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Abstract

Oncolytic viruses (OVs) are emerging as a potent therapeutic platform for the treatment of
malignant disease. The tumor cells inability to induce antiviral defences in response to a small
cytokine known as interferon (IFN) is a common defect exploited by OVs. Heterogeneity in IFN
signalling across tumors is therefore a pillar element of resistance to these therapies. | have
generated a mathematical model and simulation platform to study the impact of IFN on OV
dynamics in normal and cancerous tissues. In the first part of my thesis, | used this model to
identify novel OV engineering strategies which could be implemented to overcome IFN based
resistance in tumor tissues. From these simulations, it appears that a positive feedback loop,
established by virus-mediated expression of an interferon-binding decoy receptor, could increase
tumor cytotoxicity without compromising normal cells. The predictions set forth by this model
have been validated both qualitatively and quantitatively in in-vitro and in-vivo models using
two independent OV strains. This model has subsequently been used to investigate OV
attenuation mechanisms, the impact of tumor cell heterogeneity, as well as drug-OV interactions.
Following these results, it became apparent that selectivity should equally be observed when
overwhelming the cell with a non replicating virus. While normal tissues will clear this pseudo-
infection rapidly, owing to their high baseline in antiviral products at the onset of infection,
tumor cells with defective anti-viral pathways should not have readily available biomachinery
required to degrade this pro-apoptotic signal. Recapitulated by the mathematical model, non-
replicating virus-derived particles generated by means of UV irradiation selectively kill tumor
cells in cultured cell lines and patient samples, leading to long term cures in murine models.
Taken together, this thesis uses a novel mathematical model and simulation platform to

understand, design & improve oncolytic virus-based therapeutics.
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Chapter I. General Introduction

1.1 The Process of Tumorigenesis

Cancer is a malignant disease resulting from unregulated & perpetual division of a
defective host cell. If left untreated, these cells will undergo clonal expansion and evolve to
eventually overwhelm the population within the affected organs. As the tissue accumulates these
defective cells, the organ will gradually lose its function and drive the pathology of the disease.
To become cancerous, the malignancy must acquire several key characteristics commonly
referred to as the hallmarks of cancer (1, 2). These defects allow for the cancer cells to not only
sustain perpetual growth, but evade destruction by the ensuing immune response against the

tumor.

In cancer, chronic proliferation requires the rewiring of processes involved in the
regulation of cell number homeostasis (3). Under normal conditions, cell abundance is defined
by a plethora of growth factors and adhesion molecules which allow for the organ to relay
system level information regarding cell number requirements to cell cycle control (4). These
pathways, critical throughout development, allow for the organism to replenish aging cells and
repair tissue following injury (4). Several of the factors involved are in fact oncogenes whose
dysfunction has the potential to cause cancer. Chronic activation of these pathways ensures that
the cell proliferation signalling axis is persistently "ON™ in tumors. This is achieved by up-
regulating the secretion of these same growth factors involved in regulating cell number
homeostasis (e.g. Transforming Growth Factor B (5) & Vascular Endothelial Growth Factor (6)),

and by enabling constitutive activation of their downstream target receptors (e.g. Human
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Epidermal Growth Factor Receptors (7) & Platelet Derived Growth Factor Receptors (8)) or
kinases (e.g. B-Rapidly Accelerated Fibrosarcoma Kinase (9) & Thymidine Kinase (10)). To
ensure that continuous proliferation remains unresolved, the cell must equally inactivate tumor
suppressors which would otherwise resolve the situation, in part by inducing growth arrest.
Perhaps the best described mutations in growth suppressors involve those repressing the function
of the tumor suppressor p53 which, when functional, would otherwise induce cell cycle arrest

following the accumulation of DNA damage (11).

As the tumor evolves, cancer cells must compensate for the increased metabolic and
energetic demand required for continuous proliferation. This is believed to in part be achieved by
undergoing a glycolytic switch. Also known as the Warburg effect, cancer cells favour energy
production along the glycolysis axis, followed by lactic acid fermentation, rather than through
Krebs cycle in the mitochondria (2, 12). Although its role in cancer remains enigmatic, an
emerging line of thought is that this glycolytic switch increases the abundance of key precursors
required for the biosynthesis of nucleotides and amino acids while at the same time ensuring a
continuous supply of energy (12). For example, several amino acids, such as Serine, Cysteine,
Glycine, Tyrosine, Phenylalanine, and Alanine, have precursors generated by glycolysis (12).
Furthermore, glucose-6-phosphate produced during this first step of glycolysis may be diverted
to the pentose phosphate pathway to promote nucleoside biosynthesis (13). Indeed glucose-6-
phosphate transformation to nucleotides via the pentose phosphate pathway is a key process in
cell division which is actively repressed by the tumor suppressor p53 (14, 15). The Warburg
effect, in conjunction with the activation of parallel metabolic processes, such as increased

glutamine uptake and up-regulated folate metabolism, ensures that cancer cells not only meet the
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energy requirements for cell division, but equally accumulates the biomaterial precursors
necessary to sustain continuous cell proliferation. Without this effect, perpetual cell divisions
would eventually result in cell death owing to a lack of sufficient metabolites (16).

Although the hallmarks of cancer can be bestowed by epigenetics (17) resulting from
chronic activation of wound healing and developmental signalling pathways (18), these defects
have the potential to be fixed within the population through gene mutation. This factor, typically
viewed as the pillar element involved in the onset of cancer, is favoured by positive selection
throughout tumorigenesis (19). This will ensure that the trait is fixed within the cells following
loss of the epigenetic cue (20). However, novel antigens produced by gene mutation or fusion
have the potential to be recognized by the immune system, resulting in destruction of the
associated cancer cells (21, 22). As such, mutation accumulation requires evasion of anti-tumor

immune responses throughout tumorigenesis (21, 22).

Upon the presentation of foreign antigens, the immune response recognizes the
abnormality and destroys the cell with the associated defect. Classically viewed as a response to
recognize and remove foreign pathogens, this process plays an important role in regulating tumor
cell turnover (21). Cancer cells substantially remodel both innate and adaptive immune responses
in the local tumor microenvironment to evade destruction by immuno-surveillance mechanisms
(23). This is achieved by accumulating mutations within antigen presentation pathways (24, 25)
as well as by secreting immunosuppressive cytokines to dampen the adaptive immune responses

(26-28), and eventually generate tolerance against these foreign tumor-associated antigens (29).

Immunoediting is the term used to describe the process by which tumor cells acquire

these defects (21, 22). During the initial phase of elimination, mutations and the resulting cellular
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stress activate innate immune processes in tumor cells. These mechanisms trigger tumor cell
death though both the activation of intrinsic apoptotic pathways as well as the recruitment of
innate immune cells such as Natural Killer Cells, gamma delta T cells, and natural killer t-cells.
In addition to direct promoting apoptosis, cytokines released by these cells allows for antigen
presenting cells, most commonly dendritic cells, to uptake the resulting apoptotic debris and
present tumor-associated antigens. Presentation of novel immunoreactive antigens resulting from
gene mutation will allow for naive T-cells to differentiate into antigen specific cytotoxic T-cells
(CTLs). Following epitope presentation on tumor cells, CTLs destroy the malignancy by
secreting FasL, perforins, granzymes and granulysins (30). During these early stages, cells which
acquire mutations resulting in immunoreactive epitopes presented at the cell surface via the
major histocompatibility complex I (MHC-I) are recognized and removed within the population.
The subset of tumor cells which have survived this onslaught either do not poses immunoreactive
antigens, have evolved mechanisms to evade apoptotic responses, or have acquired subtle defects
which enable partial immune evasion. As this population of cancer cells expands, it gradually
acquires additional defects within its antigen presentation pathway, or up-regulates ligands which
activate CTL inhibitory receptors, to further decrease the ability of CTLs to recognize tumor
cells and its associated antigens. This process, referred to as tumor escape, allows for a greater
plasticity in the level of immunoreactive epitopes (21, 22). As such, there is a distinct positive
feedback mechanism present between the fixation of gene mutations and the evasion of immuno-

surveillance machinery.

The level of heterogeneity in these mutations is another critical element of tumorigenesis

(19, 20, 31). During the clonal expansion process, the cancer cell lineage will be defined by the
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selective pressures occurred throughout its development. The sequence of 1) gene mutations, 2)
environmental pressures (e.g. chemotherapies), and 3) anti-tumor immune responses, will define
shape the mutational landscape within the tumor. Given that most mutations are stochastic, the
process of clonal expansion ensures that downstream lineages, which may have resulted from the
same initial events, are extensively different from one another following several rounds of
selection (19, 31). Not only is this heterogeneity observed between tumor types, but even within
the same tumor sample. Indeed, the differences in gross chromosomal abnormalities are so
profound, that the cell can acquire differential morphologies within the same tumor (e.g. (32)),

and define the probability of success for the prescribed treatment regimen (33).

1.2 Impact of the Tumor Microenvironment

The emergence of heterogeneity, and the probability of treatment success, is defined by
the local tumor microenvironment. During tumorigenesis, cancer cells continuously
communicate with the surrounding tissue to foster the development of these hallmarks of cancer
(2). This is achieved by inducing chronic activation of developmental pathways in adjacent
healthy tissue, particularly those involved in wound repair. Described as a wound that cannot
heal (34-36), tumors mimic the environment of a wound by secreting the same signalling
molecules, leading to the recruitment of similar cell types. Consisting of up to 80% of the tumor
mass (37), the tumor stroma is composed of several cell types including cancer-associated
fibroblasts (35), tumor-infiltrating leukocytes (38), endothelial cells (39) and pericytes (40). Cell-

to-cell communication between these compartments drives both immuno-suppression and up-
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regulated metabolism in tumors (2). Tumor stoma plays a defining role in the tumors response to
cancer therapies (41), the emergence of resistance (42), as well as the prognosis of cancer (43-

47).

Cancer Associated Fibroblast or CAFs represent a preponderant cell type in most tumors
including pancreatic (37), breast (48) and ovarian (49). CAFs play a vital role in tumor biology
by regulating metastasis, immunosuppression and tumor cell proliferation (35). Under normal
conditions, fibroblasts are the cell-type responsible for regulating the structural framework
supporting tissues also known as the extracellular matrix (ECM). ECM homeostasis is regulated
in response to various cues, such sheer stress & cytokines, which will allow for the "activation™
of these fibroblasts to induce their proliferation and their synthesis of ECM structural
components (50). The functional role of these “activated fibroblasts™ is particularly evident
during wound repair where fibroblasts provide the scaffold for incoming tissues. To ensure
efficient wound closure, activated fibroblasts equally produce cytokines which regulate cell
proliferation, vascularisation and angiogenesis (51, 52) as well as immunosuppression at the site
of injury (53, 54). Interestingly, the cytokines produced by these fibroblasts, as well as those
involved in fibroblast activation, are well documented oncogenes tightly associated with the
hallmarks of cancer. Classical examples of cytokines ™activating” fibroblasts include
Transforming Growth Factor p (TGF-B) (55-57) and platelet-derived growth factor (PDGF) (58).
Notable examples of oncogenic cytokines secreted by fibroblasts include Chemokine (C-X-C
motif) ligand 12 (CXCL12) (59), Hepatocyte Growth Factor (60) and Vascular Endothelial
Growth Factor (51, 61). By activating the surrounding fibroblasts through the release of small

molecules such as PDGF and TGF-B, cancer cells generate not only the matrix necessary to
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support tumor structure, but equally promote its vascularisation and evasion of immune

responses (35, 62).

Tumor Infiltrating Leukocytes or TILs are an equally important component of the tumor
microenvironment. Although many TILs are simply inhibited within tumors, notably by the
cytokines produced by CAFs and cancer cells, TILs can equally drive several aspects of
tumorigenesis. This includes cancer initiation (63), proliferation (64), and angiogenesis (65).
However, the predominant impact of TILs on the tumor microenvironment may involve the
suppression of anti-cancer immune responses by decreasing antigen recognition & presentation
(66, 67). To prevent tumor antigen recognition, the tumor microenvironment actively recruits
TILs such as regulatory T-cells (68) and Myeloid Derived Suppressor Cells (69) which suppress
innate and adaptive immune responses. These cell types not only have the ability to modulate
tumor antigen presentation (70, 71), but equally have the ability to provide inhibitory signals to
natural killer cells (72, 73) and cytotoxic T-cells (74, 75) which are responsible for destroying
antigen-expressing tumor cells. Alternative TILs associated with the hallmarks of cancer include
infiltrating neutrophiles (63) and M2 macrophages (76) which provide the inflammatory signals
responsible for the generation and recruitment of these immunosuppressive TILs (77). Similar to
CAFs, under normal contexts, immunosuppressive TILs are involved in wound repair. Decreased
antigen presentation is a surprising yet critical component of wound closure (78), putatively to
prevent systemic shock upon injury (79, 80). TILs with defined function in blocking immune
responses during wound repair include neutrophiles (81), regulatory T-cells (82), M2
macrophages (83, 84) and Myeloid Derived Suppressor Cells (85). To achieve this effect, both

cancer cells and CAFs within the tumor microenvironment (86) secrete small molecules such as
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TGF-B (73, 87) and Hypoxia Inducible Factor 1a (87), which promote the recruitment of these

immunosuppressive subtypes (87) or by promoting TILs differentiation into these cells (88).

1.3 Oncogenic viruses are a Factor Involved in the Onset of Tumorigenesis

A historical line of thought is that chronic inflammation, resulting from continuous
wounding, is a critical driving element of cancer (89-92). Although cancer is promoted by
chronic inflammation induced by a variety of dietary and chemical agents, such as alcohol and
tobacco, several pathogens have been equally demonstrated to cause cancer (93). Approximately
15-20% of cancers have an etiology directly relating to infectious organisms (93). These agents
include parasitic infections (e.g. Schistosoma haematobium (94, 95), and liver flukes (96)),

chronic bacterial infections (e.g. Helicobacter pylori (97)) and several viral agents (human

papillomavirus (98), Epstein-Barr virus (99), Kaposi's sarcoma herpes virus (100), hepatitis
viruses (101), Human T-cell leukemia virus-1 (102) and Merkel cell polyomavirus (103, 104)).
Interestingly, all of these "oncogenic viruses" are associated with chronic infection. This
observation fosters the notion that chronic immunosuppression is critical in tumorigenesis. Not
only do these oncogenic viruses likely promote cancer by establishing an immunosuppressive
hub in which tumor antigens can freely evolve, but several of their virulence factors have the
ability to induce cancer cell transformation. Classical examples of transforming agents produced
by viruses include large-T antigen (105) or human papillomavirus protein E7 (106), which
inactivate p53 functionality in the cell. In the life cycle of the virus, these evasion factors ensure

that growth remains perpetual and unresolved. Given the relationship between cancer and
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chronic oncogenic virus infection, it is not surprising that most cancers have acquired defects in
anti-viral pathways. Although beneficial to tumor immune evasion (22, 107), it is interesting to
theorize that perhaps certain of these mutations evolved as a result of loss of selective pressures

following the expression of viral evasion factors during present or prior chronic infections.

1.4 The Role of Type-I Interferons (IFNs) in Cancer Progression

The type-lI IFN response is critical to both anti-viral (108) and anti-tumor immune
responses (21). Type | or ‘viral' IFNs are a family of ubiquitously expressed cytokines which are
produced in response to infection. Upon secretion, type-1 IFNs allow for the activation of various
anti-viral defences (109-111) including MHC-driven antigen presentation (112, 113). Upon viral
infection, a variety of signalling molecules, such as toll-like receptors (TLR), detect the presence
of virus by recognizing structural components of the virus and its genome such as sSRNA
(TLR7/TLR8), dsRNA (TLR3), CpG DNA (TLR9) and envelope glycoproteins (TLR2/TLR4)
(114). Recognition by these receptors leads to downstream activation of a subset of transcription
factors known as interferon regulatory factors (IRFs) which trigger transcription of a first wave
of anti-viral defences, including the production of a type-1 IFN known as IFNf (115). Following
translation and release into the extracellular environment, IFNB binds to its target receptor and
activates Janus Kinase (JAK). This kinase in turn phosphorylates and activates downstream
transcription factors such as Signal Transducer Activators of Transcription (Stats) and IRFs
which trigger the second wave of antiviral defences, also known as the Interferon Stimulated

Genes (ISGs). ISGs, including several isoforms of IFNa, further propagate the signal in adjacent
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cells, and actively seek to activate processes which will blunt infection (77, 116). 1SGs decrease
virus replication in infected cells through several distinct processes targeting every stage of viral
replication cycle. This notably includes preventing viral genome duplication by actively
degrading the it via Ribonuclease L (RNAseL) (117), blocking viral genome translation through
a global inhibition of protein synthesis mitigated by protein kinase R (PKR) (117), cross-linking
budding virus particles to the cell membrane via the Bone-Stromal Cell Antigen | (BST-2) (118),
as well as by interfering with viral complex assembly via Myxovirus resistance 1 (MX1) (119).
Although IFN is primarily viewed as a mechanisms which modulates the transcription of ISGs in
adjacent cells to blunt/delay infection, type-l1 IFNs equally activate various immune cells in
response to infection (116). Notably, type-1 IFN release can promote: dendritic cell activation
and antigen cross-presentation, NK-cell activation, as well as CTL expansion and differentiation

(120-124).

Given its multimodal role in both cell autonomous and humoral immune responses, it is
well documented that the interferon signalling pathway undergoes substantial immunoediting
throughout tumorigenesis (21, 107). Both the expression level and deletion status of 1) IFN
((125) and (126) respectfully), 2) its upstream signalling molecules ((127) and (128)
respectfully), as well as 3) downstream signalling targets ((129) and (130) respectfully) affect
cancer prognosis. In cancer, mutations within this pathway confer a 'loss-of-function’ phenotype
which renders the IFN signalling cascade dysfunctional (126, 128, 130). It is though that these
mutations allow the tumor to evade the priming of anti-tumor T-cell responses and recognition
by innate immune cells (131). However, one can hypothesize that perhaps many of these

mutations are the result of the loss of selective pressures during present or prior chronic
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infections. Indeed the IFN response is a key target of evasion factors isolates from strains of
virus and bacteria which are involved in both chronic infection and cancer (132-135). Over time,
defects in upstream transcriptional regulators lead to a lower baseline level of IFN expression
(125), or downstream signalling components (127, 129), which are both associated with poor
cancer prognosis. Therefore, Interferon alpha 2b, or known in its recombinant marketed version
as Intron A, has been used as a direct treatment for cancer. As reviewed in (136), IFN based
treatments have been approved for several cancers including Renal Cell Carcinoma, Chronic
Myelogenous Leukemia (CML), Hairy Cell Leukemia, Multiple Myeloma, Follicular
Lymphoma, as well as Kaposi Sarcoma - a malignant disease with an etiology directly resulting

from chronic infection with Kaposi Sarcoma Herpes Virus.

1.5 A Brief History of Chemotherapies and the Emergence of Viruses-based

Therapies

During the first half of the 21st century, the majority of chemotherapies developed sought
to actively target the rapid growth kinetics of cancer cells - a hallmark common to all tumors.
Through the use of DNA damaging agents (137), microtubule destabilizing agents (138) and
anti-metabolites (139), these drugs disrupt processes associated with distinct phases of the cell
cycle to kill dividing cells. Although highly effective with many still used in the clinic up to this
day (137-139), there are several complications with the use of these agents. While these drugs
may initially have profound tumoricidal effects, there is eventual emergence of drug resistance
during the selection process. This is achieved by expanding the population of cells which
actively promoting drug efflux, acquire mutations that prevent the target from interacting with

the drug, up-regulate pro-survival pathways, increase DNA repair, and activate anti-apoptotic
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mechanisms (recently reviewed in (140)). Furthermore, by targeting actively dividing cells,
virtually all of the therapies in this category result in immunosuppression. This effect is observed
as bone marrow renewal of blood cells is a continuous process with billions of cells produced
every day. Not only does immunosuppression open the door to opportunistic infections in
patients, but equally has a negative impact on therapeutic outcome given that it removes

immunoreactive immune cells which are responsible for maintaining the tumor at bay.

With our better understanding of the molecular details behind cancer, the recent focus of
anti-cancer drug development has been targeted therapies (141). In contrast with the
conventional approach, targeted therapies seek to destroy cancer by targeting specific molecules
essential in tumorigenesis, and may allow the body to maintain functional immune responses.
Perhaps the quintessential drug of this category is Imatinib - a selective Tyrosine Kinase
Inhibitor (TKI) used for the treatment of CML (142). First approved in 2001 (143, 144), this TKI
selectively targets a driving mutation in CML known as the BCR-ABL gene fusion (145). With
this mutation associated with ~95% of CML cases (142), it is not surprising that this drug has
revolutionized the treatment of CML. Under Imatinib treatment regimens, the 6 year survival
rate is now approximately 88% (143). Although targeted therapies have been quite successful in
the clinic, with drugs such as Gefitinib (146), Erlotinib (147), Bortezomib (148, 149), and
Tamoxifen (150) replacing conventional therapies for alternative malignancies, their success to
date does not approach that observed with Imatinib (141). This result is in part attributed to the
high specificity of these drugs against the drug target. Since the drug is highly specific, only
when the protein target is essential to tumor development/survival and the drug can maintain

strong activity upon target mutation can the targeted therapy achieve its desired effects. Perhaps
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better results could be achieved by utilizing a targeted platform which affects numerous parallel

targets essential in tumor development & survival, yet leaves the immune response unharmed.

A therapy that has recently been revisited is the use of viruses to treat cancer. Although
viruses have been known to selectively kill cancer for almost a century, this field of research was
largely abandoned in favour of developing chemotherapeutics which actively targeted the rapid
growth kinetics of dividing cells (151). This focus on small molecules may be attributed to our
understanding of cancer during the first half of the 20™ century as well as our manufacturing
capabilities at the time. According to our current understanding of the molecular processes
involved in cancer, it is interesting to note not only the parallels between virus infection and
cancer, but how the hallmarks of cancer may be beneficial for virus replication. By augmenting
cellular energetics, tumor cells are essentially transformed into a "soup” of nucleotides and
amino acids readily available for virus replication. Indeed although the Warburg effect was first
described in tumors, it is an essential component of many viral strains. Indeed, this process is
actively targeted by the evasion factors of numerous viruses, noticeably though the stabilization
of HIF-1a (152-155). Enhanced replication in the tumor microenvironment is further accentuated
by impaired immune responses within the tumor microenvironment. By having defects in key
antiviral pathways, such as the IFN responses (21, 107, 125-128, 130), tumor cells lack the
appropriate machinery to overcome viral infection. Furthermore, immunosuppressive TILs, such
as M2 Macrophages allow the cancer cell to sustain viral replication and improve dissemination

within the tumor (156).

Another benefit to the use of viruses is that they offer a multimodal approach to kill

cancer cells. Our body has evolved numerous pathways and mechanisms to overcome infection.
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Although direct apoptotic processes are induced by the virus at the onset of infection (157, 158),
the eventual induction of immune responses further improves the tumoricidal effects associated
with these viruses. Upon infection by virus, the immune response of the local tumor
microenvironment can be "reset” such that the presentation of tumor antigen is restored. This
property further enhance tumor killing (158, 159). Overwhelming viral loads in certain tumors
can equally activate TILs, such as tumor infiltrating neutrophiles, which allow the virus to induce
vasculature shutdown within the tumor (158, 160). Taken together, viruses offer a multi-pronged
approach which exploits various hallmarks of cancer, to induce both innate and adaptive immune

responses which ultimately result in tumor destruction.

1.5 The Development of Oncolytic Viruses (OVs) as Anti-Cancer Platforms

Although certain isolates of virus are naturally targeted against the tumor
microenvironment (161, 162), off-target replication was perhaps the greatest hurdle in the
development of viruses as an anti-cancer therapy. With the advent of modern technologies, viral
strains have been engineered to selectively replicate within the tumor microenvironment (163).
This is achieved by removing virus evasion factors whose function is redundant with processes
whose dysfunction occurs during tumorigenesis. By deleting virus evasion factors involved in
up-regulating host cell metabolism (164) or evading IFN signalling (165-167), the virus is
engineered to selectively replicate and spread in microenvironments where these processes are
naturally defective. However, when the virus enters normal healthy tissue where these evasion

factors would otherwise be required to establish infection foci, virus replication is aborted to
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prevent off target replication. Over the past 25 years, over 90 clinical trials have been initiated

using these oncolytic virus strains (168).

Talimogene LaherParepvec (TLP) is the first OV to provide successful interim overall
survival data for a phase Il clinical trials in the United States (OPTiM). Derived from Herpes
Simplex Virus (HSV), this infectious agent harbours several genetic alterations which target it
against the tumor microenvironment, and arm it to induce potent anti-tumor immune responses.
This virus is attenuated through the deletion of two key virulence factors. First and foremost,
ICPA47 is deleted in TLP (167). This evasion factor blocks cytotoxic T cell recognition of infected
cells by inhibiting the transporter associated with antigen presentation (TAP) (169). Given that
TAP is typically defective in cancer (170-173), this deletion allows for the virus to be targeted
against tumor cells where antigen presentation is defective. To improve specificity, this virus
equally harbours a deletion in the neurovirulence factor ICP34.5 (167). This evasion factor is
involved in blocking PKR-mediated shutdown of host cell protein synthesis by preventing PKR-
mediated inhibition of Eukaryotic translation initiation factor 2A (EIF2A) (174). Given that PKR
is stimulated by IFN (175), and EIF2A is involved in global translational control, this mutation
allows for the virus to exploit both impaired IFN/PKR responses and the heightened EIF2a
signalling status observed in many cancers (176-178). Given the pivotal role of ICP34.5 in the
life cycle of the virus, the consequence of this mutation decreases the potency of this platform.
This effect is partially relieved by augmenting virus-mediated expression US11 (167), a virus
evasion factor with partially redundant function on PKR-EIF2A signalling (179). To "arm" the
virus, granulocyte macrophage Colony Stimulating Factor (GM-CSF), was equally cloned into

the genetic backbone (167). When this cytokine is secreted from infected cells, it allows for the
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production and maturation of antigen presenting cells to enhance uptake and recognition of
tumor associated antigens and therefore induce adaptive immune responses against the tumor

(180).

JX-594 is an advanced biotherapeutic that was derived from the Wyeth vaccine strain of
Vaccinia Virus (158). Similar to TLP, this virus is both attenuated & armed for killing within the
tumor microenvironment, although the extent of its genetic alterations is much less extensive. To
target this non-pathogenic strain of vaccinia virus against the tumor microenvironment, it
harbours a single deletion of an evasion factor encoding virus Thymidine Kinase (VTK).
Thymidine kinase (TK) plays a central role in cancer by upregulating nucleotide biosynthesis
(181), where it is even routinely used as a diagnostic in positron emission tomography scans
(PET-Scans) (181). By ablating vTK function, this virus only replicates in metabolically active
cells, typically associated with elevated TK levels (182). Similar to TLP, this virus is engineered
to encode for GM-CSF to improve the induction of adaptive anti-tumor immune responses. The
next-generation of vaccinia virus OV platforms is known as JX-929 or vaccinia virus double
deleted (vwDD) (164). By using a more pathogenic strain of vaccinia virus, termed Western
Reserve, the heightened toxicity of this virus requires an additional deletion in a gene known as
vaccinia growth factor (vGF). This evasion factor is responsible for activation of EGFR-RAS
singling to support genome replication (183). As such, by deleting both vTK and vGF, this more
pathogenic virus only infect tumor cells with defects in TK and EGFR-RAS singling, both

common defects in cancer.

Oncolytic Rhabdoviruses, such as VSVA51 (165) and MG1 (166), are an emerging

therapeutic platforms which have been derived from the Vesicular Stomatitis Virus (VSV) and
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the Maraba Virus strains. While JX594 and TLP are complex DNA viruses, encoding >250 (184)
and ~70 genes respectfully (185), these rhabdoviruses are simple negative ssRNA viruses which
encode a total of 5 genes; all of which are structural components of the virus. These five genes
are produced in a gradient with the abundance of nucleoprotein (N) > phosphoprotein (P) >
matrix protein (M) > glycoprotein (G) > large protein (L) (186, 187). This gradient is a net result
of the start-stop nature of the transcription of the VSV genome where stalling at integenic region
may prevent the transcription of latter genes (188). Interference with the expression level or the
ratio of these gene products can severally attenuate the viral strain - a strategy which has been

successfully utilized to engineer safety into these oncolytic viruses (189).

Rather than producing evasion factors with a unique function, rhabdovirus evasion of host
defences is ensured by physical interactions with its five structural components. For example, the
virus matrix protein (M-protein) blocks the function of a nuclear pore complex protein (Nup-98)
(190, 191), which mitigates nuclear-cytoplasmic mRNA transport of anti-viral defences raised
against the virus (192). An alternative mechanism which can be utilized to attenuate these
rhabdoviruses, and ensure selective replication in cancer cells, is to engineer loss of function
mutations in these proteins to ablate their immunosuppressive function. While Methionine 51 of
the M-Protein is deleted in VSVAS51, MG1 harbours two amino acid substitutions (Q242R and
L123W) which alter the function of the surface glycoprotein (G-protein) and M-protein
respectfully. Both strategies result in viruses with an attenuated capacity to replicate in normal

cells, as they become hypersensitive to the effects of IFN (165, 166)(166, 180)(166, 180)°° &
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Perhaps one of the greatest attributes of the Rhabdovirus family of oncolytic viruses is
that they do not rely on receptor mediated endocytosis to enter the cell. In contrast with several
alternative OV strains, the rhabdovirus family of viruses appear to rather rely on enthalpy-driven
protein-lipid interactions for viral entry (193). After forming electrostatic interactions with the
cell membrane, the virus subsequently enters the cell through clathrin-mediated endocytosis
(194). Given that this process is critical for normal cell function and essential for all cell types
(195), it does not appear that these viruses are restricted to a subset of tumors which express the
appropriate viral receptors in contrast with alternative OV platforms (196, 197). Furthermore, it
would be unexpected that tumors can gain resistance to this therapy on the basis of restricting

entry into the host cell.

1.6 The Mechanisms of resistance to OV therapies.

Although OVs have shown great promise in the clinic, tumors can acquire resistance to
these therapies. While it is presumed that resistance can be bestowed by a lack of receptors for
the specific Oncolytic virus strain (196, 197), it is presumed that the mechanism of resistance
equally reflects the nature of the genetic alteration used to develop the OV platform. In the case
of the above examples, the induction of immune responses against the virus, specifically type-I
IFN signalling, is a pillar mechanism of resistance (198-200). This is clearly exemplified by the
oncolytic rhabdoviruses VSVA51 and MGL1, which have been specifically developed to target the
tumors defect in IFN pathway (165, 166, 201). While tumor cell lines expressing IFN have well
documented resistance to these platforms (165, 166, 198-200), cell lines which are responsive,

but do not express/activate IFN pathways in-vitro can acquire resistance through production of
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IFN by adjacent cells or infiltrating immune populations (202). Mounting immune responses
against the virus equally allow for the eventual production of neutralizing antibodies. These
components neutralize the virus upon subsequent intravenous administration, and may prevent
the release and spread of the virus to distant metastatic sites. Indeed, in regards to oncolytic
rhabdoviruses, pre-clinical studies indicate that neutralizing antibodies are detected in animals as

early as day 5 post administration(203).

