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Abstract

Cancer immunotherapy continues to be at the forefront of cancer treatment modalities
delivering unprecedented outcomes. In this thesis we have investigated the combination of
Oncolytic Viral Vaccines (OVVs) and Adoptive T Cell Therapy (ACT) for treating solid
tumours. We used animal models, flow cytometry and high throughput transcriptomic analyses
to characterize the therapeutic outcomes of such combination and understand the mechanisms
behind its success on cellular and molecular levels. We focused on comparing the behaviour
of different viruses, Vesicular Stomatitis Virus (VSV), and Vaccinia Virus (VacV), and showed
that the choice of viral backbone indeed shapes the therapy outcome. While both viruses can
achieve complete tumour regression when combined with ACT, VSV-treated tumours relapse
shortly after remission. Additionally, we studied the effect of the virus route of administration
and observed that intratumoural (IT) delivery leads to better overall survival of mice compared
to intravenous (IV) delivery regardless of the viral backbone. Furthermore, we evaluated the
necessity of virus replication in different tumour models. Our results show that virus replication,
despite being dispensable for immunogenic tumour models, is necessary for durable outcomes in
immunosuppressive models. Importantly, the reprogramming of the tumour microenvironment
(TME) by OVVs was shown to be crucial for therapy success. Specifically, we show that unlike
VSV, VacV is able to induce more inflammatory pathways, block metabolic pathways, cell cycle
pathways and DNA repair pathways. We highlighted the role of inhibiting DNA repair pathways in
preventing antigen loss and immune escape. Lastly, we examined the effect of the transcriptomic
signature induced by VacV on the prognosis and survival of Skin Cutaneous Melanoma (SKCM)
patients using a public dataset derived from the Cancer Genome Atlas (TCGA). Our analysis
demonstrates that VacV transcriptomic signature correlates with favorable disease prognosis and
better overall patient survival. In conclusion, the research described in this thesis reveals important
insights pertaining to the choice of viral backbone, route of administration and unveils additional

mechanisms by which OVVs complement the CD8" T cell mediated elimination of tumour cells.
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1.1. Cancer

Despite several advancements in cancer detection and treatment options, it remains the
leading cause of death in Canada, and was responsible for 30% of all death in 2020 according
to the Canadian Cancer Society'. An estimated number of 225,800 new cancer cases and 83,000
cancer deaths were expected in Canada in 2020. Thus, the need to develop more effective
treatment regimens is higher than ever'. Our success in developing better therapies would indeed
stem from the increased understanding of tumour biology, the strategies tumour cells use to
interact with surrounding tissues, and the ways they are able to adapt, evolve, survive, and spread
despite the tight regulatory mechanisms working against them. In 2000, Hanahan and Weinberg
published a set of features, or hallmarks, that cells acquire on their way to becoming cancerous?.
The functional capabilities acquired by cancer cells render them self-sufficient by driving their
own replication, resisting apoptosis and anti-growth signals, creating their own blood supply by
inducing angiogenesis, and breaking away from their original site and metastasizing to other body
tissues?. As research progressed in the following decade, this list of features expanded, and was
updated in 2011 to include the emerging hallmarks and enabling characteristics that cancer cells
acquire in the process of carcinogenesis®. Two emerging features were highlighted, one involved
the ability of cancer cells to induce metabolic changes that support their survival and proliferation.
The second allows cancer cells to survive the immune attack mediated by T lymphocytes, Natural
killer (NK) cells or other immune cells®. Genomic instability and mutability were also highlighted
as an enabling feature that drive tumour progression®. Besides tumour cells, other types of non-
cancerous cells e.g., fibroblasts, immune cells, and endothelial cells are present within the tumour
microenvironment (TME) to varying degrees*. These cells provide a support niche that is critical
to the continued growth of the cancer. For example, cancer-associated fibroblasts (CAFs) were
reported to secret indoleamine 2,3-dioxygenase (IDO) which promotes resistance to both T cell-
and NK-cell mediated anti-tumoural responses®‘. Alternatively, increased infiltration of CD8*

T cells into the TME was shown to be strongly associated with improved patient outcomes’?.
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Hence, the interaction of tumour cells with other cells in its local milieu play a key role in the

disease progression.

1.2. The immune system and Cancer

Spontaneous regression of tumours following a bacterial skin infection was one of the first
hints that a relationship exists between cancer and the immune state of the patient’. William Coley,
who later became known as the “Father of Cancer Immunotherapy”, confirmed the association
between erypsipelas, a superficial bacterial skin infection, and the clinical outcome in patients
with sarcoma'®. This has led to trials of treating cancer patients with an extract from inactivated
Streptococcus pyogenes and Serratia marcescens, an extract that was termed Coley’s toxins, in
an attempt to replicate the effects seen in natural infection cases''. In the twentieth century, Paul
Ehrlich hypothesized that our bodies constantly generate neoplastic cells that are kept in check
and eliminated by our immune system'°. This hypothesis was mounted only 16 years after Coley’s
findings, but no connection was made by their contemporaries between the immune system and
what Coley had reported. In 1957, Lewis Thomas and Sir Frank Burnet developed the cancer
immunosurveillance theory which states that tumour associated antigens (TAAs) are identified
and targeted by the cells of the immune system to prevent carcinogenesis in a manner similar to
graft rejection'?. In the last two decades, the Schreiber lab has made some efforts to reinstill some
faith in the ability of the immune system to attack cancer cells. They proposed a new version of
the cancer immunosurveillance hypothesis, which is now known as the cancer immunoediting
hypothesis'*-'°. Their hypothesis was based on observing the different behavior of tumour growth
between immunodeficient and immunocompetent hosts'. Two key observations were highlighted,;
the first is that immunodeficient mice that fail to produce mature T or B cells (RAG2-deficient
mice) developed sarcomas more frequently and more rapidly compared to their immunocompetent
counterparts'. This suggested that the immune system can resist the growth of developing tumours.

Second, the tumours derived from the immunodeficient hosts were more immunogenic (later
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referred to as “unedited”’) compared to the ones derived from the immunocompetent ones'. The
tentative explanation for this observation is that the immune attack on the developing tumours led
to the elimination of subsets of cells expressing certain tumour rejection antigens while selecting
for other subsets that can tolerate the immune system. Taken together, the cancer immunoediting
hypothesis postulates a dual role for the immune system; by recognizing and attacking tumour-
specific antigens, it protects the host by eliminating tumour cells. At the same time, it sculpts
the developing tumours and selects for less immunogenic variants'*!>. Three distinct phases of
the immunoediting process were described: elimination, equilibrium, and escape'*!¢. Elimination
is when the innate and adaptive immune systems detect a developing tumour and successfully
destroy it. Equilibrium happens when tumour cells survive the elimination phase and enter a
state of dormancy, in which the adaptive immune system prevents tumour outgrowth and sculpts
the immunogenicity of the tumour cells. When tumour cells acquire the ability to circumvent
the immune recognition, the escape phase begins. These findings were initially described in an
unmanipulated immune system that is challenged by a developing tumour'. However, several
reports later confirmed that immunoediting can also occur and, in some cases, is amplified when
the established tumours are subjected to various forms of immunotherapy'”'8. In the next sections

we will focus on three different T cell — centric categories of immunotherapy.

1.2.1. Immune checkpoint therapy

The process of Naive CD8" T cell activation relies on the receipt of three activation
signals: the first is provided through the binding of the T cell receptor (TCR) to the target antigen
presented on the Major Histocompatibility Complex class I (MHC 1)!*%. The second, termed co-
stimulation signal, is provided through the binding of CD28 on the T cell surface to one of its
ligands e.g., B7-1 (CD80) or B7-2 (CD86) that are typically expressed on the surface of an antigen
presenting cell (APC)!"?'. The third and final signal is derived from the cytokine environment

present during the T cell activation and is required for proper differentiation and development
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of cellular effector functions®*?*. Following successful activation, CD8" T cells proliferate and

differentiate into effector T cells (T ..) that are primarily responsible for killing the target cells.

EFF
After the clearance of the target antigen, cytokine withdrawal leads to the contraction phase, where
the majority of CD8" T cells undergo apoptosis leaving a subset of memory T cells (T,,) that are
responsible for rapid recall responses in case of re-exposure to the same antigen’. In cases of
repeated low-dose or low-affinity stimulation as seen in chronic infections and neoplastic disease,
CDS8* T cells acquire an exhausted phenotype state that is characterized by progressive loss of
T cell function®. Exhausted T cells express an array of inhibitory molecules which collectively
operate to negatively regulate the functional capacity of the T cells. In the natural course of an
immune response, such inhibitory molecules act as “checkpoint molecules™ that prevent the
hyperactivation of the immune response and ensure immune homeostasis®*. Two of the most well
studied examples of checkpoint molecules are programmed cell death 1 (PD1), and Cytotoxic

T lymphocyte antigen 4 (CTLA4). They exert their inhibitory functions at different anatomical

locations and at different time-points during the T cell lifespan®.

1.2.1.1. Cytotoxic T lymphocyte antigen 4 (CTLA4)

CTLA4 has a lot of structural and biochemical similarity to CD28 especially within the
extracellular binding domain, and therefore, they both bind to the same ligands (B7-1 and B7-
2)*»26, However, CTLA4 has greater affinity and avidity than CD28 for B7 ligands*’. CD28 and
CTLA4 have opposing immunoregulatory functions. Unlike CD28 that provides a co-stimulatory
signal that is crucial for T cell activation, CTLA4 engagement restrains T cell activation by
directly antagonizing CD28 function®**’. CTLA4 was shown to reorganize the T cell cytoskeleton
and disturb the T cell - APC immunological synapse®!. Additionally, it mediates the internalization
of B7-1 and B7-2 ligands, thus preventing their binding to CD28%*%. Moreover, CD4* CD25*
regulatory T cells (T, ) were shown to have constitutive expression of CTLA4, and its expression

was reported to be essential for the immunosuppressive functions of these cells**. James Allison
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and his team were the first to demonstrate that blocking CTLA4 using neutralizing antibodies
enhanced the anti-tumoural immunity in mouse models of colon carcinoma and fibrosarcoma*.
CTLA4 success in preclinical studies was variable depending on the immunogenicity of model
tested, the type of tissue targeted, and the tumour burden. Animal models of brain®, bladder®’,
ovarian®®, and colon® cancers showed benefit from anti-CTLA4 monotherapy, whereas less
immunogenic models (e.g. B16 melanoma) did not respond as favorably®. Additionally, a greater
tumour burden correlated with reduced responses to the anti-CTLA4 treatment®®. Despite the
mixed outcomes observed in preclinical models, anti-CTLA4 therapy was shown to be effective
in clinical trials of melanoma, where potent tumour necrosis in melanoma patients was observed
following treatment with Ipilimumab, a human anti-CTLA monoclonal antibody (mAb)*#!. As a
result, Ipilimumab gained FDA approval in 2011 for non-resectable stage III/TV melanoma’. Trials
in other tumour types including prostate cancer*’, small cell-lung cancer (SCLC)*, non-small-
cell lung cancer (NSCLC)*, and renal cell carcinoma* were, however, not as impressive and no
significant improvement in patient survival was reported. Multiple pleiotropic mechanisms were
reported for anti-CTLA4 mediated tumour regression. One mechanism involves boosting effector
T cell responses against tumour-associated neoantigens through enhanced clonal expansion*®.
Another mechanism associated with anti-CTLA4 is the local depletion of Treg through antibody-
dependent cell-mediated cytotoxicity (ADCC), which in turn enhances the T to Treg ratio in the
TME®#, 1t is worth noting that these mechanisms rely on the presence of T cell responses, and
depletion of T cells in animal models was shown to abolish any therapeutic tumouricidal activity

associated with anti-CTLA4 treatment>°.

1.2.1.2. Programmed Death receptor 1 (PD1)

PD1 was first identified in 1992 as a mediator of apoptosis, and its role in the negative
regulation of T cell activation became more evident in 1999 when the loss of mouse PDI1

orthologue, pdcdl, was reported to cause autoimmunity’'. PD1 was shown to restrain immune
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responses primarily through delivering inhibitory intracellular signals that regulate the balance
between T cell activation and tolerance®?. Upon binding of PD1 to one of its ligands e.g., PDL1
(also known as B7-H1), PDL2 (also known as B7-H2), Src homology region 2 domain-containing
tyrosine phosphatase 1 and 2 (SHP1 and SHP2) are recruited to the complex and mediate the
dephosphorylation and inactivation of CD3 { subunit and its downstream adaptor proteins which
is critical for TCR-mediated T cell activation®. Physiologically, PD1 activation is essential for
controlling the activation and proliferation of differentiated effector T cells. As stated previously,
PDI1 engagement can lead to T cell apoptosis. Alternatively, it can induce a state of T cell
dysfunction known as exhaustion’*%, What determines whether PD1 activation leads to apoptosis
or exhaustion is still an active area of research’. In preclinical models, tumours were rejected
in mice without functional PD1 whereas overexpression of PDL1 or PDL2 in cancer cell lines
was found to limit the CD8* T cell responses®®*’. Additionally, neutralizing PD1 axis using mAbs
reversed the inhibitory effects and restored the T cells cytotoxicity towards tumour cells>®.
Besides its role in cancer treatment, PD1 axis proteins were shown to be useful biomarkers
for tumour prognosis where multiple studies have shown a negative correlation between the

expression of PD1 axis proteins and disease prognosis™-¢!

. Following preclinical success, clinical
trials were initiated to test the efficacy of mAbs designed to counteract negative immunoregulation
by the PD1 axis®®. In 2010, a phase I clinical trial using a single-agent anti-PD1 demonstrated
the tolerability and clinical activity of PD1 blockade in patients with treatment-refractory solid
tumours®. In 2014, anti-PD1 mAbs, pembrolizumab and nivolumab, gained FDA approval for
use in refractory and unresectable melanoma®. This was based on the positive outcomes seen in
KEYNOTE-001% and CheckMate 037% trials respectively. Pembrolizumab was then approved
for the treatment of PDL1-expressing NSCLC because it provided a 4.3-month increase in
progression-free survival (PFS) compared to chemotherapeutics®’%%. The use of pembrolizumab
and nivolumab has since been extended to other cancer types including head and neck squamous

cell carcinoma®-°, urothelial carcinoma’”>, Hodgkin lymphoma”’* and others.

Targeting PDL1 by neutralizing antibodies has also proven to be an effective treatment in



PhD Thesis - O. Salem McMaster University - Medical Sciences

different forms of cancer. In 2016, atezolizumab, the first PDL1-targeted humanized mAb, was
approved for the treatment of urothelial carcinoma. The overall response rate to atezolizumab
was only 15%, which was deemed as statistically significant”. Additionally, it was shown to be
less toxic than traditional chemotherapy’. The following years have seen an expansion in the
indications of atezolizumab to include NSCLC”’, triple-negative breast cancer (TNBC)”® and
SCLC”. Avelumab and durvalumab entered the market in 2017 as additional mAbs targeting
PDL1 and were approved for different indications including Merkel cell carcinoma®, urothelial
carcinoma®®, advanced renal cell carcinoma® and NSCLC?*.

Despite the clinical success seen with immune-checkpoint blockade (ICB) therapy, several
side effects have been reported. 15-90% of patients treated with ICB were reported to experience
immune-related adverse events (IRAEs)*®. Such events are mediated by the accumulation of
overactive memory T cells that start infiltrating peripheral organs, such as the lungs and the
gastrointestinal tract, causing inflammatory damage. Mucosal tissue appears to be susceptible
as well since pruritis and mucositis occur in 68% and 40% of the patients respectively®*¢.
Nevertheless, such toxicities are generally better tolerated than toxicities associated with
traditional chemotherapeutics®’. Glucocorticoids are the mainstay for controlling IRAEs. However,
Infliximab, an anti-TNF mAb, and other immunosuppressives can be used when glucocorticoids
fail’. More importantly, only a subset of patients responds to ICB. The predictors of response are
not yet fully characterized and remain an active area of research. Tumour-intrinsic and tumour-
extrinsic response or resistance factors e.g., tumour mutational burden, neoantigen load, and
gene expression signatures in the TME, are being investigated to build predictive models of ICB

therapeutic response®®*°,

1.2.2. Adoptive T cell Therapy

Adoptive T cell therapy (ACT) involves infusing cancer patients with autologous or

allogenic T cells’. It has shown considerable promise in the recent years. The concept was first
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demonstrated in 1966 when a subset of patients experienced tumour regression following co-
transplantation with patient derived leukocytes and autologous tumour cells®. In 1979, allogenic
bone marrow transplantation was used to treat leukemia, and clinical improvement was shown
to be mediated by a T cell graft versus tumour response®. In the late 1980s, ACT using tumour-
infiltrating lymphocytes (TILs) for the treatment of metastatic melanoma was pioneered by
Rosenberg and colleagues™. Over a period of 5+ years, 86 patients with metastatic melanoma
were treated using autologous TILs plus high-dose intravenous bolus IL-2 with or without a
single dose of cyclophosphamide®™. The overall objective response to treatment was 34%, and the
response duration was variable among patients. However, only 5/86 patients showed complete
response®. A more rigorous lymphodepletion preparative regimen was introduced and another
cohort of 93 patients with metastatic melanoma was treated with ACT and IL-2 following
lymphodepletion with more success. 20/93 patients (22%) showed complete tumour regression
and remained in complete remission 3 years after treatment®. Preparative lymphodepletion can
be accomplished using chemotherapy or total-body irradiation or a combination of both, and
was shown to enhance the persistence of the transferred T cells®. Several mechanisms have
been speculated to account for the augmented efficacy of adoptively transferred T cells in the
lymphopenic environment. One opinion suggests that lymphodepletion causes the elimination or
reprogramming of immunosuppressive Myeloid derived suppressor cells (MDSCs), which are a
heterogeneous population of CD11b"GR1" cells that are found at high frequencies in tumours and
in chronic infections and are thought to inhibit the function of T cells?”®. A second opinion claims
that lymphodepletion reduces the competition between endogenous cells and transferred cells
for the activating cytokines such as IL-7 and IL-15%, and increases the functionality of antigen-
presenting cells (APCs), which is mediated in part by the bacterial translocation that accompanies
total-body irradiation'®. Additionally, administration of the T cell growth factor IL-2 has been
shown to be crucial for the success of ACT!112 |t is worth noting that the success of TIL-based
ACT relies on the presence of healthy expandable populations of tumour specific CD8* T cells in

the TME, a prerequisite that is not met in many types of cancer’.
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Engineering lymphocytes for ACT use was developed as an alternative method to address
the challenges associated with isolating and/or expanding TILs in vitro. The technical ability to
transduce lymphocytes with 80-90% efficiency using gamma retroviruses or lentiviruses provides
an opportunity to genetically engineer lymphocytes with TCRs that recognize tumour antigens'®.
Genes encoding TCRs that recognize a wide variety of cancer antigens have been identified
including melanoma—melanocyte differentiation antigens e.g., MARTI, and gp100, and a variety
of cancer—testes antigens (CTA) e.g., MAGE-A3, and NY-ESO-1 expressed on common epithelial
cancers’>!%1%_Additionally, engineering T cells with genes encoding molecules that improve the
anti-tumour activity like IL-2 or IL-15 has been reported!?”-!®. Since this method relies on the
conventional TCRs, only tumour tissues presenting target antigens on specific MHC molecules are
targeted by TCR-engineered lymphocytes. Despite offering a very flexible platform for targeting
tumour antigens, there are disadvantages to using T cells with genetically engineered TCRs.
Mispairing of the TCR a- and B-chains has been reported to occur resulting in diluted surface
expression of the therapeutic TCR af!®!'°, Moreover, development of unexpected toxicities like
“off-target” attack on unintended structures owing to cross-reactivity or antigenic mimicry has
been associated with the use of genetically engineered T cells'®.

In 1989, Eshhar ef al. developed a technique for engineering anti-tumour T cells based on
the antigen binding specificity of antibodies, called chimeric antigen receptors (CAR)'!. Antigen-
recognizing regions of the heavy and light chains of antibodies are genetically linked to form
a single-chain variable fragment (scFv) and attached to T cell signaling molecules, giving the
lymphocytes the ability to recognize surface antigen and bypass the need for TCR-MHC interaction.

12" while second

First generation CARs contained CD3( alone as intracellular signaling domain
generation CARs incorporated a co-stimulatory domain e.g., CD28!'*!'4, Multiple co-stimulatory
signaling modules e.g., CD28, 4-1BB, and OX40 were added to the third generation CARs'">. The
addition of co-stimulatory signaling modules into CARs were hypothesized to recapitulate the

natural co-stimulation associated with TCR activation and improve the persistence and potency

of the engineered T cells'’®. Although retroviral transduction has been the typical method for

10
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engineering T cells, CRISPR-Cas9 technology has been more recently used to direct the construct
to the T-cell receptor a constant (TRAC) locus, resulting in uniform CAR expression and enhanced
T cell potency''®. The most successful application for CAR T cells has been the targeting of
CD19 antigen in B-cell malignancies including non-Hodgkin lymphoma, acute lymphoblastic
leukemia, and chronic lymphocytic leukemia'’-'"®, Other examples include the targeting of GD2
antigen in neuroblastoma patients'?’, and targeting of VEGFR2, which is overexpressed in tumour
vasculature'?!. A limitation to the advancement of CAR T cell therapies is the requirement for
the expression of tumour-restricted target antigens. The clinical success of CD19-specific CAR
T cells is due, in part, to the high expression of CD19 in certain B cell malignancies and the lack
of severe side effects when crossing over to normal CD19* B cells. Nevertheless, CD19 antigen
loss is a common cause of treatment failure’. Additionally, toxicities arising from the CAR T
cell therapy can be very severe affecting different organ systems. Cytokine release syndrome and
neurotoxicity are among the side effect most commonly experienced by patients'?.

ACT represents a platform for personalized medicine, where patient-specific therapy
design is usually required. The time required to generate the cells and the high cost of therapy
can be prohibitive, and patient access is limited to these technologies at the time of writing. When
compared to ICB therapy for example, the cost per patient in the case of ACT can be up to 10
times higher’. Moreover, only a few laboratories are certified to generate patient-grade injectable
T cells, and a few tertiary care centers can administer the therapy’. While ACT carries much
promise to cancer patients, key improvements in objective clinical responses, manufacturing and

administration protocols, and toxicity profiles are indeed required for the technology to reach its

maturity.

1.2.3. Cancer Vaccines

The aim of cancer vaccines is to actively stimulate the patient’s adaptive immune system

by eliciting an immune response against specific tumour antigens to regress the established

11
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tumours and prevent further tumour growth'*. The basic principles for successful implementations
of therapeutic vaccines include: A) Delivery of large amounts of antigen to DCs, B) proper and
optimal DC activation, C) Induction of strong and sustained CD4* and CD8" T cell responses, and
D) Infiltration of the TME and reversing the immunosuppressive state within the TME'?. The
realization that cancer vaccines are not simply about replenishing the host with tumour-reactive
T cells became evident after years of disappointing outcomes seen with different vaccination
platforms. A series of phase III clinical trials of cancer vaccines using different target antigens
e.g., MAGE-A3, MUC-1, telomerase, and others to treat different malignancies reported negative

outcomes'?+1?

. The only FDA-approved therapeutic cancer vaccine at the time of writing is
Sipuleucel-T, which is a DC-based autologous cell vaccine, where autologous PBMCs, including
APCs are activated ex vivo with a recombinant fusion protein (PA2024). PA2024 consists of a
prostate antigen, prostatic acid phosphatase, that is fused to GM-CSF'*. In a double-blind,
placebo-controlled trial involving 512 patients with metastatic castration-resistant prostate cancer,
men in the Sipuleucel-T group had a relative reduction in the risk of death of 22%, as compared
with those in the placebo group which represented a 4.1-month improvement in median survival'*°.
In hindsight, host, tumour, and environmental factors were not taken into consideration when
designing such vaccines and the mechanisms governing immune exclusion or immune escape

were not appreciated to have a direct effect on the tumour-specific immunity'!

. Consequently,
these vaccines failed to generate enough numbers of healthy functional T cells that can infiltrate
the TME and that persist long enough to elicit long-lasting immunity, making it evident that new

strategies are required to overhaul the field’s approach to vaccine therapy'.

1.3. Oncolytic viruses

Oncolytic viruses (OVs) are naturally occurring or engineered replication competent
viruses that selectively or preferentially propagate in tumour cells. Along the path of

carcinogenesis, tumours evolve to evade immune recognition, and have weak or defective

12
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antiviral programs, which make them an ideal environment for viral replication'*>'*, The use
of viruses to treat cancer stemmed from the observation that, occasionally, cancer patients who
contracted an infection disease like influenza went into transient periods of remission'3*!3%. In
the 1950s and 1960s, clinicians started using multiple wild type viruses e.g., Hepatitis, Epstein-
Barr, West Nile, and yellow fever or even infected body fluids delivered through multiple routes
to treat malignancies'*. In immunocompetent patients, the immune system arrested the viruses,
and no clinical benefit was seen in most cases. Immunocompromised patients, on the other hand,
retained the infection and their tumours regressed, but they frequently became sick or even died

when the infection spread to normal tissues!®’

. In 1974, a study from Osaka university in Japan
used mumps virus to treat terminal cancer patients and reported tumour regression in 37 out of
90 patients, which was particularly promising at the time"®. Over the following two decades,
the advancement of molecular biology and the increased capacity to engineer viruses contributed
to enhancing the anti-tumour specificity of OVs. The first example was reported in 1991, when
Martuza and colleagues engineered a thymidine kinase (TK) - negative Herpes Simplex Virus
(HSV)'¥. TK-negative HSV was hypothesized to limit the viral replication to cells with high
levels of TK, which is typically seen in cancer cells, and it indeed showed less neurovirulence

and prolonged the survival of nude mice with intracranial U87 human gliomas'*’

. The pace of
OVs development accelerated dramatically over the following years, and viruses from at least
ten different viral families entered the clinical arena'*’'*’. Talimogene laherparepvec (T-Vec),
an oncolytic HSV encoding granulocyte macrophage-colony stimulating factor (GM-CSF), was
among the successful candidates that progressed in clinical trials. Intratumoural (IT) administration
of T-Vec to patients with metastatic malignant melanoma led to complete regression in 8 out of

50 patients'!. T-Vec gained FDA approval based on the improved durable response rate seen in a

randomized phase III trial and is the only FDA approved OV at the time of writing'**.

13
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1.3.1. Mechanisms of action of OVs

Although the fundamental premise of OVs had been their ability to infect and lyse
tumour cells, clinical trials have not provided direct support that viral lysis of the infected
cells is the main underlying mechanism for tumour destruction!®. The field now accepts that
curative viral oncolysis on its own can only happen when virus replication outpaces the antiviral
immune response of patients'®. Rigorous testing of multiple preclinical models suggests that the
efficacy of many oncolytic viruses is, at least partly, due to the induction of anti-tumour immune
responses'*!4 Oncolytic in situ vaccination has been proposed as an important mechanism
of action for OVs, where the viral lysis of tumour cells releases tumour-associated antigens
(TAAs), pathogen-associated molecular patterns (PAMPs), danger-associated molecular patterns
(DAMPs) into the TME. PAMPs and DAMPs aid in the maturation of DCs that capture TAAs
and migrate to the lymph nodes where they present TAAs to T cells!#S. Furthermore, infection
of tumour cells by OVs was reported to induce various inflammatory cytokines that recruit
and activate immune effector cells'¥’. Arming OVs by engineering them to express a variety
of immunostimulatory transgenes has been pivotal to the development of OVs since it allowed
researchers to target specific immune effector cells!**!'*8, For example, GM-CSF, FMS-related
tyrosine kinase 3 ligand (FLT3L), CCL3 or CCL5 have been shown to enhance the recruitment
and differentiation of APCs!#-153, IL-12, IL-15, and IL-18 are among the cytokines encoded by
different OVs with the aim to activate T cells and NK cells!>*156, Alternative strategies directed
towards enhancing T cell activation by expressing co-stimulatory molecules on the surface
of tumour cells have also demonstrated enhanced efficacy in preclinical models'”!*®, Other
interesting examples of cargo loaded into OVs include bispecific T cell engagers (BiTEs) and
immune checkpoint inhibitors'>*!¢!, Expression of BiTEs from an oncolytic Vaccinia virus (VacV)
backbone resulted in bystander killing of uninfected tumour cells mediated by CD8" T cells'¢!.
Besides the lytic and immunostimulatory properties of OVs, disruption of tumour vasculature

leading to tumour necrosis has been reported as a mechanism underlying OV efficacy'®’. While
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OVs represent a truly unique platform with a multimodal mechanism of action, dissecting these
mechanisms and understanding their contribution in achieving better clinical responses is critical
for the advancement of the field. Additionally, the interaction between every viral backbone and
the host immune system is unique and contributes to the outcome of the treatment. The Wan lab
has focused its efforts on developing therapeutic regimens using Vesicular Stomatitis Virus (VSV)

and Vaccinia Virus (VacV). In the next two sections we will briefly introduce these two viruses.

1.3.2. Vesicular Stomatitis Virus (VSV)

VSV is a prototypic non-segmented, negative-sense RNA virus (order Mononegavirales,
family Rhabdoviridae)'®®. Pre-existing immunity to VSV in humans is generally very low and
infections are mostly asymptomatic'>. VSV virions are bullet-shaped and pack an 11 kb genome
that comprises five genes encoding the nucleocapsid (N) protein, phosphoprotein (P), matrix (M)
protein, glycoprotein (G) protein and large polymerase (L)'*. The VSV G protein binds to the
ubiquitously expressed low density lipoprotein (LDL) receptor, followed by receptor-mediated
endocytosis and internalization into endosomes'®. The viral envelope then fuses with the
endosomal membrane following a conformational change in the G protein as a result of endosomal
acidification, releasing the VSV ribonucleoprotein core into the cytoplasm'®®. VSV replicates in
the cytoplasm resulting in the general shutdown of the host RNA and protein synthesis leading to
cell death!'®. It has been postulated that defects in type I IFN signaling in tumour cells underlies
VSV’s tumour specificity'é’. This is due to the extreme sensitivity of VSV to the antiviral actions
of type I IFN, where immunocompetent cells can launch an antiviral response quickly enough to
inhibit viral replication before cell damage'6>!'%’. The M protein of VSV is responsible for many of
the cytopathic effects and for the ability of the virus to inhibit the host type I IFN responses!®!%,
A variant with a single amino acid substitution or deletion at the methionine 51 in the M protein
(VSV-MS51R or VSV-AMS51) has been developed for enhanced safety profile. Since this variant is

defective in its ability to block the host gene expression, it was shown to stimulate the production
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of type I IFN and induce a stronger virus mediated immune responses'’’. The experiments
performed in this thesis were all done using the VSV-AMS51 backbone.

