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Abstract
Oncolytic viruses (OVs) are promising tumor-selective treatments, and the efficacy of

OV therapies has been shown to depend heavily on the successful delivery and spread
of these agents within the tumor mass to generate profound immunostimulatory effects.
We have previously reported the potential of vanadium-based compounds such as
vanadyl sulfate (VS) as immune-stimulatory enhancers of OV immunotherapy. These
compounds, in conjunction with RNA-based OV’ such as oncolytic VSVAS51, improve
viral spread and oncolysis, leading to long-term antitumor immunity and prolonged
survival in resistant tumor models as previously reported. This effect is associated with
a virus-induced antiviral type | IFN response shifting towards a type Il IFN response.
Here, the systemic impact and the relevant immunological changes following
VS/VSVAS1 combination therapy were investigated to understand the immunological
mechanism of action leading to improved antitumor responses. We screened for the
secretion of chemokines and cytokines in vivo to understand the mechanism of action
regulating the recruitment of immune cells to the tumor in the CT26WT tumor model
following treatment. Additionally, the antigen-specific immune response was
investigated to further identify the relevant immunological changes following
treatment with the VS+VSVAS51 combination. Our data revealed that VS+VSVASI
combination therapy significantly increased the levels of IFN-y and IL-6, and other key
important pro-inflammatory cytokines and chemokines. Improved tumor antigen-
specific T-cell responses were observed following the combined therapy. Supported by
relevant immunological changes and as a proof of concept for the design of more
effective therapeutic regimens, we found that local delivery of VSVAS51 encoded with
IL-12 or with other transgenes in combination with VS further improved therapeutic
outcomes in a syngeneic CT26WT colon cancer model. We found that CD8+ T cells
and Natural Killer (NK) cells play significant roles in establishing the therapeutic
efficacy that we observed; Furthermore, engineering new and targeted therapeutic
platforms to impact the antitumor immune response further improves the therapeutic

benefits of the combined therapy.
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Chapter 1: Introduction

1.1. Cancer

Cancer is initiated by abnormal cell growth and tissue invasion, which may be
benign or malignant (1). Many cancer types have been recognized with three main
categories: carcinomas, sarcomas, and leukemias or lymphomas (1). They share
similar characteristics, including self-sufficient proliferative signalling, resistance
to growth suppressors and cell death, replicative immortality, and ability to induce
angiogenesis, evasion of immune destruction, metastasis, reprogramming of energy
metabolism, and invasion of immune destruction (2, 3).

Cancer has been intensively studied, providing an in-depth understanding of
the processes that are involved in cancer initiation and progression. As a result,
researchers are constantly developing new therapeutic approaches that contribute
to cancer treatment and prevention. The most used therapies for cancer are
chemotherapy, radiotherapy, and surgical excision (4), which directly remove
tumors or target cancer cell proliferation among others. While they are effective in
some cases, these historical cancer treatments still face several challenges and
limitations, including cancer recurrence, tumor resistance (5) and off-target toxicity
(6).

1.2. Tumor immunosuppressive microenvironment:

The tumor microenvironment (TME) plays a crucial role in shaping the

progression and fate of cancer. Consisting of an array of cellular and non-cellular

components that actively participate in shaping tumor response, angiogenesis,



immune evasion, and metastasis (Figure 1). One critical component of the TME is
the immunosuppressive microenvironment, which hinders effective anti-tumor
immune responses and supports tumor growth and metastasis. Understanding the
mechanisms behind this immunosuppression is essential for developing novel
therapeutic strategies to overcome immune evasion in cancer.

1. Cellular Components of the Tumor Microenvironment

The TME comprises tumor-infiltrating immune cells, cancer-associated
fibroblasts (CAFs), endothelial cells, and mesenchymal stem cells (MSCs)
(Figure 1). Tumor-infiltrating lymphocytes (TILs), including cytotoxic T cells,
natural killer (NK) cells, and regulatory T cells (Tregs), each one of these
immune cells significantly impacts tumor development (7).

CAFs are heterogeneous cells that originate from different cell types
such as mesenchyme, epithelial cells, mesothelial cells, fibrocytes, endothelial-
mesenchymal transition (EndMT) and epithelial-mesenchymal transition
(EMT). They promote tumor growth, angiogenesis, and metastasis through
paracrine signaling and extracellular matrix remodelling (8). The crosstalk
between cancer cells and CAFs creates a supportive niche that facilitates cancer
progression and therapeutic resistance (8). In addition, the interaction between
CAFs and immune cells also contributes to cancer resistance by secreting TGF-
B and IL-10. As a result, the secretion of TGF-B and IL-10 converts T cells into
iTregs, induces tolerogenic DCs, eliminates APCs by reducing signal activity,

inhibits T cell and NK cell function, and activates M2 macrophages (9).
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Figure 1: Tumor immunosuppressive microenvironment components and mechanism
of actions.

The tumor microenvironment (TME) consists of cellular components including tumor-
infiltrating immune cells, cancer-associated fibroblasts (CAFs), endothelial cells,
mesenchymal stem cells (MSCs), non-cellular components, and released molecules. Each one
of these components plays critical role in shaping the tumor microenvironment and promoting
tumor resistance, figure was generated using Biorender.



MSCs are multipotent cells that differentiate and regenerate into many
cell types, including bone, cartilage, and adipocytes. Besides their regenerative
potential, they play a crucial role in tissue repair and immune regulation.
However, when recruited to the TME, MSCs can also contribute to tumor
progression and therapy resistance by promoting tumor growth, angiogenesis,
and immunosuppression. They can suppress the proliferation and activation of
T cells, B cells, natural killer (NK) cells, and dendritic cells (DCs) (10). MSCs
collectively create an immunosuppressive milieu through the secretion of
soluble factors like transforming growth factor-beta (TGF-p), interleukin-10
(IL-10), indoleamine 2,3-dioxygenase (IDO), prostaglandin E2 (PGE2), and
nitric oxide (NO). In addition, they promote the expansion of cells that could
further induce the tumor immune evasion including T regulatory cells (Tregs)
and Myeloid-Derived Suppressor Cells (MDSCs) (11)

Tregs are a specialized subset of T cells that play a crucial role in
maintaining immune tolerance and preventing autoimmunity. Both of MSCs
and CAFs have been shown to promote the expansion and function of Tregs
through direct cell-to-cell contact and the secretion of immunomodulatory
cytokines like TGF-f and IL-10 (11, 12). Whereas MDSCs are a heterogeneous
population of immature myeloid cells that play a role in inhibiting T cell
activation and proliferation. MSCs induce the expansion and the recruitment of
MDSCs in the TME through the secretion of factors like IL-6, IL-1B, and
granulocyte-macrophage colony-stimulating factor (GM-CSF) (13). CAFs also
mediate the recruitment and expansion of MDSCs through the secretion of GM-

CSF and IL-6, further contributing to immune suppression (14).



2. Non- Cellular Components of the Tumor Microenvironment:

The non-cellular components of the tumor microenvironment consist of
the structure of the extracellular matrix (ECM) and secreted factors within
the TME that significantly impact cancer cell behaviour and modulate the
tumor microenvironment (Figure 1). Here are some of the factors that
influence the behaviour of tumor cells and promote the generation of tumor
immunosuppressive microenvironment.

The secretion of immunosuppressive molecules hampers the antitumor
immune response and generates an environment in favour of tumor growth.
For instance, Indoleamine 2,3-dioxygenase (IDO) is an enzyme that plays
a significant role in creating an immunosuppressive microenvironment
within the tumor. It is involved in the degradation of tryptophan, an
essential amino acid, into kynurenine and other metabolites that tumor cells
need to promote their growth and evade host defences (15). PGE2 is a
bioactive lipid molecule derived from arachidonic acid, in the TME, PGE2
is produced by various cells, including tumor cells, stromal cells, and
immune cells. It suppresses immune responses through a series of
intracellular signalling of the prostanoid E (EP) receptor pathway (16).
Whereas Nitric oxide (NO) is a gaseous molecule that involves in various
physiological and pathological processes, including cancer. In the TME,
NO is mainly produced by inducible nitric oxide synthase (iNOS) expressed
in tumor cells, immune cells, and stromal cells. NO can promote tumor
growth and immune escape by inhibiting T cell activation (its production

stimulates the production of superoxide by iNOS which then reacts with



NO to form ONOO- and other forms of RNS that cause T cell apoptosis
(17).

Additionally, other secreted molecules such as Growth factor-beta
(TGF-B) and interleukin-10 (IL-10) are key immunosuppressive factors that
play critical roles in shaping an immunosuppressive milieu that promotes
tumor growth, invasion, and immune evasion. TGF-f is secreted by both
tumor cells and stromal cells and suppresses immune responses by
inhibiting the activation and proliferation of effector T cells, promoting the
expansion and function of regulatory T cells (Tregs), and impairing the
function of natural killer (NK) cells and dendritic cells (DCs) (18). While,
IL-10 is an anti-inflammatory cytokine secreted by Tregs, macrophages,
and tumor-infiltrating lymphocytes. 1L-10 mediates immunosuppressive
effects by suppressing the function of effector T cells, DCs, and NK cells
and on the other hand promoting the differentiation and expansion of
MDSCs (19).

Other cytokines including IL-6, IL-1B, and granulocyte-macrophage
colony-stimulating factor (GM-CSF) are also secreted in the tumor
microenvironment (TME). They contribute to promoting an
immunosuppressive microenvironment and modulating immune responses.
IL-6 is a pro-inflammatory cytokine secreted by various cells, including
tumor cells and immune cells in the TME. It promotes the expansion and
activation of regulatory T cells (Tregs) and myeloid-derived suppressor
cells (MDSCs) (20). The second cytokine is IL-1p is a pro-inflammatory

cytokine secreted primarily by immune cells in response to infection,



injury, or inflammation. In the TME, IL-1p can promote the production of
other immunosuppressive factors, such as IL-6 and IL-10 (21). Lastly, GM-
CSF is a cytokine that mediates the production and maturation of
granulocytes and macrophages including MDSCs and tumor-associated
macrophages (TAMs) (22).

Other Components of the Tumor Microenvironment:

During malignancy transformation, the cell metabolism undergoes
changes to support the progressing tumor. Tumor hypoxia, for instance, is
a biochemical reaction in the organism, caused by an insufficient oxygen
supply, and is a hallmark feature of the TME. As a result, this metabolic
alteration in the TME has a major impact on the immune system and leads
to drug resistance, angiogenesis, stimulation of metastasis, and tumor
invasion as well as immune suppression (9, 23). Additionally, there are
other metabolites that contribute to the generation of immunosuppressive
microenvironment including Arginine and adenosine. Arginine is important
for T cell TCR signaling and cytotoxicity. A high level of arginase that is
released by TAMs, N2 neutrophils and monocytic MDSCs in the TME
subsequently metabolizes L-Arg into urea and L-ornithine and as a result,
impairs immune cell function (24). Whereas high adenosine concentration
inhibits CTLs and NK cells by diminishing their cytotoxic capabilities due
to a cCAMP build-up which leads to protein kinase A (PKA) activity (25).

In addition to all these factors that contribute to the immunosuppressive
microenvironment enabling tumors to evade immune surveillance, the TME

can orchestrate various immune evasion mechanisms. One of which is the



expression of immune checkpoint receptors and ligands on tumor cells and
other immune-suppressive molecules to impair effective antitumor immune
responses (26). In a normal immune response, immune cells undergo
multiple sequential steps following a stimulus that is regulated by
counterbalancing stimulatory and inhibitory signals where the expression
of several membrane receptors is induced as an indication of their
functional status (27). These signals are triggered by the binding of these
receptors to their ligands on other cells, that either initiate stimulatory or
inhibitory signals (27, 28). For instance, T cells get activated upon receiving
several signals from antigen-presenting cells, and when activated, they
express inhibitory molecules, including cytotoxic T lymphocyte-associated
antigen-4 (CTLA4), programmed death receptor-1 (PD-1) as part of the
immunosurveillance process (29). Cancer cells escape the immune response
by overexpressing immune checkpoint regulators such as PDL-1 which
inhibits T-cells (30).

Therapeutic implications:

Understanding the dynamic and multifaceted nature of the TME is vital
for designing effective therapeutic strategies. A lot of effort has been made
to overcome some of these limitations by targeting specific components of
the TME, such as immune checkpoint inhibitors, anti-angiogenic agents,
and stromal modulators, which have shown promising results in preclinical
and clinical studies (31). Strategies to selectively target and inhibit Tregs
(32), and delete or reprogram MDSC (33), hold promise for restoring

antitumor immunity. Depletion or functional inhibition of Tregs in



combination with other immunotherapies is being explored as a potential
approach. Additionally, the inhibition of specific immunosuppressive
factors produced by the tumor and stromal cells, such as TGF-$, IL-10, and
IDO, have been investigated as potential therapeutic agents to enhance
antitumor immune responses and reprogram the immunosuppressive TME
(34).

One attractive approach to surmount TME barriersis Immune
checkpoint inhibitors (ICI) which have been widely used as cancer therapy
and have seen widespread clinical approvals. Immune checkpoints are
regulatory signaling pathways that modulate the amplitude and duration of
immune responses (27). Anti-cytotoxic T cell lymphocyte antigen 4
(CTLAA4) antibodies and anti-programmed death 1 (PD1) receptor/ligand
(PDL1) antibodies have been designed to overcome the negative effect of
these immune suppressor regulatory mechanisms. ICI therapies have been
approved as part of the standard of care for multiple malignancies and as
monotherapies cannot effectively control the cancers in most treated
patients (27, 28).

However, the complexity and heterogeneity of the TME present
significant challenges in developing precise and personalized therapies. The
importance of unravelling the complexities of the TME offers
unprecedented opportunities to develop innovative therapeutic approaches
that can exploit vulnerabilities within the tumor ecosystem. Continued
research in this field holds the potential to transform cancer treatment and

improve patient outcomes.



1.3. Oncolytic virotherapy:

Oncolytic virotherapy has been identified as an innovative and hybrid cancer
gene therapy / immunotherapy approach to treating cancer that aims in part to
stimulate the body's immune system to recognize and attack cancer cells. Over the
past decade, significant progress has been made in the preclinical and clinical
development of oncolytic virotherapy and many promising agents have been
identified. Oncolytic virotherapy utilizes specially engineered viruses to selectively
target and destroy cancer cells, offering a tumor-specific therapeutic platform. The
impact of OVs therapies on the immune response has been studied and the
generation of a robust antitumor immune response is identified as a key
contributing mechanism. This is supported by accumulating evidence pointing to
the importance of the immune response in generating long term immunity against
the tumor, which has been demonstrated in many animal models (35). Generally,
there is a correlation between the presence of effector T cells and improved
prognosis and long-term survival in many solid tumours (36-44). The success of
oncolytic virotherapy can be further augmented by implementing various strategies
to amplify its anticancer effects. Therefore, several approaches have been tested to
optimize viral replication and spread within the tumor, induce the immune response
against cancer cells, and overcome potential challenges caused by the tumor

microenvironment.

1.4. OVs as a versatile cancer therapeutic platform
Oncolytic virotherapy is an immunotherapy based on using replication viruses

that specifically target malignant cells leading to their killing and inciting an
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antitumor adaptive immune response (45-47). Oncolytic Viruses (OVs) have been
extensively tested as anti-cancer therapies. They have a natural tropism for cells
that have defects in antiviral defences, are able to evade immune cell detection and
killing, and that divide rapidly, as is the case for many cancer cells (46). Therefore,
tumors are considered an ideal substrate for the virus, which is used as machinery
for effective virus replication.

There is a broad spectrum of viruses that have been tested clinically as
anticancer therapy including DNA and RNA viruses namely adenovirus, measles
virus, parvovirus, reovirus, vesicular stomatitis virus, and coxsackievirus (46).
Despite the diversity and overall significant improvements in viral oncolysis
associated to these viruses, few have been translated to clinical use.

1.4.1 Current Status of OV therapy:

To date, four OVs have reached regulatory approval throughout the world for
the treatment of advanced cancers and since then, the number of clinical trials is
increasing every year. The first one was in 2004, an RNA virus derived from the
native ECHO-7 strain of a picornavirus, called Rigvir, and was approved for
melanoma treatment in Latvia (48). Then, in 2005, a genetically modified
adenovirus, H101 was approved for the treatment of nasopharyngeal carcinoma in
combination with cytotoxic chemotherapy in China (49). More recently,
Talimogene laherparepvec (T-VEC), an attenuated herpes simplex virus, type 1
(HSV-1) encoding granulocyte-macrophage colony-stimulating factor (GM-CSF)
was approved in 2015 by the U.S. Food and Drug Administration for the local
treatment of unresectable cutaneous, subcutaneous and nodal lesions in patients

with recurrent melanoma after initial surgery (50). The most recently approved OV
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is a modified HSV-1, named teserpaturev or G47A (DELYTACT®), for the
treatment of malignant gliomas which received conditional and time-limited
approval in June 2021 in Japan (51, 52). 97 clinical trials were reported from 2000
to 2020 including a wide range of clinical trial phases under study spanning many
different viruses, cancer populations, routes of delivery, and combination treatment
strategies, as well as evaluating immune responses (53).

Although the clinical trial results support the potential therapeutic benefit of
OVs, oncolytic virotherapy experienced many barriers to translation in addition to
the time it takes to reach the final FDA approval (54-57). A lot of efforts have been
made to fill the gap to improve the clinical outcome of OVs therapy (58, 59). One
of which by increasing the need for better-targeted therapies armed to be effectively
targeted to the tumors (60). In addition, the development of animal models for
preclinical testing is needed to address the toxicities including off-target toxicities
observed in early clinical studies and test the efficacy of therapies before translation
(60).

1.4.2 OV therapy mediated immune response:

Oncolytic viruses have emerged as a promising cancer therapy with a lot of
potential to incite a sustainable immune response. Because of this, they are often
categorized as immunotherapy because they naturally trigger immune responses
towards tumors (61-63). OVs however have multiple mechanisms of action and
their antitumor effects depend on 1) the direct tumor-selective oncolysis, 2)
therapeutic transgene expression and 3) immune activation leading to anti-tumor

immunity (Figure 2).
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Figure 2: OV therapy mediated immune response.

OVs specifically target malignant cells and induce the release of danger signals, such as
pathogen-associated molecular patterns (PAMPS) and damage-associated molecular patterns
(DAMPs), from infected cancer cells which are recognized by pattern recognition receptors
(PRRs) on immune cells. The recognition of these molecules contributes to the stimulation of
the innate and adaptive anti-cancer immune responses and triggers the release of pro-
inflammatory cytokines which are important to recruit, activate and stimulate multiple immune
cells including dendritic cells, Natural killer cells, macrophages and T cells. Those cells
facilitate cancer clearance through many mechanisms, figure was generated using Biorender.
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In this regard, OVs activate the immune system through several mechanisms.
One of which is through the release of danger signals, such as pathogen-associated
molecular patterns (PAMPS) and damage-associated molecular patterns (DAMPS),
from infected cancer cells (62). Subsequently, the release of damage-associated
molecular patterns (DAMPS), as well as the release of infectious viral progeny that
spread to surrounding tumor cells (64, 65) which are recognized by pattern
recognition receptors (PRRs) on immune cells also contribute to the stimulation of
the innate and adaptive anti-cancer immune responses and trigger the release of
pro-inflammatory cytokines locally and systemically (66).

This process also activates other key regulators of the innate immune response
to shift the TME towards an immunostimulatory phenotype, and recruitment of
macrophages and NK cells as well as other immune cells that mediated adaptive
immune response including Dendritic cells and T cells.

1.4.2.1 Macrophage:

As the first line of innate immune response defence, macrophages mediate
anti-viral and anti-tumoral responses by releasing IFN-y, followed by the
expression of CCL20, CXCL10, CXCL11, CCL15, and CXCL9 and the secretion
of TNF and IL-12 to attract and activate NK cells, T cells, and DCs (cytokine
details presented in Table 1) (67). For instance, during viral infection, macrophages
have a variety of antiviral properties that limit viral spread and replication through
cellular mechanisms (68) or through the secretion of pro-inflammatory cytokines
such as IFN-y, TNFa, IL1RB, IL6, IL12 that mediate T cells, NK cells and DCs

activation (Table A). The production of reactive oxygen species (ROS), expression
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Table 1: the cytokines and chemokines

Cytokine/ Receptor Secreted cells Targeted cells Biological function
chemokine
IFN-gamma I::FT“VRL Thi cells Macrophages, NK Cell activation
yR2 NK cells
CD8 T cells cells, T cells, others Cytotoxic effect
G-CSF GCSFRdimer Macrophages Granulocytes Cell expansion
Fibroblasts
other tissues
IP-10/CXCL10 CXCR3 Endothelial cells T cells Cell recruitment
Antigen presenting NK cells
cells
MCP-1/CCL2 CCR2 monocytes inflammatory Cell recruitment
macrophages monocytes
dendritic cells
MIP-1a/CCL3 CCR1,5 lymphocytes, Monocytes Cell recruitment
fibroblasts, and T cells
epithelial cells, Basophils
monocytes and NK cells
macrophages Eosinophils
MIP-1b/CCL4 CCR5 monocytes, T/B Monocytes Cell recruitment.
lymphocytes T cells
Neutrophils Dendritic cells
fibroblasts Nk cells
endothelial/epithelial
cells
MIG/CXCL9 CXCR3 monocytes T cells Cell recruitment
endothelial cells NK cells
fibroblasts
cancer cells
Rantes/CCL5 CCR1,3,5 Tumor cells T cell Cell recruitment
Monocytes Eosinophils
Basophils
Dendritic cells
CCL20 CCR6 Endothelial cells immature dendritic Cell recruitment
epithelial cells cells (DC)
monocyte effector/memory T-
macrophage cells and B-cells
neutrophils
CCL15 Macrophages Monocytes Cell recruitment
dendritic cells
T lymphocytes
eosinophils
TNF-alpha TNFR,p55; TNF Macrophages Macrophages Cell activation
R,p75 Monocytes Monocytes
T cells T cells
others others
IL-2 IL2Ra, IL2Rb, activated T cells CD 4+ T cells Cell activation
and IL2Ry CD 8+ T cells
NK cells
Treg
IL-5 IL5Ra Th2 cells Eosinophils Cell maturation,
and IL3Rb B cells activation, survival
IL-6 IL6Ra and gp13 Macrophages B cells
0 endothelial cells T cells
some activated T cells Thymocytes Cell proliferation
myeloid cells
osteoclasts
IL-7 IL7Ra and hematopoietic cells CD8+ T cells Cell activation
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of nitric oxide (iNOS) and increased Major Histocompatibility Complex class 11
(MHC-I1) expression on antigen presenting cells and phagocytosis are part of the
cellular mechanisms that prevent the spread of the virus (67). Although
macrophages have been shown to induce an antiviral immune response,
macrophages also contribute to the antitumor immune response of OVs by acting
as antigen-presenting cells or the secretion of pro-inflammatory molecules.

The increase in macrophage infiltration in the context of OV infection has been
reported to be associated with enhanced antitumor effects (69). In line with this
notion, treatment with oncolytic adenovirus (Delta24-RGD) increased the
antitumor effect and improved survival and that is associated with enhanced
macrophage infiltration and macrophage-stimulating cytokines such as IFN-y and
other pro-inflammatory cytokines including CCL3, IL1p, and IL6 (Table 1) (70).
Macrophages are an important element in bridging innate and adaptive immune
responses toward tumor cells. In addition, they have an antigen-presenting ability
which contributes to enhancing the antitumor subsequently by stimulating tumor-
specific T-cell response (71, 72, 73).

1.4.2.2 Natural killer cells (NK cells):

While NK cells are also one of the first defences during the innate immune
response. The ability of NK cells to recognize “self” by detecting MHC-1 through
Killer Cell Immunoglobulin-like receptors (KIRs) in humans and Ly49 in mice
prevents harm to the host’s cells (74,75). NK cells also get stimulated through the
interactions of activating receptors such as NKG2D and natural cytotoxicity
receptors (NCRs) with their cognate ligands (for example, H60, Mult-1) as well as

CD27-CD70 interactions (74, 75). They are responsible for both direct cytotoxicity
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and significant cytokine production (76). For instance, they mediate their cellular
cytotoxicity through the release of controlled degranulation of perforin and
granzyme-B and the release of pro-inflammatory cytokines IFN-y and TNF-related
apoptosis-inducing ligand (TRAIL) (46) that facilitate the direct killing of target
cells. NK cells also play an important role in combating transformed cells by
antibody-dependent cellular cytotoxicity (ADCC), where antibody-coated cells are
recognized through FcyRIIla (CD16), which recognizes the Fc portion of 1gG1
produced by B or plasma cells (77).

Their intrinsic ability to kill tumor cells without prior sensitization has made
NK cells a very promising target for immunotherapy. Additionally, this early
response of NK cells has been shown to be important for the generation and activity
of other immune cells including dendritic cells that eventually play a critical role
in priming an efficient T-cell response, which is required for generating effective
therapeutic outcomes (78, 79). NK recruitment to tumors is associated with an
increase in their activity following reovirus treatment (80), and HSV treatment
(81). NK cells mediate direct cytotoxicity to tumor through the binding of their
cytotoxicity receptors NKp30 to Bcl-2-associated athanogene 6 (BAG6) and B7-
H6 and NKp44 to NKp44L on OV-infected tumor cells (82) as well as the release
of perforin and granzyme release (81).

1.4.2.3 Dendritic cells:

In addition, antigen-presenting cells (APCs) bridge innate and adaptive
immune responses. They uptake the released TAAs or tumor-associated
neoantigens (TANS) and present them as antigens via MHC class | to T cells to

activate T cells and recruit them to tumor site (83, 84). Dendritic cells are antigen-
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presenting cells, they uptake and process antigens upon encountering tissue
damage, infection, or transformed cells. That leads to their maturation and
migration to lymphoid structures to present those antigens through the Major
Histocompatibility Complex (MHC)-1/11 expressed on their surface (85) to T-cell
receptors (TCR) on CD8+ and CD4+ T-cells respectively to mediate their
activation and differentiation to antigen-specific T-cells (86—-89). They also release
immunostimulatory molecules (87, 89, 91,91).

Treatment with reovirus or HSV induces DC recruitment to the tumor, and that
is mediated by the increase in the secretion of a variety of cytokines including IL6,
RANTES, and IFNy (92, 93). OV treatment also induces the maturation of DCs by
enhancing the expression of costimulatory proteins such as CD80, CD83, and
CD86, as well as Transporter associated with antigen processing 1 (TAP-1) and
MHC and generally boosts their antigen-presenting ability. As a result, this
improves tumor-specific T-cell activation (92, 94). DCs also contribute to
generating pro-inflammatory TME by releasing a variety of cytokines such as
TNFa, IL1R, IL6, IL12 (Table 1), and IFN, and reduced inhibitory signals, such as
via 1L10 (94).

1.42.4T cells:

One of the critical components of the adaptive immune response is T cell-
mediated immunity. T cells play a central role in recognizing and eliminating tumor
cells. CD8+ cells recognize antigen that is presented by APC through MHC class |
molecules to T cell receptor (TCR) and that initiates an intracellular signaling
cascade leading to activation of these cells. In contrast, CD4+ T cells recognize

tumor antigens presented on MHC class 1l molecules. As a result, activated CD8+
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T cells and CD4+ T cells migrate to the tumor site and facilitate tumor clearance
(95). Effector CD8+ T cells recognize tumor cells based on the expression of
altered proteins that are presented via MHC class | that trigger apoptosis of tumor
cells via secretion and release of perforin and granzymes or via the Fas-FasL axis,
subsequently activating the caspase cascade in target cells (95, 96). Furthermore,
both CD4+ and CD8+ T-cells secrete cytokines to promote host defense,
particularly IFN-y, which stimulates both innate and adaptive immune responses
(95, 97). This cytokine not only targets tumor cells but also has other regulatory
properties. It has been shown to increase MHC class | expression (98, 99), induces
the secretion of chemokines such as CXCL9 and CXCL10 that elicit T cell
recruitment, NK cell, DC, and macrophages infiltration (100), and shift the immune
response toward pro-inflammatory phenotype (101).

The generation of specific anti-tumor CD8+ T-cell immune response is
considered an important target for the efficacy of immunotherapies and several
immunotherapies that have reached clinical trials demonstrated that the generation
of such a response is correlated with improved outcomes (102, 103, 104). The
improvement in clinical outcomes following treatment with HSV, VV, or VSV has
been reported to be associated with an increase in T cell infiltration (105, 106, 107).

1.5.VSVA51

Many of the effects of OVs that contribute to generating long-lasting anti-tumor
responses result from selective viral replication in the tumor. Some oncolytic
viruses have a natural tropism for cancer cells, while other viruses have a genetic

modification that leads to preferential targeting of cancer cells (46). Vesicular

19



stomatitis virus (VSV) is of particular interest due to its selective tumor Killing
properties and translational potential. VSV, a member of the Vesiculovirus genus,
IS a negative sense, single-stranded RNA virus. It mainly infects rodents, cattle,
swine, and horses, and causes a relatively localized and non-fatal illness, and
human infection is considerably rare and asymptomatic. Its genome consists of 5
genes of 3'-N-P-M-G-L-5' (Figure 3) (108, 109).

The nucleoprotein (N) binds to the phosphoprotein (P) which is also bound to
the viral RNA-dependent RNA polymerase, and the large (L) protein. The
nucleocapsid complex and the viral polymerase complex (P and L proteins) form
the ribonucleoprotein responsible for genome replication and transcription, which
then is enveloped in a lipid bilayer generated from the host cell membrane during
the budding process. The membrane-associated proteins comprise the glycoprotein
(G) and the matrix protein (M). The matrix protein (M) is associated with the
nucleocapsid and the lipid bilayer to maintain the compact structure of the virion
and it also blocks transcript transport from the nucleus into the cytosol and
facilitates VSV budding from the membrane. The glycoprotein (G), the integral
membrane protein, controls viral entry, through cell attachment via the low-density
lipoprotein (LDL) receptor and membrane fusion (110, 111, 112).