Although the platforms devel(203)oped using Vaccinia and HSV encode for multiple
immune evasion factors, resistance is nonetheless associated with induction of the IFN response.
Similar to VSVA51 and MGL1, TLP harbours deletions in genes which repress downstream IFN
signalling elements (204). This effect is attributed to the role of ICP34.5 in blocking PKR-
mediated inhibition of virus protein synthesis, a well known ISG process (175). By activating
PKR in response to IFN, the cell can inactivate EIF2A-mediated protein synthesis, thereby
blocking viral protein synthesis and replication (205). Further TAP, which is targeted by ICP47
in wildtype HSV, is a downstream element of IFN signalling (206).While this process may not
solely account for resistance to this therapy, antibody synthesis, in part exasperated by the ICP47
deletion in the OV backbone, allows for the eventual neutralization of this platform, particularly
by activation of the complement cascade which destroys the virus in a cell independent manner

(207, 207, 208).

JX594 is equally affected by both IFN (182) and complement fixation (209). Both
attributes may be the result of strain selection. For example, the Wyeth strain used to construct
the platform has a truncated version of B18R (210), a soluble IFN decoy receptor. This defect,

among others, may in contribute to the low pathogenicity of this virus. JX594 is equally sensitive
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to complement fixation and destruction (211). Given that the Wyeth strain was used extensively
during the small pox vaccination program, it is well documented that this virus induces potent
neutralizing antibody responses. Indeed in the phase Il clinical trial of JX594, neutralizing
antibodies were detectable at baseline in 50% of patients and all subjects had detectable
neutralizing antibody titers by day 29 (211). Although the impact of antibodies may have only
marginal effects when the virus is administered intratumorally (211), virus neutralization should
in principal occur when administered intravenously, or when the OV tries to spread to distant

metastatic sites, thereby limiting the efficacy of this therapeutic platform.

1.7 Overcoming resistance to OV therapies

Several strategies have been devised to overcome resistance against oncolytic viruses.
These can be divided into two categories: overcoming immune barriers or enhancing cytotoxicity
induced by the virus. To overcome resistance resulting from immune responses against the virus,
it is possible to use direct chemical antagonists of IFN. Although it is noted that such drug have a
strong impact on OV replication and cytotoxicity in tumor cell lines (198), normal cell lines
should inevitably be sensitized to the same degree, and compromise the safety of this approach.
Although several drugs affecting different elements of the IFN signalling pathway have been
demonstrated to selectively enhance replication within cancer cells (212-214), the exact
mechanism of tumor selectivity remains enigmatic. It is hypothesized that such antagonists target
genes and/or processes with a redundant partners in normal cells (213). As such, by blocking a

pathway with a redundant partner whose function is defective in cancer, the drug will selectively
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enhance replication in the tumor microenvironment (213). Another mechanism which can be
utilized to overcome immune mediated resistance to these therapies is to block neutralizing
antibodies raised against the oncolytic virus strain. This can be achieved through the use carrier
cells(215), chemical conjugates to the virus (216) as well as inhibitors of the complement

cascade (208, 217).

It is equally possible to combine OV platforms with one another to overcome immune-
mediated resistance, and enhance replication within the tumor microenvironment (218). Given
that both viruses are engineered to target the tumor microenvironment using distinct
mechanisms, it is possible that the evasion factors secreted by one OV platforms can
complement and rescue the other. Although highly promising results have been observed (218),
it is difficult to imagine how regulatory agencies would react faced with the combination of two

complementary viruses, given the potential for recombination between these two platforms.

An alternative means to improve the efficacy of OV regimens, is to combine OVs with
chemotherapeutics that will propagate the cytotoxicity induced by the virus. One such strategy is
the development of gene-directed enzyme pro-drug therapies (GDEPT) (219). By allowing the
virus to express an enzyme which converts a prodrug into its active from, it is possible to
enhance killing from the initial infection foci (220). Without re-engineering the virus, it is
equally possible to use pro-drugs which are activated in response to the cytokines released upon
infection (221). This includes the use of second mitochondria-derived activator of caspases
(SMAC) mimetics in combination with OVs (221). By blocking the inhibitors of apoptosis (IAP)
with SMAC mimetics, the region surrounding the infection foci becomes highly sensitized to the

pro-apoptotic cytokines released upon OV infection (221). Perhaps a better understanding of
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these systems, and the dynamics involved, may allow us to devise novel strategies to overcome

resistance.

1.8 Modelling OV dynamics

Perhaps some of the greatest work involving the mathematical modeling and behaviour of
biological systems was performed by Hodgkin & Huxley. This work awarded them the Nobel
Prize in 1963. Over the course of 3 papers published back-to-back in 1952, this research group
presented their work involving the instrumentations (voltage-clamp) used to measure membrane
conductance (222), the first description of the role of ions channels in action potential (223), as
well as the quantitative mathematical modelling of this system (224). According to data retrieved
from Scopus on January 30th 2014, for both Hodgkin & Huxley, their most cited paper remains
the quantitative mathematical modelling of this system (224) with over 5000 citations. By
observing the biology, and understanding how these components drive the observation through
mathematical modeling, Hodgkin & Huxley provided the first insight into the role of ion
channels in action potential. Since this pillar discovery, the modeling of biological systems has
gained much interest from the scientific community. Not only does it substantiate the biological
observations, but can provide additional insight into system dynamics to be validated by future

experiments, and drive the development of novel therapeutic platforms.

To understand the emergence of resistance to OV therapies, and develop better
pharmaceuticals, it is essential that we model the interplay between viral infection and the

activation of anti-viral responses. To date, several models have been devised to describe OV
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dynamics (225-229), most of which stem from the work of Nowak & Bangham (230, 231). In
their original work, the authors modified the Lotka—Volterra system of differential equations,
also known the predator-prey model, to explain the interaction of "free virus" with an uninfected
cell and its transition towards an infected cellular state (230, 231). These models were originally
developed to investigate the replication dynamics of pathogens, such as HIV and Hepatitis B. To
better describe drug treatment regimens this model was amended to include the impact of various
inhibitors on virus replication (232), the induction of CTL responses (225), and the emergence of
drug resistance (233). These models have been subsequently amended to investigate various OV
dynamics. This includes the role of CTL responses in OV therapies (226), the impact of tumor
growth and the laws of virus spread (228), the level of synergy between OVs and radiotherapy

(227), as well as the role of the cell cycle in virus replication (229).

While the models developed to date have been utilized to understand the fundamental
biology of OVs in tumors, little effort has been placed on understanding the differential in
kinetics between normal and tumor cells to guide pipeline development. By utilizing general
assumptions about the behaviour in these distinct cell types, and incorporating elements of
resistance attributed to IFN anti-viral responses, it may be possible to use develop a model which
can guide the engineering process. The topic of my thesis will focus on using a systems biology
approach, defined as 1) Conceptualization, 2) Design, 3) Modeling, 4) Simulation, 5)
Construction, 6) Probing and 7) Measuring the biological system (234), to identify novel
strategies which can enhance OV cytotoxicity in the tumor compartment without compromising

normal cells.
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1.8 Hypothesis

1. By modeling OV replication dynamics in normal and tumor tissue, under the assumption
that resistant tumor cells are associated with a greater rate of virus replication/protein
expression yet overcome infection due to activation of IFN signalling, it may possible to
identify IFN evasion strategies which will selectively enhance cytotoxicity in tumor cells.
This model could be utilized to identify novel engineering strategies, attenuation
mechanisms, the impact of tumor heterogeneity as well as the consequence of drug-OV

interactions.

2. Given that pro-apoptotic responses are induced upon recognition of the viral backbone,
and that the tumor microenvironment has acquired defects in degrading the virus through
gene mutation or cross-talk with immunosuppressive cells, tumors may have a heightened
sensitivity to virus-mediated cell death in the absence of replication, a process which may

be recapitulated by my model.
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1.9 Objectives

1. Develop a mathematical model, and simulation platform, to describe OV dynamics in

tumor and normal tissues.

2. Implement this model to identify IFN evasion strategies which will selectively enhance

cytotoxicity in tumor cells.
3. Utilize this model to explore the impact of drugs on oncolytic virus dynamics.

4. Characterize the impact of cross-talk between CAFs and cancer cells by microarray

analysis and viral growth measurements.

5. Amend the model according to the observation in objective 4 to describe the impact of
tumor heterogeneity on OV dynamics, specifically how resistant cancer cells are

influenced by the presence of various tumor infiltrates.

6. Model the impact of inhibiting IFN signalling on the sensitivity towards a non-

replicating rhabdovirus.

7. Explore the use of Non-Replicating Rhabdovirus-derived Particles (NRRPs) for the

treatment of haematological diseases.
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Chapter Synopsis

In the article entitled Model-based rational design of an oncolytic virus with improved
therapeutic potential, | developed a mathematical model and simulation platform to describe OV
dynamics which | have used and further developed throughout my thesis. This model was
derived by amending the original two-state model developed to described human
immunodeficiency virus or hepatitis replication (230, 231) to incorporate the elements of IFN

secretion & responsiveness as well as the ensuing antiviral response in tumor and normal tissue.

In this article, the parameters of the resulting four state model were adapted to describe
three distinct cell types: normal cells, resistant IFN responsive tumor cells and sensitive IFN
non-responsive tumor cells (Figure 2.1). Relative to normal cells, both tumor types were
associated with an increased rate of virus replication & virus-mediated protein production due to
increased biosynthetic machinery availability and repression of cell autonomous innate immune
responses at the onset of infection. Sensitive tumor cells have further defects in the IFN pathway,
thereby preventing the potent induction of antiviral responses. In contrast, resistant tumor cells
are not associated with these defects and eventually overcome infection by activating IFN

signalling pathways.

This model was simulated using a Monte Carlo strategy to identify a method by which
OVs could consistently evade the IFN response to increase cytotoxicity in resistant tumor cells
without compromising normal cells. After testing several evasion mechanisms (Figure 2.2),
using parameters derived from literature or biological observations for rhabdovirus infection

(Appendix Table 1), I arrived to the conclusion that a positive feedback-loop, generate by virus-
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mediated expression of an IFN decoy receptor, would lead to tumor-specific sensitization
towards the OV. According to the simulations, expression of the decoy receptor did not further
sensitize normal cells, even at high doses of the virus (Appendix Figure 1). After the B19R IFN
decoy receptor from vaccinia virus was isolated and cloned into the MGl and AS51 viral
backbones (MG1-IDE & A51-IDE respectfully), | performed microarray analysis to confirm the
phenotype of this virus. While the resistant renal cell adenocarcinoma cell line (786-0) mounted
a potent anti-viral response against the MG1 backbone, the majority of this response was lost
following expression of the decoy receptor (Appendix Figure 2). To confirm the tumor specific
cytopathic effects associated with this engineering strategy, and quantitatively validate my
model, | integrated the in-vitro dose response curves with my simulations (Figure 2.3d,
Appendix Figure 3). Not only are tumors hypersensitive to this agent, even at extremely low
doses of the oncolytic virus, but excellent quantitative agreement was observed between the
model and the biological datasets. These observations effectively validate the model parameters
and assumptions. Not only could this model be applied to identify methods which would
improve OV platforms, but could equally be applied to investigate alternative attenuation
mechanisms, such as a negative feedback-loop where wildtype VSV expresses IFNB (Appendix

Figure 4).

28 |Page



Abstract

Oncolytic viruses are complex biological agents that interact at multiple levels with both tumour
and normal tissues. Antiviral pathways induced by interferon are known to have a critical role in
determining tumour cell sensitivity and normal cell resistance to infection with oncolytic viruses.
Here we pursue a synthetic biology approach to identify methods that enhance anti-tumour
activity of oncolytic viruses through suppression of interferon signalling. On the basis of the
mathematical analysis of multiple strategies, we hypothesize that a positive feedback loop,
established by virus-mediated expression of a soluble interferon-binding decoy receptor,
increases tumour cytotoxicity without compromising normal cells. Oncolytic rhabdoviruses
engineered to express a secreted interferon antagonist have improved oncolytic potential in
cellular cancer models, and display improved therapeutic potential in tumour-bearing mice. Our
results demonstrate the potential of this methodology in evaluating potential caveats of viral

immune-evasion strategies and improving the design oncolytic viruses.
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Introduction

Oncolytic viruses (OVs) are promising anticancer therapeutics engineered or selected to infect
and multiply specifically in tumour cells while having attenuated replication capacity in normal
tissues (235, 236). The attenuation of OV growth in normal tissues is often due to the inability of
OVs to antagonize normal cellular, interferon (IFN)-mediated antiviral responses. Many tumour
cells have acquired defects in their IFN response during their malignant evolution, and are
correspondingly excellent hosts for OV growth (157, 165, 201, 237, 238). However, the extent of
the IFN response deficit in cancers is highly variable and can impair the efficacy of OV therapies
(235). This has led to intensive efforts aiming at suppressing IFN signalling in tumour cells
without compromising the antiviral programmes in normal tissues (218, 239). Although previous
mathematical models have been developed to describe the kinetics of OV replication (226, 240-
242), the field of OV engineering has yet to adopt approaches from Synthetic Biology, where
mathematical models are often used to guide the development of biological systems. To
demonstrate the potential of model-based rational design of OVs, we combined mathematical
modelling and viral genome engineering to design and test strategies that might allow evasion of

the IFN response in the tumour microenvironment, while maintaining safety in normal tissues.

Whether a patient receives therapeutic virus intravenously (243) or through direct intratumoural
injection (244), the quantity of virus that reaches the tumour bed is vastly outnumbered by the
number of target cells found in the malignancy (245). Successful OV therapies thus rely upon the
ability of a relatively small number of virus particles to initiate an infection and spread within a
population of cancer cells. Viruses are strictly dependent upon the biosynthetic machinery of the

infected host cell to produce progeny particles. Correspondingly, cancer cells that are rapidly
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dividing and have established robust biosynthetic machinery inherently produce larger numbers
of virus particles when compared with cells in normal tissue, which are quiescent and have a
restricted ability to synthesize new nucleic acids and proteins (164, 182). In cancer cells, this

effect is exasperated by defects in immune responses, which further enhance viral replication.

In a simple model of virus infection, the distinction between viral replication kinetics in healthy
and tumour tissue is characterized by differences in available biosynthetic machinery and innate
immune responses (Fig. 2.1). When virus is delivered to normal tissue, it infects a limited
number of cells creating a subpopulation, producing both virus progeny and IFN. As the
infection proceeds, slow virus replication enables the IFN-mediated defence response to outpace
virus particle production and restrict infection. Viruses that can prevent the production of IFN
from infected cells, or stimulate host cell metabolism, are correspondingly expected to have an
increased capacity to spread within normal tissues. Indeed pathogenic viruses incorporate both
these strategies into their life cycle (246, 247). In tumours non-responsive to the antiviral effects
of IFN, invading virus will co-opt the biosynthetic machinery of the cancer cell producing large
numbers of virus particles. In this setting, the virus will rapidly spread and destroy the
malignancy. In tumours responsive to IFN, virus spread will be favoured by the high metabolic
rate of the cancer, but at the same time limited by the ability of neighbouring cells to mount an
innate immune antiviral response. In this setting, it is the balance between virus production and
the extent of initiation of antiviral responses that will ultimately determine the therapeutic

outcome.
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Figure 2.1 Model development.

Comparison of virus replication dynamics in three tissue types: normal cells, IFN non-responsive
tumours and IFN-responsive tumours. Processes enhanced relative to normal cells are illustrated
in green, whereas those impaired are illustrated in red.
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Results

Model simulations of different IFN-evading strategies

To simulate virus infection and spread within tumour and normal tissue, we developed a
phenomenological model describing the varied ability of different cell types to support virus
proliferation. In this model, cells within an ‘uninfected population’ (UP) transitions into an
‘infected population’ (IP) upon viral infection. The number of infected cells in the IP increases
over time, as virus is produced and spreads to neighbouring cells. Production of IFN from IP
cells allows these cells to transition into an ‘activated population’ (AP) where viral defences
slow virus release and further enhance IFN production. Over time, this population will gradually
become a ‘protected population’ (PP) of cells that have cleared the infection and maintain active

antiviral defence programmes (248-250).

We used this phenomenological model as the basis for simulating the outcome of
different IFN-evasion strategies on three types of cells: normal cells, IFN non-responsive tumour
cells and IFN-responsive tumour cells. We assumed that these cell types differ mainly in their
ability to facilitate virus replication and to activate IFN. By quantifying cytotoxicity induced 72 h
post infection in each of these three cell types, the simulations seek to explore how the
relationship between virus replication, activation of IFN-mediated defence responses and
cytotoxicity induced across the population might be exploited to design improved therapeutic
strategies. Because of the heterogeneity of tumour and healthy cells, and the corresponding
uncertainty associated with kinetic parameter estimates, we further employed a Monte Carlo

sampling method to simulate 1E4 different combinations of kinetic parameters randomly
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sampled within one order of magnitude from values reported in the literature. The outcomes of
this unbiased method are probability distributions describing the susceptibility of each of the

three simulated types of cells towards viral infection.

We first asked if the model could recapitulate the effects associated with an attenuating
mutation in the natural wild type (WT) isolate of vesicular stomatitis virus (VSV), (wild type
(WT)), which renders the virus sensitive to IFN signalling, here referred to as A51(165). In VSV
WT, functional Matirx-protein blocks IFN production to enable viral evasion of the immune
response (192). As expected, VSV WT is highly efficient in infecting and killing both normal
and tumour populations (Fig. 2.2a). In agreement with experimental observations in a variety of
tumour models (165, 251, 252), our simulations predict that the AS51-attenuated virus will
eradicate IFN non-responsive tumours, whereas normal populations or IFN-responsive tumours

will be largely resistant (Fig. 2.2c).

We next tested two scenarios to determine whether chemical manipulation of the IFN
responses of virus-infected cell could enhance the activity of A51 in IFN-responsive tumours,
while maintaining a low impact in normal populations. Simulations of A51 infection in the
presence of a chemical inhibitor that blocks IFN signalling (for example, a JAK inhibitor (JAKIi))
predicts a toxicity profile reminiscent of infection with VSV WT (Fig. 2.2e). Although the
inhibition of IFN signalling increases virus effectiveness against tumours, it also causes the
normal population to become highly susceptible to infection. This outcome is also predicted to
occur in simulations where the population is exposed to a biological agent that prevents IFN

interaction with its cognate receptor (for example, a soluble IFN receptor antagonist; Fig. 2.2g).

34|Page



We then tested the idea of coupling the production and secretion of the decoy receptor
(DR) to virus replication. In this model, A51 is engineered to synthesize a soluble IFN binding
DR only when viral gene expression is initiated, thereby creating a positive feedback loop.
Positive feedback sharpens dose responses and enables all-or-none switching in cellular
signalling pathways (253), and might thus drive specificity towards the tumour environment. The
results obtained by simulating the cytotoxicity induced upon infection with the A51 IFN decoy-
expressing (IDE) virus (A51,pg) were highly encouraging (Fig. 2.2i). Specifically, the simulated
efficacy towards tumours was significantly increased compared with the unmodified A51 virus,
without posing additional risk of damage to the normal population even at high doses of the virus

(Appendix Figure 1).
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Figure 2.2. Simulation of IFN-evasion strategies on rhabdovirus-induced cytotoxicity.

The phenomenological model was amended to describe treatment with (a) VSV WT, (¢) A51, (e)
AS51 in the presence of a JAKi, (g) A51 in the presence of a DR for IFN and (i) A51-mediated
expression of the IFN DR (A51,pg). Colour coding highlights processes impaired (dashed) or
gained (blue) relative to A51. Each of the above models used a Monte Carlo sampling method to
generate the probability distribution of population viability following treatment with (b) VSV
WT, (d) A51, (f) A51+JAKi (h), A51+decoy (j) AS5lipe for 72h in normal cells (left) and
tumours with non-responsive (tumour IFN-NR; centre) or responsive (tumour IFN-R; right) IFN
signalling pathways. Colour coding, quantified in pie charts, describes the probability that each
of the three cell types has a viability <10% (red), 10-90% (grey) or >90% (green) at the end of
the simulation.
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Experimental testing of simulation predictions in vitro

To test the model predictions, we performed experiments to compare the efficacy and
specificity of AS1 under each of the simulated IFN-evasion strategies. We previously identified
the renal carcinoma cell line 786-0 as having a partially intact IFN response and being refractory
to killing by A51 (213, 218). Correspondingly, experiments were performed by the co-treatment
of IFN-responsive tumour cells (786-0) and normal fibroblast (MRCS5) cells with the A51-GFP
virus in the presence of the JAKi or exogenously added recombinant B19R-soluble IFN DR
(210, 254-257). In agreement with the outcome predicted by our simulations, the presence of the
chemical inhibitor increased A51-mediated killing of 786-0 tumour cells, but equally resulted in
a loss of specificity as MRC5 normal cells became susceptible to infection (Fig. 2.3a). Similar
results were obtained when the two cell types were cultured in the presence of the DR protein

before A51 treatment (Fig. 2.3a and Supplementary Fig. SZ$$$).

To test the prediction that virus performance can be improved by incorporating an IFN-
suppressing positive feedback loop, we incorporated the BI9R IFN DR into the A51 backbone,
and a second IFN-sensitive attenuated OV derived from the Maraba virus termed MG1
(Supplementary Fig. 83$$$). This second rhabdovirus was used to evaluate the generality of the
strategy, and because MG1 is a more aggressive rhabdovirus with more potent oncolytic activity
as compared with A51(166). We refer to these IDE viruses as A51,pe and MG1 pg, respectively.
After confirming the expression and activity of the DR produced from these viruses
(Supplementary Fig. S3**%), we performed a microarray analysis of differential genome-wide
transcription upon infection. This analysis confirmed that IFN decoy expression following viral

infection leads to a significant repression of the type I IFN response in IFN-producing cells
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(Appendix Figure 2 and Appendix Table 1 and Supplementary Data 1° and 2%). As predicted by
our simulations, both AS51pe and MG1pe viruses were associated with tumour-selective
cytotoxicity. In the 786-0 tumour cell line, both strains were associated with a greater cytopathic
effect than their attenuated parental virus strains. However, neither of the IDE viruses caused
significant damage to MRC5 normal cell (Fig. 2.3b). We next examined the effect of varying
initial virus concentrations on cell viability using both our computer model and cell culture
experimentation. Remarkably, we were able to achieve excellent quantitative agreement between
the model simulations and experimental data in the above cell lines (Fig. 2.3 c&d), or in

alternative models (Appendix Figure 3).
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Figure 2.3. Validation of model predictions in vitro.

(a) Infection of resistant tumours with functional IFN defences (786-0) and normal (MRC5) cells
with A51-GFP at a multiplicity of infection of 0.1 in the presence or absence of 10 uM of the
JAKi or 0.1 ugml—1 of the B19R DR. Microscopy images were taken 48 h post infection. Scale
bar, 2 mm in length. (b) Cytopathic effects of the A51,pe as observed by bright-field microscopy
24 h post infection. Scale bar, 500 pm in length. (c) Cytopathic effects of the A51pe as observed
by crystal violet staining 72 h post infection. Images are from a 12-well plates (2.5 cm diameter).
(d) Experimental and simulated relationship between multiplicity of infection and cellular
viability 72 h post infection. Error bars represent the s.d. from triplicate technical replicates.
Trends represent the simulation, which best describes the experimental results.
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To establish whether spreading between the cancerous and normal cell compartments
compromises safety, we performed a series of co-culture experiments. To first assess if IDE
viruses have increased spreading ability, we deposited virions in the centre of a monolayer of
786-0 cells and examined cell death caused by virus spreading 48 h post infection (Fig. 2.4a).
Both A51,pe and MG1,pe Vviruses were superior to their parental counterparts in terms of their
ability to rapidly spread through a 786-0 monolayer. Quantification of the surface area affected
revealed that virus penetrance was increased sevenfold for A51pe and fourfold for MG1,pe (Fig.
2.4b). Similar results were obtained using alternative tumour cell lines and methods
(Supplementary Fig. 86$$$). In contrast, IDE viruses had no detectable spread in normal GM38
cells. We next performed our co-culture spreading assay by adding pre-infected 786-0 cells onto
a monolayer of normal fibroblasts, and monitored viability 72 h post infection by crystal violet
staining. Parental WT viruses (VSV WT or Maraba) spread from the infected tumour cells into
surrounding normal cell culture causing widespread off-target killing (Fig. 2.4c). On the other
hand, A51/MG1 were restricted only to the local tumour microenvironment and had their
spreading rapidly blunted by the normal cell monolayer. Finally, the A51,pg and MG1pe viruses
were indistinguishable from their attenuated parental counterparts, and lacked the ability to
spread into a normal cell monolayer, suggesting that the engineered IFN-suppressing positive

feedback loop does not compromise normal tissue (Fig. 2.4c).
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Figure 2.4. Viral spreading.

(a) Comparison of virus spreading by crystal violet staining in 786-0 cells. Scale bar, 2 mm in
length. (b) Quantification of virus spreading surface. Error bars represent the s.d. from triplicate
technical replicates. (c) Coverslip spreading assay. The 786-0 cells were plated in a dish
containing round coverslip and infected at a multiplicity of infection of three during 4 h. The
round coverslip was transferred on a monolayer of naive MRC5 cells and an agarose overlay was

added on the top. Five days later, cells were fixed and stained with Coomassie brilliant blue.
Images are from a six-well plates (3.5 cm diameter).
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Efficacy and specificity of IDE viruses in vivo

To test the in vivo activity of the IDE viruses, we established subcutaneous tumours in
BALB/c mice using an IFN-responsive variant of the murine CT26 colon tumour cell line. In our
initial studies, animals were treated with OVs intravenously and were killed at various times to
quantitate the level of virus replication in normal and tumour tissues (Fig. 2.5a). Consistent with
earlier studies6, virus was cleared from normal organs whether or not it expressed an IFN decoy
by day 4. However, the A51,pg and MG1,pe viruses persisted longer and grew to higher titres in

the tumour tissue than in their parental counterparts.

We also tested the efficacy of MG1pe in a number of tumour settings after confirming
that the maximum tolerated dose was minimally affected by addition of the DR (Fig. 2.5b). In a
human xenograft model using the HT29 cell line, MG1,pe clearly outperformed its parental MG1
strain, effecting long-term cures in ~50% of the animals (Fig. 2.5¢c and Supplementary Fig.
S7*%). We next established CT26-LacZ colon tumours in the lungs of BALB/c mice by
intravenous (i.v.) infusion to assess the impact of IDE on metastatic tumour clearance (Fig.
2.5d). Mice were injected with CT26-LacZ i.v. and 3 days later with 1e7 plaque forming units
(pfu) of virus. Mice were killed 13 days after cell injection. CT26 metastases were counted and
results clearly show an increase in efficacy associated with the IDE virus. This result could be
further improved in a liver metastasis model in immunocompetent mice where 100% of the mice
treated with MG1pe were liver tumour free (Fig. 2.5e). Taken together, these results indicate that
IDE rhabdoviruses improve the therapeutic potential of OVs without compromising toxicity in

normal tissue.
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Figure 2.5. Safety and efficiency of a decoy-expressing virus in vivo.

(a) Biodistribution in CT26 tumour-bearing BALB/c mice injected with 1E8 pfu i.v. (b)
maximum tolerated dose in tumour-naive BALB/c mice. (c) Survival study of immunodeficient
mice bearing an HT29 subcutaneous tumour treated with 1E8 pfu injected i.v. (n=5). (d) CT26
tumour cell metastasis to the lung in BALB/c mice following treatment with 1E7 pfu injected i.v.
(n=7). Box plot illustrates the sample maximum and minimum (error bars), Q1 and Q3 (box),
and the median of the population (central bar). (¢) CT26 tumour metastasis to the liver in
BALB/c mice following treatment with 1E8pfu injected i.v. (PBS, N=6; MGls, N=7).
*Statistical difference between groups (one-way analysis of variance, P<0.0001; two-tailed
heteroscedastic t-test, P<0.05).
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Discussion

OVs are advancing through late-phase randomized clinical trials, and it seems likely that
one or more products will be approved in the near future (258-262). Despite encouraging clinical
data, it is clear that the genetic heterogeneity of tumours will make it necessary to create novel

OVs to maximize their potential as anticancer agents.

Here, we evaluated whether model-based rational design could be used to design OVs.
After implementing the model to characterize various prevalidated attenuating strategies, such as
the A51 mutation (165) or engineering VSV WT to express IFN (Appendix Figure 4) (263), we
sought to predict novel methods that would increase tumour Killing in IFN-responsive tumours
without compromising normal tissues. Our model simulations demonstrated that an indirect
positive feedback loop, generated through virus-mediated expression of a DR, should selectively
enhance virus-mediated cytotoxicity within the tumour microenvironment in excellent agreement

with subsequent experimental observations.

These simulations provide the theoretical framework describing the advantages of
incorporating a DR into the backbone of OVs. By allowing a DR to be encoded by the virus, the
functional impact of the repressor on virus kinetics is delayed, as its expression requires the
establishment of a productive viral infection. Repressor-mediated enhancement of viral
replication can only occur in the environment surrounding cells predisposed towards viral
infection and replication. When virus particles enter adjacent normal tissue where viral
replication is slow or aborted, levels of the DR should be gradually lost, thereby preventing the

systematic spread of the virus in normal tissue.
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By using a synthetic biology approach to rationally designed OVs, we have established a
methodology that allows the potential caveats of various immune-evasion strategies to be
evaluated. This method has allowed us to identify those with the greatest probability of success,

and has resulted in the development of two novel oncolytic candidates.

Methods

Biological materials and reagents

Vesicular stomatitis viruses are as follows: A51 (165), A51-GFP, VSV WT and A51IDE.
Maraba Spanish double-mutant virus MG1 and MG1,pe were both generated by Stojdl and
colleagues (166). The following cell lines used were obtained from the American Type Culture
Collection (Manassas, VA): African Green Monkey kidney (Vero), human renal cancer cells
(786-0), murine colon cancer cells (CT26), human colon cancer cells (HT29), mouse melanoma
cancer cells (B16), human glioma cancer cells (U251), primary human fibroblast cells (GM38)
and human (MRC5). All cells were grown in DMEM (Hyclone Laboratories Inc.) with 10% FBS
(Invitrogen, Burlington, ON, Canada). Recombinant B19R (VACWR200) utilized in this study
was obtained from eBioscience, Inc. (San Diego, CA), and the JAKi was purchased from EMD

Millipore.
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Construct validation

For the cloning, mMRNA expression of the IFN-DR expression from new rhabdoviruses
constructs was verified by PCR. For primers used, see Supplementary Table S2%% For the
microarray analysis, RNA extraction was performed 24 h post infection in 786-0 cells. Duplicate
samples were pooled and hybridized on Affymetrix human gene 1.0 ST arrays according to
manufacturer instructions. Data analysis was performed using AltAnalyze (264). Briefly,
probeset filtering implemented a DABG threshold of 70 with P<0.05 and utilized constitutively
expressed exons. Genes differentially expressed were identified using a combination of a >1.5-
fold change in expression and a significance of P<0.05 (Student’s t-test) (Supplementary Data
1%%%). Gene ontology enrichments were performed using GOrilla (265) (Supplementary Data
2%%). Identification of genes induced by type | IFNs was performed using the interferome
database (266). For both cloning and microarray analysis, RNA was collected using an RNeasy

kit (Qiagen, Toronto, Ontario, Canada).