Studies where VSV was employed as an oncolytic agent demonstrated the ability of VSV
to induce a variety of immune responses including the induction of tumour-specific CD8" T cell

responses'#

, recruitment of neutrophils and NK cells'’"'7?, and the production of type III IFN
(IL-28) in the TME!'”. Additionally, VSV was shown to activate and mature plasmacytoid DCs
(pDCs) through TLR7. Upon TLR7 activation, pDCs upregulate the expression of MHC class
IT molecules, CD80, CD86 and produce high levels of type I IFN, leading to improved antigen
presentation and priming of T cells!*'7®, The production of type I IFN by pDCs was shown
to be critical for the accrual of virus-specific NK or CD8" T cells'”. It is worth noting that the
activation of innate and adaptive immune responses lead to the rapid clearance of VSV and have
a counterproductive effect on the oncolytic capacity of the virus'®>. Nevertheless, the increased
appreciation of the role of anti-tumour immune response and mobilizing immune cells to the
TME pushed the field to engineer VSV variants that express a plethora of cytokines including
IL-4'7 TL-12,'7° TL-15%¢, TL-23"°, 1L-28'7, FLT3L!"®!, and CD40L!*2. One of the examples that
progressed to phase I clinical trials for the treatment of hepatocellular carcinoma (ClinicalTrials.
gov Identifier: NCT01628640) include VSV expressing IFN-B encoding gene'®. It has been
hypothesized that the VSV-mediated expression of IFN- would improve the safety of VSV by
restricting its replication to IFN-resistant tumour cells. Additionally, it was shown to enhance the
efficacy of oncolytic VSV therapy through the induction of CD8* T cell-mediated anti-tumour
immune responses in mouse models of mesothelioma and NSCLC!34!135, VSV has also been used as
a vaccination platform due to its potent immunogenicity and its ability to generate strong humoral
and cellular immune responses'®®. The Wan lab has pioneered the use of VSV as an anti-tumour
therapeutic vaccine by engineering VSV to express a TAA and generate CD8" T cell responses
against established tumours using a heterologous prime-boost vaccination platform'®’. We have
also shown that the unique ability of VSV to boost CD8" T cells even during the acute phase of

188

the primary response is due to their ability to infect follicular B cells in the spleen'®®. B cells act
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as an antigen source for follicular DCs that capture and present the antigen to T, located within
B cell follicles causing their expansion'®. In this work, we continue to build upon our knowledge

and expertise in using VSV as an oncolytic vaccine.

1.3.3. Vaccinia Virus (VacV)

Vaccinia virus (VacV) i1s a member of Orthopoxvirus genus of the subfamily
Chordopoxvirinae of the poxviruses family. VacV virions are brick shaped and they pack a linear
double-stranded DNA genome that is ~ 190Kb in length, encoding about 200 genes'®. VacV was
used worldwide as a vaccine against smallpox leading to the complete eradication of the disease
by 1971"°, The success of VacV as a smallpox vaccine was the first of its kind and remains
unparalleled in the vaccinology field. VacV offers several advantages that make it an attractive
choice for use as an oncolytic virus. The prolonged use of VacV for the last few decades has
allowed for the extensive investigation of its biology and the long-term clinical observation of
its safety and immunogenicity. This knowledge could be leveraged to create safe vectors with as
little pathogenicity as possible for use in humans. Unlike other DNA viruses, the entire replication
cycle of VacV happens in the cytoplasm, eliminating the need for viral genome entry into the
nucleus and thus, eliminating the possibility of mutagenic integration in the host DNA™!. This
indeed adds to the safety profile of VacV. Additionally, the virus has a broad tissue tropism and
can infect a wide range of mammalian cells making it suitable for testing in different experimental
models'®?. This could be attributed to the lack of a specific cell surface receptor that is required for
viral entry. Instead, the virus relies on several membrane fusion pathways!**!*, Furthermore, its
complex genome makes it less reliant on host proteins especially for processes involved in DNA
replication and mRNA synthesis'®®. In addition, its large DNA genome can accommodate large
sizes of transgenes up to 25 kb of foreign DNA making it an excellent platform for targeted gene
therapy'®. Moreover, the inherent immunogenicity of the virus which elicits an innate as well as

an adaptive immune response could be harnessed and used to reprogram the immunosuppressive
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197 VacV encodes for several immune evasion

TME and mount a tumour-specific immune response
proteins that interact with different key components and pathways of the host immune system!'®.
Engineering these proteins can enable researchers to target the activation or the inhibition of

specific immune pathways that are proven to play a role in eradicating or promoting certain kinds

of neoplasia.

1.3.3.1. VacV Strains

Multiple strains of VacV exist, each with a different virulence profile and inherent oncolytic
capabilities. Three strains: Wyeth (Wy), Western, Reserve (WR), and Copenhagen (Cop)'*’
standout in the context of oncolytic therapy and are being investigated in this space’®. The Wy
strain is the least virulent of the oncolytic strains and was used extensively in North America as
the smallpox vaccine. It has minimal inherent tumour selectivity, but it has been engineered to
enhance its selectivity and oncolytic capacity'**2®. The WR strain emerged as a primary laboratory
strain derived from Wy after passage in mice and thus has minimal clinical use in humans. It has
an inherent selectivity to cancer cells in vitro and a superior oncolytic activity****!. The Cop
strain was used in Northern Europe as a smallpox vaccine, but was withdrawn due to high levels
of toxicity?®. An attenuated version of Cop was latter engineered and used as a gene therapy
platform to deliver the fusion suicide gene FCUI selectively to tumours to activate the prodrug

5-fluorocytosine (5-FC)'”.

1.3.3.2. Genetic modifications to VacV backbone

Early research efforts have been directed towards enhancing the safety and inherent
cancer selectivity of the different VacV strains. The general approach of these efforts entails the
genetic deletion or truncation of virulence genes to reduce its ability to proliferate in most normal
cells while maintaining its ability to replicate in tumour cells. One of the most targeted genes

to attenuate VacV is the thymidine kinase (7K) gene. VacV encodes for 7K which ensures the
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presence of enough supply of thymidine that is necessary for viral replication. The deletion of 7K
leads to the dependence of the virus on cellular 7K expression?>2%, In normal cells, cellular 7K
is regulated by the E2f transcription factors and is transiently expressed during the S phase of the
cell cycle in proliferating cells. Tumour cells, on the other hand, often express high levels of 7K

204 VacV also expresses an EGF homologue

constitutively regardless of their proliferation status
(vaccinia growth factor; VGF) that binds EGFR?*. When a host cell is infected, it starts secreting
VGF which acts in autocrine and paracrine capacities to induce EGFR-mediated cell proliferation
in both the infected and surrounding non-infected cells. VGF VacV has been demonstrated to
replicate less efficiently in normal cell lines and display less pathogenicity in mice following in
vivo infection®®. VacV strains with deletions in both TK and VGF (known as double deleted VacV;
vvDD) have been shown to selectively replicate in cancers with an activated EGFR pathway?!2%",
Deletion of other virulence genes including immunomodulatory genes (e.g. BISR)*® and
apoptosis inhibitors®” has been reported to enhance the tumour selectivity and the safety profile
of VacV vectors. By and large, those immunomodulatory virulence proteins function to shield
the infected cells from pre-mature immune clearance and secure the production of more viral
progeny. As such, it could be postulated that complex DNA viruses like VacV are not the best
vaccination platforms since their diverse array of virulence proteins might lead to an attenuated
immune response. However, the unparalleled success of VacV in the eradication of smallpox
suggests otherwise. We believe that the redundancy of the immune system helps compensate for
the effects of these virulence proteins and ultimately leads to a more refined immune response that
strikes the right balance between inflammatory and anti-inflammatory pathways. The examples
of genetic modifications to VacV presented here are not extensive and aim to provide a glimpse of
the flexibility of VacV as a platform that can be tailored to specific and varied tumour phenotypes
for optimal safety and efficacy. The experiments performed in this thesis were done using the 7K

WR strain backbone.
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1.3.3.3.  VacV replication cycle

Poxviruses coordinate the process of genome replication and virion assembly through
temporal regulation of gene expression. Proteins involved in DNA replication?!*2'2, nucleotide
biosynthesis?"?, evasion of host defense?'*2!¢ and other components needed for the process of early
transcription are contained within the viral core along with the viral DNA. A DNA-dependent
RNA polymerase is also contained within the viral core, leading to the synthesis of early
messenger RNA, which upon translation yields early-stage proteins involved in the uncoating
of viral DNA, DNA replication, and transactivation of intermediate mRNA?!'". The replication
process takes place at discrete foci in endoplasmic reticulum (ER)-enclosed cytoplasmic mini-
nuclei known as “poxvirus factories”'®. Following genome replication, intermediate mRNA is
then expressed through transcription factors encoded by early genes. Intermediate gene products
then activate the transcription of late genes. Late gene products include proteins important for
virion assembly and morphogenesis as well as enzymes and factors required for early gene
transcription to be packaged inside progeny virions for use upon entry to a new host cell in the
next cycle of infection'®>2'. This coupling of genome replication to the switch from early to late
gene expression makes it possible to interrupt the infectious cycle through inhibition of DNA
synthesis using either chemical inhibitors or mutations that block DNA replication resulting in
the persistence of early gene transcription and inhibition of intermediate and subsequent late gene
transcription®?. Notably, the cytopathic effect of VacV is induced soon after viral entry due to the
hijacking of the host translational machinery and the early viral enzymes that completely shut
down host cell functions?*!. Upon completion of the replication cycle, VacV can produce four
different types of infectious virions. The intracellular mature virus (IMV) is the most abundant
form of virus and is retained within the infected cells. The IMV is released upon cell lysis and goes
on to infect neighboring cells and start a new infection cycle*?2. The intracellular enveloped virus
(IEV) is formed when an IMV is wrapped in a cell-derived lipid bilayer derived from the early

endosomes or trans-Golgi network (TGN) and enables the virus migration along microtubules to
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the cell membrane that fuses with the envelop and pushes the virion to the outer cell surface??.
As such, virions are tethered to the outside of cells forming the cell-associated enveloped virus
(CEV)**. The CEV can mediate the infection of neighboring cells by actin tail formation initiated
by the infected cells*®. This process is important for cell-to-cell spread of VacV. Alternatively,
CEVs can be released from the cell surface as extracellular enveloped viruses (EVVs), that are

responsible for long-range transmission of VacV in vivo?.

1.4. Route of administration

The route of OV administration is an area of controversy in the field. Intratumoural (IT)
delivery of OVs is used in ~50% of clinical trials, while intravenous (IV) delivery is used in ~35%
of the trials**’. Although numerous clinical trials have been emphasizing the importance of IT
delivery of OVs, systemic delivery is required for metastatic disease. The argument for using IT
delivery is that oncolysis is enhanced due to higher local concentrations of virions in the TME.
Additionally, viral mediated modulation of inflammation within the TME is arguably maximized
upon IT injection. On the other hand, the goal of systemic delivery is to inject enough virus beyond
the viremic threshold so that the virus can reach the different metastatic sites and cause tumour
destruction. In this case, the oncolysis as well as the local immune-mediated effects of OVs could
be variable depending on the number of virions infiltrating each tumour site whereas systemic
effects of the virus will be optimized. In a phase I clinical trial, intravenous (IV) administration
of JX594 (an oncolytic VacV) resulted in recoverable virus from tumour biopsies only at viremic
threshold of > 107 infectious units**®. This indicates that extravasation of OVs to the TME is
concentration-dependent and not a tropism-driven process. Virus sequestration in the liver and
spleen by the mononuclear phagocytic system (MPS) represents a challenge for achieving high
viremic concentration, and hence tumour infection, following IV delivery'?’. Additionally, soluble
factors in the circulation e.g., antibodies, complement components, and coagulation factors

coat the virus surface and facilitate the binding of virus particles to Fcy receptors, complement
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receptors or scavenger receptors on macrophages and endothelial cells leading to receptor-
mediated phagocytosis and accelerated clearance from the circulation®”. Strategies to minimize
sequestration include chemically conjugating the viral coat proteins using biocompatible
polymers e.g., polyethylene glycol (PEG), N-[2-hydroxypropyl]methacrylamide (HPMA)*%2!,
For example, PEGylated adenovirus 5 (Ad5) was shown to experience four-fold slower clearance
than uncoated Ad5**?. Similarly, HPMA-coated adenovirus was reported to have better shielding

233 An alternative

against neutralizing antibodies and thus have a prolonged circulatory half-life
strategy to enhance the delivery of OVs to tumour sites after systemic injection is to hide them
inside carrier cells**. In a preclinical study, dendritic cells and T cells were loaded with reovirus to
shield the virus from systemic neutralization following IV administration®**. The authors showed
that pre-existing immunity to reovirus had a critical effect on determining the balance between
anti-viral and anti-tumour immunity and proposed that DCs may be an appropriate vehicle for

delivering reovirus to solid tumours?>. In the current work we shed the light on the effect of OV

route of administration on the anti-tumour immunity, tumour control and long-term efficacy.

1.5. ACT + OVV: synergy at its best

The Wan lab has previously reported on the use of heterologous prime-boost protocols to
expand primed tumour antigen-specific T cells'®”23¢. By engineering OV vectors to express TAAs,
they gain an extra dimension of functionality by being able to engage and expand tumour-specific
T cells turning them into oncolytic viral vaccines (OVVs)'®:2%, However, the use of a viral vector
to prime the immune response is not ideal for various reasons. In the context of therapeutic
vaccination, it could be costly to wait for the priming response before administering the booster
dose. Pre-mature administration of the booster dose can result in suboptimal responses as the
acute phase of the priming response could clear the antigen-loaded DCs and weaken the boosting
responses. We have previously shown that VSV is able to get away from the acute phase clearance

by infecting the follicular B cells in the spleen, which shields the antigen from the circulating
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T cells'®®. While this property promotes the use of VSV as a booster vector it takes away the
flexibility of the platform to accommodate other viral backbones. An alternative strategy to replace
the priming phase of the therapy is to adoptively transfer primed central-memory-like T cells prior
to using a boosting OVV. We highlighted the role of ACT as a standalone immunotherapeutic
modality in an earlier section. Impediments to the efficient trafficking of the transferred cells
to the TME represent a challenge to the success of ACT in solid tumours*’. Additionally, the
persistence of transferred cells has been a challenge to the ACT platform especially when using
highly cytolytic terminally differentiated effector T cells. More rigorous investigation of different
subsets of T cells along the continuum of differentiation demonstrated the superiority of less
differentiated T cells to their more differentiated counterparts®®. Reflecting on these two pieces
of information, we can start to appreciate how OVVs are ideally suited to synergize with ACT.

The model we envision is that upon transfer of CD62L-expressing T.. , they would traffic to

o
secondary lymphoid organs and be ready to expand through boosting with an OVV expressing
the same antigen. Additionally, the inflammatory environment established upon OVV infection of
the tumour would facilitate the recruitment of expanded T cells to the TME, a phenomenon that
we refer to as “push-and-pull” (Fig. 1.1). Proof of concept that such therapeutic system works has
been published by the Wan lab, where we demonstrate the robustness of the therapy as well as the
flexibility of the system using different target antigens across different mouse strains*°-2*!.,

As an additional layer of flexibility, we have established the utility of T, ACT cells in
combination with a diversity of oncolytic virus vectors, including VSV and VacV. Previous studies
in the lab have shown differences in autoimmune toxicity correlated with virus vector usage and
associated modulation of the immune system. However, autoimmune toxicity caused the treated
mice to reach endpoint early and observation of anti-tumour effect was truncated. Thus, we have
yet to explore whether differences in viral vectors and their modulation of systemic immunity and
the TME translates to differences in anti-tumour efficacy. In this thesis I will continue to develop

this therapeutic platform, focusing on the role of the virus backbone in modulating the immune

system and looking for distinct clinical outcomes that may arise due to this modulation. Not only
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Figure 1.1 | Illustration showing the working model of ACT + OVYV therapy

The attack of OVVs on the tumours cause the lysis of tumour cells and the expression of virus-
encoded TAAs. APCs capture TAAs or become directly infected with OVVs and migrate to
secondary lymphoid organs (e.g. a draining lymph node) where APCs meet T, -like T cells
causing them to expand (push). The inflammation created in the TME by the viral infection
recruits the expanded T cells to the TME (pull). The infiltrating T cells recognize tumour cells and

attack them leading to tumour cell death.
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will these studies allow us to determine the mechanisms by which virus vectors can modulate anti-

tumour immunity but they will also help us implement this knowledge to develop our therapeutic

platform and drive the cancer immunotherapy field forward.

1.6. Aims of the work

This thesis aims to investigate the specific aspects and mechanisms of the OVV and ACT
combination therapy related to the choice of the OV backbone and its effect on the immune system
and therapy induced anti-tumour immunity. With these studies and by building upon the previous
work done at the Wan lab we will gain a better understanding of the determinants of success of
such therapeutic platform. The broad aim of this work was to compare the therapeutic outcomes
observed in treating the B16 melanoma model using ACT in combination with VacV or VSV.
More specifically, we aim to address the following points:

1. Characterize the long-term anti-tumour efficacy of VSV-vs. VacV-based OV Vs in combination
with ACT in B16 tumour model.
Hypothesis: VacV leads to less treatment-induced antigen loss due to its anti-inflammatory
viral proteins that help balance the immune attack on the tumour

2. Assess the effect of OV route of administration on the long-term efficacy of VSV- and VacV-
based OVVs in combination with ACT.
Hypothesis: IT injection enhances virion exposure and replication in the tumour, thereby
augmenting viral-mediated immune modulation and facilitating anti-tumour immunity in
the TME.

3. Study the contribution of intratumoural virus replication in modifying the TME and achieving
the desired clinical efficacy of ACT + OVV.
Hypothesis: Oncolysis is necessary but insufficient to prevent immune escape and tumour
relapse

4. Study the effects of VSV and VacV-based OVVs in combination with ACT on altering the
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cellular landscape and TME transcriptome.
Hypothesis: VacV leads to more drastic changes in the TME due to its complex genome
and more extensive interaction with the host immune system allowing recruitment of more
innate immune cells to complement CD8" T cell attack.

5. Assess the effect of cellular and molecular signatures observed in ACT + VacV treated tumours
in the disease progression/outcome in human patients.
Hypothesis: Similar to was observed with VacV treated tumours, a more balanced / refined
inflammatory signature correlates with positive prognosis and better overall survival in

cancer patients
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Chapter2 —  Materials and Methods
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2.1. Mice

C57BL/6 were purchased from Charles River Laboratories (Wilmington, MA). B6.PL-
Thy1?/CyJ (Thyl.1 congenic mice) were obtained from The Jackson Laboratory (Bar Harbor,
ME). B6.Cg-Tcrat™™emTg(TcrLCMV)327Sdz (referred to as P14 mice) were initially purchased
from Taconic Breeding Laboratories (Germantown, NY, USA), then a colony was established
and bred in the Central Animal Facility (CAF) at McMaster University. Thyl.1"P14 T cells were
generated in the CAF at McMaster University by breeding P14 mice against Thyl.1" congenic
mice. All animal experimentation was approved by McMaster University’s Animal Research

Ethics Board (AREB) and complied with the Canadian Council on Animal Care guidelines.

2.2. Cell lines

Murine melanoma B16 cells or colon adenocarcinoma MC38 cells that are stably
transduced to express gp,, , epitope from the LCMV glycoprotein (referred to as B16gp33 and
MC38gp33 respectively) were used to establish the in vivo tumour models**>**. B16gp33 cells
were maintained in Dulbecco’s modified Eagle’s medium /Nutrient Mixture F-12 (DMEM/F12)
supplemented with 5% fetal bovine serum (FBS), ImM sodium pyruvate, 2mM L-glutamine,
0.ImM non-essential amino acids, 10mM HEPES, 55uM B-mercaptoethanol, 100 U/ml penicillin
and 100pg/ml streptomycin (Thermo Fisher Scientific). To ensure the stable expression of gp., |
construct, B16gp33 cells were further supplemented with 800ug/ml G418 (Sigma). MC38gp33
cells were maintained in DMEM medium supplemented with 5% fetal bovine serum (FBS), ImM
sodium pyruvate, 2mM L-glutamine, 0.lmM non-essential amino acids, 10mM HEPES, 100 U/
ml penicillin and 100pg/ml streptomycin. For viral titration experiments, kidney CV-1 cells were
maintained in Minimum Essential Medium (MEM) supplemented with 5% fetal bovine serum

(FBS). All cell lines were grown at 37°C in a 5% CO, — humidified incubator.
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2.3. In vivo tumour models

To establish a treatable tumour, six- to eight-week-old C57BL/6 mice were injected
intradermally with 2 x10° B16gp33 or MC38gp33. The cells were resuspended in 30 uL of PBS for
injection. B16gp33 reached a treatable volume of 50 -100 mm?® after 5-7 days, while MC38gp33

required 7-10 days to reach the same volume.

2.4. Tumour growth monitoring

Tumours were monitored by measuring their volume calculated as L*W*H using electronic
calibers. 1000mm?® was used as the endpoint as specified in the animal utilization protocol (AUP)
in agreement with the CAF at McMaster University. Animals showing signs of sickness due to

tumour ulceration and infection prior to endpoint were euthanized as per AREB guidelines.

2.5. Adoptive T cell transfer

Spleens from P14 or Thy1.1"P14 mice we processed to a single cell suspension. Red blood
cells were lysed using ACK lysis buffer. Bulk splenocytes from transgenic mice were cultured for
7 days in RPMI 1640 supplemented with 10% FBS, 100 U/ml penicillin, 100 ng/ml streptomycin,
2 mM L-glutamine, and 55uM B-mercaptoethanol. Splenocytes were stimulated with 100 ng/
ml gp33 peptide (Biomer Technologies) in the presence of 10 ng/ml IL-15, 10 ng/ml IL-21
(BioLegend), and 20 ng/ml rapamycin (Sigma-Aldrich). Unless otherwise specified, 1x10°P14 or
Thy1.1"P14 cells were injected IV in B16gp33 tumour-bearing C57BL/6 mice.

2.6. Viruses

Recombinant Vesicular Stomatitis virus (VSV), and Vaccinia Virus (VacV) expressing
the CD8* and CD4" T cell immunodominant epitopes of the lymphocytic choriomeningitis virus
glycoprotein (LCMV-gp,, , and LCMV-gp, ., respectively) in a minigene cassette were used for

our studies (denoted as VSVgp33 and VacVgp33)*42%4. Unless otherwise specified, VSVgp33 was
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administered IV or IT at 2 x 10® PFU diluted to 200 puL or 50 uL in PBS respectively. VacVgp33
was administered IV or IT at 1 x 10® PDF diluted to 200 uL or 50 puL in PBS respectively.

2.7. Organ processing

2.7.1. Blood processing

100-200 pl of blood were collected from the periorbital sinus and red blood cells were
lysed using ACK buffer. The resulting cell suspension were washed in PBS or FACS buftfered and

stained or stimulated as per the experimental design.

2.7.2. Spleen Processing

Spleens from euthanized mice we processed to a single cell suspension by breaking
down the tissue using two microscope glass slides. Red blood cells were lysed using ACK lysis
buffer. The resulting cell suspension was washed in FACS buffer and stained as indicated in each

experiment.

2.7.3. Lymph nodes processing

Draining and/or non-draining lymph nodes from euthanized mice were processed to single
cell suspensions by breaking down the tissue between two microscopic slides. The resulting
cell suspension were washed in PBS or FACS buffered and stained or stimulated as per the

experimental design.

2.74. Tumour processing

Using a scalpel and scissors, tumours were surgically removed and placed into a pre-
weighed Eppendorf tube containing a small volume of RMPI-1640 with 10% FBS. Scissors were

then used to cut the tumours into small pieces within the tube. The cut tumours were then incubated
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in freshly prepared dissociation mixtures of collagenase type IV (0.5 mg/mL) and DNase 1 (0.2
mg/ mL) in RPMI-1640 media with 10% FBS and 5SmM CaCl,. 10 mL of dissociation mix were
used per 0.1 mg of tumour. The tubes were placed into a temperature-controlled orbital shaker for
1h at 37°C with 200 rpm agitation. Two volumes of cold RPMI-1640 media with 10% FBS and
2mM EDTA were added to neutralize the collagenase activity and the tumours were refrigerated
for 10 min. Finally, the tumours were passed through 70pum cell strainers, and the resulting cell
suspension was washed in PBS or FACS. The resulting cells were stained as per the specific panel

design of every experiment.

2.8. Surface and intracellular staining and Flow cytometry

Cell suspensions obtained from various processing protocols were washed using FACS
buffer (PBS with 2% BSA and 2 mM EDTA). For surface staining, cells were treated with anti-
CD16/ CD32 (Fc block) and surface stained with fluorescently conjugated antibodies against
the specific cell surface markers (BD Biosciences). In case intracellular staining is specified, the
cells were permeabilized and fixed with Cytofix/Cytoperm (BD Pharmingen) and stained using
fluorescently conjugated antibodies against the specified intracellular targets. Data were acquired
using LSRFortessa flow cytometer with FACSDiva software (BD Pharmingen) and analyzed with

FlowJo Mac, version 10.7.1 software (BD Biosciences).

2.9. Intracellular cytokine staining

Peripheral blood mononuclear cell were collected and processed as described before. The
cells were stimulated with gp.. ,, peptide (1 pg/ml) in the presence of brefeldin A (GolgiPlug; BD
Pharmingen, 1pg/ml added after 1 hour of incubation). After 5 hours of total incubation time, cells

were stained and analyzed using flow cytometry as previously described.
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2.10. Invivo T cell proliferation assay

B16gp33 tumour-bearing mice were treated with P14 T cells followed by VacVgp33
delivered IV or IT in the presence of FTY720 (4pg/g, Cayman Chemical, Michigan, USA). Mice
were scarified at days 1, 2 and 3 following VacV administration and various lymphoid tissues were

collected. The tissues were processed, stained and analyzed using flow cytometry as previously

described.

2.11. Clariom S Assay

B16gp33 tumour-bearing mice were treated with P14 T cells followed by VacVgp33 or
VSVgp33 or PBS IT. 48 hours later, the mice were euthanized, and the tumours were collected and
homogenized using a tissue homogenizer. Total RNA was extracted using RNeasy kit (Qiagen)
according to the manufacturer’s protocol. RNA was normalized to an input amount of 100 ng
and was submitted to Dr. Pare Genetic and Molecular Epidemiology Laboratory for Affymetrix
Clariom S mouse assay. RNA underwent reverse transcription. cDNA was purified using magnetic
beads and fragmented using UDG. Fragmented samples were hybridized to the microarray chips
at 45 °C overnight. Stained arrays are scanned to generate intensity data. All reagent kits and

arrays were purchased from Thermo Fisher Scientific (Loughborough, United Kingdom).

2.12. Clariom S data analysis

CEL files were preprocessed using the oligo package that utilizes multichip average
method (RMA) for normalization®*. Differentially expressed genes (DEGs) between the different
treatment conditions were estimated using the Limma package’’. Genes were considered
differentially expressed if at least 2-fold change is returned with an adjusted P value < 0.05.
Biological Process (BP) domain of the Gene Ontology (GO) annotations was used to identify the

overrepresented biological processes using clusterProfiler R package?**°. Gene Set Enrichment
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Analysis (GSEA) was done using f{GSEA R package®!%2. Hallmark gene sets from the Molecular
Signatures Database (MSigDB) were used for the GSEA analysis*®.

2.13. Patient gene signature analysis

A cohort of 469 patients with Skin Cutaneous Melanoma (SKCM) data generated by
The Cancer Genome Atlas (TCGA) was used for the analysis. Clinical data of the patients was
obtained from the cBio Cancer Genomics Portal (http://cbioportal.org)***. Gene set variation
analysis (GSVA) was used to estimate sample-wise gene set enrichment score using the GSVA
R package®®. Fitting of univariate cox proportional hazard regression model was done using

survival R package®’.

2.14. In silico cytometry and survival correlation analysis

RSEM-normalized RNASeq data for SKCM cohort of 469 patients were downloaded

from the firebrowser (http://firebrowse.org). Estimation of the immune cell subsets in each sample

was performed using CIBERSORTx with the LM22%* gene set on the CIBERSORTx website

(http://cibersortx.stanford.edu). Individual subtypes or phenotypes of each population was added

together to simplify the analysis. The median value for each immune cell subset was used to
classify patients into high and low groups. Clinical data of the patients was obtained from the
cBioportal (http://cbioportal.org)®*?**, The overall survival of patients with high and low infiltrates
for each immune population was plotted using Kaplan-Meier method and log-rank test was used

to calculate the statistical significance.

2.15. In vivo depletion

Antibodies were given intraperitoneally at an initial dose of 250 pg one day before virus
injection and another dose of 250 pg one day after virus injection. Anti-CD8 (clone 2.43, Bio X

Cell), and anti-NK1.1 (in house produced from hybridoma cell line) depletion were maintained by
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giving a weekly injection of 250 pug. Anti-Ly6G (1A8 clone, Biolegend) was injected every 4th day

at the same dose.

2.16. Heat inactivation

VacV was incubated at 55°C for 1 hour using a heat block. The virus was then used directly

for in vitro or in vivo experiments.

2.17. Psoralen Long Wavelength Ultraviolet Inactivation

VacV was incubated with 10 pg/ml Psoralen (Sigma) for 10 min in a 6-well plate. The
virus was then exposed to 365nm UV light for 10 min using Longwave Ultraviolet Crosslinker

(Cole-Parmer).