The VSV life cycle as described in Figure 4 begins when VSV-G binds to LDL
receptors on the cell surface of the targeted cells, and subsequent receptor-mediated
endocytosis occurs (113) resulting in the fusion of the viral and endosome
membranes and the release of the ribonucleic core into the cytoplasm (114). The
viral RNA-dependent RNA polymerase (RdRp) complex, composed of the L and

P proteins, synthesizes the viral RNA.
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Figure 3: VSV structure

VSV, a member of the Vesiculovirus genus, is a negative sense, single-stranded RNA virus.
VSV genome consists of 5 genes of The nucleoprotein (N) binds to the phosphoprotein (P)
which is also bound to the viral RNA-dependent RNA polymerase, and the large (L) protein.
The nucleocapsid complex and the viral polymerase complex (P and L proteins) form the
ribonucleoprotein responsible for genome replication and transcription, which then is
enveloped in a lipid bilayer generated from the host cell membrane during the budding process.
The membrane-associated proteins comprise the glycoprotein (G) and the matrix protein (M).
The matrix protein (M) is associated with the nucleocapsid and the lipid bilayer to maintain
the compact structure of the virion and it also blocks transcript transport from the nucleus into
the cytosol and facilitates VSV budding from the membrane. The glycoprotein (G), the integral
membrane protein, controls viral entry, through cell attachment via the low-density lipoprotein
(LDL) receptor and membrane fusion. Figure was generated using biorender.

21



Tp Ik

Receptor 3 £ || Cytoplasm
1=k
"% ad :

J‘HV«'

B [«

nucleus |

Figure 4: VSV life cycle.

(A) VSV-G binds to LDL receptors on the cell surface of the targeted cells and enters the cell
via receptor-mediated endocytosis. (B) the ribonucleic core is released into the cytoplasm, the
viral RNA-dependent RNA polymerase (RdRp) complex, composed of the L and P proteins,
synthesizes the viral RNA. (C) The (—) strand RNA serves as the template for the transcription
of five subgenomic mRNAs by the L and P proteins. The mRNAs encoding the N, P, M, and
L proteins are translated by free cytoplasmic ribosomes. (D) The mRNA encoding the G
protein is translated by ribosomes bound to the endoplasmic reticulum as to generate new
synthesized G protein. (E) the formation of n nucleocapsids begins with the synthesis of a
complementary full-length (+) strand, which is also in the form of a ribonucleoprotein
containing the N, L, and P proteins. This RNA in turn serves as a template for the synthesis of
progeny (—) strand RNAs. (F) Newly synthesized G proteins enter the secretory pathway,
where they are glycosylated, oligomerized, and transported to the plasma membrane. (G)
Progeny nucleocapsids and M proteins are transported to the plasma membrane, where the
association with regions containing the G proteins initiates assembly and budding of progeny
virions
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The RdRp transcribes the leader RNA and the 5 mRNAs creating a gradient of
RNA beginning with an abundance of leader RNA followed by decreasing mRNA
levels moving towards the 5° end of the genome (N>P>M>G>L) (115, 116) where
the polymerase binds only at the leader RNA (116). The N, P, M, G, and L mRNA
transcripts then utilize the host cell machinery for translation of the 5 VSV proteins
(116). Upon the production of sufficient N, P, and L proteins, the replication of the
VSV genome is carried out by the RARP. That results in the formation of a full-
length (+) sense RNA genome which acts as a template for further replication and
amplification of the (—) sense genome (117). Both copies of the genome are covered
by N protein, and only the (-) sense genome is packaged into budding progeny
virions which acquire an envelope from the host cell. VSV M protein associates
with the RNP, condenses the RNP complex, and recruits host factors to facilitate
budding (118, 119). From each infected cell, 1,000-10,000 progeny virions can be
released (119).
1.5.1 Therapeutic properties of VSV:

VSV is known for preventing the anti-viral type I interferons (IFN) through its
M protein by blocking the host mRNA export from the nucleus, thereby shutting
off IFN production (120). As this is interfering with the host antiviral response, an
attenuated version of VSV with a complete deletion of methionine at amino acid
position 51 (A51) was engineered to generate VSV variant that is sensitive to an
IFN-mediated antiviral response (120). This mutated variant of VSV can provide
therapeutic benefit for interferon-signaling-deficient cancers, while not causing
harm to normal cells with robust type I IFN responses (120, 121). VSV has a fast

replication cycle which also can lead to substantial tumor destruction in a short
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amount of time and release significant infectious virus progeny in the tumor micro-
environment and bloodstream, where it can propagate to infect un-injected
metastases (122). VSV can be readily manufactured to high titers, can be injected
intravenously, and engineered with transgenes to enhance immunostimulatory and
other properties (121,122, 123).

Based on preclinical and clinical evidence, VSV A51 has long been considered
a safe therapeutic approach. This is due to its cytoplasmic replication preventing
the risk of gene integration, its lack of pathogenicity in humans in contrast with the
wild-type virus, and its mode of transmission. In addition, it has been reported to
have a safety profile in clinical trials, especially for intravenous administration
(124). VSV has been shown to effectively induce significant tumor regression and
prolonged survival as well as stimulate the antitumor immune response in various
mouse models including but not limited to prostate and malignant glioma (125,
126).

1.5.2 Clinical translation of VSV:

Overall, given its excellent safety profile and potent oncolytic and immune-
stimulating properties (127, 128) the VSV virus has already entered early-phase
clinical trials for solid tumors with limited therapeutic outcomes. In a phase |
clinical trial study, VSV-hIFNB-NIS, an oncolytic VSV engineered to express IFN-
B and the sodium iodine symporter (NIS) transgenes was administered in patients
with hematological cancers (multiple myeloma, acute myeloid leukemia, or T-cell
lymphoma) in 15 patients treated, stable disease was observed. Similar results were
observed in stage IV endometrial cancer patients treated with 1V VSV-IFNB-NIS,

no shedding was observed in urine or buccal swabs and no VSV lesions were
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observed in immunocompromised patients (129, 130). Vesicular stomatitis virus
(VSV)-glycoprotein (GP; Bl 1831169) which is a chimeric VSV with its
neurotropic glycoprotein G replaced by the non-neurotropic GP of the lymphocytic
choriomeningitis virus, is currently being investigated in phase | study. VSV-GP
(Bl 1831169) was used as a monotherapy and in combination with the immune
checkpoint inhibitor, ezabenlimab (Bl 754091) in patients with advanced or
metastatic solid tumors (NCT05155332) and was found to promote substantial
antitumor immune response (131).

To further explore the next generation of VSVs, continuing studies to identify
the effective therapeutic regimens that could further enhance viral replication,
understand biological contributors which correlate with patients’ response to
therapy, and identify the appropriate combination of OVs with complementary
therapies that leverage the immune response are ongoing and a lot of progress has
been made in this field.

1.6. Limitations of OV therapy

Oncolytic virotherapy (OV therapy) holds immense promise as a
potential therapeutic approach to fight cancer by utilizing viruses to selectively
target and destroy malignant cells. In recent years, OV therapy has gained
significant attention in the realm of cancer treatment due to its potential for
specificity and low toxicity. However, like any therapeutic approach, OV
therapy faces some limitations including tumor resistance to OV therapy and
the antiviral immune response. Despite all the promising therapeutic

advantages of OV, a significant challenge has risen in tumor resistance to OV
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therapy. Over time, some tumors develop mechanisms to evade the effects of

oncolytic viruses, rendering the treatment less effective. In addition to that the

natural immune response toward viral infection named antiviral immune

response negatively impacts the immunostimulatory properties of OVs. As a

result of understanding and addressing these limitations, several therapeutic

strategies have been merged to overcome these limitations.
1.6.1 Tumor resistance to OV therapy:

Resistance to OV therapy occurs through many mechanisms, including but not
limited to genetic and epigenetic changes in the tumor microenvironment or the
cancer cells themselves (132). Tumor and tumor microenvironment heterogeneity
could also prevent effective cancer therapy and generate poor therapeutic responses
to OVs (133, 134, 135, 136). Additionally, the complexity of the tumor
microenvironment and its immunosuppressive mechanism are significant obstacles
to the resistance in OV therapy that prevents the efficient infection of a tumor (136)
and can affect the ability of the immune system to recognize and attack cancer cells.
Tumors also develop mechanisms to evade the immune system, including
downregulating the expression of antigens or upregulating immune checkpoint
molecules (137).

1.6.2 Antiviral immune response:

Along with other factors contributing to the resistance to OV therapy, one of
the major obstacles to OV therapy is the anti-viral immune response that eradicates
the virus before it reaches its immunostimulatory peak effect (138). This can limit

the effectiveness of OVs and reduce their ability to replicate and kill cancer cells.
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In addition, the presence of pre-existing anti-viral immunity in patients can also
reduce the efficacy of OVs (139).

Following viral infection, cell surface receptors and cytoplasmic receptors,
including Toll-like receptors (TLRs), melanoma differentiation-associated protein
5 (MDAJ5; also known as IFIH1), and retinoid acid-inducible receptors (retinoic
acid-inducible gene 1 (RIG-1) detect viral particles (140). This interaction initiates
type I interferon response by activating myeloid differentiation primary response
protein 88 (MY D88) signalling, which in turn activates Janus kinase (JAK)-signal
transducer and activator of transcription (STAT) signalling (141). Following that,
the expression of genes encoding type | interferons and other interferon-related
molecules, in addition to caspases and pro-inflammatory cytokines and chemokines
induce cell death. That occurs through caspase-dependent apoptosis in the infected
cell through phosphorylation of Protein Kinase R (PKR), cell growth arrest via the
cyclin-dependent kinase inhibitor (p21), and RNA silencing through activation of
oligoadenylate synthase (OAS) (141). This response also induces innate and
adaptive immune responses toward the virus.

1.6.3 Therapeutic Strategies to overcome these limitations.

Several strategies have been applied to further improve the oncolytic activity
of OVs: genetic engineering is one of the widely used approaches to delete or insert
a gene of interest. In addition to that combining existing cancer therapies with OV
therapy has been introduced to take advantage of the enhancement of the immune-
mediated tumor destruction by these therapies, and the natural immunostimulatory
properties of OVs. OVs have been combined with chemotherapy (142), Histone

deacetylase (HDAC) inhibitors (143), immune / apoptosis modulators such as
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Smac mimetic compounds (SMCs) (144), immune checkpoint inhibitors and
adoptive cell therapies (145) to overcome some of the monotherapies' limitations.

ICI therapies have been combined with many immunotherapies including OV
therapy to overcome their respective limitations. For example, the combination of
T-VEC with Ipilimumab (anti-CTLA4) in patients with advanced unresectable
melanoma showed greater antitumor activity in a randomized Phase 11 study (146).
This combination therapy is now in subsequent phase Il trials (147, 148
(NCT02263508)). In addition, treatment with oncolytic vesicular stomatitis virus
(VSV) expressing IFN-p and a sodium iodide symporter reporter gene (VSV-IFN-
B-NIS) with an anti-PDL1 antibody have found to significantly control tumor
growth of disseminated acute myeloid leukemia (AML) tumors compared to either
treatment alone (149). A similar finding was observed when combining oncolytic
vaccinia virus expressing a membrane-bound interleukin (IL)-2 with anti-
PD1/PDL1 in a model of colon cancer (150). VV was also tested in combination
with both anti-PD-1 and anti-CTLA-4 antibodies and that has been shown to have
significant survival advantages (151). There are now multiple ongoing trials that
combine checkpoint inhibition and oncolytic virotherapy. Till now, the outcomes
of these studies are highly anticipated and provide insight into effective transgene
payload. However, there is still a lot to be revealed about the timing and method of
delivery, and potential side effects of these combination therapies. All of these are
important aspects to design novel combination regimens.

All these preclinical and clinical pieces of evidence have proven that OV
therapies can efficiently break apart tumor resistance, induce anti-tumor immune

response, improve efficacy in a wide range of tumors and potentiate therapeutic
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efficacy with existing therapies. Nevertheless, the clinical translation of OV
combination therapies faces several challenges and limitations. One of the
challenges in developing OV combination therapies is identifying the most
effective combinations and determining which therapies will effectively work in
combination. Additionally, the timing and dosing of combination therapies are
critical, considering that certain therapies may negatively affect the anti-tumor
response of OVs and OVs have different mechanisms of action and target different
aspects of the tumor microenvironment.

In addition, OV combination therapies are also associated with potential
toxicity, many cancer therapies, such as chemotherapy and radiation, have severe
side effects that can limit their use in combination with OVs. Lastly, one of the
widely known challenges is the antiviral immune response that limits the

effectiveness of the OV.

1.7. Viral enhancer as category immunostimulatory enhancer of OVs therapy

The development of new and novel therapeutic regimens has therefore focused
on breaking these resistances of tumors and minimizing the antiviral immune
response to improve the therapeutic benefits of OVs in the clinic (152). In an effort
to improve the clinical therapeutic efficacy of OVs, many pharmacological
compounds have been explored and several small molecules have been identified
as viral enhancers (152, 153, 154) by which they increase viral infection in tumor
cells through the suppression of antiviral response targeting type | IFN production

or signaling (152).
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As many new viral enhancer drugs have been identified, our group has worked
over the last decade to uncover many novel small molecule enhancers of OVs, with
the overarching objective to identify effective combination therapy regimens that
further improve the clinical efficacy of OVs. More recently, we identified
vanadium-based compounds as a unique category of immunostimulatory OV
enhancers, effective with RNA-based oncolytic viruses, such as oncolytic vesicular

stomatitis virus (VSVAS51) (155) and NDV (156).

1.8. Vanadium compounds and their therapeutic potential

Vanadium is a metal that has been shown to impact several biological and
cellular processes, and vanadium oxides have been explored as treatments for a
variety of pathological conditions such as diabetes and cancer (157). Vanadate is
identified as a phosphatase inhibitor because it is a structural analog to a phosphate
with a similar size, charge, and structure (158). As a result, of such a unique feature,
vanadate has a high affinity for the active site of tyrosine protein phosphatases
(PTPs), resulting in the inhibition of a broad range of PTPs (159, 160).

Indeed, Vanadium compounds have been in clinical development as
pharmacological treatments for diabetes (161). Vanadium compounds display
insulin-mimetic properties by stimulating the autophosphorylation of the insulin
receptor, this involves restoring signal transduction through the insulin receptor
and glucose intake via GLUT4 by inhibiting PTP1b based on in vivo studies (162).
While many clinical trials have been carried out revealed that vanadium
compounds were shown to be safe and tolerated in humans, their utility as

antidiabetics did not ultimately pass regulatory scrutiny.
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1.8.1 Vanadium compounds as anticancer therapy:

Vanadium compounds have been also extensively studied as potential anticancer
agents due to their ability to induce apoptosis and inhibit tumor growth in a variety
of cancer cell lines and animal models. Numerous studies have been carried out in
order to get a deeper insight into the effects of vanadium as potential cancer
therapy. In an osteosarcoma cell line, oxidovanadate was found to induce DNA
damage and increased the generation of reactive oxygen species, triggering
apoptosis (163). It also induces cell death in colonic adenoma and carcinoma in
vivo by disrupting cellular metabolism through the generation of ROS (164, 165).
Finally, vanadate facilitates IFN alpha-mediated apoptosis, and this is dependent
on the generation of ROS and p53 activation (166, 167).

Oxidovanadate was shown to decrease cell proliferation and suppress the
development of DMH-induced colonic adenoma and carcinoma (168). Vanadium
prevents both the initiation and promotional phases of liver carcinogenesis through
growth inhibition of preneoplastic tissues (168). Vanadium exerts anti-cancer
activity by disrupting cellular metabolism through the generation of ROS,
alteration of cellular organelles such as lysosomes and mitochondria, the spindle
protein such as actin and tubulin, cell cycle, and apoptosis as well as cell
proliferation (168). Vanadium also has antitumoral effects in malignant melanoma
cells through inhibition of cell growth, increasing the number of apoptotic cells in
a time and dose-dependent manner, and blocking the cell cycle in GO/G1 phase

(164).
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1.8.2. Vanadium compounds potential impacts on immune response:

Numerous studies have also demonstrated that vanadium compounds have an
impact on the immune system. In B cells, vanadium triggers the activation of B
cells by a change in cell metabolism, gene expression, and cytoskeleton
organization that regulate cellular mechanisms such as survival, apoptosis,
proliferation, and differentiation into memory or antibody producing cells. While
in T cells, ammonium metavanadate alters the number of mature T cells migrating
from the thymus to the spleen and the secretion of IL-2 and IL-6. Vanadium is also
found to downregulate interleukin expression including IL-6, IL-10, TNF-a, and
IFN-y (169). In this context, vanadate activates and stimulates T cells by induction
of protein-tyrosine phosphorylation (170).

The effect of vanadium compounds on immune cells could be a concentration-
dependent effect. For instance, vanadate was found to inhibit the proliferation of
CD4+ T cells when given at a concentration higher than 10uM but enhanced
antigen-induced IFN-y secretion by more than a 3-fold increase at lower
concentrations (171). In another study, excess dietary Vanadium was shown to
induce the proliferation of splenic T cells, coupled with an increase in the
percentage of CD4+ and CD8+ T cells and the secretion of IL-2 and IL-6 (172).
1.8.3. Vanadium compounds as potential enhancers of OVs therapy

As suggested by preclinical studies, vanadium compounds have potential as
components of anticancer therapeutic regimens. They have reached clinical trials
as anti-diabetics with well-documented safety profiles. In addition, they have been
used recently as OV enhancers. A previous study by our group was the first to

explore this effect and showed that vanadium compounds in conjunction with
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RNA-based oncolytic viruses such as the oncolytic virus VSVAS1 (tumor-selective
variant of vesicular stomatitis virus) improved viral oncolysis and led to long-term
antitumor immunity and prolonged survival (155).

In tumor-bearing mice, combining Vanadate with VSVAS1 enhanced leukocyte
infiltration with significantly increased T cells, including IFN-y producing CD8+
T cells that contributed to increased tumor control and long-term antitumor
immunity. Notably, approximately 80% of DBT tumor-bearing mice (glioma) and
20% of CT26WT (colon) tumor-bearing mice demonstrated complete remission
after the combination treatment compared to 40% of DBT tumor-bearing mice
(glioma) received VSVAS1 alone or Vanadate alone controls and all the CT26WT
(colon) tumor-bearing treated with monotherapy controls. The combination
treatment led to an upregulation in the expression of a number of pro-inflammatory
cytokines induced by type Il IFN, (155). Remarkably, this effect of vanadate in
enhancing the OV activity was found to be associated with a shift from an antiviral
type | IFN response into a type Il IFN response through the inhibition of STAT2
activation. This led to the upregulation of pro-inflammatory cytokines and
chemokines that mediates the generation of a T cell-dependent antitumor response
including CXCL9 which plays a key role in leukocyte trafficking (155).

1.9. Cytokines and chemokines as targeted transgenes/payloads in immunotherapy

An important part of the immune responses that participate in the therapeutic
efficacy of OVs is the secretion of cytokines and chemokines. The secretion of
cytokines and chemokines influence the mechanisms through which OVs target

cancer cells either through direct oncolysis or through immune response-mediated
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effects creating a microenvironment conducive to antitumor immunological
activities. To our knowledge, such OV-driven immune responses provide an in-
depth understanding of multidimensional implications for OV-induced antitumor
activities. Additionally, carefully selected cytokines and chemokines thus hold
potential for generating more effective therapeutic strategies and rendering OVs
therapies more effective for fighting cancer.

1.9.1 Cytokines:

Cytokines are generally small proteins that play a significant role in regulating
immune responses by mediating communication between cells in response to
various stimuli, including pathogens, antigens, and inflammatory signals. They
trigger a signalling cascade through the Janus kinase (JAK) and signal transducers
and activators of transcription (STAT) molecules that modulate cellular responses
on target cells by binding to specific receptors (173). Cytokines are broadly
classified into pro-inflammatory and anti-inflammatory cytokines, depending on
their effects on the immune system.

Pro-inflammatory cytokines are secreted by immune cells in response to
pathogens and other inflammatory signals. Their roles are to initiate and amplify
immune responses by promoting inflammation, activating immune cells, and
inducing the expression of other cytokines and chemokines (174). For example,
Interferon-gamma (IFN-y) is a cytokine that is produced by T cells, and NK cells
and is involved in the activation of a variety of immune cells (175, 176). IFN-y has
been shown to have antiviral and antitumor effects and is involved in regulating the
immune response (177). TNF-a also can activate macrophages and promote their

production of reactive oxygen species, which help to kill invading pathogens (178).
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In addition, many other cytokines play important roles in shaping the immune
response including IL4, 1L12, and IL15.

While anti-inflammatory cytokines are secreted by regulatory immune cells and
play essential roles in controlling and resolving immune responses. In response to
that, their secretion inhibits the production of pro-inflammatory cytokines and
suppresses the activation of immune cells and the promotion of tissue repair and
regeneration (179). For example, IL-10 can inhibit the production of pro-
inflammatory cytokines such as IL-1 and TNF-o and suppress the activation of T
cells and macrophages (180).

Following an immune response, the secretion of cytokines also plays important
roles in the differentiation and function of different immune cell subsets. For
instance, interleukin-2 (IL-2) is a critical cytokine for the proliferation and
differentiation of T cells and NK cells and has been shown to have therapeutic
potential in the treatment of cancer, as it can enhance the immune response against
cancer cells (181). Additionally, IL-2 has been used to enhance the efficacy of cell-
based vaccines (182).
1.9.1.2. Cytokines as therapy:

Recently, there has been growing interest in the potential of cytokines as
immunotherapy for cancer. Treatment with cytokines including but not limited to
interferon-alpha (IFNa), granulocyte-macrophage colony-stimulating factor (GM-
CSF), interleukin (IL)-2, IL-12, IL-15, and IL-21 have shown efficacy in multiple
murine cancer models as monotherapy in preclinical studies (183). In addition, two
cytokines IFNa and IL-2 have reached clinical approval as a monotherapy. IFNa

was the first cytokine approved for the treatment of hairy cell leukemia (HCL)
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(183) as well as follicular non-Hodgkin lymphoma, melanoma and AIDS-related
Kaposi’s sarcoma (164). High-dose IL-2 (HDIL-2) was approved for the treatment
of metastatic renal cell carcinoma (MRCC) in 1992, and metastatic melanoma in
1998 (183).

Since then, several strategies are being explored, and a lot of efforts have
focused on developing novel cytokine therapies by incorporating cytokines in
combination with other cancer therapies. In this context, cytokines are being tested
in conjunction with anti-PD-1 and anti-PD-L1 monoclonal antibodies, and adoptive
T cell therapies including anti-CD19 chimeric antigen receptor (CAR) T cells and
tumour-infiltrating T lymphocytes (TILs) (164). However, their therapeutic
efficacy has been limited by the associated toxicity, the short half-life of most
cytokines and low anti-tumor response (183, 184).
1.9.1.2. Cytokine-armed OV therapy:

The expression of cytokines by recombinant viruses has been investigated as
another strategy for enhancing cytokines' potential therapeutic efficacy, increasing
the immunogenicity of targeted vaccines and for local delivery of cytokines to the
tumor microenvironment. Based on many preclinical studies, virus-based cytokine
expression therapy has an impact on the immune response as well as tumor growth
and survival (185, 186). An example of that is treatment with HSV-amplicon vector
to deliver trans IL-2 in tandem with G207 therapy. This treatment significantly
controls tumor growth in SCC VII in comparison to G207 alone and control (185,
186). In addition, several cytokine-expressing oncolytic viruses including 1L15,
IL4, IL-6, IL-18, IL-24, IFN-y, and GM-CSF have been engineered in a number of

OVs and have been effective in pre-clinical models and some of them are now
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entering early-stage clinical trials (185, 186). To date, 86 clinical trials have tested
or are testing oncolytic viruses expressing cytokines for multiple tumor models
anticipating the safety and promising therapeutic outcomes of such a platform
(187).

Virus-based cytokine expression therapy is also combined with other more
recent cancer therapies, including ICls (185, 186). For instance, oncolytic vaccinia
virus that has a modified IL-2 with a glycosylphosphatidylinositol anchor and rigid
peptide linker has been shown to reduce the systemic toxicity of IL12, when
combined with the PD-1 and PD-L1 blockade. This virus cured the majority of
treated mice, even with a high initial tumor burden (185, 186).
1.9.1.3. IL12:

Interleukin-12 (IL-12) emerges as a promising and potent therapeutic payload,
holding immense therapeutic potential due to its immunostimulatory properties and
promising clinical outcomes. Below, the role of 1L12, the potential of IL-12 as a
therapeutic payload in immunotherapy (either as monotherapy or armed therapy),
ongoing research, and some of the limitations are discussed.

IL12 is a pro-inflammatory type 1 cytokine that is consisted of two subunits,
p35 and p40. These subunits are linked by three disulfide bridges to form a p70
heterodimer (188-192). IL12 receptor contains two amino acid chains: IL-12R-f1
and IL-12R-B2 (193) that are expressed either constitutively or in an inducible
manner in several types of immune cells (194). In normal response and upon
activation through priming and cell-cell interaction signalling, IL12 is secreted
mainly by antigen-presenting cells including dendritic cells (DC), monocytes, and

macrophages (195). IL12 plays an important role in immune responses and the
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activation and proliferation of NK and T cells (195, 196). NK cellsand T and B
lymphocytes express the IL-12R which is composed of two amino acid chains: IL-
12R-B1 and IL-12R-B2 to which secreted 112 binds (193, 194), triggering JAK-
STAT4 signalling pathways (197, 198). This signal enhances the proliferation and
cytotoxic activity of both CD8+ T cells and NK cells (199, 200).

Among its diverse functions, IL-12 also plays a significant role as a central
mediator in inducing TH1 cell differentiation, increasing activation and cytotoxic
capacities of T and NK cells; and inhibiting or reprogramming immunosuppressive
cells, namely tumor associated macrophages (TAMs) and myeloid-derived
suppressor cells (MDSCs) (201-206). Not surprisingly, since IL12 connects innate
and adaptive immunity, it also impacts other immune cells, including B cells, by
promoting 1gG production (207).

IL-12 is known as a positive mediator of the production of large amounts of
IFN-y which itself is cytostatic/cytotoxic (208, 209), anti-angiogenic (210, 211)
and upregulates the expression of MHC | and Il on tumor cells (212). IL12 not only
mediates the secretion of IFN-y but also synergizes with the secretion of other
cytokines to potentiate the immune response (213, 214). These cytokines are
important in inducing CD3+ T cell proliferation, IFN-y production, and tumor cell
death through NK and CD8+ T cell stimulation namely tumor necrosis factor a, IL-
2, IL-15, IL-18, and granulocyte—macrophage colony-stimulating factor (GM-
CSF) (214).
1.9.1.3.1. IL12 as monotherapy:

IL-12 has demonstrated remarkable antitumor effects against a range of

malignancies in preclinical studies (215-218). These effects heavily depend on
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CD8* T cells, NK cells, and NK T cells effector and cytotoxic activities in
mediating the anti-tumor immune response (216, 219, 220). Since then, light has
been shed on the use of IL-12 as a promising therapeutic platform. It has been
widely studied as a single agent and, however, high-dose IL12 has also been
associated with systemic toxicity and off-target effects.

IL12 has been combined with a number of cancer vaccines in order to maximize
antitumor effects. As just a few examples, IL-12 was used in combination with a
cancer vaccine comprised of major histocompatibility complex (MHC) class 11 and
CD80-transfected tumor cells (221) and other cell-based vaccines (222), as well as
tumor lysate-pulsed DCs (223). These combined therapies, systemically
administered, resulted in a high degree of T and NK cell activation, IFN-y
production, resulting in antitumor effects, and significantly inhibited tumor growth.
However, as mentioned already, there are several toxic side effects that have been
reported related to systemic and high-dose administration of IL-12 (224, 225, 226).

Consequently, one of the limitations of 1L12’s clinical utility is its toxicity.
Indeed, severe toxicities in early clinical trials were reported. For example, 17
patients received rhlL-12, 12 patients were hospitalized, and two patients died
(227) due to the impact of frequent systemic injections of IL-12 in large phase 2
studies (228, 229). On the other hand, insufficient and limited delivery of IL-12 to
the tumor microenvironment in humans when delivered systemically is a challenge
considering that IL-12 like most cytokines, functions locally through paracrine and

autocrine mechanisms.
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Therefore, and as pointed out by many studies, localized delivery of IL12 is
less toxic, and most importantly induces a sustainable anti-tumor immune response
(230, 231, 232, 233, 234, 235). Since then, newer therapeutic approaches with IL-
12 have been tested focusing on targeted and localized 1L12 delivery. Several
methods have been identified to maximize the local delivery of IL12 and the
associated benefits of tumor-targeted in situ vaccination including
immunocytokines, by which tumor-reactive monoclonal antibodies are linked to
cytokines (236, 237, 238), controlled biodegradable release polymers (239, 240),
and oncolytic viruses as gene therapy / immunostimulatory agents for IL12
expression from the tumor (241, 242).
1.9.1.3.2. OV-armed IL12 therapy:

The above studies suggest that the local delivery of IL12 circumvents the severe
toxicity associated with the systemic delivery of IL12. That is also in line with
designing better methods of delivery to achieve a high local concentration of IL-12
and provide further rationale for the anti-tumor mediating immune response, and
benefits of an in situ vaccine approach. OVs are one of the promising therapeutic
platforms that have the potential to combine the distinct advantages of tumor-
targeted delivery of transgenes, and/or in situ vaccination.

OVs including but not limited to MG-1, Adenovirus, and HCV have all been
previously engineered to express IL-12, a strategy that has been shown to improve
anti-tumor immunity in numerous murine carcinoma models by regulating the
activation of T cells and NK cells (243, 244). IL-12-expressing OVs have been
previously investigated in preclinical studies as a promising cancer therapeutic

strategy using Sindbis virus (SINV), Vesicular stomatitis virus (VSV), Semliki
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Forest Virus (SFV), Newcastle disease virus (NDV), Herpes simplex virus (HSV),
and Adenovirus (245). OV-directed intratumoral I1L-12 expression not only induces
a significant antitumor effect of these viruses but also increases survival in murine
tumor models (246-252). This is a direct impact of IL-12 expressing OVs on
immune cells such as cytotoxic and regulatory T cells, NK cells, and DCs in
addition to an indirect impact on chemokine induction, such as CXCL9 and IP-10,
that together have been shown to interfere with tumor angiogenesis (245, 253). Of
note, adenovirus- and HSV-expressing IL-12 therapies are now in human clinical
trials (254-257).

Altogether, the therapeutic potential of OVs armed with IL-12 is evident,
offering a unique dual-action approach to fight cancer. The oncolytic virus
selectively targets and destroys cancer cells, while IL-12 boosts the immune
response, enhancing the body's natural ability to recognize and attack cancer cells
more effectively. The combination of these two powerful therapeutic approaches
creates a synergistic effect, amplifying the anti-tumor response and potentially
leading to long-lasting remissions and improved patient outcomes. Moreover, OV-
armed IL-12 is also evident in its potential for overcoming systemic toxicity when
delivered locally and that also mediates a systemic immune response that enables
the treatment of both primary and metastatic tumors, making it a highly promising
therapeutic option. However, like any innovative therapy, OV-armed IL-12 faces
certain limitations that challenge its translation to the clinic including the toxicity
concern especially when combined with OV including the potential for excessive

immune activation and off-target effects, and conversely, limitations associated to
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insufficient replication of the virus in the tumor owing to various factors such as
the antiviral response.