In vitro analysis

For in vitro cell death and cytopathic effects assays, cell lines were plated in 12-well
plates at 3E6 cells per well. Twenty-four hours later, cells were treated with each of the five
different regimens. Seventy-two hours post infection, crystal violet (0.1%) staining was
performed to visualize live cells. Bright-field images were taken with a Zeiss Axiovert S100

Inverted Microscope.
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For the Alamar Blue Assay, S5E4 cells were plated in 96-well plates. After 24 h, cells
were infected with each virus. Forty-eight hours post infection, 10 pul of the Alamar blue reagent
(Invitrogen) was added to each well. Reading was done using the Labsystems Fluoroskan Il

Fluorescent Microplate Reader using the Em/Ex 590/530 nm filters.

For spreading assays, cells were plated in six-well plates at 8E5 cells per well. After 24 h,
the cells were covered with a 0.7% agarose overlay containing antibiotics (Penicillin and
Streptomycin) in which a small hole was made in the middle of the well where 5E3 pfu of virus
was injected. After 5-6 days incubation, crystal violet staining or VSV immunostaining assessed
virus spread. VSV antibodies (polyclonal antibodies from immunized mouse) targeting whole
virus were utilized at a dilution of 1/800 and left for a duration of 30 min before being washed

off with water.

For coverslip spreading assays, MRC5 cells were plated into a 10-cm-well dish until
100% confluence was obtained after 24 h. The 786-0 cells were plated in a six-well plates
containing a sterile coverslip at a density to reach 100% confluence after 24 h. The 786-0 cells
were then infected at an multiplicity of infection of five for 4 h. Coverslips were removed and
placed on the dish containing MRC5 cells and were covered by a 0.5% agarose/2 x DMEM

overlay. Five days later, virus spreading was assayed by crystal violet staining.

Animal experiments

All animal experiments were performed in accordance with institutional guidelines

review board for animal care (John C Bell and University of Ottawa ethical board).
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For safety study, biodistribution assay was performed by injecting 3E5 CT26—LacZ cells
subcutaneously on the right side of a BALB/c mouse. Seven days later, tumours were
administered 1e8 pfu of each virus intravenously (i.v.). Organs titred and collected 0.2, 1, 4, 7
and 9 days post infection include the brain, lungs, ovaries, spleen, liver, kidneys, heart and

tumour.

The maximum tolerated dose assay was performed using a dose escalation of Maraba,
MGI1 and MG1IDE between SE8 and 5E9 pfu administered i.v., and monitoring the dose keeping

100% of mice alive.

For efficacy testing in the HT29 model, 3E6 cells were injected subcutaneously in nude
mice. Seven days post tumour embedding, mice were treated with PBS, MG1 or MG1IDE at

1E8 pfu administered i.v.

In the CT26-LacZ model, 1E5 CT26-LacZ cells were injected via the tail vein into
BALB/c mice. Mice were treated with MG1 and MGI1IDE (1e7 pfu) i.v. on day 3. Thirteen days
post tumour implantation, mice were Killed and the lungs were excised and stained with X-gal

solution before counting.

In the liver metastases model, 1E6 CT26-LacZ cells were administered intrasplenic into
BALB/c mice using intrasplenic/portal injection. Four days after, 1E8 pfu of virus was injected
i.v. as treatment. Fourteen days after tumour cell injection, mice were killed and the spleen/liver

were collected and stained with X-Gal before counting.
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Modelling

Our model describing OV replication dynamics is represented by a subset of 8 ordinary
differential equations. The first four equations describe the transition between the UP, IP, AP and

PP depending on the concentration of virus and IFN in the environment. These equations are:

da — n
:tp = —Ky; X [V] x [UP] — ( KfIFFI\IIVO]—Z + K,FNon> X [UP] + Kignogs X [PP],
1+(5cz0)

daIp -K
at = Ky x [V] X [UP] _< EIFFI\IIVTZ + KIFNon> X [IP] Ve X [IP]!

1+(izs0)

dAP —KI1FNon
T (%"‘ KIFNon) [IP] — Ky¢ x [AP] -y, x [AP],

1+(5zs0)

dapp —KiFNon
% ( f;l\,]v] 7t KIFNon) [UP] + Ky¢ X [AP] = Kjpnoss X [PP].

1+(5cs0)

The parameters used in the above equations represent the infection rate (K.;), the rate of IFN
signaling activation (K;ry,n), the rate of IFN signalling inactivation (K;ry,rf), the EC50 of IFN

(EC50), the rate of cell death (y,), and the rate viral clearance (Ky).

The next subset of equation describe the concentration of virus (V), interferon (IFN), decoy

receptor (DR) and decoy receptor-IFN complex (DR-IFN) in the media. These equations are:

av _

o Kpuap X [IP] + Kpyq ap X [AP] = Ky X [V] X [UP] —yy X [V],

dIFN

ek Kipn1 X UP] + Kjpyza X [AP] + Kipnaz X [PP] = Vigy X IFN — K¢ X [DR] X [IFN] + K, X [DR — IFN],
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22 = Kprip X UP]+ Kpg_ap X [AP] = ypg X [DR] = Ky X [DR] X [IFN] + Ky X [DR — IFN],

dDR—-IFN

~"= = K; X [DR] X [IFN] = K, X [DR — IFN].

The parameters described in the above equations represent the rate of virus budding from IP and
AP (Kg,qp @and Kz, 4 ap, respectfully), the infection rate (K,;), the rate of virus degradation (yy),
the rate of IFN production from IP, AP and PP (K;rn1,Kirn2.1 @and K;pno o respectfully), the rate
of IFN degradation (y;ry), the rate of decoy receptor production from IP and PP (K, ;» and Kpg 4p
respectfully), the rate of decoy degradation (y,z), the forward rate of IFN-Decoy complex
formation (Ky), and the reverse rate of complex formation (K,). IFN responsive tumors were
simulated by decreasing Kgyq;p and Kgyuqap 10 fold relative to normal cells. IFN non-
responsive tumors were simulated by equally randomly decreasing all IFN-regulated processes
(Kien1, Kipnz1, Kipn22:Kve and Kignon) 2 to 20 fold. The Monte Carlo simulation was

generated by varying the parameters in the above model within a 1 log window.

Model parameter identification was performed using a simulated annealing-like method
were all parameters are identical in a given cell line other than the capacity to produce IDE. All
simulations were generated in Matlab using the ODE solver odel5s under default parameters
imposing a none-negativity constraint. A full list of model amendments to describe each IFN
evasion strategy, as well as a list of parameter values utilized in our simulations, are available in

Appendix Table 2 & Appendix Table 3 respectfully.
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Chapter Synopsis

To further substantiate the model, in the article entitled Microtubule Destabilizers
Disrupt Interferon Production and Sensitize to Rhabdovirus Bystander Killing, | adapted the
model to describe the impact of colchicine on virus kinetics. In the current study, we observe that

microtubule destabilizing agents, such as colchicine, enhance both the cytotoxicity and

replication of OVs in tumor cells.

After | performed microarray analysis of the response against OVs in the presence of
colchicine, I concluded that while this drug did appear to block the "second wave" of antiviral
defences induced by type | IFN signalling (Figure 3.2 a&b.), it had little to no impact on the
induction of IFN mRNA in response to virus infection (Figure 3.2 c). Latter studies performed
by Dr. Arulanandam concluded that it is not downstream IFN signalling, nor the mRNA export
of IFNs, which appears to be affected but rather the rate of IFN protein secretion owing to a lag

in IFN mRNA translation.

When we investigated gene processes preferentially induced by virus exclusively upon
colchicine treatment, we observed a strong enrichment for genes involving the inflammatory and
wound healing responses (Appendix Figure 5). Interestingly, many of the cytokines released
upon virus infection induce the activation of pro-cell death pathways, specifically mitotic
catastrophe, exclusively in the presence of colchicine. Indeed, colchicine enhanced the

cytotoxicity of both replicating and non-replicating rhabdovirus particles.

To better understand the relationship between both mechanisms, | adapted the model to

simulate the relationship between the lag in IFN secretion, and the induction of novel pro-cell
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death pathways triggered by cytokines released from infected cells (Figure 3.6 a). From these
simulations, induction of the pro-cell death pathways appears to be the key driving factor in
tumor specific cytotoxicity (Figure 3.5 c-d). Although increasing the lag in IFN secretion did
sensitize tumor tissue, this response was non-specific and lead to the sensitization of normal
tissue. This observation is analogous with my previous conclusion regarding chemical inhibitors
of IFN signalling or exogenous addition of an IFN decoy receptor in chapter Il (Figures 2.2 &
2.3). In regards to virus replication, while the cytokine-mediated cell death pathway generally
decreased the amount of virus particles released, a short lag in IFN responses had the potential to
selectively enhance replication in tumor tissue (Figure 3.5 b). Taken together, the data in
chapters 111 illustrates that the model can be adapted to describe and understand the impact of

viral sensitizing drugs on OV Kinetics.
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Abstract

Oncolytic rhabdoviruses are being evaluated clinically for the treatment of cancer but are
known to face a roadblock in tumors that retain the capacity to engage antiviral defences through
the type | interferon (IFN) response. In this study, we show that several microtubule-
destabilizing agents that have been used for decades to treat a myriad of human diseases also
sensitize cancer cells to oncolytic rhabdoviruses and improve therapeutic outcomes in resistant
mouse cancer models. Drug-induced microtubule destabilization leads to superior viral spread in
cancer cells by disrupting Type | IFN production, through a decrease in polysome-associated
mMRNAs, IFN protein expression and secretion. Furthermore, cancer cells are specifically
sensitized to a subset of rhabdovirus-induced cytokines following treatment with microtubule
destabilizing drugs, increasing viral bystander effects. Overall, this study brings new insight in
rhabdovirus biology and uncovers a novel role for microtubules in coordinating the innate
cellular antiviral response, opening new avenues to improve oncolytic rhabdovirus therapeutic

efficacy.
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Introduction

Oncolytic viruses (OV) are self-amplifying cancer biotherapeutics that destroy
malignancies without harming normal tissues. Derived from a variety of viral species, OVs are
often engineered to exploit well-known hallmarks of cancer. This includes deregulated
metabolism and proliferation, evasion of cell death, and inefficient antiviral signaling (267).
Within the tumor, these agents destroy the malignancy by inducing direct oncolysis, stimulating
anti-tumor immune responses and promoting tumor-vasculature shutdown (reviewed in (168)).
While promising early and late phase clinical trials employing OVs to treat cancers continue to
generate great enthusiasm, heterogeneity in the clinical response remains a challenge (168, 211,
243). To this end, it has been long recognized that improvements to therapeutic efficacy either
through viral engineering or through combination therapies will be critical to the success of these

platforms (168, 268).

Rhabdoviruses such as vesicular stomatitis virus (VSV) have been used pre-clinically as a
backbone to generate OVs for over a decade (165, 201, 269) and are now beginning clinical
evaluation (e.g. NCT01628640). While wild-type rhabdoviruses such as VSV (wtVSV)
preferentially replicate in cancer cells, their tumor-selectivity can be greatly improved through
genetic engineering, for example by capitalizing on the frequently defective capacity of tumors
to engage antiviral programs (165, 201, 269). One of the first characterized and widely studied
oncolytic strains of VSV (VSVAS51) harbours a deletion at methionine 51 in the matrix (M)
protein hindering on its ability to interact with nuclear pore proteins and to block the export of

cellular anti-viral MRNAs from the nucleus to the cytoplasm (191). This stable deletion severely
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attenuates VSVAS1 in normal cells that have fully functional antiviral systems but permits robust

replication in tumor cells that have lost the ability to mount an effective antiviral response.

Capitalizing on cancer-specific defects in cellular immunity makes for remarkably safe
and selective therapeutics; however, this can come at a significant cost in terms of efficacy.
While VSVAS1 can cure animals of some tumors incapable of producing or responding to IFN,
nearly a third of cancer cell lines are essentially normal in this capacity, severely limiting viral
spread and oncolysis (201). Several genetic approaches have been explored and can be effective
to overcome this roadblock. This includes using more potent viral backbones (e.g. Maraba MG-1
(166), wtVSV-IFNP (269)) or expressing therapeutic transgenes to impair the IFN response (e.g.
VSVA51-IDE) (270). However, the success of this strategy requires astutely navigating the

delicate balance between efficacy and safety.

Alternately, pharmacological approaches to enhance OVs have also been explored and
provide additional therapeutic control due to the inherently transient and tunable action of drugs.
For example our group has shown that treatment of resistant tumor cells with HDAC inhibitors
(HDIs) that down-regulate IFN-responsive genes (271), leads to increased oncolysis by VSVAS51
(212). More recently, we screened a small molecule library to discover novel enhancers of
VSVAS51-mediated oncolysis. This led to the discovery of VSel (Viral Sensitizer 1), a novel
synthetic antagonist of the cellular antiviral response that inhibits Type | IFN-induced gene
transcription, analogously to HDIs (213). VSel was but one of fifteen viral sensitizer (VSe)
compounds exhibiting VSV A51-enhancing activity identified. In the present study, we further
characterize a subgroup of these fifteen compounds that interestingly share a common yet

unexpected target. We report here that several VSe compounds are microtubule-destabilizing
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agents (MDA), and set the framework for explaining how they selectively enhance oncolytic

rhabdovirus activity in tumors.

Results

Microtubule-destabilizing agents enhance VSVA51-mediated oncolysis in a cancer-specific

fashion

Literature mining performed on our published high throughput screening dataset (213)
revealed that seven of fifteen VSe compounds enhancing VSVAS51-mediated oncolysis are
approved drugs that have microtubule-destabilizing activity. The compounds, their drug class,
and structures are listed in Supplemental Table 1598 along with their associated VSe
nomenclature as previously published (213). To validate their activity, we selected representative
colchicinoids (colchicine), vinka alkaloids (vinorelbine) and benzimidazoles (albendazole and
parbendazole). These MDAs were tested across a range of concentrations on VSV A51-resistant
786-0 human renal carcinoma cells (Fig. 3.1a). Viability assays using alamar blue metabolic dye
revealed that all MDAs tested enhanced cell Killing elicited by a low multiplicity of infection of
VSVA51 (MOI = 0.01, Fig 3.1a). Similar results were obtained in VSVAS51-resistant mouse
cancer cell lines (4T1 and CT26, Fig Sla-b). Treatment of cancer cells with colchicine, a drug
used for autoimmune diseases such as gouty arthritis and one of the most potent MDAs tested,
led to synergistic killing in combination with both VSVAS51 and wtVSV (Fig. S1c*®) and
robustly enhanced the activity of Maraba MG-1 (Fig. S1d**®). In contrast, MDAs did not enhance

VSVAS51-mediated oncolysis in normal human fibroblasts (GM38, Fig 3.1b).
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Given MDAs and VSVAS51 can independently have cytotoxic effects, we considered that
the visible synergy between drug and rhabdoviruses could result from improved rhabdoviral
spread/oncolysis, increased sensitivity to MDASs, or both. Microtubule destabilization using
colchicine and other MDAs robustly increased VSVAS1 spread and viral titers in several human
and mouse cancer cell lines but not in normal fibroblasts (Fig. 3.1c-d**® and S1e-f**%) consistent
with a cancer-specific enhancement of viral growth. In cancerous 786-0 but not normal GM38
cells, colchicine increased VSVAS1-GFP spread (Fig 3.1d, h) and viral protein expression (Fig
3.1e), even though the drug effectively depolymerized microtubules in both cell lines at the dose
used (100 nM, Fig 3.1f). Comparing multi-step and single-step viral growth profiles suggest that
in cancer cells, microtubule destabilization impacts VSV AS51’s ability to spread as opposed to its
replication rate (Fig 3.1g). In contrast, a slightly negative effect of the drug on viral propagation
was observed using wild-type VSV (WtVSV, Fig 3.1e, h, g). Parallel quantification of virally-
expressed GFP and propidium iodine (PI) staining of dead/dying cells by flow cytometry
however confirmed that while wtVSV propagation is hampered by colchicine treatment, cell
death is nonetheless increased in comparison to virus or drug alone (Fig 3.1h) consistent with
results from synergy assays (Fig S1d). The combination of VSVAS51 and colchicine also led to
substantially more PI positive cells than either treatment alone, although this was accompanied
by substantially increased GFP-positive infected cells in sharp contrast with wtVSV (Fig 3.1h).
Altogether, these data suggest that microtubule destabilization augments rhabdovirus-mediated
oncolysis by promoting cell death following infection and also promotes spread in the case of

IFN-sensitive rhabdovirus mutants such as VSVAS51.
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Figure 3.1. Microtubule destabilizers enhance VSVAS1 spread in cancer but not normal
cells.

a-b) 786-0 cancer (a) and GM-38 normal (b) cells were pre-treated for 4h with microtubule
destabilizing agents at concentrations indicated in x-axis then challenged with VSVAS51 at MOI
0.01. 48h later, metabolic activity was assessed using alamar blue as a measure of cell viability.
Error bars are standard error (SE) from three separate triplicate experiments. c) Cancerous
human 786-0, U251, and mouse 4T1 cells as well as normal human GM-38 cells were pre-
treated 4h with colchicine at the dosed indicated in x-axis and treated with VSVAS51 MOI 0.01
for 48h at which time supernatants were collected and titered by standard plaque assay. Error
bars represent SE from three independent experiments. d-e) 786-0 and GM38 cells were treated
with 100nM colchicine or vehicle for 4h prior to infection with VSVAS51-GFP at MOI 0,01. At
48h post infection, fluorescence pictures were taken (c), and cells were lysed and probed using
polyclonal anti-VSV and anti-GAPDH antibodies by Western blot, where VSV G, N, P, M
proteins are indicated by arrows (d). f) 786-0 cells were pretreated with colchicine 100 nM or
vehicle and infected with VSVA51-GFP MOI 0.01 for 48h at which time cells were collected
and stained with propidium iodine (PI). Cells were sorted by flow cytometry according to GFP
and Pl. Numbers represent the average percent cells gated + standard deviation from three
experiments. In g), 786-0 cells were pre-treated with 100nM colchicine for 4h and infected with
MOI 0.01 (multi-step) or MOI 3 (single-step) of VSVAS51 or wtVSV, and supernatants were
collected at various times indicated on the x-axis and titered by standard plaque assay. In h)
cancerous 786-0 and normal GM-38 fibroblasts were treated with 100nM colchicine for 24h and
cells were fixed and stained using anti beta-Dapi and tubulin antibody and imaged using
fluorescence microscopy under oil immersion under 63X objective. The white arrow highlights
an example of cellular polynucleation induced by microtubule destabilization.
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Microtubule-destabilizing agents enhance oncolytic rhabdovirus efficacy in highly resistant

syngeneic and transgenic mouse tumor models

Given that colchicine, vinorelbine, and other MDAs enhanced oncolytic rhabdovirus
efficacy in vitro, we performed a series of murine tumor model studies to determine whether
these could also provide therapeutic benefit in vivo. We focused on the VSV AS51 platform given
that MDAs enhanced both viral spread and cancer cell killing for this strain. We first explored
this in a highly aggressive syngeneic model of triple-negative breast cancer. Subcutaneous 4T1
breast tumors were implanted in syngeneic Balb/C mice and mice were treated intraperitoneally
(i.p) with either PBS or colchicine (2mg/kg i.p.) and an intratumorally (i.t) with either VSVASI
(1E8 PFU) or PBS. We found that two once-weekly treatment cycles led to delayed tumor
progression and significantly prolonged survival in mice receiving both colchicine and VSV AS1
compared to either monotherapy (Fig. $2a*®). Vinorelbine (8 mg/kg) was also effective,
significantly prolonging survival of 4T1-tumour bearing mice in combination with VSVAS1
(Fig. S2a®%). A similar impact on tumor growth was observed using oncolytic Maraba MG-1
(Fig. 82b$$$) and in a syngeneic subcutaneous CT26 colon cancer model (Fig. S2c). As expected
from in vitro evidence (Fig. 3.1 a-h), these effects of colchicine were associated with tumor-
specific increases in VSVAS51 growth. Using a firefly luciferase expressing VSVAS1 and an in
vivo imaging system (IVIS), we observed that 24h post-infection (i.t), 4T1-grafted animals
treated with colchicine exhibited increased luminescence specifically in tumors (Fig. 3.2a). In
line with this, a significant increase in VSV AS51 titers was observed in colchicine-treated animals

(Fig. 3.2b). In contrast, assessment of viral titers in normal organs including spleen, heart, liver,
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lungs, kidney, and brain by standard plaque assay revealed no detectable VSV AS1 in any organ

at any time point in both PBS and colchicine-treated mice.

The efficacy of combined rhabdovirussMDA treatment was subsequently evaluated in a
highly treatment-resistant MISIIRTag transgenic ovarian cancer mouse model. These mice
express SV40 Large T-antigen specifically in the ovaries and develop visible tumors at 10-11
weeks (272). In these experiments, we used VSVAS1 expressing GM-CSF to further increase
anti-tumor activity. Fig 3.2c shows that weekly treatment cycles of VSVA51-GM-CSF and
colchicine both delivered i.p., led to significantly prolonged survival of MISIIRTag mice as
compared to either monotherapy. Overall, these data suggest that combined oncolytic
rhabdovirus and MDA treatment can elicit significant antitumor efficacy, prolonging survival

even in highly treatment-resistant spontaneously arising tumors.
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Figure 3.2. Colchicine increases VSVAS1 spread and oncolytic activity in resistant
syngeneic and transgenic tumor models.

a) 4T1 tumors were implanted in right hind flanks of syngeneic Balb/C mice and injected with
1E8 PFU of VSVASI1-luciferase or PBS intratumorally (i.t) , and 2mg/kg colchicine or vehicle
intraperitoneally (i.p), 7 days after tumor implantation. Luminescence was monitored by VIS
after 24h. b) 4T1 tumors were implanted and treated as in a) and tumors and other organs were
harvested after 24, 48, and 72h. Tissues were subsequently homogenized and titered by plaque
assay. Error bars indicate standard error from an average of 5 tumors. * denotes a significant
difference between PBS and colchicine treated tumors (p<0.05, t-test). N.D denotes not detected.
Virus was also undetectable in all other organs (brain, lung, liver, kidney, spleen, heart) at all
time points. ¢) MISSIIRTag transgenic mice were treated starting at 10 weeks of age with a
weekly i.p. dose of VSVA51-GM-CSF (1E8 PFU, n=11), PBS (n=7) colchicine (1.5 mg/kg,
n=11) or VSVA51-GM-CSF (1E8 PFU) and colchicine (1.5mg/kg, n=10). Survival was
monitored over time (days, x-axis) and animals exhibiting critical abdominal extension were
euthanized according to IRB guidelines. Log Rank test indicate the combined treatment is
significantly prolonged over colchicine (p=0.0082) and VSVA51-GM-CSF (p=0.0007) alone.
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Microtubule destabilization interferes with Type-1 IEN-induced gene programs

While combined MDA and oncolytic rhabdovirus treatment provided therapeutic benefit
in several models, the contrasting enhancing effects on spread of VSVAS51 and wtVSV prompted
further investigation. We used gene expression microarrays to gain perspective on the
mechanisms involved. Cellular RNA was extracted 24h following infection of 786-0 cells with a
low MOI (0.01) of VSVAS51 (or mock) in presence of 100 nM colchicine or vehicle and
hybridized on Affymetrix human Gene 1.0 ST microarrays. Analysis of this dataset is
summarized in Figure 3.3a and shows for each treatment condition the expression of a subset of
248 genes found uniquely up- or down-regulated (>2-fold, p<0.05) VSVAS51 infection in absence
of drug. Importantly, gene enrichment analyses using the GOrilla gene set databases (265)
revealed significant enrichments in Gene Ontology (GO) terms only within the 158 genes
induced by VSVAS51 but dampened by colchicine co-treatment (genes represented in green in the
top half of the heat map in Fig. 3.3 a). Significant enrichments highlighted a multitude of
biological processes involved in the immune response to virus/biologicals, ultimately converging
on the Type | interferon response (Figure 3.3b). Indeed, 26 of the 158 genes up-regulated by
VSVAS51 that were not similarly induced upon co-treatment with colchicine are known direct
downstream targets of Type | IFN (Fig 3.3a, right inset). Removing the 26 IFN target genes from
the dataset led to the loss of all significant GO-term enrichments. Altogether, this suggests that
microtubule destabilization alters the genetic response of cancer cells to VSVAS51 infection and

most prominently dampens virus-induced Type | IFN gene programs.
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Figure 3.3. Microtubule destabilization hinders the response to Type | IFN stimulated
genes induced by VSVASI.

a) 786-0 cells were pretreated for 4h with 100nM colchicine or vehicle and infected with
VSVAS1 at MOI 0.01 or mock infected. 24h later RNA was collected and pooled, and triplicate
experiments were hybridized on Affymetrix human Gene ST 1.0 microarrays. Shown are the
heat maps of all genes found to be significantly increased (green) or decreased (red) >2-fold in
VSVAS5I infected 786-0 cells as compared to control (NT) and the fold increase of the same
genes VSV-infected (V), colchicine treated, and colchicine treated / virus infected (V + C)
conditions. Inset shows a group of 26 Type | IFN stimulated genes that are up-regulated in V but
not V + C conditions. b) Summary of gene ontology relationships for significantly enriched gene
sets from analysis of microarray data presented in a). ¢) Microarray expression data for subset of
Interferon isoforms and sub-types obtained from a).
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Microtubule destabilization does not interfere with VSV or IEN-induced antiviral signaling

The type | IFN response is thought to proceed in three waves. First, activation of pattern
recognition receptors such as Toll-like receptor 7 (TLR7) and Retinoic acid-induced gene |
(RIG-I), through signaling via Tank binding kinase 1 / IkBa kinase (TBK-1/IKK) and
transcription factor Interferon regulatory factor 3 (IRF-3), leads to increased “first wave” IFN
transcription, translation, and secretion. Second, autocrine/paracrine signaling through IFN
receptor /Janus kinase (JAK) / STAT (Signal Transducer and Activator of Transcription), leads
to formation of Interferon Stimulated Gene Factor 3 (ISGF3), leading to the up-regulation of
interferon stimulated genes (ISGs) including IRF-7 and “second wave” IFN-a isoforms. Third,
additional 1SGs are up regulated due to the combination of persistent IFN signaling and IRF-7

up-regulation (165, 273).