2.18. X-gal staining protocol

CV-1 cells were seeded in 6-well plates to form a monolayer. The cells were infected
using VacV in different MOIs. 24h after infection, X-gal Fixation buffer (0.1M phosphate buffer
(pH 7.3) supplemented with 5 mM EGTA (Sigma), pH 7.3, 2 mM MgCl, and 0.2% glutareldahyde
(Sigma) was added to the cells for 15 mins followed by 2 cycles of washing using the X-gal
washing buffer (0.1M phosphate buffer (pH 7.3) supplemented with 2 mM MgCl,). X-gal staining
buffer containing 1 mg/ml X-gal was then added to the cells and left overnight at 37°C. Next day,

the solution was aspirated off and the washing buffer was used to wash the cells.

2.19. Immunofluorescence (performed by Sreedevi Kesavan)

B16gp33 cells were plated onto 18x18mm glass cover slips and infected with VSV-gp33
and Vaccinia-gp33 for 6 hours or exposed to 20uM H,O, for 1 hour. Cells were then harvested,
fixed, and permeabilized using BD Transcription Factor Phospho Buffer Set (Catalog No. 563239)

and then incubated in methanol overnight at -20°C. Samples were then blocked with 10%BSA +
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10%FBS in PBS for 1 hour before an overnight incubation with an anti-NBS1 antibody (NOVUS
#7E4A2) in blocking buffer at 1:200 concentration. The next day, slides were incubated with
Rabbit a Mouse Alexa488 secondary antibody at the 1:200 concentration. (Jackson #315-545-
003) and counterstained with 10ug/mL of Hoechst dye. Cover slips were then inverted on glass

slides and sandwiched with 80uL of Permount and sealed with nail polish.

2.20. Data wrangling, visualization, and statistical analysis

R studio was used for data analysis®*. Data wrangling and processing was done using
Tidyverse* and Tidyr**' R packages. Data visualization was done using ggplot2 R package®®.
Heatmaps were created using ComplexHeatmap R package?”. Enrichment networks were
visualized using clusterProfiler R package*’. Kaplan-Meier survival analysis was done using the
survminer R package and log-rank test was used to calculate statistical significance®®. Statistical
analysis was done using rstatix R package®. Other packages used are specified in their relevant

sections. Differences between means were considered significant at p < 0.05 and were indicated

by *.
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Chapter3 —  Studying the effect of the viral backbone on the

Efficacy of ACT + OVV
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3.1. Introduction

Previous work by the Wan lab demonstrated that Vesicular Stomatitis Virus (VSV)-based
oncolytic viral vaccines (OVVs) can expand adoptively-transferred tumour-specific T cells
(ACT) leading to complete tumour regression. Three different antigen-model systems based on
B16 melanoma and CMS-5 fibrosarcoma tumours were tested to assess the robustness of the
combination therapy. T cells with T cell receptors (TCRs) specific for a self-epitope, dopachrome
tautomerase at residues 180 — 188 (DCT; 24HOR T cells), a foreign epitope derived from
Lymphocytic Choriomeningitis Virus (LCMV) glycoprotein at residues 33-41 (gp33; P14 T cells),
or a neo-epitope derived from a mutated ERK protein at residues 136 — 144 (ErkM, ,; DUCI8 T
cells), were combined with VSV vectors encoding the relevant epitope. In all three models, initial
tumour regression was observed. However, Walsh et al. observed that in case of targeting DCT,
surviving mice developed vitiligo which indicates melanocyte damage, pointing to autoimmune
pathology®*®. They extended the analysis to RIP-gp mouse model, in which LCMV glycoprotein
is expressed under the control of rat insulin promoter (RIP) resulting in the expression of LCMV
glycoprotein in pancreatic B-cells. Tumour bearing-mice treated with ACT + OVV developed
diabetes concomitant with T cell-mediated tumour regression, indicating the treatment-mediated
loss of insulin producing B-cells tied to therapeutic efficacy at the tumour. Interestingly, the use
of Vaccinia Virus (VacV)-based OVV resulted in similar tumour regression in the absence of
diabetes. Furthermore, induction of diabetes in VSV treated mice truncated the tumour regression
observation as this represented an endpoint and mice had to be euthanized. The discrepancy in
the outcome between both viruses promoted us to further investigate the different biological
properties between both viruses and understand how their interaction with the host immune
system can shape the outcome of ACT + OVV therapeutic protocol. In this chapter, we sought to
study the effects of altering the backbone of OVV on the efficacy of ACT + OVV therapy. Our
results demonstrate that despite the ability of both viruses to expand the antigen specific CD8"

T cells, we observed that VacV leads to more durable tumour control and statistically significant
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improvement in the overall survival of mice.

3.2. Results

3.2.1. Triple combination of IL-15, IL-21, and Rapamycin yield

memory-like CD8" T cells with strong proliferative capacity

We have previously demonstrated the ability of rhabdoviruses expressing tumour-specific
antigens to engage and expand tumour-specific T, in prime-boost models'"'***. We had also
shown their ability to expand T, derived from Lymphocytic Choriomeningitis virus (LCMV)-
infected mice**'. However, using a natural infection model is inefficient to generate T, cells
in a timely manner with high enough yield for experimental use and is not a viable strategy for
clinical implementation. Hence, we shifted to using transgenic LCMV P14 TCR mice where
CD8" T cells express T cell receptor (TCR) specific for gp,, ,, antigen (denoted as P14 T cells).
Gattinoni et al. have previously shown that T central memory (T_,,) and T stem cell memory
(T

) cells are superior to T effector memory (T,,,) and T effector (T_.,) cells in terms of their

SCM EFF

replication capacity and anti-tumour efficacy?®’. In order to maximize the expansion capacity of
T cells following the OVV boosting, we developed a protocol to culture tumour-specific CD8" T
cells ex vivo into a T, / T, phenotype. Zeng et al. reported on the synergy of IL-21 and IL-15
in promoting CD44" memory CD8" T cells?®. Additionally, He et al. demonstrated the ability of
Rapamycin to generate long-lived memory CD8" T cells*’. We tested the use of a combination of
IL-15 and IL-21 in the presence or absence of Rapamycin to culture CD8" T cells. As a control,
we cultured CD8" T cells in the presence of IL-2 which is known to drive the CD8" T cells into a
terminally differentiated effector phenotype*’**’!. In all cases, 0.1 pg/ml of gp33 peptide was used
to provide TCR stimulation for gp33-specific CD8" T cells. Flow cytometry was used to analyze
the expression of CD62L and CD44 as a phenotypic readout to determine the identity of CD8" T

cells. Using these markers, CD8" T cells may be subdivided into three different populations: T,
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Figure 3.1 | Triple combination of IL-15, IL-21 and Rapamycin yield memory-like CD8+ T
cells with strong proliferative capacity

Spleens from P14 or Thyl.1"P14 mice we processed to a single cell suspension. Red blood
cells were lysed using ACK lysis buffer. Splenocytes were stimulated with gp33 peptide in the
presence of IL-2 or IL-15 and IL-21 + rapamycin. At day 3 and day 6 post culture initiation, the
cells were collected, washed and stained for phenotype analysis using flow cytometry (A) Scatter
plots showing the expression of CD44 and CD62L in different conditions (B) Summary of the

phenotypic proportions resulting in each culture condition
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(CD62L CD44"), T, (CD62LHCD44%), and T, (CD62L¥CD44™) 22273, On day 3 post culture

scMm
seeding, we observed that in the presence of IL-2 or IL-15/IL-21, ~ 70 % of the cells showed a
T,,, phenotype (Fig. 3.1 A-B). The addition of Rapamycin to IL-15/IL-21 caused a shift in CD62L
expression and resulted in ~ 70% of the cells being T, (Fig. 3.1 A-B). On day 6, > 90% of the
cells treated with IL-2 displayed a T, phenotype. IL-15/IL-21 - treated cells maintained the same
phenotype as on day 3 with most cells (~70%) displaying T_,, phenotype and only ~ 20% of the
cells showing T, phenotype. Interestingly, the presence of Rapamycin in culture pushed the cells
away from T, phenotype and resulted in equal proportions of T, and T, cells (Fig. 3.1 A-B).
In conclusion, the triple of combination of IL-15, IL-21 and Rapamycin resulted in a heterogenous
population of T, and T, cells, whereas IL-2 or IL-15 and IL-21 in the absence of Rapamycin

resulted in mostly T, with some T, Moving forward we used the triple combination of IL-15,

IL-21, and Rapamycin to culture CD8" T cells for ACT purposes.

3.2.2. Boosting ACT with oncolytic viral vaccines results in T cell

expansion and tumour regression

In order to test the efficacy of combining ACT with OVV, we employed the
B16gp33 melanoma tumour model, where B16 cells were stably transfection with gp..
epitope. C57BL/6 mice were intradermally implanted with 2 x 10° B16gp33 cells. Tumours were
allowed to grow for 5 days to a size of ~ 50 - 100 mm® and were then treated using 10° P14 T,
cells cultured as previously described or PBS, followed by 2 x 10® pfu of VSV engineered to
expressed gp.., ,, epitope (VSVgp33) or PBS 24 h later (Fig. 3.2 A). Both P14 T, and VSVgp33
were delivered intravenously (IV) as earlier characterization had proven IV to be the superior
route of delivering rhabdoviruses for achieving the maximum expansion of CD8" T cells'®®. Using
flow cytometry-based intracellular cytokine staining (ICS), we quantified the gp33-specific [FNy*
CDS8" T cells in the circulation at days 5 and 12 post virus injection (pvi). We observed that the

combination of ACT + OVV boosted gp33-specific CD8" T cells to a mean of 12.9% + 1.31% at
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Figure 3.2 | Boosting ACT with oncolytic viral vaccines results in T cell expansion and
tumour regression

(A) Schematic illustration showing the treatment protocol. (B) C57BL/6 mice (n=5) were
intradermally implanted with 2x10° B16gp33, and the 5-day old tumours were treated using 1x10°
adoptively transferred P14 T cells or PBS followed by either 1x10® pfu VSVgp33 or PBS. At
days 5 and 12 pvi, blood samples were collected, processed, stained for intracellular IFNy and
analyzed using flow cytometry. Data is presented as the percentage of [FNy* gp33-specific CD8"
T cells/total CD8" T cells in the peripheral circulation. Pairwise t-test with BH correction was
performed to compare each pair of treatments at each time point independently. The horizontal
bars represent means + SEM (C) Tumour volumes were continuously measured every third day
and are presented as length * width * height. (D) Overall survival was monitored for up to 60 days
post tumour challenge. Mice from at least 2 independent experiments were pooled to calculate the
survival statistics using log-rank test and create Kaplan-Meier plots. *p < 0.05, **p <0.01, ***p

<0.001, ****p <0.0001
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day 5, while VSVgp33 alone treatment resulted in a mean of 2.68% = 0.5%. ACT treatment with
no OVV boosting led to undetectable responses (Fig. 3.2 B). At day 12, the responses dropped to
< 1% in all 3 conditions (Fig. 3.2 B). The expansion of P14 T cells in ACT + OV V-treated mice
correlated with remarkable tumour regression, where tumours were completely gone ~ 14 days
pvi (Fig. 3.2 C). On the other hand, ACT alone had no significant impact on tumour growth while
VSVgp33 treatment slowed down tumour growth but caused no regression (Fig. 3.2 C). This
resulted in a statistically significant increase in overall mice survival (p value < 0.0001; log-rank
test) (Fig. 3.2 D). Unfortunately, the tumour regression observed in the P14 + VSVgp33-treated

mice was short-lived and the mice developed relapsing tumours 10 days after remission.

3.2.3. Using Vaccinia virus-based OVYV improves overall survival with

less incidence of relapse

We next tested whether changing the OV backbone will have an influence on the
therapeutic effect of ACT + OVV. Because of the initial data observed by Scott Walsh in the
context of RIP-gp model, we elected to use Vaccinia virus (VacV) engineered to express gp.,, ,,
epitope and assessed its efficacy in boosting P14 T cells and controlling B16gp33 tumours. To this
end, B16gp33 tumours at a size of 50 — 100 mm?® were treated using P14 T cells and VSVgp33
or VacVgp33 delivered IV (Fig. 3.3 A). Although we did not observe a statistically significant
difference in the levels of gp33-specific [IFNy" CD8" T cells in the circulation at days 5 and 12 pvi,
there were some time-point-dependent disparities between the different virus treatments (Fig. 3.3
B). P14 + VSVgp33 treatment resulted in a slightly higher levels of gp33-specific IFNy" CD8*
T cells at day 5 pvi with a mean of 12.3% + 0.623% compared to a mean of 6.77% + 0.327% in
case of P14 + VacVgp33. At day 12 pvi, we observed higher levels of gp33-specific [IFNy" CD8* T
cells in mice treated with P14 + VacVgp33 with a mean of 4.17% + 0.523% compared to a mean
of 1.32% + 0.124%. Both viruses showed an equal ability to regress B16gp33 tumours in the

initial phase of treatment (Fig. 3.3 C). Despite the lack of significant differences in CD8" T cell
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Figure 3.3 | Using Vaccinia virus-based OVYV improves overall survival with less incidence
of relapse

(A) Schematic illustration showing the treatment protocol. (B) C57BL/6 mice (n=5) were
intradermally implanted with 2x10° B16gp33, and the 5-day old tumours were treated using 1x10°
adoptively transferred P14 T cells followed by either 1x10® pfu VSVgp33 or VacVgp33 delivered
IV. At days 5 and 12 pvi, blood samples were collected, processed, stained for intracellular IFNy
and analyzed using flow cytometry. Data is presented as the percentage of IFNy* gp33-specific
CD8" T cells/total CD8" T cells in the peripheral circulation. Pairwise t-test with BH correction
was performed to compare each pair of treatments at each time point independently. The horizontal
bars represent means + SEM (C) Tumour volumes were continuously measured every third day
and are presented as length * width * height. (D) Overall survival was monitored for up to 60
days post tumour challenge. Mice from 3 independent experiments were pooled to calculate the
survival statistics using log-rank test and create Kaplan-Meier plots. *p < 0.05, **p <0.01, ***p

<0.001, ****p <0.0001
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responses, mice treated with P14 + VacVgp33 showed a statistically significant improvement in
overall survival with a median survival of 40 days in contrast to mice treated with P14 + VSV gp33
which had a median survival of 30 days (p value = 0.022; log-rank test) (Fig. 3.3 D). Moreover,
4/14 mice (~ 28.57%) treated with P14 + VacVgp33 showed durable responses with no relapsing
tumours. This is a clear improvement over the P14 + VSVgp33 treatment where only 1/15 mice (~

6.67%) showed a durable response with no relapse.

3.24. VacV and VSV lead to different systemic immune landscapes

In order to get a better understanding of the effects of the different viral backbones on
altering the immune populations in tumour-bearing mice, we treated B16gp33-bearing mice with
either P14 + VSVgp33, P14 + VacVgp33, or PBS, followed by harvesting their blood, and spleens
at days 1, 3 and 5 pvi. Organs for every 2 mice were pooled together into one sample to maximize
the number of recovered immune cells. Table 3.1 summarizes the antibodies and their respective
fluorescent channels used in this study. We analyzed CD8" T cells, CD4" T cells and NK cells.
The frequency of these populations remained consistent at different times in the circulation of
PBS treated mice (Table 3.2, Fig. 3.4 A). P14 + VSVgp33 treatment led to an initial drop in the
frequency of both CD4" and CD8" T cells in the circulation but not the NK cells at day 1 pvi.
This drop in T cell frequency was transient and both CD8" and CD4" T cells recovered by day 3
pvi (Table 3.2, Fig. 3.4 A). This is consistent with our collective observations in the Wan lab that
VSV treatment causes transient lymphopenia. It is worth noting that the observed increase in the
frequency of NK cells detected at day 1 pvi was not due to an increase in the numbers of NK cells.
Rather, the drop in T cells resulted in the over-representation of NK cells. In P14 + VacVgp33-
treated mice, we observed an increase in the total CD8" T cells at day 5 pvi (29.57% =+ 2.42%)
compared to both PBS and P14 + VSVgp33 treatments (19.43% =+ 0.26% and 19.17% =+ 0.63%
respectively) (Table 3.2, Fig. 3.4 A). Additionally, using ICS, we analyzed the frequency of gp33-

specific IFNy" CD8" T cells. At day 1 pvi, no detectable gp33-specific responses were detected
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Table 3.1 | List of antibodies and their respective fluorescent channels used to stain

blood and spleen samples

Marker Fluorescent channel
CD3 BV605
CDg8 BV711
CDh4 PE-Cy7
NKI.1 APC
I[FNg PE
FOXP3 FITC
Thyl.1 APC-Cy7
Fixable viability dye BV510
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Figure 3.4 | Lymphocyte analysis in blood and spleen following P14 + VacVgp33, P14 +
VSVgp33 or PBS treatment.

C57BL/6 mice (n=10 / treatment / time point) were intradermally implanted with 2x10° B16gp33
cells. 5 days later the mice were treated using 1x10° adoptively transferred P14 T cells followed
by 1 x 10® pfu VacVgp33 or VSVgp33 or PBS. At days 1, 3, and 5 post treatment, blood samples
and spleens were collected, processed, stained for the shown surface and intracellular markers
and analyzed using flow cytometry. Organs for every 2 mice were pooled together into one
sample. Shown is the frequency of each cell population with respect to the total viable cells or
the respective parent population in each organ. Pairwise t-test with BH correction was performed
on each cell population at each time point independently. The horizontal bars represent means +

SEM. *p < 0.05, **p <0.01, ***p <0.001, ****p <0.0001.
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in the circulation. In both P14 + VSVgp33 and P14 + VacVgp33 treatments, we detected gp33-
specific [IFNy* CD8" T cells at day 3 pvi at frequencies of 12.87% = 0.45% and 12.45% + 1.67%
respectively. The responses peaked at day 5 pvi reaching 19.86% + 0.97% and 21.75% = 1.31% in
P14 + VSVgp33 and P14 + VacVgp33 treatments respectively (Table 3.2, Fig. 3.4 A). Consistent
with what we had reported before, we observed no statistically significant difference in IFNy*
gp33-specific CD8" T cells between P14 + VacVgp33 and P14 + VSVgp33 treatment groups at
any time point. Unlike P14 + VSVgp33 treatment, P14 + VacVgp33 led to a significant increase
in the frequency of CD4" T cells in the circulation at day 1 pvi. This increase was transient and the
frequency of CD4" T cells dropped as the frequency of CD8" T cells started to rise. Interestingly,
P14 + VacVgp33 treatment led a statistically significant increase in the frequency of FOXP3™"
CD4" T cells (0.78% = 0.03%) compared to both PBS (0.38% = 0.01%) and P14 + VSVgp33
(0.4% + 0.02%) groups. Nevertheless, the biological impact of such difference is questionable
since the effect size is extremely small.

Consistent with what was observed in the circulation, P14 + VacVgp33 treatment led to
an overall increase in the frequency of CD8" T cells day 5 pvi in the spleen (Table 3.3, Fig.
3.4 B). The increase was statistically significant compared to both PBS and P14 + VSVgp33
groups (41.88% = 1.65% vs. 14.72% + 0.11% and 19.05% =+ 0.29% respectively). At day 1 pvi,
no IFNy™ gp33-specific CD8™ T cells were detected. Interestingly, gp33-specific CD8* T cells in
the spleen peaked at day 3 pvi in both P14 + VSVgp33 and P14 + VacVgp33 treatment groups
(18.92% + 1.07% and 21.83% = 0.7% respectively). The observed drop in frequency at day 5
pvi could be due to the recruitment of cells out of the spleen to the tumour site. The frequency
of both CD4" T cells and NK cells were lower in both P14 + VSVgp33 and P14 + VacVgp33
compared to PBS at all time-points (Table 3.2, Fig. 3.4 A). Moreover, we observed a gradual
increase in the frequency of FOXP3" CD4" T cells throughout the time course in PBS and P14
+ VSVgp33 treatments. On the other hand, P14 + VacVgp33 treatment led to a gradual decrease
in the frequency of the aforementioned cells (Table 3.2, Fig. 3.4 A). At day 5 pvi, we detected a

statistically significant difference in FOXP3" CD4" T cells between P14 + VacVgp33 treated mice
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(2.81% % 0.15%) and PBS (9.79% + 0.2%) or P14 + VSVgp33 (7.07% = 0.19%) treated mice. In
summation, P14 + VacVgp33 treatment caused an increase in the overall CD8" T cell population
in both the spleen and the peripheral circulation. It also resulted in reduced frequency of NK1.1*
cells and FOXP3* CD4" T cells in the spleen compared to both PBS and P14 + VSVgp33 treated

mice.
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Table 3.2 | Time course showing the effect of different treatments on lymphocyte populations in peripheral blood of B16gp33

tumour-bearing mice. The data represents mean £ SEM

Treatment Population Day 1 Day 3 Day S

PBS Total CD8" T cells 23.46 %+ 1.18% 20.67% = 0.76% 19.43% + 0.26%
gp33-specific IFNg" CD8" T cells 0.09% + 0.02% 0.14% + 0.01% 0.11% £ 0.01%

Total CD4" T cells 34.45% + 1.47% 21.58% + 0.71% 23.2% + 0.36%

FOXP3" CD4" T cells 0% % 0% 0.33% + 0.02% 0.38% = 0.01%

Total NK 1.1 cells 4.47% + 0.14% 5.06% + 0.1% 5.49% + 0.06%
P14+ Total CD8" T cells 13.16% = 0.19% 21.26% < 0.18% 19.17% = 0.63%
VSVep33 IV 33 specific IFNg' CD8' T cells 0.33% = 0.15% 12.87% = 0.45% 19.86% = 0.97%
Total CD4" T cells 26.4% + 0.35% 17.61% + 0.23% 17.44% + 1.04%

FOXP3" CD4" T cells 0% % 0% 0.49% + 0.02% 0.4% + 0.02%

Total NK 1.1 cells 19.7% = 0.63% 5.81% + 0.06% 431%+0.11%
P14+ Total CD8" T cells 20.32% £ 0.21% 17.55% = 0.83% 29.57% + 2.42%
VacVep33.IV. = 33 specific IFNg- CD3" T cells 0.09% + 0.01% 12.45% + 1.67% 21.75% + 1.31%
Total CD4" T cells 47.9% + 0.77% 17.14% = 0.5% 10.31% = 0.38%

FOXP3* CD4" T cells 0% % 0% 0.39% + 0.04% 0.78% = 0.03%

Total NK 1.1 cells 5.21% +0.18% 6.6% % 0.28% 3.41% + 0.35%
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Table 3.3 | Time course showing the effect of different treatments on lymphocyte populations in spleen of B16gp33 tumour-bearing

mice. The data represents mean £+ SEM

McMaster University - Medical Sciences

Treatment Population Day 1 Day 3 Day 5
PBS Total CD8" T cells 14.44% = 0.64% 8.55% + 0.18% 14.72% + 0.11%
gp33-specific [FNg" CD8" T cells 0.15% + 0.06% 0.02% = 0% 0.05% + 0%
Total CD4" T cells 32.92% £ 1.73% 16.46% = 0.47% 22.39% = 0.2%
FOXP3' CD4" T cells 6.52% + 0.2% 7.4%  0.33% 9.79% = 0.2%
Total NK1.1° cells 9.2% + 0.72% 3.23% £ 0.06% 5.1% % 0.08%
Pl4+  Total CD8' T cells 10.67% = 0.24% 8.99% = 0.22% 19.05% = 0.29%
VSVEp33IV =33 specific IFNg' CD8" T cells 0.03%  0.01% 18.92%  1.07% 10.53% = 1.14%
Total CD4" T cells 22.73% + 0.71% 11.14% < 0.14% 18.6% + 051%
FOXP3' CD4 T cells 5.21% < 0.15% 6.33% = 0.06% 7.07% + 0.19%
Total NK1.1" cells 3.72% = 0.09% 1.99% = 0.04% 2.73% + 0.08%
Pl4+  Total CD8 T cells 9.96% = 0.68% 11.63% £ 0.08% 41.88% < 1.65%
VacVep33.IV. = 33 specific IFNg CDS' T cells 0.22% + 0.08% 21.83% = 0.7% 1.77% = 0.09%
Total CD4" T cells 26.43% + 1.58% 8.06% = 0.12% 16.71% = 0.2%
FOXP3' CD4" T cells 5.23% + 0.24% 3.64% = 0.12% 2.81%+ 0.15%

Total NK1.1* cells

2.18% = 0.15%

2.09% £ 0.07%

1.24% +0.11%

57



PhD Thesis - O. Salem McMaster University - Medical Sciences

Chapter4 — [Evaluating the effect of OVYV route of

administration on the efficacy of ACT + OVV
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4.1. Introduction

The route of OV administration is currently an area of debate in the field. Local vs.
systemic delivery offers distinct set of benefits as well as some limitations. On one hand, local
delivery of OVs using IT injection ensures the highest concentration of virions in the TME. On
the other hand, inaccessible tumours or multiple metastatic tumours represent a challenge to IT
delivery and systemic routes are better suited in these situations. The argument against IV delivery
is the premature neutralization and clearance of OVs in the circulation reducing the total number
of virions to arrive at the TME. In the context of ACT + OVYV, choosing the optimum route of
administration is complicated by the necessity to expand the transferred T cells in the periphery
before recruiting them to the TME. As such, we believe that each virus is unique in its requirement
for a specific route of administration to achieve the best outcomes. In the previous chapter, we
demonstrated the synergy and complementarity between ACT and OVV. We also highlighted the
difference in therapeutic efficacy when using different viral backbones. In this chapter we aim to
address the effect of different routes of administration on the efficacy of ACT + OVV. Our results
demonstrate that IT injection of VSV resulted in lower magnitude of T cell responses compared
to I'V injection. VacV on the other hand, led to T cell expansion to comparable levels following [V
or IT injections. Despite the differences in T cell expansion profiles, IT delivery of both VSV and
VacV following ACT showed a trend of better overall survival of mice. The effect on survival was
statistically significant only in case of VacV. Additionally, we did not detect significant differences
in the immune infiltrates in the TME following IT or IV administration of VSV or VacV. This data
highlights the flexibility of VacV as a vaccine since both IT and IV routes result in comparable T
cell expansion. Moreover, the significant improvement in the overall survival observed following
VacV IT injection correlated with more virus infection and replication within the TME as detected

by LacZ reporter staining.
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4.2. Results

4.2.1. Intratumoural injection of OV Vs leads to better tumour control

and improves the overall mice survival with less incidence of relapse

While P14 + VacVgp33 treatment offered an incremental improvement over the
P14 +VSVgp33 treatment, ~ 70% of the treated mice developed relapsing tumours. This prompted
us to test whether the local presence of OV Vs within the TME would lead to improved outcomes.
Hence, we decided to deliver OV Vs intratumourally rather than intravenously to maximize their
presence in the TME. B16gp33 tumours at a size of 50 - 100 mm?* were treated using P14 T cells
and VSVgp33 or VacVgp33 delivered IT. We first compared IT and IV delivery of each virus
to determine the effect of changing the route of delivery on T cell expansion, tumour control
and overall survival. IT delivery of VSVgp33 led to a lower magnitude of gp33-specific CD8*
T cell response (4.11% + 0.121%), which is a statistically significant decrease compared to the
IV route (p value = 0.0011, t test) (Fig. 4.1 A). The inferior ability of VSVgp33 to boost P14
T cells when delivered IT is consistent with what was observed previously at the Wan lab'$":1%8,
Interestingly however, the lower magnitude of responses in the circulation did not correlate with
worse tumour control nor with overall survival (Fig 4.1 B-C). The median survival of mice
treated with P14 + VSVgp33 IT was 32 days which is a slight increase over P14 + VSVgp33.
IV treatment (30 days). Additionally, 4/20 mice (20%) were completely cured and showed no
relapse, which is indeed an improvement over the outcome observed with P14 + VSVgp33.IV
(6.67%). Despite the better trend seen with IT delivery of VSVgp33, the difference in survival,
however, was not statistically significant. P14 + VacVg33 IT treatment led to the of expansion of
P14 T cells at day 5 pvi to a magnitude of 12.3% + 0.517% which is higher compared to P14 +
VacVgp33.IV (6.77% + 0.374%) (Fig. 4.1 D). This points to the flexibility of VacV in boosting
CDS8" T cells through multiple routes of injection. Moreover, mice treated with P14 + VacVgp33

IT had a statistically significant increase in the overall survival where 17/25 mice or 68% were
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Figure 4.1 | Intratumoural injection of OVVs leads to better tumour control and improves
the overall mice survival with less incidence of relapse

C57BL/6 mice (n = 5) were intradermally implanted with 2x10° B16gp33 cells. 5 days later
the mice were treated using 1x10° adoptively transferred P14 T cells followed by 1 x 10® pfu
VacVgp33 or VSVgp33 delivered IT or IV. (A, D, G) At days 5 and 12 pvi, blood samples were
collected, processed, stained for intracellular IFNy and analyzed using flow cytometry. Data
is presented as the percentage of IFNy" gp33-specific CD8" T cells/total CD8" T cells in the
peripheral circulation. Pairwise t-test with BH correction was performed to compare each pair of
treatments at each time point independently. The horizontal bars represent means = SEM (B,E)
Tumour volumes were continuously measured every third day and are presented as length * width
* height. (C, F, H) Overall survival was monitored for up to 60 days post tumour challenge. Mice
from at least 3 independent experiments were pooled to calculate the survival statistics using log-

rank test and create Kaplan-Meier plots. *p < 0.05, **p <0.01, ***p <0.001, ****p <0.0001
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cured and remained tumour free compared to only 28.57% in mice treated with P14 + VacVgp33.
IV (p value = 0.025; log-rank test) (Fig. 4.1 E-F). Finally, we compared IT and IV routes using
both VSV and VacV backbones in terms of the magnitude of gp33-specific responses and overall
mice survival. P14 + VacVgp33 IT was superior compared to both P14 + VacVgp33 IV and P14 +
VSVgp33 IT with regards to the magnitude of gp33-specific responses at day 5 pvi (Fig. 4.1 G).
However, no statistically significant difference was found when comparing P14 + VacVgp33 IT to
P14 + VSVgp33 IV. Moreover, P14 + VacVgp33 IT treated mice showed a statistically significant
difference in overall survival compared to the three other treatment groups (p value <0.0001;
log-rank test) (Fig. 4.1 H). In conclusion, IT delivery of both VSV and VacV resulted in better
tumour control and improved overall survival compared to IV delivery, but this difference was

most obvious and only reached significance in the context of VacV treatment.

