRMAs and can also impact translation of viral proteins,
evidence saggests it can comtrol the anti-wiral responss by regulat-
ing transhtion of 1FN and other key mediators of the anti-wiral
respomse such as IRFE-7 (118}, The mTOR inhibitor rapamycin,
a well-known immunosuppressant, has been tested in combina-
tion with several OVs induding oncolytic adenovirus (119, 120),
HEY (121]), VEV (122}, and myzoma (123, 124). Treatment with
rapamycin or dosely related mTOR inhibitors such as everolimas
(RAINNO1} has been reported to suppress the adaptive immune
response bo (s by reducing levels of antibodies penerated against
the virsss (120}, improving OV activity in several rodent models
of cancer [119-121]). In one study, enhancemant of OV activity was
alsn observed in vitno following treatment with rapamycin (121).
This may be due to the impact of rapamyrin on the IFN response
as determined from another study where rapamycin was shown o
reduce levels of WEV-induced IFM in rats, improving V5V efficacy
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in an aggressive rat glioma model (122). Interestingly, oncolytic
myxoma is enhanced by rapamycin in normally resistant human
tumor cells in witro; however, the mechanism by which this ocoors
is thought to be due to rapamycin-induced increases in Akt kinass
lewels optimal for sustaining myxzoma replication {123].

OTHER PROMIZING IMMUNO-MODULATORY
O¥-ENHANCING DRUGS

MOVEL WIRAL SENEITIZERS

The paragraphs abowe have shown countless examples of empir-
ically or rationally selected combination therapeutic approaches
aiming to improve the activity of OVs wing well-characterized
chemotherapeatics and signaling pathway inhibitors. & high-
throughput screen was performed in an effort to expand this
appmach in an unbized manner to identify previously unchar-
acterized small maolecules that enhance OV activity. This screen
was performed using oncolytic VSV AMS] in the resistant murine
breast cancer cell line 4T1 (125). Several molecales were identified
as movel “viral sensitizers” (W5es] that were capable of boosting
V5V replication and spread in vitro. One of these compounds,
Vel boasted VSV AMSI replication by up o 1000-kid, and was
found to synergistically increase tumor cell killing. The mode
of action of VZel is not fully understood bat at @ minimum it
invalves disruption of the 1FM response. More specifically, I5Cs
typically triggered upon ¥5Y infection remained silenced in cells
pre-treated with V5el [125). When used as a combination therapy
to treat an aggressive mouse colon crcinoma model refractory to
VSV AMSI, V] potentiated OV activity leading to delayed tumer
progression in the contest of the combination treatment, while
either VEWAMS] or V521 alone had no appreciable anti-cancer
effects (125).

TEIPTOLIDE

Triptolide [ TPL) is a naturally derived component of the Chiness
herb Tripterpginm wiliordii and has been used for centuries as
an anti-inflammatory remedy that has also been found to have
anti-cancer properties [126—128). TPL i known to be a global
transcription inhibitor and has multiple effects including the inhi-
bition of RMA polymerase [1 and the expression of genes invobeed
in apoptosis and NFxB signaling (129). A recent report found
that TPL also suppresses IFN sigmaling downstream of IRF3 (134].
When combined with oncolytic W5V both im vitno in VEV-resistant
tumor cells and im v in an aggressive mouse GEM tomor
meadel, the two therapies snergistically improved tumar-specific
vims replication leading prolonged survival and delayed tomor
progression compared to aither therapy given alone (1300

JAK KINAZE INHIEITORS

Huxolitinik [ Jakah) is a Jak1/2 kinase inhibitor (131) a.ppn:wu:l m
2011 for the treatmentof mysbofibrosis [ 132). Patiemts with myelo-
proliferative neoplasms often possess an activating mutation in
the gene encoding fak2 [133), resulting in aberrant inflammatory
cytokine release and splenomegaly. Treatment with noolitinib,
while not targeting the genetic determinant of the neoplasm, led
to profound resolotion of severs symptoms in human trials o
treat myelofibrosis [splenomegaly, weight loss, fatigae), and this
clinical efficacy was associated with a potent reduction in inflam-
matory cytokine bevels [134). Civen that Jakl is required for type

1 IFM signaling and induction of 15Gs, Jak] inhibitors have the
potential to benefit OV therapy in IFN-responsive tumors. Both
ruxalitinib and Jak inhibitor | wers sufficient 1o sersitize VSV-
resistant squamous cell carcinema cells m vitr to W5V infection,
and this sensitization was associated with marked decreases in
15 expression [135). Pre-treatment with the Jak inhibitor 1 also
sensitized srcoma and bladder carcinoma cedks to WSV infection
ir vitro [ 136).

CHECKPOINT INHIBITORS

Targeting T-cell inhibitory check point molecules, including the T-
cell inhibitory receptor cytotoxic T-lymphooyte antigen 4 (CTLA-
4) and programed cell death | (P ), isa relatively new therapeutic
approach to cancer therapy. During normal immune responses,
T-cell checkpoint receptors such as PN and CTLA-4 prevent over-
active T-cell responses, which can lead to harmiful tissue damage.
Howewer in cancers, tumaor infiltrating T-cells are often inhibited
by both P11 and CTLA-4 stimulation. As a result, T-cell anergy isa
major barrier to immune-mediated tumor recognition and dear-
ance. Given the ability of O%s to stimulate an anti-tamor immume
respomse, combining OV with checkpoint inhibitors has emerged
as a logical combination approach. While several groaps are car-
rently working on this approach, published studies o date have
focused on ipilimumab, an anti-CTLA-4 antibody approved to
treat melanoma in 201 1. By targeting CTLA-4, ipilimamab blocks
interaction with its ligands, CIGRICINEE, leading to increases in T-
cell mediated anti-tumor responsas. Anti-CTLA-4 antibodies have
besn wsed in combination with oncolytic parwesinas in vitee (1371
and Mewastle disease virus (MOW] ir vive to treat murine B16
medanoma [138). Remarkably, the combination therapy of MW
and anti-CTLA-4 led to nearly 70%: cures in 2 Bl6 melanoma
miouse mode] compared to 2% cures for anti-CTLA-4 antibody
alone and no effect of the OV on its own (138), Motably, MDY com-
plemented with anti-CTLA-4 led to an increase in the infiltration
of activated CO8+ and CD4+ T-cells and a redwction in Tregs.

CONCLUSION

Snccesshal therapy using OWs will ultimately depend on effectively
navigating, the delicate balance between the anti-viral response
and the anti-tumor immune response such as to minimize the for-
meer in the short term and maximize the latter in the long term.
As outlined abowe, several approved drogs and novel small mal-
ecules can be effective took to dampen the inmate and adaptive
anti-wiral responsss, increase the anti-tumor immune FESpOTSE; OF
both, However, given the closs interplay betwesn the cellular anti-
viral response and the adaptive immune response that is required
for prolonged tumor control, (Widmg scheduling i likely to be
critical. Tio this end, it is probable that the combination of some of
the agents described abowe may allow for additional flexibility and
miore eflective therapy. For example, one can easily foreses fisst
using a drug that specifically dampens the cellular antiviral to per-
mit robust OV replication followed with another that promotes
the generation of an anti-tumaor response. However, given the effi-
cacy of each approach is undoubtedly both context-dependent
{eg.. tumor type and tumaor site] and %-dependent, more pre-
clinical and clinical stadias will be necessary to identify winning
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combinations that can maximize the potential for curing cancers
in a climical context.

Whils many studis demomstrate therapeutic benefit of com-
bination therapies at least in animal models, we can perceive
a deficit in regards to systemnatic head-to-head comparisons of
different combination therapies coopling (Vs and the immume-
maodulatory drugs reviewed above. While such a feat may prove
daunting experimentally, this exercise seems warranted and neces-
sary to delinsate a more educated choice of combination therapies
to push foreard into clinical trials. One dear trend overall is
that evalmation of promising combination therapies with novel
immuno-modulatory agents seems o stop at the pre-clinical level
There are likely several factors that contribute to this. For exam-
ple, companies developing novel small molecules may be reluctam
to explore combimations with Vs that are still relatively nowvel
themsebves. Similarly, novel small molecules need 1o be walidated
clinically, which complicates clinical trial design and adds addi-
tional risk from the perspective of those spearheading clinical
translation of OVs. This is particularly challenging for novel small
molecules such as Viel, which have besn selected for the sole
purpose of enhancing OV activity (125). This type of small-
by pharmacentical companies that have experience in developing
both small-molecule and biological therapies separately. Hence,
from a clinical perspective, it is likely that the combination of OV
therapy with a chemotherapy drug that & part of current standard
of care would be the easiest to implement as demonstrated with the
combimation of cncolytic adenovins and CPA (27} With promis-
ing results emerging from the dinic showing benefits combining
ONs with traditional chemotherapy drugs, and as pharmaceati-
cal companies sach as Amgen begin to ke head of the potential
of OW therapy for the treatment of cancer, clinical evaluation of
some of the more novel OV-synergizing compouands seems likely
in the near future 2= 2 means to overcome heterogeneity in clinical
response.
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Appendix F:

Garcia V, Krishnan R, Davis C, Batenchuk C, Le Boeuf F, Abdelbary H, Diallo JS. "High-
Throughput Titration of Vesicular Stomatitis Virus Using a Luciferase Reporter Assay."
Journal of Visualized Experiments. 91, e51890 (2014) doi:10.3791/51890.

This article was published under a Creative Commons Attribution License (CRC 3.0,
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Absiract

Sandsrd plague szsays o determine Infeclous viral iRers can be Gme consuming, are not smenabie o a Righ volume of ssmples, and cannot
be done with viruses that do not form plsques. As an ale=maiive io plagu=s assays, we have developed a high-throughpes tirabon method that
aliras for e simuianacsus Braticn of 3 high volume of sampes In a single day. This approach involves iInfection of the sampies with 3 Firefly
luciferase agged vinus, mansier of the imfecied samples onbo an appropriaie permisshve cell ine, subsequent additicn of ludfern, reading of
plates In onder b cbEain luminesosnce resdings, and Tinaly the conversion from lumimescence: o viral Bers. The assessment of cyioloxdcEy wsing
o mefabolic visblEy dye can b= sasly Rcorporated In the workfiow In paralel and provide valuabie information s the context of a drug soreen.
Thiks technique provides & reliabde, high-throughpat misthod bo defermine viral Hers s an aftemative 1o a standard plaque xssay.

Video Link

Thie video component of this articls can be found at hfps:fwanw jove comfddeo'S 18900

Introduction

Classical viral plagues assays contimue o be & mainsiy In virus research even though they can be noboriousty time-consuming amd consfhebe &
signfcant bolenack 1o obiaining resuls from expeiments. Bone mpid indirect virus quantficaBon methods have emerged iInchsding quan tisthes
poiymerxse chain reaction [gPCRY, ELEA, and flow ntnml:h'j“. Recent innovalions such as the \Virocyt wines counter can directy cownt vinases
using advanced flow sorting techmology and through a combinaSion of probein ard DRARNA I‘hIE:i.WI'III.‘ all of these mefods have undoubbediy
guickeried the pace of vines research, sxch method has s advaniages and drawbacks. For example, 9&CR can aliow for quanbficaton of
SpECHC viral ge=nome seguence but cannot efectvely discriminate Rfecious from defectve 'ﬂmn:l. ELISAS can be very specic however
require a suftable anbbody against the desinsd tangst viral probein and cam be very expenshe. While Now cyfometry schmology ofers many
advantages and has improved significanily, Sroughput and accessibiity 1o highly speclalzed eguipment noneffeless remailns a hardle.
Importanty, all of these technigues are not KHeally sulied for high-throughpat screening, for which the ease and Bime reguinement of e virus
guantfcation step s of crifical Importance.

Hizre we describe a high-frouphput and saxslly sutomaable bechnlgue o ther viruses that express a Firefly lucPemse (Fluc) ranspene. This
meod generates approximats viral Shers In 3 best sampie basad on uminescERcE signal eads Srough e paralel use of a standard curee of
Enown amounts of virus. Samples containing unknown guantites of lucFERsE-EvprEsEng ¥ines are transfsred on o 3 permissive “plaguing” cel
Iime I paralie] wi the standard virus diubion curse and vines-assocliated luminesosnoe ks read after a few hours incubabion ime. This allows for
rapid, quantiative, ofien same-day generaticn of resuits, unlike classic plaque assay promcols which typically require several days of Inoubation
In ander b manually count wsible pagues .