Microarray data suggested that microtubule destabilization inhibits the transcriptional
response of direct Type | IFN targets in the context of VSVAS51 infection. However, we did note
that while some virus-induced second wave IFNa isoforms were dampened similarly to other
ISGs after treatment with colchicine, first wave IFNB mRNA induction following infection
remained similar (Figure 3.3c). This suggested a possible blockage in between the first and
second wave of IFN production. Supporting this, colchicine treatment did not alter IFNf mMRNA
expression in either nuclear or cytoplasmic compartments, nor IRF-3 or STAT-1 nuclear
shuttling and phosphorylation status shortly following VSVAS51 infection at high MOI (3). This
suggests that signaling upstream of IFNPB transcription is unaffected by microtubule
destabilization (Fig. 3.4a-b). Similarly, colchicine treatment did not inhibit STAT-1

phosphorylation or alter nuclear/cytoplasmic distribution of the transcription factor following
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treatment with exogenous IFNa (Fig. 3.4c), indicating fully functional IFN response through
JAK/STAT. In line with this, colchicine could not overcome the antiviral effects of Type I IFNs
in either 786-0 or U251 cells (Fig S3a-b**®), in sharp contrast with suberoyl anilide hyroxamic
acid (SAHA), an HDAC inhibitor known to effectively dampen the antiviral effects of type |
IFNs (212) (Fig. S4a™). Overall, this suggests that MDAs do not modulate antiviral response
pathways upstream of IFNB mRNA transcription and cytoplasmic shuttling nor alter Type | IFN-

induced JAK/STAT signaling and its antiviral effects.
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Figure 3.4. Microtubule destabilization leads to a decrease in Type I IFN translation and
secretion.

a) 786-0 cells were pretreated for 4h with 100nM colchicine or vehicle and infected with
VSVASI1 at MOI 0.01 or mock infected. 16h later, cells were collected and separated into nuclear
and cytoplasmic fractions, from which RNA was extracted and converted to cDNA. qPCR for
IFNB and GAPDH were then performed. Data reported represents the fold change in IFNP
relative to uninfected control. Error bars represent standard error from an average of three
replicate experiments. b) 786-0 cells were pretreated for 4h with 100nM colchicine or vehicle
and infected with VSVAS1 at MOI 3 or mock infected. 8h later, cytoplasmic and nuclear cell
fractions were collected, run on polyacrylamide gels and subject to western blotting. Blots were
cut into strips for was used to probe for STAT-1, phospho STAT-1 (Tyrosine 701) , IRF-3,
phospho-IRF-3 (serine 396), alpha-tubulin, and beta-actin. c) 786-0 cells were pretreated for 4h
with 100nM colchicine or vehicle and treated with 500U IFNB or mock. One hour later,
cytoplasmic and nuclear cell fractions were collected and run on a polyacrylamide gel. Western
blotting was used to probe for STAT-1, phospho STAT-1 (Tyrosine 701), a-tubulin, and B-actin.
d) 786-0 cells were treated with 100nM colchicine or vehicle for 4h prior to infection with
VSVA51-GFP at MOI 0.01. 24h later, supernatants were collected and IFNB was quantified by
ELISA. Error bars represent standard error from three replicate experiments and statistical
significance was assessed by ANOVA. e) 786-0 cells were treated with 100nM colchicine or
vehicle for 4h prior to infection with VSVA51-GFP MOI 0.01. After 20h,cytoplasmic and
nuclear cell fractions were collected and run on polyacrylamide gel. Western blotting for was
used to probe for STAT-1, phospho STAT-1 (Tyrosine 701), a-tubulin, and B-actin. f) 786-0
cells were treated as in e. After 24h, whole cell extracts were collected and IFNf expression was
assessed through Western blotting. GAPDH was used as a loading control. g) 786-0 cells were
treated as in d) and after 24h, whole cell lysates were collected and run on a 10-50%
sedimentation gradient. Absorbance at 254nM (RNA) was then measured over each fraction
(sampling interval of 0.1 seconds). In h) RNA was subsequently extracted from each fraction and
used to generate cDNA. The abundance of , IFNa, IFNB and VSV-M in each fraction was
assessed by semi-quantitative PCR. Cycle numbers were adjusted to minimize saturation and
compensate for different input gene expression levels.
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Microtubule destabilization decreases type | IFN secretion in part by reducing mRNA

translation efficiency

Altogether, our data suggested that microtubule destabilization decouples first and second
wave IFN without inhibiting the JAK/STAT signaling axis. Offering a potential explanation for
this phenomenon, studies dating prior to the purification and identification of Type | IFNs
reported an effect of microtubule de-stabilizers such as colchicine and vinblastine on antiviral
“interferon” cytokine secretion (274, 275). We addressed this possibility directly using ELISA
(enzyme-linked immunosorbent assay). Figure 3.4d shows that even though mRNA levels and
subcellular distribution was unaltered (Fig 3.3c, 3.4a) treatment with colchicine caused a
significant decrease in secreted IFNB following a 24h infection with a low MOI of VSVASI. A
time-course revealed that treatment with colchicine effectively delayed the onset IFNf, which
eventually appeared over 48h in infected cell culture supernatants (Fig. S4a$$$). Expectedly, IFN-
a was equally detected at lower concentrations than in control conditions in the absence of
colchicine (Fig. S4b*%), in line with microarray mRNA expression data (Fig. 3.3c). Consistent
with the observed decrease in Type | IFN secretion, we found that colchicine treatment reduced
phosphorylation of STAT-1 in these conditions (Fig 3.4e). Suggesting the effect was not unique
to colchicine or 786-0 cells, other MDAs also decreased IFN secretion 24h post-infection with
VSVAS51 (Fig S4c) and a similar impact of microtubule destabilization on IFN secretion was
observed in U251 cancer cells (Fig. S4d**®). However, colchicine treatment also decreased IFNp
secretion in normal MRC-5 fetal lung fibroblasts (Fig. S4d**®), suggesting this effect is not
restricted to cancer cells and that additional mechanisms may contribute to the cancer-specific

enhancement in VSVAS51 spread observed in vitro and in vivo.
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Given that microtubules are known to play a role in vesicular transport and that
microtubule destabilizers such as colchicine have been shown to impact the secretion of various
proteins (276-280), we considered the possibility that microtubule destabilization may simply
impact the ability of cells to secrete cytokines. To assess this, we looked at the impact of
microtubule destabilization on overall protein secretion using S35 pulse-labelling following
challenge with either VSVAS1, G-less VSVAS1 (which can infect but cannot exit the cell) or
treatment with the TLR agonist poly I:C. Looking at visible bands obtained by autoradiogram,
we observed a variety of responses to colchicine treatment following viral stimulation. Whereas
the secretion of some proteins was increased by all three stimuli but reduced following treatment
with colchicine (analogously to what was observed by ELISA for IFNa and ), other proteins
were not impacted by any viral stimulus nor affected by colchicine (Fig S4e$$$). This argues
against a systematic negative impact of microtubule destabilization on protein secretion. To
further address this, we quantified IL-6 secretion in cell supernatants following VSVAS1
infection in presence and absence of colchicine, given that similarly to IFN, this cytokine was
robustly up-regulated by VSVAS1 infection at the mRNA level based on microarray analyses
(Fig. 3.3c). In sharp contrast with what was observed for Type | IFNs, these experiments
revealed no significant decrease in virus-induced IL-6 secretion following treatment with
colchicine (Fig. 85f$$$). Further arguing against systematic inhibition of protein secretion
following microtubule destabilization, the secretion of mouse GM-CSF encoded by the
VSVA51-GM-CSF virus used in mouse experiments shown in Figure 3.2c increased
proportionally to viral titers following treatment of VSVA51-GM-CSF infected 786-0 cells with

colchicine (Fig. S4g-h®*).
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We therefore considered the possibility that microtubule disruption leads to decreased
secretion of Type | IFNs indirectly by reducing translation of their encoding mRNAS. Supporting
this idea, Western blots on whole cell extracts of infected 786-0 cells revealed that intracellular
IFNP protein expression levels decrease in parallel with a reduction with protein secretion (Fig.
3.4f). To measure translation efficiency, we looked at RNA distribution in mono-ribosomes and
poly-ribosomes using gradient sedimentation. Fig 3.4g shows that colchicine treatment of 786-0
cells, irrespective of infection, led to a shift in mRNA distribution from polysome (highly
translated) to monosome (poorly translated) fractions albeit to a lesser extent than PP242, an
mTOR (mammalian target of rapamycin) translation inhibitor (see Fig. S5a**). Assessment of
mMRNA abundance by semi-quantitative PCR further showed that both IFNao and IFNP were less
abundant in the highest density polysomes of colchicine-treated cells (Fig. 3.4h). In contrast,
looking at VSV M revealed a slight opposite shift in abundance from monosomes to lower-
density polysomes (Fig. 3.4h). Overall, this suggests that microtubule destabilization reduces
MRNA translation efficiency of cellular genes such as type | IFNs, whilst nonetheless allowing
translation of viral genes. However, arguing against a role of mTOR or 4E-BP in mediating the
observed effects of MDAs on Type | IFN mRNA translation efficiency, we failed to observe any
alterations in the expression or phosphorylation of either mTOR targets S6 or 4EBP1 (237)

following treatment of 786-0 cells with colchicine (Fig. 85b$$$).
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Multiple secreted proteins induced by VSV infection increase microtubule destabilizer-induced

mitotic catastrophe and death.

While these experiments shed light on the mechanisms leading to the enhancement of
VSVAS1 spread in cancer cells, it remained unclear why MDAs could also increase rhabdovirus
infection-associated death, even with wtVSV for which spread was paradoxically reduced by
microtubule destabilization (Fig 3.1e,9,h). We therefore assessed whether viral triggers could be
sufficient to elicit cytotoxic effects upon microtubule destabilization. To this end, we challenged
colchicine or vehicle-treated 786-0 cells with a UV-inactivated wtVSV. As expected, UV-
inactivated wtVSV did not affect 786-0 viability in control conditions, even at a very high MOI
(200). However, UV-inactivated virus was capable of effectively killing 786-0 cells treated with
colchicine (starting at MOI 50, Fig. 3.5a). This was also observed in mouse 4T1 cells, albeit

starting at a higher MOI of UV inactivated virus (Fig. S6a%*).

MDAs lead to cytotoxicity by inducing mitotic catastrophe and polynucleation in cells
that divide rapidly and have lost key cell cycle checkpoints, key hallmarks of cancer cells (138).
To gain a better understanding of the mechanisms leading to increased death in MDA-treated
cells challenged with rhabdovirus, we looked at the frequency of polynuclear cells in the context
of infection. We treated 786-0 cells with colchicine or vehicle and infected them with VSV AS1-
GFP at low MOI (0.01). Twenty-four hours post-infection, cells were fixed and stained with a
nuclear dye (Dapi) and an anti-a-tubulin antibody. Fluorescence microscopy was then used to
visualize and count GFP-positive infected cells and those exhibiting characteristic polynucleation
(see Fig. 3.1f white arrow for an example at higher magnification). As expected, colchicine

treatment led to increased polynuclear cells whereas infection with VSV A51-GFP alone did not.
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Importantly, 786-0 cells exhibited a robust increase in virus-associated GFP and a near doubling
in the number of polynucleated cells compared to colchicine-treated cells upon co-treatment with
VSVA51-GFP and colchicine (Fig. 3.5b-c). In contrast, polynucleation remained low in normal

GM-38 cells under these conditions (Fig. 3.5c).

Looking at the proportion of polynuclear cells in infected (GFP+) and uninfected (GFP-)
cells further revealed that these were equally frequent in both populations (Fig. 3.5d). This
distribution suggested the likely involvement of a secreted factor in promoting polynucleation in
the colchicine-treated infected cancer cell population. To explore this idea, we used supernatants
from cancer cells infected with G-less VSVA51-GFP. As described previously, G-less VSVAS1-
GFP can infect and replicate but cannot bud from the cytoplasmic membrane (281). We treated
786-0 cells with G-less VSVA51-GFP at high MOI (10) or not and collected supernatants 24h
post-infection. These supernatants were applied to virus-naive 786-0 cells treated with colchicine
or vehicle and cellular polynucleation was quantified. In line with the involvement of a secreted
factor, supernatants from G-less VSVAS5I1-infected but not mock treated cells increased
polynucleation and cell death in virus-naive 786-0 cells treated with colchicine (Fig. 3.5 e, f).

However, this did not occur when using normal GM38 cells (Fig. 3.5f).

Interestingly, the polynucleation-inducing activity of G-less VSVAS51-infected 786-0 cell
supernatants was abrogated following filtration using a 10 but not 50 or 100 kDa molecular-
weight cutoff filter. This pointed to the involvement of one or more secreted factors between 50
kDa and 10 kDa (Fig 3.5e). To generate a list of candidates, we queried the microarray data. We
deemed that relevant candidates should be between 10 and 50 kDa and induced by VSVAS51 in

both vehicle and colchicine-treated conditions. The short list of these candidates is shown in
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supplemental Table 2%, In addition to Type I IFNs, this included several growth-promoting
cytokines (e.g. Rantes, IP-10, CXCL11, IL-8 and IL-6) as well as death inducing cytokines (e.g.
TNF-o and other TNF-related proteins). Type I11 IFNs (1L28a, 1L28b, and IL29) also figured on
this list. While it is likely that many of these factors work in concert to recapitulate the synergy
observed between virus infection and colchicine treatment observed in 5a-f, we nevertheless
evaluated the impact of a subset of cytokines on the frequency of polynuclear cells in 786-0 cells
in presence of colchicine. Interestingly, we found that some cytokines such as IL-6, IL-8, IP-10
and IL-29 significantly increased the frequency of polynuclear cells in colchicine-treated 786-0
cells (Fig. 3.5g). In addition, colchicine treatment increased cell death induced by TNF-o in 786-
0 but not GM-38 cells (Fig. 3.5h). Overall, this infection with rhabdoviruses in the presence of
colchicine leads to cancer-specific increases in bystander polynucleation and cell death, likely

through the action of multiple secreted factors and death inducing cytokines.
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Figure 3.5. VSV-induced cell death is increased by microtubule destabilizer treatment
through infection-induced secreted factors that lead to cell polynucleation and death
specifically in cancer cells.

a) 786-0 cells were pre-treated for 4-hours with colchicine or DMSO and then treated were
treated with described amount of non-replicating VSVwt at the described MOI. Viability was
measured by alamar blue after 48h. Error bars represent standard error * denote p<0.05 based on
ANOVA. b-c) Infection of 786-0 cancer cells and GM-38 normal cells were pre-treated with
100nM colchicine or vehicle for 4h and infected with VSVAS51-GFP (green) at an MOI of 0.01
(or mock). 24h, cells were fixed and stained with Dapi (blue) and an anti-beta-tubulin antibody
(red). Fluorescence microscopy pictures were taken and scored for number of GFP positive and
polynuclear cells. a) Representative pictures obtained from 786-0 cells. Polynuclear cells are
indicated with the yellow arrows. ¢) quantification of polynuclear cells reported as percentage of
total cells. Error bars represent standard error of the average of three experiments. ###,* **
denote a significant (p<0.05, ANOVA) differences between groups. # = 786-0 CTRL vs. 786-0
Colchicine-treated; ## = 786-0 colchicine-treated vs. GM38 colchicine-treated; * = 786-0
colchicine-treated vs. combined colchicine-VSVAS51 treated; ** = combined colchicine-VSVAS51
treated 786-0 vs. combined colchicine-VSVAS51 treated GM38. d) 786-0 polynucleation data
from b) looking at the percentage of virus-infected (GFP-positive) and uninfected (GFP-
negative) cells exhibiting polynucleation. NS means not statistically different (p>0.05, ANOVA).
e) 786-0 cells were infected with G-less VSVAS51-GFP at MOI 10 and supernatants were
collected 24h post-infection. Supernatants were then either applied directly to virus-naive 786-0
cells treated with 100nM colchicine or vehicle, and passed through 100, 50, 10 and 3 kDa cutoff
filters prior to application. 24h later, cells were fixed and stained with Dapi and beta-tubulin and
polynuclear cells were counted. Error bars represent standard error of the mean of triplicates. A
significant reduction in polynucleation was observed going from a 50 kDa to 10 kDa molecular
cutoff filter (p<0.05, ANOVA). f) 786-0 and GM-38 cells were pre-treated for 4-hours with
colchicine or DMSO and then treated with uninfected (mock) or G-less VSV infected cell
supernatants (obtained from 786-0 or GM38 and re-applied to each respective cell line). g) 786-0
cells were pretreated with colchicine then treated with recombinant cytokines (indicated on the
X-axis) at 5, 20 or 500 ng/ml. 24h later, polynuclear cells were counted. Fold increase in
polynuclear cells relative to colchicine treatment alone is reported (average of triplicate) on the
y-axis. h) 786-0 and GM-38 cells were pre-treated for 4-hours with colchicine or DMSO and
then treated were treated with TNF or control. Viability was measured by alamar blue after 48h.
Error bars represent standard error *,** denote p<0.05 based on ANOVA.
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A mathematical model recapitulates the cancer-selective enhancement of VSVA51 oncolysis

by microtubule destabilization through the combined effect of interferon secretion and

increased by-stander killing

Overall, our results suggest that in the case of IFN-sensitive VSVAS1, microtubule
destabilization elicits a decrease in IFN secretion and an increase in by-stander cytopathic effects
simultaneously. To describe the interplay between these two mechanisms, we adapted a
mathematical model recently developed to investigate the impact of OV dynamics on tumor-
selectivity (270). All equation parameters for this model are derived from literature or
experimental observations and are identical between resistant cancer and normal cells, other than
the rate of virus replication, which is set higher in tumor cells (270). In Figure 3.6a, we describe
how this model was adapted from its original form by accounting for IFN secretion and the
activation of an arbitrary cytokine-induced cell death pathway. In our simulations, we gradually
decreased the rate of IFN secretion (Kse, red dahsed), and increased sensitivity towards the
cytokine (EDsp ¢y, green), as to mimic the effects of MDAs. We then quantified the amount of
infectious virus particles and viability at the 72h time point across all parameter pairings in
tumor and normal tissues. We applied a Monte Carlo sampling method, varying the parameter
estimates within a 10X window, to ensure that the results & conclusions represent a general
phenomenon. All parameters, and the ranges used in these simulations, are available in Appendix

Table IV.

Within this framework, simulations reveal that while decreasing IFN secretion drives
more robust increases in viral titers in cancer cells to a limit, the bystander cytokine effect is

highly tumor-selective and emerges as a main contributor to the overall cancer selective
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cytopathic response when both effects are combined (Fig. 3.5b-d). Nonetheless, the simulations
also suggest that increased bystander killing comes at the cost of reduced viral growth.
Importantly, these data indicate that within a reasonable range of parameter estimates (dotted
square region) it is possible to combine both effects to increase viral growth and elicit robust

killing of cancer cells while keeping normal cells relatively unscathed.
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Figure 3.6. Simulation impact of decreased IFN secretion and induced cytokine-mediated
polynucleation on OV dynamics.

a) Phenomenological model of VSVAS51 kinetics in-vitro derived from the work of LeBoeuf et al
2013 11. This model describes the transition between the uninfected population (UP), infected
population (IP), IFN activated population (AP), the protected population (PP) and dead cells (¢)
as a function of IFN, virus, and production of cytotoxic cytokines. Relative to the model
developed by LeBoeuf et al., this model incorporates cytotoxic cytokine production from
infected cells, and the transition between intracellular and extracellular IFN to recapitulate the
effects of MDASs. b) Heatmap summarizing the median viability 72h post infection in normal or
tumor cells as a function of decreasing the rate of IFN release (downward in the checkerboard)
and increasing the ED50 of cytotoxic cytokines (rightward in the checkerboard) induced by virus
as a result of microtubule destabilization. Data illustrated represents the median value obtained
over 5000 Monte Carlo simulations varying all kinetics parameter within a 1 log window. The
difference between tumor and normal cells is the rate of virus replication which is set to 1 log
higher in cancer cells as done in LeBoeuf et al. 2013. ¢) Heatmap summarizing the mean
difference in viability between the normal or tumor compartments. d) Heatmap summarizing the
median number of arbitrary free virus particles in the environment 72h post infection in normal
or tumor cells.
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Discussion

In this study, we report that MDAs synergize with oncolytic rhabdoviruses by leading to
decreased antiviral Type | IFN production and increased virus-induced bystander killing. In the
case of the IFN-sensitive mutant VSVAS1, this leads to increased viral spread specifically in
cancer cells (Fig. 3.1). The fact that the opposite is observed for (Fig. 3.1h) brings forth new
considerations with respect to rhabdovirus biology. While rhabdovirus proteins have been
reported to interact with the microtubular network (282), our data taken together suggests that
intact microtubules are not essential for the life cycle of rhabdoviruses. Even though wtVSV
spread is indeed hampered by MDAs (Fig. 3.1e,g,h) in agreement with previous reports (282),
our results and simulations (Fig. 3.6d) rather argue a role for increased viral bystander killing in

this phenomenon.

While rhabdoviruses may not require the microtubular network, many viruses such as
vaccinia for example are well known to hijack the host cytoskeletal system in order to travel
within the cytoplasm and to infect other cells (283). Suggesting MDAs may have virus-specific
effects; we and others have observed that microtubule destabilizers robustly inhibit vaccinia
growth ((284), data not shown). However, other viruses have been reported to grow at least
equivalently in cells with destabilized microtubules. For example, while the mechanism was not
addressed, low dose vinblastine increased the oncolytic activity of HSV without affecting viral
titers in vitro (285). It is likely that other IFN-inducing viruses could be enhanced by MDAs by
taking advantage of delayed type | IFN secretion. However, our data suggest that given this

advantage is only transient (see Fig. S5a**®), rapidly growing viruses such as VSV are more
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likely to benefit. Ultimately, this may offer additional selectivity to the approach, reducing the

possibility of opportunistic infections that could ensue from hindering the type I IFN system.

Interestingly, somewhat controversial reports dating prior to the purification and
sequencing of Type | IFNs in the late seventies (286) denoted the impact of drugs such as
colchicine and vinblastine on the expression and secretion of antiviral “interferon” and several
other proteins (276-280). Here we show for the first time direct evidence that several MDAs
inhibit Type | IFN secretion, and provide data supporting the involvement of protein translation
in this phenomenon. Our results also suggest that the incorporation of Type | IFN mRNAs in
high-density polysomal structures is compromised following disruption of microtubules.
Interestingly, protein expression/secretion was clearly only partially inhibited following MDA
treatment as determined by pulse-chase experiments. Nonetheless, a subset of secreted proteins
responded analogously to type | IFNs (Fig. S5e**%). This suggests the possibility that the efficient
translation/secretion of other mRNAs may also depend on microtubules. Supporting this idea, it
has been previously reported that microtubule disruption leads to loss of fibronectin mMRNAS in
high-density polysomes in smooth muscle cells (287). Given these observations, it is tempting to
speculate that microtubules coordinate the organization of higher density polysomal structures,

which may be preferentially associated with a subset of mMRNAs.

One counterintuitive observation is that MDA treatment, while decreasing Type | IFN
production in both cancer and normal cells (Fig 3.4d and S5d), only increases VSVAS1 spread
and oncolysis in the former. While simulations from our mathematical model suggest that
decreasing IFN secretion leads to more robust increases in viral titers in cancer cells up to a

certain extent, they also reveal that a significant contributing factor to the experimentally
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observed cancer-selective effects of MDAs may be the parallel increase in bystander killing (Fig.
3.5). This is interesting given it provides an explanation for why other drugs such as HDAC
inhibitors that have been shown to reduce IFN responsiveness while simultaneously increasing

virus-induced cell death also lead to cancer-selective enhancement in OV spread (212).

Overall, our study show that MDAs can provide a significant therapeutic benefit when
combined with oncolytic rhabdoviruses such as VSVA51 and Maraba MG-1, even in otherwise
treatment-refractory transgenic mouse models of ovarian cancer (272) (see Fig. 3.2c). While
MDAs have been used for decades to treat a number of human ailments including autoimmune
disorders, helminthes and cancer (138, 288, 289), one common characteristic is the narrow
therapeutic window associated to these agents. In the case of cancer, this has led to the
development of more selective biological therapies including therapeutic antibodies and
oncolytic viruses. Therefore, one downside of using classical MDAs in this context is their
associated systemic toxicities. Notably, as a strategy to avoid overt toxicity of MDAs, these have
been linked to monoclonal antibodies such as Herceptin, which retarget effects towards cancer
cells (290). It will be interesting to test oncolytic rhabdoviruses in combination with novel and
recently approved antibody-MDA conjugates for the treatment of cancer in order to take full

advantage of the vastly superior selectivity of these therapeutics.
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Methods

Cell lines and culture conditions

4T1 (breast), CT26 (colon), CT26-LacZ (colon), B16 (melanoma) mouse cancer cells;
786-0 (renal); U251 (glioma) human cancer cells; Vero monkey kidney cells; MRC-5 and GM-
38 normal human fibroblasts, were obtained from the American Type Culture Collection
(Manassas, VA). Cells were cultured in HyQ high-glucose Dulbecco’s modified Eagle’s medium
(Hyclone, Waltham, MA) supplemented with 10 or 20% (GM-38) fetal calf serum (CanSera,
Etobicoke, Ontario, Canada). All cell lines were incubated at 37 °C in a 5% CO, humidified

incubator.

Viruses, purification and guantification

The Indiana serotype of VSV (VSVASI or wild type) was used throughout this study and
was propagated in Vero cells. VSVAS51-expressing GFP, firefly luciferase, or murine GM-CSF
are recombinant derivatives of VSVAS51 described previously (165, 291). Maraba MG-1 as
described in (166) was obtained from Dr. David Stojdl. All viruses were propagated on Vero
cells and purified on 5-50% Optiprep (Sigma, St Louis, MO) gradient and all virus titer were
quantified by standard plague assay on Vero cells as described in (292). For experiments
described in Fig. 3.4a and Supplemental Fig. 6a**°, wtVSV was first inactivated by UV

crosslinking with a total of 3600 mJ/cm?.
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Drugs and cytokines

Colchicine, Vinorelbine, Nocodazole, Albendazole, Parbendazole, were obtained from
Sigma-Aldrich (St Louis, MO) and dissolved in DMSO. IFN-a (Intron A) was obtained from
Schering-Plough (Kenilworth, NJ). IFN-B was obtained from PBL Interferon Source
(Piscataway, NJ). IL-6, IL-8, ITAC, IP-10, IL-29, IL-28a, and TNF-o. were obtained from

ProSpec Bio (East Brunswick, NJ).

In vitro treatment of cells with MDAs and rhabdoviruses

Confluent monolayers of cells were pre-treated for 2-4 hours with drugs, followed by
infection with rhabdoviruses at indicated MOIs and incubation at 37 degrees Celcius in a
humidified 5% CO, incubator for the indicated times. Fluorescent images to detect virus
replication were obtained using the Axiovert S100 Fluorescence microscope (Carl Zeiss Ltd,
Toronto, ON). Cell viability was assessed using an alamarBlue assay (AbD Serotec) according to
manufacturers intructions by measuring fluorescence (530 nm excitation and 590 nm emission)
on a Fluoroskan Ascent Microplate Fluorometer (Thermo Scientific, Hudson, NH). Virus titers

were determined from cell supernatants by standard plaque assay on Vero cells (292).

Flow cytometry

786-0 cells were plated in 12-well dishes, pretreated with DMSO or 100 nM colchicine
for 4 hours, followed by mock infection or infection with VSVAS51-GFP or wtVSV-GFP at MOI
0.01. 48hours later, cells were collected, washed and resuspended in HBSS with 10% FBS and

0.01% Sodium Azide. Single cell suspensions were labeled with or without 50 pg/ml propidium
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iodide (Sigma, St Louis, MO) and subjected to flow cytometry on a Beckman Coulter FC500 and

data analyzed with Kaluza v1.1 software.

Rodent tumor models

Six-week-old female Balb/c mice obtained from Charles River Laboratories
(Wilmington, MA) were given subcutaneous tumors by injecting 3 x~ 10> syngeneic 4T1 (or
CT26-LacZ) cells suspended in 100 ul PBS. At the indicated times post-implantation, tumors
were injected with 1x10° pfu (in 50 pl PBS) of the indicated virus. Four hours later, colchicine or
vinorelbine was administered i.p at the indicated dose. This was repeated a week later for a total
of two treatment cycles. Tumor sizes were measured every other day using an electronic caliper.
Tumor volume was calculated as = (length x width?)/2. For survival studies, mice were culled
when tumors had reached 1600 mm®. For in vivo imaging, an In Vivo Imaging System (IVIS,
Perkin Elmer, Waltham, MA) was used as described previously (218). For viral quantification
described in Figure 3.2b, tumors were dissected at the indicated times and homogenized using a
tissue homogenizer in PBS prior to quantification by standard plaque assay as described in (292).
For the ovarian cancer model in Fig. 3.2c, T-antigen-positive MISIIRTag transgenic mice
(described previously (272)) approximately 10-weeks of age were treated with weekly i.p
injections of 1 x 108 PFU VSVA51-GM-CSF and colchicine 1.5 mg/kg until endpoint as
determined by animal care guidelines. Doses were adjusted to body weights of individual mice to
account for weight gain over time. All experiments were performed in accordance with

institutional guidelines for animal care.
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Microarrays and analysis

786-0 cells were plated at a density of 4E5 cells in 6-well flat bottom plate (Costar).
Following overnight growth, cells were treated with 100 nM colchicine or vehicle. Following a
4-hour pre-treatment, PBS or VSVAS51at an MOI of 0.01 was added to cell cultures. Twenty-four
hours post-infection, RNA was collected using an RNA-easy kit (Quiagen). Biological triplicates
were subsequently pooled and hybridized to Affymetrix human gene 1.0 ST arrays. RNA quality
was measured using Agilent 2100 Bioanalyzer (Agilent Technologies) prior to hybridization.

Microarray data were processed using AltAnalyze v2.0 under default parameters (264). A
detection above background score >70, and a pV<0.05 were used to filter probe sets. By
subsequently evaluating gene expression using constitutive probe sets shared across splice
variants, our analysis focused on changes in gene transcription rates rather than alternative
splicing mechanisms. Gene enrichment analyses were subsequently focused on 248 genes
induced or repressed two-fold by VSVAS1 relative to all other datasets (Z-test p<0.05,
Benjamini-Hochberg correction). GO-term enrichments were evaluated using GOrilla (265)
following correction for multiple hypothesis testing (Bonferonni). Pathway enrichments were
evaluated using David following correction for multiple hypothesis testing (Benjamini-
Hochberg). Raw and processed microarray data has been deposited in the ArrayExpress

database.

Cell lysis and Western blotting

Whole cell extracts were obtained by lysing in 50 mM Hepes, pH 7.4, 150 mM NacCl,
10 mM EDTA, 10 mM Na4P,0O7, 100 mM NaF, 2 mM NazVO,, protease inhibitor cocktail

(Roche, ) and 1% Triton X-100 as described (293). Following protein determination by Bradford
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assay (BioRad Protein Assay Solution, Mississauga, Ontario), 10-20ug of clarified cell extract
were electrophoresed using the NUPAGE SDS-PAGE Gel system (Invitrogen) and transferred
onto a nitrocellulose membrane (Bio-Rad). Blots were blocked with 5% nonfat milk and probed
with rabbit polyclonal antibodies specific for VSV (a gift from Earl Brown), or IFNf
(OAABO05131, Aviva Systems Biology, San Diego, CA), GAPDH (Abcam, Cambridge, UK) as a
loading control, followed by horseradish-peroxidase conjugated rabbit or mouse secondary
antibodies, respectively (The Jackson Laboratory, Bar Harbor, Maine). Bands were visualized
using Supersignal West Pico Chemiluminescent substrate (ThermoScientific Pierce, Rockford

IL).

Nuclear / cytoplasmic fractionation and Western blotting

Cell fractionation experiments were performed as previously described (293). Briefly,
cells were washed with ice cold PBS, swelled in Hypotonic buffer (0.5 M Hepes pH 7.9, 0.1 M
EGTA, 0.1 M EDTA with protease and phosphatase inhibitors), lysed with 0.1% NP-40 and
cytoplasmic fractions collected by low speed centrifugation. Nuclear proteins were then
extracted with hypertonic buffer (0.5 M HEPES pH 7.9, 25 M NaCl, 0.1 M EGTA, 0.1 M
EDTA, 30% glycerol, 20 mM NaF, 1 mM Na;VO,, 1 mM Na,P,0;, 1 mM DTT, and protease
inhibitor cocktail) and clarified. Nuclear and cytoplasmic fractions were resolved by gel
electrophoresis as above and membranes blocked with 5% BSA, cut into strips and probed for
the tyrosine-701 phosphorylated (i.e. activated) form of Statl, total Statl, serine-396
phosphorylated IRF3 or total IRF3 (Cell Signalling/NEB, Whitby, Ontario). Antibodies against
a-tubulin (Santa-Cruz, Dallas, Texas) and B-actin (Cell Signalling) were used as loading

controls.
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Quantitative realtime PCR

786-0 cells were pretreated for 4h with 0.1uM colchicine or DMSO, and infected with
VSVAS51 at MOI 0.01 or mock. 16h later, cells were collected and fractionated in nuclear and
cytoplasmic fractions (Norgen Biotek Corp., ON, Canada). RNA extraction was performed using
Qiagen QiaShredder columns and the Qiagen RNeasy kit (Qiagen, Valencia, CA, USA). 2ug
RNA was converted to cDNA with Superscript 11 Reverse Transcriptase (Invitrogen). Real time
PCR reactions were performed with the QuantiTect SYBR Green PCR kit (Qiagen) on a Rotor-
gene RG-300 (Corbett Research, Australia). Optimal threshold and reaction efficiency were
determined using the Rotor-gene software. Melt curves for each primer exhibited a single peak,
indicating specific amplification, which was also confirmed by agarose gel. Ct values were
determined using the Rotor-gene software at the optimal threshold previously determined for
each gene. Gene expression relative to GAPDH was calculated using the method described by
Pfaffl et al (294). Fold induction was calculated relative to the DMSO treated control for each

gene. Primers were designed using Primer 3 v 4.0 (sequences available upon request).

ELISA

Cells were plated in 12-well dishes, pretreated with DMSO or 100 nM colchicine for 4
hours, followed by mock infection or infection with VSVA51-GFP (or VSVAS51 GM-CSF) at
indicated MOI. Cell supernatants were collected at different times post-infection, centrifuged to
remove cellular debris, and protease inhibitor cocktail added. ELISA was performed with the
Verikine Human or Mouse Interferon alpha and beta or mouse GM-CSF Kits as appropriate (PBL

Interferon Source) by following the manufacturer’s instructions. Absorbance values at 450nM
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were measured on a Multiskan Ascent Microplate Reader (MXT Lab Systems, Vienna,

Virginia).