4.2.2. Intratumoural analysis reveals no difference in tumour infiltrating

immune cells following IT and IV delivery of OVVs

In order to further characterize the differences between IT and IV delivery of OVVs, we
sought to analyze the immune infiltrates in the TME following OVV delivery using both routes.
To this end, B16gp33 tumour-bearing mice were treated using P14 T cells and VSVgp33 or
VacVgp33 or PBS delivered IT or IV. 4 days later, the mice were euthanized, and the tumours
were harvested for further analysis. We relied on a combination of mechanical breakdown of
tumour tissue followed by enzymatic digestion to break down the extracellular matrix and release
the infiltrating immune cells. Immune cells were then purified using a CD45 antibody magnetic
selection kit, stained, and analyzed using flow cytometry. Table 3.4 shows a list of the antibodies
used in this study. We first calculated the frequencies of different cellular populations relative to
the total viable leukocytes recovered from each tumour (Table 4.1 and Fig. 4.2 A). In PBS treated
mice, we observed that CD11b* cells were the predominant population in the TME representing

12.9% £ 1.56%, CD8" T cells and CD11c¢" DCs followed at 8.24% + 1.54% and 6.91% + 1.53%
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Table 4.1 | List of antibodies and their respective fluorescent channels used to stain tumour samples

Fluorescent
Antibody
channel
CD3 BV605
CD8 BV711
CDh4 APC-Cy7
NKI1.1 APC
CDl11b PE
CDllc BV421
Ly6G PerCP-Cy5.5
Ly6C FITC
FVS BVs510

Table 4.2 | Frequency of cell populations in TME 4 days after treatment

Treatment

CDS8* T cells

Total CD11b* cells

NK1.17 cells

CD4* T cells

Total CD11c" cells

PBS

8.24% £ 1.54%

12.93% + 1.56%

2.87% = 0.48%

5.65% £+ 1.07%

6.91% £+ 1.53%

P14 + VacVgp33 IT

48.19% £ 0.71%

25.64% + 1.62%

7.38% + 0.54%

3.05% + 0.33%

2.99% + 0.16%

P14 + VacVgp33 IV

55.76% £ 1.57%

24.48% £+ 1.85%

3.64% +0.31%

341%+0.17%

2.3%+0.1%

P14 +VSVgp33 IT

30.99% +2.38%

31.79% =+ 0.34%

8.76% £ 0.92%

4.22% = 0.59%

3.57 % £ 0.35%

P14 +VSVgp33 IV

35.57% +2.09%

34.04% + 1.76%

7.33% + 0.35%

3.71% + 0.25%

4.56% £ 0.15%
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Figure 4.2 | Intratumoural analysis reveals no difference in tumour infiltrating immune
cells following IT or IV delivery of OVVs

C57BL/6 mice (n = 4) were intradermally implanted with 2x10° B16gp33 cells. 5 days later
the mice were treated using 1x10° adoptively transferred P14 T cells followed by 1 x 10® pfu
VacVgp33 (IT or IV) or VSVgp33 (IT or IV) or PBS (IT). At day 4 post treatment, the mice were
euthanized and the tumours were collected, processed, stained for the shown surface markers and
analyzed using flow cytometry. Shown is the frequency of each cell population with respect to
the total viable cells recovered for every tumour (A) and the number of cells normalized to the
respective weights of the tumours in g (B). Pairwise t-test with BH correction was performed
on each cell population independently. The horizontal bars represent means + SEM. *P < (.05,

**P<0.01, ***P<0.001, ****P<0.0001.
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respectively. CD4" T cells and NK1.1" cells represented the two populations with least presence
at 5.65% = 1.07% and 2.87% =+ 0.48% respectively. We were indeed excited to observe that ACT
+ OVYV treatment altered the presence of different immune populations within the TME. Both
VSV and VacV markedly increased the presence of CD8* T cells in the TME compared to PBS.
Nevertheless, noticeable differences were observed among the two viruses. In mice treated with
P14 + VacVgp33, CD8" T cells represented 48.19% = 0.71% and 55.76 + 1.57% of the total
immune cells within the TME in case of IT and IV delivery respectively. P14 + VSVgp33 treated
mice on the other hand had a lower frequency of CD8"* T cells representing 30.99% + 2.38% for
IT delivery and 35.57% = 2.09% for IV delivery. Alternatively, a higher frequency of CD11b*
cells were detected in tumours treated with P14 + VSVgp33 (31.79% + 0.34% for IT and 34.04%
+ 1.76% for IV) compared to P14 + VacVgp33 (25.64% + 1.62% for IT and 24.48% + 1.85% for
IV). To compare the changes in different populations of cells more accurately, we normalized the
number of cells recovered from every tumour to its respective weight. In both VSV and VacV
treatments, no statistically significant difference was found between IT and IV routes (Fig 4.2 B).
A higher number of CD8" T cells were recovered from tumours treated with P14 + VacVgp33.
The difference was statistically significant when comparing P14 + VacVgp33 IV to P14 +
VSVgp33 IT and P14 + VSVgp33 IV. CD4" T cells represented a smaller population of cells and
showed no statistically significant differences between both viruses and routes. Interestingly, IT
delivery of both viruses resulted in more NK1.1" cells infiltration in the TME. Nevertheless, the
difference in NK1.1" frequency between routes was not statistically significant. With regards to
myeloid populations in the TME, we did not observe a statistically significant difference between
the two viruses in terms of the total CD11b* cells. Nevertheless, most myeloid cells recovered
from P14 + VacVgp33 treated mice were Ly6G*" Ly6C™ cells (markers typically expressed by
neutrophils or granulocytic-myeloid derived suppressor cells [G-MDSCs]). On the contrary, P14
+ VSVgp33 resulted in the recruitment of equal proportions of Ly6G* Ly6C™ and Ly6G- Ly6C™’
hi cells (markers that are typically expressed by inflammatory monocytes and monocytic-myeloid

derived suppressor cells [M-MDSCs]). In conclusion, it appears that the route of virus delivery
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for both VacVgp33 and VSVgp33 had only minimal effects on the observed changes in cellular
populations, making it difficult to reconcile differences in therapeutic outcome based on immune

cell recruitment.

4.2.3. Intravenous and Intratumoural delivery of vaccinia virus result in

T cell proliferation in different anatomical locations

We next studied the site(s) of antigen presentation and initial CD8* T cell proliferation
to get a better understanding of how VacV drives the proliferation of CD8" T cells following
different routes of delivery. We used Fingolimod (FTY720), a sphingosine 1- phosphate (S1P)
receptor modulator, which blocks the S1P-dependent egress of lymphocytes from secondary
lymphoid organs*™* to stop the circulation of P14 T cells. FTY720 caused the retention of the
P14 T cells in the spleen and lymph nodes and allowed us to observe the anatomical locations
where antigen presentation and initial CD8" T cell proliferation occur. B16gp33 tumour-bearing
mice were treated with Thyl.1'P14 T cells followed by VacVgp33 delivered IV or IT or PBS in
the presence of FTY720. The frequency of P14 T cells was assessed in various lymphoid tissues
(spleen, draining lymph nodes (DLNSs), non-draining lymph nodes (NDLNs), and bone marrow)
on days 1, 2, and 3 pvi. Using flow cytometry we quantified the number of P14 cells expressing
Ki67, a nuclear protein associated with cell proliferation?””. The earliest evidence of a proliferative
response was observed at day 2 pvi (Fig. 4.3 A). We calculated the fold change in Ki67" Thyl.1*
P14 T cells from day 1 to day 2 and found that, in case of IV delivery, the spleen and bone marrow
are the major sites of early T cell proliferation (Fig. 4.3 B). Additionally, IV delivery of the VacV
resulted in a relatively delayed (and a lower magnitude) proliferative response in DLNs and
NDLNSs, which was evident by the fold change in Ki67* Thyl.1" P14 T cells from day 1 to day 3
(Fig. 4.3 B). IT delivery was found to induce a slower proliferative response, where no significant
fold change in Ki67* Thyl.1" P14 T cells was observed from day 1 to day 2. At day 3 pvi, we
detected 42 folds of increase in Ki67* Thyl.1* P14 T cells in the DLNs (Fig. 4.3 B). Although
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Figure 4.3 | Intravenous and Intratumoural delivery of vaccinia virus result in T cell
proliferation in different anatomical locations

C57BL/6 mice (n = 4) were intradermally implanted with 2x10° B16gp33 cells. 5 days later the
mice were treated using 3x10° adoptively transferred P14 T cells followed by 1 x 10® pfu VacVgp33
(IT or IV) in the presence of FTY720 (4ng/g). The mice were euthanized at days 1,2, and 3 pvi
and various lymphoid organs were collected, processed, stained for the intracellular expression of
ki67, and analyzed using flow cytometry. Shown is the frequency of Ki67* Thyl.1" P14 T cells
/ total viable leukocytes (A). The fold change in Ki67" Thyl.1" P14 T cells was calculated by
dividing the average frequency of every organ from day 2 by day 1 or from day 3 by day 1 (B).

The horizontal bars represent means £ SEM. *P < (0.05, **P<0.01, ***P<0.001, ****P<(0.0001.
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some proliferation was also evident in the spleen and bone marrow on day 3, it was of much less
extent compared to the DLNSs. In conclusion, IV delivery of VacV causes a faster proliferative
response of P14 T cells which takes place mainly in the spleen, whereas the IT delivery causes a

slower proliferative response which takes place in the DLNSs.

4.2.4. LacZ staining shows wider viral spread across I'T-treated tumours

vs. IV-treated ones (in collaboration with Scott Walsh)

Motivated by the injection route dependent difference in anatomical location of antigen
presentation we wanted to further define viral distribution and the effect of viral replication/viral
gene expression following IT or IV administration. For this work we relied on GFP and LacZ
reporter genes included in the viral genome by previous modifications. GFP is expressed under
an early promoter p7.5 while LacZ is expressed under a VacV late promoter pll. Since LacZ
is expressed under a late promoter, its expression indicates the completion of viral replication.
Notably, the gp33 transgene is expressed under a synthetic promoter representing a hybrid
early/late promoter, so it is expressed throughout virus replication including tissues and cells in
which GFP and LacZ expression is observed. As well, we chose to focus only on VacV for this
analysis since these transgenes could be assessed concomitant with virus mediated gp33 antigen
presentation and any ongoing immune response. We treated B16gp33-tumour bearing mice with
P14 and VacVgp33 delivered either IT or IV. Mice were then sacrificed at different time-points with
tissues frozen in OCT and resultant tissue slides stained with DAPI for GFP analysis or stained
for LacZ according to Gierut et al.”’®. We detected GFP expression in the tumours following both
IT and IV injection (Fig. 4.4 A). However, GFP was detectable at 6h pvi in case of IT injection,
unlike IV injection, where GFP was detected at 24h pvi. Additionally, GFP was detected in the
spleen only following IV injection. Interestingly, despite detecting GFP expression in the spleen
following IV injection, no LacZ was observed at any time point indicating that the infection of

spleen was non-productive (Fig. 4.4 B). As anticipated, we observed a greater viral load in the
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Figure 4.4 | GFP expression and LacZ staining showing tissue distribution of VacV
following IT and IV infection

C57BL/6 mice were intradermally implanted with 2x10° B16gp33 cells. 5 days later the mice
were treated using 1 x 10° P14 T cells using IV injection followed by 1 x 10® pfu VacVgp33 using
IT or IV routes. At different time points as indicated with each panel, the mice were sacrificed and
the respective tissues were collected and frozen in OCT. The tissue slides were then stained with
DAPI for GFP analysis (A) or stained for LacZ expression (B). EVOS M5000 microscope was

used to capture images of the slides using 5X magnification.
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TME following IT injection indicated by both GFP expression and LacZ staining. IV injection
resulted in smaller focal regions of replication observed in case of IV delivery. Taken together this
data suggests a disconnect between viral infection associated with early gene expression and viral
replication and indicates that the viral mediated effects in the TME are more prominent following

IT injection.
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Chapter5 — Evaluating the Contribution of Oncolysis in the
Efficacy of ACT + OVV
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5.1. Introduction

The hallmarks responsible for cancer cell survival, including their ability
to proliferate indefinitely, resist apoptosis and evade the immune attack, make them the ideal
environment for viral replication®. This was the basis of the initial success of Oncolytic Viruses
(OVs) as a virotherapy platform. Transient short-lived cancer remission after a natural viral or
bacterial infection has been reported during the early and mid-1900s'34135277 In the 1950s, the
arrival of transplantable murine models allowed for more controlled testing of the in vivo anti-
tumour activity of OVs. Moore used the Russian encephalitis virus to inoculate mice bearing the
transplantable mouse sarcoma 180%7®. While viral toxicity was a concern and animals eventually
succumbed to the infection, tumour regression was observed. Additionally, upon inactivating the
virus using either formalin, heat or ultraviolet (UV) rays, no effect on tumour growth was observed.
They reported that actively replicating viruses are key requisite to obtain a favorable outcome?®’.
The advent of recombinant DNA technology in the following 2-3 decades allowed for engineering
viruses to modify their tissue tropism while sustaining their oncolytic capacity. One of the earlier
vectors to benefit from genome editing was Herpes Simplex Virus (HSV), where Martuza observed
that a thymidine kinase (TK)-negative HSV replicated in dividing cells but not in non-dividing
cells. TK-negative HSV was used to treat malignant gliomas by intracerebral inoculation in mice
and was shown to eradicate tumours with less incidence of encephalitis'*®. During these times,
the immune response against the viral vectors was perceived as being necessary from the safety
perspective, but it represented something of a hindrance to the optimal potential of the therapy
by prematurely clearing the virus before the tumour is completely destroyed®”. However, the
selective tropism of OVs to the tumours combined with the ability to induce anti-viral immunity
implied that they have the potential to, at least transiently, reverse the immune suppression state
within the tumour microenvironment (TME). This realization, combined with the advancement
in the understanding of the immune system and its role in controlling and/or rejecting tumours,

led to the rebranding of OVs as multimodal immunotherapeutic platforms. Moving forward,
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pre-clinical testing of different viral backbones in immunocompetent tumour models led to the
observation that complete responses after viral therapy were associated with the mounting of anti-
tumour immune responses and the capacity to reject re-challenge tumours*”®*, The placement of
OVs among the immunotherapeutics begs the question of whether viral replication is essential for
their anti-tumour efficacy.

In the previous chapter, we demonstrated that using IT delivery of OVVs leads to
enhancement in the overall survival of mice treated with ACT + OVV. The difference in survival
and lack of tumour relapse was statistically significant in case of ACT + VacV treated mice. This
points to the importance of having high local concentration of virus within the TME. We postulate
that the enhanced therapeutic efficacy observed when using IT injection is due to enhanced
oncolysis in the TME. Alternatively, the local presence of higher concentrations of virions in the
TME could lead to more prominent effect of virus mediated modulation, including inflammatory
changes, within the TME. We hypothesize that the direct effects of VacV replication in the TME
complements CD8* T cell attack of tumours and prevents immune escape. In order to test this
hypothesis, we first investigated the methods of virus inactivation with the goal of interfering with
the viral replication cycle without completely abolishing viral gene expression, thus allowing VacV
to act as a non-oncolytic vaccine. We then compared the therapeutic efficacy of the replicating
and inactivated VacV in boosting antigen-specific CD8" T cells and controlling B16gp33 tumours.
Additionally, using microarray, we did a transcriptomic profiling experiment to analyze the effects
of both the replicating and inactivated VacV on the TME. We demonstrated that, despite the ability
of both the replicating and the inactivated VacV to boost the transferred cells, the replicating
virus was indeed therapeutically superior. Moreover, we did not identify differentially expressed
genes (DEGs) in the tumours treated with the replicating or the inactivated VacV. Nevertheless,
when compared to ACT - treated control the magnitude of the fold change of DEGs was generally
higher using the inactivated VacV compared to its replicating counterpart. This work points to
the ability of replicating VacV to modulate inflammation levels and cellular functions within

the TME, preventing the excessive inflammation that can potentially trigger immune regulatory
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pathways and further emphasizes the importance of virus replication or virus-induced oncolysis in

preventing immune escape following T cell-based immunotherapy.

5.2. Results

5.2.1. Heat-inactivated VacVgp33 failed to boost P14 transferred cells

leading to poor survival of the treated mice

In order to study the role virus replication plays in the therapeutic efficacy of ACT +
VacV, we decided to take away the oncolytic capacity of VacV through its inactivation. Viral
inactivation however is complicated by the dual role VacV plays as an oncolytic vector and a
gene-delivering vaccine. Hence, the method to be used must yield a virus incapable of completing
a full replication cycle but has the ability to infect target cells and express - at least to some extent
- its transgene. Dai ef al. showed that using heat inactivated modified vaccinia virus Ankara (heat-
iMVA) intratumourally can induce a systemic anti-tumour immune response. Their inactivation
protocol involved heating MVA at 55°C for 1 hour, which reduced the infectivity by 1000-fold**'.
We were interested to test whether heat inactivation will affect the ability of VacVgp33 to express
its transgene and boost the transferred P14 T cells. To this end, we first tested the infectivity of
VacV in vitro after being heated at 55°C for 1 hour (denoted as HI-VacV). At high MOIs (10*- 1),
a few plaques were detected suggesting that a few virions survived the inactivation conditions.
However, at MOI of 10! or less there were no detectable plaques (Fig. 5.1 A). This is a significant
reduction in infectivity compared to intact VacV where plaques are still detectable at MOI 10
3. This represents a 10°-fold reduction in infectivity compared to replicating VacV. In order to
assess the effect of heat inactivation on the viral gene expression, we used a GFP-expressing
VacV (VacVGFP), where GFP is expressed under an early promoter, p7.5. Thus, detection of
GFP expression implies cell infection but not necessarily viral replication. HI-VacVGFP was used

to infect CV-1 cells in vitro. Fluorescent microscopy was used to visualize GFP 24h following

81



PhD Thesis - O. Salem McMaster University - Medical Sciences

A HI - VacVGFP VacVGFP

MOI 1
MOI 107

MOI 0.1
MOI 10

Treatment = P14+ HILVacVgp33.IT =@ P14+ VacVgp33.IT
Day 5 Day 12

20
= *k
X}
=
5 @
& ]
E > ®
E
[
AOC
g 10 ®
2‘ @
B
Q
2 ° *
£ s
o
3 L J
:
g E. . _g%
s 0 ——— ®

82



PhD Thesis - O. Salem McMaster University - Medical Sciences

D
P14 + VacVgp33 IT P14 + HI-VacVgp33
1000 1000
g g
E 750+ E 750+
(] (]
5 5
= 500+ = 500+
g g
2 2 250
o 250+ 2 -
5 5
= =
0 - 0 el e h e e e e asimassseEasEasrassEansannn s
I T T T 1
0 10 20 30 40
Time in Days Time in Days
E
Treatment ==~ P14+ HI.VacVgp33.IT =~ P14+ VacVgp33.IT
100 1
p=0.002
— 75 1
§
2z .
%
S 50 1
=
=
2
Z
& 25 1
0 B
0 10 20 30 40 50 60
Time
Number at risk
£ P14 + HLVacVgp33.IT{ 5 5 1 1 0 0 0
g
S P14 + VacVep33.IT 5 5 5 5 5 3 3
&=
0 10 20 30 40 50 60
Time

&3



PhD Thesis - O. Salem McMaster University - Medical Sciences

Figure 5.1 | Heat-inactivated VacVgp33 failed to boost P14 transferred cells leading to poor
survival of the treated mice

(A) VacVGFP was heated at 55°C for 1 hour. Plaque assay was used to estimate the viral titer
following the inactivation. (B) EVOS M5000 microscope was used to capture images of the
infected cells 24h after infection using GFP and transmitted light channels. (C-E) C57BL/6 mice
(n=5) were intradermally implanted with 2x10° B16gp33. 5 days later the mice were treated using
1x10° adoptively transferred P14 T cells followed by 1x10® pfu VacVgp33 or HI-VacVgp33 or
PBS delivered intratumourally (C) At days 5 and 12 post treatment, blood samples were collected,
processed, stained for intracellular IFN-y and analyzed using flow cytometry. Data is presented
as percentage of IFNy* gp33-specific CD8 T cells in circulation (D) Tumour volumes were
continuously measured every third day and are presented as length * width * height (E) Overall
survival was monitored for up to 60 days post tumour challenge. The survival statistics were

calculated using log-rank test. *p < 0.05, **p <0.01, ***p <0.001, ****p <0.0001
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infection. After infection with HI-VacVGFP, the GFP expression was only observed where plaques
were formed, indicating that viral gene expression was only maintained in the virions that were
not inactivated and that inactivated virions failed to express any viral genes despite their presence
in high doses (Fig. 5.1 B).

Although the in vitro data points to the lack of viral gene expression following heat
inactivation, Dai et al. reported that heat-iIMVA showed better in vivo efficacy compared to the
replicating MVA in controlling B16F10 tumours?®!. They also demonstrated that the observed
efficacy was CD8" T cell dependent. This intrigued us to assess the ability of the HI-VacVgp33 virus
to boost transferred P14 T cells in vivo and control B16gp33 tumours. B16gp33 tumour-bearing
mice were treated using P14 ACT followed by VacVgp33 or HI-VacVgp33. Blood was collected
at days 5 and 12 post virus injection (pvi) and gp33-specific IFNy-producing CD8" T cells were
quantified using Intracellular cytokine staining (ICS). We observed a significant reduction in
the frequency of gp33-specific CD8* T cell responses in mice treated with P14 + HI-VacVgp33
(P value = 0.0007; student t-test), indicating that HI-VacVgp33 failed to drive the expansion of
the transferred P14 T cells to the same levels as VacVgp33 (Fig. 5.1 C). The failure to achieve
sufficient gp33-specific responses correlated with lack of tumour control in mice treated with
either P14 or P14 + HI-VacVgp33 (Fig. 5.1 D) and significant reduction in the overall survival of
the mice (P value = 0.002; log-rank test) (Fig. 5.1 E). This experiment points to the inadequacy

of heat inactivation as a method to study the contribution of VacV-mediated oncolysis since it not

only kills the replicative capacity of VacV, but also its ability to boost the transferred T cells.

5.2.2. Psoralen and Long Wavelength Ultraviolet (PLWUYV) Kills the
replication capacity of VacV while preserving its ability to infect target cells

and express its early genes.

Psoralen and Long Wavelength Ultraviolet (PLWUV) was initially developed as

a photochemical decontamination method to inactivate pathogenic viruses in plasma and plasma
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Figure 5.2 | Psoralen and Long Wavelength Ultraviolet (PLWUYV) Kkills the replication
capacity of VacV while preserving its ability to infect target cells and express its early

genes.

VacVGFP was inactivated by incubation with 10 pg/ml psoralen and exposure to 365 nm UV for
10 min (A) VacVGFP or UV-VacVGFP were used to infect CV-1 cells in vitro using MOIs of
10 - 0.001. EVOS M5000 microscope was used to capture images of the infected cells 24h after
infection using GFP and transmitted light. (B) X-gal was used to stain CV-1 cells to detect the
expression of LacZ reporter gene 24h following infection with VacV or UV-VacV using MOIs of
10 - 0.001. (C) B16gp33 tumour bearing C57BL/6 (n=5) were treated with 1x10® pfu VacVgp33
or UV-VacVgp33 using IT injection. Mice we sacrificed 24h post infection and the tumours were
harvested and homogenized. Plaque assay was used to quantify the virus recovered from the

tumours.

88



PhD Thesis - O. Salem McMaster University - Medical Sciences

fractions to minimize the risk of infections associated with blood transfusions®?. Tsung et al.
showed that PLWUYV could inactivate VacV replication without abolishing its ability to infect
cells. They reported that the cells infected with such inactivated virions were able to express
reporter genes under early but not late viral promoters without showing any cytopathic effects
(CPE)*. Additionally, it was shown that the cells infected with PLWU V-inactivated VacV (UV-
VacV for short), were not killed and can continue to proliferate®®. We were intrigued to test
whether PLWUYV inactivation will eliminate the oncolytic capacity of VacV while maintaining
viral gene expression. For the initial characterization of PLWUYV inactivation, VacVGFP, in which
GFP is expressed under the control of a synthetic early/late promoter, was used. We used psoralen
at 10 pg/ml and tested out different LW-UV (365 nm) exposure durations ranging from 2 - 10
mins and found that 10 mins led to complete inactivation indicated by the absence of any viral
plaques at all MOIs (data not shown). This inactivation protocol was utilized moving forward in
all in vitro and in vivo experiments. VacVGFP or UV-VacVGFP were used to infect CV-1 cells in
vitro. Fluorescent microscopy was used to visualize GFP 24h following infection. Consistent with
what was reported by Tsung et al., we observed GFP expression following infection with UV-
VacVGFP with no signs of CPE (Fig. 5.2 A). The intensity of GFP, however, was less compared to
VacVGEFP, which is to be expected given that UV-VacVGFP does not replicate. Further, we made
use of the LacZ reporter gene, that is expressed under the control of a late promoter (VacV-P11), to
confirm the lack of late gene expression following PLWUYV inactivation. CV-1 cells were infected
with replicating or PLWU V-inactivated VacV. The cells were fixed 24h post infection and stained
using X-gal staining. As expected, we did not observe any positive X-gal staining (indicated by a
dark blue color) in the cells infected with UV-VacVgp33 (Fig. 5.2 B). Finally, in order to confirm
the absence of CPE in vivo, we treated B16gp33 tumour-bearing mice with 1e8 pfu VacVgp33
or UV-VacVgp33 using IT injection. Mice were sacrificed 24h post infection and the tumours
were harvested and homogenized. Plaque assay was used to quantify the virus recovered from
the tumours. The recovered virus titer from the VacVgp33-treated tumours was estimated to be

2.45x10° pfu/g tumour. On the contrary, we detected no plaques in the UV-VacVgp33-treated

89



PhD Thesis - O. Salem

McMaster University - Medical Sciences

A
Treatment =® P14+ UV.VacVgp33.IT =@ P14+ VacVgp33.IT
Day 5§ Day 12
30
g 20 ns z
g [ J ® 9 ~
= 10 .aE
% ® ns
A E ° ,":é
2 ° —o=$
o
- ns
£
= °
= 30
% °
&
& [}
B
€20 E | B
:\i .. S ns s
() °®
10 .o. I ® ® o
°e ® o o ——
0 [ 1] L] [ ] ‘.
B
P14 + VacVgp33 P14 + UV—inactivated VacVgp33
. 1000 = 1000
g =
£ 750 E 750
5 ©
: :
5 500+ 5 500+
> >
5 5
S 250+ & 250+
: :
= =
(e 0=

Time in Days

90

T T
10 20

Time in Days

T
30

S



PhD Thesis - O. Salem McMaster University - Medical Sciences

Treatment == P14 +UV.VacVgp33.IT == P14+ VacVgp33.IT
100
p=0.026
. 75
X
2
2
§ 50
s
=
2
£
©n 25
S
0
0 10 20 30 40 50 60
Time
Number at risk
fg P14 + UV.VacVgp33IT { 10 10 10 5 4 3 1
E P14 + VacVgp33.IT { 10 10 10 9 6 6 6

0 10 20 30 40 50 60
Time

Figure 5.3 | PLWU V-inactivated VacV can boost transferred T cells and cause initial
tumour regression but fail to induce durable cure in B16gp33 tumour model

C57BL/6 mice (n=5) were intradermally implanted with 2x105 B16gp33 cells. 5 days later the
mice were treated using 1x106 adoptively transferred P14 T cells or PBS followed by 1 x 108
pfu VacVgp33 or UV-VacVgp33 or VacVGFP delivered intratumourally (A) At days 5 and 12
post treatment, blood samples were collected, processed, stained for intracellular IFNy following
in vitro peptide stimulation and analyzed using flow cytometry. (B) Tumour volumes were
continuously measured every third day and are presented as length * width * height (C) Overall
survival was monitored for up to 60 days post tumour challenge. The survival statistics were

calculated using log-rank test. *p < 0.05, **p <0.01, ***p <0.001, ****p <0.0001
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tumours, confirming the lack of any replicating virions following PLWU V-inactivation which is

consistent with the in vitro data.

5.2.3. PLWU V-inactivated VacV can boost transferred T cells and cause
initial tumour regression but fail to induce durable cure in B16gp33 tumour

model

Having proven that PLWU V-inactivated VacV can maintain early gene expression without
lysing the target cells, we asked whether UV-VacVgp33 has the ability to boost gp33-specific
CDS8* T cells to the same level as VacVgp33. To this end, we treated B16gp33 tumour-bearing
mice with P14 T cells + VacVgp33 or UV-VacVgp33 delivered IT. The mice were monitored for
tumour growth kinetics and survival. ICS was used to quantify gp33-specific and B8R-specific
CDS8* T cell responses at days 5 and 12 pvi, with B8R being an immunodominant VacV antigen
and so a marker of antiviral immunity. We did not detect a statistically significant difference in
the levels of B8R-specific or gp33-specific IFNy" CD8" T cells between mice treated with P14
+ VacVgp33 and P14 + UV-VacVgp33, confirming the ability of the inactivated VacVgp33 to
express gp33 and other viral early genes and mount an antigen-specific immune response
(Fig. 5.3 A). Both treatment groups showed initial tumour control, which was anticipated given
the presence of a relatively high frequency of gp33-specific CD8" T cells in the circulation (Fig.
5.3 B). However, 90% of the mice treated with P14 + UV-VacVgp33 developed relapsing tumours
which eventually grew to endpoint. On the other hand, only 40% of the mice treated with P14 +
VacVgp33 developed relapsing tumours. This led to a statistically significant difference in the
overall survival of mice treated with P14 + VacVgp33 vs. P14 + UV-VacVgp33 (P value =
0.026; log-rank test) (Fig. 5.3 C). This experiment suggests that the replicating virus provides
an additional advantage beyond boosting gp33-specific CD8" T cells to achieve a sustained and

durable tumour control.