Thie protocc] catines the steps of owr Himion method using oncolylic Wesloulsr Slomaiits Vines encoding & Fluc fransgens (WEYAS1-Fhac) as
an example and provides an overview of 1. Sampie preparation 2. The plating of a permissive cedl ne for virus tirabon using an autcmaied
dispenser 3. The preparation of the wiral standard curse 4. The ransfer of the sample supsmatants onbo Fe permissive o=l e using a S6-well
manual plpefior 5. The assessment of sample cyiolodcEy wsing a cell viablity reagent &. The prepamation of the lucPerin subsimbe 7. Reading of
bloluminescence ard 8. Dats analysis.
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1. Sample Preparation

Cibkain sampies containing leciferass—sspressing virus (hersin VE3VAST-Fluc as an example) for Hirafion and ramsder inio S6-well plades.
Adtermaizly, perform Infechons in 96-wel Bxsee oulture plates and wse supernatants dirscty.

L=ave fwo columns unireaied for the iInchusion of standand curees. For syperiments done dinecily In 95-wel plakes, tier at the end of the
experimeEnt (40 hr post-infection] or store 3t -80 "C and Hier 5 3 ater date,

2. Preparation of Permissive Cells for Virus Titration

3.

24 |hr prior bo Sbering, prepane & suspension of Veno osls at a concenirafion of 2.5 10% celisim| i Dulbecco's modHisd eagle medum

{DMEM] conmtainisg 10%: Tetal bovime s2rum (FES), 30 mM HEPEE, and 1% penidiinsirsplomyon. ROTE: Although @ils proioool uses \'ero

cells, any sultable permmilsshe cell line for VEY Infecion could be used.

Bead 2.5 x 10" ceds (100 pi) In 36-well white sold fat-totiom plabes using a micropiate dspenser.

Prepaire 12 mi of ozl suspension per plake plus S mi for priming.

Clean micropiate disperser cassete by fushing the buting wiss 50 mi of sierle water.

Flll Bz microplate dispenser nes Wil ozl suspesnsion amd =t 5 ml of cell suspEnsion fiow through.

Select & program Tt will dispense 100 @l In sach wel of a whBe-waled 96-well piyie. Dispense, and repeal 2 necessary for

additional plates. Also seed a few wells In a S5-wel clear flat-botiom plake I cpague-boiiom whib—amaliesd pixies s wsed for verfication

of cell sl and density.

5. When finished, flush osis back inko original conkainer. Chean the casssEe by running S0 mil of 70% =thanol followed by SO mil of warm
sierle water through the bubing.

&5. kake sure cassette and tubing anre appropriabely cleaned betwesn uses.

[

Ircubate cxis for 24 hrat 37 °C In a homikdfied % CO; Incubaiorn.

3. Preparation of Viral Standard Curve

Frepare a standand cunes of YEVAS1-Fuc in senarefres CRBER! such @at the final conosntrafion of plaque forming units ipfu) per mil afer
Fransier cnin Ve celis |5 as Sslows: 107 pfwml, 107 piwmi, 107 pawml, 107 prwmi, 10° sfuimi, 10° pham, 10° pfuiml, and 10° pfwml. Prepars
Z0 i of each concenirafion per plake of Vero cells phas an extra 10%.

MNOTE: Ther of the luckFerase virus stock will meed 1o be assessed Il a na::kal'laj'mhmmgﬁﬁmht 3 standard ourve that will alow for
absolute guantificabon. Otheralss rejabive quantification can be achiesed wiilout precise fier infommation by arbiranly setting viral tBer based
on diution steps. For example e first diution of S Sandand curve may be st o 10" wirad units and b fSollowing 1710 dikSon o 10" and so
ofi. In this contest, cne should express valees &t 3 fold-change compared bo & pre-debermined =ample as absokte quanENoson wil not be
BCCURAtE,

4, Transfer of Sample Supernatants onto Permissive Cells

Check Wero ceils plated i the clesr-botiom Se-wedl plaie under a ligivt microscope fo confirm S monolayers are at keast 35% confleent.
Transfer 25 pl of sample supermaant onto Vero cells sexded In whike-walled piates. Do mol iransfer supemiatants imio the 2 columns
designated for sandsnd curdes. ROTE: This can be dore sSimuianscusy for sl wels on 3 single plaie gsing & 35-thanms liquid handler,
Using am 8- or 12-channsl mult-channe pipetior, acdd 25 pl of sach diluticn of the standand curve prepared in Sep 3 o the Ve cells in the 2
designabed columns.

Cenirifupe plates for S min af 430 x g at AT.

ImCcubate for S hr st 27 °C In a homikdfied 5% CO; InDusaior.

5. Assezsment of Cell Viability

HNOTE: When stariing from supematants obiained from infecion evperiments done in clear S6-wel plaies, sample viabllEy can be assessed
pricr to guantfication with & o=l viabilEy indicator dye Such as mesazurnin.

MAad resazurin in an amount equal b 10% of the wolame Ino=ach weld of the S~aell plate of samples condaining wines and osdis Include csl-
only controls as well as medla-only coninol b delermine values for 100%: and 0% viabilEy respecively.

Adter 2-£ hr {imcubation tme wil vary depending on cell Bype and on the concentration of commercially avallabie or reconsifuted powder of
e dye ), read and record the sigrasl using a fuorescence plake reader (S320-520 exciiation, S50 emission . Report ozl viablisy for a sampie
accarding o the formula Rejatve Me@bolic Actvity = {[Test sample sigral - negatve cominol signal) @ (Cell cnly conmol signal - regathne
conirol signall] ¥ 100%
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6. Preparation of the Luciferin Substrate

1. 20 min before the end of the S hrinoubation, prepare B uciedn io obtain a 2 maémil solubion in sterle phosphabe ba®ered saline (FESL
Frepare 2.5 ml per plaie plus an exta 2 mil Protect soketion from ight NOTE: The: kciferdn may also be prepared earler in e day and
shored at 4 "C untl wse.

7. Reading Bioluminescence

1. ASerthe S hr incubabton pericd, add 25 yl of lucienn o each well of Vero cels ik the whilke solid plates. Add ecienn manually or with an
stomated dspenser inkzgrated Ini e minometer. NOTE: The use of an Insinament with only single and =nd point reads may require the
addbon of & ecierse compatie yss buffer prior o adding the lwcisrin subsiraie o mprose: consisismc

2. Read the plakes Wit e Tollowing parameters:

1. EShake for 5 ==c.

2. Wak 30 s=c.

3. Read wminescence at an approprate fosd sensithvity § exposuns value. I the option Is avallabie on the nstrument, wse mub-pong
reads (2.5, 3 ¥ 3 matiy) b IMprove 3coaracy.

1. Recond and sawe e quanified blokaminescent inbensity.
4. Fan automabed dispenser was used o add luciferin pungs the ludferin and prime the lires wiih wam sberlle waber

8. Data Analysis

1. Foraccurate results, soke T nondinear regression o generate 3 Hill squation from the standarmd curves. Apply @ils eguation o the Hiered
sampies o calculabes vwiral expression units. Some vinses or shuations may produce a standand curee with a linear relationshig; in Bis cass
sotve for @ linear squabion.

A summary of the workfiow describing the high-throaghput meiod s llksiraied in Figurs 1. Figure 2 shows the resaits of a Gyplcal stamdand
curie pfEVAS1-Fluc. Four-parameter non-linear repression anatysis generated a Hill plot from which unknoen input pf (estmate of viral ter)
can be inkerpolaied. These estmaied tiers are fermied vieal sxpression unis (VEU L Fligure 34 shows VEUS and tiers obfaimed by performing

a skandard plagues =ssay with the same n-'nplsm. Samples orginatad from an expefiment whers various cheemicals were used b epfance the
replcation and spread of WEYAS1-Flc In 7250 cells. WEUS Intempalated from the standard curve mist b= muBiplled by a factor which ks based
on e diution of sample supsrmatanis b=ing ransferred on o Vero cells (n @is cas=, the dilution facior s 5. The lim=ar correlation bebsesn
t=rs amd VEL s shown I Figure 38 with an R’ of 0.20832 and a Pearzon’s rscone of 0.899 {p <0.0001). In Figure 4, typical o=l cytoloxicity
daks cbtained from a mesabolc assay s shown for 786-0 cois tneated with chemicals prior o Infection with WSWAS1-Fac. Finaly, Figure &
shows typical standard curves obbalned wiin varfous vineses (Hempes Simplex Yirus (HEWV], Yaccinks wines, amd Adeno-Assockaied Yirus (A8, all
expressing Firefly lucHerase) and describes incubation Smes and fresze-thaw cyces, as nequired.
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Samples + resazurin

Luminometar Fluorescence plate reader

am1.mmmmmmmvmmmmwmynunokuim.wsmzs:1o‘Vuoce¢aper-eu
(100 pi) and incubate at 37 °C. (B) 24 ir Iater transfer 25 pi of standard curve on 10 Vero celis (2 columns per piate). (C) Transfer 25 ul of
sampies 10 be titered on to remaining Vero celis. Centrifuge plates and ncubate at 37 °C. (D) In an amount equal to 10% of the volume In the
weil, 3dd resazurin reagent to the piate containing the original sampies. incubate piates at 37 °C. (E) After 3 hr, read and record fuorescence
and azsess cytotoxicity. (F) After 5 hr, add 25 yl of 2 mg'mil sclution of luckerin 10 each wel of Vero ceils. Read luminescence and caiculate Viral
Expression Units.
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Viral Expression Units / mL
Figurs 2. Expeobed ctandard surve of WEVAET-Fluo. Luciferass sxpression was measured S hrpost supsmatant ransser az Syve gHisnent
points within a well using a kmisomeber and Holumpescemnce was expresssd i mean relytie lght unbs (RLU ) Bean RLUU was plobed spainst
Enown Inpat | o sohre Be non-Inear regression and gensrabe a Hil =quation. The averapes of wo replicais canves and standard error bars
are shoam (r= 0.5533).
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Figure 3. Comparison of eiandard plague accay thers with thoce cbtained by high-4dhrowghput method. (&) Viral Bhers in pfaim] obiamed
by siandard plague assay on Yero cells were compared with caloulafed viral ers (VELUY from Bhe same samples tisred esing the Righ-

throughput lucHerase assay. (B Lirear relytionship bebween VEUYmil and tEer obiaired via sbandard plague assay. Linsar repgression oumes and
coefMdent of delemmination (R ane showsn.
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Figure &. $ampla wiabilfy. Sampis viabiity prior {0 supematant ransfer cnio Ve ceils was determined by assessing celular metabolc acthity

usirg 3 commerdally avaliable resazunin soluton. Raw fuoesceno: vales wen nomalizsd 1o that of unirested, uninfecisd wels.
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Figure B. Expeoted standard surves with HEV, Vassinla, and AAV VINK-BG. LUCKERASE EYOrEsSion was measured at Tve differsnt points within
awel using a luminometer and Holuminescencs was sxpressed inmean relatve llght uniis (RLUL (&) HEY s@ndard curre was sdded onio
e cells gial:dll'— hir =ariber at & density of 25 x5 1I:I‘|:=I: perwell {100 @) and lucBerase measurement was made 17 br post supernaniani
transder ("= 0S285 nad ) A HIll =quabion was generabed by soiving the nor-lnear regression. (B) Yaocinks stamdand curee was added oo
e cells plated 24 hr earier 3 density of 2.5 x 107 oeils per wel (100 ui) and Incubated for 2.5 hrat 37 *C, afer which kcierse measuemeants
were aken -:H’-I:I.BB’E!]..J. Inear sguation was generated by soking for the limear regression. (C) AAY standard curve was added oo hurmsn
lung carcinoma celis (A543) plated 34 hr earler 3 3 densky of 2.5 x 107 celis per well (100 i) and lucFemze mexsrement was made 24 hr pozt
Infection. A HIN eguation was generated by solving e non-inear regression. The awersge of five replicate cunses and standard error bars are

shown (R 093361,

The uciferass-based approach descrbed hene provides & number of advanteges ower other existing meifods Including Bz sase, guickness,

minimal equipment mesd, and relatively low oSt A ey contribotor o Sis |s e avoldanos of 3 senal diuSon step. !

, zarial &

based derivatives of this profccol are corainly S=asibie and wens recenby usesd 10 assess luciferase-expressing Ebola tiers in a high-throoghout
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anfdviral lcrl:m".\l'hlelnh:r:nﬂrl'-m: ime comsuming and more expenshe, such adapiations may provide greaier dynamic ange for viral
guantfication when mecessary. In addtion o bing parfcukarty wel sufied for evaksating viral Sters In the context of high-throughpet screens,
our one-shep aciferase based viral guantificabion mefod generates acouorabe estimates of infectous vifdors In the case of replicating viruses.
Furthermors, resdouts of luminescence along with cyfioborcEy dats from Bie same sxpefment ghie a mone compleie piclures of the afect of the
expermental condBons on target cells, which I paricularty wsasy| In the contert of oncolytic vinuses and drug Soresns.