Polysome profiling

Cells were cultured in 15-cm dishes until confluency and then pretreated with colchicine
(100 nM), or vehicle (DMSO) for 4 hours followed by infection with VSV at 0.1 MOI. Cells
were washed 24 hours post infection with cold PBS containing 100 pg/mL cycloheximide,
collected, and lysed in a hypotonic lysis buffer [5 mmol/L Tris-HCI (pH 7.5), 2.5 mmol/L
MgCl12, 1.5 mmol/L KCI, 100 pg/mL cycloheximide, 2 mmol/L DTT, 0.5% Triton X-100, and
0.5% sodium deoxycholate). Lysates were loaded onto 10% to 50% sucrose density gradients [20
mmol/L HEPES-KOH (pH 7.6), 100 mmol/L KCI, 5 mmol/L MgCI2] and centrifuged at 36,000
rpm for 2 hours at 4°C. Gradients were fractionated, and the optical density (OD) at 254 nm was
continuously recorded using an ISCO fractionator (Teledyne ISCO). RNA from each fraction
was isolated using TRIzol (Invitrogen) and treated with DNaseTurbo (Ambion) according to the
manufacturer's instructions. Reverse transcription PCR (RT-PCR) and semi-quantitative RT-
PCR (gRT-PCR) reactions were carried out using SuperScript Il First-Strand Synthesis System
(Invitrogen) and SYBR Green Supermix (Qiagen) according to the manufacturer's instructions

using primers for IFNB, o and VSV M (sequences available upon request).

Immunofluorescence and assessment of Polynuclear cells

Human 786-0 renal carcinoma cells or normal human GM-38 lung fibroblasts were
cultured in DMEM/10% FBS and plated in 12 well dishes with glass coverslips. Following a 2-

hour 0.1 uM colchicine pretreatment (or vehicle control), wells were infected with oncolytic
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VSVAS1 expressing green fluorescent protein (GFP) at a multiplicity of infection (MOI) of 0.01
(or mock). Alternately, cells were treated with supernatants (see below) or cytokines for
experiments in Figures 3.5e,g. Plates were incubated overnight and coverslips were fixed and
incubated with primary and secondary antibodies to B-tubulin (ab21057, Abcam, Cambridge,
UK) and mounted on slides. Coverslips were then photographed at 40X using an inverted
fluorescence microscope and polynuclear/infected cells were counted from 3-5 pictures per well

and a minimum of 100 cells total.

Supernatant Transfer and Filter Experiment

786-0 cells were cultured and plated as described above but were instead infected with
VSVAMS51-AG-GFP at an MOI of 10. This virus can infect cells but cannot exit the cell due to
lack of the viral G protein, thus preventing release of viral particles in the supernatant. After
overnight incubation and verification of initial infection, supernatants were filtered through a
100, 50, 10, or 3 kDa filters (Millipore, Billerica, MA) or left unfiltered before being transferred
to fresh 786-0 plates with or without 100 nM colchicine. Coverslips were fixed, stained and
polynuclear cells counted as described above. Alternately, an alamar blue viability assay

(described above) was performed.

Mathematical Modeling

The model describing OV replication dynamics in the presence of colchicine was derived
from our previous work . The first four equations describe the transition between the uninfected

population (UP), the infected population (IP), the activated population (AP) and the protected
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population (PP) depending on the concentration of virus [V], cytotoxic cytokine [Cyt] and

extracellular [IFN] in the environment. These equations are:

avp —KigNon -
— = —Ky; x[V] X [UP] - ( [PNon . 4 KIFNon) X [UP] + Kipnoss X [PP] — ( reo 4 yC_Cyt) x [UP],

Z
dt ([IFNext]) 1+( [Cyt] )
EC50 IFN. EC50 Cyt,

dip —KiFNon —
P — Ky x [V] x [UP] <7 + K,mm> x [IP] =y, x [IP] - <y[7]) + Vc.m) x [IP],

([lFNext]) (
EC50 IFN. EC50 Cyt.

dAP —Kirnon _
—-—= <¢z + KIFNOTL) [IP] = Ky¢ X [AP] =y, X [AP] — (%y]t)z"' }’C_Cyt> x [AP],

“ (Fcsoren) (Fesocre

dappP —KirNon —
—= (% + KIFNan) [UP] + Ky¢ X [AP] — Kipnoss X [PP] — (% + VC_Cyt> x [PP].

“ G (Fespore

The parameters used in the above equations represent the infection rate (Ky;), the rate of
IFN signaling activation (K;ry,n), the rate of IFN signalling inactivation (K;ryss), the EC50 of
IFN (ECso 1en), the rate of virus-mediated cell death (y,), the EC50 of the cytotoxic cytokine

(ECsocyy), the rate of cytokine-mediated cell death (y ¢,.),and the rate viral clearance (Ky ).

The next subset of equation describe the concentration of virus, interferon, and cytotoxic

cytokine in the media. These equations are:

%= Kguarp X [IP] + Kpyaap X [AP] — Ky; X [V] X [UP] —yy X [V],

dIFNgye

dt = K¢ X IFNpe — Vien X IFNpy;

dIFN,
dtmt = Kipnip X [IP] + Kipnap X [AP] + Kipnap X [PP] — Ky X IFNpy — Vipny X IF Ny
dCyt
i = Keye X ([IP] + [AP]) + —Yeye X IFN
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The parameters described in the above equations represent the rate of virus budding from
IP and AP (Kguqip and Kpgyaap, respectfully), the infection rate (K,i), the rate of virus
degradation (yy), the rate of internal IFN production upon initial infection (K;gy;p), the rate of
internal IFN production following activation of IFN defenses (K;zy4p), the rate of IFN transfer to
the extracellular compartment (K), the rate of IFN degradation (y;zy), the rate of cytotoxic

cytokine production (Kc,.) and the rate of cytotoxic cytokine degradation (y¢, ).

A Monte Carlo simulation was generated by varying the parameters in the above model
within a 1 log window (Supplemental Table 3**%). These parameters were generated from
literature based evidence as described in our previous studies **. The difference between tumor
an normal cells is Kg,4;p and Kgy,g4p, Which is set to be 1-100 fold greater in the tumor
microenvironment. The Monte Carlo simulation was performed by simulating the above
equations for a population of 2.5E5 cells in 1ml of media infected at an MOI=0.001, calculating
virus and viability at the 72h time point for each ECsg cy: and x.combination, and repeating the
simulation 5000 times with novel model parameters selected within the 1 log window. All
simulations were performed in Matlab using the ODE solver odel5s under default parameters

imposing a none-negativity constraint.
Statistics

Unless otherwise noted (see microarray analysis), ANOVA was used to determine
significance between all treatment conditions (Tukey’s post-hoc test). The Log-rank test was

used to determine significant differences in plots for survival studies. For all studies, significance
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was considered to mean a p-value below or equal to 0.05. Graphs and Statistics were computed

using Prism 5 and Excel.
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Chapter Synopsis

In the manuscript entitled, Crosstalk between cancer cells and activated fibroblasts
modulates innate antiviral responses - a critical determinant of successful virus-based
therapies, | characterized the mechanism by which Cancer Associated- Fibroblasts (CAFs)
became sensitized to OV infection. By performing microarray analysis of VSVAS51 infection in
CAFs and Normal Fibroblasts (NFs) isolated from the same patient, | determined that it was not
the lack of the CAFs ability to induce IFN signalling, but rather that these cells are in a repressed
anti-viral state prior to OV infection (Figure 4.2c). Of the 88 genes repressed in CAFs, 55 were
induced following OV treatment, and represent the fraction of genes targeted by type | IFNs
(Figure 4.2d). These results were confirmed by qRT-PCR (Figure 4.2¢), as well as in a second
patient (Appendix Figure 12). Under the assumption that it is the anti-viral baseline which
drives resistance, | performed a single-step growth curve in both CAFs and NFs with a wildtype
variant of VSV capable of inhibiting mMRNA export. This experiment consists of infecting cells at
a high PFU to cell ratio (MOI=5), and monitoring the amount of virus produced on a per cell
basis. By tracking virus-mediated gene expression by GFP (Figure 4.2f) and viral titers (Figure
4.2g) over time, this experiment demonstrates that a viral strain capable of inhibiting the
induction of antiviral responses is nonetheless associated with preferential replication in CAFs.
This result confirms that CAFs are in a repressed anti-viral state prior to infection. As such,
tumor cells are associated with an augmented rate of viral genome replication and expression; the
assumptions used in chapter Il & I1l. This observation opens the door to the use of these anti-

viral genes as predictive biomarkers for OV therapies.
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After Dr. llkow determined that CAFs sensitized resistant cancer cells to infection, I
performed simulations to gain further insight into the impact of tumor heterogeneity on
infectivity. At steady state, tumors should have varying ratios CAFs, NFs, Resistant Cancer Cells
(RCC) and Sensitive Cancer Cells (SCC). From our observations, each cell type is associated
with varying degrees of IFN production, IFN responsiveness and virus production, a diversity
which should affect the outcome of OV therapies. Using the model developed in chapter Il, |
amended the parameters to describe OV replication in each of these populations (Appendix
Table 5). | then modified the mathematical model to examine the effects of homogenously
mixing resistant cancer cells with varying ratios of these three different steady state populations
(Appendix Figure 6). This was achieved by duplicating the equation for UP, IP, AP and PP
describing the second population, and adding their contribution to the total amount of virus and
IFN. | then simulated the cytotoxicity in both populations following 72h infection at varying
cell-to-cell ratios. By performing a Monte-Carlo simulation similar to Chapter 1I/111, repeating
the simulation 1000 times with different parameter pairings, my goal was to investigate the

impact of the cell infiltrate in tumors derived from resistant cancer cells.

From these simulations, the greatest impact on RCCs was when they were co-cultured
with NFs. When NFs were the dominant population (>75% of the population), RCCs could be
fully protected against infection (Appendix Figure 7a). RCC could conversely sensitize NFs,
when representing between >75% of the population. In contrast, CAFs had little to no impact on
the level cytotoxicity in RCCs (Appendix Figure 7b). Although associated with a defect in IFN
defences, this property failed to further enhance replication in RCCs. Increased cytotoxicity, was

only observed when co-cultured with SCCs, where increasing the size of this population lead to a
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continuous rise in sensitization for RCCs population, albeit to a lesser degree than the impact of
NFs (Appendix Figure 7c). In contrast, RCC failed to transfer resistance to this population.
From these simulations, | concluded that while NFs could contribute to the emergence of
resistance in RCCs, when they where the dominant population, SCCs could sensitize RCCs, even
when at low proportions in the population. As such, the level of cancer cell sensitivity is not only
defined by its transition to an SCC phenotype, through the plethora of growth factors produced
by CAFs, but equally affected by low-level infiltration from cells with varied IFN and virus
output. This would suggest that the frequency of each population greatly influences treatment
outcome, other than CAFs which have little to no impact on the behaviour of RCC in the absence

of cell-to-cell communication converting them to a SCC phenotype.

To better understand the impact of the infiltrate, | varied the rate of virus budding
(Kgud_ip), the rate of IFN production (Kien1) or the degree of IFN responsiveness (Kien on), for a
sub-population of infiltrating cells (5% of population) with all other parameters identical to the
RCC. These simulations indicate that while increasing IFN sensitivity or production from the
sub-population could drive RCC resistance, decreasing these parameters had little to no impact
on cytotoxicity in RCCs (Appendix Figure 8). On the other hand, further increasing the rate of
virus budding was the only parameter tested which alone could sensitize the predominant RCC
population (Appendix Figure 8). It would therefore appear that sensitive cancer cells sensitize
the local region by releasing large amounts of virus particles, and not inherently by their defect
in IFN production. This observation explains why CAFs, had little to no impact on RCC

behaviour, as their rate of virus production and release was assumed to be equivalent.
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Abstract

Signalling between cancer cells and the normal stromal cells that support them is known
to negatively impact the activity of a variety of chemically based anti-cancer therapies. Here we
demonstrate that in the case of oncolytic virus based therapeutics, crosstalk between cancer
associated fibroblasts (CAFs) and cancer cells leads to enhanced infectivity. TGF-B produced by
tumour cells re-programs supporting cancer associated fibroblasts dampening their steady state
level of anti-viral transcripts and rendering them sensitive to virus infection. We found that in
turn, CAFs produce high levels of fibroblast growth factor 2 (FGF-2) initiating a signaling
cascade in cancer cells that leads to a decrease in RIG-1 expression and impedes the ability of the
malignant cell to sense and respond to an invading virus therapeutic. In pancreatic cancer patient
explants, the expression of FGF-2 correlated with susceptibility to infection with oncolytic
viruses and resistant patient samples could be sensitized by the addition of FGF-2 in vitro and in

Vivo.
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Introduction

Tumours are complex ecosystems composed of networks of interacting “normal” and
malignant cells. It is now recognized that cytokine mediated crosstalk between normal stromal
cells, like cancer associated fibroblasts (CAFs), vascular endothelial cells, immune cells and
cancer cells influences all aspects of tumor biology including growth, metastasis, angiogenesis,
and local immunosuppression (295). CAFs represent the most abundant stromal cell type in
many tumors including renal, ovarian, breast and pancreatic carcinomas (296). In many settings,
metabolic coupling and paracrine communication between cancer cells and CAFs can determine

the impact and resistance to a variety of cancer therapeutics (297-299)(297-299)%72%

(42, 297-301). We are developing virus based anti-cancer therapeutics (211, 243) and sought to
determine if CAFs impact the ability of oncolytic viruses (OVs) to infect and destroy cancer cells
within the tumour bed. In the present study, we tested the hypothesis that factors secreted by the
tumor stroma modulate, at least in part, OV replication within the tumor. We discovered that, in
contrast with primary normal fibroblasts, CAFs support the replication of therapeutic viruses and
can enhance the sensitivity of tumour cells to OV infection. The increase in virus infectivity

appears to arise from cross talk between the FGF2 and interferon regulated pathways.

Results

Stromal Cell Secreted Factors Sensitize Cancer Cells to Oncolytic Virus Infection

To test for interactions between tumour and stromal cells that could influence the

replication of oncolytic viruses, we compared and contrasted infections in mono or co-cultures.
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Human renal cell carcinoma cells engineered to express the red fluorescent protein (dsSRED-786-
0) were cultured alone or in the presence of untagged cancer associated fibroblasts. An oncolytic
version of Vesicular Stomatitis Virus encoding green fluorescent protein (VSVA51-GFP) was
used to infect either the dsRED-786-0 tumour cell line, cancer associated fibroblasts or co-
cultures of the two. At the indicated times, cultures were examined and the extent of virus
infection and spread determined by the expression of green fluorescent protein (GFP). Under the
conditions used here, the 786-0 cell line is relatively refractory to VSV infection however pure
CAF cultures, isolated from two distinct lung cancer patients, showed some level of sensitivity to
virus infection. Interestingly in the CAF.786-0 co-cultures there appeared to be significantly
more GFP expression (Figure 4.1a) an observation that was substantiated by titering of virus
produced from infected cultures (Figure 4.1b). From these experiments it was difficult to
determine if the increase in virus replication in cellular co-cultures occurred in both the tumour
and CAFs so a more detailed quantitation was carried out using flow cytometric analysis of
individual infected cells (Figure. 4.1c,d). This analysis revealed the in co-cultures there was
approximately a 700% increase in OV infection of 786-0 cells and up to 500% increase in OV
infection of CAFs compared to infection of either cell alone. Fetal fibroblasts (e.g.WI-38 cells)
are known to display many of the markers associated with cancer associated fibroblasts (302-
305) and also sensitized 786-0 cells to infection with VSV (Supplemental Figure 1a,b,c**®). We
tested two other human cancer cell lines and found that both a human pancreatic line (MiaPaca-
2) and an ovarian cell line (OVCARS) could be rendered more sensitive to virus infection when
cultured in the presence of CAFs (Supplemental Figures 1d,e$$$). Furthermore the effect was not
restricted to VSV as the replication of a thymidine kinase deleted vaccinia virus, currently

undergoing clinical development (211, 243), also showed enhanced tumour replication in the
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presence of CAFs (Supplemental Figures 2a,b,c and d$$$). To determine if virus sensitization was
due to the secretion of paracrine factors or required cell:cell contact, we used transwell cultures
wherein the upper chamber contained either a pancreatic tumour cell line (MiaPaca-2), fetal
fibroblasts (WI-38) or CAFs isolated from a human pancreatic tumour (Figure 4.1e). The
transwell cultures were grown for 72 hours and then the upper chamber removed and the lower
tumor cell culture infected with an oncolytic VSV-GFP strain (Figure 4.1e and f) or an oncolytic
vaccinia-GFP strain (Supplemental Figure 2e and **%). From fluorescent imaging, bright field
microscopy (Figure 4.1e) or virus titering (Figure 4.1f) it was apparent that MiaPaca-2 cells in
the lower chamber were substantially sensitized to oncolytic virus infection when exposed to

conditioned medium from fetal fibroblasts or CAFs.

The transition from a normal fibroblast (NF) state to a cancer associated fibroblast is an
epigenetically regulated phenomena known to result from exposure of NFs to tumour secreted
factors like TGF-B (35, 302, 306).We obtained normal human fibroblasts from a non-tumour site
and cultured them with or without conditioned media obtained from cancer cell cultures to create
genetically identical cultures of normal and cancer associated fibroblasts. The phenotype of NFs
and CAFs was confirmed by immunoblot analysis against alpha smooth muscle actin (aSMA), a
specific marker for activated fibroblasts (302, 303) (Supplementary Figure. 5a$$$). Conditioned
media from NFs is unable to enhance VSV growth in 786-0 cells whereas conditioned media
from TGF-B activated NFs increased virus production by almost 100 fold (Figure 4.1 g). Taken
together these experiments suggest that a factor specifically produced by CAF cultures is capable

of sensitizing cancer cells to virus infection.
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Figure 4.1. Paracrine factors secreted by cancer cells and activated fibroblasts enhance
oncolytic virus replication

a, Monotypic cultures or co-cultures of dsRED-768-0 and CAFs derived from two patients (P1
and P2) were infected with VSVAS1-GFP at a multiplicity of infection (MOI) of 0.01. At 24
hours cells were fixed and nuclei were stained with DAPI. Scale bar=100 um. b, VSVAS5I titers
from mono- or co-cultures were determined by plaque assay at 24 hours post-infection. c,
dsRED-786-0 cells cultured alone or in combination with WI38 fibroblasts were infected with
VSVAS51-GFP (MOI=0.01, 24 h) and processed for flow cytometry analysis. Plots were obtained
from gated dsRED positive cells. d, WI38 fibroblasts cultured alone or in combination with
dsRED-786-0 cells were infected with VSVAS1 expressing GFP (MOI=0.01, 24 hr) and
processed for flow cytometry analysis. Plots were obtained using dsRED negative fibroblasts.
Plots shown are representative of at least three independent experiments. e, MiaPaca cells were
cultured alone or in combination with activated fibroblasts grown on transwell inserts. After 72
hours, inserts were removed and MiaPaca cells were infected with VSVA51-GFP (MOI1=0.001,
24 hr). e, Representative GFP and bright-field (BF) images are shown. f, Cell associated
supernatants from MiaPaca cells grown and infected, as described in (g), were collected and
virus titers were determined. g, 786-0 cells were cultured with regular growth medium (GM) or
in conditioned media from normal GM38 fibroblasts (NFCM) or activated fibroblasts (NFACM).
After 72 hours, cells were infected with VSVAS1 (MOI=0.01, 24 hr). Production of infectious
virus particles was assessed by plague assay. Error bars show + s.e.m. of triplicate infections.
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Cancer-associated fibroblasts are uniquely sensitive to virus-based therapy

As demonstrated previously (182, 213), normal GM38 foreskin fibroblasts are refractory
to infection by oncolytic viruses but when these cultures were passaged continuously in the
presence of cancer cell-conditioned medium or TGFB1 they eventually become sensitive to OV
infection (Supplementary Figures 4a,b,c**® and 6a,b,c,d,e®*®). This model system suggested that
perhaps CAFs isolated from tumours have increased sensitivity to OV infection when compared
to their normal counterparts. We obtained CAF and NF cultures from two lung cancer patients
and tested the sensitivity of these cells to OV infection. CAFs are significantly more sensitive
than their NF counterparts to infection with tumour selective viruses VV-GFP, VSVA51-GFP,
and Maraba MG1 virus (Figure 4.2a&b). These data suggested to us that normal stromal cells
growing in the presence of tumour cells have re-programmed their transcriptional response to
virus infection and render them sensitive to infection compared to their normal counterparts. To
test this idea, we used microarray analysis to compare and contrast the cellular transcriptional
response following virus infection of NF and CAF cultures isolated from the same patient. In the
absence of infection, a total of 87 genes are repressed in CAFs compared to genetically identical
NFs (Supplementary Table 1$$$). Gene-Ontology (GO) term analysis of these genes revealed that
the primary processes repressed in CAFs in the absence of infection are innate antiviral
responses and Type | interferon (IFN-1) signaling circuits (Figure. 4.2c). Following infection,
63% of these repressed genes (55/87) were induced to levels equivalent to, or greater than, those
observed in NFs. Partitioning of these genes according to their induction status by IFN-I (see
Materials and Methods) revealed that all of the repressed genes targeted by IFNs were induced

following VSVASBL1 infection (Figure. 4.2d & €). Using two pairs of donor-matched NFs and
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CAFs, we validated these observations by performing quantitative real-time PCR (QPCR) of key
anti-viral response genes (DDX58, OAS2L, RSAD2, BST2, and IFI44L). In patient 1, these
genes were repressed 20 to 2000 fold in CAFs, and 3 to 84 fold in patient 2 (Figure 4.2f and
Appendix Figure 12). Conversely, all of these genes were induced 70-4600 fold in both patients
following infection with VSVA51. This is in sharp contrast with NFs, where these genes were
maintained at a high baseline and induced at best 2 fold following infection (Figure. 4.2f and
Supplementary Figure.5b*®). Taken together, this data indicates that CAFs are in a repressed
antiviral state prior to infection but retain the capacity to produce or respond to IFNs. In contrast,
NFs maintain a high antiviral state at baseline, and do not require dramatic induction of antiviral

genes to slow or block virus infection.

In this view, even a virus that has the capacity to prevent induction of IFN signaling
should nonetheless be associated with a greater burst of replication in CAFs. As such, we
performed single-step growth curves in patient-derived samples using a wild-type isolate of VSV
(VSV-WT) encoding GFP to monitor infection. This natural isolate of VSV maintains a
functional M-protein which blocks mRNA export of anti-viral defense gene products, including
IFNs, through direct inhibition of the nucleoporin NUP98 (190, 191). While both CAFs & NFs
are infected by VSV-WT (Figure. 4.29), virus replication was severely diminished in NFs
compared to CAFs likely due to a high baseline of expression of anti-viral defense genes in
normal cells (Figure. 4.2 g,h). In sum, these findings provide evidence for a re-wired anti-viral
response program in CAFs where an initial burst of virus replication allows the virus to outpace

activation of antiviral defenses.
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Figure 4.2. Cancer-associated fibroblasts, but not normal fibroblasts, are sensitive to virus-
based therapy due to re-wired anti-viral networks

a, Microscopy images from NFs and CAFs, derived from the same cancer patient, infected with
VSVA51-GFP (MOI=0.1, 24 hr) or MG1-GFP (MOI=0.1, 24 hr) or oncolytic VV-GFP
(MOI=0.1, 48 hr). Nuclei were stained with DAPI. Scale bar=100um. b, NFs and CAFs derived
from two cancer patients were infected as described in (a), and plaque assays for VSVAS1, MG1
and VV were conducted. ¢, GO-term analysis of biological processes associated with genes
repressed in CAFs vs. NAFs. Genes selected for analysis are the subset of genes repressed over
three-fold in CAFs (n=87/25465). Illustrated GO-terms represent all those significantly different
(hypergeometric test pValue<0.001) after correction for multiple hypothesis testing (Benjamini—
Hochberg). d, Fold change in gene expression as a function of previously documented induction
by type | IFNs for genes repressed in CAFs but induced over three-fold by VSVASI. e, Fold
change in gene expression as a function of previously documented induction by type I IFNs for
genes repressed in CAFs but not induced by VSVAS5T1 (less than three-fold). Induction by type |
IFNs was established when one or more microarray datasets within the interferome database
documented induction by type I IFNs. f, Quantitative real-time polymerase chain reaction (QRT-
PCR) of select genes categorized as repressed in CAFs (>3 fold) and induced (>3fold) by
VSVAS1 according to the microarray analysis. qQRT-PCR was performed on CAFs and NAFs
obtained from cancer Patient 1 infected or not with VSVAS51 for 18hours. g, NFs and CAFs
derived from Patient 1 were infected with VSV wild-type expressing GFP and microscopy
images were taken after 24 hours post-infection. Scale bar=100 um. h, Single-step growth curve
analysis of VSV-WT in NFs and CAFs. Error bars indicate standard deviation among replicates.
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FGFE-2 enhances virus replication and oncolysis in cancer cells

To identify the secreted factor(s) that mediate the sensitization of 786-0 cells to viral oncolysis,
we tested a defined set of cytokines and growth factors known to be commonly expressed within
the tumour milieu (35, 59, 296, 307-310). While all of the candidate cytokines tested were able
to activate signaling pathways within 786-0 cells (Supplementary Figure 7¢**®) only FGF-2 was
able to significantly enhance VSV replication (Supplementary Fig 7b%%). As described above,
TGFB1 treatment of normal fibroblasts can sensitize them to oncolytic virus infection however it
has no impact on the ability of 786-0 cells to support virus growth. VSVA51 multi-step growth
curves in 768-0 cells showed that FGF2-dependent virus sensitization increases the rate of virus
replication and the maximum amount of virus yield per cell (Supplementary Figure.8d*®). The
virus sensitizing activity of FGF-2 was diminished in a dose dependent fashion with specific
neutralizing antibodies (Supplementary Figure.8¢*®). The activity of FGF-2 was independent of
the oncolytic virus tested (Figure 4.3a,b), occurred in several different cancer cell lines (Figure
4.3c & Supplementary Figure.8e$$$) and was not simply a consequence of an in increase cell

proliferation following growth factor stimulation (Supplementary Figure 7e$$$).

Interestingly
FGF2 was unable to enhance VSV A51 replication in normal GM38 fibroblasts (Figure 4.3c) but
did enhance virus replication in GM-38 cells that had been transformed to a “cancer associated
fibroblast-like” state by TGFp treatment (Figure 4.3c). The closely related growth factor FGF1,
although able to stimulate phosphorylation of ERK in a FGF-receptor dependent fashion and
increase cell proliferation (Supplementary Figure 7c,d,e$$$) does not lead to sensitization of 786-

0 cells to VSV infection (Supplementary Figure 8 a,b,d,e$$$). Co-culture systems were analyzed

to determine if FGF-2 was responsible for establishing the pro-viral state in cancer cells. In both,
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patient-derived CAFs and those induced by TGFB-mediated transformation, FGF2 expression
was higher than in its corresponding NF counterparts (Figure. 4.3d) and was maintained upon co-
culture with cancer cells (Figure. 4.3e). To confirm the role of FGF2, we selectively blocked
FGF2 signalling by transfecting specific small interfering RNAs (siRNAs) directed against the
FGF-2 transcript into activated fibroblasts (Supplementary Figure.10a,b*%). Knockdown of
endogenous FGF2 transcripts in activated fibroblasts led to a significant attenuation of VSVA51
replication in CAF-cancer cells co-cultures (Figure. 4.3f,g and Supplementary Figure.10c**®).
Co-cultures containing FGF2-silenced fibroblasts produced VSVAb51 titers that were
approximately ten-fold lower than control (Figure. 4.3g). Similar results were observed when the

impact of CAF-cancer cell co-culture was analyzed by flow cytometry (Supplementary

Figure.lOd,e$$$).
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Figure 4.3. FGF2 induces replication of various clinically relevant oncolytic viruses in a
panel of cancer cells and activated fibroblasts

a, Representative fluorescent images from 786-0 cells pre-treated with 20 ng/ml of FGF1 or
FGF2 and subsequently infected with various OVs. Scale bar,100um. b, 786-0 cells were treated
and infected as indicated in (a), and virus yields assessed by plaque assay. ¢, The indicated
human cancer cell lines and normal fibroblast were treated with FGF1 or FGF2 prior VSVA 51
infection (MOI=0.01). Means of virus yields from three independent experiments were
calculated and plotted. Error bars are shown as standard deviation. d, Total cell lysates from
patient derived NFs and CAFs or from GM38 treated with TGFB1 or vehicle control were
collected, and immunoblot analyses using aSMA, FGF2, and Tubulin antibodies were
performed. e, Levels of secreted FGF2 from monotypic cultures or co-cultures of dsRED-768-0
cells and various fibroblast were assessed by western blot analysis. f and g, Pancreatic fibroblasts
were treated with siRNA scramble control (siSC) or siRNA for FGF2 (siFGF2) for 24 hours, and
then co-incubated with dSRED-786-0 cells for 60 hours. Mono- or co-cultures were infected with
VSVA 51 (MOI=0.01). f, Shown are representative microscopy images 24 hours post-infection.
Nuclei were stained with DAPI. Scale bar, 100 um. g, Values represent the mean +s.e.m. titer of
VSVAS1 from triplicate experiments.
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FGFE-2 modulates antiviral IEN responses by down-requlating RI1G-1 signalling

Since FGF-2 enhances the replication of a variety of oncolytic viruses we investigated whether it
was able to dampen normal interferon mediated anti-viral activity. The rate of INF-I secretion by
untreated- or FGF2-treated cells upon VSVAS1 infection was monitored. FGF2 specifically
delays the expression of INF3 (Supplementary Figure. 9$$$) in response to virus. In addition, we
found that when challenged with INFa,, FGF2 treated cells were still significantly more sensitive
to OV replication than mock or FGF1-treated cells. Specifically, virus yields were almost 100
fold higher in these samples (Supplementary Figure. 10$$$). The ability to recognize cytosolic
viruses, and activate IFN-I responses, depends on the RIG-I like receptor (RLR) family of
proteins (311-313). One of the best-characterized RLRs is RIG-I, which detects short double-
stranded viral RNA species in the cytosol of infected cells and triggers signaling pathways that
induces the expression of IFNs and IFN-stimulated genes (ISGs). We examined whether FGF2
impacts RIG-1 expression levels by immunoblot analysis and indirect immunofluorescence.
Results shown in Figure 4.4a,b revealed a significant reduction on RIG-I protein expression in
FGF2-treated cells. In parallel, we also observed decreased RIG-I expression in cancer cells

cultivated with activated fibroblasts grown in a transwell chamber (Figure. 4.4c,d).

RIG-I responses are orchestrated by the mitochondrial antiviral signaling protein, MAVS. Upon
viral infection, MAVS adopts a conformational change in response to RIG-I activation, leading
to its oligomerization and subsequent activation of downstream regulators (314). A direct

consequence of oligomerization is the activation, and nuclear translocation, of transcriptional
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activators including interferon regulatory factor 1 (IRF1) (315, 316). We observed that
pretreatment of cancer cells with FGF2 not only reduced oligomerization of MAVS upon
VSVAS1L infection (Figure. 4.4e), but equally blocked IRF1 nuclear translocation (Figure.