While there is still a lot that needs to be done to unravel the potential of such a
therapy, determining the ultimate therapeutic regimen that strikes the right balance
between selectively targeting cancer cells and activating immune responses will
bring new aspects that will contribute to designing more effective therapeutic
platforms. In addition, achieving optimal delivery and distribution of the
therapeutic payload within the tumor microenvironment is one of the therapeutic
approaches that offer hope for a future where cancer treatment becomes more
effective, personalized, and less invasive, leading to improved patients’ outcomes.
1.9.2. Chemokines:

Chemokines are also generally small proteins known as chemotactic cytokines
that mediate immune cell migration (258, 259). They are classified and subdivided
according to their structures based on the number and positions of conserved N-
terminal cysteine residues into C, CC, CXC, or CXC3C groups (260). They play a
role in inducing chemotaxis, promoting differentiation and multiplication of
leukocytes, and causing tissue extravasation (258, 259). They bind to seven-
transmembrane G protein-coupled receptors (GPCRs) (168, 169) which consist of
coupled intracellularly to a heterotrimer of G proteins with a, B, and y subunits
(261)). This interaction creates local chemokine gradients near the site of
chemokine production leading to homing of cells to the appropriate area (262). That
induces signal transduction through signal transducer and activator of transcription
(STAT1) and nuclear factor kappa B (NF-«xB) signalling pathway (263). This

signal is initiated by exchanging the GDP for GTP by G proteins upon chemokine-
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chemokine receptor binding, resulting in the dissociation of the G protein /y and
a subunits to activate downstream signaling pathway (262).

Chemokines play a critical role in cancer immunity by regulating immune cell
biology, especially during tumorigenesis, modulating immune cell activation,
recruitment, phenotype, and function. For consideration, the diverse and
dynamically regulated expression of chemokine ligands and chemokine receptors
provides a wide range of possibilities for response (263, 264). Adding to this
complexity, whether these functions and responses generate anti-tumor immunity
or pro-tumorigenic immune cell phenotypes is further dependent on the stage of
tumorigenesis, the state of immune cell activation, the balance in the immune
response between effector and regulatory response, and the dynamic and the
relative expression of chemokine receptors on effector and regulatory target cells
(264, 265).
1.9.2.1. Chemokines as a therapy:

Much research has been conducted on chemokines, leading to substantial
advancements in comprehending their involvement in immune cell migration.
Despite this progress, chemokines as therapeutic targets have faced challenges over
the past decade. Both single small molecules and antibody therapies have been
explored with considerable limitations, primarily due to chemokine redundancy,
insufficient inhibition of the target, and translational barriers arising from
variations in chemokine or chemokine receptor expression and function between
animal models and humans (266).

Chemokines can also be employed for virus-encoding therapies. Virally

encoded chemokines, chemokines receptors, or chemokines-like proteins have
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been previously explored and have been shown to be associated with modulating
immune response (267, 268). For this reason, encoding chemokines into oncolytic
viruses is a promising though potentially complex approach that could further
maximize the immune response and enhance therapeutic potency and/or benefit
(268, 270). Taking advantage of OV therapy to modulate the immunostimulatory
response by inducing chemokine secretion allows therapeutic developers to
produce chemokines and chemokine gradients throughout the tumor flowing from
the sites of virus replication.

While the focus to date has mainly been on efforts to attract antitumor immune
cells to the tumor, OV encoding chemokines that could further promote immune
cell infiltration have also been studied (271-275). Chemokines expressed from
oncolytic viruses were shown to improve intratumoral immune cell infiltration and
improve efficacy following these therapies (271-275). However, there remain
several limitations including a lack of specificity to a singular immune cell type,
overcoming a pre-established immunosuppressive tumor microenvironment, and
insufficient understanding to choose an appropriate chemokine and oncolytic virus
combination, ultimately limiting therapeutic outcome (271-275).

However, the approval of oncolytic Herpes-Simplex-Virus (HSV)-1 expressing
GM-CSF by the FDA has at least shown that encoding cytokines and chemokines
can lead to improvement in treatment, particularly in the case of metastatic
melanoma (257). Arming OVs with transgenes that can alter the immune cell
balance toward productive therapeutic immunity holds significant promise. A key
advantage of cytokine-expressing oncolytic viruses is the potential to regulate and

leverage the balance between an antitumor and an anti-oncolytic virus response by
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modulating the types of cells present in the tumor microenvironment along with
the immunostimulatory effects of OVs.
1.9.2.2. CXCL9

Chemokines that further induce the recruitment of anti-tumorigenic immune
cells and improve their functionality within the TME are attractive therapeutic
targets. CXCL9 is one such cytokine that mediates immune cell recruitment.
CXCL9 plays a significant role in immune cell infiltration and known as also
known as monokine induced by gamma interferon (MIG) (276). Additionally, it is
secreted by various cells including mainly monocytes, endothelial cells,
fibroblasts, and cancer cells in response to IFN-y (277). Upon the CXCL-9
expression, it binds to its selective ligand CXCRS3, a G protein-coupled receptor
(278, 279, 280) which is expressed on the surface of monocytes, T cells, NK cells,
dendritic cells, and cancer cells (279, 280).

The expression of CXCR3 is downregulated on naive T cells and is rapidly
upregulated by antigen-presenting dendritic cells to facilitate immune response,
which (281) leads to Th1l polarization. After polarization, Th1 cells induce CTLs,
NK cells, and NKT cell activation through IFN-y (282). Following Thl cell
activation by DCs, these produce IFN-y, TNF-a, and IL-2 to enhance anti-tumor
immunity by stimulating CTLs, NK cells, NKT cells, and macrophages (283, 284).
1.9.2.2.1 CXCL9 as a therapeutic payload:

Accumulating pre-clinical and clinical evidence has featured the importance of
attracting leukocytes to the TME to promote strong anti-tumor responses through
CXCL9-based therapy. The use of CXCL9 in immunotherapy has been shown to

improve antitumor efficacy by enhancing tumor anti-angiogenesis and apoptosis
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and CTL activity in Lewis lung carcinoma (LL/2c) murine models, as well as in
the colon carcinoma (CT26) murine model (285). In addition, high CXCL9
expression was also associated with prolonged disease-free survival in 70 breast
cancer patients and was an independent predictive factor of disease-free survival
(286). CXCL9, CXCL10, CXCL11, and CCL5 were all highly expressed in
metastatic melanoma patients and that was an indication of responsiveness to
adoptive therapy and IL-2 treatment (287). CXCLJ9 also plays a significant role in
controlling the growth and metastasis of several malignant tumors (288, 289, 290,
291). One report demonstrated that increased CXCL9 transcript or protein levels
in colorectal cancer correlated with improved survival (292, 293). Additionally,
the production of CXCL9 has been associated with responses to cancer therapy
namely Immune checkpoint inhibitors (294), chemotherapy (295), and adoptive
cellular therapy (296).

In the context of OV therapeutic platforms, CXCL9 was recently encoded in
VSV A51 and that has been shown to generate abundant biologically active CXCL9
chemokine with a substantial increase in the CXCL9 chemokine gradient between
tumor and blood (297). Even though this also increased intratumoral T cell
infiltration, VSVA51 encoding CXCL9 provided limited therapeutic benefit (297).
Authors claimed that in addition to the number of factors that influence this
therapeutic platform's outcome, alternative tumor models might give very different
results (297). However, clearly other factors could also be at play, for example
tumor resistance via antiviral response mechanisms. In addition, CXCL9 mainly
attracts cytotoxic CD8+ T cells and NK cells in comparison with CXCL11 (298)

and has a long life in vivo in comparison with CXCL10 (299, 300). In principle,
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encoding CXCL9 within an OV should make it an attractive therapeutic approach
with promising therapeutic potential, assuming other barriers to OV therapy are
addressed.

Based on all the above evidence, the generation of a new OV-based antitumor
targeting therapies employing cytokines and chemokines but that also address the
inherent barriers to OV therapy could further improve efficacy by recruiting
antitumor immune cells to the tumor. The data presented above provide rationale
for selecting chemokines and cytokines such as CXCL9 and IL12, or combinations
therein, to further enhance immune cell recruitment activity, more specifically
CD8+ T cells and NK cells. We consider that VSVASL1 is a safe and effective OV
platform that can be enhanced through the use of vanadium compounds and could
provide a good starting point for such therapeutic approaches.

1.10. General Rationale and Hypotheses:

The evidence to date supports the possibility that the improved therapeutic
efficacy of VSVA51 / Vanadium combination therapy could not only depend on
enhanced viral spread but also depend on inducing the effector functions of immune
cells and mediating robust antigen-specific immune response. To fill the gap in our
knowledge of the impact of this combined therapy on the improved immune
response and the mechanism of action that regulate these interactions, we pursued
our investigations to study the impact of this combination therapy on specific
immune cell populations and chemokines/cytokines in established animal models.
In addition, we sought to develop new strategies to improve antitumor responses

brought about by the combination of Vanadyl Sulfate (VS) and VSVAS1 encoding
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cytokines/chemokines to devise strategies to further drive immunological response
and therapeutic benefit.

I hypothesize that the use of vanadium compounds in conjunction with
oncolytic  virus-based immunotherapies upregulates certain  pro-
inflammatory chemokines and cytokines through a cell-type dependent
mechanism.

While promising, and an improvement over VSVAS51 alone, the efficacy of
VSVAS51 / vanadium combination could be further improved. Given the potential
benefit of chemokines and cytokines in stimulating anti-tumor immune response,
maximizing the efficiency of cytokine / chemokine expression within the tumor
microenvironment within the framework of VSVAS1 / vanadium combination
therapy could be effective.

Therefore, | hypothesize that anti-cancer activity of the VSVAS51 /
vanadium combination can be further enhanced through complementary
immunomodulatory strategies elicited via cytokine / chemokine-armed
versions of VSVAS5L.

More specifically, owing to the likely importance of CD8+ T cells and NK cells
in achieving therapeutic efficacy following the combination therapy; I hypothesize
that the inclusion of 1L12, CXCLS9 or their combination within the VSVAS51
backbone could further improve the efficacy of vanadium-combined therapy.
To test these hypotheses, | have three main objectives:

1. Characterize the secretion profiles of chemokine and cytokine notably

involved in the regulation and recruitment of T cells and the modulation of
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the effector function of immune cells, as well the cellular immunological
changes upon combination treatment.

Evaluate the impact of using cytokine armed VSVA51 on vanadium
combination therapy efficacy in characterized models, and the relevant
immunological changes following the combination treatment with
VS+VSVAS51 expressing 1L12.

Characterize the therapeutic benefit of including CXCL9 or CXCL9 and
IL12 expressed from the VSVASI backbone as part of the vanadium

combination therapy.
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Chapter 2: Material and Methods
2.1 Drugs

The vanadium-based compound used in this study is Vanadyl sulfate. Vanadyl
sulfate at 50mg/kg (VOSO4, Sigma-Aldrich, cat. 204862) dissolved in PBS was
used for in vivo experiments whereas 100uM was used for in vitro experiments.
2.2 Cell lines
CT26WT (murine colon carcinoma, Cat.CRL-2638) and Vero cells African green
monkey kidney cells, cat. CCL-81) were obtained from the American Type Culture
Collection (ATCC). These cells were cultured in HyQ high-glucose Dulbecco’s
modified Eagle’s medium (DMEM; HyClone cat.10-013) supplemented with 1%
(v/v) penicillin-streptomycin (Gibco Life Technologies, Waltham, MA), and 10%
(v/v) serum composed of 3-parts HyClone newborn calf serum (Thermo Fisher,
cat. SH3011803) and 1-part Fetal Bovine Serum (Gibco, cat. 12483020). All cells
were incubated at 37C in a 5% CO2 humidified incubator and regularly tested to
ensure they were mycoplasma contamination-free.
2.3 Viruses
Rhabdovirus
VSVAS51-Fluc: The Indiana serotype of VSV used throughout this study was
propagated in Vero cells and purified on 5-50% Optiprep (Sigma-Aldrich, St.
Louis, MO). VSVAS5I1 expressing firefly luciferase are recombinant derivatives of
VSVAS51 described previously (155).
VSVAS1 encoding/ expressing 1L-12: VSVAS1 encoding/ expressing IL-12 was

generated in the laboratory of Dr. Rebecca Auer using PCR amplified from pORF-
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miL12 [IL12elasti(p35:p40); InvivoGen] (301). Virus was produced and purified
on 5-50% Optiprep (Sigma-Aldrich, St. Louis, MO) in our laboratory.
VSVAS1 encoding/ expressing CXCL9 and VSVAS51 encoding/ expressing
IL12 and CXCL9 were generated in our lab. Viruses were produced and purified
on 5-50% Optiprep (Sigma-Aldrich, St. Louis, MO) in our laboratory.

2.4 Cloning, Rescue, and purification of VSVAS51 encoding/ expressing CXCL9
and VSVAS51 encoding/ expressing 1L12 and CXCL9:
2.4.1 Virus Cloning:
All forward and reverse primers were designed with Xhol and Nhel restriction sites,
respectively. PCR products were run on a 1% agarose gel, and amplicons of the
correct size (murine CXCL9: 381bp, and murine 1L12:2076) were cut out and
purified using a gel extraction kit (Thermo Fisher Scientific, K0692). PCR products
were digested at 37°C for 16 hours. Digestions consisted of PCR reaction Xhol,
Nhel and cutsmart buffer. Then, from the purified digested backbones and digested
fragments, the ligation mixture, which was consisted of desired backbone amount,
desired insert amount, 1uL T4 ligase, and 2uL T4 DNA ligase buffer was added
and incubated overnight. Followed by transformation using NEB10 bacteria, by
inoculating 50uL bacteria with 2ulL ligation mixture, incubated on ice for 30
minutes, then heat shocked in 45 °C water bath for 30 seconds and immediately
placed onto ice for 5 minutes. Under the flame, 900uL of room temperature LB was
added to the mix and placed in a 30 °C shaker for 1 hour. Onto ampicillin LB plates,
100uL of the mixture was added and spread using a sterilized spreader. Plates were

incubated at 30 °C incubator for over 24 hours. Colonies of interest were picked
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and grown in culture tubes has LB containing ampicillin and placed in a 30°C
shaker overnight. All positive colonies were sent to sequencing for confirmation.
2.4.2 Virus Rescue:

5E5 293T cells were plated per well in 6-well plates. Cells then were infected with
0.05 MOI of vaccinia encoding T7 polymerase. After 1 hour, vaccinia virus was
removed and the cells were transfected with 1ug VSV N, 0.25ug VSV L, 1.25ug
VSV P, 2ug Construct VSV in with opti-mem and lipofectamine 2000 reagent
according to the manufacturer’s instructions. The transfection mixtures were added
dropwise to the wells and incubated at 37°C. After 24hr, the supernatant was
removed at 24 hours and complete media was added to the cells. 24hr after that, the
supernatant was collected and filtered through a 0.2uM filer. In freshly plated Vero
cells, 1 ml of filtered supernatants was added to the well and incubated in a 37°C
incubator. After 24-48 hours, supernatants were collected and used for virus
purification.

2.4.3 Virus Purification:

Three rounds of plaque purification were performed using filtered supernatants
from inoculated Vero cells. Briefly, 5E5 cells per well of Vero cells were seeded
in 6 well plate, and after 24hrs 1 ml of diluted supernatants was added. After 1 hr,
media was removed and replaced with 1ml/well of an agarose overlay (1:1 ratio of
1 % agarose mixed with 2X DMEM containing 20 % FBS). After a 24 hours
incubation and once plaques form, colonies were picked and transferred to tube had
media and added to new Vero well and mixed by pipetting up and down. Repeating
the above steps two times and following the last round, filtered supernatants were

used as a virus production seed.
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2.4.4 Virus Constructs:

VSV:1L12-T2A-CXCL9

VSV12-9-F: — Kozak — mIL12(p35::p40)-SP
VSV12-9-F: ATA GCCACC

VSV: CXCL9

VSV9-F: — Kozak — mCXCL9-SP

VSVI-E: ATA GCCACCATGAAGTCCGCTGTT
VSV common R: —STOP TAA - CXCL9

ATAGCTAGCTTATGTAGTCTTCCTTGAACGACGA
2.5 Mouse tumor models

Six-week-old female BALB/c mice obtained from Charles River Laboratories
(Senneville, Canada) were implanted with subcutaneous tumors by injecting 3E5
syngeneic CT26WT cells, suspended in 100ul serum-free DMEM. Eleven days
post implantation when tumor reached a volume of 100 mm3, mice were treated
intratumorally Vanadyl sulfate (dissolved in PBS) at 50mg/kg in 50ul or 50ul of
PBS. Four hours later, mice were treated intratumorally with 1E8 plaque forming
units (PFU) in 25ul PBS of the indicated viruses as described previously (155).
Tumor sizes were measured three times a week using electronic calipers. Tumor
volumes were calculated using this equation (length? X width)/2. All in vivo
experiments were performed in accordance with the University of Ottawa Animal
Care and Veterinary service guidelines for animal care under the protocol OHRIe-

2265-R5 and OHRI-2265-R4 A2.
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2.6 Blood and serum samples processing
For blood samples, saphenous bleeds were performed in one of the legs and blood
was collected in tubes containing Serum-Gel (Sarstedt Inc, Fisher Scientific, Cat.
NC9315741) to allow serum separation by centrifugation (14 000 rpm) for 10 mins
using Eppendorf centrifuge 5418R. Serum was used for measuring cytokine and
chemokines. Serum samples were stored at —80C after collection.
2.7 Multiplex assay

Serum from blood samples was collected at day 7 days post implantation as a
baseline, and 24 hours to 14 days post treatment. Serum was then added in duplicate
for each sample in a 96-well plate, and magnetic microspheres premixed with 32-
plex beads were added according to the manufacturer’s recommendation
(MILLIPLEX MAP Mouse Cytokine/Chemokine Magnetic Bead Panel - Premixed
32 Plex - Immunology Multiplex Assay, Millipore Sigma, Cat. MCYTMAG-70K-
PX32) and incubated overnight at 4°C. A biotinylated detection antibody was
added, followed by streptavidin-PE conjugate antibody incubated for 1 hr at room
temperature. Plates were run in the Luminex® analyzer (MAGPIX®), using a
CCD-based analysis that captures and detects components with the speed and
efficiency of magnetic beads. All measurements were performed using a MAGPIX
instrument (Luminex, Ottawa, CA), following the manufacturer’s instructions.
Data were collected using xPonent software (Luminex, Version 4.2), log

transformed, and analyzed as described below in the statistical analysis section.
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2.8 Peptides for ex vivo stimulation
Peptides used for ex vivo stimulation were gp70 tumor peptide: H-2Ld
SPSYVYHQF (MBL International Corporation, Cat. SPM521) and VSV N virus
peptide: H-2Ld MPYLIDFGL (CanPeptide Inc, custom peptide)

2.9 Splenocyte processing:
Spleens were processed into single cell suspension by first transferring the spleen
into sterile 70um cell strainers on 50ml conical tubes. Then, spleens were softly
minced by pressing against the flat side of a syringe plunger in a circular motion.
Cell strainers were washed with 5ml of R 10 media. Tubes containing the cell
suspension were topped up with media and spun at 300g for 5 mins. Carefully,
supernatants were removed without disturbing the pellet and cells resuspended by
gently tapping before adding the ACK (Ammonium-Chloride-Potassium) lysing
buffer (Gibco™, Cat# A1049201) for lysing red blood cells in samples for 5 mins.
Cells were then washed and resuspended with R 10 media.

2.10 Mouse IFN-y Single-Color ELISPOT (enzyme-linked immune absorbent
spot)
Cells from spleens were processed as previously described and then resuspended
in CTL media (provided with the ELISPOT Kkit, Immunospot, Cat# mIFNgp-1M/5)
in 2E5 cells/100ul before being added to IFN-y pre-coated plates (Immunospot,
Cat# mIFNgp-1M/5) containing 100ul/well of each stimulant including either gp7
or VSV N peptides at a final concentration of 10uM as well as unstimulated control
(equivalent amount of DMSQO). PMA ((Phorbol 12-myristate 13-acetate, Sigma-

Aldrich, Cat# P8139)/ionomycin (Sigma-Aldric Cat# 19657) for pooled samples
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were used as a positive control at 2ug/ml. Plates were then incubated at 37 °C for
20 hours. Following that, ELISPOT assays were developed following the
manufacturer’s protocol. Plates were scanned and spots were counted using CTL
S6 ImmunoSpot analyzer.
2.11 Migration/ Chemotaxis assay

CT26WT cells were pretreated with 100uM VS or PBS for 4 hours followed by
viral infection with VSVAS1 at MOI 0.01 or mock infection. 24 hours later,
cultured supernatants were collected and subsequently used for the assessment of
chemokines or for performing chemotaxis assays. Chemotaxis of T cells was
assessed using a Trans-well system as described previously (20). Briefly, 700ul of
conditioned media from CT26WT cell cultures described above was added to the
lower chamber of Trans-well plates with 5-um pores (Costar, Corning, sigma-
Aldrich, Cat. CLS3421-48EA). 5E5 activated CD3+ T cells from naive spleen were
purified by negative selection using EasySep™ mouse isolation T cell kit (Stemcell
technologies, Cat. 19851) and then activated with 2ug of anti-CD3/CD28 in a
precoated plate (BD Pharmingen™, CD3 Cat. 550275 and CD28 Cat. 553295)
supplemented with 2ng/ ml of murine recombinant IL-2 (PeproTech, Cat# 212-12)
for 2 days, were added to the upper chamber, and plates were incubated for 24
hours at 37 °C. After 24 hours, cells in the lower chambers were collected, stained
with trypan blue and counted with a hemacytometer. Migration percentage was
calculated as follows: total number of T cells in bottom chamber/ total number of

T cell input) x 100 (301).
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2.12 Viral growth curves
3E5 of CT26WT Cells were seeded in 24 well plates for overnight confluency.
Cells were then inoculated with VSVAS51-Fluc at an MOI of 0.01 (multi-step
growth curve) or 1.0 (single-step growth curve). Cells infected at MOI 1.0 were
incubated for 60 minutes, followed by washing and replenishing with fresh
medium. Cells were incubated up to 48 hours post infection (hpi), with 200pul of
supernatant collected and frozen at -80C at the following timepoints: 0, 4, 8, 12,
24, 32, 48 hpi. Viral titer in collected supernatant was quantified by high-
throughput tittering using a standard plaque assay.
2.13  Plaque assay

For virus titration using standard plaque assay, Vero cells African green monkey
kidney cells, cat. CCL-81) obtained from the American Type Culture Collection
(ATCC) were seeded into 12-well plates at a final density of 3E5 cells per well.
Infectious supernatants were serially diluted using serum-free DMEM, transferred
(500pL/well) onto Vero cells and incubated at 37 °C, 5 % CO2 for 45 minutes,
following which media was removed and replaced with 1ml/well of an agarose
overlay (1:1 ratio of 1 % agarose mixed with 2X DMEM containing 20 % FBS).
After a 24 hours incubation, plaques were fixed with methanol: glacial acetic acid
in a 3:1 ratio for a minimum of 1 hour, then stained for 30 minutes with a
Coomassie Blue solution (4 g Coomassie Brilliant Blue R (Sigma, Cat. # B0149),
800 ml methanol, 400 ml acetic acid and 2800 ml distilled water) to visualize and

count plaques.
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2.14 1L-12 p70 Enzyme-linked immunosorbent assay (ELISA)
Supernatants from infected CT26WT cells with VSVAS1 encoded Fluc or IL12 at
MOI 0.1 were collected 24 hours post infection. The secretion of I1L12 was
measured using mouse IL-12 p70 Quantikine ELISA (Mouse IL-12 p70 Quantikine
ELISA Kit, R&D system, Cat#M1270) following the manufacturer’s instructions.
Absorbance values at 450nM were measured on a Multiskan Ascent Microplate
Reader (MXT Lab System) and corrected for plate imperfections at 540. Data were
analyzed using Prism.

2.15 CXCL9 Enzyme-linked immunosorbent assay (ELISA)
CT26WT cells were pretreated with 100uM VS or PBS for 4 hours followed by
viral infection with VSVA51 at MOI 0.01 or mock infection. 24 hours later,
cultured supernatants were collected and the concentration of CXCL9 was
measured using mouse MIG/CXCL9 ELISA Kit (ELM-MIG, RayBiotech, Cat#
ELM-MIG-2) following the manufacturer’s instructions. Absorbance values at
450nM were measured on a Multiskan Ascent Microplate Reader (MXT Lab
System) and corrected for plate imperfections at 540. Data were analyzed using
Prism.

2.16  Tumor dissociation:
At the indicated time points, BALB/c tumor-bearing mice were sacrificed, and
tumors were collected dissociated with the gentleMACS Dissociator using Tumor
Dissociation Kit-Mouse (Miltenyi Biotec, Auburn, CA) following the
manufacturer’s instructions. TILs were resuspended in R 10 medium (RPMI

supplemented with 10% FBS).
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2.17 Tumor draining lymph nodes (TdLNSs):
At the indicated time points, BALB/c tumor-bearing mice were sacrificed, and
lymph node from the tumor implanted side were collected including axillary,
inguinal, branchial, superficial cervical lymph nodes. Lymph nodes were processed
into single cell suspension by first transferring the spleen into sterile 70um cell
strainers on 50ml conical tubes. Then, lymph nodes were softly minced by pressing
against the flat side of a syringe plunger in a circular motion. Cell strainers were
washed with 5ml of R 10 media. Tubes containing the cell suspension were topped
up with media and spun at 300g for 5 mins. Carefully, supernatants were removed
without disturbing the pellet and cells resuspended with 2- 3ml of R 10 media.

2.18 Flow cytometry staining:
After processing tissues, cells were stained first with fixable viability dye FVS510
(1:1000, BD Biosciences, NJ, USA, Cat. #564406) for 15 mins at room
temperature. Cells were then washed twice with FACS buffer (0.5% BSA/PBS)
before incubated with anti-CD16/CD32 (1:100, BD Biosciences, Cat. # 553141) in
FACS buffer at 4 C to block unspecific binding of antibody with FC receptors.
Cells were then washed twice with FACS buffer. Followed by staining with of
multiple antibodies mixture for 30 mins at 4 °C as described below.

2.19 Immune profiling Staining for flow cytometry analyses:
Cells stained with a combination of anti-CD45-BV786 (1:1000, BD Biosciences,
Cat. # 564225), anti- CD3-AlexaFluor 700 (1:50, BD Biosciences, Cat. # 561805),
anti-CD8a-PECF94 (1:100, BD Biosciences, Cat. # 562283), and anti- CD4-V450
(1:1000, BD Biosciences, Cat. # 560468), anti-CD25-PE, anti-CD69-BV605, anti-

CD49b-FITC, anti-CD279-APC, anti-127- PE-cyanine 7 (BD Biosciences) for 30
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mins at 4 °C. Another set of cells stained with combination of anti-CD45-BV786,
anti-CD11b-APC, anti-CD11c-PE, anti-CD19-FITC, anti-CD86-APC-R700, anti-
F4/80-APC-cy7 and anti- IA/IE-BV605for 30 mins. See table 5 and table 6 for
more details.
After staining, cells were washed with FACS buffer and fixed in 1%
paraformaldehyde. Cells were acquired on Becton Dickinson (BD)flow cytometry
(LSRFortessa), and analyses were performed using FlowJo software version (v.)

2.20 CD8+ T cell depletion
Mice were injected i.p. with 200png monoclonal anti-mouse CD8a (Ly2, clone 53-
6.8, Leinco Technologies, Inc., Cat# C2848-50 mg) in 200ul PBS per injection on
days 3, 7, 11, 17, 24, 31 post tumor implantation as previously described. Cell
depletion was confirmed by staining peripheral blood cells with antibodies against
CD3 and CD8 T cells as well as CD49b NK cells and CD4 T cells as described
below.

2.21 NK cells depletion
NK cells were depleted using the commercially available anti-asialo antibody
(Cedarlane, Asialo GM1). The antibody vial was resuspended in 2mL of ddH:0,
and mice was treated with 10uL anti-asialo antibody in 200ul PBS per injection i.p.
on days -3, -1, 1, 4, 8, and 11. Depletions were confirmed by staining peripheral
blood cells after 24-48 hrs post each depletion with antibodies against CD49b and
NKp40 NK cells as well as CD8 T cells and CD4 T cells as described below.