92



PhD Thesis - O. Salem McMaster University - Medical Sciences

A
=@ P14+UV.VacVgp33.IT0/14 =@ Pl4+ 10x.UV.VacVgp33.IT
Treatment
== 2x.P14+ UV.VacVgp33.IT =@ P14+ UV.VacVgp33.IT
Day 5 Day 12 Day 20
8§ 30
= [
e
% 0 e o
S .
AEEEE :
g
2 10 % e
£
:fl [
3] (] @ 4
: [§
g, ¥ * ' > ¥
B
P14 + UV.VacVgp33.1T.0/14 P14 + 10x.UV.VacVgp33.IT
. 1000 5 . 1000 =
g =
E 750+ E 750+
[} [}
: :
5 500 = 500
> >
5 3
g 250 - g 250 -
5 ]
H
O — H 0 1T
r T T 1 r T T 1
0 20 40 60 0 20 40 60
Time in Days Time in Days
2x.P14 + UV.VacVgp33.IT P14 + UV.VacVgp33.IT
1000 = . 1000 =
g =
E 750 E 7501
Q (o]
: :
= 500+ = 500+
> >
2 2504 2 2504
: :
=
0= a 0=
r T T 1 r T T 1
0 20 40 60 0 20 40 60
Time in Days Time in Days

93



PhD Thesis - O. Salem McMaster University - Medical Sciences

== P14 +UV.VacVgp33.IT.0/14 == P14+ 10x.UV.VacVgp33.IT
== 2x.P14 + UV.VacVgp33.IT == P14+ UV.VacVgp33.IT

Treatment

100 1

p=0.0017

75 1

50 1

251 _|

Survival probability (%)

Time
Number at risk

P14 + UV.VacVgp33.IT.0/14 5
P14 + 10x.UV.VacVgp33.IT
2x.P14 + UV.VacVgp33.IT
P14 + UV.VacVgp33.1T

Treatment
W W
4L W L i

EE N A
WO O
1I—mo oo
—o oo

oS{n L
—_
S)
]
=)
o
=)
2]
=)
W
1S
=N
S

Time

Figure 5.4 | Increasing the dose and/or frequency of PLWU V-inactivated VacV
administration or transferred P14 T cells does not improve the efficacy

C57BL/6 mice (n=5) were intradermally implanted with 2x10° B16gp33 cells. 5 days later the
mice were treated using 1x10°or 2x10° adoptively transferred P14 T cells followed by 1 x 10® pfu
UV-VacVgp33 injected once or twice on days 0 or 0 and 14 or 1 x 10° delivered intratumourally
(A) At days 5, 12 and 20 post treatment, blood samples were collected, processed, stained for
intracellular IFNy and analyzed using flow cytometry. (B) Tumour volumes were continuously
measured every third day and are presented as length * width * height (C) Overall survival was
monitored for up to 60 days post tumour challenge. The survival statistics were calculated using

log-rank test. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001
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5.2.4. Increasing the dose and/or frequency of PLWUV-inactivated VacV

administration or transferred P14 T cells does not improve the efficacy

Although the same doses of VacVgp33 and UV-VacVgp33 were used in the previous
experiment, the replicating virus can amplify itself leading potentially to an increased viral load
and/or prolonged persistence in the TME. In order to account for such variability, we designed an
experiment to test whether optimizing the dose or frequency of UV-VacVgp33 injection would
lead to an improvement in the efficacy. We treated B16gp33 tumour-bearing mice with standard
doses of P14 T cells + UV-VacVgp33 given once or twice at days 0, and 14 pvi (denoted as P14 +
UV-VacVgp33 0/14). Alternatively, in other groups, the dosing regimen was kept at one injection
/ treatment component but a 10x dose of UV-VacVgp33 (denoted as P14 + 10x UV-VacVgp33) or
2x dose of P14 T cells (denoted as 2x P14 + UV-VacVgp33) were used. The mice were monitored
for tumour growth kinetics and survival. ICS was used to quantify gp33-specific CD8" T cell
responses at days 5, 12 and 20 pvi. Using 10x UV-VacVgp33 led to boosting of P14 T cells to
higher levels compared to other treatment groups at day 5pvi (Fig. 5.4 A). Doubling the injected
P14 T cells did not result in any significant increase in the magnitude of gp33-specific responses.
At day 12, we observed a dip in gp33-specific responses in all treated groups, which is consistent
with the pattern of T cell kinetics that we reported before (Fig. 5.4 A). Injecting UV-VacVgp33 on
day 14 led to the expansion of gp33-specific CD8" T cells when measured at day 20 pvi (Fig. 5.4
A). It is worth noting that the detected gp33-specific CD8" T cells at day 20 lacked the expression
of the congenic marker Thy1.1 that is expressed by P14 T cells, meaning that they were expanded
from the repertoire of endogenously derived gp33-specific memory CD8" T cells. This is contrary
to the responses detected on day 5, where 50 - 90 % of IFNy" gp33-specific cells are Thyl.1".
Despite the increased magnitude (induced by 10x UV-VacVgp33) or prolonged persistence
(induced by UV-VacVgp33 injection on day 14 pvi) of gp33-specific responses, we did not notice
any significant increase in the efficacy of therapy. As observed in the previous experiment, an

initial control of tumour growth was observed in all treatment groups (Fig. 5.4 B). However, all
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Figure 5.5 | Combining PLWU V-inactivated VacVgp33 with replicating VacV-GFP restores
the durable tumour control phenotype

C57BL/6 mice (n=5) were intradermally implanted with 2x10° B16gp33 cells. 5 days later the mice
were treated using 1x10° adoptively transferred P14 T cells followed by 1x10® pfu VacVgp33 or
UV-VacVgp33 or UV-VacVgp33 + VacVGFP injected intratumourally (A) At days 5 and 12 post
treatment, blood samples were collected, processed, stained for intracellular IFNy and analyzed
using flow cytometry. (B) Tumour volumes were continuously measured every third day and are
presented as length * width * height (C) Overall survival was monitored for up to 60 days post
tumour challenge. The survival statistics were calculated using log-rank test. *p <0.05, **p <0.01,

sy <0.001, **%%p <0.0001
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the treatment regimens failed to achieve the durable tumour control associated with the replicating
VacVgp33. Counterintuitively, the mice treated with P14 + 10x UV-VacVgp33 showed the worst
overall survival (median survival = 26 days) compared to P14 + UV-VacVgp33 (median survival
= 42 days) (Fig. 5.4 C). Performing a log-rank test resulted in a statistically significant difference
in survival among the treatments (P value = 0.0017). This study suggests that the lack of durable
tumour cure observed with UV-VacVgp33 cannot be reversed by optimizing the T cell or the
virus dose or by increasing the frequency of virus injections, suggesting a direct mechanistic

contribution of virus replication and oncolysis to achieve sustained tumour regression.

5.2.5. Combining PLWUV-inactivated VacVgp33 with replicating VacV-

GFP restores the durable tumour control phenotype

Next, we asked whether adding a replicating VacV that doesn’t express gp33 to
UV-VacVgp33 would restore the phenotype observed with VacVgp33. To this end, we treated
B16gp33 tumour-bearing mice with P14 + UV-VacVgp33 + VacVGFP, where both viruses were
mixed at equal pfu of 5e¢7 and delivered in one injection of total pfu equal to that used with
VacVgp33 (1e8 pfu). As controls B16gp33 tumour-bearing mice were treated with P14 + VacVgp33
or P14 + UV-VacVgp33. The mice were monitored for tumour growth kinetics and survival. ICS
was used to quantify gp33-specific CD8" T cell responses at 5 and 12 days pvi. The addition of
VacVGFP did not affect the ability of UV-VacVgp33 to boost gp33-specific CD8 T cells, and all
treatments resulted in comparable levels of IFNy" gp33-specific CD8* T cells 5 days pvi (Fig.
5.5 B). Interestingly, 60% of the mice treated with P14 + UV-VacVgp33 + VacVGFP achieved
sustained tumour regression, suggesting that the addition of replicating VacVGFP complements

UV-VacVgp33 and provides an extra mechanism to prevent tumour relapse (Fig. 5.5 C).
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5.2.6. Microarray analysis reveals changes in inflammation, apoptosis
and cell cycle/DNA repair pathway signatures despite a scarcity of
individual differentially expressed genes in the TME following P14 +
VacVgp33 or P14 + UV-VacVgp33

The difference in the outcome observed when treating the tumour with P14 + VacVgp33
or P14 + UV-VacVgp33 prompted us to investigate whether virus inactivation leads to a change in
the molecular signature induced by VacV in the TME. To this end, we treated B16gp33 tumour-
bearing mice with P14 + VacVgp33 or UV-VacVgp33 or PBS delivered IT. Tumours were then
harvested 48 h pvi, homogenized and RNA was extracted for microarray analysis to study the
molecular changes within the TME following the respective treatments. We established a workflow
for the analysis of the microarray data from raw data into meaningful biological outcomes. First,
preprocessing of the data including background correction and expression normalization was
done using the oligo package that utilizes multichip average method (RMA) for normalization 4.
The relative log expression of each chip before and after normalization is shown in fig. 5.6 A-B.
Principal component analysis (PCA) revealed 3 separate clusters, each representing a respective
treatment (Fig. 5.6 C). Virus treated groups were separated from the ACT control group along the
first principal component axis which accounts for most of the variability among samples (38.8%).
On the other hand, the samples treated with the replicating virus were separated from those treated
with the inactivated virus along the second principal component which represents only 12.8% of
sample variability. It is worth noting that the samples treated with P14 + UV-VacVgp33 showed
less tight clustering and two subclusters can be visually identified pointing to less consistency
in the molecular signature induced by the P14 + UV-VacVgp33 treatment. We used Pearson
correlation to calculate the dissimilarity between the samples and clustered them based on their
distances (Fig. 5.6 D). This analysis revealed that samples treated with P14 + VacVgp33 were
very similar to those treated with P14 + UV-VacVgp33 as seen from the small distances among

the samples and the lack of separation along the first principal component.
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Clustering heatmap for the normalized samples
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Figure 5.6 | Principal component analysis and clustering of tumour samples yield three
different clusters corresponding to different treatment conditions

C57BL/6 mice (n = 3 or 4) were intradermally implanted with 2x10° B16gp33 cells. 5 days
later the mice were treated using 1x10°¢ adoptively transferred P14 T cells followed by 1 x 108
pfu VacVgp33 or UV-VacVgp33 or PBS (IT). The mice were euthanized 48 h pvi, and the
tumours were collected and homogenized for RNA extraction. Total RNA per tumour was used
for microarray analysis using the Clariom S mouse chip. (A-B) the oligo package was used
for background correction and normalization (C) Principal component analysis was used for
dimensionality reduction (D) A distance matrix was calculated using Pearson correlation and was

used to perform hierarchical clustering.

101



PhD Thesis - O. Salem

A

-Logqg adjusted P value

-Log4g adjusted P value

P14 + VacVgp33.IT - P14

©® NS © LogpFC @ p-value © p-valueandlog,FC

$10029

g’

Chil Ag2  Mrgpra2a
Cxal5

I1a " stfaz1
Retnlg

Len2

Retnla

25 00 25 50
Log, fold change

total = 16153 genes

P14.UV.VacVgp33.IT - P14

@ NS © LogFC @ p-value @© p-valueandlog,FC

S10049

. SOxc2
b Ma  Mrgpra2a
L. AG2
. Ccst2, s
Moempt®,  Stfaz
cHPe” cidntgy,
S
Qxcl‘g Retnlg

|
|
|
| siing Stfazi
|
|
|
|

Pdcdiig]
Mgl2 |

4 - v w—ggi=|
Retnla Lyvel Hiax

50 25 00 25 50 75
Log, fold change

total = 16195 genes

102

McMaster University - Medical Sciences



PhD Thesis - O. Salem McMaster University - Medical Sciences

C
P14.VacVgp33.IT - P14.UV.VacVgp33.IT
@ NS © Log;FC @ p-value @ p-valueandlog, FC
1.54 ]
Q) Mmp8
R
g
Q.
5 1.0
2
7]
D
i)
©
‘9 05 7
(@)
(@)
-
I
0.0 1
]
-2
Log, fold change
total = 16195 genes
D
P14.VacVgp33.IT — P14 P14.UV.VacVgp33.IT — P14
P14.VacVgp33.IT — P14.UV.VacVgp33.IT 15510

103



PhD Thesis - O. Salem McMaster University - Medical Sciences

Figure 5.7 | Microarray analysis reveals no DEGs between P14 + VacVgp33 and P14 + UV-
VacVgp33 treatments

C57BL/6 mice (n = 3 or 4) were intradermally implanted with 2x10° B16gp33 cells. 5 days later
the mice were treated using 1x10° adoptively transferred P14 T cells followed by 1 x 10® pfu
VacVgp33 or UV-VacVgp33 or PBS (IT). The mice were euthanized 48 h pvi, and the tumours
were collected and homogenized for RNA extraction. Total RNA per tumour was used for
microarray analysis using the Clariom S mouse chip. (A-C) Limma package in R was used to
estimated the DEGs between the different treatments, which are represented in volcano plots. (D)

The intersection of DEGs in different comparisons is shown in a venndiagram.
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We then sought to calculate the differentially expressed genes (DEGs) among the different
treatments using the Limma package®’. We compared the samples treated with P14 + the
replicating or the inactivated VacV against the P14 control and against each other. Genes were
called differentially expressed if the expression was altered by at least two-fold with an adjusted
P value < 0.05. P14 + UV-VacVgp33 - treated tumours showed more DEGs (596 genes) when
compared to P14 relative to P14 + VacVgp33 (404 genes) (Fig. 5.7 A-B). When comparing P14
+ VacVgp33 to P14 + UV-VacVgp33 we detected only 5 DEGs (Fig. 5.7 C). We investigated
the genes that were differentially expressed by P14 + UV-VacVgp33 but not P14 + VacVgp33
and observed that these genes were altered in the same direction by both the replicating and the
inactivated virus. However, the magnitude of change was higher in the samples treated with P14 +
UV-VacVgp33 and was sufficient for the genes to cross the significance threshold.

We next sought to compare the replicating and inactivated VacV on the pathway level.
To this end, we used Gene Set Enrichment Analysis (GSEA) to evaluate the enrichment of the
hallmark pathways*!?3. Gene Set Enrichment Analysis (GSEA) is a computational method that
considers the entire list of genes rather than only analyzing DEGs*'. The major advantage of
GSEA is that small differences in gene expression of individual genes that did not meet the cutoff
threshold for fold change and/or statistical significance can still be considered in calculating the
enrichment of gene sets. The Molecular Signatures Database (MSigDB) is a collection of curated
gene sets developed as a joint project of UC San Diego and the Broad Institute for use with the
GSEA software. It is divided into 9 major collections of gene sets, of which the hallmark gene
sets, which represent well-defined biological processes condensed from over 4000 overlapping
gene sets making them ideal for exploratory studies®.

Interestingly, when comparing P14 + VacVgp33 to P14 + UV-VacVgp33 treatments, we
observed that the inflammatory hallmark pathways were downregulated in case of the replicating
VacVgp33 with respect to the UV-VacVgp33 (Fig. 5.8). This points to a stronger magnitude of
gene expression changes triggered by the UV-VacVgp33 which is unsurprising given that the

immunomodulatory capacity of VacV is tied to viral gene expression during replication. Our

105



PhD Thesis - O. Salem McMaster University - Medical Sciences

P14 + VacVgp33.IT vs. P14 + UV.VacVgp33.IT

HALLMARK_G2M_CHECKPOINT -

HALLMARK_E2F TARGETS A

HALLMARK_EPITHELIAL MESENCHYMAL TRANSITIONA
HALLMARK_MYOGENESIS A
HALLMARK_MYC_TARGETS V1
HALLMARK_KRAS_SIGNALING DN -
HALLMARK_ALLOGRAFT REJECTION -
HALLMARK_MTORC! SIGNALING A
HALLMARK_HEME_METABOLISM-
HALLMARK_APOPTOSIS -

HALLMARK_PI3K_AKT MTOR_SIGNALING -

Pathway

HALLMARK_REACTIVE OXYGEN_SPECIES PATHWAY -
HALLMARK_PROTEIN SECRETION
HALLMARK_COMPLEMENT -
HALLMARK_IL2 STAT5 SIGNALING -

HALLMARK_P53 PATHWAY A

HALLMARK_HYPOXIA-
HALLMARK_INFLAMMATORY RESPONSE A
HALLMARK_IL6 JAK_STAT3 SIGNALING
HALLMARK_TNFA_SIGNALING VIA NFKBH
HALLMARK_INTERFERON GAMMA RESPONSE -

HALLMARK INTERFERON_ ALPHA RESPONSE -

o -
—
(3]

-1
Normalized Enrichment Score

|
[o%)

|
[\

106



PhD Thesis - O. Salem McMaster University - Medical Sciences

Figure 5.8 | GSEA reveals a higher magnitude of inflammation associated with P14 + UV-
VacVgp33 compared to P14 + VacVgp33

C57BL/6 mice (n = 3 or 4) were intradermally implanted with 2x10° B16gp33 cells. 5 days later
the mice were treated using 1x10° adoptively transferred P14 T cells followed by 1 x 10® pfu
VacVgp33 or UV-VacVgp33 or PBS (IT). The mice were euthanized 48 h pvi, and the tumours
were collected and homogenized for RNA extraction. Total RNA per tumour was used for
microarray analysis using the Clariom S mouse chip. f{GSEA package in R was used to perform
GSEA using the Hallmark gene sets from MSigDB. Shown are the normalized enrichment scores

(NES) for each gene set. A gene set was called significant if their FDR value is < 0.05.
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previous LacZ staining analysis shows tumour wide dissemination of VacV at this time-point and
strong gene expression as represented by the intensity of LacZ staining. UV-inactivated VacV
is only able to support one round of infection with truncated effect as viral gene expression
is constrained to early genes. So, the immunomodulatory effect of UV-inactivated VacV will
be absent and the gene expression signature in the tumour will be overwhelmed by infiltrating
immunity/tumour attack.

Additionally, metabolic pathways, apoptosis, as well as cell cycle control and genotoxic
stress/DNA repair pathways were also differentially regulated by the replicating VacV compared
to UV-inactivated VacV. VacV is known to encode genes for blocking cellular apoptosis*, and
disrupting cellular metabolism as these are essential steps in subverting the cellular machinery
to support virus replication. Indeed, as outlined earlier, VacV replicates best in cells with a high
proliferation rate due to the enhanced availability of biomaterials for its replication. But VacV
also needs to maintain the integrity of infected cells until virus replication is complete and so
inhibition of apoptosis is an essential component of virus replication. The pathways related to
genotoxic stress and cell cycle control are also tied to apoptosis, such as the p53 pathway, as
these biological processes have significant overlap. Detection of DNA damage necessitates a
pause of the cell cycle so that the damage can be repaired. In the event that the DNA damage
cannot be repaired, however, apoptosis of the affected cells is an integral mechanism to prevent
propagation of mutations to daughter cells. Furthermore, a recent paper has identified a capacity
for VacV to inhibit the DNA repair pathway directly as a means to avoid cellular detection of
viral DNA?%. Thus, it was not surprising that these pathways were manipulated by VacV and that
a more extensive effect was observed with replication competent VacV. However, this does not
obviate the possibility that these signatures point to an alternative explanation for the lack of gene

loss variant mediated relapse in VacV treated mice which will be explored more later.
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5.2.7. PLWU V-inactivated VacV is sufficient to induce cure in MC38

tumour model

Next, we sought to test out the efficacy of VacVgp33 and UV-VacVgp33 in a
different tumour model. MC38 is an immunogenic murine colorectal cancer cell line that was
chemically induced in a female C57BL/6 mouse”****. It has been used as a transplantable tumour
model to study several aspects of cancer immunotherapy. To make use of the transgenic P14 mice
and gp33-expressing viral vectors, we cloned the gp33 construct into MC38 (done by other lab
members). Collective observations from the Wan lab showed that MC38gp33 was able to prime
enough CD8 T cell responses making it possible to use an OVV directly without the need for ACT.
This is due to its slower growth rate and higher immunogenicity compared to the B16gp33 model.
Hence, we treated MC38gp33 tumour-bearing mice with VacVgp33 or UV-VacVgp33. Using ICS,
we detected comparable levels of [FNy-secreting gp33-specific CD8" T cells in the circulation 5
days post treatment with VacVgp33 or UV-VacVgp33 (Fig. 5.9 A). The responses dropped down
by day 12, which is consistent with the T cell kinetics reported earlier in the B16gp33 model.
In terms of tumour control, the replicating VacVgp33 was faster to eliminate the tumours, but
eventually the mice treated with the replicating or PLWUV-inactivated VacVgp33 showed the

same survival proportions of 60% (Fig 5.9 B-C).
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Figure 5.9 | PLWU V-inactivated VacV is sufficient to induce cure in MC38 tumour model

C57BL/6 mice (n=5) were intradermally implanted with 2x10° MC38gp33 cells. 5 days later
the mice were treated using 1 x 10® pfu VacVgp33 or UV-VacVgp33 IT (A) At days 5 and 12
post treatment, blood samples were collected, processed, stained for intracellular IFNy following
in vitro peptide stimulation and analyzed using flow cytometry. (B) Tumour volumes were
continuously measured every third day and are presented as length * width * height (C) Overall
survival was monitored for up to 60 days post tumour challenge. The survival statistics were

calculated using log-rank test. *p < 0.05, **p <0.01, ***p <0.001, ****p <0.0001
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Chapter 6 — Investigating the differential effects of VSV and
VacV on altering the cellular and transcriptomic landscapes in the

TME
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6.1. Introduction

In the previous chapter we showed that replicating VacV is required to achieve durable
long term tumour control in the B16 melanoma model. We postulated that the benefits associated
with the use of the replicating virus are due to direct oncolysis which help eliminate antigen
negative variants and prevent immune escape. An alternative hypothesis is that the presence of
VacV in the TME leads to transcriptomic changes that mediate the recruitment of innate immune
cells complementing the CD8* T cell attack on the tumour. In this chapter we aim to study the
differential effects of VSV and VacV on altering the cellular and molecular profiles in the TME
when used in combination with ACT. We conducted a flow cytometry based cellular analysis
to study the dynamic changes occurring within the TME at different time-points following
ACT + VSV or VacV. Our results revealed no significant differences between VSV and VacV in
recruiting different populations to the TME. We then profiled tumours treated with ACT + VSV
or VacV using a high throughput microarray and found that VacV causes upregulation of various
inflammatory processes and pathways with the exception of type I IFN, which was downregulated
compared to VSV. Additionally, VacV caused downregulation of cell metabolism and cell cycle
related pathways. Interestingly, such transcriptomic changes were combined with the inhibition
of DNA repair pathways which we believe is crucial to prevent therapy-induced antigen loss and
drive tumour cells to apoptosis. Collectively, our data uncovers an additional mechanism by which
VacV helps eradicate tumour cells. By blocking DNA repair pathways, VacV prevents tumour
cells from surviving the DNA damage induced by ROS species and thus stops tumour cells from

evolving and losing their target antigen and growing therapy-resistant clones.
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6.2. Results

6.2.1. Intratumoural immune analysis over a time course reveals
no significant differences in cellular recruitment profile between P14 +

VacVgp33 IT and P14 + VSVgp33 IT treatments.

Having observed better outcomes using the IT route for both VacV and VSV treatments
correlated with an enhanced direct effect of the virus in the TME, we decided to focus on IT for
further characterization. We were interested in studying whether a certain immune population(s)
are being recruited specifically by VacV to the TME that would help prevent immune escape.
To this end, we sought to thoroughly examine the differences in the cellular landscape of the
tumour infiltrating leukocytes (TILs) following P14 + VacVgp33 and P14 + VSVgp33 treatments.
B16gp33 tumour bearing mice were treated using P14 T cells and VSVgp33 or VacVgp33 or PBS
delivered IT. In order to capture the dynamic changes within the TME we analyzed the TILs over
a time course of 3 time-points (day 2,4 and 6 pvi). Table 3.6 summarizes the antibodies and their
respective fluorescent channels used in this study. We first calculated the frequencies of different
cellular populations relative to the total viable leukocytes recovered from each tumour (Table 6.1
and Fig. 6.1 A). At day 2 pvi, CD11b" myeloid cells were the predominant population of cells
recovered from the tumours ranging from 30-50% across the treatment groups. This was followed
by NK cells constituting around 20% of the immune infiltrating cells across the treatment groups.
At day 4 pvi, we observed an increase in CD8" T cells frequency across the treatment groups,
albeit with different degrees. P14 + VacVgp33 had the most increase in CD8" T cells recruitment
to the TME at day 4 pvi. Interestingly, P14 + VSVgp33 recruited more NK cells to the TME
compared to P14 + VacVgp33 or PBS. The frequency of NK cells was even higher than CD8" T
cells. This was inconsistent with our previous analysis of tumours at day 4 pvi, where NK cells
represented a minority across all treatment groups. By day 6 pvi, the frequency of NK cells had

plummeted and that of CD8" T cells had increased up to 60% of the total immune cells in both
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Figure 6.1 | Intratumoural immune analysis over a time course reveals no significant
differences between P14 + VacVgp33 IT and P14 + VSVgp33 IT treatments

C57BL/6 mice (n = 5) were intradermally implanted with 2x105 B16gp33 cells. 5 days later the
mice were treated using 1x10° adoptively transferred P14 T cells followed by 1 x 10® pfu VacVgp33
or VSVgp33 or PBS (IT). At days 2, 4, and 6 pvi, the mice were euthanized and tumours were
collected, processed, stained for the shown surface markers and analyzed using flow cytometry.
Shown is the frequency of each cell population with respect to the total viable cells recovered for
every tumour (A) and log , transformation of the number of cells normalized to the respective
weights of the tumours in g (B). Pairwise t-test with BH correction was performed on each cell
population independently. The horizontal bars represent means £ SEM. *P < 0.05, **P<0.01,

*#4P<0.001, ****P<0.0001.
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P14 + VacVgp33 and P14 + VSVgp33 treatment groups. No remarkable changes to CD4" T cells
or CD1l1c" cells were observed between the different time-points. PBS treated mice had a higher
frequency of CD11c¢" DCs compared to P14 + VacVgp33 or P14 + VSVgp33.

We analyzed the different cellular populations individually among the three treatments
groups at the three time-points (Fig. 6.1 B). It is worth pointing out that using the normalized
number of cells / g tumour for the analysis was not appropriate since most populations experienced
heteroscedasticity across the time course. This is due to the drastic changes that occur to different
cellular populations at different time-points as a result of our treatments. Log,, transformation
of the normalized numbers alleviated the problem, and it was thus used for plotting the data and
for doing the statistical analysis. Consistent with what we have observed before, both P14 +
VacVgp33 and P14 + VSVgp33 treatments led to statistically significant increase in the numbers
of total CD8" T cells as well as Thyl.1* transferred P14 cells in the TME compared to PBS.
Thyl.1" P14 cells were observed as early as day 2 pvi and their normalized counts remained
almost constant throughout the time course. We also saw a gradual decline in the numbers of
NK cells present in the TME throughout the time course for PBS and P14 + VacVgp33 treated
mice. P14 + VSVgp33 treatment on the other hand maintained a consistent level of NK cells
in TME at the three studied time-points and at day 6 pvi, significantly higher numbers of NK
cells were observed compared to PBS and P14 + VacVgp33. Additionally, both P14 + VacVgp33
and P14 + VSVgp33 treatments led to significant recruitment of CD11b" myeloid cells to the
TME especially at day 2 pvi. The recruitment of more lymphocytes to the TME at later time-
points correlated with a slight drop in the numbers of myeloid cells in all treatment groups. No
statistically significant difference in the total number of myeloid cells was observed among the
two virus treatments at any time point. Interestingly, the composition of the myeloid populations
in the TME appears to be different. At day 6 pvi, P14 + VacVgp33 treated mice had slightly
more Ly6G* Ly6C™ cells, albeit not to a significant level. P14 + VSVgp33 treated tumours, on the
other hand, had statistically significant increase in Ly6G-Ly6C"*M cells compared to both P14 and

P14 + VacVgp33 treated mice. Moreover, P14 + VacVgp33 treated tumours displayed a gradual
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decline in the total CD11c" DCs in the TME. This was contrary to P14 + VSVgp33 treatment
that led to statistically significant increase in the total CD11c¢" DCs as well as in the two analyzed
DC subpopulations: CD103*DCs (cDC1) and CD11b"'DCs (¢DC2) at day 6 pvi. Altogether, while
some differences were observed between the immune infiltrating populations in the tumours
treated with ACT + VSV or VacV, no striking differences among the analyzed populations were

observed that might explain the different clinical outcomes.

6.2.2. In vivo depletion of NK1.17 cells or Ly6G™ cells does not affect the

efficacy of P14 + VacVgp33 treatment

Next, we used in vivo depletion antibodies to selectively remove certain immune
populations to identify whether they play a role in the overall efficacy of P14 + VacVgp33
treatment and/or help prevent tumour relapse. B16gp33 tumour-bearing mice were treated using
P14 T cells and VacVgp33 delivered IT. We used in vivo depletion antibodies that target CD8",
NKI1.1%, and Ly6G™ cells. The detailed depletion protocols are described in the materials and
methods section (Chapter 2). We focused on NK cells and neutrophils in addition to CD8" T
cells for this depletion experiment because NK cells have known function to kill tumour cells
in an antigen independent fashion and neutrophils are supportive to NK and CD8" T cell killing
function. NK cell killing is mediated by stress signals/ligands on the tumour and so VacV treated
tumours may be more susceptible to NK cell killing, especially with the increased viral load of
IT injection. Thus, these innate immune killer cells could be responsible for eliminating antigen
negative variant cells during P14 + VacVgp33 treatment, despite recruiting lower numbers. In all
treatment groups, we monitored tumour regression, and the overall survival of mice to demonstrate
the roles these different cellular population play in our therapeutic model. As anticipated, CD8*
T cells depletion led to loss of tumour control. This supports our understanding that CD8* T cells
are indeed indispensable for tumour control in our therapeutic model (Fig. 6.2 A). Depletion of

NKI1.1% or Ly6G* cells had no statistically significant effect on tumour control nor on the overall
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Figure 6.2 | In vivo depletion of NK1.1+ cells or Ly6G+ cells does not affect the efficacy of
P14 + VacVgp33 treatment

C57BL/6 mice (n=5 ) were intradermally implanted with 2x10° B16gp33 cells. 5 days later
the mice were treated using 1x10° adoptively transferred P14 T cells followed by 1 x 10® pfu
VacVgp33 (IT). 250ug of each of the antibodies were delivered IP one day before virus injection
and again one day after injection. Weekly injections of antibodies were used to maintain the
depletion with the exception of Ly6G that was injected every 4th day. (A) Tumour volumes were
continuously measured every 2-4 days. The volumes were calculated as length x width x height.
(B) Overall survival was monitored for up to 60 days post tumour challenge and log-rank test was

used to calculate the survival statistics.
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survival of mice (fig 6.2 A-B). Hence, we concluded that unlike CD8" T cells which are necessary

for the success of the therapy, NK cells and neutrophils appear to be dispensable.