4.4f ).
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Figure 4.4. Modulation of anti-viral responses by FGF2

a, 786-0 cells were treated with FGF1 or FGF2 (20 ng/ml) for 24 hr prior to indirect
immunofluorescence staining with RIG-1 antibodies.Nuclei were stained with DAPI. Scale bar,
60 um. b, Western bot analysis for RIG-1 and Tubulin (loading control) in 786-0 cells treated
with FGF2 (20 ng/ml) for the indicated periods of time. ¢, MiaPaca cells were co-cultured with
pancreatic fibroblasts in transwellinserts (TW) for 72 hr. Cells were then fixed and processed for
indirect immunofluorescence-staining using RIG-1 antibodies. Nuclei were stained with DAPI.
Scale bar, 60 um. d, MiaPaca cells were cultured as indicated in c. Levels of RIG-I protein in
total cell lysates were assayed by immunoblot analysis with RIG-I specific antibodies. The blot
was re-probed with antibodies for Tubulin as a loading control. e, 786-0 cells were treated with
FGF1 and FGF2 (20 ng/ml) prior to mock or VSVAS1 infection (MOI=0.1, 24 hr). Crude
mitochondria were isolated and then crosslinked with 1,6-bismaleimidohexane (BMH) prior to
analyses by western blot with antibodies specific to MAVS and complex Il (loading control). f
and g, Analysis of nuclear translocation of IRF1 protein following VSVAS51 infection (MOI=1,
12 hr) in MiaPaca cells, co-cultured with Pancreatic fibroblast (f) or in 786-0 cells pretreated
with FGF1 or FGF2 (20 ng/ml) (g). Scale bar, 60 um. Images are representative of at least three
independent experiments.
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Co-engraftment of fibroblasts with cancer cells significantly enhances virus replication in

tumors

To investigate the in-vivo effect of crosstalk between the CAF and the cancer cell compartments
on OV replication, we generated human pancreatic tumor grafts containing MiaPaca-2 cells
alone (MiaPaca tumors) or in combination with activated pancreatic fibroblasts (MiaPaca+PaCF
tumors) in SCID mice. Due to the fibrotic nature of pancreatic cancers (PaC) and the important
role of CAFs in resistance to conventional therapy in this disease (35, 37, 299, 317-319), we
focused our in vivo studies on pancreatic cancer models. Immunohistochemical analysis of
MiaPaca+PaCF tumors showed a high density of a-SMA and FGF2 positive cells relative to
control MiaPaca tumors (Supplementary Figure.12b$$$). Upon co-engraftment with CAFs,
MiaPaca tumors became highly sensitized to VSVA51 infection. The presence of CAFs
substantially enhanced VSV A51-Luciferase replication in the tumor as indicated by higher virus
titers (Figure.4.5a), and increased transgene activity (Figure.4.5b). This was not due to
differential tumor growth between groups since at the time of virus treatment; there was no
significant size difference between both models (Supplementary Figure.12a$$$). Similar to our
in-vitro observations, it appears that this result is attributed to a repressed anti-viral state.
Detailed immunohistochemical analysis using antibodies to visualize viral proteins, RIG-1 and
CAF markers showed that the infection usually occurs in areas of tumor enriched in fibroblasts
and deprived of RIG-1 expression (Figure. 4.5¢ and Supplementary Figure.13%%®). Similar results
were observed when infecting tumor explants ex-vivo (Supplementary Figure.14%®), indicating
that neither improved virus delivery, nor immune recruitment, is the main cause of CAF-

dependent OV sensitization of tumors in-vivo.
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FGFE2 induces sensitivity to oncolytic virus therapy in tumor grafts

To determine whether FGF2 plays a significant role in sensitizing tumors to virus-based therapy,
we monitored VSVA51-Luciferase delivery in SCID mice harboring bilateral MiaPaca-2 tumors
pre-treated or not with intratumoral injections of recombinant FGF2 protein (Supplementary
Figure.15a*%). FGF2 increased VSVA51-Luciferase titers by more than tenfold in MiaPaca
tumors (Figure. 4.5d), as well as viral luciferase transgene expression (Figure. 4.5e). Similar
results were observed in OVCARS and 786-0 xenograft models (Supplementary Figure.15b,c*®).
Consistent with the notion that FGF2 impairs RIG-I responses, virus infection co-localized in
areas enriched in FGF2 and poor in RIG-I staining (Figure. 4.5f). Once again, infection of tumor
explants ex-vivoindicate that FGF2-mediated sensitization is not the result of improved virus

delivery, nor immune recruitment, but rather of impaired innate immune responses associated

with RIG-I circuit inhibition (Supplementary Figure.17%%),

Patient samples were next examined to establish the role FGF2 signalling in OV therapies. After
obtaining pancreatic cancer patient-derived tumor grafts, we selected samples on the criteria of
low (P025, P009, P033 and P034) or high (P013, P019, P023, and P032) FGF2 protein
expression level (Figure. 4.5g), and infected them ex-vivo with VSVAS51. Using FGF2 as a
biomarker for OV infection, we observed that patients with high FGF2 expression were much
more susceptible to infection (Figure. 4.5h). To confirm the role of FGF2 in OV-sensitization in
two patient-derived samples, tumors were embedded in NOD-SCID mice and treated or not with
recombinant FGF2. Similar to our MiaPaca-2 xenograft model, FGF2-pretreatment was
markedly efficient in sensitizing these tumors to VSV A51, enhancing replication over 100-fold

(Figure. 4.5i).
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Figure 4.5. Cancer-associated fibroblasts and FGF2induce sensitivity to OV therapy in
xenograft models and in tumor grafts derived from Pancreatic cancer patients

a, VSVA51-luciferase (1E7 pfu) was delivered IV into SCID mice bearing bilateral MiaPaca or
MiaPaca+PaCF tumors. After 72 hours, tumors were homogenized and virus was titrated by
plaque assay. Data are means =*s.e.m. (n=7-9 per group). b, Representative bioluminescence
images of (a). ¢, Tumor tissues from (a) were stained with antibodies specific for VSV and
aSMA. Higher magnifications of the areas outlined are shown. Scale bar, X um. d, VSVA51-
luciferase (1E7 pfu) was delivered IV into SCID mice bearing MiaPaca tumors previously
supplemented with FGF2 (3 ug) or vehicle control. After 72 hours, tumors were homogenized
and titrated by plaque assay. Data are means =*s.e.m (n=7-9 per group). e, Representative
bioluminescence images of (e). f, Immunohistochemical assessment of FGF2,RIG-1 and
VSVA51 from (e). g, Immunohistochemical assessment of endogenous FGF2 expression in
tumor grafts derived from Pancreatic cancer patients. Tumors were arbitrarily classified based on
a pattern of low or high FGF2 protein expression. h, Tumor cores from low or high FGF2
expression group were infected with VSVA51 ex-vivo (1E4 pfu). Supernatants were titrated 48
hours post-infection. i,VSVA51-luciferase (1E8 pfu) was delivered IV into NOD-SCID mice
bearing bilateral tumors derived from Pancreatic cancer patients (PO06 and P008), which were
previously supplemented with FGF2 (3 ug) or vehicle control. After 72 hours, virus titers were
assessed. Data are means =s.e.m. among replicates (n=5 per group).
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Conclusion

In the present study, we showed that communication between cancer cells and CAFs is a
driving factor involved in targeting virus-based therapies against tumors. From our findings, it
appears that cancer cells have the ability to educate surrounding normal fibroblasts to reprogram
their gene landscape to improve immune evasion. Microarray data from NFs and CAFs derived
from cancer patients revealed that CAFs have markedly lower expression of gene products
involved in defense responses against pathogens, and are strikingly more sensitive to OV attack
when compared to their normal counterparts. Although contributions from other soluble factors
within the tumor microenvironment cannot be excluded, our findings imply that TGFB1 is a key
factor involved in promoting this molecular switch in fibroblasts. Conversely, we found that
FGF2 is in part responsible for deregulating anti-viral circuits within cancer cells by CAFs, and
together create a hub for optimal virus replication. Indeed, providing FGF2 to the tumor milieu
was sufficient to dampen RIG-1 protein expression levels and augment OV replication across
several tumor models. In this regard, it is perhaps not surprising that many viruses have evolved
virulence factors that are orthologous to FGF2 (e.g. Baculoviruses (320-322)) or that induce

production of FGF2 (e.g. Rhinoviruses (323)).

The key question that arises from our findings is why do these paracrine factors promote
a global pro-viral state within the tumor milieu? Interestingly, both factors are secreted during
wound healing (324-328), a process that is becoming recognized as a key-driving factor of
tumorigenesis heal (34-36). In regards to immunity, wound healing activates immunosuppressive
processes to activate anti-inflammatory pathways and prevent systemic inflammation (79-80)

which are likely rewired to be persistent in the tumor microenvironment. As tumors evolve to
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full-blown malignancy they likely eliminate/inactivate the function of certain interferon gene
products, but by doing so compromise their innate cellular anti-viral responses to varying
degrees. Schreiber’s group showed that one of the most common genetic changes in the tumor as
it transitions to a stealth phenotype is the loss of expression of genes in the interferon pathway
(21, 107). This key characteristic may not only be used for designing targeted therapies, but may
equally serve as a predictive marker for stratifying patients for their responses to OVs. In light of
our preclinical data in pancreatic cancer patient-derived tumor grafts and human xenograft
models, we argue that FGF2 could have a potential prognostic value for virotherapy in PCa

tumaors.
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Methods

Reagents

The following reagents were purchased from the respective suppliers: General laboratory
chemicals from Sigma Chemical Co. (St. Louis, MO); Media, horse serum and fetal bovine
serum (FBS) for cell culture from Life Technologies-Invitrogen, Inc (Carlsbad, CA). MiaPaca-2,
OVCARS, 786-0, Vero, U20S, L929, and WI38 cells from the American Type Culture
Collection (Manassas, VA). Human normal GMO00038 foreskin fibroblasts (abbreviated as
GM38) and human fetal pancreatic fibroblasts (PaCF) were obtained from the Coriell Cell
Repositories (Camden, NJ) and Vitro Biopharma (Golden, CO), respectively. Normal and

cancer-associated fibroblasts (CAFs) derived from lung carcinoma patients.

Cell culture and viruses

786-0, OVCARS, U20S, Vero, PaCF, WI38 and CAFs were cultured in Dulbecco’s minimal
essential medium (DMEM) containing 10% fetal bovine serum (FBS), and 1 mM HEPES.

MiaPaca-2 cells were cultured in DMEM supplemented with 10% FBS and 2% horse serum.
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GM38 fibroblasts and patient-derived normal fibroblasts (NFs) were cultured in DMEM
containing 2% FBS, and 1 mM HEPES. Cells were incubated at 37°C in a humidified
atmosphere with 5% CO, and 80% humidity. Engineering and rescuing of the interferon sensitive
version of VSV, termed VSVAS1, has been described before (165). The oncolytic version of
Maraba virus, named MG1, was previously described (166). HSV-1 N212 expressing GFP (329,
330) was a gift from Dr. Karen Mossman lab (McMaster University, Canada).The oncolytic
version of Vaccinia virus encoding GFP was previously described (331). Reovirus was a gift of
Dr. Patrick Lee (Dalhousie University, Halifax, Canada). All virus stocks were diluted with cell
culture media and then added to cells that had been washed with phosphate-buffered saline
(PBS). Cells were incubated with the virus inoculum for 1-3 hours at 37°C after which time the
inoculum was replaced with normal growth media. Infected cultures were kept at 37°C until

experimental analysis.

Cancer cell and fibroblast co-cultures

For direct in-vitro co-culture, cancer cells were plated with fibroblasts at a ratio 1 to 3
respectively in reduced-serum medium (2% FBS). The cultures were incubated for 3 days after
which cells were infected with the indicated OV for 24 hours (Rabdoviruses) or 48 hours (VV,
HSV-1, and Reovirus). For indirect co-culture, cancer cells were seeded in the bottom dish and
activated fibroblasts were grown in cell culture transwellinserts (0.4 um pore, BD Falcon, San
Jose, CA). Similarly for conditioned media transferring experiments, cancer cells or fibroblasts

were grown in reduced-serum medium (2% FBS) for 3 days. The supernatants were then
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collected, filtered and applied immediately to the indicated cancer cells or fibroblasts and grown

for 2 days before infection or viable cell counting by Trypan blue staining.

Cell treatment with various growth factors and cytokines

786-0, OVCARS, MiaPaca-2 or WI38 cells were grown until 80% confluent in DMEM
containing 2%FBS and treated with FGF1 (20 ng/ml), or FGF2 (20 ng/ml) or EGF (50 ng/ml) or
TGFB1 (10 ng/ml) or TGFB2 (10 ng/ml), SDF1 (50 ng/ml), IL6 (50 ng/ml), or IL8 (50 ng/ml).
All growth factors and cytokines were obtained from R&D systems (Minneapolis, MN). Twenty
hours post-treatment, cells were infected with indicated oncolytic virus for 24 hours

(Rhabdoviruses) or 48 hours (VV, HSV-1 and Reovirus).

FGF1 and FGF2 signaling was abrogated by pretreating cells with a FGF receptor 1 inhibitor,
PD173074 (25 uM, Sigma-Aldrich). Similarly, FGF2 activity was diminished by adding a
specific anti-FGF2 neutralizing antibody at the final concentration of 2 pg/ml to 50 pg/ml (R&D

systems, Minneapolis, MN).

Analysis of cell proliferation and cell death

Cell viability was calculated by trypan blue exclusion assay using a ViCell automated viable cell
analyzer (Beckman Coulter, Fullerton, CA). Cell death was measured with aCytotoxicity assay

measuring lactate dehydrogenase (LDH) released as per the manufacture’s protocol (Promega,
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Madison, WI). All experimental conditions included three biological replicates and all

experiments were independently repeated at least three times and reported by mean values.

Enzyme-linked immunosorbent assay (ELISA)

786-0 cells were pretreated with FGF2 (20 ng/ml) or vehicle control (PBS) 24 hours before
infection with VSVA51 (MOI=0.01). Supernatants were collected at indicated time points and
secreted IFN-B quantified using a Verikine human IFN-B ELISA kit as per manufacture’s

instruction (PBL Interferon Source, Piscataway, NJ).

siRNA transfections

For FGF2-specific silencing, WI38 or Pancreatic fibroblasts were transfected with small
interfering RNAs (10 pM)against FGF2 (SIGENOME Smart pool for human FGF2 SiRNA,
Thermo Scientific) or with non-targeting siRNA (siGENOME non-targeting control, Thermo
Scientific). Transfections were carried out according to manufacture’s protocol
(Lipofectamine® RNAIMAX, Life Technologies). Interference of target gene expression was

confirmed by immunoblot analysis using FGF2 antibodies as described below.

Plague assays

For Rhabdoviruses, vero cells (5x10° cells) were infected with serial dilutions of virus containing
samples in 35 mm dishes for 1 hour. Cells were then washed and overlaid with warm 0.5% (w/v)
agarose in culture medium and incubated for 1 day. Viral plaques were visualized by staining

with 0.05% (w/v) crystal violet in 17% (v/v) methanol for 2 hours at room temperature.
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For Vaccinia virus, U20S cells (7.5x10°) were infected with serial dilutions of virus containing
samples in 35 mm dishes for 2 hour. Cells were then washed and overlaid with warm 1.2% (w/v)
methylcellulose in culture medium and incubated for 3 days. Viral plaques were visualized by

staining with 0.05% (w/v) crystal violet in 17% (v/v) methanol for 2 hours at room temperature.

For Reovirus, L929 cells (1x10°) were infected with serial dilutions of virus-containing samples
in 35 mm dishes for 3 hours. Cells were then washed and overlaid with warm 1% (w/v) agar
(Sigma) in culture medium and incubated for 3 days. Viral plaques were visualized by adding

neutral red to 0.01% (w/v) final concentration.

For oncolytic HSV-1, samples containing HSV1 were serially diluted and titered on U20S cells

as previously described (330).

Measurement of virus infection by flow cytometry

Monotypic or co-culture of dsSRED 786-0and fibroblasts were incubated for 3 daysand then
infected with VSVA51-GFP (MOI1=0.01, 24 h) or VV-GFP (MOI=0.01, 48 h) before analysis by
flow cytometry (Cyan ADP 9, Beckman Coulter, Fullerton, CA). For each sample at least 10,000
events were acquired. dsRED fluorescence was detected through the FL-2 channel equipped with
a 585-nm filter and eGFP fluorescence was measured using the FL-1 channel equipped with a
489-nm filter. Data was analyzed using Kaluza Flow Cytometry Analysis software (Beckman
Coulter). The percentage of infected cancer cellswas equated to the percentage of dsRED
positive cells that were also GFP-positive. On the contrary, the number of VSVA51-GFP or VV-
GFP positive fibroblasts was equated to the percentage of negative dsRED cells that were

positive for GFP. Results are representative of three independent experiments.
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Indirect immunofluorescence microscopy

Cells cultured on glass coverslips were infected with VSVA51 (MOI=0.01) or MG1 (MOI=0.01)
or oncolytic VV (MOI=0.01) or oncolytic HSV-1 (MOI=0.01) or Reovirus (MOI=1). After 24 or
48 hours post-infection, cells were fixed in 4% paraformaldehyde for 20 min, followed by
quenching with PBS containing 50 mM ammonium chloride. Cell membranes were
permeabilized with PBS containing 0.2% Triton-X-100 for 5 min before incubation with primary
and secondary antibodies. All the washes were done in PBS containing 0.1 mM CaCl, and 1 mM

VSV and MG proteins were detected with rabbit anti-VSV (BreitbachMolTher. 2011). Reovirus
was detected using a rabbit anti-Reovirus T3 antibody (gift from Dr. Earl Brown, University of
Ottawa, Canada). IRF1 and RIG-Iwere detected using a mouse anti-RIG-1 (ENZO Life Sciences)
and a specific mouse monoclonal antibody for IRF1 (Abcam) respectively. Primary antibodies
were detected with Alexa Fluor 594 chicken anti-mouse, Alexa Fluor 488 donkey anti-rabbit,
and/or Alexa Fluor 488 donkey anti-mouse, or Alexa 594 goat anti-rabbit (Molecular Probes,
Invitrogen, Carlsbad, CA). Coverslips were mounted onto microscope slides using ProLong Gold
antifade reagent with 4'-6-Diamidino-2-phenylindole (Molecular probes, Invitrogen). Samples
were then examined using a Zeiss Imager.M1 microscope or a Zeiss Axioskop2 microscope

equipped with anAxioCamHRm digital camera (Zeiss, Germany).

Immunohistochemistry

Formalin-fixed paraffin-embedded tumors were sectioned (8 pum) for immunohistochemistry.

After rehydration, sections were treated with sodium citrate (pH: 6.0) for 17.5 min in a pressured
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cooker and cooled for 30 min for antigen retrieval. Sections were then blocked with 10% goat
serum for 1 hour at room temperature and then incubated with rabbit antibodies to human FGF2
(Santa Cruz Biotechnology, Dallas, TX), to VSV (BreitbachMolTher. 2011), to alpha smooth
muscle actin (Abcam, Cambridge, MA) or to RIG-1 (ENZO Life Sciences, Farmingdale, NY)
overnight at 4°C. Dilution and specificity of each antibody were confirmed by omission of the
primary antibody. The secondary antibodies used were biotinylated goat antibody to rabbit or
mouse IgG (Vector Laboratories, Burlingame, CA). Sections were briefly counter stained with

Hematoxylin.

Immunoblot analysis

Cells (2x10°) in 35 mm culture dishes were infected with the indicated OV and/or treated with
indicated cytokine and then incubated for 24 hours at 37°C prior to lysis. Cells were lysed in 1%
NP-40, 150 mMNaCl, 2 mM EDTA, 50 mMTris, pH 7.4 containing Complete™ EDTA-free
protease inhibitors (Roche). Cell lysates were clarified by centrifugation at 10,000 x g for 10
minutes at 4°C. Secreted FGF2 was recovered from conditioned media using StrataClean Resin
(Agilent Technologies, Santa Clara, CA). Briefly, conditioned media was incubated for 2 hours
with beads (10 % v/v) and then pelleted by centrifugation at 500 x g for 2 min at 4°C. Bound
proteins were eluted by heating at 95°C for 5 minutes in sample buffer. Proteins were then
separated by SDS-PAGE and transferred to polyvinylidene fluoride (PVDF) membranes
(Immobilon-P Millipore, Bedford, MA). Membranes were incubated for 1 hour at room
temperature with the following antibodies and dilutions: 1:3000 rabbit anti-VSV,1:1000 goat
anti-tubulin (Abcam), 1:1000 rabbit anti-GAPDH (Abcam), 1:1000 rabbit anti-ERK (Santa

Cruz), or 1:1000 mouse anti-phospho ERK (Santa Cruz), or 1:1000 mouse anti-FGF2 (Santa
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Cruz) or 1:1000 mouse anti-FGF2 (Millipore, Temecula, CA). After three washes with Tris-
Buffered-Saline-Tween (TBS-T), the membranes were incubated with goat anti-rabbit, goat anti-
mouse or bovine anti-goat horseradish peroxidase-conjugated 1gG (Jackson ImmunoResearch
Laboratories, Inc.) for 1 hour. Membranes were washed four times with TBS-T and
immunoreactive proteins were detected using Supersignal West Pico chemiluminescent substrate
(Pierce Biotechnology, Rockford, IL) followed by exposure to X-ray film (Fuji Photo Film Co,

LTD, Tokyo, Japan).

Mitochondria isolation and crosslinking

786-0 cells (1x10° cells)treated with growth factor control (FGF1, 20 ng/ml) or with FGF2 (20
ng/ml) were cultured for 12 hours, followed by VSVA51 infection (MOI=1) for 12 hours. Cells
were then homogenized in ice-cold mitochondria isolation buffer containing 200 mMmannitol,
70 mM sucrose, 10 mMHepes, and 1 mM EGTA (pH: 7.5) using a dounce homogenizer with a
loose fitting pestle. Unbroken cells and nuclei were pelleted by centrifugation at 500 xg for 10
min at 4°C. The supernatants were then centrifuged at 10,000 x g for 20 min at 4°C to obtain
crude mitochondrial pellets that were cross-linked with 10 mMbis (maleimido) hexane (BMH;
Thermo Fisher Scientific, Wilmington, DE) for 30 min at room temperature. Samples then were
separated on 4-12% polyacrylamide gels (BioRad, Hercules, CA) and processed for
immunoblotting with rabbit polyclonal antibodies to MAVS (Abcam, Cambridge, MA) and

Complex I Subunit 30 KDa (MitoSciences, Eugene, OR).

Affymetrix microarrays analysis and quantitative real time PCR
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NFs or CAFs (1x10° cells) were seeded in a 6 well dish to allow adherence overnight. The
following day, cells were treated with VSVAS51 at an MOI=0.01 or left untreated. Eighteen hours
following treatment, total RNA was extracted using an RNAeasykit (Qiagen Inc., Valencia, CA)
according to the manufacture’s protocol and triplicate samples were pooled prior to
hybridization. Sample quality was verified on abioanalyzer (Agilent Technologies), processed
and hybridized to a GeneChip Human Gene 1.0 ST Array according to manufacturer
instructions. Data was processed using AltAnalyze (264)under default parameters. Probeset
filtering implemented a DABG threshold of 70 with pV<0.05. Only constitutively expressed
exons for a given locus were utilized to quantify gene expression. Gene ontology enrichments
were performed using Gorilla (265) and identification of genes induced by Type-linterferons was
performed using data obtained from the interferome database (266). All microarray data are
deposited in the NCBI Gene Expression Omnibus (GEO).qRT -PCR was performed on the non-
pooled triplicate samples. Following conversion to cDNA by Superscript RT Il (Invitrogen,
Carlsbad, CA), qRT-PCR was carried out using Sybergreen (Invitrogen) according to the
manufacturer’s instructions. Analyses were performed on a Rotor-Gene RG-3000A machine
(Corbett Research) according to the manufacture’s recommended protocols. The primer pairs
specific for various gene products used in our experiments are listed in Supplementary Table
1998

. gRT-PCR measurements were normalized to the GAPDH gene using the Pfaffl method

(294).

Animal and xenograft studies

All animal studies were approved by the institutional animal care and committee of the

University of Ottawa and carried out in accordance with guidelines of the National Institutes of

131 |Page



Health and the Canadian Council on animal care. SCID and NOD-SCID mice were purchased
from Charles River Laboratories (Wilmington, MA). For assessments of the acute effect of
activated fibroblasts in virus-based therapy, human pancreatic cancer xenograft models were
established in SCID mice by subcutaneously injecting MiaPaca-2 cells alone (1x10’ cells) or
MiaPaca cells (5x10° cells) in combination with human activated pancreatic fibroblasts (5x10°
cells). Tumor growth was assessed weekly using calipers. When tumor sizes reached 1.2-1.4 cm
in diameter, mice received VSV A51 encoding Luciferace at a dose of 1E6 pfu by 1.V. injection.
Luminescence imaging of mice was performed 48 and 72 hours post-virus delivery using the
IVIS imaging System Series 200(Xenogen Corporation). Data acquisition and analysis was
performed using Living Image v2.5 software. Mice were sacrificed 72 hours after virus treatment

and tumors were removed for histological analysis and virus quantification by plaque assay.

To determine the effect of recombinant FGF2 on virus replication within the tumor, MiaPaca-2
(1x107 cells), Ovcar8 (7.5x10° cells) or 786-0 (1x10" cells) bilateral tumors were generated in
SCID mice. Tumor growth was assessed weekly using calipers. When tumor sizes reached 1.2-
1.4 cm in diameter, mice received a single intratumoral injection of recombinant FGF2 (3 ug) or
vehicle control (PBS). Twenty-four hours later, a dose of 1E7 pfu VSVAS51-Luciferace was
delivered by LV. injection. At 48 and 72 hours post-virus delivery the mice were injected
intraperitoneally with D-luciferin (Molecular Imaging Products Company) and imaged using the
IVIS imaging System Series 200 (Xenogen Corporation). The mice were sacrificed after the last
IVIS imaging and tumors were removed for histological analysis and virus quantification by

plaque assay.
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Establishment of Patient-derived Pancreatic tumor grafts

All tissue samples were collected with informed consent from individuals being
treated/diagnosed at the Ottawa Hospital General Campus under a protocol approved by the
Institutional Ethics Board. Fresh or frozen tumor samples were subcutaneously implanted in
NOD-SCID mice with 100 ulof Cultrex® high protein concentration basement membrane extract
(Trevigen,Gaithersburg, MD). Tumor growth was measured weekly. When tumors reached 1-1.5
cm®, animals were sacrificed and tumors were excised for ex-vivo infection or for histological
analysis. For ex-vivo infection, tumors were cut into 2 by 2 mm cores and infected with VSVA51
(1E4 pfu) for 48 hours. Subsequently, the secreted infectious particles were titered by plaque
assay. For in-vivo experiments, when tumors reached 1-1.2 cm®, VSVA51 (1E7 pfu/mouse) was
injectedl.V. Forty-eight hours later the animals were euthanized and tumor-associated infectious

virus particles were quantified by plaque assay.

Statistical analyses

Analyses of microarray studies are described above.In-vitro studies of cell viability and cell
proliferation were performed at least twice and data is reported as mean values. In-vitro, ex-vivo
and in-vivo infections were carried out a minimum of three times and data is reported as +s.e.m.
Statistical analysis was performed on raw data by one-way analysis of variance or Student’s t test

(two-tailed). p-values< 0.05 was considered significant.
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Chapter Synopsis

In the article entitled Non-replicating rhabdovirus-derived particles (NRRPS) eradicate
acute leukemia by direct cytolysis and induction of antitumor immunity, | studied the use of
NRRPs as a treatment strategy in acute leukemia's. According to the data in chapter Ill, tumor
specific cell death induced by colchicine treatment was driven by cytokines produced upon
infection even in the absence of viral replication. Similarly, data produced by Dr. David Conrad
indicated that tumor cells infected with non-replicating virus particles could be used as a
"vaccine" to generate potent anti-immune responses (Figure 5.5a). The hypothesis that non-
replicating viruses could be used to preferentially kill cancer cells is justified by the biological
observations in chapter 1V where cells within the tumor microenvironment had a lower baseline
of anti-viral defences prior to viral insult. This data, in conjunction with the observation that
many cancer cell lines fail to activate anti-viral defences upon infection (165), suggests that
tumors should be associated with a greater probability of inducing virus-mediated pro-apoptotic

pathways when the cells are overwhelmed with NNRPs.

To illustrate this phenomenon, | amended the model developed in Chapter Il by removing
virus replication dynamics (Figure 5.3a). Simulations with this model indicate that as the cell
undergoes tumorigenesis, and loses its capacity to clear the virus template, the cell remains in an
infected state for a longer period of time, and is inherently associated with a greater probability
of dying in response to NRRPs (Figure 5.3b). | then generated NRRPs by means of low-dose
UV irradiation, and demonstrated this agent is associated with selective toxicity against
transformed cells (Figure 5.1). Given the non-contiguous nature of leukemia, which negates the

spreading advantage of a live OV platform, NRRPs may offer an alternative approach for the
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treatment of haematological malignancies which through controlled dosing, could improve

therapeutic efficacy.