2.22  Blood processing for flow staining
Saphenous bleeds were performed in one of the legs and blood was collected in

tubes containing Heparin (Sarstedt Inc, Fisher Scientific, Cat. NC9628695). Blood
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was then transferred to heparinized capillary tubes (Fishier Scientific, Cat# 22-260-
950). Capillary tubes were spun down for 3 minutes using IEC MB centrifuge,
micro hematocrit (L.Pterson) to allow the separation of peripheral blood cells.
Tubes were cut above the puffy coat that was transformed into tubes before adding
the ACK (Ammonium-Chloride-Potassium) lysing buffer (Gibco™, Cat#
A1049201) for lysing red blood cells for 5 mins. Cells were then washed and
resuspended with R 10 media.
2.23  Flow cytometry staining for depletion experiments:

After processing blood, cells were stained first with fixable viability dye FVS510
(1:1000, BD Biosciences, NJ, USA, Cat. #564406) for 15 mins at room
temperature. Cells were then washed with FACS buffer (0.5% BSA/PBS) before
being incubated with anti-CD16/CD32 (1:100, BD Biosciences, Cat. # 553141) in
FACS buffer at 4°C to block non-specific binding of antibodies with FC receptors.
Cells were then stained with a combination of anti-CD45-BV786 (1:1000, BD
Biosciences, Cat. # 564225), anti- CD3-AlexaFluor 700 (1:50, BD Biosciences,
Cat. # 561805), anti-CD8a-PECF94 (1:100, BD Biosciences, Cat. # 562283), anti-
CD4-V450 (1:1000, BD Biosciences, Cat. # 560468), anti-CD49b-FITC and anti-
NKp46- APC or PE for 30 mins at 4 °C. After staining, cells were washed twice
with FACS buffer and spun down at 1500 rpm for 5 minutes. Cells were fixed in
1% paraformaldehyde. Samples were acquired with Becton Dickinson (BD) flow
cytometry (BD LSRFortessa™), and analyses were performed using FlowJo

software version (V).
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2.24  RNA extraction from cells:
After treating with 100uM of Vanadyl sulfate for 4hrs and then infecting the cells
with the following viruses at either MOI 0.1 or 0.01 or mock uninfected or
untreated. Cells were washed twice with cold PBS, and 350ul of RLT (Aurum
Total RNA Mini Kit, Cat# 732-6820) was added with 1% p-mercaptoethanol
(Sigma-Aldrich, Cat# M6250-100ML) to each sample. RNA extraction was
performed by using QiaShredder columns (Qiagen, Hilden, Germany, Cat. #
79656) and RNeasy kits (Qiagen, Cat. # 74106) following the manufacturer’s
protocol.
2.25 Tumour Homogenization and RNA extraction:

Tumour samples were collected into Eppendorf tubes and then the entire tube was
flash frozen in liquid nitrogen. Using a sterilized mortar and pestle that were placed
in dry ice and continuously poured with liquid nitrogen to keep them extremely
cold, the tumour sample was placed into the mortar and gently ground into a fine
powder with a pestle. The powder tumours were then collected into collection tubes
(Eppendorf safe-lock tubes, 2.0ml Eppendorf Quality, colorless, 500 tubes, cat#.
022363352) that were snap freeze before and after collecting the powder tumours.
Glass wool was used to scrap out leftover samples and then wipe down with a Kim
wipe between each sample. Following that, 350ul RLT (Aurum Total RNA Mini
Kit, Cat# 732-6820) was added with 1% B-mercaptoethanol (Sigma-Aldrich, Cat#
M6250-100ML) to each sample with 5mm stainless Steel Bead (QIAGEN,
Cat# 69989) and placed in the TissueLyserll by QIAGEN (Cat#. 85300) (2 runs:
30Mhz, 2min). Tubes were then spun down at 14,000 rpm 2 minutes after removing

the beads and the supernatants were transferred into QIlAshredder (Qiagen,
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Cat#79656) and spun down at 14,000 rpm 1 min. RNA extraction was performed
RNeasy kits (Qiagen, Cat. # 74106) following the manufacturer’s protocol.
2.26  Quantitative real-time PCR
RNA extraction was performed using the Qiagen RNeasy kit (Qiagen). RNAs were
quantified using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific).
RNA was converted to cDNA with RevertAid H Minus First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific, Cat. # K1622). Real-time PCR reactions
were performed according to the manufacturer’s protocol (Thermo Fisher
Scientific, Cat. # A25776) on a 7500 Fast Real-Time PCR system (Applied
Biosystems). Gene expression relative to HPRT was calculated by the Pfaffl
method. Fold-change was determined relative to the Mock control for each gene.
2.27 Primers for qPCR
MCXCL9 F: CAGTGTGGAGTTCGAGGAACC
MCXCLI R: TTTGTTGCAATTGGGGCTTGG
mIL-12 F: ACGAGAGTTGCCTGGCTACTAG
miL-12 R: CCTCATAGATGCTACCAAGGCAC
VSV M F: ATACTCAGATGTGGCAGCCG
VSV M R: GATCTGCCAATACCGCTGGA)
MHPRT F: TGAAGAGCTACTGTAATGATCAGTCAA
MHPRT R: AGCAAGCTTGCAACCTTAACCA
2.28 Exvivo mouse model:
BALB/c mice were implanted with subcutaneous CT26WT cells. Mice were
sacrificed after tumors had reached at least 10 mm x 10 mm in size. Tumors were

extracted and then cut into 2 mm-thick slices using a metal matrix and razor blades.
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Each slice was cored into 2 mm x 2 mm pieces using a punch biopsy. Each tissue
core was incubated in 1 mL of Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% fetal bovine serum and 30 mM HEPES at 37 °C in a 5%
CO2 humidified incubator. Cores were treated for 4 hours with 100uM of Vanadyl
sulfate and were infected with indicated viruses at MOI 0.01. After 24hrs
supernatants were collected for virus titration using a standard plaque assay.
2.29 Statistical analysis

Statistical significance was calculated using Student’s t test or one-way or two-way
ANOVA tests with Sidak or Dunnett’s multiple correction test was applied when
groups were split on multiple independent variables and also using Tukey’s
multiple comparison test. Mantel-Cox log rank test was used to determine
significant differences in plots for survival studies. Error bars represent standard
error of the mean. Significance is based on a p value <0.05. Statistical analyses
were performed using Graph-Pad Prism 8.0 (GraphPad software, LLC) and Excel.
For multiplex data, the analysis software is milliplex analyst, version 5.1.0.0.
VigeneTech Inc using 5 parameter curve fitting (log scale). Data were then
transformed to logio then normalized to the baseline values for each cytokine/
chemokine for each time point to quantify the fold changes. For individual
response, data transformed to logio as plotted in the graphs to be able to see a
significant difference. For ELISPOT analysis software is ImmunoSpot version
7.0.20.0, Flow cytometry was performed at the University of Ottawa’s Flow
Cytometry Core Facility using the BD LSR Fortessa (BD) or BD Celesta (BD)

Flow Cytometers. Analysis of flow data was conducted using FlowJo v10 (FlowJo,
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LLC, Ashland, OR). For all analyses, *p < 0.05, 872 **p < 0.01, ***p < 0.001,

****p < 0.0001; n.s. = not significant.

65



Chapter 3: Results

3.1 The impact of VS+VSVAS1 on the antitumor immune response including the

secretion of cytokine and chemokines, antigen specific immune response and T

cell infiltration.

This objective focuses on studying the impact of treatment with VS+VSVAS51
on the antitumor immune response and provides a better understanding of the in vivo
immunological mechanisms that lead to improved antitumor responses brought about
from the combination of VS and VSVAS51 through evaluating the secretion of cytokines
and chemokines at various time points following treatment and the resulting antigen
specific immune response. In addition, we study the impact of IL-12 transgene
inclusion on VS+VSVAS1 therapy in the CT26WT tumor model in terms of therapeutic

efficacy and the antitumor immune response._The results and figures presented in

objective 3.1 are part of the published manuscript and were rearranged in this

thesis (published manuscript in appendix I, Creative Commons Attribution License

(CCBY)).
1. Evaluate the secretion of pro-inflammatory cytokines and chemokines
following the combined therapy with VS+VSVASI.
2. Assess the antigen specific immune response following the treatment.
3. Assess the impact of the combined therapy on T cell infiltration.
4. Study the impact of treatment with VS in combination with VSVAS1 expressing

IL12 on the therapeutic efficacy in the CT26WT tumor model.
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5. Evaluate the secretion of pro-inflammatory cytokines and chemokines

following the combined therapy with VS+VSVAS51expressing IL12.

3.1.1. VS+VSVAS1 combination treatment upregulates the secretion of pro-
inflammatory chemokines and cytokines in vivo.

To explore the immunological mechanisms that lead to improved antitumor
responses brought about from the combination of VS+VSVAS51, we chose to
focus on the CT26WT colon cancer model (syngeneic in Balb/C).
Subcutaneously implanted CT26WT tumors are inherently resistant to
VSVAS1 and while monotherapy is not curative, improved survival can be
observed using a vanadate/VSVASI1 therapeutic combination in this model,
leading to approximately 20% complete remissions (155). Improved virus
spread, as measured by VSVAS51-encoded luciferase transgene-associated
luminescence using an in vivo imaging system (IVIS), is also observed in this
model (155). To confirm that similar effects were achievable using the body
building supplement VS, mice were implanted with the CT26WT cells, and
when tumors reached a volume of 100 mm3, three doses delivered
intratumorally of VS (50 mg/kg) or PBS, followed by 1E8 plaque forming
units (PFU) VSVAS1 (encoding luciferase) or PBS were administrated over
the course of 5 days (Figure 5A). In line with previous studies with vanadate,
improved viral replication elicited by VS was confirmed by IVIS imaging one
day post the first treatment (Figure 5B). The combination treatment led to 20%

survival (Figure 6).
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Figure 5: VS+VSVAS5I1 co-treatment upregulates the secretion of pro-inflammatory
chemokines and cytokines 1 and 5 days post the treatment.
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A) Schematic representation of the treatment schedule: CT26WT-tumor bearing mice received a total of three
doses delivered intratumorally of vanadyl sulfate (50mg/kg) and VSVAS51-fluc (1E8 PFU) or monotreatment
injections with PBS, vanadyl sulfate (50mg/kg), or VSVA51-fluc (1E8 PFU) alone over 5 days. (B) Twenty-four
hours post the first treatment; viral replication was monitored by 1VIS. Representative bioluminescence image.
Scale represented in photons; bar indicates mean. P=0.0007 as compared to mock-treated condition. (C) Heatmap
represented the log,  fold change per condition of pooled sera for all the treated time points, normalized to day 7

post implantation as a baseline, n= 10 per group.
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Figure 6: VS+VSVAS5I1 co-treatment improves the therapeutic efficacy in the CT26WT
tumor model.

This figure is part of Figure 5, Survival was monitored over time, the percentage of survival was included for
each condition, long rank (Mantel-Cox) test indicated the significant, P<0.0001.
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A multiplex assay was subsequently performed using collected sera to
evaluate the secretion of a panel of pro-inflammatory chemokines and
cytokines in the blood at various time points following the treatment (Figure
5C, Figure 7A, B). Pooled sera were used to map general trends in cytokine
profiles over time as that provided an indication of the kinetics and the
secretion profile of cytokines and chemokines in the tumor bed and the
systemic impact of our treatment since we administered our treatment
intratumorally (Figure 5C). Further analyses using sera from individual mice
were carried out to confirm trends.

These findings from these analyses revealed that, apart from increasing
Interleukin-6 (IL-6) on day 1 (Figure 7A), VS had little impact on overall
cytokine secretion. On the other hand, VSVAS51 alone significantly increased
the secretion of proinflammatory cytokines and chemokines including IFN-y,
CXCL9, CXCL10, CCL3, CCL4, and IL15 compared with VS and PBS
groups (Figure 7A, B).

Importantly, we observed significant increases in the secretion of a subset
of cytokines and chemokines in the group that received the combined therapy
as compared to monotherapies. Most notably, we measured a 5-fold increase
in IFN-y secretion 1-day post-infection ((Figure 5C, Figure 7A), p-
value=0.0001 compared to PBS and VS, and p-value=0.01 compared to
VSVAS5I1 alone, Table2).

IL-6, an IFN-y responsive cytokine, increased most significantly at 5 days
post treatment (Figure 5D, Figure 6A). In addition to IL-6, IFN-y is known to

upregulate the secretion of pro-inflammatory cytokines and chemokines.
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Figure 7: VS+VSVAS1 co-treatment induces the secretion of pro-inflammatory
chemokines and cytokines 1 and 5 days post the treatment.

This figure is part of Figure 5, (A)& (B) The concentration of Cytokines and chemokines pg/ml
for each group for each individual mouse, data transformed into log,,. (n=10 per condition),

line indicates the detection concentration, Mean+SEM; * P=0.01, ** P=0.003, *** P=0.001,
*#%%P<0.0001, ns= not significant, Two-way ANOVA.
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Table 2: p value for significant comparison between each condition for each tested
cytokine and chemokine following treatment at various time points.
Data were analyzed using two-way ANOVA test, * P=0.01, ** P=0.003, *** P=0.001,

****P<(.0001
cytokines/ | day post PBS vs. PBS vs. PBS vs. VS vs. VS vs. VSVd51 vs.
chemokines| treatment VS VSVAS51 VS+VSVAS51 VSVA51 VS+VSVA51 VS+VSVA51
1 0.7394 0.1478 <0.0001 0.0111 <0.0001 0.011
IFN-y 5 0.8883 0.0159 0.0081 0.0017 0.0008 0.9962
10 0.9311 0.8872 0.2183 0.5482 0.5318 0.046
1 0.0034 <0.0001 <0.0001 0.0157 0.0009 0.8159
IL-6 5 0.3191 0.3578 <0.0001 0.9999 0.0002 0.0002
10 0.999 0.0807 0.0073 0.1113 0.0112 0.7809
1 0.03 <0.0001 <0.0001 <0.0001 <0.0001 0.9455
CXCL10 5 0.69 0.7352 0.0106 0.9998 0.1597 0.1373
10 0.0006 0.1538 0.0012 0.232 0.9998 0.2888
1 0.4834 <0.0001 <0.0001 <0.0001 <0.0001 0.1075
CXCL9 5 0.0068 0.0004 0.0114 0.8439 0.9998 0.8141
10 0.4801 0.961 0.6046 0.7807 0.9985 0.8724
1 0.5511 0.0594 0.6391 0.0014 0.0757 0.5705
ccL3 5 0.0029 0.827 0.5339 0.0001 <0.0001 0.9552
10 0.013 0.727 <0.0001 0.1721 0.0019 <0.0001
1 0.9833 <0.0001 <0.0001 0.0038 0.0016 0.2138
ccLa 5 0.0327 0.9691 0.9658 0.0263 0.2231 0.9083
10 0.4891 0.9997 0.4514 0.1391 0.0297 0.3638
1 0.8818 0.599 0.751 0.8366 0.9728 0.9651
IL-7 5 0.093 <0.0001 <0.0001 0.0737 0.0094 0.8767
10 0.0739 0.0306 0.0139 0.9039 0.882 >0.9999
1 0.337 0.973 0.3487 0.1551 >0.9999 0.1658
IL-15 5 0.9986 0.2259 0.3963 0.2161 0.4046 0.9875
10 0.9978 0.5626 0.9686 0.6348 0.9913 0.8224
1 0.3954 0.2134 0.5426 0.9885 0.9953 0.9426
IL-2 5 0.2294 0.8759 0.0079 0.653 0.4987 0.0604
10 0.0131 0.98 0.0157 0.0376 >0.9999 0.0442
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This includes CXCL-9 and CXCL10, which we have previously shown to
be upregulated through vanadate/VSVAS1 combination treatment in
CT26WT cells in vitro (155). However, while average levels were highest
coinciding with the peak of IFN-y secretion, there was no statistically
significant difference in CXCL9 when comparing VSVAS1 to VSVASI in
combination with VS (p=0.1, Table2).

Our multiplex data also illustrated that the secretion of a number of
important cytokines and chemokines followed the same behaviour of IFN-y
secretion in vivo. Indeed, there was also a trend toward an increase in the
secretion of interleukin-2 (IL-2) and IL-12, the two cytokine factors that
strongly and synergistically affect IFN-y expression (Figure 5C, Figure 7B).

Next, we observed that pro-inflammatory chemokines involved in immune
cell recruitment including CCL2, CCL3, CCL4 and CCL5 showed an increase
1-day post the combined therapy. Levels were particularly sustained for CCL3
and CCL4 after 5 days post-treatment (Figure 5C, Figure 7B). The secretion
of IL-4 was also evaluated and found to be up-regulated from 5 to 10 days
post-treatment in the group that received the combined therapy compared with
all the control groups (figure 5C). The secretion of cytokines involved in
mediating T cell and natural killer cell activation, proliferation, and
differentiation into effector T cells, as well as those responsible for driving the
long-term development of CD8+ T cells, including IL2, IL-7, IL12, and IL-
15, were found to be increased after 1 day and 5 days post-treatment in mice
treated with the combined therapy with no significant difference in

compassion with the VSVAS51 group (Figure 5C, Figure 7B).
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3.1.2.

It is important to highlight that VSVAS1 alone was able to significantly
increase the secretion of proinflammatory cytokines and chemokines
including IFN- y, CXCL9, CXCL10, CCL3, CCL4, and 1L15 compared with
VS and PBS groups with no significant differences compared with VS+

VSVAS51 group (Figure 5C, Figure 7A, B).

Combined VS+VSVAS1 therapy enhances antigen-specific antitumor
immune response.

In conjunction with previous studies (155), the results above support a
potential role of activated and IFN-y producing T-cells in eliciting the response
to combined vanadate/VSVAS1 therapy. I next sought to investigate the impact
of VS treatment in combination with VSVAS1 on viral- and tumor antigen-
specific immune responses. | assessed the antigen-specific immune response
against peptides for gp70 (the immunodominant antigen in CT26WT tumor
model and a common murine tumor-associated antigen that is highly expressed)
and VSV N following combined therapy or controls using an IFN-y ELISPOT
assay. Following the same therapeutic regimen, fourteen days post treatment,
splenocytes were isolated from mice and then stimulated ex vivo with gp70 or
VSV N peptides (Figure 8A). A significant increase in the number of IFN-y
producing splenocytes reacting to the peptide gp70 was detected in the group
that received VS+VSVAS51 when compared with monotherapy alone (Figure
8B). As expected, treatment with VSVAS1 alone induced an antiviral immune
response measured by the reaction against the VSV N peptide in comparison

with the combination treatment group (Figure 8B).
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Figure 8: VS plus VSVA51 combination therapy induces antigen specific immune
response 14 post treatment.

(A) Schematic representation of the treatment schedule: after 12 days, CT26 WT-tumor bearing
mice received a total of three doses delivered intratumorally of vanadyl sulfate (50mg/kg) and
VSVAS51-fluc (1E8 PFU) or monotreatment injections with PBS, vanadyl sulfate (50mg/kg),
or VSVAS1-fluc (1E8 PFU) alone over 5 days. Splenocytes from treated mice were processed
14 days post treatment, then co-cultured with either DMSO, VSV N, or gp70 peptides for 20
hours, PMA and ionomycin were used as a positive control. (B) Representative wells from an
ELISPOT assay, Graph shows quantification of log,, of the number of IFN-y producing cells
per 2E5 splenocytes. N=5 per condition, Mean+SEM; ** P=0.003, ****P<(0.0001, ns= not
significant, Two-way ANOVA.
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3.1.3.

However, we did detect a response against the DMSO control in the VSVAS1
group, suggesting there could be non-specific activation owing to the virus
treatment. Altogether, these results suggest that VS/VSVAS1 combination

therapy can improve the tumor antigen-specific T-cell response.

T-cell infiltration to the tumor site induces following the combination
therapy.

In previous studies, the treatment of cancer cells with vanadate/VSVAS1
leads to profound changes in gene expression profiles in infected cancer cells
and in particular, the up-regulation of multiple cytokines and chemokines
associated to response to type Il IFN (155). This profile is corroborated from
cytokine profiles in Figure 5. However, given that cytokine profiles measured
in the blood are representative of systemic responses, it is not possible to
discern the specific impact of VS+VSVAS51 treatment on cancer cells from its
potential impact on immune cells; more specifically, mediating T cell
infiltration/ recruitment to the tumor site.

Given that has been previously reported that the increased expression of
type Il IFN response-induced chemo-attractants such as CXCL9 and CXCL10
following vanadate/VSVAS1 co-treatment, we looked at whether VS+VSVAS1
co-treatment could promote the recruitment of T-cells in a chemotaxis assay.
As illustrated in Figure 9A, cultured CT26WT cells were treated with PBS, VS
100uM, VSVAS1 (multiplicity of infection (MOI)=0.01) or the combination of

VS+VSVASI.
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Figure 9: Vanadyl Sulfate in combination with VSVA51 increases the production of T-
cell chemoattractant and T-cell migration in vitro.

(A) Supernatants were collected after treating CT26WT cells with Vanadyl Sulfate at a
concentration of 100uM for 4 hours and then subsequently infection with VSVAS51 at MOI
0.01 or with PBS, Vanadyl Sulfate alone or VSVAS5I alone for 24 hours. Supernatants were
then used for the assessment of chemokines or for performing chemotaxis assays (compared
to CXCL9 control). Chemotaxis of T cells was assessed using a Trans-well system. (B)
Migration percentage was calculated as (total number T cells in bottom chamber/ total number
T cell input) x 100, representative data of the average of 2 independent experiments, n=2 per
condition. (C) The supernatant concentration of CXCL-9, graph shows the pg/ml.
Mean+SEM; n=2 per condition, *** P=0.001, Two-way ANOVA.
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3.14.

Supernatants were collected 24h later and added to the lower chamber of
Trans-well plates with 5-um pores. A condition with CXCL9 cytokine (1 ug
/ml) was included as a positive control. Mouse T-cells isolated from
splenocytes were activated using anti-CD3/CD28 beads and IL-2 and then
added to the top chamber. Activated cells were allowed to migrate to the bottom
well containing supernatants for a period of 24h post treatment. The results of
this chemotaxis assay are shown in Figure 8 and demonstrate that supernatants
from VSVAS5I1-infected cells co-treated with VS significantly increase the
migration of activated T-cells compared to single treatments, to levels
exceeding the CXCLJ9 positive control (Figure 9B).

The CXCL-9 concentration in the supernatants used in the migration assay
was measured by ELISA. As shown in Figure 9C, treatment with VS+VSVAS51
substantially increased the secretion of CXCL-9 compared to single treatments.
Altogether, these data support the hypothesis that treatment of cancer cells with
vanadium during infection increases their immunogenicity profile and

promotes the migration of activated T-cells to the tumor.

VS in combination with VSVAS51 encoding IL-12 further improves
therapeutic efficacy.

All the results presented above implicate a role of T-cells in eliciting the
enhanced therapeutic effects of VS+VSVASI treatment and that is also
associated with up-regulation in the secretion of pro-inflammatory cytokines
and chemokines; however, the overall survival is still 20% in the CT26WT

tumor model (Figure 6). We, therefore, as an attempt to improve the therapeutic
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efficacy of the combined therapy considered whether therapeutic efficacy could
be further enhanced by genetically encoding complementary cytokines in
VSVASI.

As a first candidate and proof of concept, | evaluated the impact of
encoding IL-12 within VSVAS51. IL-12 is produced by dendritic cells (DC) in
response to IFN-y secretion to enhance the activity of CD8+ cytotoxic T-cells
(CTL) as well as Natural Killer cells (NK) (302, 303). Further, IL-12 is thought
to be a positive regulator of IFN-y secretion. Many OVs such as Maraba-MG-
1, Adenovirus, and HSV-1 have been engineered to express IL-12, leading to
improved antitumor effects in numerous murine carcinoma models by
promoting both the activation of T cells and NK cells (304, 305).

As a first step, multi-step and single-step viral growth kinetics were
determined in CT26WT cells, and the inclusion of IL-12 as transgene had no
impact on virus replication kinetics compared with parental virus
VSVASlencoding firefly luciferase (Figure 10A). In addition, IL12 secretion
was confirmed 24 hr following viral infection compared with the parental virus
(around 6000pg/ml) (Figure 10B).

To validate the impact of IL-12 on the efficacy of the combination therapy,
we performed a similar therapeutic regimen as shown in Figure 5A with
VSVASlencoding/expressing 1L12 (Figure 11A) and then monitored tumor
progression and survival following the treatment (Figure 11B). Combination
treatment was well-tolerated although we did observe a slight decrease in the
body weight of mice treated with VSVASI1 encoding/expressing IL12 during

the week of the treatment followed by quick recovery within the following
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Figure 10: Replication kinetic of VSVAS1 encoding IL12 and the secretion of IL12 in

vitro.

(A) Replication kinetic of VSVAS1 encoding fluc or IL12 was performed in multistep or
single-step viral growth curves in CT26WT cells. Cells were incubated up to 48 hours post
viral infection, 200ul of supernatant was collected and viral titer in collected supernatant was
quantified by high-throughput tittering using a standard plaque assay. Graphs show the plaque
performing unit per ml (PFU/ml), n= 3 per each time point. (B) CT26WT cells were infected
with VSVAS51 encoding fluc or IL12 at MOI 0.1. 24 hrs post-infection, supernatants were
collected and the secretion of IL12 was measured by ELISA. The graph shows the
pg/ml. Mean+SEM; n=2 per conditions.
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Figure 11: Vanadyl Sulfate in combination with VSVAS1 expressing IL-12 improves the
therapeutic efficacy in CT26WT-tumor model.

(A) Schematic representation of the treatment schedule: CT26WT-tumor-bearing mice received a
total of three dose delivered intratumorally of vanadyl sulfate (50mg/kg) and VSVAS51 encoding IL-
12 (1E8 PFU) or with PBS, vanadyl sulfate (50mg/kg), or VSVAS51 encoding IL-12 (1E8 PFU) alone
over 5 days. (B) Survival was monitored over time, the percentage of survival was included for each
condition, long rank (Mantel-Cox) test indicated the significance as shown in table below. Survival
data represents an aggregate of 3 independent studies. (C&D) Body weight was measured three times
a week over the first three weeks of the treatment. Graphs show the average of body weight of each
group, Mean+SEM; n=10 per group. (E) Table shows the significance values using long rank
(Mantel-Cox), * P=0.01, ** P=0.003, *** P=0.001, ****P<0.0001.
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3.15.

week (Figure 11C). Our data demonstrate that approximately 40% of the group
receiving VS in combination with VSVAS1-1L-12 survived compared to 20%
in the VS- VSVAS51 condition, and only 10% in the group receiving the
VSVAS1 expressing 1L-12 alone (Figure 11B, D). These mice also showed
rejected tumors after re-challenge with CT26WT cells.

The inclusion of IL-12 to VSVAS51 in combination with VS also further
enhanced the antigen specific immune response against the gp70 peptide
(Figure 12); however, there was no apparent improvement in comparison with
VS+VSVAS51 treatment (compare Figure 8A and 8B).

Taken together, these data provide compelling evidence that further
improvements in therapeutic efficacy can be achieved through genetic
complementation by encoding cytokines such as IL-12 that are not otherwise

up-regulated by VS/VSVASI1 co-treatment.

VS+VSVAS51 encoding/ expressing IL-12 combination treatment further
upregulates the secretion of pro-inflammatory chemokines and cytokines
in vivo.

As part of the cytokine profiling by multiplex assay presented in aim 3.1.1
(Figure 13A) two additional groups were included VSVAS1 expressing 1L12
only and VS in combination with VSVAS51 expressing IL12 to look at the
impact of IL-12 inclusion on the cytokine and chemokine secretion in blood
following the combination treatment (Figure 13). The multiplex analyses
revealed a trend towards increasing systemic IL-12 with VSVA51-1L12 and

further with VS+VSVAS51-1L12, which was the only condition showing a

82



VSVAS1-IL12 VS+VSVAS1 -IL12

DMSO

I
=)
=
7
o

A dh 4N 4

VSV N VSV N

Py
4
- 4
=
h d

N

Gp70

>4 4> <
> <>« <
> <> <

Gp70

2

.
’!
L

H,

(5]
1
>

-y producing cell per 2eS splenocytes) > 4 > 4 > 4

Log,, (IFN
—}

DMSO VSVN Gp70

Figure 12: VS plus VSVAS51 expressing IL-12 combination therapy further induces
antigen specific immune response 14 post treatment.

As part of Figure 8, two additional groups received three intratumorally vanadyl sulfate
(50mg/kg) and VSVASI1 expressing IL-12 or monotreatment injections over 5 days.
representative data from ELISPOT assay and Graph shows quantification of log,, of the

number of IFN-y producing cells per 2E5 splenocytes. N=4-5 per group, Mean+SEM; *
P=0.01, Two-way ANOVA.

83



statistically significant increase in IL-12 relative to PBS (p-value=0.023, Table
3) (Figure 13B, Figure 14A, B). In contrast with results obtained in Figure 5,
VS+VSVAS1-1L12 co-treatment did not elicit a further increase in the levels of
IFN-y compared to VSVAS1-1L12 (Figure 13B, Figure 14A); however,
compared to Figure 7A, it is apparent that when viruses were used alone, IFN-
v reached higher levels on day 1 with VSVAS51-IL12 compared to VSVAS1
(more than 200pg/ml vs. around 100pg/ml). On the other hand, and consistent
with Figure 1C, levels of IL-6 were significantly higher at day 5 following
VS+VSVAS1-IL12 combination treatment compared to the monotherapies
(Figure 13B, Figure 14A).

Additionally, the secretion of CXCL1, CCL2, CCL3, and CCL4 also
increased in the group that received VS + VSVASI-IL12 after 1 day and
continued to be elevated up to 5 days post-treatment with a 2-fold increase in
the secretion of CCL2 and an increase in the secretion of CCL3 compared with
all the monotherapy groups (Figure 13B), more than 300pg/ml in the serum
concentration of CCL4 and more than 50pg/ml in the concentration of the
secretion of CCL3 were observed in 5 out 10 mice treated with VS+VSVAS1
expressing 1L12 (Figure 14B).

IL-15 and IL-7 increased to over a fold increase in the combined therapy
group on days 10 and 14 post-treatment (Figure 13B, Figure 14B). Similar
activity was observed in the secretion of 1L-4 on days 10 and 14 post-treatment

(Figure 13B).
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Taken together, these data prove that encoding cytokines such as IL-12
further induces cytokine and chemokines secretion, and this enhancement could

be because of the impact of IL-12 on the immune response and IFN-y secretion.
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Figure 13: VS+VSVAS1 expressing IL-12 co-treatment further induces the
upregulation of the secretion of pro-inflammatory chemokines and cytokines 1 day
and 5 days post the treatment.

(A) As part of the experiment presented in Figure 5, two additional groups of CT26WT-
tumor bearing mice received a total of three doses delivered intratumorally of vanadyl
sulfate (50mg/kg) and VSVAS1 expressing IL-12 (1E8 PFU) or VSVASI expressing
IL-12 (1E8 PFU) alone over 5 days were added. (B) Heatmap of the log,, fold change
per condition of pooled sera, normalized to day 7 post implantation as baseline for all
the tested time points, (n=10 per condition).
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Figure 14: VS+VSVAS5I1 expressing IL-12 co-treatment further induces the secretion of
pro-inflammatory chemokines and cytokines 1 day and 5 days post treatment.