6.2.3. Microarray analysis reveals distinct inflammatory profiles in the

TME following VacV or VSV treatment

The lack of significant differences in the immune populations infiltrating the TME
following P14 + VacVgp33 and P14 + VSVgp33 treatments prompted us to investigate whether
molecular processes can explain the different outcomes observed using both viruses. To this end,
we treated B16gp33 tumour-bearing mice with P14 + VacVgp33 or VSVgp33 or PBS delivered
IT. Tumours were then harvested 48 h pvi, homogenized and RNA was extracted for microarray
analysis to study the molecular changes within the TME following the respective treatments. We
used the same analysis workflow described in the chapter 5. Fig. 6.3 A-B show the relative log
expression of each chip before and after normalization. We then performed principal component
analysis (PCA) to assess whether samples receiving the same treatments would cluster together
(Fig. 6.3 C). Samples of the same treatment group were nicely clustered along the first two
principal components where the first component accounted for 38.9% of the variation between
samples while the second component accounted for 12.9% of the variation. Pearson correlation
was used to calculate the dissimilarity between samples and generate a matrix of distances
that was used to perform unsupervised hierarchical clustering (Fig. 6.3 D). We observed that
P14 + VacVgp33 treated tumours displayed the greatest dissimilarity distance compared to both
P14 control and P14 + VSVgp33 treated tumours.

In order to estimate the differentially expressed genes (DEGs) between the different
treatment conditions we used the Limma package*’. We were interested in examining how each
virus alters the transcriptomic profile within the TME relative to the ACT control. Additionally,
we were curious to analyze the DEGs between VacV and VSV treated tumours. Genes were

considered differentially expressed if at least 2-fold change is returned with an adjusted P value
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Clustering heatmap for the normalized samples

P14.VacVgp33.1T

P14.VacVgp33.1T

P14.VacVgp33.1T

Matrix
P14.VSVgp33.IT large distance

P14.VSVgp33.IT

P14.VSVgp33.IT l
small distance

P14

P14

P14

Figure 6.3 | Principal component analysis and clustering of tumour samples yield three
different clusters corresponding to different treatment conditions

C57BL/6 mice (n = 3 or 4) were intradermally implanted with 2x10° B16gp33 cells. 5 days later
the mice were treated using 1x10° adoptively transferred P14 T cells followed by 1 x 10* pfu
VSVgp33 or VacVgp33 or PBS (IT). The mice were euthanized 48 h pvi, and the tumours were
collected and homogenized for RNA extraction. Total RNA per tumour was used for microarray
analysis using the Clariom S mouse chip. (A-B) the oligo package was used for background
correction and normalization (C) Principal component analysis was used for dimensionality
reduction (D) A distance matrix was calculated using Pearson correlation and was used to perform

hierarchical clustering.

125



PhD Thesis - O. Salem McMaster University - Medical Sciences

< 0.05. Comparing P14 + VacVgp33 treated tumours to P14 treated tumours revealed a total of
422 DEGs (Fig. 6.4 A). On the other hand, P14 + VSVgp33 treatment resulted in 158 DEGs
when compared to P14 treatment (Fig. 6.4 B). We also identified 223 DEGs when comparing
P14 + VacVgp33 to P14 + VSVgp33 treatments (Fig. 6.4 C). A Venn diagram representing the
intersection of DEGs is shown in figure 6.4 D. The full lists of DEGs in each comparison are
presented in Supplementary Tables 1, 2 and 3.

While the identification of differentially expressed genes (DEGs) indeed provides valuable
information regarding the molecular changes across treatments, it remains challenging to manually
spot complex mechanistic changes by observing changes in the expression of individual genes.
For better interpretability of the data, we performed enrichment analysis to identify the biological
processes and/or pathways that are significantly impacted following a given treatment. We first
did an overrepresentation analysis (ORA) on the lists of DEGs using the Biological Process
(BP) domain of the Gene Ontology (GO) annotations to identify the overrepresented biological
processes’®. Because of the acyclic parent-child relationship of the GO terms, redundancy in terms
is commonly observed. We used an algorithm (GOSemSim) that calculates the semantic similarity
between terms and simplifies the output of the enrichment analysis?®’. The top 50 enriched terms
of each comparison are shown in Figure 6.5 A-C. When comparing each virus to the control,
almost all the enriched terms reflected immune related processes. Chemotaxis, cell migration,
cytokine secretion, IL-1 and IL-6 production were common themes observed with both VacV
and VSV treatments. Additionally, both viruses stimulated Interferon type I and type II responses
and Tumour Necrosis Factor (TNF) - mediated responses. When comparing P14 + VacVgp33
against P14 + VSVgp33 treated tumours, the terms enriched included leukocyte adhesion, T
cell activation, phagocytosis, cell migration and differentiation, active inflammatory response
among others. To highlight the relationships between the enriched terms, an enrichment map was
plotted for each enrichment analysis (Fig. 6.5 D-F). In conclusion, both VacV and VSV induce
strong inflammatory responses within the TME. Although different GO terms were enriched, the

biological themes were generally consistent and did not point to distinct processes induced by
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Figure 6.4 | Microarray analysis reveals transcriptomic differences among P14 + VacVgp33,
P14 + VSVgp33 and P14 treatments

C57BL/6 mice (n = 3 or 4) were intradermally implanted with 2x10° B16gp33 cells. 5 days later
the mice were treated using 1x10° adoptively transferred P14 T cells followed by 1 x 10® pfu
VacVgp33 or VSVgp33 or PBS (IT). The mice were euthanized 48 h pvi, and the tumours were
collected and homogenized for RNA extraction. Total RNA per tumour was used for microarray
analysis using the Clariom S mouse chip. (A-C) Limma package in R was used to estimated
the DEGs between the different treatments, which are represented in volcano plots. (D) The

intersection of DEGs in different comparisons is shown in a venndiagram.
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Figure 6.5 | GO enrichment analysis reveals over-representation of similar BP terms
between P14 + VacVgp33 and P14 + VSVgp33 treatments

C57BL/6 mice (n = 3 or 4) were intradermally implanted with 2x10° B16gp33 cells. 5 days
later the mice were treated using 1x10° adoptively transferred P14 T cells followed by 1 x 108
pfu VacVgp33 (IT). The mice were euthanized 48 h pvi, and the tumours were collected and
homogenized for RNA extraction. Total RNA per tumour was used for microarray analysis using
the Clariom S mouse chip. (A-C) Over-representation analysis using ClusterProfiler package in R
was done to analyze the enrichment of BP terms of GO. Shown are the top 50 enriched terms in
each comparison. (D-F) Enrichment maps were created to highlight the interconnectivity of the

top 30 terms in each comparison.
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either virus to explain the observed difference in tumour control.

6.2.4. VacV causes the enrichment of immune processes and the
downregulation of cell proliferation and metabolic processes within the

TME

One of the weaknesses of using ORA is that it only focuses on the DEGs that meet the
cutoff threshold of fold change and statistical significance. This might bias the results since the
biological effects of transcription changes do not correlate linearly with a defined magnitude
of change. Thus, we elected to perform GSEA using the different gene sets from MSigDB. We
decided to focus the analysis on the tumours treated with P14 + VacVgp33 vs P14 + VSVgp33.
We first investigated the enrichment of the hallmark gene sets and found that tumours treated with
P14 + VacVgp33 had a signature enriched for inflammatory gene sets (Fig. 6.6 A). Alternatively,
gene sets representing metabolic pathways, cell replication or DNA repair were downregulated
relative to P14 + VSVgp33 treated tumours. The hallmark gene sets are broad in nature and serve
the purpose of identifying trends in the data for further investigation, thus we decided to query
additional pathway databases to assess the enrichment of gene sets under 4 biological themes:
immune pathways, metabolic pathways, cell cycle-related pathways, and DNA repair pathways.
The canonical branch of the C2 module of MSigDB represents a collection of gene sets derived
from different databases including Reactome, Wikipathways, and KEGG. Additionally, the
CS5 module comprises gene sets derived from the GO and represent the GO annotations. We
focused on the sub-collection representing the GO-BP. To avoid statistical bias, we curated the
previously mentioned gene sets into one list and performed GSEA on the full list. We then filtered
the statistically significant pathways and grouped them into the 4 biological themes previously
mentioned.

Consistent with the results of the hallmark GSEA, our analysis demonstrated the

enrichment of a plethora of immune related pathways in P14 + VacVgp33 treated tumours relative
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Figure 6.6 | GSEA reveals differential pathway regulation between P14 + VacVgp33 and
P14 + VSVgp33 treatments

C57BL/6 mice (n = 3 or 4) were intradermally implanted with 2x10° B16gp33 cells. 5 days later
the mice were treated using 1x10° adoptively transferred P14 T cells followed by 1 x 10® pfu
VacVgp33 or VSVgp33 or PBS (IT). The mice were euthanized 48 h pvi, and the tumours were
collected and homogenized for RNA extraction. Total RNA per tumour was used for microarray
analysis using the Clariom S mouse chip. (A-E) f{GSEA package in R was used to perform GSEA
using the Hallmark gene sets or subsets from C2 and C5 modules of MSigDB. Shown are the
normalized enrichment scores (NES) for each gene set P14 + VacVgp33 vs P14 + VSVgp33

treatments. A gene set was called significant if their FDR value is < 0.05.
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to P14 + VSVgp33 (Fig. 6.6 B). Enrichment of Thl, Th17, Interferon gamma responses, TNF
superfamily response, cytokine and chemokine production were observed. Interestingly, type I
Interferon responses were downregulated by VacV compared to VSV, which is consistent with
what we had reported before. These results point to the more inflammatory nature of VacV leading
to more robust immune processes in the TME and reversal of the immune suppression.

We then looked at the alteration of the metabolic processes within the TME as a result of
P14 + VacVgp33 vs P14 + VSVgp33. Contrary to the immune pathways, we observed significant
downregulation of major metabolic pathways including the citric acid cycle (TCA cycle), fatty
acid metabolism, mitochondrial electron transport chain, glucose metabolism and amino acid
metabolism (Fig. 6.6 C). This indicates a general metabolic shutdown within the TME which halts
tumour progression and pushes the tumour cells towards apoptosis. These findings were further
supported when analyzing cell cycle related pathways, where we saw a general downregulation of
pathways representing mitotic S and M phases, or those representing the transition from G1/G2 to
S phase (Fig. 6.6 D). Additionally, cell cycle checkpoint and cell cycle regulatory pathways were

downregulated pointing to the interruption of cell proliferation.

6.2.5. VacV causes the shutdown of DNA repair pathways eliminating

the chance of antigen loss and immune escape

The combined effect of immune attack and viral replication in the TME leads to the
DNA damage in the tumour cells. Multiple DNA repair pathways can be activated in response
to DNA damage in an attempt to rescue the cell and restore its genomic integrity*®. However,
such repair processes open the door for gene loss and can potentially lead to the emergence of
new antigen-negative clones of cells that can escape the immune attack. Earlier analysis of the
relapsed B16gp33 tumours by Nguyen et al. showed that relapsing tumour cells indeed lose the
target antigen**!. Upon analysis of the DNA repair pathways, we observed a shutdown in all DNA

repair pathways in tumours treated with P14 + VacVgp33 compared to P14 + VSVgp33 (Fig. 6.6

144



PhD Thesis - O. Salem McMaster University - Medical Sciences

E). These findings led to further investigations of the effect of DNA repair pathways on mediating
antigen loss and immune escape in collaboration with Sreedevi Kesavan and Scott Walsh.

The work done by Kesavan and Walsh showed that infection of tumour cells by VSV or
VacV causes comparable DNA double stranded breaks. As a result, upregulation of Nibrin (NBS1),
a member of double strand DNA break repair complex, was observed following viral infection of
B16gp33 cells using VSV or VacV (Fig 6.7 A). Interestingly however, in case of VSV infection,
NBS1 was localized to the nucleus, whereas in case of VacV infection, NBS1 could be detected
in the nucleus and the cytoplasm. The nature of VacV replication being in the cytoplasm could
explain the reason for NBS1 presence in the cytoplasm, where the DNA repair machinery could
be hijacked by the virus to ensure the genomic integrity of the newly synthesized viral genome.
As a result, double stranded DNA breaks in the host cell genome are not repaired. In order to
assess the antigen loss following viral infection, Kesavan and Walsh engineered B16 cells so that
the gp33 coding sequence is linked to GFP through P2A sequences (B16gp33GFP), such that the
loss of gp33 is accompanied by reduced fluorescence or complete loss of GFP signal. Using these
cells, they were able to show that cells infected with VSV led to more GFP-negative (and hence
gp33-negative) cells compared to VacV infected cells (Fig. 6.7 B). Additionally, infection of B16
cells with VSV in the presence of DNA repair inhibitor molecules, either Mirin and AZD7648, led
to statistically significant increase in the proportion of dying cells. Cell death was not observed
in cells treated with the inhibitor molecules alone so these results indicate that inhibiting DNA
repair can synergize with viral oncolysis and increase cell death (Fig. 6.7 C). In this context,
the synergy appears to be due to a bystander effect, as no direct effect on virus replication was
observed. Rather, enhanced tumour death may be a result of cells accruing DNA damage during
treatment being pushed towards apoptosis when DNA repair mechanisms are inhibited. In order
to mimic the in vivo therapeutic protocol, they infected B16gp33GFP cells with VSV followed
by co-culturing the surviving cells with P14 T cells. Interestingly, B16gp33GFP cells that were
infected in the presence Mirin or AZD7648 showed reduced incidence of GFP (and antigen) loss

(Fig. 6.7 D). Taken together, this data suggests that the downregulation of DNA repair machinery

145



PhD Thesis - O. Salem McMaster University - Medical Sciences

DAPI aNBS1 Overlay

Untreated

H202 20puM

VSV MOI 5

VacV MOI 5

146



GFP

PhD Thesis - O. Salem McMaster University - Medical Sciences

y 3
10 4 d 1% 4 s
_ . 10° o
I Untreate 1VSV-gp33 .. : VacV-gp33
IIJ4 = TD“ | : ||]4 |
E . 3 . E
GFP GFP 6
. - o
10° = —neg GFP_neg 10° o —neg ‘GFP_neg 10° GFP_neg
E 0.22 022 E 2.54 254 E 0.60
. o d ’ o 4 E ] :
-1|J3- ,1|J3- -||]3:
T T T T T T T T T T T
o' 1o 10? 10 1o 10! 10 10° 0t 1? lm‘ Im ‘m:’ Im" ‘105
»
FSC-A g
VSV_5_AZD7648 —— q
V8V_1_AZD7648 —
VSV_5_MIRIN ——
VSV_1_MIRIN —_
£ VSV_5 —*— -
o«
£
i
= VSV_1 .
AZD_76481 @
Mirin{ ®
H202_201 @
Untreated | #
o] 25 75

50
%dead cells 24hpi

147



PhD Thesis - O. Salem McMaster University - Medical Sciences
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Figure 6.7 | VacV causes the shutdown of DNA repair pathways eliminating the chance of
antigen loss and immune escape (Data courtesy of Sreedevi Kesavan)

(A) 5e4 CV1 cells were grown on glass coverslips and treated with either VSV or Vaccinia (MOI
=35) for 6 h, 20 uM of H,O, for 1 hour or left untreated. Samples were then fixed, permeabilized
and incubated with anti-NBS1 antibody for 24 h followed by a Rabbit anti-mouse-A488 for 2
h. Cells were then counterstained with Hoechst and the images were taken the next day at 63X
magnification under an oil emersion lens. (B-C) 7.5¢4 B16gp33GFP cells were infected with VSV
or VacV (MOI =5) for 18-24 hours or H,0O, at 20 uM for 1-3 hour in the presence of absence of
Mirin or AZD7648. Cells were fixed and analyzed for loss of GFP via flow cytometry or analyzed
for % of dead cells. (D) 5e4 B16gp33GFP cells were infected with VSV or VSV + Mirin or VSV
+ AZD7648 for 24h and then media was changed. Cells were left to re-populate for a week and
were then cocultured with P14 T-effector cells for 24 hours. The cells were analyzed for GFP

expression via flow cytometry.
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by VacV could be one of the mechanisms underlying its ability to cause durable tumour control

and prevent tumour relapse and immune escape.
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Chapter 7 — Investigating the effects of cellular and molecular
signatures observed in ACT + VacV treated tumours on the disease

progression/outcome in human patients.
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7.1. Introduction

Immunotherapy in its different flavors has ushered in a new era of anti-tumour therapies,
with long-term responses and significant survival advantages observed in multiple tumours. Most
patients, however, do not benefit from these therapies. Therefore, the identification of predictive
biomarkers for the response of immunotherapeutics, especially the ICBs, has been an active area
of research. Inherent properties of certain tumours (e.g. high tumour mutational burden) has been
correlated with better responses to ICBs and more favorable outcomes. While it is not feasible
to alter the inherent properties of tumour cells, therapies aimed at reprogramming the tumour
microenvironment help make therapy-resistant tumours susceptible to immunotherapies. In the
previous chapter, we described the cellular and transcriptomic changes induced by ACT + OVV in
the TME. We highlighted the differences between VSV and VacV on different cellular processes
related to inflammation and immunity, cell cycle progression, cell metabolism and DNA repair
pathways. In this chapter, we aim to investigate whether the transcriptomic changes induced by
ACT + VacV correlate with disease progression in human melanoma patients. We hypothesize
that a balanced inflammatory signature similar to what was observed as a result of ACT + VacV
treatment correlates with positive prognosis and better overall survival in cancer patients. Our
results showed that melanomas with high infiltration of CD8" T cells or M1 macrophages share
common pathway-expression profiles with each other as well as with mouse tumours treated with
ACT + VacV. Additionally, the transcriptomic signatures induced by ACT + VacV, beyond those
related to immune cell infiltration, indeed correlated with favorable responses and a statistically
significant increase in the survival of patients suggesting that ACT + VacV treatment reprograms

the TME towards a favorable responsive phenotype.
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7.2. Results

7.2.1. Infiltration of CD8" T cells and M1 Macrophages in Skin

Cutaneous Melanoma (SKCM) correlates with better overall survival

The intratumoural analysis of the immune populations following ACT + OVV
demonstrated the ability of the therapy to activate and recruit lymphoid and myeloid populations
to the TME with the CD8" T cells being the predominant population 6 days pvi. We were
interested in examining whether the presence of such populations correlates with better outcomes
in melanoma patients. To this end, we analyzed the cohort of Skin Cutaneous Melanoma
(SKCM) data generated by The Cancer Genome Atlas (TCGA). Clinical data of the patients was
obtained from the cBio Cancer Genomics Portal (http://cbioportal.org)®**?%°, In order to estimate
the relative presence of different immune populations we used CIBERSORTX, an in silico flow
cytometry method developed by Newman et al.?®. It uses a deconvolution algorithm to estimate
the abundance of different cell types from bulk tissue RNA sequencing (RNAseq) data. We used
the output of CIBERSORTX to stratify the patients into groups of high, intermediate and low
infiltration of each cellular population. We focused on the high and low groups which account for
the top and bottom quartiles of the data. First, we performed PCA to reduce the dimensionality
of the data and assessed how the infiltration of each population correlate with the variance of
the data along the first two PCs. We observed that patients with high or low infiltration of either
CD8" T cells or M1 macrophages were separated along the first principal component, while other
populations did not have a noticeable clustering pattern along PC1 and PC2 (Fig. 7.1 A). We then
asked whether there is a direct correlation between CD8" T cells and M1 macrophages infiltration.
Using Pearson correlation, we observed a weak positive correlation between the infiltration levels
of both populations with a correlation coefficient of 0.39 (Fig. 7.1 B). To get a better understanding
of the relationship between the infiltration of CD8" T cells and M1 macrophages, we created an

upset plot that quantifies the number of patients in each possible combination of infiltrations (Fig.
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7.1 C). Next, we performed differential gene expression analysis between patients with high
and low infiltration of CD8* T cells and M1 macrophages using DESeq2 package®’. Patients
with high infiltration of CD8"* T cells had statistically significant upregulation of T cell specific
genes including CD84, NKG7, IFNG, CCL5, GZMB, GZMH, TBX21, IL2RB (Fig. 7.1 D). On
the other hand, tumours with high M1 macrophages infiltration showed a statistically significant
upregulation of M1 macrophages specific genes including STATI, IFNG, IFIT3, CXCLY,
CXCL10, ILI2RBI1, IRF1 (Fig. 7.1 E). These results indeed validate the in silico sorting done
using CIBERSORTx. The high expression of CXCL9 and CXCL10 in tumours with high M1
macrophages infiltration explains the correlation between CD8" T cells and M1 macrophages,
since CXCR3" T cells migrate along the CXCL9 and CXCL10 gradients. It is worth noting that
M1 enriched tumours showed a statistically significant upregulation of the MS441 gene, which
encodes for CD20, indicating enrichment of B cells in such tumours as well. We were interested in
analyzing the enriched pathways associated with either CD8" T cells or M1 macrophages. To this
end, we performed GSEA using the hallmark pathways on the ranked gene lists from tumours with
high vs. low infiltration of either CD8" T cells or M1 macrophages (Fig. 7.1 F-G). Interestingly,
tumours enriched for either CD8" T cells or M1 macrophages were positively enriched for all the
immune-specific hallmark pathways while being negatively enriched for cell cycle and replication
pathways. Additionally, tumours with high M1 macrophages infiltration showed a statistically
significant downregulation in DNA repair pathways. CD8" T cell enriched tumours also showed
a downregulation in DNA repair pathways but not to the level of statistical significance. Last
but not least, we performed a univariate survival analysis to assess the effect of infiltration of
each individual cellular population on the overall survival of patients. Patients with high levels of
infiltrations of CD8" T cells or M1 Macrophages had a statistically significant improvement in the
overall survival (Fig. 7.1 H). The median survival of patients with high CD8" T cells infiltration
was 103.2 months compared to 62.8 months in case of low CD8" T cell infiltration (P value =
0.005; log-rank test). Patients with high infiltration of M1 macrophages had a median survival of

138.8 months compared to a median survival of 50.1 months for patients with low infiltration (P
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Hallmark pathway enrichment in Macrophage M1 high vs. low
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Figure 7.1 | Infiltration of CD8" T cells and M1 Macrophages in Skin Cutaneous Melanoma
(SKCM) correlates with the upregulation of inflammatory pathways and better overall
survival of patients

Bulk RNAseq data from a cohort of 473 Skin Cutaneous Melanoma (SKCM) patients from
The Cancer Genome Atlas (TCGA) was submitted to CIBERSORTx for estimation of immune
populations. The clinical data of patients was obtained from the cBio Cancer Genomics Portal
(cbioportal). (A) Scatter plot showing the relationship between high and low infiltration of each
population to the first two principal components. (B - C) Scatter plot / upset plot showing the
relationship between CD8+ T cells and M1 macrophages infiltration in SKCM tumours. (D)
Volcano plots showing the DEGs between tumours with high and low infiltration of CD8+ T cells
or M1 macrophages. (E-F) GSEA showing hallmark pathway enrichment of tumours with high
and low infiltration of CD8+ T cells or M1 macrophages. (G) Kaplan-Meier plots showing the

effect of the relative presence of immune populations on the overall survival of patients.
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value < 0.0001; log-rank test). The infiltration of other cellular populations including total CD4* T
cells, Treg cells, NK cells, total B cell, M2 macrophages, monocytes and neutrophils did not show a
statistically significant difference in survival of patients. In conclusion, the infiltration of tumours
with CD8" T cells or M1 macrophages is correlated with an inflammatory pathway signature and

an increase in the overall survival of patients.

7.2.2. Hallmark pathways differentially regulated by ACT + VacV are

predictive of positive prognosis in SKCM patients

Next, we sought to investigate the effects of up- or downregulation of the hallmark
pathways on the survival of SKCM patients irrespective of the level immune cell infiltration. To
this end, we used gene set variation analysis (GSVA) to estimate sample-wise gene set enrichment
score*®, This allowed us to convert the matrix of gene expression obtained from RNAseq
into a matrix of pathway scores. We performed hierarchical clustering analysis using Pearson
correlation to calculate the similarity in expression of different pathways (Fig. 7.2 A). We
observed that pathways clustered into 6 clusters that are summarized in table 7.1. Some clusters
included pathways that represent a common biological theme e.g., cluster 1 included pathways
associated with the activation of inflammatory responses, while cluster 4 had pathways associated
with metabolic events. Additionally, we observed a negative correlation between inflammatory
pathways and metabolic pathways as well as pathways related to cell replication, which suggests
that the activation of immune responses within the TME limits the metabolic processes and
the replication capacity of tumour cells. DNA repair pathways also negatively correlated with
the activation of the inflammatory pathways. In order to examine the effect of each individual
pathway on the disease prognosis, we used a univariate cox proportional hazard model to assess
the hazard ratio associated with each pathway independently (Fig. 7.2 B)*'. Interestingly, all
hallmark pathways associated with inflammatory responses (cluster 1) had a hazard ratio (HR) <

1 pointing to a favorable prognosis in patients expressing any of the aforementioned pathways.