Thie exampie [lusirabsd hers uses a replicating megative single sirand RMA virus; however, this proocol can be adapbed o a nusiber of
replcating and ror-repicating viruses Wi a few minor protocol adiestments. This ncludes DNA vinises such as Vacohia, HEW, and AN (see
Flgurs 5. Samples infected wiii infmcslular wineses, such as Waccihla virus Tor examipls, require a virus-relsass shap prior o quantificaion (&g,
at least one freeze-aw cycel When appiying this iechnigue 5o other vinzses, 1 Is necessary o optimize the incubation Bme from the tansfer
of e viral supermatant or ysabes o the reading of the plaies by the luminomeder, This parameter wil depe=nd mainky on the replcaton cycle of
thie: wirus: In the permissive o=l Ine and the strength of e promoter driving luckemase sxpression. This IS best done by using the full standand
curde in the optimizaton step. To do Gis, one st infect e appropriste permissive sl Ine wiih various replicaies of the prepansd stamdand
curve amd read sach replicate at a different time points postiransier. ideally, an incubabon ime point Is chasen that l=ads 1o a Inear relationship
befwesn LOG[RLU) and LOG{Hier) spanning the expesched sampls (Rer range. For VEYAS{-Fhuc, Bis ks fyplcaly from 1I:I‘ pfwmi -1 I:I7 pfuiml for
a £ br incubation time. I lower or Rilgher Hiers. are expected from sampies, ane can simply increase or reduce the inoubabon Hme respectiveh
Aty samples may be diuted to fall wikin e range much as ks done typically for ELISA.

Az mendoned above, this. method Is well sulied b pesform high-Sroughput dreg screens using dnig llbraries xs most of the si=ps can be
automiaied. Cals can be plated eSiclently using an automaied microplate dspenser, S drug Ibrary can be added using 3 95-chanme liguid
hamder, vines can be added using a microplabe dspenser and plaies read using an aubomaded omimomeber. in @eorg, this can also be adspied
o 3E4-well or smalier fommats; however, the IImExtion 1o this &nd is mamiber of cells that can be plated, given fSewer ooils leads to & namower
range In the Iimearnity of the LOGSRLU] o LOG{THer) relationship. Finaly, assesoment of cel wiablity using resazarin or other metabolic dyes can
be =xslly Incomporabed i e workfow, allowing for discriminaton of cyiobosic compounds In antivical screens or Menifcabon of compounds that
l=ad o synergistc kKiNing In combination with umm”.ﬂnmau:. Imitatons of this method Inclade the requinemsnt of 3 lucherase ransgens
expressing virus, which ks not aways possible, and the awalabllty of a sulfficienty pemissive o=l e, However, § |s Ikely possibls io adapk e
meffed for uss Wi other eporber genes (=.g., GFP) prowided the reporisr quantificabion meShod has a suliable Inearky amd signal b molse ratio.
Owerall, the described high-throaghput meshod can be modSed bo sult many differsnt viruses and @liored o diverse applcabons.
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Microtubule disruption synergizes with oncolytic
virotherapy by inhibiting interferon translation and
potentiating bystander killing
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In this study, we show that several microtubule-destabilizing agents wed for decades for
trestment of cancer and other diseates slog sensitire cancer calis to oncalylic rhabdoviruses
and improve  therapeulic oulcomes in resistant murdine cancer models. Drug-induced
microtubule destabilizstion leads to superior viral spresd in cancer cells by disrupling type |
IFN mRMA tramlsfon, leading to decressed IFN profin expression and secreBon.
furthermare, microlubube-destabiliring agents specifically promole cancer ool desth
following stimulation by a subsel of infection-induced cylokines, thereby increasing viral
bystander effects. This study revesls & previously unappreciated rale for miorotubule strue-
tures in the regulstion of the innate csllular antiviral respomnse and demansirstes that
unexpected combinaions of apgroved chemotherapeutics and biological agents can lead to
impraoved therapeubc outoomes.
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noohytic vimsss (Vs ) ane self amplifying cancer biother

mpewtics  that destroy maligmancies withomt harming

normial tissnes Derived from 2 vanety of viml species,
W5 are abten enginesrad to exploit well known hallmarks of
@ncer, inchuding deegnlited meabolism and prolifetion
avasion of cell death and insfident antiviral signalling! . Within
the tumour, these agents destroy the maligmancy by inducing
direct ancolysis, stimmlating antitum owr immmne responses and
promoting tumonr vasculatmne shotdown (reviewsd in net 2)
Whils promising mry- and late-phase clinical trials emplaying
OWs to treat anceas ontinie 0 generate grat enthosiasm,
heterogensty in dinical responss remaine a2 ch - To this
end, it has been long recognized that improvements to
therapentic ethcary sther through virl engineering or through
mmbination therapies will be critical to the suocms of thee
platforms >3,

Bhahdomirusss such as wvesicular stomatitis vims {VEV) have
bem msed preclinially as a hackbone to generate (Vs for over a
decad =% and are now beginning clinial salwtion | fr example
NCTO 16286400, ‘While wild-type rhabdovine= mch a=z VIV
(wiVEV]) praterentially repliate in caner cells, their tumoor
for example, by capitalizing on the fraquently defective capadty
of tumours to engage antiviral programmes2 . One of the fimst
characerized and widdy studisd oncolytic strains of VIV
(VEVASL) harbours a deletion at methionine 51 in the matrx
(M) protsin, blocking it ahility to inerct with nuclear pore
protans and prevent the export of cdlular antivirzl mEMNAs from
the mucles o the q“h‘l]i-‘l.i:l'l:lﬁ. As a2 result, VEVAS] camnot
repli@te in normal olls that have folly functional antiviml
systams but replicates robustly in tumour odls that have ket the
ahility to mount an ethactive antiviral response.

Capitalizing on cancer-specific defeds in ellular immumity
mizkes fnr remarkably safe and sdective themapeutios; however,
this can avme at 2 signihant mst in s of dhacy. While
VEVAS] @n are animalk of some tumours inapable of
producing or responding 0 interferon (TFN), nerdy a thind of
ancer odl lines are essentially normal in this capacity, sevensly
limiting viral spread and mﬂfﬂ}ﬁi Several genetic approaches
have bemn explored and @n be diective to overmme this
radblock This inchides wsing more potent viral hackhones 8,
or exprmsing thempemic transgenes to impair the IFN
r:lpn:lu:"". Enhandng pmtency thrugh genstic modihation
nonsthdes, carries some levels of risk and oonld compromise the
excellent safety record OV have enjoved to dawe’

We have explored the concept of “omnditionally enhancing” OV
grwth and replication by tensienfly mmplenenting genetically
atemated OWs using pharmamlogical agents For eample in
arier wark, we have shown that treatment of resistant tumeour
el with histone deacstylse (HDAC) inhibitors that down
regulate TFH - responsive genes™ leads to increassd oncalysis by
VEVASL (ret 13 More recently, we soeenad 2 small maolecul=
livrary to discower nove enhances of VEVAS] mediated
onoolysis  and  identified distinct chemical entities  that

unexpeciedly share the common fesnre of destahbilizing
microtubules. We report here 2 previously unappreciated role
of microtubul e strucures in the control of type T IFN translation
and show that micrombule d=ghbilizing  agents  (MDUAs)
specii@lly enhance the growth and spread of oncolytic
rhabdoviruses in cancer cells and sen<itiz uninfectsd tumeour
cells i ogtokine-mediated =1 killing.

Results
MDAs enhance @ncerspecfic viml onoolysis A high
throughput screening a.mma:h'" identihed seven approved drgs
that have microtubule - destahilizing activity among 15 previously
unlnsawn compunds found 0 enhance VEVAS] mediated
anmlysis. The oompounds, their drg dass and structures are
listed in Supplementary Table | To validate ther adivity, we
sedected reprsentative members of the colchicinoid (mlchidne),
vinkzs alkakyid (vinordbine) and benmimidarale (nomdazals
albendazole and perbendamnle) drug classes. These MDAs were
testad acroes 2 range of concentrations on VEVAS]-resistant
7860 human renal carcinoma odls [Ag la)l Vizhility assays
using zlmarBlue mazholic dye revealed that all fve dmgs
enhanced cell Klling elicited by a low mul tiplicdty of infection of
WEVAS] (MO =001, Fg la) Similar results wers obtainsd in
WEVAS]-resistant mouse @ncer odl lines (4T and {T26,
Supplementary Fig. labl Treatment of anos =l with
cakhidne, 2 dmg wmal for mtoinlammatory dissxes mch as
gouty arthritis' S and one of the most potent MDUAs tested, led to
synergistic killing in @mmbination with both VEVAS | and wtWVEV
[Supplementary Fig Ic). Colchicine also robustly enhanced
the activity of Mamha MG-1, an TFN-sensitive onocolytic
rhabdovirus  stein  closely rdated to VEVAS]L (et I
Supplementary Fg 1dl In comrast, MDA&s did not ephance
VEVAS] mediated klling in normal human fibroblasts at any
doss testad (GM-38 odls, Fg. 1bL

MDAs and rhabdovims infection @n independently have
cytobmic efects. We comsidersd that the visible synergy betwesn
drug and rhabdmimees could, thersdore, result from improved
rhabdovirs spread’oncobysis, inoreassd sensitivity to MDAs or
both. Micrombule destabilizstion using wlchidne and other
MDAs robustly increased VEVAS]GFP  (green fluorsscent
prodin) spread as well = viral titres in several uman and
muse cancer odl lines but not in normal fibroblxts, @nsistent
with & cancer-spedhic enhanement of vial growth (Fig. 1oz and
Supplementary Fig. lefi In canermus 78640, but not in nommal
M 38 cells, mlchidne inoeassd VEVAS] GFP spread (Fig. loe)
and wviel protin expression (Fg 1d). Immmofioorsence
stining for ftubulin reveadsl that mlchidne effactively
depohmerizzd micrombules in baoth o=l lines at 100 nk, 2 dose
prominently effedive at enhandng rhabdovirus activity in cancer
oells [Fig. 1f,g) Indesd, the increase in virzl spread in 7860 cells
was abserved specihally at the doses at which miootubule
disnption by colchicine was visible sugpesting that the etect of
MDA treatment on vins spread and ortodnxicity ane dependent
on destabilization of microtubule sroctores  (Supplementary

Fpere: 1 | MDAs enbance VEVAS] spread b cancar bl mol moamnal colls. (a b T85-0 carecer (@) ard GM-28 noirnad (B) cels were pramatad with
MDA (x anis ) and Theen dradenged with WEVAS], MO Q1. Rorfyaight Foors Rier ool Wablity was ascecsed (o) TBE-0, LIFST and 4T1 carcer calls a5
vl 35 GAL-ZE vere pretraated with Coithicin (r 208D and indectied 35 above for 480 and Supermatants Sred (f e) TEE-0and G-ZE cals veere Treated
wi 100nM coldhidine or welicle Bedome indeion with WVEWAS-G PP or wAWEY, a3 abovee AL 480 post indedion, phase condrst aned Thoores cart mages
wer e e (@, sode bar, S0 pm), and oell psafes cubgec? o westarn blof, wibere VIV profeing ane indicated by areowes (d) (g TBA-0 O and GM-Z8
Wh.t:mﬂwthc-{mﬂ-nhw W00 v colthiciree for 24 b and Theed and probad for fHubulin Qpelow) and rscies staired with DAPL (blue). CbieEve
o W00, scabe bar, 20 g, white amrow dendes podyrasdeation. (K} TE6-05 weere raated a2 in d ard 28 b after indec Son, nongerrmsbilioed ool ware
siaingd withi Pl ard sorfed by fhow cytormatey. (1) T86-04 vere pref realad with cobdhidiret 36 above {50ld By wbife s quares) o weiviche (0o ed BreyTlack
drclies) and indeded with MDA (muiSstep) or MOH 2 (single step) of VEVAST or wiWEY and supernatands were B9red by plague 2oy For o b=
oo bars oF P mpresent S o ot oS el inedapere i SRt
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Fgs I and Ta) Furthemore, this comdatbion was observed
whether or not michidne was l=ft in or removed befone VEVAS]
indection |Supplementary Fig. 2 L Col chicine treatment also led to
inressd numbers of poly mcleste, giant cells in 7860 but not in
norml GM-38 (Fig. 1f vermus Fig. 1g (amow), Supplemerntary
Rg. 2L

Comparing multi-siep and single virns grmvth profiles
suggests that in cancer cells, microtubule destabilization has an
impad on the ability of VEVAS] to spread as oppossed 1o its
repliation =i (Fig. lik In ontrat 2 slightly negative ofiect of
the drmug on vims propagation was observed nsing wiVEV
(g ldhiL In parllsl, we quantified o=lls positive for vimlly
expressed GFP and propidium iodide (PI) staining using flow
atometry. PI staining was performed without permezhilizing the
el such as to identify dead or dying PL-positive cells This
mnfrmad tha, while wtVEV propagation is hampered by
mlchidne teatment [Ewer GFP-positive cells, Fg lh), o=l
death is nonethdess increased in ison with vims or drog
done [more Pl-positive odls, Fig 1h}, consistent with remults
from synergy assays (Supplementary Fig. 1) The combination of
VEVAS] and colchicine also lad to substantially mare P1-pasitive
lls than sither treatment alone although this was acoompanied
by substantially increased GFP- positive infedted @lls in shap
mntast with wiVsV (Fig. ]h:l..ﬂj::neﬂzr, these data sugpest that
MDiAs enhance rhebdovirms mediated oncolysis throogh dumal
efiects on viral spread and cd] death. In the case of TFN-sensitive
muant swch as VEVASL, thee diects converge potenthy to kill
msistant caneer cells while keaving normal odls nnhammed.