This figure is part of Figure 13, (A)& (B) The concentration of cytokines and chemokines
pg/ml for each group for each individual mouse (n=10 per condition) was presented in each
graph. Data transformed into Log,, line indicated the detection concentration, Mean+SEM; *

P=0.01, ** P=0.003, *** P=0.001, ****P<0.0001, ns= not significant, Two-way ANOVA.
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Table 3: p value for significant comparison between each condition for each tested
cytokine and chemokine following treatment at various time points.
Data were analyzed using two-way ANOVA test, * P=0.01, ** P=0.003, *** P=0.001,

**E%P<(0.0001
cytokines/ day post PBS vs. PBS vs. PBS vs. VS vs. VSvd51 vs.
chemokines | treatment \'A VSVAS51 -IL12 | VS+VSVAS51-1L12 [VS vs. VSVA51-IL12| VS+VSVAS51-I1L12 | VS+VSVAS51-1L12
1 0.6549 <0.0001 <0.0001 <0.0001 <0.0001 0.703
IFN-y 5 0.8446 <0.0001 <0.0001 <0.0001 <0.0001 0.435
10 0.9026 0.6053 0.0128 0.946 0.0758 0.2328
1 0.0007 <0.0001 <0.0001 0.0046 0.0003 0.8425
IL-6 5 0.216 0.2381 <0.0001 >0.9999 <0.0001 <0.0001
10 0.9985 0.8604 0.9996 0.9236 >0.9999 0.9025
1 0.0216 <0.0001 <0.0001 <0.0001 <0.0001 0.088
CXCL10 5 0.6616 0.0213 0.0012 0.0005 <0.0001 0.8002
10 0.0003 0.8973 0.6057 0.0038 0.0197 0.9499
1 0.5808 <0.0001 <0.0001 <0.0001 <0.0001 0.9991
cXCL9 5 0.0197 <0.0001 <0.0001 0.0602 0.0013 0.5744
10 0.5777 0.473 0.9979 0.0369 0.4648 0.5862
1 0.501 0.9878 0.3473 0.3179 0.0163 0.5417
ccL3 5 0.0014 0.9424 0.7005 0.0087 <0.0001 0.3566
10 0.0073 0.1405 0.0037 0.6737 0.9963 0.5365
1 0.9864 0.0003 0.0004 0.0011 0.0015 0.9998
ccL4 5 0.0157 0.8066 0.4117 0.1473 0.4494 0.9142
10 0.3331 0.9732 0.0012 0.1528 <0.0001 0.0049
1 0.8503 0.8842 0.4248 0.999 0.6323 0.523
-7 5 0.0535 <0.0001 0.0071 0.086 0.8885 0.3462
10 0.0405 0.0295 0.0254 0.9993 0.9977 >0.9999
1 0.4559 0.8054 0.3253 0.9389 0.9956 0.8505
IL-15 5 0.9991 0.6589 0.8181 0.6792 0.8481 0.9901
10 0.9985 0.9975 0.9453 >0.9999 0.9753 0.9805
1 0.6319 0.9863 0.0002 0.8394 0.0129 0.0008
-2 5 0.041 0.8403 0.0002 0.2422 0.4336 0.0039
10 0.9644 0.1281 0.0055 0.3126 0.022 0.606
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3.2. Cellular immunological changes following treatment with VS+ VSVAS1

and the impact of IL-12 inclusion on VS+VSVAS51 therapy in the

CT26WT tumor model.

This objective focuses on studying the impact of the combined therapy
and the combined therapy with IL12 on the cellular immunological changes
following therapy.

Aims:

1. Evaluate the impact of combined therapy with VS+
VSVAS51 on cellular and immunological changes.

2. Evaluate treatment with IL12 combination therapy on
cellular immunological changes.

3. Examine the role of T cells in the efficacy following VS+
VSVAS51 and IL-12 combination therapy.

4. Examine the contribution of NK cells on the therapeutic

efficacy of VS+ VSVASI1 and IL-12 combination therapy.

3.2.1. The Relevant Immunological changes 5 days & 10 days following the
combined therapy have identified immune profiling.

To identify relevant immunological changes at the cellular level
following our combination treatment, immune cells at TILs within the
tumor microenvironment (TME) and at tumor draining lymph nodes
(TdLNSs) were analyzed applying multi-parameter flow cytometry analyses
5 days and 10 days following the combination therapy as indicated in

Figure 15 and Figure S1. We designed two multi-parameter panels to
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characterize T cells including CD3+, CD4+, and CD8+ T cells and
activation markers CD25 and CD69, and the expression of PD1. In
addition, NK cells using CD49b and CD69 as markers, B cells (CD19 and
CD86 for their activation), Dendritic cells and myeloid cells (CD11b,
CD11c, CD86, and the expression of MHC 1), and macrophages (CD11b
and CD86) were also included (Figure S1).

The effect of the therapy on cellular changes in T cells was assessed at
5 days and 10 days post-treatment using flow cytometry-based analyses.
The proportion of CD8+ T cells and activated CD8+ T cells expressing
CD25 among all CD45+ leukocytes exhibited a noticeable trend toward an
increase in the tumor microenvironment (TME) 5 days after the combined
treatment (Figure S3). This trend was consistently observed in both the
number of CD8+ T cells and activated T cells expressing CD25 in the TME
at both 5 days and 10 days after treatment (Figure 16A).

Furthermore, a significant increase in the number of CD8+ T cells
expressing CD25 was detected in the tumor-draining lymph nodes (TdLNSs)
at 5 days and 10 days post-therapy in the group that received the combined
treatment, when compared to the other groups (Figure 16B).

In addition to the changes in CD8+ T cells, the percentage of CD4+ T
cells was also found to increase in the group that received the combined
therapy. However, some of these increases were not statistically significant

when compared with all the control groups.
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Figure 15: The impact of VS plus VSVA51 combination therapy on immune cells in

tumor and tumor draining lymph nodes 5 days and 10 days following treatment.

(A) Schematic representation of the treatment schedule: after 12 days, CT26WT-tumor bearing mice received
three intratumorally vanadyl sulfate (50mg/kg) and VSVAS51 expressing IL-12 (1E8 PFU) or monotherapy over
5 days. Tumor-draining lymph nodes (TdLNs) were collected on day 5 and day 10 post-treatment, and Tumors
were dissected and then dissociated by Tumour dissociation kits with the gentleMACS Dissociator to analyze
Tumour infiltration leukocytes (TILs). Cells were stained with markers for various subsets of immune cells
including activation markers, as described in supplementary figure 1 and 2. (B) Relative proportions of various
immune cell subsets among all leukocytes of live cells are shown, n=5 per group.
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In addition to T cells, various innate and adaptive immune cell types
contribute to the efficacy of our treatment, as supported by previous data
(155). Therefore, we investigated the impact of the combined treatment of
VS+ VSVASI1 on other immune cell populations, such as dendritic cells,
Natural Killer cells (NK), macrophages, and B cells (Figure S3, S4, S5, and
S6).

NK cells play a crucial role in the innate immune response, and their
activation has been linked to the success of oncolytic virotherapy (243). To
assess the impact of our combined therapy, we analyzed the frequency and
number of activated NK cells within the tumor microenvironment (TME)
and tumor-draining lymph nodes (TdLNSs) at 5 days and 10 days after
treatment. Our findings revealed that the combined therapy resulted in an
increase in the number of activated NK cells (CD49b+ CD69+) compared
to other treatments (Figure 16B). While we did not observe significant
changes in the number of CD49b+ NK cells and activated NK cells
expressing CD49b+CD69+ in the TME, a significant increase in the
number of CD49b+ NK cells and activated NK cells expressing both
CD49b and CD69 was detected in the TdLNs at 5 days and 10 days
following the combined therapy, in comparison to other treatment groups
(Figure 16A, B). These results suggest that the combined treatment induces
a favourable immune response by enhancing the activation of NK cells in

the tumor-draining lymph nodes.
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Figure 16: An increase in the number of activated NK cells and CD8+ T cells was detected
following treatment with VS plus VSVAS51 combination therapy at TdLNs.

This figure is part of Figure 15, (A) & (B) the number of cells per 1e6 live cells including
CD8+ T cells and CD8+CD25+ T cells as well as CD49b+ NK and CD49b+CD69+ NK cells
at the TILs of TME. N= 5 per group, Meant+SEM; * P=0.01, ** P=0.003, *** P=0.001,
*#*%P<0.0001, ns= not significant, Two-way ANOVA.
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We next investigated the relevant cellular changes in various subsets of
DCs including CD11c+ cells and CD11b+ cells and their activations
following the therapy. The percentage and number of CD11b+ cells and
CD11c+ cells in TALNs and TME were evaluated to further elucidate the
role of these cells following the treatment. There was no significant
increase in the relative proportion of CD11b+ cells and Cllc+ cells
detected at the TME and TdLNs (Figure S5, S6). Noticeably, there was an
increase in the percentage of CD11b+ cells observed in the PBS control
group 10 days post-treatment (Figure S6). The number of CD11b+CD86+
cells was found to be significantly increased at the TME 5 days and 10 days
following the combined therapy. Whereas in the TdLNs the number of
CD11c+CD86+ cells were found to be significant in the group that received
the combined therapy (Figure 17A, B). We also looked at the percentage
of macrophages particularly F4/80+ cells, more activated F4/80+
macrophages expressing CD86 were observed at the TME 10 days post the
combined therapy (Figure S6). The number of activated F4/80+
macrophages expressing CD86+ was found to be significantly increased 5
days following the combined therapy at TALNs (Figure 18A, B).

The percentage of activated CD19+ B cells was found to increase
following the combined therapy in both TdLNs and TME (Figure 17A, B).
This increase was significant when we looked at the number of activated
CD19+ B cells expressing CD86 in TME and in the number of CD19+ B
cells at the TdLNs 5 days and 10 days following combined therapy

compared with their counterparts (Figure 17A, B). These findings suggest
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Figure 17: An increase in the number of activated B cells was observed following
treatment with VS plus VSVAS1 combination therapy.

This figure part of Figure 15, (A) & (B) The number of CD19+ B cells, CD19+CD86+ B cells,
CD11b+ cells, and CD11b+CD86+ cells per 1e6 live cells at the TILs of TME or TdLNs. N=
5 per group, Mean+SEM; * P=0.01, ** P=0.003, *** P=0.001, ****P<0.0001, ns=not
significant, Two-way ANOVA.
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Figure 18: A significant increase in the number of activated macrophages was observed
following treatment with VS plus VSVAS1 combination therapy at TdLN.

This figure is part of Figure 15, (A) & (B) The number of F4/80+ cells and F4/80+CD86+
cells per 1e6 live cells at the TILs of TME or TdLNs. N= 5 per group, Mean+SEM; * P=0.01,
** P=0.003, *** P=0.001, ****P<0.0001, ns=not significant, Two-way ANOVA.
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that the combined treatment has a positive impact on B cell activation,
which may contribute to the overall antitumor immune response.

It is worth mentioning that no significant changes in the proportion
of these cells were observed in TALNs or the TME in comparison with all
the tested groups. However, there were significant increases in the number
of these cells following the combined therapy as indicated above
especially, CD8+ T cells and NK cells indicating that they significantly
contribute to the therapeutic efficacy of the combined therapy along with
other immune cells that play a significant role in regulating the immune

response including B cells, macrophages and DCs.

3.2.2. The impact of IL12 inclusion on the combined therapy on the cellular
immunological changes 5 and 10 days following the therapy.

Since the inclusion of IL-12 enhances therapeutic efficacy in our model
and further induces the secretion of proinflammatory cytokines and
chemokines that play a critical role in immune cell recruitment to the TME,
we evaluated the relevant immunological changes at a cellular level 5 and 10
days following the combined therapy in both TME and TdLNs.

Following the same multi-parameter flow cytometry-based analyses
described in aim 3.2.1, 5 days following treatment with VS+VSVAS5I1
expressing 1L-12, a slight increase in the proportions of CD8+ T cells was

observed (Figure 19).
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Furthermore, we observed a higher percentage of activated CD8+ T
cells expressing CD25 and CD4+ T cells in the TME in the group that
received the combined therapy compared with other groups (Figure S7).

CD49b+ NK cells and activated CD49b+ NK cells expressing CD69
were found to be increased in the group that received the combined therapy
5 days and 10 days post-treatment at the TME (Figure S7 and S8). The
number of activated CD49b+ NK cells expressing CD69 was detected to
be increased 5 days following the IL-12 combined therapy in the TdLNs
(Figure S7). However, these increases were not statistically significant
when compared to the other treatment groups.

Our analyses also revealed that the group that received the combined
therapy showed a higher percentage of CD11b+ cells and CD11c+ cells in
the TME at 5 days following treatment compared with other treatment
groups (Figure S9). Notably, there was a significant increase in the number
of CD11b+CD86+ cells in the TME, as well as in the number of CD11c+
and CD11c+CD86+ cells in TALNs at 5 days following the IL-12 combined
therapy compared with other treatment groups (Figure 20A, B).
Furthermore, we observed a significant increase in the number of activated
macrophages expressing F4/80 and CD86 in the TME at 5 days after the
combined therapy (Figure 22A, B). These results suggest that the combined
treatment with VS+ VSVAS51 expressing IL-12 induces a notable increase

in the presence of immune cells, particularly CD11b+, CD11c+, and
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Treatment plan

50mg/kg VS in PBS IT
Or Vehicle (PBS) IT
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Or Vehicle (PBS) IT

RHS
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1 J
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Figure 19: The impact of VSVA51 expressing IL-12 in combination with VS on immune
cells in tumor and tumor draining lymph nodes 10 days following treatment.

(A) Experimental outline: after 12 days, CT26WT-tumor bearing mice received either three
intratumorally vanadyl sulfate (50mg/kg) and VSVAS51 expressing IL-12 or monotherapy over 5 days.

Tumor-draining lymph nodes (TdLNs) were collected on day 5 and day 10 post-treatment, and Tumors

were dissected as previously described to analyze Tumour infiltration leukocytes (TILs). Cells were
stained with markers for various subsets of immune cells as previously described. N=5 per group.
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Figure 20: The impact of treatment with VSVAS51 expressing IL-12 in combination
with VS on T cells and NK cells at TME and TdLNs.

This figure is part of Figure 19, (A)& (B) the number of cells per 1e6 live cells including
CD8+ T cells and CD8+CD25+ T cells as well as CD49b+ NK and CD49b+CD69+ NK cells
at the TILs of TME, n= 5 per group, Mean+SEM, Two-way ANOVA.
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Figure 21: The impact of treatment with VSVAS51 expressing IL-12 in combination with
VS on B cells and dendritic cells at TME and TdLNs.

This figure is part of Figure 19, (A)&(B) The number of CD19+ B cells, CD19+CD86+ B
cells, CD11b+ cells, and CD11b+CD86+ cells per 1¢e6 live cells at the TILs of TME or TdLNSs.
N= 5 per group, Mean+SEM; * P=0.01, ** P=0.003, *** P=0.001, ****P<0.0001, ns= not
significant, Two-way ANOVA.
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Figure 22: The impact of treatment with VSVAS1 expressing IL-12 in combination with

VS on macrophages at TME an

d TdLNs.

This figure is part of Figure 19, graphs show the number of F4/80+ cells and F4/80+CD86+
cells per 1e6 live cells at the TILs of TME or TdLNs. N= 5 per group, Mean+SEM; * P=0.01,
** P=0.003, *** P=0.001, ****P<0.0001, Two-way ANOVA
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activated macrophages, within the TME and TdLNs, which may contribute
to the enhanced therapeutic response. This was also associated with an
increase in the percentage of activated CD19+B cells expressing CD86 at
TdLNs 10 days and at TME 5 days and 10 days post the combined therapy
(Figure S9 and S10). The number of activated CD19+ B cells expressing
CD86 was significantly increased in TALNs 5 days post the IL12 combined
therapy compared with other groups (Figure 21B).

VS in combination with VSVAS5I1 expressing 1L-12 generates a
sustainable immune response due to the increased number of T cells, NK
cells and other immune cells that mediate the antitumor immune response

at the TME.

3.2.3. CD8+ T cells play a role in the improved therapeutic efficacy of VS+
VSVASI.

Complementing previous studies showing increased infiltration of
activated T-cells in tumors from combination-treatment responsive animals
(155), we observed an increase in the number of tumor antigen-specific T-
cells in the spleen and an increase in the percentage and number of T cells,
especially CD8+ T cells and NK cells at the TME. Since it was challenging
to detect the significant cellular and relevant immunological changes
following the combined therapy and to be able to determine which subset
of immune cells including T cells and NK cells play a significant role in
the therapeutic efficacy of our combination therapy, the cell depletion

approach was undertaken using depletion antibodies.
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To determine the contribution of CD8+ T cells in the therapeutic
efficacy of the treatment with VS+ VSVASI, an in vivo experiment was
performed in the presence or absence of anti-CD8 depleting antibodies.
Following the same established in vivo therapeutic regimen, the depletion
of CD8+ T cells was achieved using an anti-CD8+ antibody as shown in
Figure 23A at 200 pg concentration per dose. The CD8+ T cells depletion
was confirmed 24-48 hours following i.p. injections on saphenous bleeds
by flow cytometry after staining with anti-CD8+ and CD3+ antibodies as
well as other extracellular markers (Figure S11 showing the gating
strategy) (Figure 23B). Through the flow cytometric examination of the
depletion, we observed complete depletion across all the tested time points
compared with non-depleted groups (Figure 23B).

While monitoring tumor growth, there was a noticeable delay in the
tumor growth following the combination therapy in the depleted groups
with no surviving mice in comparison with the non-depleted group that had
a 20% survival rate (Figure 24A, B) indicating CD8+ T cells play a role in
the achieved therapeutic efficacy following the combined therapy.

We next sought to determine the role of CD8+ T cells and NK cells on
the therapeutic efficacy of treatment with VS+VSVAS51-1L12 since 1L12
has major impacts on both T cells and NK cells, as part of our investigation
performed above. The impact of CD8+ T cell and NK depletion on the
therapeutic efficacy of VS+VSVAS1-1L12 therapy was studied following
the same therapeutic regimen and same time points for depletion presented

in (Figure 24A).
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Figure 23: The depletion of CD8+ T cells was confirmed 24hr post depletion.

(A) Schematic representation of the treatment schedule: CT26WT-tumor-bearing mice were treated
with three intratumorally (i.t.) injections of vehicle (PBS) or 50mg/kg of VVanadyl Sulfate for 4 hr and
subsequently treated with 1E8 PFU of VSVAS51 or VSVAS51 expressing IL-12 or monotherapy over a
period of 5 days. CD8+ T cells depletion was performed using 200mg of anti-CD8 antibody
administrated i.p., 3 till 30 days post implantations, twice a week the first 14 days and once a week.
(B) Representative flow cytometry dot plots. The depletion was confirmed on PBMCs by flow
cytometry-based analyses using anti-CD3, anti-CD4 and anti-CD8 antibodies, n=5 per group. The
percent of PBMCs that are CD3+CD8+, CD3+CD4+.
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Figure 24: CD8+ T cells contribute to the therapeutic efficacy of combined therapy.

(A&B) Following the treatment schedule presented in Figure 23, Survival was monitored

over time, and the percentage of survival was included for each condition, long rank (Mantel-
Cox) test indicated the significance, n= 10 per group.

106



The depletion of CD8+ T cells was also confirmed by flow cytometry
and complete depletion was observed for all the tested time points (Figure
24B). We observed that the therapeutic efficacy following VS+VSVASI-
IL12 was reduced by 50% from 40% in the non-depleted group to 20%
survival in CD8+ T cells depleted groups (Figure 24A, B).

Taken together, the change in the survival rate following CD8+ T cells
depletion was observed to be significant when comparing the group that
received PBS with the group that received VS+VSVAS1 (p-value 0.02) and
when comparing the group that received PBS with the group that received
VS+ VSVAS1-1L12 (p-value 0.006) (Figure 24). CD8+ T cells could be
one of the key mediators of the anti-tumor effect of VS+ VSVAS1-1L12
combination therapy and our data suggest that other immune cells might
also contribute to the therapeutic efficacy of treatment with VS+ VSVAS51-

IL12.

3.2.4. NK cells contribute to the therapeutic efficacy of the combined therapy.
To investigate the role of NK on the therapeutic efficacy of the
combined therapy, the CT26WT tumor model was established in mice
depleted of NK cells using anti-Asialo-GM1 antibody as shown in Figure
25A. The NK depletion was monitored 24-48 hrs following i.p. injections
on saphenous bleeds by flow cytometry, a complete depletion of NK cells
was observed following the i.p. injections (Figure 25B, Figure S12 shows

the gating strategy).
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NK depletion reduced therapeutic efficacy in our tumor model by 10%
from 20% survival in the non-depleted group following treatment with VS+
VSVAS1 (Figure 25). This change in the survival rate was not significant
when comparing the two groups; however, when comparing survival in
VS+ VSVAS1 NK depleted group with PBS NK depleted groups was found
to be significant with a p-value of 0.003 (Figure 25).

Following treatment with VS+ VSVAS51-1L12, NK depletion had an
impact on the therapeutic efficacy of our tumor model and reduced the
therapeutic efficacy by half following treatment from 40% survival in the
non-depleted group to 20% in the depleted group. This suggested that NK
cells contribute to achieving therapeutic efficacy following the combined
therapy (Figure 25). This change in the survival rate was not significant
when comparing the two groups; however, comparing VS+ VSVAS51-1L12
NK depleted group with PBS NK depleted group was found to be

significant with a p-value of 0.0002 (Figure 25).
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Figure 25: A complete depletion of NK cells was observed 24hr following the i.p.
injections.

(A) following the same established therapeutic regimen for CT26 WT tumor models. NK cell
depletion was performed using 10 ul of anti-Asialo-GM1 in 200 pl of PBS administrated i.p.,
-1, 3 till 30 days post implantations, twice a week the first 14 days and once a week. (B) The
depletion was confirmed on PBMCs by flow cytometry-based analyses using anti-CD3 and

anti-CD49b, and anti-NKp46 antibodies, n=5 per group. The percent of PBMCs that are CD3-
CD49b+, CD3-NKp46+.
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Figure 26: NK cells contribute to the therapeutic efficacy of the combined therapy.
Following the treatment schedule presented in Figure 25, survival was monitored over time,

and the percentage of survival was included for each condition, long rank (Mantel-Cox) test
indicated the significance, ** P=0.003, *** P=0.001, n= 10 per group.
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3.3. Generating multi cytokine armed Vanady! Sulfate for enhanced oncolytic virus

immunotherapy.

There are five aims for this objective:

1. Develop a cloning strategy for generating VSVAS1
encoding CXCL9 and VSVAS51 encoding 1L12 and CXCL9
and perform subsequent validation.

2. Evaluate the impact of these therapies on the T cells and
other immune cell infiltration in vivo and in vitro.

3. Investigate the impact of these armed combination therapies
on improving the therapeutic efficacy of the CT26WT tumor
model.

4. Study the impact of these armed therapies on the antigen
specific immune response.

5. Characterize the relevant cellular immunological changes 5
days following treatment with these armed combination

therapies.

3.3.1. The cloning strategy for generating VSVAS1 encoding CXCL9 and
VSVAS51 encoding IL12 and CXCL9 and validations.

Murine CXCL9 gene (MCXCL9) was engineered in the VSV backbone

containing a matrix inactivating mutation (M51R) between the G and L genes

(Figure 27A). Additionally, mCXCL9 and mIL12 genes were engineered in

the VSV backbone containing a matrix inactivating mutation (M51R) between

the G and L genes and a self-cleavage peptide T2A was added in between
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these genes. At each gene a secretion peptide was added (Figure 27A). After
sequences were confirmed following the PCR amplified system, these viruses
were rescued using an established reverse genetic system (306), followed by
using three rounds of single-colony purification using a standard plaque assay.
Following that, the viruses were successfully produced using high-speed
centrifugation and purified on 5-50% Optiprep as previously described.

As a first step of virus validation, multi-step and single-step viral
growth kinetics were performed in the CT26WT cell line. CT26WT cells were
infected with MOI 1 or MOI 0.1 and supernatants were collected at various
time points. Viral replication was assessed by standard plague assay. CXCL-
9 and IL-12 transgenes had no impact on virus replication kinetics compared
with parental virus VSVAS51 encoding fluc or IL12 transgenes (Figure 27B).

CT26WT cells were infected with VSVAS1 encoding CXCLDY,
VSVAS51 encoding IL12-CXCL9, VSVAS1-fluc or mock infected at an MOI
of 0.1 and 24hr post-infection, the gene expression of CXCL-9 and IL-12 was
confirmed by qPCR (Figure 28A).

To confirm the secretion of these cytokines and chemokines upon viral
infection, supernatants of CT26WT cells were collected 24hr after infection
with VSVAS51 encoding mCXCL9 and VSVASI1 encoding 1L12-mCXCL9,

VSVAS51 encoding fluc, VSVAS51 encoding IL12 or mock infection at an MOI
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Figure 27: mCXCL9 and mIL-12-CXCL9 encoding VSVAS51 did not impact the growth
kinetic of the virus.

(A) CXCL9 and CXCL9 and IL12 were cloned in the backbone of VSVAS51. (B) The
Replication kinetic of VSVAS1 encoding fluc, IL12, CXCL9 or IL12 and CXCL9 were
performed in single and multistep viral growth curves in CT26 WT cells, n= 3 per group.
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Figure 28: CXCL9 and IL-12 were found to be expressed at the gene expression level and
secreted following treatment with VSVAS1 encoding CXCL9 or VSVASI1 encoding 11.12
and CXCLS9.

(A) The expression of CXCL9 and IL12 was evaluated using qPCR after infecting CT26WT
with VSVAS1 encoding CXCL9, VSVAS1 encoding IL12 and CXCL9, VSVASI1 or left
untreated for 24hr. (B) 24hr post-infection, supernatants were collected and the secretion of
IL12 and CXCL9 was measured by ELISA. N= 2 per group, Meant+SEM; Two-way ANOVA,
data represent the average of two independent experiments.
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of 0.1 and chemokine and cytokines protein concentrations were quantified by
enzyme-linked immunosorbent assay (ELISA). mCXCL9 was specifically
increased in VSV encoding mCXCL9 infected CT26 WT cells and in VSVAS1
encoding 1L12-CXCL9 infected cells (Figure 28B). VSVAS51-fluc, VSVA51
encoding IL12 infection and mock infection did not produce any CXCL9
protein concentration detectable by the ELISA assay. The concentration of
IL12 was also quantified by ELISA 24hr post-infection and mIL-12 was found
to be secreted following infection with VSVAS51 encoding IL12-CXCL9
compared with parental viruses (Figure 28B).

We further evaluated the impact of these transgenes on viral growth ex
vivo using tumor cores obtained from mice implanted with CT26WT cells and
observed that the viral growth of VSVAS51 encoding CXCL9, VSVA51
encoding IL12 and VSV AS51 encoding IL12-CXCL9 was similar to VSVAS51-
fluc ex vivo (Figure 29A).

In conclusion, VSVAS51encoding CXCL9 and VSVAS5Iencoding I1L12-
CXCL9 have similar growth profiles to the control viruses (VSVA51-fluc and

VSVAS51 encoding 1L12) and both transgenes are secreted where appropriate.

3.3.2. The number of CD8+ T cells and NK cells were found to be increased
24hrs following these therapies in vivo.

To confirm the biological activity and the chemotactic activity of virally

encoded mCXCL9 and mCXCL9-1L12, we used multiple parameter flow

cytometry analyses of dissociated tumors to quantify intratumoral T cell
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Figure 29: Viral replication 24hr following ex vivo and in vivo treatment with the
combined therapies.

(A) CT26WT tumor cores were pre-treated with 100uM of VS for 4hr and subsequently
infected with 1E4PFU of VSVAS51-fluc, VSVAS51 encoding IL12, VSVAS51 encoding CXCL9,
or VSVAS51 encoding IL12-CXCL9, 24hr post infections, supernatants were tittered by plaque
assay, n= 3 per group. (B) supernatants from in vivo treated samples were collected 24hr post-
infection and were tittered by plaque assay, n= 3 per group. Mean+SEM; Two-way ANOVA.
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infiltration and other immune cells including NK cells 24hr post-infection in
vivo following the same established therapeutic regiment (Figure 30A). We
designed two comprehensive flow panels including extracellular cell surface
markers for T cells and NK cells and their activation markers as well as
exhaustion markers to be able to characterize the cellular immunological
changes 24hrs following the therapy (Figure S12 and Figure S13).

There was a significant increase in the number of CD49b+ NK cells and
CD49b+ NK cells expressing CXCR3 in the group that received the VS+
VSVAS1 encoding CXCL9 compared with other groups at the TME (Figure
30B). In addition, a trend toward an increase in the number of CD3+ expressing
CXCR3 and CD8+ T cells expressing CXCR3 was detected in the TME;
however, this was not significant when compared with other controls (Figure
30C, Figure 31 A). Furthermore, the number of CD4+ T cells and the number of
CD4+CXCR3+ T cells did not show any enhancement following the therapies
(Figure 31B).

To quantify the viral replication, the supernatants from in vivo tumor samples
were collected 24 hr post-infection and tittered using plaque assay. We observed
an increase in virus tittering following treatment with combination therapy;
however, it was not statistically significant compared with other controls (Figure
29B).

To determine the local production of the virally encoded chemokine in TME,
we also measured the supernatant concentration of CXCL9 and I1L12 of the tumor

samples, 24 hr post-infection.
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Figure 30: The biological activity of VSVA51 encoding CXCL9 and VSVAS51 encoding
IL12-CXCLS9 in vivo 24hr post-infection.

(A) Schematic representation of the treatment schedule: after 12 days, CT26 WT-tumor bearing
mice received three intratumorally vanadyl sulfate (50mg/kg) and VSVAS1 encoding IL-12 or
VSVASI encoding CXCL9 and VSVAS1 encoding IL12-CXCL9 (1E8 PFU) or monotherapy.
Tumor were collected 24hr post-treatment. Tumors were dissected as previously described.
Cells were stained with markers for various subsets of immune cells including CD45, CD3,
CD4, CD8, CD49b and CXCR3 including activation markers CD44, and CD69. Relative
proportions of various immune cell subsets among all leukocytes of live cells are shown. (B)
The number of CD49b+ NK cells and CD49b+CXCR3+ NK cells per 1e6 live cells. (C)
Graphs show the number of CD3+ T cells and CD3+CXCR3+ T cells per 1e6 live cells. N= 3-
5 per group, Meant+SEM; * P=0.01, ** P=0.003, *** P=0.001, ****P<(0.0001, Two-way
ANOVA.
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Figure 31: The number of CD8+ and CD4+ T cells 24hr post-treatment with of VSVAS1
encoding CXCL9 or VSVAS5lencoding I1L12-CXCL-9 in vivo.

This figure is part of Figure 30, (A) Graphs show the number CD8+ T cells and
CD8+CXCR3+ T cells per 1e6 live cells. (B) Graphs show the number of CD4+ T cells and
the number of CD4+CXCR3+ T cells per 1e6 live cells. N= 3-5 per group, Mean+SEM, Two-
way ANOVA.
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Figure 32: A significant increase in the CXCL9 concentration in the supernatant of tumor
dissociated tissues was detected 24hr post treatment with VS+VSVA51 encoding CXCLS9.