161



PhD Thesis -

O. Salem

Pearson correlation

|
-1 -05 0 05 1

—

162

ji

.-

r

McMaster University - Medical Sciences

HALLMARK_ESTROGEN_RESPONSE_LATE
HALLMARK_ESTROGEN RESPONSE EARLY
HALLMARK_XENOBIOTIC METABOLISM
HALLMARK_P53_PATHWAY
HALLMARK_HYPOXIA
HALLMARK_MYOGENESIS
HALLMARK_APICAL JUNCTION
HALLMARK_COAGULATION
HALLMARK_APICAL SURFACE

HALLMARK KRAS SIGNALING DN
HALLMARK_APOPTOSIS
HALLMARK_IL2 STAT5 SIGNALING
HALLMARK_COMPLEMENT
HALLMARK_INFLAMMATORY RESPONSE
HALLMARK_IL6 JAK_STAT3 SIGNALING
HALLMARK TNFA SIGNALING VIA NFKB
HALLMARK_KRAS SIGNALING UP
HALLMARK_ALLOGRAFT REJECTION
HALLMARK_INTERFERON GAMMA RESPONSE
HALLMARK_INTERFERON ALPHA RESPONSE
HALLMARK_EPITHELIAL MESENCHYMAL_TRANSITION
HALLMARK_ANGIOGENESIS
HALLMARK_HEDGEHOG SIGNALING
HALLMARK_TGF BETA SIGNALING
HALLMARK UV RESPONSE DN
HALLMARK _NOTCH_SIGNALING
HALLMARK_WNT BETA CATENIN SIGNALING
HALLMARK PANCREAS BETA CELLS
HALLMARK_UV RESPONSE_UP

HALLMARK REACTIVE OXYGEN SPECIES PATHWAY
HALLMARK_CHOLESTEROL HOMEOSTASIS
HALLMARK_ADIPOGENESIS
HALLMARK_FATTY ACID METABOLISM
HALLMARK_PEROXISOME
HALLMARK_GLYCOLYSIS
HALLMARK_OXIDATIVE PHOSPHORYLATION
HALLMARK DNA REPAIR
HALLMARK_PI3K_AKT MTOR_SIGNALING
HALLMARK _HEME METABOLISM
HALLMARK BILE ACID METABOLISM
HALLMARK_ANDROGEN_RESPONSE
HALLMARK_PROTEIN SECRETION
HALLMARK_MTORC1 SIGNALING
HALLMARK_UNFOLDED PROTEIN RESPONSE
HALLMARK MYC TARGETS V2
HALLMARK_MYC TARGETS V1
HALLMARK_MITOTIC_SPINDLE
HALLMARK_SPERMATOGENESIS
HALLMARK_G2M CHECKPOINT
HALLMARK_E2F TARGETS




PhD Thesis - O. Salem McMaster University - Medical Sciences

HALLMARK_ALLOGRAFT REJECTION -
HALLMARK_KRAS_SIGNALING_UP 4
HALLMARK_INTERFERON_GAMMA_RESPONSE -
HALLMARK_COMPLEMENT A
HALLMARK_INTERFERON_ALPHA_RESPONSE -
HALLMARK_IL2_STAT5_SIGNALING -
HALLMARK_IL6_JAK_STAT3 SIGNALING A
HALLMARK_APOPTOSIS 4
HALLMARK_INFLAMMATORY RESPONSE -
HALLMARK_TNFA_SIGNALING_VIA_NFKB-
HALLMARK_PANCREAS_BETA_CELLS -

TT!'T'!'!-!-

HALLMARK_BILE_ACID_METABOLISM-|
HALLMARK_ANDROGEN_RESPONSE -
HALLMARK_COAGULATION~|
HALLMARK_PEROXISOME -
HALLMARK_UV_RESPONSE_DN =
HALLMARK_APICAL_SURFACE -
HALLMARK_TGF_BETA_SIGNALING =
HALLMARK_PROTEIN_SECRETION -
HALLMARK_KRAS SIGNALING_DN -
HALLMARK_HYPOXIA-

HALLMARK _PI3K_AKT MTOR_SIGNALING -
HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION -
HALLMARK ANGIOGENESIS =
HALLMARK_HEDGEHOG_SIGNALING -
HALLMARK_APICAL JUNCTION -

HALLMARK REACTIVE_OXYGEN_SPECIES PATHWAY -
HALLMARK _MTORC1_SIGNALING -

HALLMARK_FATTY_ ACID METABOLISM-

e

HALLMARK CHOLESTEROL _HOMEOSTASIS -
HALLMARK_HEME METABOLISM-|

HALLMARK_P53_PATHWAY -
HALLMARK_OXIDATIVE_PHOSPHORYLATION - —B—

HALLMARK_E2F TARGETS -
HALLMARK_XENOBIOTIC_METABOLISM -

HALLMARK _MYC_TARGETS_V1 -
HALLMARK_G2M_CHECKPOINT -

HALLMARK_UNFOLDED_PROTEIN_RESPONSE -

HALLMARK_MITOTIC_SPINDLE

HALLMARK_MYOGENESIS -
HALLMARK_DNA_REPAIR ~

HALLMARK _MYC_TARGETS_V2 -

HALLMARK_SPERMATOGENESIS -

HALLMARK_GLYCOLYSIS =
HALLMARK_UV_RESPONSE_UP -~

HALLMARK_ESTROGEN_RESPONSE_LATE -+

HALLMARK_NOTCH_SIGNALING

HALLMARK_ESTROGEN_RESPONSE_EARLY -

1
1
1
T
1
1
1
1
1
T
1
[
I
1

HALLMARK_ADIPOGENESIS - -
1
1
1
1
1
1
L
1
t
1
1
1
1
1
1

HALLMARK_WNT_BETA_CATENIN_SIGNALING

0.0 25 50 7
Hazard ratio (95% CI)

n

163



PhD Thesis - O. Salem

C

1.00
075

0.50

Survival probability

025

0.00

1.00

050

Survival probability

025

0.00

1.00

075

050

Survival probability

025

0.00

1.00

075

050

Survival probability

0.00

1.00

075

050

Survival probability

HALLMARK_ADIPOGENESIS

1

00

McMaster University - Medical Sciences

- UP - DOWN
HALLMARK ALLOGRAFT REJECTION

1.00

HALLMARK_ANDROGEN_RESPONSE

0.00

0.75 0.75
2 2
H H
£ £
£ 050 £ 050
z z
= =
2 2
025 025
p=0.09 p <0.0001 p=021
0.00 0.00
0 3000 6000 9000 12000 0 3000 6000 9000 12000 0 3000 6000 9000 12000
Time in Days Time in Days Time in Days
HALLMARK_ANGIOGENESIS HALLMARK_APICAL_JUNCTION HALLMARK_APICAL_SURFACE
1.00 1.00
075 075
z =
E E
2 2
£,050 £,050
E E
£ £
5 5
3 3
0.25 0.25
p=034 p=067 p=025
.
0.00 0.00
0 3000 6000 9000 12000 0 3000 6000 9000 12000 0 3000 6000 9000 12000
Time in Days Time in Days Time in Days
HALLMARK_APOPTOSIS HALLMARK_BILE_ACID_METABOLISM HALLMARK_CHOLESTEROL_HOMEOSTASIS
1.00 1.00
075 075
2 2
2 2
€ €
£050 £050
g g
g g
5 5
7 7
02 025
p=0.049 p=0.036 p=0.68
0.00 0.00
0 3000 5000 9000 12000 0 3000 5000 9000 12000 0 3000 5000 9000 12000
Time in Days Time in Days Time in Days
HALLMARK_COAGULATION HALLMARK_COMPLEMENT HALLMARK_DNA_REPAIR
1.00 1.00
0.75 0.75
2 2
3 3
£ £
2050 2050
g g
£ £
5 5
7 7
02 025
p=0.5 p=0.00031 p=0.031
0.00 0.00
0 3000 6000 9000 12000 0 3000 6000 9000 12000 0 3000 6000 9000 12000
Time in Days Time in Days Time in Days
HALLMARK_E2F TARGETS HALLMARK_EPITHELIAL_ MESENCHYMAL_TRANSITION HALLMARK_ESTROGEN_RESPONSE_EARLY
1.00 1.00
0.75 0.75
= =
z z
E E
S S
£ 050 £ 050
= =
Z Z
025 025
p=0013 p=085 p=0.1
0.00 0.00
0 3000 6000 9000 12000 0 3000 5000 9000 12000 0 3000 6000 9000 12000
Time in Days Time in Days Time in Days

164



PhD Thesis - O. Salem

1.00

075

0.50

Survival probability

025

0.00

1.00

050

Survival probability

025

0.00

1.00

075

050

Survival probability

025

0.00

1.00

075

050

Survival probability

0.00

1.00

075

050

Survival probability

HALLMARK_ESTROGEN_RESPONSE_LATE

1.00

McMaster University - Medical Sciences

- UP - DOWN
HALLMARK FATTY_ACID_METABOLISM

1.00

HALLMARK_G2M_CHECKPOINT

0.00

0.75 0.75
2 2
H H
2 2
S . £
£ 050 £ 050
z z
= =
2 2
0.25 025
p=0.16 p=047 p<0.0001
0.00 0.00
0 3000 6000 9000 12000 0 3000 6000 9000 12000 0 3000 6000 9000 12000
Time in Days Time in Days Time in Days
HALLMARK_GLYCOLYSIS HALLMARK_HEDGEHOG_SIGNALING HALLMARK _HEME_METABOLISM
1.00 1.00
075 075
£z £z
E E
£ £
] ]
£,050 £,050
E E
£ £
3 3
0.25 0.25
p=033 p=0.59 p=04
0.00 0.00
0 3000 6000 9000 12000 0 3000 6000 9000 12000 0 3000 6000 9000 12000
Time in Days Time in Days Time in Days
HALLMARK_HYPOXIA HALLMARK_IL2_STAT5_SIGNALING HALLMARK_IL6_JAK_STAT3_SIGNALING
1.00 1.00
075 075
2 2
2 2
E E
S S
£050 £050
g g
7 7
025 025
p=07 p=0.0024 p <0.0001
0.00 0.00
0 3000 5000 9000 12000 0 3000 5000 9000 12000 0 3000 5000 9000 12000
Time in Days Time in Days Time in Days
HALLMARK_INFLAMMATORY_RESPONSE HALLMARK_INTERFERON_ALPHA_RESPONSE HALLMARK_INTERFERON_GAMMA_RESPONSE
1.00 1.00
0.75 0.75
2 2
3 3
E E
S S
2050 2050
g g
£ £
7 7
02 025
p=0.00012 p<0.0001 p<0.0001
0.00 0.00
0 3000 6000 9000 12000 0 3000 6000 9000 12000 0 3000 6000 9000 12000
Time in Days Time in Days Time in Days
HALLMARK_KRAS_SIGNALING_DN HALLMARK_KRAS_SIGNALING_UP HALLMARK_MITOTIC_SPINDLE
1.00 1.00
0.75 0.75
= =
z z
E E
S S
£ 050 £ 050
E E
025 025
p=074 p=0.0049 p=0.083
0.00 0.00
0 3000 5000 9000 12000 0 3000 5000 9000 12000 0 3000 5000 9000 12000

Time in Days

Time in Days

165

Time in Days



PhD Thesis - O. Salem

1.00

075

0.50

Survival probability

4

025

0.00

1.00

Survival probability
Survival probability

050

Survival probability

025

0.00

1.00

075

050

Survival probability

L

025

0.00

1.00

075

050

Survival probability

0.00

1.00

075

050

Survival probability

{

0.00

HALLMARK_MTORCI1_SIGNALING

p=097

075

Survival probability

Survival probability

050

McMaster University - Medical Sciences

- UP - DOWN
HALLMARK MYC TARGETS V1 HALLMARK MYC TARGETS V2

1.00 1.00

075

050

3000 5000 9000 12000
Time in Days

HALLMARK_MYOGENESIS

0.25 0.25
p=0.0051 p<0.0001
000 000
5 300 00 9000 12000 5 3000 00 9000 12000
Time in Days Time in Days
HALLMARK_NOTCH_SIGNALING HALLMARK_OXIDATIVE_PHOSPHORYLATION

p=0.032

3000 6000 9000 12000
Time in Days

HALLMARK_P53_PATHWAY

1.00 1.00

050

050

025 025

p=0.017 p=0.18
000 000
0 3000 5000 9000 12000 0 3000 5000 9000 12000
Time in Days Time in Days
HALLMARK_PANCREAS_BETA_CELLS HALLMARK_PEROXISOME

Survival probability

o

I

=3
Survival probability

1.00 1.00

075 075

050 050

025 025

p=0.98 p=0.55
0.00 0.00
0 3000 5000 9000 12000 0 3000 5000 9000 12000 0 3000 5000 9000 12000
Time in Days Time in Days Time in Days
HALLMARK_PI3K_AKT_MTOR_SIGNALING HALLMARK_PROTEIN_SECRETION HALLMARK_REACTIVE_OXYGEN_SPECIES_PATHWAY
1.00 1.00
0.75 0.75
2 2
3 3
E E
S S
2050 2050
g g
£ £
7 7
025 025
p=07 p=0.78 p=0.81
0.00 0.00
0 3000 6000 9000 12000 0 3000 6000 9000 12000 0 3000 6000 9000 12000
Time in Days Time in Days Time in Days
HALLMARK_SPERMATOGENESIS HALLMARK _TGF_BETA_SIGNALING HALLMARK_TNFA_SIGNALING_VIA NFKB

p=0.023

3000 6000 9000 12000
Time in Days

Survival probability

Survival probability

1.00 1.00

075

075

050 050

p=073 p<0.0001

0.00 0.00

0 3000 6000 9000 12000 3000 6000 9000 12000
Time in Days Time in Days

166



PhD Thesis - O. Salem

HALLMARK_UNFOLDED_PROTEIN_RESPONSE

1.00

Survival probability

p=0.16

0.00

McMaster University - Medical Sciences

- UP - DOWN
HALLMARK UV_RESPONSE DN HALLMARK UV_RESPONSE_UP

1.00 1.00

50 50

Survival probability
Survival probability

p=0381 p=0.79

0.00 0.00

0 3000 6000

Time in Days

HALLMARK_WNT_BETA_CATENIN_SIGNALING

9000 12000

0 3000 6000

Time in Days

HALLMARK_XENOBIOTIC_METABOLISM

9000 12000 0 3000 6000

Time in Days

9000 12000

1.00

050

Survival probability

p=0.0057

0.00

6000 9000 12000

Time in Days

0 3000

1.00

050

Survival probability

p=0.62

0.00

6000 9000 12000

Time in Days

0 3000

Figure 7.2 | Hallmark pathways activated by ACT + VacV correlate with better survival in

SKCM patients

Bulk RNAseq data SKCM patients (n = 473) from TCGA was used to run GSVA to estimate

patient gene enrichment scores for the Hallmark pathways from MSigDB. (A) Hierarchical

clustering using pearson correlation for distance calculation was used to estimate the similarity

in pathway expression among patients. (B) Univariate cox proportional hazard model was used

to analyze the effect of each individual pathway on disease prognosis. (C) Patients were stratified

based on the median scores for each pathway into High and low groups, and univariate overall

survival analysis was performed and the resulting Kaplan-Meier plots are shown. Log-rank test

was used for P value calculation.
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Table 7.1 | Clusters of hallmark pathways resulting from hierarchical clustering analysis using pearson correlation to estimate the

distances between individual hallmark pathways

Cluster 1

Cluster 2

Cluster 3

Cluster 4

Cluster 5

Cluster 6

HALLMARK_APOPTOSIS

HALLMARK_HYPOXIA

HALLMARK ANGIO-
GENESIS

HALLMARK ADIPOGEN-
ESIS

HALLMARK_PI3K_AKT
MTOR_SIGNALING

HALLMARK_UNFOLD-
ED_PROTEIN _RESPONSE

HALLMARK_IL2_STAT5
SIGNALING

HALLMARK ESTRO-
GEN_RESPONSE _EARLY

HALLMARK HEDGE-
HOG_SIGNALING

HALLMARK FATTY
ACID_METABOLISM

HALLMARK XENOBIOT-
IC_METABOLISM

HALLMARK_MYC_TAR-
GETS_V2

HALLMARK_COMPLE-
MENT

HALLMARK_MYOGEN-
ESIS

HALLMARK_TGF BETA
SIGNALING

HALLMARK_PEROXI-
SOME

HALLMARK_ESTRO-
GEN_RESPONSE_LATE

HALLMARK_MYC TAR-
GETS V1

HALLMARK INFLAM-
MATORY RESPONSE

HALLMARK P53 PATH-
WAY

HALLMARK_UV_RE-
SPONSE_DN

HALLMARK MTORCI1
SIGNALING

HALLMARK_UV_RE-
SPONSE_UP

HALLMARK PROTEIN
SECRETION

HALLMARK_IL6 JAK
STAT3_SIGNALING

HALLMARK COAGULA-
TION

HALLMARK_NOTCH_
SIGNALING

HALLMARK_ GLYCOL-
YSIS

HALLMARK REAC-
TIVE OXYGEN SPE-
CIES PATHWAY

HALLMARK_MITOT-
IC_SPINDLE

HALLMARK_TNFA_SIG-
NALING VIA NFKB

HALLMARK_APICAL
SURFACE

HALLMARK_WNT
BETA_CATENIN_SIG-
NALING

HALLMARK OXIDA-
TIVE_PHOSPHORYLA-
TION

HALLMARK CHOLES-
TEROL HOMEOSTASIS

HALLMARK SPER-
MATOGENESIS

HALLMARK_KRAS_SIG-
NALING_UP

HALLMARK_KRAS SIG-
NALING DN

HALLMARK ANDRO-
GEN_RESPONSE

HALLMARK DNA RE-
PAIR

HALLMARK HEME ME-
TABOLISM

HALLMARK_G2M _
CHECKPOINT

HALLMARK_AL-
LOGRAFT_REJECTION

HALLMARK_APICAL
JUNCTION

HALLMARK_PANCRE-
AS_BETA CELLS

HALLMARK_BILE
ACID METABOLISM

HALLMARK_E2F TAR-
GETS

HALLMARK INTERFER-
ON _GAMMA RESPONSE

HALLMARK_EPITHELI-
AL MESENCHYMAL _
TRANSITION

HALLMARK_INTERFER-
ON_ALPHA RESPONSE
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Table 7.2 | Hazard ratio (HR) associated with each hallmark pathway calculated using

univariate cox proportional hazard model

Pathway HR P value
HALLMARK ALLOGRAFT REJECTION 0.1 2.3e-06
HALLMARK COMPLEMENT 0.22 5.5e-05
HALLMARK INTERFERON GAMMA RESPONSE 0.22 7e-07
HALLMARK KRAS SIGNALING UP 0.22 3e-05
HALLMARK IL2 STATS5 SIGNALING 0.27 0.00018
HALLMARK INTERFERON ALPHA RESPONSE 0.27 1.8e-06
HALLMARK APOPTOSIS 0.28 0.0041
HALLMARK IL6 JAK STAT3 SIGNALING 0.28 1.4e-06
HALLMARK INFLAMMATORY RESPONSE 0.3 4.2e-06
HALLMARK TNFA SIGNALING VIA NFKB 0.31 2e-04
HALLMARK PANCREAS BETA CELLS 0.32 0.024
HALLMARK BILE ACID METABOLISM 0.35 0.025
HALLMARK ANDROGEN RESPONSE 0.55 0.13
HALLMARK COAGULATION 0.56 0.17
HALLMARK PEROXISOME 0.66 0.4
HALLMARK APICAL SURFACE 0.71 0.39
HALLMARK UV _RESPONSE DN 0.71 0.33
HALLMARK TGF BETA SIGNALING 0.79 0.49
HALLMARK PROTEIN SECRETION 0.82 0.48
HALLMARK KRAS SIGNALING DN 0.89 0.86
HALLMARK HYPOXIA 0.96 0.92
HALLMARK PI3K AKT MTOR_SIGNALING 0.99 0.98
HALLMARK EPITHELIAL MESENCHYMAL TRANSITION 1 0.95
HALLMARK ANGIOGENESIS 1.1 0.72
HALLMARK APICAL JUNCTION 1.2 0.66
HALLMARK HEDGEHOG SIGNALING 1.2 0.57
HALLMARK FATTY ACID METABOLISM 1.3 0.43
HALLMARK MTORCI SIGNALING 1.3 0.49
HALLMARK REACTIVE OXYGEN SPECIES PATHWAY 1.3 0.42
HALLMARK CHOLESTEROL HOMEOSTASIS 1.4 0.31
HALLMARK HEME METABOLISM 1.5 0.4
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Table 7.2 | Hazard ratio (HR) associated with each hallmark pathway calculated using

univariate cox proportional hazard model

Pathway HR P value
HALLMARK E2F TARGETS 1.6 0.014
HALLMARK OXIDATIVE PHOSPHORYLATION 1.6 0.054
HALLMARK P53 PATHWAY 1.6 0.26
HALLMARK G2M CHECKPOINT 1.7 0.0075
HALLMARK MYC TARGETS V1 1.7 0.029
HALLMARK XENOBIOTIC METABOLISM 1.7 0.24
HALLMARK MITOTIC SPINDLE 1.8 0.08
HALLMARK UNFOLDED PROTEIN RESPONSE 1.8 0.12
HALLMARK MYOGENESIS 1.9 0.1
HALLMARK ADIPOGENESIS 2 0.05
HALLMARK DNA REPAIR 2 0.036
HALLMARK MYC TARGETS V2 2.1 4.5e-05
HALLMARK GLYCOLYSIS 2.4 0.027
HALLMARK SPERMATOGENESIS 24 0.067
HALLMARK UV _RESPONSE UP 2.5 0.11
HALLMARK ESTROGEN RESPONSE LATE 2.6 0.079
HALLMARK NOTCH_SIGNALING 32 0.0011
HALLMARK ESTROGEN RESPONSE EARLY 3.7 0.0051
HALLMARK WNT BETA CATENIN SIGNALING 4.1 0.00098
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Alternatively, pathways associated with cell proliferation e.g. G2M checkpoint or cell metabolism
e.g. Glycolysis had a HR > 1, suggesting a worse prognosis. Notably, the activation of DNA repair
pathways was predictive of bad prognosis in SKCM patients. The HR ratios for each pathway are
summarized in table 7.2. Lastly, we stratified the patients based on the median GSVA score for
each pathway and performed a univariate survival analysis to analyze the effect of each pathway
on the overall survival of patients (Fig. 7.2 C). Kaplan-Meier survival curves were consistent
with the results from the cox proportional hazard analysis, where pathways with HR < 1 were
associated with a statistically significant improvement in the overall survival in patients with
upregulation of such pathways. On the other hand, downregulation of pathways with a suggested
bad prognosis (HR > 1) correlated with a statistically significant improvement of overall survival
of patients. In conclusion, the molecular signature instilled in the TME by the ACT + VacV that is
represented in the upregulation of inflammatory pathways and the downregulation of DNA repair
pathways, cell metabolism, and cell replication is predictive of better survival in SKCM patients.
This data makes a strong case for the impact that ACT + VacV treatment has on altering the TME
on both cellular and molecular levels and shows that such changes are predictive of favorable

responses in SKCMs and correlate with better overall survival of the patients.
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Chapter 8 — Discussion
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8.1. Studying the effect of the viral backbone on the Efficacy of ACT + OVV

Harnessing the power of immune system has revolutionized the way cancer patients
are treated. The realization that immune evasion is amongst the hallmarks of cancer has led to
considerable efforts to reverse the tumour-mediated immunosuppressive state and reinvigorate
tumour immunity®. Here, we report a unique therapeutic platform that combines two of the most
powerful tools in cancer immunotherapy. Our data illustrates the synergy and complementarity
between ACT and OVYV, where a small starting number of CD8" T cells can be expanded in vivo
by the action of OVV leading to robust tumour control. The OV V-mediated in vivo expansion of
the adoptively transferred CD8" T cells reduces the initial required number of CD8" T cells without
compromising the therapeutic efficacy, which reduces both the cost and the duration of the in vitro
culture of CD8" T cells. Additionally, OVVs induces the recruitment of tumour specific CD8* T
cells to the TME leading to the “push and pull” effect. Moreover, unlike the standard practice in
T cell-based therapies?”?, our protocol does not require any preparative lymphodepletion. This
helps further simplify the therapeutic protocol and protects the patients from any opportunistic
infections that might arise as a result of the lymphopenic state. Furthermore, lymphodepletion
preparative regimens and the subsequent IL-2 treatment following ACT infusion were reported to
underlie the most common toxicities associated with ACT using tumour infiltrating lymphocytes
(TILs)**.

The pursuit to identify the viral backbone best suited for use as an OVV vector is a
devious one. The Wan lab has previously shown the superiority of VSV as a booster OVV in the
context of prime-boost regimens!®”:18-2% Recent work by Nguyen and Walsh to use VSV-based
OVYV in combination with ACT has uncovered two issues to be addressed. The first being that,
in the B16gp33 model, despite the impressive complete tumour regression achieved following
ACT + VSVgp33, tumour relapse occurs shortly after remission?!. The second is that the strong
induction of type I IFN caused by VSV contributes to autoimmune pathology as highlighted by

Walsh in his studies using the RIP-gp model**®. This has prompted us to continue our pursuit in
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finding a viral backbone that capitalizes on the outcomes achieved by VSV and improves upon the
issues previously described. Walsh et al. showed that the inherent ability of VacV to block type I
IFN through the expression of various viral proteins e.g. B18, uncouples anti-tumour immunity
and autoimmune toxicity. It then became apparent to us that the contrast in genomic composition
between VSV, being a simple RNA virus with 5 genes, and VacV, being a complex DNA virus
with more than 200 genes, is worthy of investigation. In this thesis I initially focused on studying
how VSV and VacV compare in terms of their anti-tumour efficacy. By using the B16gp33 model,
I observed that there was indeed an improvement in the overall survival of mice treated with
ACT + VacVgp33 compared to those treated with ACT + VSVgp33 (Fig. 3.3). Nevertheless,
tumour relapse following remission was still observed in most mice treated with either virus. This

promoted us to investigate the effect of the OVV route of administration.

8.2. Evaluating the effect of OVYV route of administration on the efficacy of
ACT + OVV

The selection of the optimum route of delivering OVs is crucial to prevent treatment
failure. Intratumoural delivery is the most commonly used route for OV delivery. It allows for
the precise control of the viral concentration at the tumour site, bypasses the systemic virus
neutralization and prevents its premature clearance”**”. IT delivery is better suited for surface
tumours e.g., melanoma, but it can be challenging for deeper tumours e.g., glioblastoma.
Additionally, tumours that have metastasized to multiple locations could be difficult to locally
target. Intravenous delivery on the other hand, relies on the tropism of OVs to arrive at the tumour
site and start replicating. It allows for viral distribution at any site and precludes the need for
special interventional procedures associated with IT delivery®*. Nevertheless, it is difficult to
control the concentration of the virus arriving at the tumour site as many factors can systemically
neutralize and/or clear the virus before arriving at the tumour site, introducing inconsistency in

the therapeutic outcomes.
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Here, we compared the use of IT and IV routes for delivering two OVVs of different
families. Our results show that IT was the superior route of delivery for both viruses in terms of
tumour control and overall survival of mice (Fig. 3.5). Interestingly, despite the poor systemic
expansion of CD8" T cells by VSVgp33 when delivered IT, it resulted in a trend of better overall
survival compared to IV. When comparing VSVgp33 IT directly against VacVgp33 IT, we
detected significantly less gp33 specific CD8" T cells in the circulation in case of the former.
However, both viruses recruited equal numbers of P14 T cells to the TME (Fig. 3.9). This could
explain why VSVgp33 IT performed well in our model. It is worth mentioning that in case of IT
delivery of VacVgp33, we were able to detect systemic expansion of gp33 specific CD8" T cells,
which indicates the potential of P14 + VacVgp33 IT therapy to attack distant tumours and achieve
abscopal effects. Further experimentation to fully study the extent of treating distant tumours using
IT VacVgp33 is still required. Additionally, despite the faster kinetics of CD8" T cell proliferation
in case of IV delivery of VacV (Fig. 3.8), we did not detect a statistically significant difference in
the numbers of CD8" T cells recruited to the TME between IT and IV delivered VacVgp33 (Fig.
3.7).

We made use of the unique replication properties of VacV by utilizing two reporter systems,
GFP which is expressed under the control of an early promoter, and LacZ which is expressed
under the control a late promoter. This allowed us to resolve productive and non-productive viral
infection at different sites following IT or IV injection. Our data show that IT injection indeed
maximizes viral infection and replication in the tumour tissue. IV injection on the other hand
results in less viral infection and replication in the TME. Additionally, despite detecting early viral
gene expression in the spleens of mice treated with IV VacV, no viral replication was detected;
indicating that the infection of secondary lymphoid organs is non-productive. Thus, we conclude
that IT delivery of VacV enhances the viral mediated effects within the TME. Meanwhile, IV
injection appears to have a more pronounced effect systemically and only limited infection of
the tumour, which may blunt VacV interaction with tumour cells and its modulation of the TME.

Altogether, our data point to an advantage of the IT route over the IV one in our model. In addition,
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we demonstrate the flexibility of VacV, where it can achieve systemic CD8" T cell responses after
being delivered IT. The significantly lower incidence of relapse associated with P14 + VacVgp33
in B16gp33 model intrigued us to dive more into studying the broader effects VacV has on the
TME.

8.3. Evaluating the Contribution of Oncolysis in the Efficacy of ACT + OVV

The rebranding of oncolytic viral therapy (OVT) as a form of immunotherapy has indeed
added an extra dimension to the functionality of OVs. As a result, the necessity of productive
viral replication in the context of OVT has been recently questioned®*®. Our lab has always been
interested in the immune stimulating properties of viruses. By engineering OVs to express tumour-
associated antigens (TAAs), we pushed the OVs far into the immunotherapy territory early on.
We have previously demonstrated that without the induction of tumour specific CD8" T cell
responses, tumour control using OVT is minimal at best'®”. However, in the presence of sufficient
anti-tumour immune responses, the question of how important viral oncolysis is remains open to
answers. Immunotherapy is a double-edged sword, it can not only attack and eliminate tumour
cells, but also, sculpt the tumour immunogenicity and give rise to immune escape variants. The
solution to this problem is to deploy a multimodal therapeutic platform that works through non-
redundant mechanisms, not allowing enough time or room for the tumour to evolve and suppress
the immune attack. The work described here showcases the importance of viral replication in
complementing immunotherapy and preventing cancer immune escape especially when dealing
with aggressive and immunosuppressive tumours, such as B16 melanomas.

VacV is the prototype of the Poxviruses family that is highly noted for its role in eliminating
smallpox®*’. Poxviruses are large, enveloped DNA viruses that replicate in the cytoplasm by
forming cytoplasmic foci known as DNA factories®*!. VacV gene expression happens in three
temporally consecutive stages: early, intermediate, and late’”®. The viral genome together with

factors and enzymes required for the transcription of early genes are packaged in the core of
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the infectious viral particles. DNA replication proteins, on the other hand, are not packaged in
the virions but are translated from viral early mRNAs*"2?%, Upon viral entry into the host cell,
the genome is released from the virion core and DNA replication machinery starts to replicate
the viral genome within two hours of viral entry. The progeny DNA serves as the template
for the expression of intermediate and late-stage genes that require the successive synthesis
of intermediate and late transcription factors respectively!*>?*2%, This unique mechanism of
regulation allows for the use of VacV for gene delivery without causing CPE in the infected
cells. Tsung et al. showed that using psoralen to cross-link the VacV genome combined with
long wavelength ultraviolet radiation (365 nm) exposure can cause double stranded breaks that
renders viral infection abortive?®. Since the expression of early genes is mediated by factors that
are packaged in the virions, the unsuccessful genome replication does not affect the expression
of such genes. However, the expression of intermediate and late genes would be affected by the
lack of viral genome replication. It is worth mentioning that the PLWUYV inactivation process is
a random process and virions do not necessarily have the same degree of genome damage even
when being exposed to the same inactivation conditions. The double-strand breaks will occur
depending on the location of DNA cross-linking caused by psoralen. This implies that longer
genes have higher chances of being affected than shorter ones. Thus, despite the independence
of early genes on genome replication, individual genes might still be affected depending on the
concentration of psoralen used and the duration of UV exposure. Using PLWU V-inactivation, we
were able to transform VacV into a non-oncolytic vaccine, since the inactivation interferes with
the ability of the virus to undergo successful replication while preserving its capacity to infect
target cells and express early viral genes (Fig. 4.2). We demonstrated that, despite the ability
of the inactivated VacV to boost TAA-specific CD8" T cell responses to the same levels as the
replicating virus, it was not able to prevent the immune escape and achieve sustained tumour
regression (Fig. 4.3). We also showed that increasing the potency of the treatment does not
change the outcome (Fig. 4.4). However, re-introducing an oncolytic component to the therapy,

delivered through a separate viral vector, restored the capacity of the therapy to achieve durable
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cure and prevent immune escape (Fig. 4.5). While this work provides evidence that supports the
importance of virus replication in achieving durable tumour control, more experimentation is
required to arrive at the exact mechanism by which oncolysis prevents immune escape. Direct
lysis of tumour cells is indeed one of the ways by which OVs can attack tumour cells in a non-
antigen specific manner. Alternatively, oncolysis-mediated antigen spreading is another potential
mechanism by which virus replication can indirectly lead to more sustained tumour control.
Efforts by other lab members using different tumour models revealed that using ACT + OVV in
the absence of endogenous lymphocytes - achieved by either using in vivo depletion antibodies or
using genetically deficient NRG mice®”' leads to the development of immune escape variants®?. It
appears that recruiting and activating CD8" T cells specific for tumour antigens other than those
initially targeted is imperative for completely eradicating the tumour and preventing immune
escape. Interestingly, the dependence of therapy success on viral replication was model-specific.
When treating MC38gp33 tumours, the of PLWUV inactivated VacV resulted in the same
therapeutic outcome compared to the replicating VacV (Fig. 4.10). It is well accepted in literature
that MC38 is a highly immunogenic tumour model in which numerous neo-epitopes have been
characterized®®®. The lack of discrepancy in the therapeutic outcome between the replicating and
the inactivated virus in controlling MC38gp33 tumours can be interpreted in two different ways.
On the one hand, MC38, being highly immunogenic, could be less sensitive to immunoediting.
On the other hand, the CD8" T cell-mediated immune attack on the tumour might be enough to
induce antigen spreading.