Similar to transformed cells, acute leukemia’s were hypersensitive to NRRPs relative to
normal cells (Figure 5.2). This phenotype was equally observed in fresh samples obtained from
patients suffering from multidrug resistant Chronic Myelogenous Leukemia (Figure 5.4). To
highlight the proposed mechanism of action, | pre-treated normal cells, or IFN non-responsive
leukemic cells, with IFN to raise the baseline in antiviral defences. While normal cells were
further protected following addition of IFN, leukemic cells failed to benefit from this cytokine
(Figure 5.3). When integrated with our mathematical model, using the same strategy as
described in Chapter Il (Figure 2.3d), the differential impact of NRRPs across tumor and normal
tissues, could be accurately recapitulated by our model. Under the assumption that particle loss
occurs throughout the irradiation procedure, the differential sensitivity to NRRPs between tumor
and normal cells could be accurately recapitulated by my model when tumor cells have acquired
defect in IFN signalling (Appendix Figure 9). Work later performed by Dr. David Conrad
further elucidated the in-vivo mechanism of action. He demonstrated that NRRPs induced potent
anti-tumoral immune responses and increased the release of immuno-stimulatory cytokines
(Figure 5.5). Although cytokine supernatant transfer did not confer the apoptotic phenotype in
leukemic cells in-vitro, it is anticipated that these cytokines play an important role in inducing
anti-tumor immune responses. Taken together, this platform offers a unique approach to treat
hematological malignancies, where irradiated viruses function as an evolutionary refined, stable,
soluble, multipronged TLR-agonist which induces direct cytolysis and potently activates anti-

tumoral immune responses.
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Abstract

Rhabdoviruses (RVs) are currently being pursued as anticancer therapeutics for various tumor
types, notably leukemia. However, modest virion production and limited spread between non-
contiguous circulating leukemic cells requires high-dose administration of RVs, which exceeds
the maximum tolerable dose of the live virus. Furthermore, in severely immunosuppressed
leukemic patients, the potential for uncontrolled live virus spread may compromise the safety of
a live virus approach. We hypothesized that the barriers to oncolytic virotherapy in liquid tumors
may be overcome by administration of high-dose non-replicating RVs. We have developed a
method to produce unique high-titer bioactive yet non-replicating rhabdovirus-derived particles
(NRRPs). This novel biopharmaceutical is multimodal possessing direct cytolytic and
immunomodulatory activity against acute leukemia. We demonstrate that NRRP resistance in
normal cells is mediated by intact antiviral defenses including interferon (IFN). This data was
substantiated using murine models of blast crisis. The translational promise of NRRPs was
demonstrated in clinical samples obtained from patients with high-burden multidrug-resistant
acute myeloid leukemia. This is the first successful attempt to eradicate disseminated cancer
using a non-replicating virus-derived agent, representing a paradigm shift in our understanding

of oncolytic virus-based therapies and their application toward the treatment of acute leukemia.
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Introduction

Rhabdoviruses (RVs), such as vesicular stomatitis virus (VSV) and Maraba, are currently
being explored as anticancer therapeutics (165, 166, 332, 333). Through cell lysis and activation
of antitumor immune responses (157, 334), live RVs are multitasking self-amplifying cytolytic
agents. In tumors, viral propagation is enabled by disrupted metabolic activities (164, 335) and
impaired antiviral programs (168, 235). Typically, oncolytic viruses are genetically altered to
reduce virus replication in healthy tissue, constraining viral spread to the tumor
microenvironment. Although live RVs are being pursued to treat a wide variety of tumor types,
their application in hematopoietic malignancies is complicated by several factors. Limited virion
production and reduced spread between leukemic cells requires high-dose viral therapy to
overcome these inefficiencies. However, uncontrolled live virus spread and off-target effects in
normal tissue compromise the safety of this approach, particularly in immunosuppressed patients

(336).

In the RV field, all oncolytic platforms developed to date utilize a replication-competent
virus that spreads between tumor cells (165, 166, 332, 333). The dogma pillar to these therapies
is that virus replication is a prerequisite for treatment efficacy (337-339). Indeed, reports
describing the use of live replication/expression-competent RV as a direct virotherapy for cancer,
typically compare efficacy with non-expressing virus controls where no measurable efficacy is
observed (165, 340). In these studies, the control virus is treated with a substantial dose of
ultraviolet (UV) irradiation to intentionally generate an inert bioparticle. We posited that if one

could devise a method to generate non-replicating particles, which maintain both oncolytic and
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immunogenic properties, many of the above barriers in the treatment of hematopoietic

malignancies may be overcome.

Results

Generation of high-titer NRRPs

We theorized that UV photonic damage of RVs could be used to generate a non-
replicating particle that retained bioactivity. In the past, high-dose UV irradiation has been used
to ablate the RV genome rendering a biologically inert virus (165, 340). We hypothesized that
when applied at moderated doses, UV irradiation could be used to generate a quasiparticle where
replication is lost yet biological activity is maintained. To investigate this possibility, samples of
purified VSV-expressing green fluorescence protein (GFP) were exposed to a wide range of UV
irradiation intensities and the biological effects of this treatment were examined. When irradiated
at a low dose (250mJ/cm2), VSV-eGFP lost its expression capabilities, yet maintained potent
cytotoxicity against our immortalized production cell line (Vero; Figures 5.1a and b). Titering
for virus following UV treatment confirmed that the resulting particles were unable to replicate
in these cells in sharp contrast with live virus infection (Figure 5.1c). This effect was equally
observed when using other members of the RV family including Maraba (Supplementary Figure

1$$$) .

Dose-response curves provide a better understanding of the relationship between
cytotoxicity and the irradiation procedure. In these experiments, we observed that only a narrow

window of UV fluence allows for the NRRP to maintain cytotoxicity against immortalized cells
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(Figure 5.1d), and that this effect requires a particle to cell ratio >10 (Figure 5.1e). By comparing
and contrasting with normal neonatal human dermal fibroblats (Figures 5.1d and e), it appears
that cytotoxicity is tumor specific. Indeed, normal cells appear to require at least a 10 times

higher dose to become sensitive to NRRP-mediated cytotoxicity.
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Figure 5.1. NRRP-mediated cytotoxicity in immortalized cells.

(@) Fluorescent and brightfield images of Vero cells treated with PBS, live VSV-GFP and
NRRPs taken at 24 and 72 h after exposure, respectively. The multiplicity of infection (MOI)
used in these experiments was set at 100 particles per cell. (b) Resazurin quantification of
viability in Vero cells treated with PBS, live VSV-GFP or NRRPs 72 h after exposure. The MOI
used in these experiments was set at 100 particles per cell. (c) Viral titers produced from the
above experiments. NAN is defined as not a number, as no virions were detected. (d) Impact of
UV dosage on NRRP-mediated cytotoxicity. All doses illustrated had no detectable GFP signal
following UV-induced NRRP generation. This experiment used 100 particles per cell. Viability
was quantified using the resazurin assay 72 h after treatment. (e) Impact of particle to cell ratio
on the cytotoxicity induced by NRRPs in Vero and HDFN cells. The UV dosage of this
experiment was set at 250 mJ/cm2. Viability was quantified using the resazurin assay 72 h after
treatment. Error bars represent the s.d. between technical triplicate replicates.
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NRRPs are an efficient treatment against leukemic cells in vitro

We next examined whether acute leukemic cells were equally associated with an
increased sensitivity to NRRPs. In these experiments, we first compared the cytotoxicity induced
in the acute lymphoblastic L1210 cell line with that observed in normal human dermal fibroblast
cells. Whereas the normal cell line was resistant to NRRPs, L1210 cells were eradicated by
NRRP treatment (Figure 5.2a). The classic apoptotic phenotype was observed in leukemic cells
characterized by a reduced cell diameter, a shrivelled appearance with numerous apoptotic
bodies and fragmented nuclear content. To validate the cell death mechanism, we quantified the
level of apoptosis in L1210 cells by flow cytometry. In these experiments, we observed potent
apoptosis in NRRP-treated samples 30 h after treatment, where ~84% of population was in an
early- or late-stage apoptosis (Figure 5.2b). Cytotoxicity was next quantified using a standard
resazurin assay in a panel of human and murine cell lines representative of hematological
malignancies and normal tissue. In these experiments, acute leukemias were highly susceptible to
NRRP-mediated cell death while preserving the viability of normal cells (Figure 5.2c,

Supplementary Figure 2°%),
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Figure 5.2. NRRP-mediated cytotoxicity in leukemic cells.

(a) Brightfield images of L1210 and human dermal fibroblast (HDF) cells treated with PBS or
NRRPs (particle to cell ratio=100), 72 h after treatment. (b) Flow cytometry analysis of Annexin-
V-APC and 7-AAD staining in L1210 cells treated with PBS or NRRPs for 30 h. (c) Resazurin
quantification of viability in leukemic and normal cell lines. Murine cell lines are denoted by *.
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Modeling depicting NRRPs' antitumor specificity

To investigate the mechanism by which specificity against tumor cells is achieved, we
simulated the cytotoxicity induced by NRRPs in normal and tumor cells. Recently, we have
developed a population-based model describing the relationship between cytotoxicity and live
oncolytic virus replication dynamics in normal and tumor cells (270). According to this model
(Figure 5.3a), an infection cycle begins as the uninfected population of cells (UP) encounters
virions. This allows the population to become infected, where in the context of live virus, virions
and the cytokine known as IFN are released into the environment. As IFN gradually increases,
the population of cells activates antiviral signaling (AP), which over time allows this population
to clear the viral infection and become protected against further insult (PP). To adapt this model
to NRRPs, we removed virus replication dynamics from the model, and simulated the
relationship between NRRP-mediated cytotoxicity and the extent of defects in IFN-signaling
pathways, a process known to occur in ~80% of cancers (165). These defects were simulated by
decreasing the rate of IFN production, the rate of activation of IFN signaling and the rate of
NRRP clearance between tumor and normal cells. To ensure that this observation is systematic, a
Monte Carlo simulation platform was utilized. Here, all kinetic parameters were varied within a
1 log window surrounding estimates derived from literature or experimental evidence (Appendix
Table 6) (270). Following simulation across 1000 random parameter pairings (Figure 5.3b), we
observed that as the cancer cells lose their ability to signal or respond to IFN, these cells become
more sensitive to NRRP-mediated cytotoxicity. To validate this observation, we investigated the
impact of IFN on NRRP-mediated cytotoxicity in normal (human dermal fibroblast) and

leukemic (L1210) cells. Interestingly, although Intron A (recombinant IFN) could further

144 |Page



increase normal cell protection against NRRP insult (Figure 5.3c), it had no detectable impact on

leukemic cells (Figure 5.3d).
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Figure 5.3. NRRPs specifically target tumor cells with defects in antiviral signaling
pathways.

(a) Phenomenological model developed by Le Boeuf et al.(270) amended to simulate NRRPs
cytotoxicity in normal cells and tumors with defects in antiviral signaling pathways. Kinetics
removed from the Le Boeuf model to describe NRRP dynamics are marked in red. Hashed lines
describe the IFN defects associated with tumor cells. (b) Simulated relationship between defects
in the antiviral signaling pathways and viability 72 h after treatment with NRRPs. Trend
represents the median value obtained over 1000 Monte Carlo simulations (see Materials and
Methods). Defects in IFN-signaling pathways were simulated by decreasing the rate of IFN
production, the rate of activation of IFN signaling and the rate of NRRP clearance from 100 to
1% of their original value in normal cells. (c) In vitro relationship between particle to cell ratio
and viability 72 h after treatment with NRRPs in normal human dermal fibroblast (HDF) cells in
the presence or absence of IFN. (d) In vitro relationship between particle to cell ratio and
viability 72 h after treatment with NRRPs in leukemic L1210 cells in the presence or absence of
IFN.
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NRRP activity in AML blast crisis

The translational potential of the NRRP platform was investigated in human clinical
samples. Peripheral blood mononuclear cells were obtained from two patients with high-burden
acute blast crisis. The patients had circulating blasts with a CD33+ phenotype. Both had
previously received extensive treatment for chronic myeloid leukemia and developed multidrug
resistance. Similar to our observation in L1210 blast cells, patient samples cultured to enrich for
the CD33+ fraction developed obvious NRRP-induced apoptosis with classic morphology
(Figure 5.4a). Indeed, the leukemic CD33+ cells within this population avidly bound the
apoptotic marker Annexin-V (Figure 5.4b). Use of the non-cultured patient samples was used to
evaluate the specificity of this response. In both patients, the preponderant leukemic CD33+
population was ablated following NRRP treatment, leaving normal cells to dominate the sample
(Figure 5.4c). To ensure that NRRPs do not affect normal white blood cells, the bone marrow
mononuclear cells isolated from a healthy donor were treated with phosphate-buffered saline
(PBS) or NRRPs. At both early (18 h) and late (65 h) time points, NRRPs did not appear to

induce apoptosis within these samples (Figures 5.4d and e).
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Figure 5.4. Treatment of chronic myeloid leukemia (CML)-blast crisis patient samples with
NRRPs.

(a) Brightfield microscopy images of two CML-blast crisis patient samples treated with PBS or
NRRPs. (b) Representative flow cytometry diagram of Annexin-V and CD33 staining in two
CML-blast crisis patient samples treated with PBS or NRRPs (particle to cell ratio=100) 48 h
after treatment. The CD33+ blast population was enriched by long-term culture of these cells. (c)
Flow cytometry of CD33 staining in two non-enriched CML-blast crisis patient samples treated
with PBS or NRRPs. (d) Brightfield microscopy images of a healthy bone marrow sample
treated with PBS or NRRPs for 18 h. (e) Quantification of Annexin-V staining in the healthy
bone marrow sample treated with PBS or NRRPs for 65 h.
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NRRPs antileukemic activity in vivo

A murine model of leukemic blast crisis was used to evaluate the potential of NRRPs as a
therapeutic agent. In brief, on day 1, DBA/2 mice were challenged with 1 x 10° dose of L1210
blast cells. The following day, mice began a regimen of 3 x 10° NRRPs administered
intravenously for 3 consecutive days, and survival was monitored. In parallel, separate cohorts of
mice were treated with live VSV at the MTD of 2 x 10° viruses per injection (341) or PBS under
the same treatment schedule. NRRP-treated mice achieved 80% survival up to day 40,
representing a significant advantage versus those treated with PBS (P<0.0045) or live virus
(P<0.044). Indeed, mice treated with PBS or live virus, all succumbed to overwhelming
leukemia (Figure 5.5a). NRRPs were well tolerated and administered at the maximal feasible
dose for this particular experiment, which represented a 1500 times higher dose than the MTD of
live virus. Given that acute leukemia frequently disseminates to the central nervous system, and
that wild-type VSV is highly neurotoxic, intracranial injections of NRRPs and live virus were
performed. Although mice could tolerate the maximum production dose for intracranial

injections of 1 x 10® NRRPs, all mice rapidly succumbed to a 1 x 10* dose of live virus.

Prompted by the superlative efficacy and differential MTD afforded by the NRRP
therapy, we wondered whether the recipient's immune system is activated following NRRP
administration. To answer this, the peripheral blood serum was collected from L1210 tumor-
bearing mice 20 h after treatment with PBS or NRRPs (Figure 5.5b). In this analysis, we
observed that multiple cytokines typically known to recruit and differentiate T cells are induced
and circulating following NRRP treatment. Examples of such immunomodulatory cytokines

(342-344) significantly induced by NRRP treatment include leukemia inhibitory factor,
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interleukin-2, interleukin-4, monocyte chemotactic protein-1, regulated on activation normal T

cell expressed and secreted (RANTES), and macrophage inflammatory protein-1a (Figure 5.5b).

To confirm immune system stimulation, in particular T-cell activation, we adopted a
vaccine strategy as previously described (291). Experimentally, this platform consists of
injecting apoptotic cells into immunocompetent animals and measuring protective adaptive
immunity against subsequent tumor challenge. We adopted this classical experimental approach
to explore whether NRRPs trigger immunogenic apoptosis (345). Two cohorts of DBA/2 mice
(syngeneic to L1210) received three weekly intravenous doses of 1 x 10° y-irradiated L1210 cells
pre-treated with NRRPs. Another cohort received the same number of y-irradiated L1210 cells.
One week following this regimen, a L1210 leukemic challenge (1 x 10° cells) was administered
via tail vein, and survival was recorded. The cohort receiving NRRP-treated L1210 cells had
80% protection after the leukemic challenge, which was otherwise uniformly lethal in the
untreated L1210-treated cohorts (Figure 5.5¢). Surviving mice were kept for >150 days to ensure
long-lasting protection. These results are consistent with the notion that NRRP-treated acute

leukemic cells undergo immunogenic apoptosis.
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Figure 5.5. NRRPs eradicate acute leukemia by inducing immunogenic apoptosis.

(@) Survival in a murine model of immunogenic apoptosis. Before L1210 challenge on day 1,
mice received three weekly doses of y-irradiated L1210 cells preincubated or not with NRRPs.
(b) Luminex-based quantification of cytokines induced by NRRPs in L1210-bearing mice. All
cytokines illustrated are induced over twofold by NRRPs and are statistically significant (non-
paired t-test pV<0.05). pV has been corrected to account for multiple hypothesis testing
(Benjamini and Hochberg method). (c) Survival in a murine-blast crisis treatment model.
Following L1210 challenge on day 1, mice received three daily doses of NRRPs (3 x 109) or

PBS.
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Discussion

This is the first successful attempt to eradicate disseminated cancer using non-replicating
virus-derived particles, and represents a paradigm shift in the field of oncolytic virus-based
therapeutics. Through in silico and in vitro testing, we demonstrate that NRRPs, analogous to
live virus, are tumor selective, given that they exploit defects in innate immune pathways
common to most tumors. However, this platform is unencumbered by the principle safety
concern associated with live virus replication, that is, the potential for uncontrolled viral spread
in immunocompromised patients. Indeed, the superior safety margin afforded by the NRRP
platform was exemplified by the observation that high-titer intracranial NRRP administration

was well tolerated by murine recipients.

The outcome for the majority of adult patients suffering from acute lymphoblastic or
acute myeloid leukemia remains dismal (346, 347). For a minority of patients, allogeneic
hematopoietic stem cell transplantation (HSCT) after myeloablative conditioning is potentially
curative; however, this procedure is associated with frequent adverse events and significant
treatment-related mortality (346). For many patients with chronic-phase CML, targeted tyrosine
kinase inhibitor therapy offers excellent disease control (348). However, when progression into
acute blast crisis occurs, very limited therapeutic options exist owing to development of
multidrug resistance and the rapid kinetics of this form of recalcitrant leukemia (349). Clearly,

new and innovative therapeutic approaches are urgently required.

Here we establish that NRRPs exhibit both direct cytolytic and potent immunogenic

properties in multiple acute leukemia models. A peculiar form of programmed cell death
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involves the induction of adaptive immune responses against the dying cell. This process,
commonly referred to as immunogenic apoptosis, is essential to the efficacy of several current
chemotherapeutics24 and is required for host defence against viral infection (350) including live
RVs (351). Our in vivo results indicate that a similar process is induced by NRRPs and is a

driving factor for treatment efficacy.

More relevant are the observations that multidrug-resistant primary myeloblasts from
patients with CML in acute blast crisis are forced into apoptosis and finally eradicated by NRRP
treatment. In addition, non-leukemic white cells procured from healthy bone marrow were not
adversely affected. This observation suggests that despite the potent tumoricidal activity of
NRRPs, the leukopenia commonly observed after standard induction and consolidation
chemotherapy could be avoided by using NRRP-based regimens. This would likely significantly
decrease treatment-related adverse events. Further, given the preservation of normal white blood
cells during leukemic cytoreduction by NRRPs, the simultaneous induction of an effective
antileukemic immune response may be attainable for the majority of patients who are not
candidates for high-dose radiochemotherapy and HSCT. With the induction of immunogenic
apoptosis by NRRPs, a broad array of immunomodulatory cytokines are released by the
recipient's intact immune system, and this likely contributes to development of the effective
adaptive antitumor immune activity—a critical component to achieving durable curative

responses.

This work demonstrates a feasible biotechnology that produces high-titer NRRPs—an
essential requirement for wide-scale clinical advancement. We are currently validating the MTD

of NRRPs in several animal models, and are developing good laboratory practice safety
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measures to ensure stringent confirmation of the non-replicating nature of these bioactive
particles. We expect that the pathway to approval should be less onerous than current live RV
platforms under development by our laboratory and others. This promising multimodal

therapeutic platform is poised for early-phase clinical trials.

Methods

Cells

L1210, A20, A301, Jurkat, HL60 cell lines were from American Type Culture Collection
(Manassas, VA, USA), and maintained in suspension culture, Dulbecco's modified Eagle's
medium-high glucose (HyClone, Logan, UT, USA), with 10% fetal calf serum (CanSera,
Etobicoke, ON, Canada), at 37°C and 5% CO2. Cells in culture were maintained at a
concentration between 0.5 and 1.0x10° cells/ml. Vero cells (kidney epithelial cells extracted
from an African green monkey), GM38 (normal human fibroblast cell line) and human dermal
fibroblast-adherent cells were from American Type Culture Collection and propagated in same
culture media used for the suspension cell lines. Normal bone marrow cells acquired from
STEMCELL Technologies Inc. (Vancouver, BC, Canada) were obtained from a healthy
volunteer and consented to an approved institutional review board protocol. Acquisition of
human leukemic patient samples was approved by the institutional review board of the Ottawa
Hospital Research Ethics Board. All patients provided written informed consent for the

collection of samples and subsequent analysis.
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Virus

The Indiana serotype of VSV and wild-type Maraba used throughout this study were propagated
in Vero cells, as previously described (201). VSV titration was performed using serial dilutions
in Dulbecco's modified Eagle's medium. Hundred microlitres of each dilution was applied to a
confluent monolayer of Vero cells for 45 min. Subsequently, the plates were overlaid with 0.5%
agarose in Dulbecco's modified Eagle's medium with 10% fetal bovine serum, and the plaques
were grown for 24 h. Carnoy's fixative (methanol:acetic acid in a 3:1 ratio) was then applied
directly on top of the overlay for 5 min. The overlay was removed and the fixed monolayer was

stained with 0.5% crystal violet for 5 min, after which the plaques were counted.

Viability assays

Viability assays were done in a 96-well plate format. Cells were plated at specific density and
treated with live VSV virus or non-replicating rhabdovirus-derived particles (NRRPSs). After 72

h, cytotoxicity was assessed by adding 25 pl of alamar blue reagent, (AbD Serotec, Raleigh, NC,

USA).

Modeling

The model used to describe NRRPs specificity against cells with defects in antiviral signaling
pathways was adapted from our previous work described in Le Boeuf et al.(270) In brief, this

model is represented by a subset of six ordinary differential equations describing the transition
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between the cell populations (UP, IP, AP and PP) depending on the concentration of NRRPs (N)

and interferon (IFN) in the environment. These equations are:

d — on
% = —Kp; X [N] X [UP] — (LNZ + K,FNon> X [UP] + Kignogr X [PP],

1+(zz0)

dIpP —KIFNon
E:KNIX[N]X[UP]_< III;,I\IIV 2+K1FNOTI)X[1P]_YCX[1P]I

1+(ECSO)

dAP —KIFNon
2 (ﬁ + KmNon> [IP] — Knc X [AP] —y. X [AP],

EC50

EC50

d - on
% = (%"‘ KIFNon> [UP] + Kyc¢ X [AP] = Kipnogs X [PP].
1+(gezs)

The parameters used in the above equations represent the internalization rate (Ky;.), the rate of
IFN-signaling activation (Kenon), the rate of IFN-signaling inactivation (Kien off), the EC50 of

IFN (ECsp), the rate of cell death (yc) and the rate NRRP clearance (Knc).

The next subset of equation describes the dynamics of NRRPs (N) and IFN whereby:

Z—I::—KNIX[N]X[UP]_VnX[N]’

dIFN
ar Kipny X [IP] + Kipyzq X [AP] + Kipnz2 X [PP] = yipn X IFN.

The parameters described in the above equations represent the rate of NRRP internalization

(Kni), NRRP degradation (yn), IFN production from IP, AP and PP (Kieni, Kienza and Kignzo,

respectively) and IFN degradation (ygn).
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The Monte Carlo simulation was performed by randomly varying the above parameters within a
1 log window (see Appendix Table 5) surrounding physiological parameter derived from
literature and experimental evidence (270). Simulations were performed in Matlab using
ODE15s imposing a non-negativity constraint. Trends described in Figure 5.3b represent the
median value over 1000 simulations. The number of cells used in these simulations was 2.5E5,
the media volume was set at 1 ml and the particle to cell ratio was set at 100. In these
simulations, defects in IFN-signaling pathways were simulated by decreasing KIFN1, KIFN2.1,

KIFN2.2, KVC and KIFN on from 100 to 1% of their original value.

Flow cytometry

Anti-CD33-PerCP Cy5.5 and Anti-CD33-PC5 antibodies obtained from eBioscience (San Diego,
CA, USA) were used. Annexin-V and 7-AAD viability dye were obtained from eBioscience and
performed according to manufacturer's instructions. Flow cytometry was acquired using a CyAn
ADP (Beckman Coulter, Brea, CA, USA). Analysis was performed using the Kaluza software

version 1.1 (Beckman Coulter).

Cytokine array

Bio-Plex Pro mouse luminex-based multiplex cytokine assay (Bio-Rad, Hercules, CA, USA) was
performed on mouse serum 20 h after NRRP treatment. The assay was performed according to

the manufacturer's instructions.
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Murine experiments

For the L1210 vaccination strategy, cohorts of DBA/2 mice (Charles River, Wilmington, MA,
USA) received three weekly intravenous doses of 1 x 10° y-irradiated L1210 cells pre-treated , or
not, with NRRPs. One week following this regimen, a L1210 leukemic challenge (1 x 106 cells)
was administered via tail vein, and survival was followed. Mice were euthanized upon
development of predetermined signs of advanced leukemia end points. For the L1210 treatment
strategy, DBA/2 mice were challenged with 1 x 10° dose of L1210 blast cells. The following
day, mice began a regimen of 3x10° NRRPs administered intravenously for 3 consecutive days,
or treated with live VSV at the maximum tolerable dose (MTD) of 2x10° viruses per injection,
and survival was followed. Institutional guidelines and review board for animal care (The
Animal Care and Veterinary Service of the University of Ottawa) approved the above animal

studies.
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5. General Discussion

Throughout my thesis, | have worked on several projects, continuously incorporating new
elements to further model development. Similar to the original work performed by the group of
Dr. Nowak, my research lead me to amend the model to describe a wide array of different
scenarios. In his research, Dr. Nowak expanded his original model to describe 1) alternative viral
strains (230), 2) anti-viral drug therapies (232), 3) the emergence of anti-viral drug-resistance
(233) as well as 4) the incorporation of CTL responses (225). In the context of OVs, | amended
my model to describe the impact of 1) IFN antagonists (Figure 2.2 e-h), 2) next-generation OV
engineering strategies such (Figure 2.2 f), 3) attenuation mechanisms such as negative feedback
and NRRPs (Appendix Figure 4 and Figure 5.3), 4) virus sensitizers (Figure 3.5), as well as 5)
tumor heterogeneity (Appendix Figure 7 & 8). Taken together, this model has allowed me to

gain insight into a number of different aspects of OV dynamics.

5.1 Insight from modeling the mechanism of action of virus sensitizers

First and foremost, the model and biological observations suggest that the use of direct
IFN antagonists is not a valid means to improve cytolysis mediated by oncolytic rhabdoviruses.
Although others have reported that drugs such as JAK inhibitors increase OV replication in
cancer cells (352), it is noted that they do not compare the impact to normal tissue nor do they
demonstrate efficacy in-vivo. According to my model & simulations, decreasing the potency or
the bioavailability of IFN does not selectively enhance RV cytolysis in the tumor

microenvironment. Although tumor cell preferentially increase RV release, as the potency of IFN
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is lost, normal cells become highly sensitized to RVs replication, and severely compromises the
safety of this approach as ISGs serve as the key defence mechanism against these pathogens in
normal cells. Experiments using an IFN decoy receptor as well as a JAK inhibitor (Figure 2.4a)

confirmed that the impact of directly inhibiting IFN signaling is not specific to tumor cells.

This observation opens up the question: how do virus-sensitizing drugs specifically
enhance killing within the tumor microenvironment? To date, several drugs including Vorinostat
(212), sunitinib (214) and 3,4-dichloro-5-phenyl-2,5-dihydrofuran-2-one (213), have been
demonstrated to selectively enhance OV-mediated cytotoxicity and replication in tumor cells. In
the article by Dr. Diallo (213), it is postulated that virus sensitizers may target a pathway or
process with redundant function in normal cells. Indeed, the mechanism of action of certain virus
sensitizers has been demonstrated to be associated with this effect. For example, the impact of
sunitinib on OV therapies has been demonstrated to be the result of inhibited PKR/RNAse L
signalling (214, 353). By targeting these two downstream elements of IFN signalling (117),
sunitinib treatment lead to improved OV-mediated cytotoxicity in the tumor microenvironment
(214). As normal cells can potentially overcome infection through parallel downstream IFN
targets, such as BST2 (118) and MX1 (119), tumor cells which overcome infection by PKR, but

have defects in these parallel pathways, may be further sensitized to OV infection.

5.2Positive-feedback - a key process to achieve tumor selective cytotoxicity

The mechanism which is perhaps one of the more specific according to my simulations is

the engineering of positive feedback loops in OVs. In my thesis, | showed that attenuated RV
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strains are greatly enhanced when engineered to produce a decoy receptor for IFN. This
observation reflects the general biophysical principal where positive feedback can be used as a
commitment strategy which drastically sharpens dose response curves (253). The mechanism of
action is directly attributed to positive feedback between virus replication and inhibition of IFN
responses. Given the heightened rate of virus replication and genome expression in tumor cells,
the decoy receptor is expressed in more cells and to a higher degree. This in turn feeds back onto
the system to further enhance the spread and stability of OV genome expression. However, once
the virus enters adjacent tissue where genome expression is decreased, the decoy receptor is
expressed to a lesser degree, and thereby allows the normal cells to shutdown the positive

feedback loop (Figure 2.4).

One may wonder why we have not simply re-generated wild-type virus by allowing the
attenuated virus to encode for the decoy receptor. The role of B19R as an IFN scavenger is
functionally analogous to the role of the wildtype M protein, which has been engineered to be
defective in VSVAS1 and MG1 (165, 166). While functionally homologous, the M protein and
the B19R positive-feedback mechanisms differ on key points. Following uncoating of the virus
within the cell, the M-protein directly inhibits nuclear export of cellular mMRNAs and blocks the
IFN response against rhabdovirus infection (190). In contrast, B19R is a soluble factor that acts
as a scavenger for IFN extracellularly, and is only expressed following replication of virus in
infected cells. As such, the primary difference between the two mechanisms is the temporal
delay associated with each evasion strategy. By cloning the IFN decoy receptor between genes G
and L, which are expressed to lesser degrees in latent phases of the virus life cycle, we ensure

that the virus must establish a productive infection prior to inhibiting IFN signalling.
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Consequently, the attenuation resulting from the VSVAS51 or MG1 backbones is the first “gate-
keeper” control for safety and only when the virus can establish a sustainable infection will the
decoy be expressed. A further delay is incorporated by using a factor which is secreted in the
extracellular environment. Dilution in the extracellular environment provides an additional
roadblock in the delay in B19R functionality relative to intracellular M-Protein which functions
in a smaller volume, and inherently has a greater probability of interacting with, and inhibiting,

its target.

The notion that the decoy receptor is secreted into the extracellular environment is a
critical element of the success of this therapeutic platform. Not only does it further delay
commitment to the positive feedback loop, but use of secreted factors allow for the positive
feedback signal to be relayed to adjacent cells. This effectively allows the virus to communicate
information to surrounding cells, which are potentially resistant to the OV therapy. As such, this
construct exploits sensitive cancer cells within the tumor to establish interferon suppression
"hubs” which produce the decoy receptor, and improve delivery throughout the tumor. In
contrast, if intracellular antagonists of the IFN pathway had been used, such as ICPO which
promotes TLR degradation (354) or E3L which block IRF activation (355), we would not expect
to have the same extent of information relay. Furthermore, | expect more of a pleiotropic effect
in different tumor microenvironments with B19R since IFN is a central pathway essential to the

activation of antiviral defences with little to no redundancy, in contrast with ICPO or E3L.
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5.3 Sensitization of stroma within the tumor microenvironment.