This figure is part of Figure 30, Supernatants following tumor dissociation were collected,
(A) &(B) CXCL9 and IL12 tumor concentration measured by ELISA. N= 3 per group,
Mean+SEM, * P=0.01, ** P=0.003, *** P=0.001, ****P<0.0001, Two-way ANOVA.
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A significant increase in the concentration of CXCL9 was observed in the groups
that received the VS+VSVAS1encoded CXCL9 compared with other groups with
more than 15000pg/ml (Figure 32A) and the concentration of IL12 in the group
that received VS+VSVAS1encoded L12 with more than 9000pg/ml as well as the
group that received VS+VSVASlencoded IL12-CXCL-9 with 5000pg/ml
compared with other tested groups (Figure 32B).

Taken together, the virally secreted CXCL9 is biologically active and

induces T cells and NK cells recruitment to the TME 24hr post treatment.

3.3.3. Cytokine armed combination therapies has impact on the therapeutic
efficacy in the CT26wt tumor model.

Measuring the therapeutic impact of the inclusion of CXCL9 encoded
VSVAS51 and CXCL9 and IL12 encoded VSVAS51on the therapeutic efficacy of
our combination therapy is the primary goal of engineering these viruses.

Following the same therapeutic regimen that was performed before, tumor
growth was monitored over time following the combination therapies with
VS+VSVAS1 encoding CXCL9, VS+VSVAS1 encoding 1L-12 and CXCL9, and
VS+VSVAS51 encoding IL12 (Figure 33A). The survival rate following treatment
with VS+VSVAS51lencoded CXCL9 was 30% compared to control groups (Figure
33B) (p-value 0.0003 compared to PBS, 0.0004 compared to VS, 0.025 compared
to VSVAS51 encoding CXCL9, and 0.09 compared to VSVAS1 encoding IL12-

CXCLY9, Figure 33C).
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Figure 33: Oncolytic activity of VSVAS1 encoding CXCL9 and VSVAS51 encoding 11.12-
CXCL-9 in CT26WT-tumor model.

(A) Schematic representation of the treatment schedule: CT26 WT-tumor-bearing mice were
treated with three intratumorally (i.t.) injections of vehicle (PBS) or 50mg/kg of Vanadyl
Sulfate for 4 hr and subsequently treated with 1E8 PFU of VSVAS5I encoding CXCL9,
VSVASI encoding IL12-CXCL9 or VSVAS1 encoding IL-12 or monotherapy over a period
of 5 days. (B) Survival was monitored over time, and the percentage of survival was included
for each condition, long rank (Mantel-Cox) test indicated the significance, as indicated in the
table. (C) Table shows the significance values using long rank (Mantel-Cox), *P=0.01,

**P=0.003, ***P=0.001, ****P<0.0001. Survival data represent 2 independent studies, n=10-
15 per group.
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Figure 34: Tumor volume was monitored following treatment with VSVA51 encoding
CXCL9 and VSVAS51 encoding 1L12-CXCL-9 in CT26WT-tumor model.

This figure is part of Figure 33, Tumor volume mm’ was measured for each individual
mouse, n=10-15. Survival data represent 2 independent studies, n=10-15 per group.
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Treatment with VS+VSVAS5S1 encoding IL-12-CXCL9 does impact survival by
only 20% (Figure 33B) compared to control groups (p-value 0.0003 compared to
PBS, 0.0004 compared to VS, and 0.07 compared to VSVAS51 encoded CXCL9,
Figure 33C). As previously observed, treatment with VS+VSVAS51 encoding IL12
leads to a 40% survival rate compared with all tested groups (Figure 33B).
Noticeably, the addition of these transgenes in the backbone of VSVAS51 leads
to a delay in tumor growth following the combined therapies (Figure 34).
Interestingly, VSVAS51 encoding CXCL9 in combination with VS provided more

therapeutic benefit compared with VS+VSVAS1 encoding both IL12 and CXCL9.

3.3.4. NK cells expressing CXCR3 was found to be increased 5 days post armed
combination therapies.

To further investigate the impact of the inclusion CXCL9 on immune cell
infiltration, we expanded our analyses to characterize the cellular changes at the
TME 5 days post-therapy. 5 days post therapy have been chosen as a timepoint
to identify the cellular changes after 3 doses of the therapy. Following the same
therapeutic regimen (Figure 35A), tumors were collected 5 days post the first
treatment followed by tumor dissociation, extracellular staining for anti-CD3,
CD8, CD4 and CD49b antibodies as well as activation markers and flow
cytometry analyses as previously described in aim 3.3.2.

We did not observe any significant changes in the number of CD4+ and
CD8+ T cells expressing CXCR3 (Figure 35 B, C and Figure 37) as well as

CD49b+ NK cells expressing CXCR3 (Figure 36).
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Figure 35:The impact of treatment with VS in combination with VSVA51 encoding CXCL9 and
VSVAS51 encoding IL12-CXCL-9 on the immune response 5 days post treatment.

(A) Schematic representation of the treatment schedule: after 12 days, CT26WT-tumor bearing mice
received three intratumorally vanadyl sulfate (50mg/kg) and VSVAS51 encoding IL-12, VSVAS51 encoding
CXCL9 or VSVAS51 encoding 1L12-CXCL9 (1E8 PFU) or monotherapy. Tumor were collected 5 days post-
treatment. Tumors were dissected as previously described. Cells were stained with markers for various
subsets of immune cells including CD45, CD3, CD4, CD8, CD49b and CXCR3 including activation
markers CD44, and CD69. Relative proportions of various immune cell subsets among all leukocytes of live
cells are shown. Graphs show (B) The number of CD8+, CD8+CXCR3+, CD8+CD44+,
CD8+CD44+CXCR3+ and CD8+CD44+PD1+ T cells per 1e6 live cells. N=5 per group, Mean+SEM, Two-
way ANOVA.
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Figure 36: The number of NK cells 5 days following treatment with VS in combination
with VSVAS1 encoding CXCL9 and VSVASI1 encoding IL12-CXCL-9.

This figure is part of Figure 35, graphs show the number of CD49b+, CD49b+CXCR3+,
CD49b+CD44+, CD49b+CD44+CXCR3+ and CD49b+CD44+PD1+ NK cells per 1e6 live
cells. N=5 per group, Mean+SEM; * P=0.01, ** P=0.003, Two-way ANOVA.

126



>
w

CD4+ T cell - 5 Days Pl

150000—
CXCR3+CD4+ T cellls - 5 Days Pl 2 .
2 . o
3 10 2 100000—]
H 5 50000 .
E s 4 - .
2 K]
3 s 2 20000 M
3 o 1500 .
3 . . s
° - . hd ‘E 1000
Pleam e e Il b= [l el L
2 . e . Fi10C v - $ - . 3 ™ | |~y . o ® (N ] L]
1 Ll L L 1
a2 o 2 3 o & a a o o
& *© & \’}:‘ PO o © D‘\-"'\‘ Q°9 £ N & g *S}? 4O 15}5
"\‘? "‘v‘J "\p "\;‘ ""P v \';’\ !;;\ N W '\«p '\?
& 8 AP W ™ ™ A K\ Q) X A
E & 8 X % @ & R\ R\ b
K < 3 & U3 2 & & & o
g g 8 PE
C ¢ A,
&

CD3+CD4+CD44+ T cells - 5 days PI
CD3+CD4+CD44+CXCR3+T cells - 5days Pl

] i
E 15000 © 8000=
g g
2
5 = 6000~
© 10000+ . o
< g
% 5 4000-
%5 5000- 8 T e .
e = ]
5 § 2000: e
E 2 I'I'I I;l r;g.l. 'zi - |= ol
z 0= g o T T U T [_:ﬁ T : 'I
= 3 ) o o o L)
QQQ K )};\ *',\ o~ o o~ o~
N N ¥ + + +
R N S S S
~\ ~\ G- - A N
S S v A R 2
RO\ R\ G R
g ¥ £ & ¥
& X _‘\v K\
£ @ @8
k3
R

CD4+CD44+PD1+ cells - 5 days Pl
6000

4000+ .

£
s
ki
2
3
2
2
B
2

pEEPETLE

=] & W3
& »

Figure 37: The number of CD4+CXCR3+ T cells 5 days post treatment.

From the same experiment presented in Figure 35, CD4+ T cells were also qualified by flow
cytometry-based analyses. Graphs show (A) the number of CD4+ T cells, (B) the number of
CD4+CXCR3+ T cells, & (C) the number of CD4+CD44+, CD4+CD44+CXCR3+ and
CD4+CD44+PD1+ T cells. N=5 per group, Mean+SEM, Two-way ANOVA
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We did not observe any significant changes in the number of CD8+CD44+ T
cells expressing CXCR3 or CD8+CD44+PD1+ T cells (Figure 35 B). However,
there was a trend toward an increase observed in the number of those cells in the
group that received VS+VSVAS51 encoding CXCL9.

There was a significant increase in the number of CD49b+ NK cells in the
group that received the VS+VSVAS51 encoding IL12 and VS+VSVAS1 encoding
CXCL9 compared with other groups (Figure 36). An increase in the number of
CXCR3+CD49b+ NK cells and the number of CD49b+CD44+CXCR3+ NK
cells was detected in the groups that received the combined therapies (Figure 36).

A significant increase in the CXCL9 concentration in supernatant of tumor
dissociated tissues was detected in the group that received VS+VSVAS51encoding
CXCL9 compared with other groups (Figure 38A). The IL12 concentration in
supernatant of tumor dissociated tissues was also found to be significantly
increased in the group that received VS+VSVAS5lencoding IL-12 and CXCL9
compared with other tested groups (Figure 38B).

In conclusion, treatment with VS+VSVAS51 encoding CXCL9 increased
the number of activated NK cells expressing CXCR3 5 days following the

treatment.

3.3.5. Cytokine armed combination therapies induced an antigen-specific
immune response 14 days post therapy.

We also characterized the antigen-specific immune response to assess if

the inclusion of these transgenes could further induce the antigen-specific

immune response and based on our previous data, we chose 14 days
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Figure 38: An increase in the concentration of CXCL9 and IL12 5 days post treatment
with VS+VSVAS1 encoding CXCL9 and VS+VSVAS1-1L12-CXCL-9.

Pg/ml

This figure is part of Figure 35, (A)& (B) CXCL9 and IL12 tumor concentration measured
by ELISA. N=5 per group, Mean+SEM, * P=0.01, ** P=0.003, Two-way ANOVA
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post-infection as our optimal time point for evaluating the antigen-specific using
ELISPOT-based analysis. We assessed the antigen-specific immune response
against tumor peptide for gp70 (the immunodominant antigen in CT26WT and a
common murine tumor-associated antigen that is highly expressed) and virus
peptide VSV N following combined therapy or controls using an IFN-y
ELISPOT assay. Fourteen days post-treatment, splenocytes were isolated from
mice and then stimulated ex vivo with gp70 or VSV N peptides (Figure 39A). An
increase in the number of IFN-y producing splenocytes reacting to the peptide
gp70 was detected in the group that received VS followed by VSVAS1 encoding
CXCL-9 or VSVAS51 encoding IL12-CXCL9 when compared with monotherapy
alone (Figure 39B-C). However, there was no significant increase compared with
the virus alone indicating that the inclusion of these transgenes to VSVAS1 was
the main contributing factor increasing the antigen specific anti-tumor immune
response.

Furthermore, treatment with VSVA51-CXCL9 and VSVAS51-IL12-
CXCL9 as well as VSVAS51-1L12 alone induced a potent antiviral immune
response measured by the reaction against the VSV N peptide (Figure 39C). In
contrast with gp70, the response to VSV-N did not increase and trended towards
a decrease in the combination treatment indicating that treatments with combined

therapies also induce an antiviral immune response.
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Figure 39:VS plus VSVA51 encoding CXCL9 and VSVAS1 encoding IL12 and CXCL9
combination therapy induces antigen-specific immune response 14 post-treatment.

(A) Schematic representation of the treatment schedule: after 12 days, CT26WT-tumor bearing mice
received three intratumorally vanadyl sulfate (50mg/kg) and VSVAS51 encoding CXCL9, VSVAS1
encoding IL-12 CXCL9, or VSVAS51 encoding IL-12 (1E8 PFU) or monotherapy over 5 days. (B)
Representative plates from an ELISPOT assay, splenocytes from treated mice were processed 14 days
post-treatment, then co-cultured with either VSV N or gp70 peptides for 20 hours. (C) The graph shows
the quantification of log, , of the number of IFN-y producing cells per 2E5 splenocytes. N= 5 per group,

Mean+SEM, Two-way ANOVA.
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Chapter 4: Discussion

4.1 Combined therapy and the improvement of therapeutic efficacy in the CT26WT

tumor model.

Oncolytic virus therapy is one of the promising cancer treatments that is considered a
targeted therapy because it selectively kills cancer cells while leaving normal cells unharmed.
The field of OV therapy has reached a certain level of maturity with clinical and preclinical
studies that provide invaluable guidance for approving and accentuating the therapeutic
potential of OVs. However, one of the major obstacles limiting the benefits of such a therapy
is the antiviral immune response. With a lot of efforts to improve some of the challenges and
limitations that compromise the immunostimulatory properties of such a therapy, viral
enhancers hold a lot of promise as they not only suppress the antiviral immune response but
also enhance viral replication, in some cases to more than 1000-fold (143). In addition, one
potential benefit of this approach is the induction of pro-inflammatory cytokines and
chemokines following OV therapy, which leads to systemic inflammatory responses and
enhancement in antitumor immune responses.

Recently, many vanadium compounds were tested in our laboratory as complementary
pharmacological agents in conjunction with oncolytic virus immunotherapy. These include
metavanadate, vanadium(V) oxytriethoxyde (VOXx), vanadium (IV) oxide sulphate (VS) and
bismaltolato oxovanadium (IV) (BMOV). All of these compounds have a similar effect in
enhancing VSVAS1 growth in vitro (155). Throughout this study, we used vanadyl sulfate
since in addition to the above reason, its safety profile has been established based on preclinical
and clinical studies. It is relatively well tolerated, and it is widely used as a bodybuilding

supplement (307). All these properties provide rationale for VS to be tested in humans
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alongside OVs. Furthermore, we used VSVAS1 in this study for several reasons. Among its
inherent therapeutic benefits, it is selective to cancer cells and is strongly immunogenic.
Importantly, vanadium compounds have been shown to enhance RNA viruses such as
VSVAS5I preferentially (155).

The current project was based on a previous study that showed in vitro and in vivo
efficacy of combined vanadium- VSVAS1 treatment in multiple cell lines and murine models
including but not limited to CT26, B16, DBT, and 4T1 (155). In the current study, we focused
on the CT26WT model owing to its particularly high resistance to VSVAS51 and high level of
characterization from previous studies using vanadate. In this model, the combination therapy
of VS+ VSVAS51 enhances therapeutic efficacy compared to monotherapies, leading to long-
term survival in only a fraction of mice, leaving room for improvement (155). In addition, the
combined therapy generates a sustainable immune response, in particular an enhancement in
the number of IFN-y producing T cells within the tumor microenvironment (155).

Throughout the studies presented here, we looked at the systemic effects of treatment
with VS in combination of VSVA51.We looked at the relevant immunological changes and
the associated enhancement in the immune response by evaluating the secretion of cytokines
and chemokines. In addition, we characterized the cellular immunological changes in the
tumor microenvironment and tumor draining lymph nodes following the treatment to shed
light on the mechanisms driving the efficacy of VS as a viral enhancer in combination with

immune-virotherapy contributing to better mechanistic understanding (155& 156).
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4.2 The cytokine and chemokine profile following the combined therapy and the role of

IFEN-v in shaping these responses:

The mechanism that regulates T cell infiltration and functionality within the tumor
involves numerous cytokines and chemokines which enable the trafficking and activation of
immune cells and as a result, contribute to tumor suppression and can be co-opted to improve
therapeutic efficacy. Chemokines and cytokines are key modulators of the immune response
and drive a network of interactions to coordinate cellular migration and cell-cell interactions
(305, 308). Each one of these cytokines and chemokines also drives several regulatory events
that modulate cell recruitment and trafficking (305, 308). Therefore, we characterized the
secretion of pro-inflammatory cytokines and chemokines that regulate the immune responses
at various time points following the combined therapy to understand the mechanism regulating

these interactions.

We show here that the combined therapy of VS in combination with VSVA51
upregulates the secretion of proinflammatory cytokines and chemokines in blood and that
mediates other relevant immunological changes induced by the systemic impact of this
combined therapy. The efficacy obtained with VSVAS51 in enhancing OV therapy was
observed to be largely associated with a shift from type | interferon into type Il interferon
through the activation of STAT1 and the downregulation of STAT2 activation, a mechanism
implicating hyperactivation of EGFR (155, 309). This signal “rewiring” is associated with a
specific gene expression signature involving the upregulation of pro-inflammatory cytokines
(e.g., CCL8, CCL3, IL6, TNF, IFNB, CCL5) and chemokines (e.g., CXCL9, CXCL10, and

CXCL11) (155). While signalling cascade characterization of this phenomenon was carried
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out mostly in the 786-0 cell line, the resulting signalling read-out in terms of gene expression

profile enhancement was analogous between 786-0 cells and CT26WT (155 Figure S7C).

Our multiplex data reveal that IFN-y secretion following the combination therapy
increased by more than 5-fold (Figure 5); therefore, we believe IFN-y, in addition to other key
important cytokines and chemokines, shape the immune response in a direct way by inducing
a robust anti-tumor immune response. IFN-y secretion induces the secretion of cytokines and
chemokines that are important in generating a strong immune response. Of these, the secretion
of CXCL9 and CXCL10 was found to be increased by more than 2-fold one day following the
combined therapy (Figure 5). It has been reported that CXCL-9 and CXCL10 are released in
response to IFN-y secretion. These chemokines not only stimulate immune cells activation and
recruitment including T cell and NK cells, but also induce the production of IFN-y, TNF-q,
IL-2 and enhance anti-tumor immunity by mediating the CTLs, NK cells, NKT cells, and
macrophage activation (310-313). Recent studies demonstrate that interferon-gamma (IFN-y)
secretion is a critical driver and regulator for intratumoral T cell infiltration via upregulation
of its target genes CXCL9/10/11 (314). Consistent with this, we also observed a similar effect
of this chemokine on T cell infiltration in vitro following the combined therapy, moreover
there is a significant increase in the number of migrated T cells and the supernatant
concentration of CXCL9 was increased in the group that received the combined therapy
(Figure 9). In addition, the number of CD8+ T cells in the tumor microenvironment was found
to be significantly increased following the combined therapy and that also has been previously
observed (155). CXCL9 synergized with CCL5 and this impact has been shown to correlate
with CD8" T cell infiltration across different cancer types and that was amplified by the

secretion of IFN-y (315, 316).
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IFN-y is produced in response to numerous stimulants from tissue-specific
environments and acts as an intermediate factor of complex relationships between distinct
immune cells, making it particularly important in providing protection against diseases (317).
Considering this effect of IFN-y on the host immune cells present in the tumor
microenvironment with associated antitumor and immunomodulatory properties, 14 days post
treatment with the combination therapy, IFN-y secreting T cells against tumor antigen were
found to be significantly increased in the group that received the combined therapy (Figure 8),
again indicating that the combined therapy induces a strong antigen-specific anti-tumor

immune response.

IL-6 is a cytokine responsive to the secretion of IFN-y and is also significantly
increased following the combined therapy (Figure 5, 7). IL-6 is an NF-kB-regulated cytokine
and has a lot of immunostimulatory effects. As previously reported by Fisher et al. and others,
IL-6 can further increase naive and central memory T cell trafficking to the tumor as well as
promote the recruitment of effector T cells (318, 319, 320). As previously identified by our
group the molecular mechanism of vanadate in leading to a shift from type I IFN into type Il
IFN response is through EGFR pathway activation which leads to simultaneous
downregulation of STATZ2 and hyperactivation of both STAT1 and NF-kB (309). IL-6 is also
known to inhibit T-cell apoptosis and prevent regulatory T-cell differentiation, but also plays

an essential role in the differentiation of monocytes to macrophages (308, 319).

Aligning evidence points to the importance of a concerted immune response in driving
the efficacy of our vanadium-based combination therapies and the possible role of IFN-y
secretion in shaping such a response. Furthermore, it has been reported that antigen-specific

T-cells increase IFN-y concentrations in tumor tissue, which facilitates tumor clearance (317).

136



However, IFN-y also induces the expression of PD-L1 on lymphatic endothelial cells (320).
Consequently, high levels of IFN-y could negatively impact the cytotoxic T-cell activity and
migration from the peritumoral space to the TME tumor microenvironment (321). Despite
showing an associated improvement in therapeutic efficacy, we have observed an increase in
the expression of PDL-1 24hrs following combination therapy (Figure S14). Interestingly, it
has been shown that IFN-y can induce apoptosis in tumor-specific T-cells and that this can
compromise antitumor immunity (322, 323). These are altogether factors that could be limiting
the benefit of the combination treatment but that could also offer potential strategies to improve

efficacy further.

4.3. The therapeutic potential of I1L-12 armed combined therapy.

As an effort to further improve the therapeutic efficacy of our combined therapy, we used
a cytokine armed therapeutic regimen that could further enhance the immune response and
further induce the secretion of pro-inflammatory cytokines and chemokines. We chose 1L12
due to its well documented direct antitumor properties and for further inducing IFN-y
secretion. We studied the impact of IL12 on the therapeutic efficacy of the combined therapy

by using VSVAS51 expressing/encoding 1L12.

We and others (324-327) have noted that IL-12 immunotherapeutic approach would be
more effective and less toxic if delivered in the tumor microenvironment directly and through
the use of novel delivery technologies. Indeed, as previously demonstrated in several tumor
models, the systemic toxicity of IL-12 is limited following oncolytic viruses (OVs) expressing

IL12 therapy that is administrated locally in the tumors (328, 329, 330).
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We observed that the addition of IL-12 to the backbone of VSVA51 in combination with
VS improves the therapeutic efficacy in our CT26WT tumor model by almost double
compared with VS in combination with VSVAS51. Indeed, the survival in CT26WT tumor
model doubles from 20% following treatment with VS+ VSV A51 to 40% following treatment
with VS+VSVAS51 encoding 1L12 (Figure 11). We consider that this is achieved through
maximizing the amount of IL-12 that is expressed by the virus within the tumor form the
effects of VS and propose that is critical for a robust antitumor response when relying on
transgene-mediated effects of OVs. Indeed, many OVs encoding IL12 therapies have been
tested in various cancer models and expression of I1L-12 was associated with the generation of
superior anti-tumor immunity (301, 330, 331, 332, 333). In line with this and based on recent
investigations multiple i.t. injections of VSV-IL-12 were more effective at eliminating tumors
and induced higher long-term survival rates (40 vs. 0%) compared to non-cytokine encoding

VSV (334).

4.4, 1L12 in inducing pro-inflammatory cytokines and chemokines:

The enhancement in anti-cancer efficacy following treatment with IL12 based
therapies has been shown to be dependent on T cells, particularly CD8* T cells. Additionally,
IL-12 based therapies are associated with early activation of NK cells and effector T cells, and
upregulation of the release of effector anti-tumor cytokines IFN-y and TNF-a (330) as well as
other cytokines and chemokines. Therefore, we characterized the cytokine and chemokine
secretion profile following treatment with VS+ VSVA51 encoding IL12 in the CT26WT

model.
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Based on the cytokine and chemokine secretion analysis, enhancement in the secretion
of pro-inflammatory cytokines and chemokines was observed following the inclusion of IL-
12 into our combined therapeutic regimen (Figure 13, 14). One of the benefits of localized IL-
12 delivery is the ability to generate a systemic effect that induces the antitumor immunity
from a locally initiated immune response (335, 336, 337). Regarding the latter and relevant to
our findings, IL-12 armed combined therapy induced the production of large amounts of IFN-
v and large amount of IL12 that is virally secreted. In fact, IFN-y is secreted by NK cells and
T cells in response to IL12 secretion and that augments the proliferation and cytolytic activity
of these cells (338, 339). The number of activated NK cell and T cells were found to be
increased following the combined therapy in the TME (Figure 20). In addition, IFN-y secretion
stimulates the secretion of IL-12 by APCs which as a result triggers the re-activation of the
IFN-y production cycle; this is known as a positive loop (340, 341, 342, 343). The
enhancement in therapeutic efficacity following IL12 armed combined therapy is thus likely

due to the generation of sustained immune responses from both NK and T cells in this context.

We observed an enhancement in the secretion of IL-6, CXCL9 and CXCL10 in
addition to other cytokines and chemokines (Figure 13). However, only the increase in the
secretion of IL-6 was significant in the group that received I1L-12 combined therapy indicating
that the further enhancement in the secretion of pro-inflammatory cytokines and chemokines
could contribute to the enhancement in the therapeutic efficacy following treatment with 1L12

combined therapy, which we subsequently explored with CXCL9 co-expression.
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45 The relevant immunological changes at a cellular level following the combined

therapy:

We have attempted to characterize the impact of the combined therapy on immune cells
in the TME and TdLNSs at selected time points. We chose these timepoints based on the
cytokine and chemokine profiles where significant changes were observed. Specifically, at day
5 post treatment where an increase in most of the cytokine and chemokine concentrations were
observed in the combination treatment, and at day 10 post treatment where a decrease in these
cytokines were observed, to identify the relevant immunological changes and correlate cell
abundance at TME or TdLNs with the cytokine and chemokines secretion profiles. However,

we were not able to detect the statistical significance in most of the observed increases.

Therefore, it must be cautioned that many of the specific cellular changes we observed
were both subtle and variable. Being exploratory in nature, our studies were not sufficiently
powered to detect more subtle and variable changes. It was further difficult to correlate
changes in cellular profiles with chemokine and chemokine profiles. Nevertheless, we believe
that as a whole, these data are an indication of the immunological changes occurring following
combination therapy and can provide guidance for future study design and generate hypotheses

to improve therapeutic efficacy.

4.6. CD8+ T cells and NK cells play a critical role in the established therapeutic

efficacy following combined therapy.

To better understand the immune mediators of the efficacy observed with
VS+VSVAS1 and treatment with VS+VSVAS1-1L12 in the CT26WT tumor model, multiple

experiments were undertaken to selectively deplete NK or CD8 T cells. Our data support the
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possibility that this combined therapy induces the effector functions of CD8+ T cells and
mediates the recruitment of T cells and other immune cells. This further supports previous
findings describing enhancement in IFN-y producing CD8+ T cells in mice treated with
vanadate and VSVAS51 compared to the monotherapies and the importance of T cells in
mediating the therapeutic efficacy in nude mice (155). Our data also showed an enhancement
of the antigen-specific antitumor immune response driven by CD8+ T cells (Figure 8). We,
therefore, went further with our analyses to clearly define the role of CD8+ T cells on the
therapeutic efficacy of our combined therapy using a cell depletion approach. CD8+ T cells
were depleted using anti-CD8 antibody. This depletion was very successful and led to a near-
complete ablation of CD8+ T cells in the blood for all the tested time points and a sustained
depletion at later time points (Figure 23). CD8+ T cell depletion led to a complete abrogation
of the therapeutic efficacy following treatment with VS+VSVAS51, with no surviving mice in
comparison with the non-depleted group that had a 20% survival rate (Figure 24). This finding
supports our previous observations in regard to the potential effect of CD8+ T cells in
mediating the observed therapeutic efficacy. Additionally, following treatment with
VS+VSVAS51-IL12, CD8+ T cell depletion decreased the therapeutic efficacy by 50%
compared to nondepleted mice (Figure 24). The effect of IL12 in mediating superior effector
T cell function, potentially via central memory T cell development has been previously

demonstrated and it is tempting to speculate that this could be at play in our system (344-347).

We next investigated the impact of NK depletion on the therapeutic efficacy of the
combined therapy. The reason for choosing NK cells is that NK cells play a significant role in
driving sustainable immune repose and the effects of NK cells on the therapeutic efficacy of

OVssuch as VSV have been well described. In addition, the immune profile that we conducted
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from TIL guided us to further delineate the contribution and the importance of NK in general
on the therapeutic efficacy of our therapy. We considered that NK cells contribute to the
improved antitumor immune response that we observed. To be able to define the role that NK
cells play in the establishment of the immune response that we have observed following the
combined therapy, especially with IL12, we used anti-asialo antibodies to deplete NK cells
(Figure 25). Following the combined therapy NK cell depletion reduced the survival rate by
50% following treatment with VS+VSVAS51from 20% in non-depleted group to 10% in NK
cell depleted group and following treatment with VS+VSVAS51-IL12 from 40% in non-
depleted group to 20% in NK cell depleted group (Figure 26) indicating that NK cells play a
key role in the therapeutic efficacy of our combined therapy, in particular the IL12 combined
therapy. In line with these findings, several studies have demonstrated that NK cells are one

of the essential contributors to the antitumor effect of 1L12 (348-350).

4.7.Designing and generating cytokine- armed targeted therapeutic platforms to further

improve the therapeutic efficacy of combined therapy.

Various strategies have significantly enhanced the survival of tumor-bearing mice in
the CT26WT model through immune checkpoint inhibitors, cytokines-armed OVs therapy,

and cell-based vaccines (351, 352, 353, 354).

These strategies have been shown to enhance the anti-tumor immune response through
the induction of the adaptive immune system, specifically CD8 T-cells. Based on our CD8+ T
cells and NK cells depletion experiments, CD8+ T cells and NK cells both play an important
role in the achieved therapeutic efficacy following the combined therapy. Supported by all the
evidence presented here and by other studies (352, 355) that point to the importance of

recruiting these cells to the TME to generate a sustainable antitumor immune response, we
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designed new approaches targeting T cells and NK cells to further improving the efficacy of

the combined therapy.

We choose CXCL9 as a potential transgene owing to accumulated evidence in the
literature suggesting a role of this cytokine in recruiting immune cells and its association with
a better response to cancer therapies (356, 357). CXCL9 mainly attracts only cytotoxic CD8+
T cells compared with CXCL11 (358) and has a long life in vivo in comparison with CXCL10
(359, 360). As previously reported, increased CXCLJ9 transcript or protein levels in colorectal
cancer correlated with improved survival (361, 362, 363). This cytokine has been found to be
upregulated at a gene expression level and the secretion of CXCLJ is significantly increased
following treatment with VS+VSVAS1 (Figure 22). The impact of the secreted CXCL9 on T
cell infiltration following our therapy was also studied using cell chemoattractant assay, the
number of migrated cells was found to be significantly increased in the group that received
VS+VSVAS1 (Figure 9). A recent study investigated CXCL9 as a potential therapeutic
transgene, which was inserted into the genome of an oncolytic VSV and was the first attempt
to assess the migration of CTLs to the tumor site upon infection using this platform (363). An
increase in tumor expression of CXCL9 and the expression of CXCR3* T cell infiltration was
observed following this therapy, and as hypothesized by the authors that oncolytic viral activity
relatively produced a sufficient chemokine gradient to optimally attract T cells to the TME,
without the need for additional chemokine expression (363). However, this therapy did not
induce tumor regression after one dose and that could be because the tumor model that was
used which was LM2 a mouse mammary adenocarcinoma cell line, and as the authors stated

using alternative tumor models might give very different results (363).
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All of these factors provided a proof of concept and rationale for selecting this cytokine
as a potential candidate to further enhance activity in combination with VS when encoded in
the virus either alone or potentially in combination with IL-12. Therefore, VSVAS51 encoding
CXCL9 was engineered to further investigate the impact of including CXCL9 on the
therapeutic efficacy in our model. We also successfully engineered VSVAS1 encoding both

IL12 and CXCL9 within the same virus.