Micrmtubule disrugption enhances oncolytic thabdovinses. In
onder to diminate the possibility that MD As can syneTgize with
rhabdovi rses incancer cdls through off tar gt aHects, we obained
ASS-TI2 (ATI2) and -T24 (AT24) cells, which have become
r=isant i the efeds of Taxol through 2 mutati on, rendering them
dependert on Taxal in order tor thear microtubules to reman
suble' 7 Indesd, mbulin stining of AT1Z grown in the absenas of
Taxol reveals wak microtubule architectore and evidene of
polymdetion compared with ATI12? maintained in Taxol
amtaining media (Supplementary Fig. 32} Simibry o other
e o | lines, in parental AS49 oells we observed thatool chicine
WEVASLAGFP spread and viral tirss (Supplementry Fg Shed)
Supporting 2 role for micombule decphilization, VEVAS]- GFP
spread and viral titres were signihcantly incemsed in ATIZ and

Figure 7 | Colohicine moreases VEVAS] spread and cncedylic aoliviy in
P B LEL 5 pptieie Bhd WaRSTEREC Raour medeln (&) Huan oo
candinci HT 3 calls ware establaand in msde mioe. Ren dags ke, mice
v ol e with coichicimee, Mis-1, 3 com braon of BG-1 amd colohicires
o Wit FER oy Tumnous eolume was moaniforad o aach groop and
T R TR i S = -5 B Daes oo 1o e
s ) AT furnour-bearing SyrgRric mice ware reated with VEVASL]-
Liclerace o FBY and cohicines o velice amd evimeso ams e Pl o
after 24k ey AT tumnoars (N =5 {mm mice Faated 25 in b wre
Fairsaesied at e indicaled Smes and theed by placess assay P -00U05,
20t ND=redd defacted) (d) 4T fusmoor-EEaring Spn@enies Mboe Wi
freafed with WEVAS], wirorebire, 3 cambinaon of WEVAS] and vircrebine
oF PEE (W= 10 pr groasni, Survinal Wk Feretorad e T Lo -rank et
rechcates that e o Treatrmen? i S Endlcantly prooegad oeer i
el TP = L2 ) o dug ahorek 7P = LOGEZ L () REVUIEENR-T AT
TS MRk e TEted with VEVAST-GM-UF (p=110, FBE (=T
coddridira: (i =110 of WEVAST-GM-CEF and coddridire {5 =K Survival
e monifored over Time Logerank Gt indicales Tad e combiresd
raatrnent & sipndicanSy probrgad o Cokdhidie (TP = (LO0E2D ard
VEVAS-GM-CEF {™P= 0U000T) alore

F ATLI I

© 0 M sillas Publabirs Lisited AN dghts feiarvad

ATH deprived of Taxo] with dectabilized miootmbule: com paned
with cells with Taxal where microtubule anchitacture was

preserved (Supplementary Fg 3efl To addres this further, we
derived three colchicine resistant 786 -0 sublines (786-0 CBEV1-3),
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in the presmce of JﬂJ.L;gm]_l' \Eﬁ:ﬂﬂ to  prevent
P ghyomproein-mediatad efflux of coldhicine™. Comrelating with
visinly rmeducal oyiinmicity IEnmhnmh:y Fig. 4a, phase
amirast), colchicine trestment of 7860 CRV cdl had no ofect
an virzl spread determined by GFP quantifiation or viral titnes
[Supplementary Fig. da-c) Taken together, our dat suggest that
ﬁemhmchii::u af MDA an oncohytic rhahdovirs activity
e i to microtubule destabilization & opposed to
aff target e

Efficecy of combined MDA and OV treatments in wive. Since
michidne, vinorelhine and other MDAs enhanced onoolytic
rhahdovirs dhacy in vitm, we evamted the potential ther
gpetic henefit of combined MDAfoncolytic rhabdovirus i vive
in asaies of xenograft, symEensic and transgenic mouse tumsmr
madels. Human HTX colon tumowr xenografs were r
smsitizad to intrnmorlly (it) ddiversd oncobytic MG-1 (1
plaque-forming wnits or ptuw) following intaperitones] (i)
administraton of cokchicine (2 mgkg~ L:,_ In this model, combi
mation thearapy ked to suhstantially ddayed tumour progresion
mmparel with sther monotherapy (Fg 2a). Similar results were
otzined wing VEVAS] in 2 syngendc mouse aolon canaer
made] {Supplementary Fig. 5d). In a mare highly virs reacony
mid aggressive subrutansnis 4T syngensic mode] of triple
negative brest @ncer, m-administration of VEVAS] (107
it) and vinorelhine Iamghg'l:lﬂ'r oolchicine (2 mg kg~
lad to delayed tumowr progression and signifiantly prol onged
srvival compared with monntherpies alone (Fig 24
Supplenentary Fig. 5a). Similar effects were observed osing MG 1
in this mode]l (Supplementry Fig. Shl BISFI0 melanoma
twmows implanted orthotopically in syngensc BIS mice were
makpoushy senitized to VEVAS] ancal yic adivity fnllowing oo
treatment with colchicine While nather monatherapy had any
measuable impact the combination therapy had a signihcant
diect in prolonging sunival in this highly aggresshve model
(Supplementary Fig. 5c)

Ag expeded from in Wire evidene (Fg. la-i), the efecs of
michidne were assodated with tumouwr s pecihc inoeases in (W
grwth. Using a frefly luciferase expressing VAVAS] and an
m vive imaging system [IVIS), we observed that 24h pmst
infection (it), 4T1 -gafed animals tremted with alchidne
exhibited increassl lminescence specifially in tumours
[Ag. Zhl. Comsistent with this, 2 signihcant inarese in VEVAS]
titres was ohsaval in colchicine freated animak (Fg 2k In
mntrast, asessment of viral titres in normal organs including the
spleen, heart liver, lungs, KHdney and brain by sendard plaque
sy revealed no detsctable VEVAS] in any organ at any time
paint in bath PES- and colchicine treated mice.

The efficacy of combined rhabdovims/MDA tredment was
suhssquently evalnated in a highly retment resistant tgMTISITR
TAg transgenic avarian ancer mowss model. These mice express
V4D Large T-antigen specifically in the ovanes and develop
mipabls tumours at 10-11 weeks®2% In thess experiments,
we used WVEWVAS] granukocyis macraphage cokmy
simmlating facdor (M CSF) o further incrmse antitumoor
activity. Fgure 2= shows that weskly trestment cycl= of
VEVASL-GM.CSF and michidne both ddiversd ip. led to
significantly prolonged survival of tgMISIIE-TAf; mic as
mmparal with sither monothempy. Overal, these dat mggest
that combined oncolytic rhabdovirus and MDA treatment can
significantly incremse antitmmour ethcacy, prolonging survival
even in highly treatment resistant s pomtansaously ansing tumonrs.

bip

MIAs alter the type [ IFN response Combined treatment with
MDAs and VEVAS] enhanced viml spred and  onool ysis,

providing therapentic bensfit in several rsistant morine cancer
madds. We therefnne nsed EXPTESSON MICTIAmRYs 1 gain
insight hmﬁcmﬂkrm:mmimhed.‘ﬁch&dngﬂu
expression profiles of 7R86-0 lls 24 h ollowing VEVAS] or mock
infection in preenos and aheence of 100N mlchidne In our
analysis, we identitied a subsst of 248 genes that was either upe or
down -regulted (more than twolold, P<0.05) in VEVAS]
infected cells exchusively in the ahwence of drg (Fig. Jal On the
basis of gene set erichment amalyss using both GOrll and
DHAVID gene set dathaes?3 this group of 248 genes, and
mure specih@lly the 158 vimns-indocsd genes dampened by
colchidne, is significantly enriched in type I IFN-responsive genes
| Fg. 3a, lower inset and Fig. Shl

At it glanoe, our data sugpested that microtbule desthiliz
tion has an impact on the tamaiptional respanss o type I IFN
narmmlly indued following infection. However, the type T IFN
responss is thought o proeeed in thres waves. First, activation of
patem recognifion receptors such as Toll ke receptor 3 and
Retnoic agd-inducel gene I through signalling via Tank
hinding kinas= 1/TxE l:mu: £ [TEE-TEKz) and transcription
tactor IFN regulatory fcior 3 (IRF-3) leads to increased “hrst
wave’ TFH transoiption, tamsbtion, and ssostion. Ssomnd,
autocrne and parcrne signalling through type T IFN receptor
{FNEVTanws kinase (JAENSTAT (Signal Trnsducer and
Adivator of Transoiption) leads to the formation of Intedferon
Stimulated (wne Facior 3, and to the upregulation of IFN
stimmlated penes [I5Gs) indwding TRF-7 and “second -wave’ TFMx
isaformes. Third, addiional I5Gs are wpregulitel beouse of
the combination of persistent TFM signalling and IBF.7
upregulation™.

Closer inspection of the microarmay data revealsd that, while
the indoction of sscond: wave TFMa isoform s was dampened atier
treatment with colchicine the induction of first-wave TFMB
mBN A remained similar (Fig. 5c). This was conhirmed by kooking
at TFHPp mRMA expression in both nuoclear and cptoplsmic
commriments by real tme PCR (Fg 4a). This suggestsd that
virns-induced signalling leading to TFMA mBMA upregulation as
well as its suhssquent cytoplsmic export is naot afiecesd by the
MDA treatment. Further supporting this, IRF-3 nudear shigtling

and its ph arylation statns was unch by the alchidne
treatment shartly ©ollowing VEVAS] indection at high MOI
{Fg. 4h)

We next boked for poential dhects of MDAs on signalling
downstream of IFMP secretion. Colchicne treatment at 100 nh
did not inhibit STAT-1 phasphorylaion or aber nuderf
cytoplasmic distribution of the transcription facior following
treatment with exogenous TFMP (Fig. 4c). indicating fully
functional TFY respanss through the (TFME) TAESSTAT patineay.
Consistent with this, mlchidne treatment (100nM} could not
overcome the antiviml ofacts of type I TFNs in sither 7860 or
U251 ells (Supplementary Fg tahb), in shap contrast with
suberayl anilide hyrmoxamic acid, an HDAC inhibitor known to
eflectivdy dampen the antivirel effects of type T TFNs
[ Supplamentary Fg §a and net. 13 Overall, this sugpet that
MDD As severely dampen the type T TFN nesponse without affecting
signalling upstream of TFHE mBMA indudion or modulating
signalling downstream of the antiviml ortokine.