From my work regarding the cross talk between cancer cells and CAFs, | conclude that
within the tumor microenvironment CAFs are in a repressed antiviral state at the onset of
infection, but do not lack the capacity to activate anti-viral defences following infection. The net
result of this lower baseline in anti-viral defences is a "burst” in viral activity at the onset of
infection prior to the activation of immune responses. This mechanism supports the assumptions
of my model in chapters Il & Ill, where tumor cells are associated with a greater rate of virus
expression and genome expression at the onset of infection. While | derived the model under the
assumption that metabolic defects enhance OV replication and genome expression, it is noted
that a decreased level of anti-viral defences at the onset of infection will achieve the same effect.
The rate of virus replication and protein release is defined by both the rate of genome replication
and its degradation. When | quantified virus replication and expression using a single step
growth curve (Appendix Figure 6), both rates were enhanced in CAFs. The general mantra for
the OV field is that sensitive cancer cells fail to activate anti-viral defences in response to virus
(165). In contrast, this data suggests that the baseline level of activity in this pathway determines
the level of sensitivity to OV therapies. This observation is of particular interest since the
baseline status of IFN signalling components obtained from patient biopsies may serve as a

predictive biomarker marker of OV responses.

To understand the implications of using these anti-viral genes as a predictive biomarker,
it is essential that we determine the impact of tumor infiltration by these various cell types. From
my simulations (Appendix Figure 7), it appears that infiltration by normal fibroblasts (NFs) can

enhance protection of resistant cancer cells (RCCs), but only when they are the preponderant
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population within the region. Although unlikely in most regions of the tumor given that crosstalk
between RCC and NFs converts NFs to CAFs, it is conceivable that nascent regions of the tumor,
such as the rim, gain resistance through these effects. Sensitive cancer cells (SCCs) on the other
hand could influence the behaviour of resistant cancer cell even when at low proportions within
the population. CAFs on the other hand had little to no impact on the behaviour of RCCs in the

absence of cross talk. By analyzing the impact of kinetic parameters describing virus and IFN

production, it became clear how a low level cell infiltrate could influence the behaviour of RCCs
(Appendix Figure 8). While cells with an increased rate of IFN production or responsiveness
could exclusively drive resistance, cells with an increased rate of viral release could drive
sensitization. This result was not interchangeable. Cells with a decreased rate of IFN production
or responsiveness could not drive sensitization, and cells with a decreased rate of viral release
could not drive resistance when the cell type was at low proportions within the population.
Indeed, according to the simulations, NFs which are assumed to only be associated with a
decreased rate of virus release could not influence the behaviour of RCCs when present at low
proportion within the population. Furthermore, CAFs which are associated with a defect in IFN
production relative to RCCs had no impact on the behaviour of this population. From these
simulations | conclude that it is the balance between SCCs and NFs in the tumor which will
ultimately determine therapeutic success. If the region has SCCs, the tumor will be sensitized to
OVs if there is not the presence of a low level infiltration by an IFN producing subtype, such
normal fibroblasts or even plasmacytoid dendritic cells which are in fact the major cell type
responsible for type-1 IFN production (356). Of course, if the SCC has acquired defects
rendering it non-responsive to IFN it can still serve as a virus production hub. Therefore I

conclude that it is not the global level of expression of these IFN-based biomarkers which will
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likely determine treatment success, but rather the extent of contact between sensitive and

resistant cells.

An element which was not incorporated into my model, yet highly relevent to this
subject, involves spatial organization. Although | assumed homogenous mixing under these
simulations, this assumption is perhaps a bit contrived in vivo in the sense that a tumor is
composed of a number of different relatively homogenous regions resulting from the clonal
expansion process. In my model, the effects of spatial compartmentalization could be generated
by varying the rate of virus and IFN diffusion between the compartments proportionally to the
amount of cell contact. While this is conceptually an interesting phenomenon, this effect is
critical in the use of these cell types as biomarkers for these therapies. Specifically, when
obtaining patient biopsies for biomarker analysis, we must consider not only the general
frequency of each cell type, but equally incorporate spatial elements. This may be evaluated
using immunohistochemistry to determine the number of sensitive regions/sites in the patient,

and developing an appropriate scoring scheme.

5.4 NRRPs - an alternative to conventional OV therapies

According to the model and biological observations with colchicine, tumors are
exquisitely sensitive to viruses, even in the absence of replication. Defect in tumor cells result in
a lower baseline in anti-viral defences, and can even prevent their induction in response to IFN
or OVs (165). According to the model, by decreasing the rate at which anti-viral processes are

activated, the cell remains in a "pseudo-infected" cellular state for a greater period of time. By
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lacking the appropriate defence machinery at the onset of infection, tumor cells persist anti-viral
apoptotic signals for a greater period of time. This allows cancer cells to be exquisitely sensitive
to the apoptotic signals induced in response to NRRPs as cancer cells cannot overcome the
pseudo-infection. To validate this proposed mechanism of action, | pre-treated normal and tumor
cells with IFN to activate anti-viral defences prior to infection with NRRPs. In these
experiments, | observed that normal fibroblasts could be further protected against NRRP insult
(Figure 5.3c). In contrast, the effect of NRRPs on tumor cells was not affected by the presence
or absence of IFN (Figure 5.3d). This affect is most likely due to mutations in this cell line

which are well known to affect IFN signalling (357).

NRRPs generated by means of UV irradiation are well known to maintain partial genome
replication/expression (358). Given the start-stop replication cycle of VSV (188), western blot
indicates that early proteins are still expressed in infected cells while the latter genes fail to
transcribe and accumulate in infected analysis similar to previous studies (358). When the cell
cannot mount an appropriate defense to overcome this pseudo-infection, NRRPs will trigger
intrinsic apoptotic pathways induced through TLR-ligation (359) and functional wildtype matrix
production (360, 361) - a response which may be further potentiated by cytokines released in
response to this pseudo-infection (362). Although we typically view VSV as primarily inducing
apoptosis, when | followed the cellular response to NRRP infection by time lapse microscopy, |
was quite surprised to note the number of cell death mechanisms induced by this agent
(Appendix Figure 10). Over the 48h time course, | observed not only the release of apoptotic

bodies (Appendix Figure 10a) and apoptosis (Appendix Figure 10b) but equally cytokinesis

165|Page



failure (Appendix Figure 10c) as well as necrosis (Appendix Figure 10d) following NRRP

treatment.

In-vivo, the preferential induction of tumor cell death is further accentuated by inducing
immunogenic responses raised against the tumor (Figure 5.5c). This response is most likely the
result of priming cytotoxic T-Cell responses following DC uptake of apoptotic bodies, and the
subsequent recognition of tumor antigens. Indeed, UV-inactivated VSV is well known to activate
CTL responses against tumor cells (363), presumably as recognition of viral pathogens up-
regulate antigen presentation (112). Cytokines naturally released in response to virus will
potentiate this effect. In this regard, NRRPs may equally offer several advantages over live OV
platforms. In contrast with complex OV therapies, such as those derived from HSV and vaccinia,
NRRPs do not encode for a plethora of immune evasion factors. | would therefore presume that
the process of generating anti-tumor immune responses is much more potent for this platform.
Not only do the tumor cells have the ability to activate several immunogenic processes, but even
the apoptotic bodies released upon NRRP infection should be more potent. Given the lack of
replication, apoptotic bodies resulting from NRRP infection should not harbour excessive
amounts of viral epitopes. After DCs uptake and present the contents of these apoptotic bodies,
CTLs should have a greater probability of reacting with, and generating immune responses

against, tumor antigens.

An alternative mechanism of cell death which was investigated is the impact of pro-
apoptotic cytokines secreted upon infection with NRRPs. While many cytokines were released in
response to NRRPs in-vivo, it is conceivable that the in-vitro cytotoxicity was partially attributed

to this effect. As such, | would have had to amend my model by allowing infected cells to
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produce a cytotoxic cytokine, similar to the impact of colchicine in chapter I11. However, when |
explored this mechanism, it did not appear that cytokines were responsible for the lethality in-
vitro. When 1 transferred supernatants from NRRP infected cells, filtered with a 100 KD filter to
remove any virus particle, 1 was unable to transfer lethality to a population of healthy cells.
Given that most cytokines are small proteins (L00KD or less), | concluded that direct apoptosis
appears to be the primary mechanism of cell death, and did not include cytokine cytotoxicity in
my model. Perhaps lethality may be transferred through cell-to-cell contact or release apoptotic
bodies containing virus antigens and stress-associated ligands, an interesting topic to be

investigated in future studies.

The primary advantage of NRRPs over conventional OV therapies is associated with the
absence of replication, and is of particular importance in haematological malignancies. In blood
cancers, the capacity of OV spread between cancer cells is severely compromised by the non-
contiguous nature of the disease and poor replication in these cells. As such, to ensure that the
majority of cells encounter a live OV particle, the virus must be administered at high doses. In
such treatment regimens, the MTD of a live replicating OV platform is limited by adverse effects
resulting from uncontrolled replication in normal and tumor tissue. For RVSs, high dose
administration, or tumor dissemination to vital immunocompromised organs, may potentially
induce neuropathy (364, 365), hypercytokinemia (366) and tumor lysis syndrome (365). Given
that cancer patients are in various immuno compromised states, and have varying levels of
disease burden, the MTD is determined by the location and extent of virus replication, which
varies immensely from one patient to the next. Indeed, haematological malignancy infiltrate into

the brain greatly reduces the MTD for live RV platforms (366). In contrast, we observed that
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NRRPs could be safely administered at high doses intracranially. By physically controlling the
total dose administered to a patient, we offer an additional layer of control in regulating adverse
effects. As such, we can administer higher doses of the therapy to improve treatment efficacy

(Figure 5.5a).

Although NRRPs are associated with several advantages in haematological malignancies,
they are nonetheless associated with well known disadvantages. The first and foremost relates to
the amount of particle required. Currently, in-vitro experiments were performed with high-
dosing of NRRPs. Efficacy in-vitro was often achieved at a PFU to cell ratio greater than 50. In
contrast, an attenuated VSV platform is typically in the range of ~0.2 PFU per cell (165). The
amount of NRRPs required to treat a patient would be unparalleled. This would not only generate
roadblocks from a production standpoint, but would equally raise regulatory concerns,
particularly in the amount of contaminating foreign DNA following NRRP manufacturing. Yet
upon administration of NRRPs in mice bearing acute leukemia, disease was successfully
eradicated at doses translatable to the human scale. The total dose administered to the mice was
3x3E9 NRRP, which is only 3 fold greater than the 6 X5E8 live MGL1 dose used by our group in
previous studies (166). This result reflects the fact that in-vivo, the majority of the anti-tumor
response is generated by immunologic responses, and may not require the same amount of

NRRP stimulus.

Furthermore, | anticipate that 1 will be able to improve NRRP yields by reducing the
amount of particle loss which occurs during the irradiation procedure. To have good agreement
between the mathematical model and biological datasets (Appendix Figure 9), | had to assume

substantial particle loss. If not, the EC50 in tumor cells was typically in the range of 0.5-5.
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Indeed, during the initial optimization procedure, reducing the turbidity and sample volume
allowed for reduced UV doses to be utilized, thereby reduced ED50 of NRRPs. It is therefore
concluded that under the current irradiation procedure, I most likely obtain a poison-like
distribution of NRRP activity in the resulting particles where the majority of particles are
dysfunctional to ensure that ALL do not replicate. To mitigate this effect, | am investigating the
use of GMP approved irradiators which through fluid mechanics ensure consistent particle

irradiation, thereby minimizing the amount of UV dosing required.

The other concern with the use of NRRPs is their application in solid malignancies since
NRRPs cannot spread between contiguous cells in contrast with live OV platforms. As such, by
only reaching the cells surrounding the leaky vasculature upon IV delivery, or the area at the
injection site upon IT delivery, few tumor cells will be in physical contact with the NRRP. While
| do agree that this issue is problematic, interesting results have been observed in solid
malignancies treated with NRRPs. Upon both IV and IT administration to subcutaneous CT26-
LacZ murine colon tumors in immunocompetent Balb/c mice, NRRPs delivered a measureable
degree of efficacy (Appendix Figure 11). These results were even comparable to its live OV
counterpart (VSVAS1) according to our historical studies (291). Given that this model is perhaps
a bit contrived, in the sense that CT26-LacZ is a highly immunogenic homogenous tumor
thorough LacZ expression, | was nonetheless quite surprised to see results comparable to the live
OV counterpart (291) , and not only the wildtype strain from which the NRRP was derived. This
result would strongly suggest that the ability to induce anti-tumor immunity, resulting in the
induction of CTL and vascular shutdown responses, are quintessential elements of treatment

outcome in solid malignancies. While live OV platforms inevitably will infect a greater bulk of
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the population, and perhaps have more heterogonous immune responses, | believe that | can

optimize our dosing strategy to achieving similar results.

5.5 Model assumptions & limitations.

The model developed in my thesis, although simple, accurately describes in-vitro
cytotoxicity, and is highly amenable to describe new phenomena. However, there are nonetheless
certain disadvantages intricate to its simplicity. Similar to the work of Nowak and others (225,
225, 228, 230, 231, 242), the viral term in my equations does not accurately represent the total
amount of infectious virus particle present in the media, but rather the amount of "free virus"
which are available to infect an adjacent cell. During the infection cycle, virus particles released
by a cell will preferentially infect surrounding cells. As such, the site of infection expands
radially to form infection plaques. There is substantial particle "loss™ owing to preferential co-
infection by two or more particles in adjacent cells and particle retention at the cell surface. The
rate of overall infection is limited by the diffusion coefficient of the virus particle. To mitigate
this effect, | had to use a rate of virus release (kp,q ;p&kpyua ap) Which was much smaller than
the actual rate of particle release. Therefore, Free Virus << Real Virus obtained from biological

datasets.

While it may be possible to design a partial differential equation which encompasses both
virus diffusion and time elements, there would nonetheless still be issues with describing virus
replication dynamics as virus budding is a time delay exponential process. In other word, it takes

a certain period of time for the cell to accumulate sufficient viral material to enable particle

170 |Page



replication & release, which once attained, is an exponential process. To describe the virus
according to these dynamics, and accurately estimate the amount of virus particles in the media, |
believe that it is essential that | represent the infection cycle as a stochastic process, where each
cell is associated with a unique set of parameters, and the solution evolves discretely over time.
Not only would this model allow us to encompass diffusion elements, but allow us to better

describe the spatial effects of heterogeneous populations.

Another pitfall of my current platform is the absence of a non-zero steady state following
infection. While the solution is quasi-steady by the 72h time point, the lack of cell division
ensures that the solution reaches 0 at infinity. Although previous models encompass cell division
kinetics to compute the steady state parameters, | do not believe that growth kinetics occur
within the short time frame used in my simulations. While the cell death events will eventually
need to be repopulated, the cells most likely to be relieved from growth arrest and repopulate the
available area are those most likely dying from virus infection or are in a growth inhibited state
due to the effects of IFN in a short-time frame model. As an alternative to reach a steady state
solution, I could have removed the parameter describing inactivation of antiviral defences
(Kien ofr)- However, | believed that removal of this element would not accurately recapitulate
the biology of our system. The negative feedback loop, generated by suppressors of cytokine
signalling, is an essential element of virus dynamics, which | believe contributes to the
population’s decision to succumb to infection. Given that the parameters used in my simulations
are derived from biologically relevant estimates, the platform was derived to accurately describe
short-term Kinetics such as cytotoxicity at the 72h time point, and cannot be used to describe

long term kinetics such a tumor relapse or memory t-cell responses. Once again, if a stochastic

171 |Page



model was utilized, | could have allowed for adjacent cells without active IFN defences to
undergo cell division and repopulate the area following infection. This is perhaps the best model

development for the foreseeable future.
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Appendix Figure 1. Simulated difference between A51 and A51-1DE at varying MOl in a

population of normal cells.

Histogram illustrates the distribution of simulated viability after a 72 hour at the described MOI.
Results were obtained over 1E3 Monte Carlo randomizations. Color coding, quantified in pie
charts, describes the probability that the normal cell population has a viability <10% (red), 10-
90% (grey) or >90% (green) at the end of the simulation.
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Appendix Figure 2. Microarray validation of IDE expressing rhabdoviruses.

A) Box plot illustrating the log of the fold change in gene expression induced by MGL1 infection
for loci sub-classified as induced or repressed by IDE expression. Genes repressed by MG1 pe
relative to MG1, are typically induced upon MG1 infection (pVV<4.39E-027, Wilcoxon signed-
rank test) and those induced by MG1,pe are typically repressed upon MGL1 infection (pV<1.89E-
6; Wilcoxon signed-rank test). Box plot illustrates the sample maximum and minimum (error
bars), Q1 and Q3 (box), the median of the population (red bar) and samples outliers (+). B)
Gene-ontology enrichments for genes sub-classified as induced by the MG1 and repressed by
IDE. Schematic illustrates a summary of the processes identified at a pValue threshold of 0.0001
following correction for multiple hypothesis testing (Bonferroni). C) Heatmap illustrating the
fold change in gene expression for genes induced by the MG1 virus relative to control and
repressed by subsequent treatment with the decoy expressing virus which are sub-classified as
induced by type-I interferon’s.
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Appendix Figure 3. Experimental and simulated relationship between MOI and cellular
viability 72 hours post-infection in CT26 murine colon cancer cells.

The experimental dose response curve was generated by infecting 2.5E5 cells at increasing MOI
and assessing cellular viability 72 hours post-infection through an AlamarBlue assay. Viability is
defined as the strength in signal intensity relative to control. Error bars represent the standard
deviation obtained over triplicate experiments. Trends represent the simulation which best
describes the experimental results. In these simulations, all parameters are identical between viral
strains in a given cell lineage except for the capacity to produce the decoy receptor.
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Appendix Figure 4. Simulated impact of a wildtype rhabdovirus (VSV) encoding IFNf.

A) Development of the model to describe the infection cycle of VSV-IFNB. According to this
model all parameters are identical to the VSV model other than the capacity to produce IFNp by
VSV (vIFNB), which was assumed to be equivalent to the rate of interferon decoy receptor
production. B) Histograms illustrate the distribution of viability across a population of 1E5
normal (left) and IFN responsive tumor (right) cells following 72 hour infection. Results were
obtained over 1E4 Monte Carlo randomizations. Color coding, quantified in pie charts, describes
the probability that the described cell population has a viability <10% (red), 10-90% (grey) or
>90% (green) at the end of the simulation.
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Appendix Table I. Summary describing the overlap between genes induced by MG1
and repressed by DE and vice-versa. pValues describe the likelihood of significant overlap

(Wilcoxon signed-rank test)

Induced by Maraba  Repressed by Maraba

and and
Repressed by IDE Induced by IDE

Total Genes n=25084
Maraba Induced Repressed
vs Untreated (n=1463) (n=2862)
IDE vs Repressed Induced
Maraba (n=358) (n=175)
OQverlap n=149 n=49
Enrichment 7.14 2.45
pValue 1.66E-88 1.46E-09
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Appendix Table 1. Amendments performed to recapture differences between viral

genotypes.
Genotype Modification Explanation
A51 Kprip =0 Removed decoy receptor kinetics.
Kprap =0
VSV Kipn1 = 0.1 = 1% X Kipna Wildtype M-protein impairs IFN
Kipnza = 0.1 = 1% X Kipnas signaling and defense mechanisms
?’C = 210_ 1% % Kyc by blocking mRNA export in
sz‘; — o infected cells (165). Equally
‘ removed decoy receptor Kinetics.
AS1+Jakl Kign on = 0.1 = 1% X Kigy on The Jak inhibitor prevents
Kprip =0 activation of IFN signaling by
Kor.ap =0 inhibiting IFN signaling.
Equally removed decoy receptor
Kinetics.
A51+Decoy Kprip =0 Removed decoy receptor
Kpr.ap =0 production to substitute for a pre-
Initial Decoy=1-10pM determined concentration of the
decoy receptor.
AS1pg None None
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Appendix Table I11. List of parameters estimates for Chapter I1.

Parameter Estimate Range Utilized
Ky See below * 7.5E-5 t07.5E-4 (V'h™)
EC50 1.5pM (367) 0.25e-12 to 2.5e-12 (M)
Kign on <In(2)/1h (368) In(2)/(0.2 to 2.0) (h™)
Kirnosf - In(2)/(5 to 50) (h™)
In(2)/20h (369)(369)(369)
Ye In(2)/8-10h (370) In(2)/(2.5 to 25) (h™)
Ky In(2)/(2-5h) (371) In(2)/(1 to 10) (h™)
Kguap See below ** 0.5to 5 (V/h)
Kgud ap See below ** Kgyua IP % 0.1to 1% (V/h)
Kipn1 See below ***** K;pn2* 10 to 100% (M/h)

KIFN2.1/KIFN2.2

2.5E-17 M/cell/n***
(i.e. 15000 molecules/cell/n)

8.3e-18 to 8.3e-17 (M/cell/h)

(i.e. 5000-50000 molecules/cell/n)

In(2)/(5 to 50) (h™)

YIFN In(2)/(5.3 h) in vivo(372)
Ky 1E7 M*s™(367) 1e10to 10e10 (M*h™
(i.e. 4E10 (Mh™)
K, K;=13.5 pM (246) K, = K¢xKy;
whereK;=2.5E-12 to 25E-12 (M)
Kpr 1p See below ****** Kpyaq 1p* 4.15E-16 to 4.15E-15 (M)
Kpr ap See below*x** Kpr ap. = Kpr_ip X Kpua AP/ Kpua 1p
YDR In(2)/(14.8 h) in vivo (373) In(2)/(5 to 50) (h )

IN(2)/20 h in PBS****xx*

In(2)/(2.5 to 25) (h?)

“Adjusted such that upon infection of 2.5E5 cells at an MOI=1, 99% of the viral particles have infected their target
cell within 0.5-5 hours. A result recapturing experimental observations(374).

“Adjusted such that infection at an MOI of 0.05 over a 72 hour period leads to death of ~95% (+5% standard
deviation) of the tumor cells within the population in the absence of IFN signaling. A result similar to our
experimental evidence (data not shown).

" Derived from experimental evidence measuring IFN production over time (data not shown).

™ Except for VSV wildtype.

***** Unknown value, based on notion that IFN signaling can induce a positive feedback(115) and inherently must be
slower than or equivalent to the maximal rate of IFN production once positive feedback is induced.

" This value is based on the assumption that decoy production is proportional to G-Protein production by the
virus. Each functional viron contains ~1205 molecules of viral G-protein (187) and x 500 due to defective
interfering particle lossess. This value was in turn converted to mol/I.

™ Derived from experimental measurements measuring VSV titer in PBS at 370C (data not shown).
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b) CCL3 - chemokine (c-c motif) ligand 3
CCL3L3 - chemokine (c-c motif) ligand 3-like 3
CCL20 - chemokine (c-¢c motif) ligand 20
CCRL2 - chemokine (c-c motif) receptor-like 2,
l CHUK - conserved helix-loop-helix ubiquitous kinase,
CSF1R - colony stimulating factor 1 receptor

II8 - interleukin 8
IRAKZ2 - interleukin-1 receptor-associated kinase 2

PRKCZ - protein kinase c, zeta

l PTGS2 - prostaglandin-endoperoxide synthase 2

a)
Biological
Process

TNFAIP3 - tumor necrosis factor, alpha-induced protein 3
TNFAIP6 - tumor necrosis factor, alpha-induced protein 6
TNIP3 - tnfaip3 interacting protein 3

Appendix Figure 5. Gene-ontology (GO) enrichments for genes induced exclusively by VSV
in the presence of colchicine.

a) GO-processes enriched within the dataset of 167 genes induced by VSV exclusively in the
presence of colchicine.

b) Genes induced by VSV exclusively in the presence of colchicine associated with both the
inflammatory response and response to wounding gene ontology's.
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Appendix Table 1V.

List of parameters estimates for Chapter II1.

Parameter Range Utilized
K.i* 1E-4 to 1E-3
Kienon™ In(2)/0.25h to In(2)/2.5h
Kienoff * In(2)/10h to In(2)/100h
Ve * In(2)/5h to In(2)/ 50h
EC50 IEN* 2.5E-13 to 2.5E-12
ECso cyr** Varied from 1E-9 to 1E-13**
Ye cyt *** In(2)/5h to In(2)/50h
Kyc * In(2)/0.5h to In(2)/5h
Kgua 1p * 0.05 to 0.5 virus/cell/h in normal cells
or 0.5 to 5 virus/cell/h in tumor cells
KBud AP ¥ 01% to 1% X KBud IP
Yy * In(2)/5h to In(2)/50h
Kipn 1p * 10 to 100% X K;py ap
Kipn ap * 5000 to 50000 molecules per cell per hour
or 8.3E-17 M/cell/h to 8.3E-18 M/cell/h
K #* Varied from In(2)/0.05h to In(2)/50h**
YIEN * In(2)/5h to In(2)/50h
Yeyt *** In(2)/5h to In(2)/50h
Kcyp *x* 5000 to 50000 molecules per cell per hour

or 8.3E-17 M/cell/h to 8.3E-18 M/cell/h

* Range set from estimate described in LeBoeuf et al, 2013

** Parameters used in the simulation, varied within a larger range to mimic the effects of colchicine

*** Derived from biological observation.

**** Unknown cytokine parameter - set to the value utilized for IFN kinetics
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Appendix Figure 6. Modelling tumor heterogeneity.

a)The phenomenological model was amended to describe the interaction between a b) resistant
cancer cell (RCC) population, and an infiltrating population of composed of ¢) normal fibroblasts
(NFs), d) cancer-associated fibroblasts (CAFs) or e) sensitive cancer cells (SCCs). Red lines
indicate processes impaired relative to RCCs. Green line indicate processes enhanced relative to
RCCs. The histograms of f) RCC, g) NF h) CAF and i) SCC viability at the 72h time point in the
absence of co-culture highlights the impact of these parameter alterations. These distributions

summarize the results obtained over 1000 Monte Carlo simulations. See appendix table 1V for
details.
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Appendix Figure 7. The impact of tumor heterogeneity on the viability of resistant tumor
cells.

a) Distribution of cell viability of RCC and NF upon co-culture. Graph represents the median
viability obtained over 1000 Monte-Carlo simulation as a function of the RCC or NF fraction
within the population. b) Distribution of cell viability of RCC and CAF upon co-culture. Graph
represents the median viability obtained over 1000 Monte-Carlo simulation as a function of the
RCC or_CAF fraction within the population. ¢) Distribution of cell viability of RCC and SCC
upon co-culture. Graph represents the median viability obtained over 1000 Monte-Carlo
simulation as a function of the RCC or SCC fraction within the population.
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Appendix Table V. List of parameters estimates for Chapter 1V. Table describes values for
resistant tumor cells.

Parameter Range Utilized
Ky, 1E-4 to 10E-4 (V''h™)
EC50 0.25e-12 to 2.5e-12 (M)
KipN on™** In(2)/(0.2 to 2.0) (h™)
Kirnosf In(2)/(10 to 90) (h™)
Ve In(2)/(2.5 to 22.5) (h™)
Kyc In(2)/(1 to 10) (h™)
Kgua 1p™* 0.5t0 5 (V/h)
Kgud ap ** Kgyua_IP % 0.1t0 1% (V/h)
Ky K;rn2x 10 to 100% (M/h)

Kien2.1/Kirn22 8.3e-18 to 8.3e-17 (M/cell/h)
(i.e. 5000-50000 molecules/cell/n)
YIFN In(2)/(5 to 50) (h™)
Yo In(2)/(5 to 50) (h™)

* Range is 10x lower for normal fibroblasts and 2.5x higher for sensitive cancer cells

**Range is 10x lower for normal fibroblasts and cancer associated fibroblasts

*** Range is 1-10x lower for cancer associated fibroblasts and 10-100x lower for sensitive cancer cells
**** Range is 1-10x lower for cancer associated fibroblasts and 10-100x lower for sensitive cancer cells
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Appendix Figure 8. The impact of tumor cell infiltrate parameters on the viability of
resistant tumor cells.

Simulations were performed by varying the parameter of virus budding (Kguq ip), the rate of IFN
production (Ken1) or the degree of IFN responsiveness (Kien on) in the tumor cell infiltrate at a
fixed rate relative to the resistant cancer cells. In these simulations, the ratio of infiltrate to
resistant cancer cells was set at 1:20. Resistant cancer cell viability at the 72h time point. A
Monte Carlo simulation (n=1000) was performed using the range of parameters described in
Appendix Table V used to describe resistant cancer cells.
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Appendix Figure 9. Experimental and simulated relationship between NRRP concentration
and cellular viability 72 hours post-infection in normal (HDFN) and acute leukemic
(L1210) cells.

The experimental dose response curve was generated by infecting 2.5E5 cells at increasing MOI
and assessing cellular viability 72 hours post-infection through an AlamarBlue assay. Viability is
defined as the strength in signal intensity relative to control. Error bars represent the standard
deviation obtained over triplicate experiments. Trends represent the simulation which best
describes the experimental results. Model parameter identification was performed using the
simulated annealing-like method described in chapter Il. In these simulations, all parameters are
identical between the two cell lineages other than the capacity to produce IFN (Keng,
Kienz1&Kien2.2), the rate of NRRP clearance (Kyc) and the rate of activation of antiviral defence
(Kienon)- In these simulations, the ratio of functional to dysfunctional NRRP particles was varied
from 1:0 to 1:1000.
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Appendix Figure 10. Time microscopy of death events following NRRP treatment.

For all experiments, the murine multiple myeloma cell line (MPC-11) was treated with NRRPs at
a PFU to cell ratio of 100. Following incubation for 1h, and centrifugation to pellet the cells at
the bottom of the well, the above experiments were monitored over a 48h hour period. Time
indicated in top left hand corner indicates the time following the onset of infection. Images
acquired.
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Appendix Table VI. List of parameters estimates for Chapter VI.

Parameter Range Utilized
Ky; 7.5E-5t07.5E-4 (V'h™)
EC50 0.25e-12 to 2.5e-12 (M)
KieN on In(2)/(0.2 to 2.0) (h™)
Kirnosf In(2)/(5 to 50) (h™)
Ve In(2)/(2.5 to 25) (h™)
Knc In(2)/(0.25 to 2.5) (h™)
Kirnt K;rn2* 10 to 100% (M/h)

KIFNZ.l&KIFNZ.Z

YiFn
YN

8.3e-18 to 8.3e-17 (M/cell/h)
(i.e. 5000-50000 molecules/cell/h)
In(2)/(5 to 50) (h™)
In(2)/(2.5 to 25) (h™)
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Appendix Figure 11. Survival in a CT26-LacZ murine subcutaneous colon cancer model
following NRRP treatment.

On day 1, 15 mice were injected with 3.1E5 CT26-LacZ cells on the right flank. On days 16, 18
and 21, mice received a 2E9 dose of NRRPs administered IV or IT or a PBS control.
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Appendix Figure 12. Quantitative real-time polymerase chain reaction (QRT-PCR) of IFN
targets in the second patient identified by gRT-PCR.
gRT-PCR was performed on a subset of select genes categorized as repressed in CAFs (>3 fold)

and induced (>3fold) by VSVAS51 according to the microarray analysis. gqRT-PCR was
performed on CAFs and NAFs obtained from cancer Patient 2 infected or not with VSVAS51 for
18hours and normalized to GAPDH levels using the Faffel method
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