4.8.The possible therapeutic benefits of cytokine armed combined therapies and the

possible role of NK cells.

VSVAS51 encoding CXCL9 in combination with VS some added therapeutic potential
in the CT26WT tumor model, leading to 30% survival compared to VS+VSVAS51 which leads
to 20% survival (Figure 33). There is a trend toward an increase in the number of CD8+ T
cells and CD8+ T cells expressing CXCR3 observed at the TME following this combined
therapy, although not statistically significant. However, we observed a significant increase in
the number of CD49b+ NK cells expressing CXCR3 at the TME 24hrs following treatment
with VS+VSVAS1 encoding CXCL9 (Figure 30). CXCR3 is the receptor/ligand that is
expressed on the surface of NK cells and to which CXCL9 binds. It has been previously
reported that NK cells are found to be recruited to the tumor site in a CXCR3-dependent
manner (364). Supported by other studies, it has been also reported that NK cell accumulation
in tumor beds heavily depends on the presence of IFN-y, CXCL10, and CXCL9 and their
expression of CXCR3 (365, 366). In line with this evidence, we believe that NK cells play a

critical role in mediating the combined therapy with VSVAS51 encoding CXCLO9.
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The increase in the number of NK cells observed following our combined therapy, in
addition to the results from our NK depletion experiment (Figure 26, 27) suggest a role for
NKSs in mediating the effects of our combination therapy. However, the dual nature of NKs as
antiviral and antioncogenic effectors. bring forth the possibility that the increase in the number
of NK cells following the combined therapy with CXCL9 could also limits the therapeutic
efficacy owing to antiviral NK functions (367). Indeed, OVs need at least some extent of
selective replication in cancer cells to express transgenes and to elicit strong adaptive immune
responses towards the tumor. One of the big challenges for this field is that the virus gets
prematurely cleared by the immune system, a function largely mediated by the innate immune
response including NK cells (367). In fact, and as reported by several studies, OVs have been
shown to induce NK recruitment and activation, which ultimately contribute to the elimination

of the virus-infected host cells (368, 369).

However, we did not further assess the role of NK cells in this regard. For this reason,
more studies focused on evaluating the role of NK cells are needed. Furthermore, optimizing
the timing of NK cell activation and recruitment alongside the timing for OV armed therapy
to avoid detrimental OV clearance by NK cells is an aspect that holds significant importance

in improving the therapeutic potential of these therapies.

4.9.Potentially excessive intratumoral concentration of CXCL9 following treatment

with VSVAS1 encoding CXCLD9.

We have observed a high amount of CXCL9 being locally secreted in the TME 24hrs
following treatment with VS+VSVAS51 encoding CXCL9 (Figure 32). Surprisingly, there was

not any significant correlation observed when comparing this increase with the number of
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infiltrated CD8+ T cells. One of possibility is that excessive levels of intratumoral CXCL9
could negatively affect cell infiltration due to a too heavily accentuated chemokine gradient.
Indeed, prolonged local chemokine secretion can in some contexts have a negative impact and
has been shown to cause increased chemokine receptor signaling, T cell hypofunction and
anergy in some situations (370, 371, 372). In more detail, the intracellular signaling following
Chemokine receptor interaction increases intracellular calcium levels via phospholipase C.
This increase causes both hypofunction and anergy; as a result, the cells are unable to

appropriately migrate to the site of inflammation and/or to function upon antigen recognition.

Another factor likely to influence the therapeutic utility of a virally encoded chemokine
Is the nature of the virus into which it is engineered, in this case VSVA51. We have previously
observed that our combined therapy with VSVAS51 upregulates the expression of CXCL9 and
the secretion of CXCL9 at the onset. We hypothesized initially that this could contribute to
the therapeutic efficacy of the combined therapy, and this motivated the generation and testing
of VSVAS5I1 that encoding CXCL9. While some added benefit was achieved, it is possible that
more is not better and could in fact negatively impact therapeutic efficacy. Overall, a better
understanding of the biology around CXCL9 axis regulation will be needed to overcome these

challenges which are likely not unique to CXCLO9.

Future directions:

While we have made significant progress in characterizing the effects of the combined
therapies employing VS + VSVAS51 on the immune response; and have further generated and
characterized improved cytokine-armed derivatives, more questions arose from our work that

warrant further study.
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We believe that IFN-y shapes the immune response that we have observed following
the combined therapy from the perspective that the secretion of IFN-y influences the secretion
of other cytokines and chemokines. Adding cytokines expressed from withing the virus,
exemplified by the combination of VS and VSVAS51 encoding 1L12, can further induce this
secretion. One interesting possibility would be to test whether generating cytokine-armed
combined therapies that could accentuate the therapeutic benefit of the secreted IFN-y that is
induced by the therapy itself. Some cytokines have been shown to have these IFN-y-enhancing

effects including and not limited to 1L18, 1L23, IL7, and IL15 (373, 374).

One of the limitations of IFN-y is that it induces the expression of PDL1 (375), we
have observed that the expression of PDL-1 is found to be increased following our combination
therapy. Based on this, we believe that combining immune checkpoint inhibitors with our
combination therapies could further improve the therapeutic benefits in the CT26WT tumor
model. Multiple studies support a correlation between CXCL9, -10, -11/CXCR3 axis and the
response to PDL-1/PD-1 therapy (376, 377, 378, 379, 380, 381). A study by Peng et al.
demonstrated that anti-PD-1 therapy not only enhances T cell-mediated immune response but
also increases the expression of IFN-y and CXCL10, not CXCL9 and CXCLI11 by bone
marrow—derived cells (377). In another study a correlation was observed between CXCR3-
driven T cells homing to tumor site and anti-PD-1 treatment observed in vivo model. In
CXCR3 knockout mice, treatment with Anti-PD-1 failed to shrink the tumor and to mediate a
strong immune response indicating that anti-PD-1 therapy is not effective without at least a
functional CXCLD9, -10, -11/CXCR3 axis (376) (381). All of this evidence points to the need
for tumour-infiltrating lymphocytes for responding to anti-PD-1 and anti-PDL1 therapies and

relatively provides a proof of concept to test ICIs in our system, especially with CXCL9
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combined therapy, assuming the expression of CXCL9 can optimized to maximize recruitment

of effector cells.

Another study demonstrated that T Cell-Dendritic cell crosstalk involving the
cytokines IFN-y and IL-12 is required for successful Anti-PD-1 Cancer Immunotherapy (382).
Based on signatures of IFN-y signaling, improved patient survival and response to immune
checkpoint inhibition in multiple cancer types can be predicted (383, 384, 385). Our combined
therapy treatment induces the secretion of IFN-y and the combined therapy with 1L12 further
induces the secretion of IFN-y further indicating that combination with anti-PD1 and PDL1
may provide added therapeutic benefit.

The use of ICIs in combination with other cancer therapies has shown promising
therapeutic results and could overcomes tumor resistance mechanisms that currently limit the
therapeutic potential of OVs therapy. ICIs have been tested in colorectal tumor models with
limited responses on their own (386). ICls have also been combined with OVs and many
studies report better responses (387, 388); however, clinical trials have to date not
demonstrated the same benefit and there remain a lot of challenges. One of these challenges is
identifying the therapeutic modalities that will most effectively work in combination,
including timing and dosing of these combination therapies as well as pairing different
mechanisms of action and targeting different aspects of the tumor microenvironment.
Therefore, further studies testing different therapeutic regimens including ICls with the
combined therapy are required including additional assessment to evaluate how effective these
therapies work together.

Based on our studies, it is clear that CXCL9 secretion has a strong impact on NK cell

infiltration; however, further investigations to study the impact of NK cells on the therapeutic
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efficacy of the CXCL9 combined therapy will be needed to determine if they contribute to the
antiviral response to test the hypothesis that NK over-activation and over-recruitment may in
fact ultimately limit therapeutic efficacy.

Additionally, the locally secreted CXCL-9 is retained at least temporarily at the site of
production in the tumor may negatively impact infiltration of adaptive immune cells by
ultimately impeding their ability to migrate and leading to increasing T cells hypofunction and
anergy. This concept of cell hypofunction and anergy needs to be studied following these
therapies to confirm whether the excessive CXCLO9 release plays a role in negatively impacting
the therapeutic efficacy or whether there are other factors contributing to this.

Conversely, the concentration of secreted CXCL9 decreased 5 days after infection,
which could be because the virus was cleared in this timeframe. For this and the above reasons
and to overcome these possibilities, the expression of these transgenes may need further
control using a conditional expression system. As reported recently, the gene expression of
GFP and luciferase reporter can be controlled by a guanine-responsive riboswitch engineered
into VSV (389, 390). The benefit of such a system is to time CXCL9 expression following
initial VSV replication to improve therapeutic outcomes. This conditioned gene expression
system and other similar system are powerful tools and can offer new insight into the

development of controlled therapeutic platforms.

As we used a condensed therapeutic regimen consisting of three intratumoral injections
every other day over the course of 5 days and which is associated with therapeutic benefits in
CT26WT tumor model, optimizing the therapeutic regimen by applying the combined therapy
without the CXCLJ in the first two treatments and administrate the VSVAS51 encoded CXCL9

as the last treatment could resolve such a limitation and also should be tested.

149



We know that CT26WT cells secrete CXCL9 following our combination therapy, and
that this secreted CXCL9 is capable of inducing T cells infiltration as shown in the
chemoattractant assay in vitro. To distinguish the effects of virally released CXCL9 and the
released CXCL9 that is mediated by the combined VS + VSVAS51 therapy itself, we have
recently generated a CXCL-9 knockout CT26 cell line for future testing. Studying the impact
of such a deletion on therapeutic efficacy or on T cells infiltration will provide some insight,
with the caveat that it is possible that there is some redundancy in the function of CXCL9, and

CXCL10-11.

Conclusion:
We conclude that there is a significant increase in the secretion of IFN-y following the
combination therapy using VS+VSVAS51 and of cytokines and chemokines that are induced

by the secretion of IFN-y including and not limited to IL6, CXCL9, and CXCL10.

Following the VS + VSVAS51 combined therapy and the VS + VSVAS51 encoding IL12
combined therapy, both CD8+ T cells and NK cells significantly contribute to the therapeutic
efficacy observed. VS + VSVAS51 encoding I1L12 was found to be the most efficient regimen
in our system, leading to 40% survival of mice implanted with CT26WT tumors. Combination
therapy using VSVAS1 encoding CXCL9 also showed some therapeutic benefit over VS +
VSVAS51 and this was associated with a significant increase in the number of infiltrated NK
cells expressing CXCR3 at the TME 24hrs following the combined therapy. However, this

was not observed to be statistically significant for T cells.

Overall, this study has led to advancements in our understanding of the immunological

effect of using vanadium compounds as viral enhancers in combination with VSVAS5I.
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Overall, the secreted pro-inflammatory cytokines and chemokines that are generated by the
combined therapy are enough to induce a sustainable anti-tumor immune response and long-
term survival. However, our data points to the importance of a concerted immune response in
driving the efficacy of OV therapies and to the knowledge gained will facilitate the
development of improved therapeutic regimens employing oncolytic viruses, exemplified by

the combination of VS and VSVA51-1L12.
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Supplementary Figures and Tables
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Figure S1: flow cytometry gating strategy for lymphoid panel.

Lymphoid panel for T cell and NK cells analyses, T cells were gated based on CD3+ cells that are
CD45+ live cells, then CD8+ T cells and CD4+ T cells were gated from CD3+ T cells. NK cells
were gated from CD3regative cells and CD49b+ cells.
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Figure S 2: flow cytometry gating strategy for antigen presenting cell panel.

Antigen presenting cell panel, CD11b+, CDI1lc+, and CD19 cells were gated from CD45

+ live
cells. F4/80+ macrophages were gated from CD11b+ cells.
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Table 4: T cells and NK cells flow panel.

Fluorochrome Marker Dilution
Viability FV510 Dead cell Stain 1:1000
CD45 BV786 Leukocyte marker 1:1000
CD3 AF700 T cell marker 1:50
CD4 VY450 T cell marker 1:1000
CD8a PercPcy5.5 T cell marker 1:100
CD25 PE Activation marker 1:100
CD69 BV605 Activation marker 1:100
PD1 APC-cy7 Immunochekpoint 1:50
CD127 PE-Cy7 Tregulatory marker 1:100
CD49b FITC NK cells 1:200
Table 5: myeloid and antigen presenting flow panel.
Fluorochrome Marker Dilution
Viability FV510 Dead cell stain 1:1000
CD45 BV786 Leukocyte marker 1:1000
CD11b APC Pan-myeloid marker 1:100
CDl11c PE Granulocytes mainly DC 1:100
F4/80 APC-cy7 Macrophage marker 1:50
CD86 ACPR700 Co-stimulatory molecule 1:100
IA/IE BV605 MHC-II 1:100
CD19 FITC B cells marker 1:200
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Figure S3: VS plus VSVAS1 combination therapy generates identified cellular immunological

changes 5 days following treatment.

This figure is part of Figure 15, relative proportions of various immune cell subsets among all

leukocytes of live cells are shown.

182



0 L0 1O’

Il 11.43% CD4

Bl 6.09% CD4+CD25+
Il 10.70% CD8

I 0.66% CD8+CD25+
[ 9.50% CD49b

[ 61.61% CD49b+CD69+

JONEEN gOeEEn

JONEEN

37.16% CD4

5.04% CD4+CD25+
18.17% CD8

0.10% CD8+CD25+
11.65% CD4%b
27.89% CD49b+CD69+

12.59% CD4

3.43% CD4+CD25+
18.83% CD8

0.56% CD8+CD25+
12.69% CD49b
51.90% CD49b+CD69+

30.31% CD4

4.26% CD4+CD25+
15.60% CD8

0.89% CD8+CD25+
10.94% CD49b
38.00% CD49b+CD69+

Tumor infiltrating leukocytes

OONEEN OONEDN OONEEN

OONEEN

63.80% CD4

5.86% CD4+CD25+
25.16% CD8

0.31% CD8+CD25+
1.95% CD49b

2.93% CD49b+CD69+

62.32% CD4

7.40% CD4+CD25+
26.04% CD8

0.68% CD8+CD25+
1.24% CD4%9b

2.33% CD48b+CD69+

63.56% CD4

6.11% CD4+CD25+
25.38% CD8

0.62% CD8+CD25+
1.60% CD49b

2.73% CD49b+CD69+

61.75% CD4

7.56% CD4+CD25+
25.59% CD8

1.14% CD8+CD25+
0.93% CD49b

3.03% CD49b+CD69+

Tumor draining Lymph nodes

Figure S4: VS plus VSVAS51 combination therapy generates identified cellular immunological
changes 10 days following treatment.
This figure is part of figurel5, relative proportions of various immune cell subsets among all
leukocytes of live cells are shown.
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Figure S5: The impact of VS plus VSVAS51 combination therapy on dendritic cells and
macrophages 5 days following treatment.

This figure is part of Figure 15, relative proportions of various immune cell subsets among all
leukocytes of live cells are shown.
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Figure S6: The impact of VS plus VSVAS1 combination therapy on dendritic cells and

macrophages 10 days following treatment.

This figure is part of Figure 15, relative proportions of various immune cell subsets among all
leukocytes of live cells are shown.
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Figure S7: VSVAS1 expressing IL-12 in combination with VS enhances the percentage of
activated T cells, macrophages, and NK cells at TME and TdLNs 5 days post treatment.
This figure is part of Figure 19, Relative proportions of various immune cell subsets among all

leukocytes of live cells are shown.
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Figure S8: VSVAS1 expressing IL-12 in combination with VS enhances the percentage of
activated T cells, macrophages, and NK cells at TME and TdLNs 10 days post treatment.

This figure is part of Figure 19, Relative proportions of various immune cell subsets among all
leukocytes of live cells are shown.
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Figure S9: The impact of VSVAS1 expressing IL-12 in combination with VS on the
percentage of B cells, macrophages, and dendritic cells at TME and TdLNs 5 days post

treatment.

This figure is part of Figure 19, Relative proportions of various immune cell subsets among all
leukocytes of live cells are shown.
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Figure S10: The impact of VSVAS1 expressing IL-12 in combination with VS on the
percentage of B cells, macrophages, and dendritic cells at TME and TdLNs 10 days post

treatment.

This figure is part of Figure 19, Relative proportions of various immune cell subsets among all
leukocytes of live cells are shown.
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Figure S11: flow cytometry gating strategy for CD8+ T cell depletion and NK cell
depletion experiments.

Peripheral blood cells were stained with viability dye followed by Fc blocking. A. Cells
were then stained with anti-CD45, anti-CD3, anti-CD8 and anti-CD4 antibodies. Cells were
gated from CD45+ cells of single viable cells to include only the leukocytes. Then, T cells
were gated from CD3+ subset and CD4+ cells or CD8+ cells. B. Cells were stained with
anti-CD45, anti-CD3, anti-CD49b and anti-NKp46 antibodies. Cells were gated from
CD45+ cells of single viable cells to include only the leukocytes. Then, NK cells were
gated from CD3- subset and then CD49b+NKp46+.
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Figure S12: flow cytometry gating strategy for T cell-based panel.

Tumor infiltration leukocytes were stained with viability dye followed by Fc blocking. Cells
were then stained with anti-CD45, anti-CD3, anti-CD8 and anti-CD4 antibodies as well as
activation markers including CD44 and CXCR3. Cells were gated from CD45+ cells of
single viable cells to include only the leukocytes. Then, T cells were gated from CD3+
subset and CD4+ cells or CD8+ cells. Each T cells subset was then gated based on the
expression of various activation markers
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Figure S13: flow cytometry gating strategy for NK cells panel.

Tumor infiltration leukocytes were stained with viability dye followed by Fc blocking.
Cells were then stained anti-CD45, anti-CD3, anti-CD49b and anti-NKp46 antibodies as
well as activation markers including CD44 and CXCR3. Cells were gated from CD45+
cells of single viable cells to include only the leukocytes. NK cells were gated from CD3-
subset and then CD49b+NKp46+, then gated based on the expression of various
activation markers
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Table 6: T cells flow panel.

Fluorochrome Marker Dilution

Viability FV510 Dead cell Stain 1:1000
CD45 BV786 Leukocyte marker 1:1000

CD3 AF700 T cell marker 1:50
CD4 V450 T cell marker 1:1000
CD8a Pe.cy5.5 T cell marker 1:200
CD44 BV605/APC | Activation marker 1:100
CD62L FITC Naive cell 1:200
CXCR3 BV711 Migratory cells 1:100
PD1 APC-cy7 Immune inhibitory 1:100

marker
Table 7: NK cells flow panel.
Fluorochrome Marker Dilution

Viability FV510 Dead cell Stain 1:1000
CD45 BV786 Leukocyte marker 1:1000

CD3 AF700 T cell marker 1:50
CDh44 BV605 Activation marker 1:100
CXCR3 BV711 Migratory cells 1:100
PD1 APC-cy7 Immune inhibitory 1:100

marker

CD49b FITC NK cell marker 1:200
NKp46 APC NK cell marker 1:100
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Figure S14: The expression of PDL1 following treatment with VS in combination
with VSVAS1-CXCL9 and VSVAS1-IL12-CXCL-9 5 days post-treatment.

(A) Schematic representation of the treatment schedule: after 12 days, CT26 WT-tumor bearing
mice received three intratumorally vanadyl sulfate (50mg/kg) and VSVAS1 expressing IL-12
(1E8 PFU) or monotherapy. Tumor were collected 5 days post-treatment. Tumors were
dissected and then dissociated by Tumour dissociation kits with the gentleMACS Dissociator to
analyze Tumour infiltration leukocytes (TILs). Cells were stained with a viability dye and anti-
CD45 antibody. Relative proportions of PDL1-expressed cells were gated based on CD45"¢
cells of live cells . Graphs show the number and frequency of CD45" PDL1* cells.
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Oncolytic viruses (OVs) are promising anticancer treatments that specifically
replicate in and kill cancer cells and have profound immunostimulatory
effects. We previously reported the potential of vanadium-based compounds
such as vanadyl sulfate (VS) as immunostimulatory enhancers
of OV immunotherapy. These compounds, in conjunction with RNA-
based OVs such as oncolytic vesicular stomatitis virus (VSVAS51), improve viral
spread and oncolysis, leading to long-term antitumor immunity and prolonged
survival in resistant tumor models. This effect is associated with a virus-induced
antiviral type | IFN response shifting towards a type Il IFN response in the presence
of vanadium. Here, we investigated the systemic impact of VS+VSVAS51
combination therapy to understand the immunological mechanism of action
leading to improved antitumor responses. VS+VSVAS1 combination therapy
significantly increased the levels of IFN-y and IL-6, and improved tumor antigen-
specific T-cell responses. Supported by immunological profiling and as a proof of
concept for the design of more effective therapeutic regimens, we found that local
delivery of IL-12 using VSVAS51 in combination with VS further improved
therapeutic outcomes in a syngeneic CT26WT colon cancer medel.

KEYWORDS

combined immunotherapy, VSVAS1, vanadyl sulfate, antitumor immunity, IL-12, IL-6,
infected cell vaccine, interferon-gamma
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1 Introduction

Oncolytic viruses (OVs) are versatile and tumor-selective
anticancer treatment platforms. OVs are selected and/or
engineered viruses that preferentially infect, replicate in, and
kill cancer cells {1-3). OVs also have immunostimulatory effects
that promote antitumor immune responses. They successfully
interrupt the established tumor microenvironment to overcome
the resistance to immunological attack and the inhibition of
immune lymphoid functions (4, 5).

The field of OV therapy has reached a new level of
maturity with the historical approval of Imlygic® for the
treatment of advanced melanoma (6) and the more recent
approval of Delytact (G47A; teserpaturev), a triple-mutated,
replication-conditional herpes simplex virus type 1 (HSV-
1) for glioblastoma (7). However, Imlygic has not achieved
the anticipated level of commercial success, and most
recently did not show significant clinical benefit in
combination with immune checkpoint inhibitors (ICI} in
phase 11T trials.

Beyond HSV-1, there are several promising OV platforms
and opportunities for improvement of therapeutic efficacy.
Among others, the efficacy of OV therapy has been shown to
depend heavily on the successful delivery and spread of these
agents within malignancies to redirect the immune response
toward the tumor (5). Our group has discovered various small
molecule enhancers of OVs that can be integrated in therapeutic
regimens to potentiate the effects of OV immunotherapies.
These molecules suppress and/or modulate the antiviral
response thereby improving the efficacy of OVs, especially in
OV-resistant tumors (8, 9). We recently uncovered the
potential of vanadate and other vanadium-based compounds
such as vanadyl sulfate (VS) as a unique category of
immunostimulatory OV enhancers, showing high-potential for
combination with RNA-based oncolytic viruses, such as the
oncelytic vesicular stomatitis virus (VSVA51) as well as
Newcastle disease virus (NDV) (10, 11).

Vanadium is a transition metal that has been shown to block
protein phosphatase activity and disrupt the balance between
cellular protein kinases and protein phosphatases. Vanadium
compounds have diverse pharmacological activities and have
been explored as insulin-mimetics in human trials owing to their
capacity to inhibit protein tyrosine phosphatase 1B (PTP1B) and
thereby activate the insulin receptor (12, 13). While vanadium
compounds were shown to be safe and are currently used as
body-building dietary supplements, they have not yet shown
sufficient efficacy to be approved by regulators as treatments for
diabetes. More recently, vanadium compounds have been tested
as anticancer agents in a variety of cancer cell lines and animal
models due to their effects as potential cancer therapeutics
(14-18).

Previous studies from our group showed that sodium
orthovanadate (vanadate) alters kinase/phosphatase homeostasis
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in VSVA51-infected cancer cells, leading to a shift from the
traditional virus-induced antiviral type 1 interferon (IFN)
response towards a type II IFN response (10). This shift,
associated with the simultaneous downregulation of STAT2
(signal transducer and activator of transcription) and parallel
activation of STATI, results in improved virus growth and the
up-regulation of many type-II IFN-regulated pro-inflammatory
cytokines and leukocyte chemoattractants (e.g. CXCL9, CXCL10),
a phenomenon observed in both human 786-0 and mouse
CT26WT cell lines (9, 10). Recent studies have further shown
that the observed effect on STAT1/STAT2 ratios involves vanadate/
VSVA5] induced hyperactivation of the the epidermal growth
factor receptor (EGFR) receptor and downstream pathways
including NF-kB (Nuclear Factor Kappa B) (19). Supporting this
mechanism, Gefitinib, an EGFR antagonist, abrogated the
enhancing effect of vanadium in vivo in a syngeneic CT26WT
model (19).

In several immunocompetent tumor models including but
not limited to CI26WT, DBT, and 4T1, combined vanadate/
VSVAS51 improved viral spread within the tumor, delaying
tumor progression and leading to both long-term remission
and persistent antitumor immunity in cured animals (10).
Notably, approximately 80% of DBT- (glioma) tumor-bearing
mice and 20% of CT26WT (colon) tumor-bearing mice
demonstrated complete remission after the combination
treatment. Additionally, vanadate/VSVA51 combination
treatment led to an enhancement in T cell recruitment to
tumor sites with significantly increased interferon-gamma
(IEN-y) producing CD8&+ T cells, particularly in treatment-
responsive animals (10). A similarly profound therapeutic
benefit was observed in another study using NDV in
combination with vanadyl sulfate (VS), although in this
context innate immune mechanisms predominate (11).
Altogether, a better understanding of the in vivo
immunological mechanisms involved in eliciting the improved
therapeutic benefit provided by vanadium compounds is critical
to inform the design of improved OV therapeutic regimens. In
this study we sought to better understand the in vivo
immunological mechanisms that lead to improved antitumor
responses brought about from the combination of VS and
VSVAS51 in order to devise strategies to further drive

therapeutic benefit.

2 Results

2.1 VS+VSVA51 combination treatment
upregulates the secretion of pro-
inflammatory chemokines and
cytokines in vivo

To explore the immunological mechanisms that lead to

improved antitumor responses brought about from the
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combination of VS+VSVA51, we chose to focus on the CT26W'T
colon cancer model (syngeneic in Balb/C). Subcutaneously
implanted CT26WT tumors are inherently resistant to
VSVA51 and while monotherapy is not curative, improved
survival can be observed using a vanadate/VSVAS51 therapeutic
combination in this model, leading to approximately 20%
complete remissions (10). Improved virus spread, as measured
by VSVAS51-encoded luciferase transgene-associated
luminescence using an in vivo imaging system (IVIS), is also
observed in this model (10). To confirm that similar effects were
achievable using the body building supplement VS, mice were
implanted with the CT26WT cells, and when tumors reached a
volume of 100 mm>, three doses delivered intratumorally of VS
(50 mg/kg) or PBS, followed by 1E8 plaque forming units (PFU)
VSVAS51 (encoding luciferase) or PBS were administrated over
the course of 5 days (Figure 1A). In line with previous studies
with vanadate, improved viral replication elicited by VS was
confirmed by IVIS imaging 1 day post the first treatment
(Figure 1B). The combination treatment was well-tolerated but
accompanied with a limited and transient decrease in body
weight followed by quick recovery within the following week
(Figure S1).

A multiplex assay was subsequently performed using
collected sera to evaluate the secretion of a panel of pro-
inflammatory chemokines and cytokines in the blood at
various time points following the treatment (Figures 1C, D, E).
Pooled sera were used to map general trends in cytokine profiles
over time (Figure 1C). Further analyses using sera from
individual mice were carried out to confirm trends.

Qur findings from these analyses revealed that, apart from
increasing Interleukin-6 (IL-6) on day 1 (Figure 1D), VS had
little impact on overall cytokine secretion. On the other hand,
VSVAS51 alone significantly increased the secretion of
proinflammatory cytokines and chemokines including IFN-y,
CXCL9, CXCL10, CCL3, CCL4, and IL15 compared with VS and
PBS groups (Figures 1D, E). Importantly, we observed
significant increases in the secretion of a subset of cytokines
and chemokines in the group that received the combined
therapy as compared to monotherapies. Most notably, we
measured a 5-fold increase in IFN-y secretion 1-day post-
infection ((Figures 1C, 1)), p-value=0.0001 compared to PBS
and VS, and p-value=0.01 compared to VSVA5I alone, Figure
52). IL-6, an IFN-y responsive cytokine, increased most
significantly at 5 days post treatment (Figures 1C, D). In
addition to IL-6, IFN-y is known to upregulate the secretion of
pro-inflammatory cytokines and chemokines. This includes
CXCL-9 and CXCL10, which we have previously shown to be
upregulated through vanadate/VSVA51 combination treatment
in CT26WT cells in vitro (10). However, while average levels
were highest coinciding with the peak of IFN-y secretion, there
was no statistically significant difference in CXCL9 when
comparing VSVA51 to VSVA51 in combination with VS
(p=0.1, Figure 52).
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2.2 Combined VS+VSVA51 therapy
enhances antigen-specific antitumor
immune response

In conjunction with previous studies (10), the results above
support a potential role of activated and IFN-y producing T-cells
in eliciting the response to combined vanadate/VSVAS51 therapy.
We next sought to investigate the impact of VS treatment in
combination with VSVAS51 on viral- and tumor antigen-specific
immune responses. We assessed the antigen specific immune
response against peptides for gp70 (the immunodominant
antigen in CT26WT tumor model and a common murine
tumor-associated antigen that is highly expressed) and VSV N
following combined therapy or controls using an IFN-y
ELISPOT assay. Fourleen days post treatment, splenocytes
were isolated from mice and then stimulated ex vivo with gp70
or VSV N peptides (Figure 2A). A significant increase in the
number of IFN-y producing splenocytes reacting to the peptide
gp70 was detected in the group that received V5+VSVA51 when
compared with monotherapy alone (Figure 2B). As expected,
treatment with VSVAS51 alone induced an antiviral immune
response measured by the reaction against the VSV N peptide in
comparison with the combination treatment group (Figure 2B).
However, we did detect a response against the DMSO control in
the VSVA51 group, suggesting there could be non-specific
activation owing to the virus treatment. Altogether, these
results suggest that VS/VSVA51 combination therapy can

improve the tumor antigen-specific T-cell response.