MDA inhibit tmnslytion of type [1TFN mEMNA. Altogether, our
data suggested that micotubule destahilimtion demuples fimst

and second -wave antiviral responses without altering the intra

cellular sigralling mathways kmown to be inwvolvel in their
indncton. We mnsiderad that this phenomenon oould be
explyined if MDD Ax have an impad ontype T TFN sscretion, and in
particular that of first- wave TFHE We addressed this possibility
directly ming enzyme linked i rhent assay [ELTSA)L
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Fgure 3 || Miorotubules des hbdintion hindes ihe response o typs | IFN-stewlaed pem docad by VEVASL (&0 T85O0 ols were pratraated
vl 100mM colchicirs: oF weiic e and iieded with VEVAS] af MO 00 oF were modanieEe] Teeenty-lour Roors Laer, BRA was collarfed amd
o, amd TApSCE e expaimens weere Rybedzed on Adlymetrs horman Gere 5T 1.0 micrarays. Shown e faad maps of 2 geres fourd 5o b
Sigriticanty ncmased (blee) o deoraaced {yalow ) more Tan wolodd In VEVAS -indacied TBS-0 a5 comparad with conirold {MTH WEW-inikeded (VD
oodchicree Traaded () and colchedre-reated, doss-indeded O - O comdifors §F o 005, S-lest ) e shows 3 group of Type | 9 -Slimabied geres
Tt ame upramulatad in W Bt mot W O comdifors. (D Surnenaey of geret onfodogny relaSorahipe 1o eneichad gere Sets droem . (o) Microairay

s presshon data for 3 subc el of inferieron Rodorrrs ared subfppes o &

Even though mBMNA kvels and suhodhdar distribution were
maltered (Figs 3c and 4a), treatment with 100nM mlchidne
aused 2 significant decrease in secated TFNP following a 24-h
infection with a bw MOT of VEVAS] (Fig 4d) Forthermore
apaure of 7860 0 increasing doses of mdchicdne nnaversd a
@mmelation beaween microtubule dismuption  (Supplementary
Ry 2}, inhibiton of TFNP seadion and incressed viros titnes
[Supplementary Fig. 7al A similar efhect on TFNP secretion was
observed using other MDAs (Supplementry Fig. 8. In mntrast,
WEVAS] -inducad TFMP ssoetion in colchicine resisont, 786-0
michidne rsistant variant (CEV) sublines, was not ham pered by
@milchicne (Supplementary Fg. Thi

A time course revealsd tha miootubule dsthilization
eiectively delayad the onset of IFNE produdion  which
aventally aommmbied over 48h in indeced cell mibure mper
matants (Supplementary By Sl Consistent with micoarmay
mBMNA expression data (Fig. 3, TFNa was deteced at lower
mmneentratinns than IFN P following infection, and tretment with
michidne further redncad this [Supplementary Fg 8b). In line
with the ohserved decreass in type T TFN secretion, we found that
the anlchicine treatment reduced phaspharylation of STAT-1 24h
post infection (Fig 4=} As was obseveal in 7360 cells, TFMB
secretion was albo inhibited by colchicine in TI25] cancer cells

& "

| Supplementary Fig. 8d). However, the colchidne tresment also
deamsal FN secretion in normal MRC-5 fetal lung fimoblasts
|Supplementary Fig. 8d), suggesting that this ofect & not
rstriced 0 @ncer @lls and that additional mechanisms may
comtribue to the @nosr-specific enhancament in VEVAS] spread
ohserved in vitro and in viea.

Given that microtuhules are known to play 2 mole in wesimlar
transpart and that microtubule destabilizrs such as colchidne
have been shown to have an impact on the seoetion of vanous
proeins’™* we considersd the possibility that microtuhule
destabilization may simply havean impect on the ability of cdls to
secrete Cyinkines in response to vins infection. To assess this, we
looked at the impact of micotubule desphilization on overall
prodin sscretion Using 35g pulselabelling follvwing challenge
with either VEVAS], G-less VEVAS] (which can indect bt cannot
exit the @ll) or treatment with the Toll-like receptor agonist paty
| BCL Visnaliring protein sacretion patberns by auinrdiogram, we
oheeved 2 varisty of responses o the colchicine trestment
ftolkwing viel stmulation Wherms the segdthion of some
prodeins 24h post indection was increased by all three stimmbi
but radued tollvwing trestment with aplchicne (analogomsly to
what was observed by ELISA for IFHB and o), othe protsns were
not influencad by any viral stimohe nor affected by colchidne
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[Supplementary Fig. Se). This argues against a system atic negative
impact of microtubule destahilimtion on protsn ssoetion. To
further address this, we quantthed interleukin [IL}§ segetion in
=l supermatants 24h inllowing VEVAS] infedion in presenas and
ghsence of colchicine, given that similarly #o TFHP this giokine
wax mobustly upregubitad by VEVAS] indection at the mEMA
lvel on the basis of micrermy amhses (Fig 30 and
Supplementary Table 2). In sharp omrast with what was
owaved dor type I FNs, these experiments revealsd no
signifiant decrease in virns-indnosd TL-6 ssoetion  fol knwing
treatment with colchidne (Supplementary Fg 8fL Further
aFumng against sysematic inhibition of prowin secetion
following microtubule destahbilizmtion, secreted mowse GMACSF
emcodal by the VEVASIGMCSF virus wel for in vivo
experiments shown in Fig 2e incresed pr i o viral
fitr=s npon treatment with colchidne (Supplementary Fig. &gl

We considered the possibility that microtubule dismption leads
i decreased secetion of type I IFNs indirectly by the
translation of their mBMNAs. Supporting this ides, western blots
an whole =1l extracs of infeded 786 -0 @lls revealsd that at 24h
post indedion, intracelnlar TFNE prowin expresion levels
decrmse in parzlld with the observed reduction in profein
secretion (Fg 4, Supplementary Fg. Sadl To mesure
wanslgion eliciency, we Jookel at BNA distribuion in
maonoribosnymes and pol yribosomes using gradient sediment
tion. Figure 45 shaws that the colchicine treatment of 786- 0 cells,
irmespective of indection, lad to a shift in mENA distribution from
polysome (highly transhted) to monseome (poordy translated)
fractions, albeit o a lesser extent than PP242, an mammalian
target of rapemycin (MTOR) and tanslation inhibitor (s=e
Supplementary Fg 9a). Assssment of mBNA abondancee by
semiquantitaive PCR further showed that bath TFNE and TFHa
were lesx abundant in the highstdemity polysomes of
mlchidne treated odls [Fig. 411:!. In contrast, boking at VEV M
rveled a slight increase in bower-density polysomes upon
treatment with ool chicine (Fig. 4hl. However, we filad to obsarve
any dierations in the epression or phosphorylation of either
mTOE target 4E-BP1 or downstream 56K target mpS6 (ret 31)
fnlkwing trextment of 786- 0 od ks with colchicine (Supplementary
Byg. %ahb) against 2 role of mTOR or 4E-BF in mediating
the ob diects of MDAs on type T TFN mBNA tanshtion
ahdency. Owverall, this suggests that microtnbule desthilization
rednes tambtion sSfidemcy of cdhla mBNAs such as type I
TFNs, while permitting transhtion of viml genes.

MIMAs enhanee bystander deth by virusinduced orokines
While the data thus far shed light on the mechanisme leading to
the enhanement of VEVAS] spread in ancer cdls, it nemained
mchkear why MDAs muld also increase thabdovine indection
asociated =l death [Fig lah)l We thersdone assesed whether
viral triggers coukd be suffident o elidt oyiptmdc effects wpan
micrmubule destabilization. Tothis end, we challenged aichidne
ar vehicle treated 7860 @l with 2 TV -inactivatel witVEV. As
expeced, even & a very high MOT (200 ) TV inactivated wiWVEV
did not affect vizhility of 7860 czllk in control conditions.
However, TV . inactivated virus was capahle of eflectivdy Klling
7860 cdls treated with colchigne (starting at MOT 50, Fig. Sal
This was also ohserved in mouse 4T1 odls, abeit sarting at a
higher MOT of TV inactivatal vire (Supplementary Fig 10a)
MDAs are well known 0 induce mitotic catstrophe and
pohmucleation, klling @lls that divide rapidly and that have kst
@l opcle checkpaoints, two hepha]]ma.ﬁ:sd‘cam::# To gain a
better mnderstanding of the mechanisms leading to increased
death in MDA trested cells challenged with rhabdovines, we
looked at the frequency of pohmuclear cells in the contect of
infection. We treated 7860 =lls with 100nM colchicine or

& 45 s FTT]

1l L5, £ | a1 0 D0 1L,

vehicle and infecied them with VIVASL GFP at low MOT (001}
Twenty-four hours ?n:t'i:n.b:tim.. alls were fixsd and stained
with a nuder dye [4°6-dizmiding - 2 phenylindole, DAPT) and an
anti-p-tubulin antibody. Flunrescence micrsmpy was then used
to visnalize and count GFP-positive infected cdls and those
exhihiting characeristic pphnudation (s== Fig. 1 whit arnmw
and Supplementary Fg. 10bL As apeded the mlchidne
treatment led to increassd pohmuclear cells, whereas infection
with VEVASLGFP alme did not. Importanily, wpon oo
treatment with VEVASL-GFF and colchicine, 7860 cell
exhihited 2 mobust increase in the number of viros: ssociated
GFP-positive odls and 2 near doubling in the number of
pohnuckatesd @l compared with cdls treated with olchicne
alone (Fig. She) Doss-response experiments reveasd that this
effect is observed starting at doses comsponding o those at
which microtubule destahilization, decremsed TFMP ssoation, and
inomssd vims spred are alo ohssvel (Supplementary
Figs 2ah, 7a and 10c. In contrast, polynucleaton remained
low in maowrmal GM-38 aells mder these mnditions (Fig. Sc)
Marsmver, koking at the proportion of polynuclear 786-0 cells
in indeced (GFP+) and unindeced (GFP—) populations
tolknwing the colchicine treatment further revealad that these
were equally frequent in indecied and minfeded olls (Fig. Sd.
This distribation sugpestal the likdy imohement of 2 virs
imdnced secreted factor in promoting pohmud ation in the entire
calchidne treated 7560 cell population. To explore this idea, we
ussd supematants from 7860 odls indscied with G-less VEVAS]
GFP. As dsaibed praviously, Gles VEVAS]I-GFP can 1:r|.b:t
and icate bt cannat bud from the oytoplasmic memb
We i ?Hﬂcdkmﬁf‘humﬂj]mnh#}ﬂﬂ
[ 10} or naught and colleded supematants 2 h post infection.
Thee apematnts were appliad to virs-naive 786-0 cells reted
with 100nM colchicine or wehide ad 24h laer celllar
pohmuckation was quantiheal Comsistert with the imohement
of a secreded fachor, supsrmatants from Geless VEVASL infected
but not maock-treated odls increased polynuckaton and cell
death in virs -naive 7850 =l treated with colchicine (Fig. Sefl
However, this did not oour when the same experiments were
repeaied wEing normal GM-38 supematants and o=lls (FAg 5L
Paointing to the involvement of one or more secreted facioms
between 10 and 50kDa (Fig 5e), the polymcleation-induocing
activity of (G-less VEVAS Lintacted 786 -0 =l supematants was
ahrogaed follvwing fitmtion using 2 10-kDe- but not 50- or
100-kTe molsmbrweight cooll fler. To generate a list of
candidates, we querial the microarray data baking for seoreted
profins hetween 10 and 50 kDa indncsd by WVEVAS]L in both
vehicle: and colchicine treated @nditions. The short list of thee
candidates is shown in Supplementary Table 2 In addition to
type T TFNs, this inclhuded severa] growth-promoting cyinkines
[for example, Bantes, TP-10, CRCLI, T8 and TT-6) as wdl as
death-indudng otokdnes (for example, tumour necrosis Botor
{TNF}-2 and aother THF rdated proteins). Type I IFMs (IL-28a,
IL-28b and TL-29) aleo fignred on this list. While it is likely that
many of these factors work in concert to necapitul e the synergy
oaval betwesn vims indedion and colchicine tretment
ohserval in Fig. 5a-f, we neverthedess evalmated the impad of 2
subsst of cytokines on the frequency of pohmuclar odls in 786-0
cells in presence of colchicne. We found that some cyinkines
such as TL-6, TL-8, TP-10 and IL-29 signifiantly increassd the
frequency of pohynuclear cells in @ichidne treated 7860 cells
| Fg. 5g). In addition, colchicine treatment increased czll death
i by THF.x in 786.0 but not GM.38 cells [Fig Shi
Overall, this suggests that infection with rhahdovimss in the
presence of colchicine lads i @ner-specific inoasss in bystander
pohynucleation and cdl death, likdy through the combined action of
multiple seoeted fadors and death-indudng orbaldnes.

1490 | wwr

i S e il Poelin Bor s Uit A gt siarwad

292



. . ARTICLE

CAM SFE Tabuli= L ol

P§ St i w92 e £y In THE-2

OTHL

- B Coichicinm
o CTRL

o
- -
Lk 0T

Pl s e ity ol s ity
FE R
LR
[
d
E li]
B
]
]
+ WIVAS]  Cochidne

WTE-D
o Gl

" P ol recissw culls
G snmBRERED
= Poly racisn culln

CTAL  Wadisi Colchides ¥WHWazd -
rd=icinm

ot of inisctec-oall muserreteed bctions = of &
- ! _&::d Hpih m
— ®
1B m CTRL muzas retwet ; 1
4 io B G-san mpsmata i
b [}
I = o Mk
npa
! E E & 0 oo mps
] L ok . Gkt
B & E o o mupss -+ Colch
"
E i =
|
CTHL Unfllesd jookls bl feills 3w TR0 Chiz=
Colchici~a
a9 h .
ot of oy iniicea on polyrudsaion Cyioixiciy of THF -z
& 45 . i
L - a!.rl;'ll £
.' - 20 rg ol F
'l a8 L il ng i o
! a o w50 ng 1 &
%25 &
e 24 i
- T E
I E
3o ;

Le L= ML P L= Renmasllast

Fgre 5 | VEV-inducal ool dealh i Sone & by seoreied factars et ke e polymadeation and Smth, spediically & anoer ol (5 725 0 wiid
fraated with K0 bl oot hicing oF wahbde amd draderged with LN -inadSated winas (o aisl Cel dabdity was a5 sed after S0k {l-) TS0 arnd GM-28
vy o Aal i wiTh corhicime a5 aboree and e fed wikh WVEVASHGEER MOE 000 oF were mode-iniear fed ARer 24 5 oels veere Thend and S aired v
Do el i -tk (). Fleoresoernos s oinpy pCiures we tken 20 = 40 (h sk bar, 50 @) and GFPpocite and polrasdear cels soored
{pelorw arroves aired o). () TEE-0 pobmisdeathon dats from € analysing Was-indeded (GFPpos Eve)y and wrindeded cels @) TO5-0 cells wene indected
with G-liess WOV AS1-GEF at MO0, ared 24 b BAer supermalands veere pacsed Srasgh astoll 1lers (x@is) ared appded direc Sy o Winds-rasee T85-0 aells
raaded with corchicine or sehiche Twety-lour hours Lader, Calls were Thd and stairesd wiilh DRI, aied P8 ubaln ared peodsgrasciear ol countad (f ) TB&-0
ared GA-28 calls welre Treabad 25 i ared colll viablity was assessed (@) TES-0 cells v pretranted with coldhicine 2 meooenbenart Oyfokines dx ax
Testinity -4 o s Rafer, podyrischear calls ware Colnied () T85-0 or GM-28 treafed with THF o with cobdhicires o sehide aied ol winbdity s &5 sed Eree
bars represend s o 28 beas i theee replical e epaedirmenis and dta analysed By AMOVH tor Siaist ool shgriticaroe TP =10 05 )

Discussion bystander killing (see diagram summary in Fig fab) While we
In this study, we reveal that MDAs can act synergistically with  show here that MDAs elicit thee two efiecs simul neoushy,
anootytic thabdoviruses by decreasing antiviel fype T IFM  further dissedting ther indnvidnal influences can provide desper
production and incresing vins-indwposd cytokine mediated undemtnding on their interplay and contribution to the
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owavel phenomena. Ow data sugpest that both effecs
e infimawly linksd © micromwmbule desphilimtion (s==
Supplementary Figs 2ab, 72 and 10c), making this difhcult to
address this experimentally. To gt around this problem, we
alapted 2 mathematical mods] racently developsd 0 investigates
the impact of IFN dymemic on ancolyfic thabdovirus activity 'L
The initial frrmework, which we have previous] ﬂ1m'n1:-n dumely
fit experimental data in normal and cancer cdls'!, was modified
i rmddmﬂpn::nm:dlmmnﬁctmcﬁed:nfmﬁs
(Fg Scd and Supplementary Rg 1lal

In agresment with owr experimemntal data with MDAs, this
framewnork pradicts that simml anesmshy dacreasing TFY ssoretion
andd i ing ystnde killing leads o increased vira growth
and mq af cmcer odls, but leaves no cells
mharmed [within 2 wide mnge of simulation parametens;
Ry ficad Supplementary Fg 11b). However, while decreasing
TFN production bomsts viral growth preferentially in cancer cells
i 2 e=rtzin extent, simmlations indicate that increasing ystander
klling may be 2 dominant contributor to the overll caner
sdective cytopathic respanse when bhoth effects are combined
{Ag 6cd Supplementary Fg. 11b) Neverthdess, @aution must be
tken in over-interprating the results from the model, given the
sstimates for some of the parmees wsed may not adequaiely
reflect the underhying biology.

Unlike TP sensitive VEWAS] tor which both spread and
bystander killing are ephanced by MDAs, wiVEWV effecively
mwerommes the TFN response on its awn®. This suFRest that
wiV5W should be mostly prone 1o the bystander efiect of MDA
It smarges from simulations weing owr mods] that increasing
bystander khlling done comes at the ast of reducing viral output
(Ag Gcd), comoborating our experimental obsenations with
wiVEW [Fig. lh) Our resuls altogether sugpest that even though
V3V has been reporied o0 ineract with migotuhules in other

e, these cytos kelstal structures are nat stictly nequined tor
rhahdovirus growth Rather, our studies and simmlations present
enhanced bystander kdlling as an alemative sxplanation for the
mnderate inhibiton of wiVEV growth mesured  following
treatment of cdls with MDds (Fig. 1§ and nef. 34}

Many virmes, such as vacdnia, are known i exploit the host
oytos keleta] systemn to tavd within the gripplasm and to indect
ather alls®. Sugpesting that MDAs may have vims specific
e, we and others have observed that, while they ephance
rhabdovirses, micrombule destabilizers robustly inhibit vaminia
Mi.llnm. other virmses have heen reporied o grow at
lmst thy in cels with destabilizel micrombules Faor
mample, while the medchanism was not addrssed, kwdose
vinblastine increased the ancolytic activity of herpes simplex virus
withow affecting viral titres in virro™. It is likely that other
TP -inducing vimsss oould be enhaned by MDAs by taking
advantge of delayed type T TFN seoretion. However, our dat
suggest that mpidly growing vimsss such as VEVAS] and MG-1
are mare likely to benetit given this advantage is only transient
(see Supplementary Fg 8ab) Ulimatdy, this may offer
additional sdectivity to the approach, reducing the possibility of
opportunistic infections that coull ensue from hindering the
type T IFM system.

Somewhat controversial reports dating before the ihcation
and sequencing of tvpe I IFMs in the late notad the
imp:.ctddru.ﬂ:mﬁucﬂdi:irmuld\drﬁhsthennﬁe
epression 2nd secretion of antivird orinkines and several other
]:l'ﬂ‘tﬂ:l'lx_ . Here we show dor the it ime direct evidenae that
severzl MDiAs inhibit type T IFN secretion and provide dat
supparting the imeohvement of microtubule destabilization and
mBMA tramslation in this phennmenon. Our results sugpest that
the incorporation of type I IFMN mEMAs in pohrmibosome
structurss is compromissd inllowing dismption of micrombules.

|| @030 | Di0a- 109008, M0

Howsver, only a2 subest of ssoeted proteing responded
analo to type I TFME follmwing the MDA tremtment as
determi by pubechase expenments and by ELISA
{Supplamentary Fig Se=-gl. This brings forth the interesting
possihility that microtuboles and for assndated factors coordinate
efficient tans lation of 2 subsstof probens. Supporting this iden, it
has heen praviously reported that mocrotubule disruption radnoes
fibronectin  mMBMA prevalenes in pohribosomes of smooth
musde cells®. Given thess chssrvafions, it is tempting to
speculate that micotubules coordinae the organmimtion of
pohriboenme structr=s, which may be preferentially ssociated
with a snheat of mBMAs

Owverall, our study shows that MDD As can provide 2 significant
therapeutic benefit when combined with onmhtic rhabdovimsss
such as VEVAS] and Marmba MG-1, in several models of mouse
and human caners, from varins tissoe ongine, inclhuding
ovarian, omaon, breast and skin (see Fig. 2 and Supplementary
Fig. 5. While MDAs have bemn wal for decades o treat a
number of human zilments inclding autoimmumne  disonders,
helminthes and mnﬂ'u'u"u. ane comumann characteristic is the
nammy thempeutic window associated with thee agents In the
case of cancer, this has lal o the development of mone seledtive
hinlogial thempiss including therapstic antibodies and OWVe
Theratare aone downside nf'u.-:n'l.;ﬁ classical MDids in this context
is ther assodated systemic todty. Motahly, as a stategy 0 avoid
overt toxicity of MDA s, thee have been linked to monoclonal
antihodies :m.-:'h & Heeptn which retarget offects towards
cancer c=lls™ Tt will e interesting to test oncahytic rhabdovimsss
in mmbination with novel and recenty approved antibody- MDA
comugates fnr the treatment of @ncer in onder to take foll

advantge of the vastly superior sdectivity of these thempeutice.

Methods
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== ] ‘.’nn.::-:n':nq. v.ﬂ-ﬂ.ﬂ*l.‘_r iy el MRCS medl (G338 mowed
humar o W d o Rl A Tre= Calten Colecsas

| Mo, WAL Ol were caliared = Hel) #‘-d.m Drdbooe's modided
Fagli's medias (Hyclose, Waldas, MA) wikh | 0o 2% 00 -5
fanl calf e (Caefem, Faobicohe, Oesters, Ceendia] 549 ATED, ASSELATH
amd g e el weeme 3 el g of D sy Horwitr, cclls
v mminitaisac e P ik 1% RS arplomusied vl 12 cr24abd ;lé:l:i
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VAVES lexprenisg GFF, Gy lafoae o sariss GMACSF o
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detect wra apliates wen chizrod sasg @ Aoossi § 100 Fhosoasc
(Cmsl oo Lo, Tewemee, (7). Colll wisbality wan masaed auisg ==
2 emsurBilone 3wy | A=D lreg o he f il it By

11

AE, E AR PICATIE

S e il [Pl Beir, Lissited AN gy fiarvad

295



ARTICLE

MATURE CONMMUNCATIONS | DOR 107 i o T4110

i LEL L oma f e
J——uh#um.:h&—-&,}hhqmﬂm
amax wesn wos chimrod sasg 2 hhﬂ]lt- YWTTHS Rasdex. Yo

e wen o ] Erom ool g ] 'h—:ﬂj_u’m
it Bl — dried and sodaed o cpdass Ve
ul:hlﬁ—gq_i-:m—nnl-l: I sgaroe cveday =

Dedl s dshed dram (dae /BRL) v X% FES wan mmediily

adlod Afer M-bmmcalescs a2 1 "Cama ¥ 00, hanadfiod scabeics, alls wes
Ead mm mehard wedl d| vaith 3 ol B B (5w st
awetmery 05 g coomae b, A% sctheol and 1 aceSc acd Flagas wes
wasiad and Sa cluled e e boo o e dkibe asd apoded o pla

prml

R plamiallay. 738 0 odlls wore pated o | 2wl doha, pretoied wedh [0
o el coddsces ke d b, Hloved by mak afecSes o mfcSo with
VEVAS 1-(FF or wiVIVSGFF 2 W00 Q0L Fortp-cight hoss beter, ol wes

aliiocied, washaed z=d gemded &= HERS g L% PES = 000%
e amde. M Eairod, amglo-odl A veore lafadlod wiikl ar
Miﬂ"ﬂ'r il (G gem) el aed d i Sow T o=

3 Beciemaes Coslier FOSH) | detn sealyad with e Kalers 'lLl.n.‘H‘-].

Redend tumiesar sbadely. CTOE aod ATV modchs. Ser- ek ol fomale Ballyc mie

cimned] fom Chadea Foeor Labxoatorsa (W MA) wae gwes ash-
by 'hjnlﬂ"FlTlhmﬁ-l-ﬂ]ul

moperded m 100R] PES. CAR e

d ey pomit i wen
T:hﬂw‘la.lﬂ.pf. f-ﬂ:l-l]“ﬂil of S -hﬁﬂ-?-l-ltr
d iz 2t e it d iz, Tl wom

apewied 3 week later for 3 ool of we s cpclen. Tomeor sme were
snmred swery ofher day == clectmer calpes oo weleme wa

@ balated m =g = . For mrw sl dades, moe wore caled witar
exmoary Fad resched Lﬁl:l:l-“ Ernm-“-miﬂ]‘ﬂ-h
Walthem M) | | by ®_ Bricly, 100l of n [mgel= !
L= | sl o PEA m#‘-—l.p Frv: mrmras [awey,

s wen armcticsmod wang T wﬁ--'-plmhln-lk

emefyrtvasr's matnaSers, For wal g 5 beshed o Fag, B,

vz d o she dudk l e el b d i RS sang 2 S
o o h By S h—n—;nhﬂrﬂﬁm

undl i red 49

HTX ¢ madel. fax-vweck ol femals Nads e dhimnsd fom Charis B
lﬂnr.ﬁ-:mq:h':r.: with HTE bonas cole coteona odila ] | = ll:lﬁ
ﬂldini—n,-ﬂm-:-ﬂw‘ml

Colll bysis amd weshons bbfing. Whoecell extracs wes obt sred| by iy =
Smdd HEPES, pH 7.4, 150 sl Mo(l, L 0mbd EDTA, 10 mbd Mo, P20, 000 b
HaF, 2 bl May Vi, peotcmis seisbdor cakid (Rache] and 1% Tetes X- 1000 a0
demcminnd sy dewmarazr by Bradfrd meay (Buo-Fad Pross
Asery Seldies Mot g, ONL 0-20pg of derfed colll ertract were
SIE-PAGE Gl sysien | v widh 24 Moo clasadionic acl
{MES) rsag baffo and Sadfoad cr st medlvbe saesboca (Hoed O
Bo-Radl. Biob wes: Hocked with 5% roofs mik aed peched wesh b
oy cheal at badio ipeclc ke VAV fa g S D Bl Beows, aoeed =2 15 000
evrmghil, oo IFRH (-2 W07, Sesta Crax Bectochadiopy, Dalle, TX, med 22 1500
umqh] ﬂmﬂﬂ?lﬂhwux-ﬂi LETH s HE
g comival, el by b F b spgetal rabhe or s
omday sxdnds, sz 2y (hack | F & Lk Wit
Gaowe, PAL Meobmns woe wobed widh Teobafored Salee wdy Tweer. Bands
wete voesdered ey S el Wes Pro Chendomsewend sl oo
[ Themme fcensh Paxce, Fackfard 111 Do o b boes onppad o
preaeases znd fllarred mags are paoened = Swppienesory Fg e

mmm-lulﬂilh‘. il Erachoraton
i ol wen: wained
-.-.n.murns -H-HP-:I‘:#MHHEPEPH?'LDJ.HRL‘IL