2.3 Enhanced antigenicity driven by
vanadium implicates a cancer cell
autonomous mechanism

In previous studies, we showed that the treatment of cancer
cells with vanadate/VSVAS] leads to profound changes in gene
expression profiles in infected cancer cells and in particular, the
up-regulation of multiple cytokines and chemokines associated
to response to type 1T IFN (10). This profile is corroborated from
cytokine profiles in Figure 1. However, given that cytokine
profiles measured in the blood are representative of systemic
responses, it is not possible to discern the specific impact of V§
+VSVA5] treatment on cancer cells from its potential impact on
immune cells.

To better understand whether cancer-cell autonomous
mechanisms could contribute to the improved tumor antigen
responses observed in the vanadate/VSVAS51 conditions, we
employed a prophylactic infected cancer cell vaccination (ICV)
model to isolate the impact of vanadate/VSVAS51 treatment in
vitro on the immunogenicity of the same in vivo. As previously
published (20, 21), ICVs involve irradiation of cancer cells,
followed by infection with an OV in vitro. Administration of
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FIGURE 2

logyg of the number of IF
significant, Two-way ANOVA.

VS plus VSVAS51 combination therapy further induces antigen specific immune response 14 days post treatment. (A) Schematic representation of
the treatment schedule: after 12 days, CT26WT-tumor bearing mice received a total of three doses delivered intratumorally of vanadyl sulfate
{50mg/kg) and VSVAS51-fluc (1E8 PFU) or monotreatment injections with PBS, vanadyl sulfate {50mg/kg), or VSVA51-fluc (1E8 PFU) al
days. (B) Representative plates from an ELISPOT assay, splenocytes from treated mice were processed 14 days post treatment, then co-cultured
with either DMSO, VSV N, or gp70 peptides for 20 hours, PMA and ionomycin were used as a positive control. Graph shows quantification of
\-y producing cells per 2E5 splenocytes. N = 5 per condition, Mean + SEM; **P=0.003, ****P<0.0001, ns, not

Lo, (IFN-y producing cell per 2¢S splenocytes)

over 5

ICV elicits both antitumor and anti-viral immune responses.
The antitumor response can be further boosted when an initial
prime with irradiated cancer cells alone is administered 7 days
prior to the ICV (Figure 3) and can be measured among others
by looking at the impact on tumor growth following challenge
with the same cancer cells used to create the ICV.

We generated ICV preparations using 5E6 CT26W'T cells
infected with 5E7 PFU of VSVA51 (MOI=10), with or without
100uM vanadate. After collection, these were administered to
Balb/C mice previously primed with irradiated CT26WT cells
(5E6) intraperitoneally (i.p). On day 7 post ICV administration,
mice were challenged with 5E5 CT26WT cells subcutaneously
(s.c.). In Figure 3A, we monitored tumor progression following
the ICV treatments. We observed that mice prophylactically
treated with irradiated cells infected with VSVAS5I in
combination with vanadate developed fewer tumors with more
delayed kinetics compared to the group receiving ICV made
using VSVA51 alone (Figure 3B). In addition, ICV made using
vanadate further stimulated specific killing against targeted cells
loaded with gp70 peptides, as measured by in vivo CTL assay in
vaccinated mice (p=0.0219 comparing ICV group with ICV
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+Vanadate group, Figure 3C). This altogether suggests that
vanadate treatment of cancer cells in conjunction with
VSVAS5I1 infection promotes their inherent immunogenicity,
independently of a direct impact of vanadate on immune cells.
Given we have previously reported the increased expression of
type I1 IEN response-induced chemo-attractants such as CXCL9
and CXCL10 following vanadate/VSVA51 co-treatment, we
looked at whether VS+VSVA51 co-treatment could promote
the recruitment of T-cells in a chemotaxis assay. As illustrated in
Figure 4, cultured CT26WT cells were treated with PBS, VS
100uM, VSVA51 (multiplicity of infection (MOI)=0.01) or the
combination of VS+VSVA51. Supernatants were collected 24h
later and added to the lower chamber of Trans-well plates with
5-um pores. A condition with CXCL9 cytokine (1 pg/ml) was
included as a positive control. Mouse T-cells isolated from
splenocytes were activated using anti-CD3/CD28 beads and
IL-2 and then added to the top chamber. Activated cells were
allowed to migrate to the bottom well containing supernatants
for a period of 24h. The results of this chemotaxis assay are
shown in Figure 4 and demonstrate that supernatants from
VSVA51-infected cells co-treated with VS significantly increase
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VS enhances irradiated infected cell vaccine antigenicity. (A) Schematic representation of the treatment schedule of prophylactic vaccine,

CT26WT-tumor bearing mice injected with 5E6 irradiated C /T cells Ip. at day 0, and 7 days following that 5E6 irradiated CT26WT cells
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(C) following the same therapeutic regiment described in A, 7 days post the last treatment, splenocytes from immunized mice were harvestec
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cytes using forward [{

each individual mouse measured over ime (n=5 per condition). Fracti

CFSEyy and CFSE, was quantified by flow cytometry by first gating for lymg atter (FSC) and side scatter (SSC) followed
by single-cell gating, the CSFE,,, and CFSE,, populations. The graph shows percentage of specific killing against Gp70-CFSE-stained

targeted cells compared to control groups. Mean + SEM; * P = 0.02, One-way ANOVA, n = 5 per conditions. ns, not significant

Frontiers in Immunology 06 frontiersin.org

201



Allugmani et al

A
Day1 3X10° CT26WT cell were secded

Cells were treated with 100uM of VS or
Day2 left untreated 4 hours prior infection with
VSVASI at MOI 0.01

24 hr post infections, from all
Day 3 conditions will be added into trans-well
plates and pre- activated T cell were added
at the upper well.
Migrated cells were collected and
counted using.
¢ #H%% b 20,0001

40-

2 po—

2

% -

2 30+

g

2 10-

5 20

2

£

< 10- |*|

S

z

3 T T T T T

© O o S O
D R AN SN
A LY 4

]
RS
s

8

FIGURE 4

vanadyl sulfate e or A51 al

orming chemotax

| number T cells in bottom

the migration of activated T-cells compared to single treatments,
to levels exceeding the CXCL9 positive control (Figures 1B, C).
The CXCL-9 concentration in the supernatants used in the
migration assay was measured by ELISA. As shown in
Figure 4D, treatment with VS+VSVAS5] substantially increased
the secretion of CXCL-9 compared to single treatments.
Altogether, these data support the hypothesis that treatment of
cancer cells with vanadium during infection increases their
immunogenicity profile and promotes the migration of
activated T-cells to the tumor.
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2.4 VS in combination of VSVA51
encoding IL-12 further improves
therapeutic efficacy

The results above implicate a role of T-cells in eliciting the
enhanced therapeutic effects of VS+VSVA51 treatment and that
is also associated with up-regulation in the secretion of pro-
inflammatory cytokines and chemokines; however, the overall
survival is still 20% in the CT26WT tumor model (Figure S3).
We therefore considered whether therapeutic efficacy could be
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further enhanced by genetically encoding complementary
cylokines in VSVA5I.

As a first candidate and proof of concept, we evaluated the
impact of encoding IL-12 within VSVA51. IL-12 is produced by
dendritic cells (DC) in response to IFN-y secretion to enhance
the activity of CD8+ cytotoxic T-cells (CTL) as well as Natural
Killer cells (NK) (22, 23). Further, IL-12 is thought to be a
positive regulator of IFN-y secretion. Many OVs such as
Maraba-MG-1, Adenovirus, and HSV-1 have been engineered
to express IL-12, leading to improved antitumor effects in
numerous murine carcinoma models by promoting both the
activation of T cells and NK cells (24, 25). As a first step, multi-
step and single-step viral growth kinetics were determined in
CT26WT cells, and the inclusion of IL-12 as transgene had no
impact on virus replication kinetics compared with parental
virus VSVA5lencoding firefly luciferase (Figure S4A). In
addition, 1L12 secretion was confirmed 24 hr following viral
infection compared with the parental virus (around 6000pg/ml)
(Figure 54B). To validate the impact of IL-12 in our system, we
performed a similar therapeutic regimen as shown in Figure 1A
with VSVAS51 encoding/expressing IL12 (Figure 5A) and then
monitored tumor progression and survival following the
treatment. Combination treatment was well-tolerated although
we did observe a slight decrease in the body weight of mice
treated with VSVAS5] encoding/expressing 1L12 during the week
of the treatment followed by quick recovery within the following
week (Figure S1). Our data demonstrate that approximately 40%
of the group receiving VS in combination with VSVA51-1L-12
survived compared to 20% in the VS+VSVAS51 condition, and
only 10% in the group receiving the VSVAS51 expressing 1L-12
alone (Figures 5B, D). These mice also showed rejected tumors
alter re-challenge with CT26WT cells. The inclusion of IL-12 to
VSVAS51 in combination with VS also further enhanced the
antigen specific immune response against the gp70 peptide
(Figure 5C); however, there was no apparent improvement in
comparison with VS+VSVA51 treatment (compare Figures 2B
and 5C). Cytokine profiling by multiplex assay (Figure 6A)
revealed a trend towards increasing systemic 1L-12 with
VSVA51-1L12 and further with VS+VSVA51-1L12, which was
the only condition showing a statistically significant increase in
1L-12 relative to PBS (p-value=0.023, Figure 55) (Figures 6B, C,
D). In contrast with results obtained in Figure 1, VS+VSVA51-
1L12 co-treatment did not elicit a further increase in the levels of
IFN-y compared to VSVAS51-IL12 (Figures 6B, C); however,
compared to Figure 11, it is apparent that when viruses were
used alone, IFN-y reached higher levels on day 1 with VSVA51-
1112 compared to VSVA51 (more than 200 pg/ml vs. around 100
pg/ml). On the other hand and consistent with Figure 1C, levels
of IL-6 were significantly higher at day 5 following VS+VSVA51-
1L12 combination treatment compared to the monotherapies
(Figures 6B, C). Taken together, these data provide compelling
evidence that further improvements in therapeutic efficacy can
be achieved through genetic complementation by encoding
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cytokines such as 1L-12 that are not otherwise up-regulated by
VS/VSVA5] co-treatment.

3 Discussion

In this study, we found evidence that VS+VSVA51
combination treatment leads to an increase in the in vivo
secretion of type 1I-1FN related cytokines, including IFN-y and
IL-6. Complementing previous studies showing increased
infiltration of activated T-cells in tumors from combination-
treatment responsive animals (10), we observed an increase in
the number of tumor antigen-specific T-cells in the spleen.
These findings were supported by the notion that treatment of
cancer cells with vanadate during infection with VSVAS51 can
increase the immunogenicity of cancer cells, which is
explained in part by a cancer cell autonomous driven
mechanism as confirmed by the ICV and in vitro
chemotaxis experiments.

The role of IFN-v in the context of the antitumor immune
response remains unclear based on the literature. For example, it
has been reported that antigen-specific T-cells increase IFN-y
concentration in tumor tissue, which facilitates tumor clearance
(26). However, IFN-v also induces the expression of PD-L1 on
Iymphatic endothelial cells, negatively impacting cytotoxic T-cell
aclivity and migration from the peritumoral space to the tumor
micreenvironment (27). High levels of TFN-y can also induce
apoptosis in tumor-specific T-cells and compromise antitumor
immunity (28, 29). On the other hand, recent reports have
suggested that tumor IFN-y signatures are associated with
greater response to immune checkpoint blockade (30), other
studies have also shown that encoding IFN-y from OVs like
VSVAS] can improve therapeutic benefit (31).

While we observed elevated TFN-v at early timepoints
following combination treatments with VS and VSVAS51, we
did not see further increases in IFN-y secretion when including
IL-12 as a transgene, despite nearly doubling the rate of complete
remissions (from 20% to 40%). While we cannot exclude the
possibility that IFN-y may negatively impact the effect of VS and
VSVAS1, this suggests that other factors must contribute to
curative responses. One hypothesis that warrants further study is
that an increased chemotaxis of activated and tumor antigen-
specific cytotoxic T-cells to the tumor, potentially via
chemokines such as CXCL9 and CXCL10. Indeed, this is
supported by our previous studies showing more substantially
elevated levels of activated T-cell in tumors in the process of
regression in comparison to non-responders (10).

Interestingly, we found that IL-6 is consistently and
significantly increased with VS combination treatments using
either VSVAS51 or VSVASI-IL12 during the first 5 days post
treatment. IL-6 is an NF-kB-regulated cytokine known to inhibit
T-cell apoptosis and prevent regulatory T-cell differentiation,
but also plays an essential role in the differentiation of
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monocytes to macrophages (32). As previously reported by
Fisher et al. and others, IL-6 can further increase naive and
central memory T cell trafficking to the tumor (32-34). The
elevated levels of IL-6 observed peaking at 5 days post treatment
in this study are therefore consistent with an increase in tumor-
antigen-specific T-cell response (Figure 2). This observation is
also consistent with previous in vitro studies, implicating EGFR
pathway activation as a molecular mechanism of vanadium
compounds, leading to simultaneous downregulation of
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STAT2 and hyperactivation of both STATI and NF-kB (19).
On the other hand, IL-6 is also suspected to play a role in tumour
development (35) and some groups have found a correlation
between high circulating levels of 1L-6 and poor prognosis in
cancer patients (36). However, in this study we observed only
transiently increased levels of IL-6 returning to normal levels
after day 5. The observation of complete tumor regression in this
context suggests that at least transient up-regulation of IL-6 may
be beneficial to generate robust anti-tumour responses.
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We observed increased gp70 specific T-cells in the spleen
of animals (reated with combination regimen. While there
was also a detectable increase in anti-viral immune response
in the combination treatment, its magnitude was subdued
compared to the increase in anti-gp70 response (Figure 2B).
One possibility is that the tumor-specific antigen response is
in effect a memory response since the tumors were implanted
over a week prior to the first virus treatment. Supporting this
idea, we find that in the ICV model, antitumor responses are
significantly improved following an initial prime with
irradiated CT26W'T cells, followed by a boost with
infected-irradiated cells a week or more later (Figure 3C).
If validated, this hypothesis may further suggest a
preferential impact of vanadate on memory T-cells as
opposed to naive T-cells. Further studies will be required
to address this question.

In this study, 1L-12 was selected for provision in cis with
VSVASI to enhance the therapeutic effect in combination with
VS in part because it was previously shown to provide
therapeutic benefit with other OVs (37-40). While it is
challenging to rationalize the choice of transgene to enhance
OV activity based on cytokine profiling owing to the complexity
and kinetics of cytokine signaling networks, cytokine profiling in
this case was helpful to rationalize 11-12 as a choice to further
improve activity. 1L-12 is known to drive IFN-y expression
which led us to hypothesize that inclusion of the IL-12
transgene may further drive upwards IFN-y secretion when
included within the virus. However, underscoring the
complexity of cytokine networks, we did not observe increased
IFN-y secretion upon inclusion of IL-12 within VSVAS51, despite
observing improved therapeutic effects. While significantly
increased at day 1 following treatment in the VS+VSVAS51-
1L12 condition compared to PBS, we found that TL-12 levels in
the blood remained low (Figure 6). However, high levels of
replication in the tumor as measured with VSVAS51-Fluc in
combination with VS (Figure 1), may suggest that a localized IL-
12 delivery safely generates a systemic effect that induces an
antitumor immunity that benefits a locally initiated immune
response (41-43). It would be interesting to determine whether
supplementation of cytokines and chemokines not detected to be
significantly up-regulated but that could play a complementary
role could further enhance activity in combination with VS when
encoded in the virus either alone or potentially in combination
with IL-12.

In conclusion, our results add to a growing body of evidence
demonstrating the potential of vanadium compounds as viral
enhancers in combination with OVs to improve their
therapeutic efficacy. This study provides a new framework for
understanding the immunelogical impacts of vanadium-VSV
combinations, and provide a path forward for therapeutic
regimen optimization, exemplified by the combination of VS
and VSVA51-1L12.
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4 Material and methods

4.1 Drugs

The vanadium-based compounds used in this study were
sodium orthovanadate and vanadyl sulfate. Sodium
orthovanadate was used for all ICV experiments (Na,VO,,
Sigma-Aldrich, Cat# 450243) and was dissolved in water and
pH adjusted to 10 at 100uM. Where otherwise indicated,
vanadyl sulfate at 50 mg/kg (VOSQ,, Sigma-Aldrich, Cat#
204862) dissolved in PBS was used for in vivo experiments
whereas 100UM was used for in vitro experiments.

4.2 Cell lines

CT26WT {murine colon carcinoma, Cat.CRL-2638) was
obtained from the American Type Culture Collection (ATCC).
These cells were cultured in HyQ high-glucose Dulbecco’s
modified Eagle’s medium (DMEM; HyClone Cat#10-013)
supplemented with 1% (v/v) penicillin-streptomycin (Gibco
Life Technologies, Waltham, MA}, and 10% (v/v) serum
composed of 3-parts HyClone newborn calf serum (Thermo
Fisher, Cat# SH3011803) and 1-part Fetal Bovine Serum (Gibco,
Cat# 12483020). All cells were incubated at 37C in 5% CO2
humidified incubator and regularly tested to ensure they are free

of mycoplasma contamination.

4.3 Viruses

4.3.1 Rhabdovirus

VSVA51-Fluc: The Indiana serotype of VSV used
throughout this study was propagated in Vero cells and
purified on 5-50% Optiprep (Sigma-Aldrich, St. Louis, MO).
VSVAS51 expressing firefly luciferase are recombinant derivatives
of VSVAS51 described previously (10).

VSVAS51 encoding/expressing 1L-12: VSVAS51 encoding/
expressing IL-12 was generated in the laboratory of Dr.
Rebecca Auer using PCR amplified from pORF-mIL12
[TL12elasti(p35:p40); In vivoGen| (20). Virus was produced
and purified on 5-50% Optiprep (Sigma-Aldrich, St. Louis,
MO) in our laboratory.

4.4 Mouse tumor model

Six-week-old female BALB/c mice obtained from Charles
River Laboratories (Senneville, Canada) were implanted with
subcutaneous tumors by injecting 3E5 syngeneic CT26W'T cells,
suspended in 100ul serum-free DMEM. Eleven days post
implantation when tumor reached a volume of 100 mm®, mice
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were treated intratumorally vanadyl sulfate (dissolved in PBS) at
50mg/kg in 50pl or 50pl of PBS. Four hours later, mice were
treated intratumorally with 1E8 plaque forming units (PFU) in
251l PBS of the indicated viruses as described previously (10).
Tumor sizes were measured three times a week using electronic
calipers. Tumor volumes were calculated based on this equation
(length? X width)/2. All in vivo experiments were performed in
accordance with the University of Ottawa Animal Care and
Veterinary service guidelines for animal care under the protocol
OHRIe-2265-R5 and OHRI-2265-R4 A2.

4.5 Blood and serum sample processing

For blood samples, saphenous bleeds were performed in one
of the legs and blood was collected in tubes containing Serum-
Gel (Sarstedt Inc, Fisher Scientific, Cat. NC9315741) to allow
serum separation by centrifugation (14 000 rpm) for 10 mins
using Eppendorl centrifuge 5418R, then serum was used for
measuring cytokine and chemokines. Serum samples were

stored at -80C after collection.

4.6 Multiplex assay

Serum from blood samples was collected at day 7 days post
implantation as a baseline, and 24 hours to 14 days post
treatment. Serum was then added in duplicate for each sample
in a 96-well plate, and magnetic microspheres premixed with 32-
plex beads were added according to the manufacturer’s
recommendation (MILLIPLEX MAP Mouse Cytokine/
Chemokine Magnetic Bead Panel - Premixed 32 Plex -
Immunology Multiplex Assay, Millipore Sigma, Cat#
MCYTMAG-70K-PX32) and incubated overnight at 4°C. A
biotinylated detection antibody was added, followed by
streptavidin-PE conjugate antibody incubated for 1 hr at room
temperature. Plates were run in the Luminex® analyzer
(MAGPIX®), using a CCD-based analysis that captures and
detects components with the speed and efficiency of magnetic
beads. All measurements were performed using a MAGPIX
instrument (Luminex, Ottawa, CA), following the
manufacturer’s instructions. Data were collected using xPonent
software (Luminex, Version 4.2}, log transformed, and analyzed
as described below in the statistical analysis section.

4.7 Splenocyte processing
Spleens were processed into single cell suspension by first

transferring the spleen into sterile 70pm cell strainers on 50 ml
conical tubes. Then, spleens were softly minced by pressing
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against the flat side of a syringe plunger in a circular motion. Cell
strainers were washed with 5 ml of R 10 media. Tubes containing
the cell suspension were topped up with media and spun at 300 g
for 5 mins. Carefully, supernatants were removed without
disturbing the pellet and cells resuspended by gently tapping
before adding the ACK (Ammonium-Chloride-Potassium)
lysing buffer (Gibeo'™, Cat# A1049201) for lysing red blood
cells in samples for 5 mins. Cells were then washed and
resuspended with R 10 media.

4.8 Peptides for ex vivo stimulation

Peptides used for ex vivo stimulation were gp70 tumor
peptide: H-2Ld SPSYVYHQF (MBL International
Corporation, Cat# SPM521) and VSV N virus peptide: H-2Ld
MPYLIDFGL (CanPeptide Inc, custom peptide}

4.9 Mouse IFN-v single-color enzyme-
linked immune absorbent spot

Cells from spleens were processed as previously described
and then resuspended in CTL media (provided with the
ELISPOT kit, Immunospot, Cat# mIFNgp-1M/5) in 2E5 cells/
100ul before being added to IFN-y pre-coated plates
(Immunospot, Cat# mIFNgp-1M/5) containing 100pl/well of
each stimulant including either gp70 or VSV N peptides at a
final concentration of 10 pM as well as unstimulated control
(equivalent amount of DMSO). PMA ((Phorbol 12-myristate
13-acetate, Sigma-Aldrich, Cat# P8139)/ionomycin (Sigma-
Aldric Cat# 19657) for pooled samples were used as a posilive
control at 2pg/ml. Plates were then incubated at 37°C for 20
hours. Following that, ELISPOT assays were developed following
the manufacturer’s protocol. Plates were scanned and spots were

counted using CTL §6 ImmunoSpot analyzer.

4.10 Infected cell vaccine preparation

CT26WT cells were harvested and washed twice with
Phosphate Buffered Saline (PBS; Corning, Manassas, VA),
and then resuspended in DMEM at 5E7 cells/mL (+ 10%).
Cells were then irradiated in a Pantak HF320 X-Ray machine
(OHRI, Ottawa, CA) for 60 Gy before infection with VSVAS51
at a Multiplicity of Infection (MOI) of 10, for 2 hours in
rotation before i.p. delivery (5 x 10° cells; 5E7 plaque fnrmmg
units (PFU) of virus/mouse). Irradiated CT26W'T cells (irr)
were prepared similarly without the infection step. Cells were
treated with 100pM vanadate before infecting them for
some conditions.
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4.11 Infected cell vaccine mouse model

In prophylactic treatment model: BALB/c mice were treated
with 56 irradiated CT26WT cells on day 0 intraperitoneally
(i.p.), followed by treatment with ICV on day 7 ip (5E6
irradiated CT26W'T cells infected with 5E7 PFU of VSVA51).
At day 14 mice were challenged with 5E5 CT26WT cells s.c.

4.12 In vivo CTL assay

Donor splenocytes from naive Balb/c mice were labelled with
either a high (5pM) or low (0.5pM) concentration of
carboxyfluorescein succinimidyl ester (CFSE; ThermoFisher
Scientific, Waltham, MA, Cat# 65-0850-84) for 10 minutes at
37C. Each tube was then topped up with R 10 media and spun
down for 5 minutes at 1500 rpm to remove excess dye. The CFSE-
high (CFSE;y;) population of naive splenocytes is subsequently
peptide-loaded with exogenous tumour gp70 tumour peptide
(H2Ld-restricted, SPSYVYHQF; MBL International, Woburn,
MA) at a concentration of 5puM for 45 minutes at 37°C rotated
every 15 mins, whereas the CFSE-low (CFSE;,) population was
left unloaded. Cells were washed with R 10 media to remove
excess peptides and spun down for 5 minutes at 1500 rpm, then
re-suspended in serum-free media. An equal number of CFSEy;
and CFSE,,, populations were combined in equal proportions of
1E7 cells/100pl each in serum-free media and a total of 2E7/200pl
cells were administered intravenously (i.v.) to previously
vaccinated mice. Eighteen hours later, vaccinated mice were
sacrificed and splenocytes were harvested. Flow cytometry was
used in order to assess the relative elimination of the tumour
antigen-loaded CFSE;; population compared to control groups.
Percent specific lysis was calculated based on this equation Percent
specific lysis= [1-[(CFSE,,/CFSE;y; in PBS mice)/(CFSEy,/CFSE;5
in treated mice)||x100.

4.13 Migration/chemotaxis assay

CT26WT cells were pretreated with 100 pM VS or PBS for 4
hours followed by viral infection with VSVAS51 at MOI 0.01 or
mock infection. 24 hours later, cultured supernatants were collected
and subsequently used for the assessment of chemokines or for
performing chemotaxis assays. Chemotaxis of T cells was assessed
using a Trans-well system as described previously (20). Briefly,
700l of conditioned media from CT26WT cell cultures described
above was added to the lower chamber of Trans-well plates with 5-
um pores (Costar, Corning, sigma- Aldrich, Cat# CLS3421-48EA).
5E5 activated CD3+ T cells from naive spleen were purified by
negative selection using EasyScpm mouse isolation T cell kit
(Stemeell technologies, Cat# 19851) and then activated with 2ug
of anti-CD3/CD28 in a precoated plate (BD PharmingenTM. cD3
Cat# 550275 and CD28 Cat# 553295) supplemented with 2ng/ml
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of murine recombinant 1L-2 (PepraTech, Cat# 212-12) for 2 days,
were added to the upper chamber, and plates were incubated for 24
hours at 37°C. After 24 hours, cells in the lower chambers were
collected, stained with trypan blue and counted with a
hemacytometer, Migration percentage was calculated as follows:
total number of T cells in bottom chamber/total number of T cell
input) x 100 (20).

4.14 Viral growth curves

3E5 of CT26WT Cells were seeded in 24 well plates for
overnight confluency. Cells were then inoculated with VSVA51-
Fluc at an MOI of 0.01 (multi-step growth curve) or 1.0 (single-
step growth curve). Cells infected at MOI 1.0 were incubated for
60 minutes, followed by washing and replenishing with fresh
medium. Cells were incubated up to 48 hours post infection
(hpi), with 200 pl of supernatant collected and frozen at -80°C at
the following timepoints: 0, 4, 8, 12, 24, 32, 48 hpi. Viral titer in
collected supernatant was quantified by high-throughput
tittering using a standard plaque assay.

4.15 Plaque assay

For virus titration using standard plaque assay, Vero cells
African green monkey kidney cells, Cat# CCL-81) obtained from
the American Type Culture Collection (ATCC) were seeded into
12-well plates at a final density of 3E5 cells per well. Infectious
supernatants were serially diluted using serum-free DMEM,
transferred (500uL/well) onto Vero cells and incubated at 37°
C, 5% CO2 for 45 minutes, following which media was removed
and replaced with 1ml/well of an agarose overlay (1:1 ratio of 1%
agarose mixed with 2X DMEM containing 20% FBS). After a 24
hours incubation, plaques were fixed with methanol: glacial
acetic acid in a 3:1 ratio for a minimum of 1 hour, then
stained for 30 minutes with a Coomassie Blue solution (4 g
Coomassie Brilliant Blue R (Sigma, Cat# B0149), 800 ml
methanol, 400 ml acetic acid and 2800 ml distilled water) to
visualize and count plaques.

4.16 IL-12 p70 Enzyme-linked
immunosorbent assay

Supernatants from infected CT26WT cells with VSVA51
encoding Fluc or 1112 at MOI 0.1 were collected 24 hours post
infection. The secretion of IL12 was measured using mouse 11-12
p70 Quantikine ELISA (Mouse 1L-12 p70 Quantikine ELISA Kit,
R&D system, Cat#M1270) following the manufacturer’s instructions.
Absorbance values at 450nM were measured on a Multiskan Ascent
Microplate Reader (MXT Lab System) and corrected for plate
imperfections at 540. Data were analyzed using Prism.
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4.17 CXCL9 Enzyme-linked
immunosorbent assay

CT26WT cells were pretreated with 100 pM VS or PBS for
4 hours followed by viral infection with VSVA51 at MOI 0.01
or mock infection. 24 hours later, cultured supernatants were
collected and the concentration of CXCL9 was measured using
mouse MIG/CXCL9 ELISA Kit (ELM-MIG, RayBiotech, Cat#
ELM-MIG-2) following the manufacturer’s instructions.
Absorbance values at 450nM were measured on a Multiskan
Ascent Microplate Reader (MXT Lab System) and corrected
for plate imperfections at 540. Data were analyzed

using Prism.

4.18 Statistical analysis

Statistical significance was calculated using Student’s t test
or one-way or two-way ANOVA tests with Sidak or Dunnett's
multiple correction test was applied when groups were split on
multiple independent variables and also using Tukey’s multiple
comparison test. Mantel-Cox log rank test was used to
determine significant differences in plots for survival studies.
Error bars represent standard error of the mean. Significance is
based on a p value <0.05. Statistical analyses were performed
using Graph-Pad Prism 8.0 (GraphPad software, LLC) and
Excel. For multiplex data, the analysis software is milliplex
analyst, version 5.1.0.0. Vigenechh Inc using 5 parameter
curve fitting (log scale). Data were then transformed to log,
then normalized to the baseline values for each cytokines/
chemokines for each time point to quantify the fold changes.
For individual response, data transformed to log,, as plotted in
the graphs to be able to see the significant difference. For
ELISPOT ana]ysis software is ImmunoSpot version 7.0.20.0,
Flow cytometry was performed at the University of Ottawa’s
Flow Cytometry Core Facility using the BD LSR Fortessa (BD)
or BD Celesta (BD) Flow Cytometers. Analysis of flow data was
conducted using FlowJo v10 (FlowJo, LLC, Ashland, OR). For
all analyses, *p < 0.05, 872 **p < 0.01, ***p < 0.001, ****p <
0.0001; n.s. = not significant.
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