.1 M EDTA wath p ==d g Tyed w0 1% P40
lnlqlq:l_:i::h-::*:lﬂq e Mademr
woare Shen ersracted widh b (5% HEFES pH 79, 258

M0, 0.1 & BGETA, 01 8 EDTA, 30% ghyoeesl, X sl MaF, L Ma, VO, D=3
HaFylh, I.-.ud.l-i—hl.:m'n d; aat ok ol | sl i
T = P e r: .

ldmudﬂﬁmﬂ,:ﬂ*iq:-l probed o b ty e
0l ploapharyisied (St &, sctiaied] ke of Sei- 1 (90715, Cdl Sgmaliag Mew
Esglasdl Bizlabs, Whaksy, 023, L 000 cremaghs], el Sme-1 (910755, NEE, L2 000

. AT TEF-3 {49475 MER, [=L000 cvemaghi]
Hhﬂmiﬂmiﬂ-ﬁlﬂ,iﬂﬂu“ L= 100 cmemmaghs)
Azihalis spoes o tbalie (x-3035 Sante s v 500 v emmaghs])

and fracss HANE, MER, L0010 cvemighs] wen sasd o badeg costach. lompa
B boes orepped for pasaetsee wed foll-wred) rmpes e prewssted| =
Swppimentay Fag, —d

Qumainfve realdiss POR. 78540 cols wen pretecstad for 45wl 00 @b
mhwmﬂdmﬂﬂmﬂlim I:I.I:Il.:rr—:L

f logpen Biotck Corg, (1M, Cazad] RIA

lll:lnlﬂ.ph,]—lbr::l:l_lpl:i-'jl 1T
oy cier day sy == disctronic caliper.

B mwdel Srrewee- od fomale 05 TEY mae dvomead from Charis Rrra
Iaboratoses wen: mpetal ac with Bl 6 moesces cellafl = WL Towre wadis beter,
s Exmoars rescisd 5 %0 5 s e, sior were Seted wikl VEVAS]L 4L (1 = (0%
pI-J-l-hr:nkh-l.p.l:lﬁqh"] T fE S P d vy
cifier dey soteg an dlocianic

Chvarine cuscer modd (Fag 24, 'J'd-.:-p_m.;mm-'u'ﬁ‘hm-
ﬂmmlh]uw—wm'ﬁhmwnhi‘
mi:ﬂi!d&lpwﬂlnm‘phmﬁl-m‘}?-l
mth-lj-._h netl end prat o dtenead by the xeimal coe

padilre Doses wen: sdpsted i baly weght of smdvidesl sce o socoees fer

aght gEn ono Sme
Al wen pok d i - wrds dhe 1k 7 of O swa
1, - P . Lor e ; -

- M_-l‘:‘kﬂ-m = hlm.ﬁ.
E::!:-nulhd:&unl T -y | . ﬂl!]
nd—mu-mph-ﬂﬁhq—ﬂumnhmu
(s ] e Rk crgeomar RG-300 | st & Opiarel thanbeld
and amcos clfcxecy won dotomanod gl Fotargon acfiwae Mdicaama
Tor ench o erhbaned 3 aegle pok, elicasrg pocl anddosoe, wheh wa
:h:*dhrv-.ll"uh:mh—-ﬂqhw.-
scfvan = B og 5 F k! d o cach . G

::F—I-nltr:bﬂﬂm-] todaid sarg fhe oethal docshad 4 47,
M-h—miﬂﬂhhhmm_ﬂhml.-
Prommers wese desggmed] moeg Poesmaer 3 v 40 {2y dabie pom e

ELISA Celln wene piwied oo | well dihes, poctrested wills DR or 100=hd

" P - .

OGHE-SA A spdses of e st por rony wao copatlerad) salftend fo
diiect 3 ageiicat dfforcaa & fumos s ows S, whenn S o S =i
waere comasdiored mocevmery o distect 3 mewnegfel deffeasee sl

Miosadrayd snd mmalysiE 880 ool wem pleied i o desay of 40 10 cdli
i mhd oo oo wedhade. n 4B PES o VAVAS] =t mm
B0 o ] wen adidind] i el e, Twaespe S o pra sefecsos, B3A wa

aliincted wang we B3 A ey ki (Clnges, Vel T8 LEA) lm#]l m

Ly x4k Blowd by mak tefciie or tefecSon with VAVASL-GFP for
VAVAS L GM-O5F a2 ind 4 R4 Ol voare aelincied =t daficacnt

PrIS——- aged PN S -
il Ided FLEEA d vy e Vierk iz H o ol caae TP
l‘rh,mlbdlw-mﬂ-ﬁl’u:nwkm]ﬂrui_ﬂ
h-]liﬁ!rqll = £ vy 52 450 shd

e e 2 Multhies Ascet Micsciste Rosder (RNT Lab Syatess,
Viceea, V).

m“m Cails ware caltged = 15 -on dohes el cosfiuet oo

-—ﬂ__.ﬁ#ilm“ iy Jl,ﬁi"' Spcicype) bafom By s J xndl e d vt dch (L0 e | oo vl
¥ poaed and hybradwed o Afras cmﬁmhnbﬁmﬂh-&—ﬂm-uiuuumnﬂdML
_l-LﬂiT-nFI&n_:rdtmp-:_ﬂq.ﬁuﬂFﬂﬂ ot wmfecter wely coid RS L q:bln—k,m‘:hﬂ-:l
amder dafrals A N d b b m}‘xl-ll H-:lmﬂ-lrnbﬁl:s—dl"Tm]ﬂw']‘?ﬁlu-dl"
P wem waed) o Bt g e By ssbaegrasd 1l Mph, Limeell = KL Widpged -~ cpddiednid:, 2 mmdl -1 DTT, 05%
qmﬂup&ﬂ:*ﬂm#“--ﬂp&-ﬂ_ Tefoe K- 100 zed 1.5% e devs polieizte] 1 vazre [oaded o U0-S0%
ﬂ*-'- - Lre dapazty goad: ﬁﬂ-—dl_lﬂmﬂﬂiﬂillm—dl L vl
vaore mk Zy k& _i-ﬂl-:-hnlw-p_ﬂ S_A“-Im]-lcl*ﬂilﬁu:ﬂﬂnlhillllmﬂhm

hni:l:ll:-:r".l"ﬂl'.ﬂjl -:lluln-‘ﬂn-:lﬂ:ll:ﬂ.zpﬂ Pz (1085, Beng
:_'l:hﬂ Cmer epdriiegry (0] fommy ennclymeny wes: cvalusal wweg

an u & "I]-phhq_m_]]"ﬁnr
g David Trethomn

ﬂh—“:—}]u:":q] :ﬁ:r:-lr-:n:-ﬂ-:n_::rdi:hhn
w-k.ﬁ:—;&—ﬂh E-MTAB-2431

12

FMATURE Cotrd L CATHO RS || ot O DrdD: 100008,

4, wead| ghe cpeicn] desity (00 32 254 e v cosSmeamly readied
ey o m 1500 fosciomates | Tidedyne 153000 RMA ey ench fctive v eliied
the 5 PR RT-PCE) and aoms-
qﬂ*’ummﬂﬂ-ﬂ] ﬂh.m:.’rdndq#&ql]]]
Farik- S Syt Spfen (leviteges] and SYER Gaes Sopemmis (G

¥odal

O S M e sl Polis b Lisited AN dgits feiaraad

296



AT LIRE. COMAMILBIC AT DO W1038 ncomirasT 10

ARTICLE

feeg o the 5 41 Iy g for haman TFHE
- mﬂmmmr FCAGCATCTRCTGET TRAMGA- 5]
TP (5 -AMDCAC A TREATAACAG-T; §- ACTGGET TGROOA
TOC-4) medl WAV 8 (5 OGETATIGRCAGAT CARGET-¥; §-GAGCTCAATC
GTTOOCTTGT-AL

lEmiunc s oo nos el S do e el of palysedhar cdli. Homor 7 880 somd
arasana ods, AHY, ASHE AT o semal banas (-1 bey Ehechint wes
dated z= -well dioka on glas evenine. Relibwey 3 48 pacressmens wadh
=l M colcdcire, or 12 abd Tard {(x mdiceted]|, wels wen mefected winlh

i VAVAS] w GFF = e ndicated MO, or wes moch-pdocied
Alerealy, ally ware Sewed wrdh mperames e Balw] or cpckme e
axperemeniy = Fag Sop Cills wen: i d e 24 I, medl sk *i:niwll
FA parak iy, qrenched wd S0mM Salowach i
ﬂﬂlﬁ-:-,bh:hlﬂlﬁ:ﬂiﬁ.—:l.:d:dhﬂﬂ*“ﬁﬂ] w21 05Y,
ﬁ—]mh_ﬂw‘ﬁj-‘:ﬂmﬂﬂmw
Lre g Peloeg AssFade wedt DAF] { levessges)
ﬂhwinﬂwnm:-ﬁ:ﬂr e o bmmgeer ML
m#ﬂhﬁnﬂ}-ﬂk:—mﬂﬂihlﬂ]-’h

Loy S ied| cells weere d o 515

'II"H'I.I:- :.-l[ﬂ—l:-—-d'l.l:l] = EE

wHﬂHW‘?N—ﬂwmﬂ:‘:m*ﬂ
4wl VA VAR |- G- GFF
i—]ﬂd’ Lﬂ.']‘n-u-*l::ﬁhﬂ:—l:ﬂ S adl barwmsie of S
Hﬂk-ﬂﬂmlhmhﬂﬂipﬁ-k“
etk Afcr
vaore Eliceed Saglh a 100, 50, 10 oo 35D Sl hu.ﬁ]w
ﬁ-w‘plt:v‘nrwlhd m-umhww?ﬁ-ﬂplh
. F——y R N

Thae og; Lo
o i mweden, Them: oquaiors aas

B s P+ Ko AP K V] 1UF — 3 ¥,
dlFHy
ot

ol v, TP el copl icncnsic oy ok e

= Ko TR — T PR,

e K Ko AT K 5 0PP I g )

TE Koy [+ WH) — 1o

o [P el AP (K zod K 3 iyl e ik i
(g, B e off vires digradation {1yl Se mic of sl FH podud s os

The

—ﬂi:ln-ﬂ'-.]lk:tnl' ':Im 1 Elvweg

of TF dick o e Sl T

:mh_ﬂm#ﬂ—.:-p_] ‘:l*nl' Fasiome pacd
mnd g o of oy degrak |:1-

abwv modcd] vt a mﬂl_ﬂw—:ﬂ'ﬂi] Thaa |'i-'.-dn:
s pranial oo Boshe-bood cnd
hbﬂm__-l—-hllntn—dbhkvhﬂh.
:-II._.,"HH-H whel- bl.l:l:l-ﬁ“.:ﬁr-_-':llr.un-:
g S aluw fxa

a5 n.ll]"::ﬁ- L-Id'—h‘:lﬂ--lﬂ I].I:I]L:ih_--l
vinbaliey attbe T2 -h S poatfor each B g o 30l K combinet e, s repeasing
the ‘-‘-S,I:III nﬂ-ﬂ-ﬂm:ﬁ:ﬂw‘-ﬁ

L G-ddd 1. WETE § d o Mudab wary the ODE adwer

n:klﬁ:—h-ﬁ“ p—nh:-pq:_--‘*ﬂrmﬂ-

Areawly, xx daemr g "‘:::l]ll" x :hﬂ:]m_ ke |
Shaiues sy cferwime soied (2 miceassy sl sealpes of v e
m.“m-ﬂu dsang OV gt b i wwmouwd o deermre hdm‘h:l-ﬂ:n-h:ﬂiqﬁpi
F of crdich w1 lgmae & hac te). The bg- ol i 4 e &5 g
dmenbvey She . £ fected - (P, 2l dmifectend) st For all s, sy mel wE 1, b-—:P*
ot (P, e d progul (AF) ol ghe posiected proalason (TP bodow oz (LS arapli el e e compuied wiey Pries 5§ a=d
denleey oo e e virm V], eyt cpiokiee [Cpf] a=d E::ﬂ_"-# =
ex el - FH] = e ) e
- . References
—_——_F - - - L. Dhow, O, Sl 5.0, Bel, | C & Dl ]. 5. From scosge o oo o
& e[ R I'"'l:ﬂ'ﬂ'] - sslecsve vind padiopaad moa mew Sratyy sgeest cesasr. Plaf Pashog 10
el (2014]
1. Reaad] 5], Pesg, KW & Bl | C Omcolysc virothengy. Mad Bbdedhmal
¢ [P+ Kigng ot PP — —"“d*—ﬂ“. wfUF, 3, 454-4 {2012
EJ&L 3. Brotluch, | o al I s delimay of @ sl smchasiotic concer-
rpead Blatoar 477, 99002 (20011
4. ]h,lddhh.mlhhh_:h‘ldn‘
AR o 7 TE-594 &= freor cmnccs. Mad Med! B8 32334
5P V] [P - —r"'li-m- [ L
P+ (B 5. Ol Perry, K. Dili, 1. 5, Lickey, B D, Bell, | © & funelues B-Clrs, |
el doge cmbrrascs Saxy wl cnclys wree, Mol Thee 14
AW g wflF] - | ——— + pepp [P '3 B:FI,D.P.-.-J_" - PR S—
I:n!-'#n-:l dpsic viras Nat, Maad, & 821405 {2008).
1. hﬂ,andmﬂ-w‘*&h-‘_ = Frrakewr mras
1II ¥ wre poiend oy == casce agenits, Camacr Cell 4, 243105
dAF _ - - R3]
T o K 1P K AP - 7, 5AF] d. Cbuchi, M, Femuter M & Barber, & K. D aralbpmians of recosl
l+|:%d-] )r massla fomasm waas Sl oglos dafctam hodt defrax o smgeass
e scsvny. [ Vimd 77, 88430385 (20091
- Pfw 9. Fame P A 2 al V5V e Racllmeeed] mBNA socher erprat
(rr ““"'1'--1]"“}]' pahvary. Ml el 17, - 102 (2005)
Lk Bram ]. dd..!C_:n*ll:U:::—-ﬂ:Ir—I s alor Srmews
= moaw T Bl [ Cimacer, 132, 726131
& K g
T_[l il +Im—]m]+xn."-|-ﬂ] nm-_l_ap!;] lLllHPdd.M-bm.'}:-r‘ ::L;:u':mu]-v‘
+ =) 12 Chomigy H M ot . Rechction: of S el
1|| T I honcuty iy~ Proc. Mal Aaid 52
+ ) LSA ML 9559503 (2004
_E‘_I:I TL“JIHIP:P] Ll}h:r—,']' deﬂ—dl‘qdh—*ﬂ-ﬂmh’
i vl
The perameion: nasd = Sw sbove o e ek mte (K], S _d]mﬁmﬁﬂlmdhm“mal—uﬂiﬂmﬂ
*H]mqﬁmﬂn_l‘:_n‘]m*“ 14 Daallis, | & et ald & sdeespriom memd

v il S 50 of TP (P ol s vt of viira-ssaciiet | ol el 7,1, e
EOS) of g cpfcicak cpeiEee (Bl cpl Bix o of cpolisc-sadiiol ol dath
e e el e o vl clowrascs (Kl

Fharrmcevend speoach
emccyie wre acssddrers, Mol Thee 18 L EB-1 009 {X00).
15 Terldedk, B A Chldbcreupde: X0d Sonde Ardbrith Bhoam, 33, 411419

(20T

MATLIRE C0ma AL AT R || satsbid | D10 1090088 43|

13

© 0 Massilas Publ b Lisied AN dghts faiarad

297



ARTICLE

BLATLRE. COMSALBICATION S | DOR: 1001 0EE, maC arninres 74810

14 B | & gl HosfosSon of modifed bt i

shabdvmras Mol Ther B, [440- 1449 {2100

4 H £, 1T, Qruisles, B A & Gull, K Bindieg of pusendurel: i Skl
xnd #azedaeece om droden oo Eae-calore ol m Ledl
4- ey [ el S 49, 198204 (1L

1. Miwriedie, L A o ai Fleested leeds of LTI T b ]
Twm:ﬂhﬂ—#:—ﬂ*-dh
(mrer By &8, LNR- 1213 Q2009)

14 Fodr Gomer, M1, Gl L, foworims, A & MasSeer Moalle, M Malsdag

5 colom

ma acdll e by colichicee
[ Ploadal Biachem 34, 33-33 (X001
B oo, D, Eld?—*—ﬂ—:hmd’ﬁ mEumn v

41 Thg medir contsl of S MISIR § g cpticinl
cmraer. e Re @8, 380 3907 I:EI:IB].
A Gz, K, Gamvwred, I F, Piee, B M & Vasdobpde, B O Tocheical

= kmrmmors of camert moua mrdids of ovemmn cencer
I Cheerdan Ries. 8, 30 (20T
L Eh,E,.H:r—,LHH,l,lmD. & Yakbhaed T Grills o fod
yamdl el G0 Beorem i rmeled gese b B
mmaticn B, 43 I:IIIH].

I Fdien, E, lipace, [, Voger, & & Vakhaed T D b rask ed [oa
Hmum?hjfmﬁdhd‘iﬂmﬂ

2 Hamsg da, W, B B T. & Lemgicki R A 5y ==
zexipan of lerge pese b meeg DAVID Bepedorems o rocarce, e Potac,
4 4457 20W]

M Hamzg da, W, B B.'T..E'l gucky B A Bcxk &
anlx patha l k. l malpe of g pors Lot
Marlde Acid R 87, -3 (20091

25 Fa L hlach o iy b and el beaodo e nodamd

hthhmhﬂmﬂﬁﬂ

-h:l:'_:u'm by buale deerastaeg
sgenis, Imonsmobdolagy 195, 640454 l:l'iﬁ].

. lagy, P E, Howadl, 5.1, Viousg, DL A& Fask, 1 Mew by poihos of tmade
mecresion. Nahere 209 1 771 19 {19631

M e Murchped V. ot al A sole for fhe mdsetboler spien @ S adewe of
very low desaey lpoproeses by pafoasd mowe lven, | Bl (ham, 44,
e 2-48 0 (19 73).

2 Fume, B, Hodftme, 5 & W, i Mk af Iy L
lhnhl-_h*thmdﬂq:h-hh-lmu_
L Gl Bial 58, FP-41 {1903

3 Willsesw, | AL & W, | Caich buri

a=d ghe al

4L Vesma G of al Trmtsremal erguessne for HER - peatee sde seed) basnd
cmeaer. Naow Fegl [ Med 380, l‘?ﬁ.’l—l‘?'il.l:iﬂﬂ]

41 lesmay, GG 2 al B | T
an nfiterd ol waccime. Ml T ﬂ.l?'il.—l.?ﬁ 200)

44 el L E,Vin-mﬁ,ld.,l:hﬂ.]’ & B, | Propagascs, prashaine,
andin v ateg of iy varay st Methndh il
Biadl, T3, LE- 140 XL 3.

44 lc Bosed F ot ol ekt vz i FERaD sugERss

e Ml Thee 14 334305 {XL0).

45 Frag, D ot al =zl mnd vualreng e
erposion dis. Nuckds Acdy Ra. 5, WS008 (0 10).

44 Ve, A wd all Tl ool sdhaion modvdates Tof sctvdy i sormall asd
h:ﬂ:-:—aul:ﬂhnpﬂimlﬁl:ﬂﬂ-ﬂ
47 P, M W A serw s der| fiow 5

ET-FR. Muckds Acdy Ra. 2, o45 (20011

el e

Acknow
Thea progucs v Suadal by o Tesy Fo Rescoch | te Goad | ot oo TFF 122805,
by LCE, 500, ME aad TA) s wdl s Tha Lofe & ohe Hachi amasal
Fousdieon oo vt Gand of #he Cemdes Cmar (gt oo FI2-M1840
JAD, WE, MK el gont oo 705014 © 1500 sad W0E) sad 2 Cuscer Kmerch
Socwity grmd fa BV AL -Wh:hhuﬂhr
CE v peporied by x Mol 5 K b Commicdl of sy
ﬂ}mﬂ]ﬂﬂ'm“wﬂh:u-wvﬂl-m—dh’
-hmtﬂﬂplﬂ_ﬂ-ﬂm{_&ﬂﬁﬂ

- warlll m:  Cnemd e fnr Hindth K # Fadarrie B
m‘;m;ﬂ&--m—dh;hhhﬂhd—.h—dﬁ
thask Drfums B Howes S kndy povechag s A300-ATI12 snd AT24 call e

Author cont ributions

JAD aed I ] Wk l cazal Smacal zppa= Sdnved
hjl&hﬂum—dduh.#ﬁ#ﬂ el Sl mepord wan
L by MLA wnd TA b wiva e pasirmad ma sty by BA, m el

wm{rﬂhulfﬂ—u!“ﬁm

3L Colea, I o al Toesals Seal coniral of fhe iteeie imess sopois Syl
TRF- 7. Nahere 453, 373303 | XX04).

3L Jomdus, B A & Wik, . Mookl an o gt for anSomcer divags. Mad
Parr, Cavpr 4, 253265 | X004).

A Coersd, DL P&t ol Lok il frabads forreed|
—-‘qrh:*l#nllntl*—nlhhﬂ. ¥,
33 2- 43 (1)

34 D, 5. E,.H:Ti,.]l,lhq.!' & Fasrak, A K Veusirssor of mascelater

VT ! ol lrveeg el [ Viral 0,

EHA-EAT ﬁl}liﬂ

l_l.-&b,ﬂk,-:'fl.'l.' n"_'i Wik, MEF, O, ki, J’.l‘:l,].rl AE KW EW, [H aad

1 i who gk o I:,.l..l‘l IJ_B. AR, TE Ki:,
J-A0CE, IJ.B,_I.-E.I.B,J.ﬂLdHJ'. dved . A g S mach d
modal, sead CE g s L CE aho g 'h 3
Tha et By L-500 s A amd arvsaed by

HER, CEFELE DPC, KG BV, MK and 1CE KG oand BV, coneribsed mppos
S dha agell STIE-Tagg el WLS, DU amd HA. mesrhosed 50 o gt desgs
thxmugh apdas decmmna.

AHHMII information

ﬁuﬂ.].,v—hlmh..ﬁ.&hwu Ths & =z ) Iy S — | i sha E bl
v | fen Wimd 3, 29052931 (202 nadier e ccemon cod e E-BTAE.2478 )
3 Hormoe M E..'“" K. L., Hollzal 'H.&Hﬂ.].v::—
s mEwcllale oo dbpud maona oo i fis o panh ek bk ¥ thu papar a2 hsg! ) )
-hhﬂkmwlhwnﬂﬁl—ﬁﬁml TATI AT TS AT AL
3. Pase, B ] ef al Comt =z g sy L
-ﬂrnFqIL-ﬂ‘qrr—m“-' Camypoting domacad The athoa putiog fmacal
elfiect i proxteie cescer madels, Cimaer (Geee. The 3, 17-24(0103). Hrsring " L B i
3 Peskn 5. The tetederens 51 pees afier S dicomsry, Saere @nmarh more o _:—1._.. * oul ¢ bt ifopg
bmem [ Bial iTheem. ﬂ\i‘,imﬂ-ﬂ]{ﬁlﬂmﬂ
H Then, B & Rabamwewich, b A Fary ™ i ] }hl-:ﬁh-ﬂr.i-h.dm l’..l.:l'. bl chreg T wh
agralasee of Eroeccan by Eple clase 3 of s | buk 2 2l £ basmdes

[ EE A
ool | i vocsler smoedh susch cdls. Cie. Reo 83, 431439 ( 199d).

14 MATLIRE (O pALINICATI RS | Sl O D 1 S0,

¥ by F
kdlng Mot ﬂ:——n seAsld doae | LIS Rimcom e 10 (=LY

M|

S M sl Pl beard Lisited. AN Sghts feiarad

298



Appendix H: Additional publications

1. Selman M, Rousso C, Bergeron A, Son HH, Krishnan R, El Sayes NA, Varette O, Chen A,
Tzelepis F, Bell, JC, Crans D, Diallo JS. “Multi-modal potentiation of oncolytic
virotherapy by vanadium compounds.” Molecular Therapy. 26(1):56-69 (2018). doi:
10.1016/j.ymthe.2017.10.014.

2. Selman M, Ou P, Rousso C, Bergeron A, Krishnan R, Pikor L, Chen A, Keller BA, llkow C,
Bell JC, Diallo JS. “Dimethyl Fumarate Potentiates Oncolytic Virotherapy through NF-kB
inhibition.” Science Translational Medicine. 10(425). pii: eaao1613 (2018). doi:
10.1126/scitranslmed.aao1613.
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