Our microarray data shows that the inactivation of VacV resulted in more DEGs relative
to the replicating VacV when compared against the ACT control (Fig. 4.8). However, we failed
to detect a biologically significant number of DEGs when comparing the tumours treated with
the replicating versus the inactivated VacV. On a pathway level, both the replicating and the
inactivated VacV resulted in identical molecular signatures in the TME when compared to P14
controls. Instead, the magnitude of gene expression fold change or pathway enrichment score

rather than the gene or pathway identity was the differentiating factor between VacV and UV-VacV
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(Fig. 4.9). VacV is known to cause “host shutoff”, which is a phenomenon describing the ability
of viruses to profoundly suppress host protein synthesis while driving viral protein synthesis**.
Shutoff by targeting host cell DNA synthesis, RNA production and processing, mRNA translation,

and protein degradation have all been reported in the context of VacV infection 3*

. The prevention
of host mRNA synthesis protects the virus from the cellular anti-viral proteins and at the same
time frees up the cellular translation machinery for viral mRNAs and allows for more viral protein
synthesis. Moreover, VacV infection was shown to induce a global degradation of host and viral
mRNA3®, The shutoff of tumour cells resulting from replicating VacV treatment could explain
the difference seen in the level of gene expression observed between the replicating and the
inactivated virus. Additionally, since UV-VacV is only able to support one round of infection,
viral gene expression is constrained to early gene expression and thus the immune modulatory
effect associated with replicating VacV are absent and the gene expression signature in the tumour
is overwhelmed by the immune attack of the tumour. Interestingly, the more inflammatory profile
resulting from the inactivated virus did not help prevent tumour relapse. Nevertheless, we would
like to point out that the microarray was based on RNA harvested from tumours at 48 h pvi. The
persistence of inflammation within the TME at later time-points is yet to be evaluated. While
Dai et al. had success with the heat-iMVA in treating B16F10 tumours, their treatment protocol
involved repeated administration of the virus on weekly basis throughout the study?®!. Consistent
with what we have observed, they reported that heat-iM VA was more inflammatory and resulted in
the production of type I interferon, and proinflammatory cytokines and chemokines. Additionally,
in the absence of CD8" T cells, the heat-iM VA had little to no effect on tumour growth, indicating
that CD8" T cell attack on the tumour is indispensable for tumour control?®!. In conclusion,
the work we presented here points to the importance of viral replication in complementing
the immune attack on the tumour to achieve durable responses in our treatment model. This is
especially true in immunosuppressive tumours that require non-redundant mechanisms to tackle
the evolving nature of tumour cells. The PLWUYV inactivation is an effective method to inactivate

poxviruses while maintaining their early gene expression, CD8* T cell expansion capacity as well
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as their inflammatory properties. Despite falling short compared to its replicating counterpart,
we think PLWU V-inactivated VacV provides a very attractive platform that is worthy of further
investigation since it provides a much safer alternative without many compromises that would be

very desirable for clinical use.

8.4. Investigating the differential effects of VSV and VacV on altering the

cellular and transcriptomic landscapes in the TME

We demonstrated that using IT delivery of OVVs leads to enhancement in the overall
survival of mice treated with ACT + OVV. This points to the importance of having high local
concentration of virus within the TME. Additionally, we established the importance of viral
replication in the TME. Besides the enhanced oncolysis, we postulated that the local presence
of higher concentrations of virions in the TME could lead to more prominent effect of virus
mediated modulation, including inflammatory changes, within the TME. We first investigated
the differential recruitment of different immune populations to the TME following ACT + VSV
or VacV. NK cells were shown to play a role in the immune response against VacV**. Earlier
studies pointed to the activation, proliferation, and accumulation of NK cells at the site of VacV
infection®”-%, Another innate immune population that was shown to play a role in the context of
VacV infection is neutrophils®”’. Duffy et al. reported that neutrophils are able to transport viral
antigens from the dermis to the bone marrow and generate virus specific CD8" T cell responses®®.
In another study, nuclear factor kappa B (NFxB) mediated release of proinflammatory cytokines
and chemokines following VacV infection caused the recruitment of neutrophils to the infection
site. Modified VacV vectors that lack viral proteins with NF«B inhibitor activity e.g., A52, K7
and B15, were shown to induce better recruitment of neutrophils to the infection site, where
neutrophils acquire APC features and migrate to secondary lymphoid organs, engaging and
activating antigen specific CD8" T cells*”. These studies and others highlighting the roles of NK

cells and neutrophils in responding to VacV infection prompted us to test whether the recruitment
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of such cells to the TME would complement the function of CD8" T cells and prevent antigen-
negative tumour relapse. Our data indeed showed the recruitment of both NK cells and neutrophils
to the TME following P14 + VacVgp33 treatment. The difference in the normalized numbers was
statistically significant compared to controls (Fig. 3.9). However, we did not detect a statistically
significant difference between P14 + VacVgp33 and P14 + VSVgp33 treatments in the number
of neutrophils recruited to the TME. Interestingly, P14 + VSVgp33 treatment recruited more NK
cells to the TME compared to P14 + VacVgp33. Additionally, in vivo depletion of NK1.1* cells
or Ly6G" myeloid cells had no effect on the efficacy of P14 + VacVgp33 treatment (Fig. 3.10).
These findings collectively demonstrate that neither NK cells nor neutrophils underlie the ability
of VacVgp33 to achieve superior outcomes and prevent tumour relapse. CD8" T cells, on the
other hand, are indispensable for the efficacy of the therapy as in vivo depletion of CD8" T cells
abrogates tumour control.

The inability to identify distinct cellular populations that explain the underlying difference
in the outcome between P14 + VSVgp33 and P14 + VacVgp33 pushed us to explore the molecular
signature induced by each virus in the TME. We were interested to explore whether virus induced
transcriptomic profiles might have an influence on the functionality of the tumour infiltrating
leukocytes as well as the genomic stability of the tumour cells. Our microarray results indeed
showed some similarities in the inflammatory profile of both viruses as 97 genes were found to
be differentially expressed by both viruses when compared to the P14 control. Nevertheless, we
observed significant differences in the molecular signature each virus elicits within the TME. We
identified 223 DEGs between P14 + VacVgp33 and P14 + VSVgp33 treated tumours. For easier
biological interpretability we examined the differences on pathway level using ORA and GSEA.
We used the hallmark pathway database to get an understanding of the general trends in the data,
and then we classified our analysis into four main themes comprising: immune pathways, metabolic
pathways, cell cycle pathways and DNA repair pathways. In terms of immune pathways, it was
evident that VacV was more inflammatory compared to VSV since the majority of inflammatory

pathways analyzed were enriched in VacV treated tumour compared to the VSV treated ones.
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One exception to this observation was the type I IFN, where the VSV treated tumours were
found to be significantly enriched for type I IFN responses compared to the VacV treated ones
(Fig. 3.13). These findings are in agreement with our previous work that demonstrated potent
type I IFN induction 5 hours following VSV infection?’. VacV on the other hand is reported to
encode multiple factors that inhibit type I IFN production and function. For example, E3 is a
multi-domain protein that interferes with the production of type I IFN. The C-terminal dsRNA-
binding domain binds dsRNA and prevents the activation of dsSRNA-binding pathogen recognition
receptors (PRRs)*®. E3 was also reported to bind poly (dA-dT) preventing its transcription into
poly (A-U) RNA by RNA polymerase III, which in turn prevents the activation of retinoic acid-
inducible gene I (RIG-I) and IFN type I production®'®. Another protein encoded by the VacV is
the B18 protein which acts as a type I IFN-binding protein. It binds more specifically to IFNa
both in solution and when associated with cell surface preventing IFN from binding to its receptor
and inducing IFN-mediated antiviral state in the uninfected cells®!!. It is worth mentioning that
VacV does indeed induce some components of type I IFN signaling, which was evident when
compared to the controls. However, the effect was significantly tuned down relative to that seen in
VSV treated tumours. Alternatively, our analysis revealed that P14 + VacVgp33 treatment caused
a statistically significant enrichment of the TNFa signaling via NFxB pathway compared to P14
+ VSVgp33 (Fig 3.13). TNF signaling can have both proinflammatory and anti-inflammatory
properties depending on where it is secreted from, the receptor it binds to, and the presence of
other stimuli in the local environment®!2, It was shown to enhance TCR-dependent activation of
CD4" and CD8* T cells by lowering the threshold level required for TCR activation®'?, enhancing T
cell proliferation, and increasing cytokine production®'“. These effects were shown to be mediated
mainly by TNF receptor 2 (TNFR2). Moreover, TNF signaling through TNFR2 was reported to
increase the expression of anti-apoptotic molecules such as Bcl-2, Bcl-xL, and survivin during the
ecarly phase of T cell activation®'®, Alternatively, TNF receptor 1 (TNFR1) was shown to mediate
apoptotic death during clonal contraction®'>*'®, In the context of regulatory T cells (T,,)> TNF

was reported to downregulate their suppressive capacity®'”*® or to promote their proliferation and
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accumulation in other instances®"”. These data suggest that, depending on the inflammatory factors
present within the local milieu, TNF has the potential to tip the balance between effector T cells
and Tregs in either direction. In the current work, we demonstrated that P14 + VacVgp33 treatment
significantly downregulates the Tregs population in the spleens of treated mice (Fig. 3.4). We did
not analyze the levels of T s in the TME of B16gp33 tumours following P14 + VacVgp33 or
P14 + VSVgp33 treatments. However, other members of the Wan lab have previously shown that
depletion of Tregs in the context of P14 + VSVgp33 can lead to better outcomes and less incidence
of tumour relapse (data not shown). It would be interesting to investigate whether VacV treatment
leads to less Tregs in the TME and whether the reduced number and/or functionality of Tregs is
mediated by the strong TNF signaling elicited by the VacV.

The shutdown of DNA repair pathways observed in case of P14 + VacVgp33 treatment is
indeed an interesting finding. The viral oncolysis combined with the immune attack on the tumour
leads to DNA damage, which in turn activates the DNA repair machinery. Kesavan and Walsh
conducted a series of experiments to test whether DNA damage and subsequent repair mediates
antigen gene loss causing the emergence of therapy resistant clones. They first showed that cells
infected with either VSV or VacV experienced similar levels of double stranded breaks. They
also showed that the NBS1 protein localizes in the cytoplasm rather than the nucleus in VacV-
infected cells (Fig. 3.14). This could be attributed to the replication of VacV in the cytoplasm,
where the virus hijacks the DNA repair machinery to secure the integrity of the viral genome in
the new progeny. This entails the absence of functional DNA repair machinery from the nucleus
which ultimately leads to less incidence of antigen loss and also drives the host cells towards
apoptosis due to failure to repair the DNA damage. Next, they engineered a B16gp33 cell line
where gp33 is linked to GFP, such that cells experiencing antigen loss can be detected as GFP™
cells. They observed that infecting such cells with VSV resulted in significantly higher numbers
of GFP* cells compared to those infected with VacV. Upon the addition of DNA repair inhibitors
(Mirin and AZD7648) to VSV-infected cells, they observed a decrease in the number of antigen

negative cells and an increase in the number of dead cells. Together, these results suggest that
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the downregulation of DNA repair pathways represents another mechanism deployed by VacV to

prevent antigen-loss-mediated tumour relapse.

8.5. Investigating the effects of cellular and molecular signatures observed in
ACT + VacV treated tumours on the disease progression/outcome in human

patients.

Having identified a series of pathways differentially regulated by P14 + VacVgp33
treatment compared to P14 + VSVgp33, we used computational approaches to extrapolate these
findings on patient data to investigate the potential significance of such pathways on the prognosis
of disease in patients with SKCM. Our analysis revealed that the upregulation of the inflammatory
hallmark pathways is correlated with a statistically significant reduction in the hazard ratio,
indicating a favorable disease prognosis. This was confirmed through analyzing the survival of
patients with high or low expression of such pathways (Fig. 3.16). Additionally, using in silico
cytometry, we identified CD8* T cells and M1 macrophages to be key populations associated with
better survival in SKCM patients (Fig. 3.15). We indeed demonstrated that an influx of tumour
specific CD8* T cells into the TME can be achieved within days after ACT + OVV treatment,
regardless of the viral backbone used. We did not analyze the frequency or functionality of M1
macrophages in the TME. However, earlier work from our lab demonstrated that the addition
of a histone deacetylase (HDAC) inhibitor, MS275, to ACT + VSVgp33 treatment resulted in
the polarization of the macrophage population within the TME towards M1 phenotype which
eliminated tumour escape variants and led to durable tumour control?*!. Interestingly, patients with
high M1 macrophage infiltration in the TME had negative enrichment for DNA repair pathways
compared to those with low M1 macrophage infiltration. DNA repair inhibitors have been used
as monotherapies or in combination with chemotherapy to treat different malignancies®*. Many
chemotherapeutics were shown to cause DNA damage of tumour cells. Cells that are able to

repair the damage survive such therapies and evolve to develop therapy resistance. Thus, adding
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DNA repair inhibitors to the therapeutic protocol drives tumour cells towards apoptosis and
prevents therapy resistance. In the context of immunotherapy, double strand breaks in the genome
occurring in proximity of an antigen gene may result in the loss of a neoantigen as the non-
mutated allele on the sister chromatid is used as a template for repair. In the absence of repair,
the cell suffering the double strand break will be eliminated via apoptosis. This implies that an
intrinsic synergy exists between DNA repair inhibition and T cell centric therapy as the cells will
either die by T cell killing or genotoxic-stress induced apoptosis. Thus, DNA repair inhibition
provides a global benefit in tumour immunotherapy. Our data suggests that therapeutic modalities
that incorporate a functional blockade/inhibition of DNA repair would extend this benefit to a
broader range of tumours. Allowing tumours that have retained DNA repair function to experience
the same benefit as those that have lost it. Taken together, these findings demonstrate that the
transcriptomic reprogramming of the TME elicited by ACT + VacV treatment can potentially lead
to better treatment outcomes and can sensitize tumours for other platforms of immunotherapies
like immune checkpoint blockade (ICB).

In conclusion, we extensively investigated the use of VSV- and VacV-based OVVs in
combination with ACT and learned that VacV is superior in achieving durable tumour control.
We were not able to identify differences in the immune cells infiltrating the TME following
P14 + VSVgp33 or P14 + VacVgp33 treatment. However, on a molecular level, we found that
VacV causes more drastic changes, activating more inflammatory pathways while shutting down
cellular metabolism and cell cycle pathways. In addition, the inhibition of DNA repair pathways
is crucial to prevent antigen loss and drive the cells towards apoptosis making VacV a dynamic
multimodal OVV backbone. Importantly, the pathway signature induced by P14 + VacVgp33
correlates with positive prognosis and better overall survival in SKCM patients. Moreover, in
this work, we provided a framework for analysis of microarray data, and patient RNAseq data
which could be very easily extended to other in-house generated data or public datasets of
relevance to fellow scientists. We acknowledge that the microarray technology used in this thesis,

while powerful in identifying patterns in the data, lacks the granularity provided by the single
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cell technologies. For instance, while we detected the enrichment and downregulation of several
pathways, such findings are based on the average signal coming from the entire tumour RNA. It’s
not technically possible to resolve such signals or identify which cells are responsible for them in
the TME in our current data set. Additionally, our cellular studies aimed to identify and quantify
the different cellular populations in the TME. Nevertheless, the fitness and functionality of such
cells were not assessed. More recent technologies like single cell RNA sequencing (scRNAseq)
have allowed an unprecedented level of detail when performing transcriptomic analyses. A natural
progression to the work done in this thesis is to make use of such technologies and dive deeper
in the TME and study the heterogeneity in cell states of the relevant populations. For example,
we demonstrated that CD8" T cells were indispensable for the success of ACT + OVV therapy
and showed that both VSV and VacV recruit similar levels of antigen specific CD8" T cells to
the TME. However, we did not investigate the CD8" T cell states, functional capacity, or the
transcriptomic signatures of the T cells in both conditions. Additionally, TCR sequencing can
shed light on the diversity of CD8" T cell clones present within the TME beside gp33-specific
cells. Going a step further, using technologies that provide spatial information alongside the gene
expression e.g. MERfish, will be of extreme relevance when studying the composition of TME.
We indeed tried using immunohistochemistry to stain B16gp33 tumours following ACT + OVV
treatment. Unfortunately, we ran into issues of background noise and unspecific antibody binding.
This is due to the presence of pigment produced by tumour and cell debris as a result of oncolysis

especially when using the IT route to deliver OVVs.

8.6. Concluding Remarks

This thesis focused on characterizing the ACT + OVV therapeutic protocol. I extended
upon the previous efforts from members of the Wan lab and investigated the use of a VacV based
OVYV in combination with ACT to treat B16 tumours. In the work presented throughout chapters

3 - 7, we can appreciate that ACT + OVV represents a unique immunotherapeutic platform with
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multimodal mechanisms of action. In our protocol, ACT is performed in the absence of preparative
lymphodepletion and without the need for subsequent IL-2 injections. OVVs expand and recruit the
transferred T cells and other immune cells to the TME by reprogramming the TME. Additionally,
mechanisms such as vascular shutdown have been also reported in the context of OVs but haven’t
been addressed here. Our efforts in comparing the use of VacV vs. VSV in combination with
ACT shed light on additional changes induced by VacV in the TME. Besides a more diverse
inflammatory profile, metabolic shutdown, cell cycle arrest and the inhibition of DNA repair
processes were observed in VacV treated tumours. In collaboration with Kesavan and Walsh, we
unveiled the importance of inhibiting DNA repair in preventing antigen loss and immune escape.
Additionally, we demonstrated the importance of viral replication in complementing the immune
attack on the tumours following ACT + VacV therapy. While this was model specific and not
every tumour would benefit from oncolysis, it remains available in the diverse arsenal of tools that
VacV encompasses. We think that VacV is a great all-around platform that excels as an oncolytic

virus, a gene delivery system, and a vaccine that stimulates and engages the host immune system.
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Supplementary Table 1 | List of DEGs between P14 + VacVgp33 treated mice vs. P14 +

VSVgp33 treated mice
Symbol Gene name Log FC  Adj. P Value
Tnfrsfllb tumour necrosis factor receptor superfamily, member 11b (osteoprotegerin) -1.34 0.001
S100a9 S100 calcium binding protein A9 (calgranulin B) 1.97 0.001
Apol10b apolipoprotein L 10B -1.26 0.001
111b interleukin 1 beta 1.78 0.001
Ceclll chemokine (C-C motif) ligand 11 -1.43 0.002
Chill chitinase-like 1 1.42 0.002
Ifitm1 interferon induced transmembrane protein 1 1.19 0.002
Crabpl cellular retinoic acid binding protein I 1.11 0.002
Rabl1fipl RABI11 family interacting protein 1 (class I) 1.96 0.002
S100a8 S100 calcium binding protein A8 (calgranulin A) 1.96 0.002
Widc21 WAP four-disulfide core domain 21 1.63 0.002
Cacnald calcium channel, voltage-dependent, L type, alpha 1D subunit 1.15 0.002
Siglece sialic acid binding Ig-like lectin E 1.41 0.002
Il1a interleukin 1 alpha 2.02 0.002
Igsf6 immunoglobulin superfamily, member 6 1.90 0.002
Arg2 arginase type Il 1.59 0.002
Atp6v0d2 ATPase, H+ transporting, lysosomal VO subunit D2 -1.47 0.002
Sgkl serum/glucocorticoid regulated kinase 1 1.05 0.002
Cmtm5 CKLF-like MARVEL transmembrane domain containing 5 -1.26 0.002
Cfp complement factor properdin 1.26 0.002
1123a interleukin 23, alpha subunit p19 1.19 0.002
Cxcl2 chemokine (C-X-C motif) ligand 2 2.12 0.002
Ptgs2 prostaglandin-endoperoxide synthase 2 1.91 0.002
Mbp myelin basic protein -1.23 0.003
Cd38 CD38 antigen 1.84 0.003
Dnaicl dynein, axonemal, intermediate chain 1 -1.16 0.003
Vamp5 vesicle-associated membrane protein 5 -1.26 0.003
Csflr colony stimulating factor 1 receptor 1.50 0.003
Mefv Mediterranean fever 1.20 0.003
Aifl allograft inflammatory factor 1 1.51 0.003
Caspl2 caspase 12 -1.14 0.003
Nlrp3 NLR family, pyrin domain containing 3 1.77 0.003
Fprl formyl peptide receptor 1 2.90 0.003
Tlcd4 TLC domain containing 4 -1.10 0.003
C2 complement component 2 (within H-2S) -1.20 0.003
Apol9a apolipoprotein L 9a -1.03 0.003
Rapgef4 Rap guanine nucleotide exchange factor (GEF) 4 -1.13 0.003
Fbxo036 F-box protein 36 -1.06 0.003
Gmfg glia maturation factor, gamma 1.22 0.003
Apol9b apolipoprotein L 9b -1.02 0.003
Pla2g7 phospholipase A2, group VII (platelet-activating factor acetylhydrolase, plasma) 1.67 0.003
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Symbol Gene name Log,FC  Adj. P Value
Clec3b C-type lectin domain family 3, member b -1.47 0.003
Marco macrophage receptor with collagenous structure 1.65 0.003
Trem1 triggering receptor expressed on myeloid cells 1 1.57 0.003
Chrdll chordin-like 1 -1.18 0.003
Ms4a4da membrane-spanning 4-domains, subfamily A, member 4A 1.57 0.003
Ogn osteoglycin -1.08 0.003
Pilra paired immunoglobin-like type 2 receptor alpha 1.44 0.003
Gstp2 glutathione S-transferase, pi 2 -1.07 0.003
Lyzl lysozyme 1 1.04 0.003
Pilrb2 paired immunoglobin-like type 2 receptor beta 2 1.35 0.003
Nfkbia nuclear factor of kappa light polypeptide gene enhancer in B cells inhibitor, alpha 1.27 0.003
Lrrtm2 leucine rich repeat transmembrane neuronal 2 -1.24 0.003
CSarl complement component 5a receptor 1 1.55 0.003
Blvrb biliverdin reductase B (flavin reductase (NADPH)) 1.05 0.003
GO0s2 GO0/G1 switch gene 2 1.18 0.004
Gm9733 predicted gene 9733 1.91 0.004
Mcempl mast cell expressed membrane protein 1 1.20 0.004
Cdh19 cadherin 19, type 2 -1.17 0.004
Mitf melanogenesis associated transcription factor -1.18 0.004
Nefl neutrophil cytosolic factor 1 1.28 0.004
Mrgpra2a MAS-related GPR, member A2A 1.63 0.004
Aoah acyloxyacyl hydrolase 1.24 0.004
Ly6i lymphocyte antigen 6 complex, locus I 1.16 0.004
Ndst3 N-deacetylase/N-sulfotransferase (heparan glucosaminyl) 3 -1.21 0.004
Lyz2 lysozyme 2 1.26 0.004
Csf3r colony stimulating factor 3 receptor (granulocyte) 1.18 0.004
Adgrel adhesion G protein-coupled receptor E1 1.43 0.004
Hdc histidine decarboxylase 1.26 0.004
Cyp2j6 cytochrome P450, family 2, subfamily j, polypeptide 6 -1.14 0.004
Cubn cubilin (intrinsic factor-cobalamin receptor) -1.02 0.004
Plbd1 phospholipase B domain containing 1 1.18 0.004
Ppplr3b protein phosphatase 1, regulatory subunit 3B 1.38 0.004
F13al coagulation factor XIII, A1 subunit 1.31 0.004
Pid1 phosphotyrosine interaction domain containing 1 1.65 0.004
Pla2g4c phospholipase A2, group IVC (cytosolic, calcium-independent) -1.07 0.004
Olfml1 olfactomedin-like 1 -1.44 0.004
Scn7a sodium channel, voltage-gated, type VII, alpha -1.21 0.004
Rassf4 Ras association (RalGDS/AF-6) domain family member 4 1.15 0.004
Tnfrsflb tumour necrosis factor receptor superfamily, member 1b 1.26 0.004
Clec4e C-type lectin domain family 4, member e 1.62 0.004
Argl arginase, liver 1.83 0.004
Gstpl glutathione S-transferase, pi 1 -1.00 0.004
Slc39al0 solute carrier family 39 (zinc transporter), member 10 -1.07 0.004
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Symbol Gene name Log,FC  Adj. P Value
Cacnb4 calcium channel, voltage-dependent, beta 4 subunit -1.13 0.004
Lrguk leucine-rich repeats and guanylate kinase domain containing -1.04 0.004
Pil6 peptidase inhibitor 16 -1.38 0.005
Egln3 egl-9 family hypoxia-inducible factor 3 1.39 0.005
Dgat2 diacylglycerol O-acyltransferase 2 1.12 0.005
Retnla resistin like alpha -2.69 0.005
Dpt dermatopontin -1.01 0.005
Gnb4 guanine nucleotide binding protein (G protein), beta 4 -1.06 0.005
S100b S100 protein, beta polypeptide, neural -1.41 0.005
Enpp5 ectonucleotide pyrophosphatase/phosphodiesterase 5 -1.11 0.005
Akrlcl4 aldo-keto reductase family 1, member C14 -1.23 0.005
Arl5c ADP-ribosylation factor-like 5C 1.32 0.005
Akrlcl8 aldo-keto reductase family 1, member C18 -1.70 0.005
Fkbp14 FK506 binding protein 14 -1.02 0.005
Grik2 glutamate receptor, ionotropic, kainate 2 (beta 2) -1.42 0.005
Encl ectodermal-neural cortex 1 -1.02 0.005
Efcab7 EF-hand calcium binding domain 7 -1.07 0.005
Cmklrl chemokine-like receptor 1 1.24 0.005
Trafl TNF receptor-associated factor 1 1.47 0.005
Nkainl Na+/K+ transporting ATPase interacting 1 -1.13 0.005
Gm5150 predicted gene 5150 1.51 0.005
Ikbke inhibitor of kappaB kinase epsilon 1.15 0.005
Tyr tyrosinase -1.26 0.006
Cd14 CD14 antigen 1.33 0.006
Hpgd hydroxyprostaglandin dehydrogenase 15 (NAD) -1.32 0.006
Tirl toll-like receptor 1 1.28 0.006
Pfkfb3 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 1.18 0.006
Syk spleen tyrosine kinase 1.00 0.006
Icaml intercellular adhesion molecule 1 1.10 0.006
Lrgl leucine-rich alpha-2-glycoprotein 1 1.35 0.006
Slc7a8 solute carrier family 7 (cationic amino acid transporter, y+ system), member 8 1.39 0.006
Spatal3 spermatogenesis associated 13 1.08 0.006
Cd5s2 CD52 antigen 1.05 0.006
Itgam integrin alpha M 1.08 0.006
Dkk3 dickkopf WNT signaling pathway inhibitor 3 -1.36 0.006
Calhm5 calcium homeostasis modulator family member 5 -1.00 0.006
Strp4 secreted frizzled-related protein 4 -1.39 0.007
Witdel7 WAP four-disulfide core domain 17 1.42 0.007
Slc7a2 solute carrier family 7 (cationic amino acid transporter, y+ system), member 2 1.09 0.007
Gprl41 G protein-coupled receptor 141 1.73 0.007
Nfkbiz nuclear factor of kappa light polypeptide gene enhancer in B cells inhibitor, zeta 1.50 0.007
Fgr FGR proto-oncogene, Src family tyrosine kinase 1.17 0.007
Pianp PILR alpha associated neural protein -1.12 0.007
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Symbol Gene name Log,FC  Adj. P Value
Ncf4 neutrophil cytosolic factor 4 1.26 0.007
Ptprm protein tyrosine phosphatase, receptor type, M -1.09 0.007
Tarm1 T cell-interacting, activating receptor on myeloid cells 1 1.23 0.008
Cpa3 carboxypeptidase A3, mast cell 1.37 0.008
Eyal EYA transcriptional coactivator and phosphatase 1 -1.05 0.008
Mxd1 MAX dimerization protein 1 1.02 0.008
Pik3cg phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit gamma 1.17 0.008
Tex14 testis expressed gene 14 -1.08 0.008
Tinagl1 tubulointerstitial nephritis antigen-like 1 -1.06 0.008
Retnlg resistin like gamma 1.53 0.008
Stfa2ll stefin A2 like 1 1.63 0.008
E230029C05Rik  RIKEN ¢cDNA E230029C05 gene 1.08 0.008
Mclr melanocortin 1 receptor -1.37 0.008
Cd300e CD300E molecule 1.49 0.008
Gsap gamma-secretase activating protein 1.26 0.008
17 interleukin 7 -1.06 0.008
Tgfbi transforming growth factor, beta induced 1.23 0.008
Irak3 interleukin-1 receptor-associated kinase 3 1.09 0.008
Cybb cytochrome b-245, beta polypeptide 1.18 0.008
Sgms2 sphingomyelin synthase 2 1.46 0.008
Oca2 oculocutaneous albinism II -1.41 0.008
Tnf tumour necrosis factor 1.43 0.009
Aldhlal aldehyde dehydrogenase family 1, subfamily A1 -1.17 0.009
Rasgrp3 RAS, guanyl releasing protein 3 -1.11 0.009
Gjc3 gap junction protein, gamma 3 -1.43 0.009
Rab20 RAB20, member RAS oncogene family 1.01 0.009
Clec4a2 C-type lectin domain family 4, member a2 1.51 0.009
Car6 carbonic anhydrase 6 -1.04 0.009
Lrre25 leucine rich repeat containing 25 1.30 0.009
Tagap T cell activation Rho GTPase activating protein 1.12 0.009
Junb jun B proto-oncogene 1.03 0.009
Cxcr2 chemokine (C-X-C motif) receptor 2 1.07 0.009
Mlph melanophilin -1.10 0.009
Dnajc22 Dnal heat shock protein family (Hsp40) member C22 -1.35 0.009
Lstl leukocyte specific transcript 1 1.06 0.009
Serpinel serine (or cysteine) peptidase inhibitor, clade E, member 1 1.44 0.010
Chil3 chitinase-like 3 1.50 0.010
Apol6 apolipoprotein L 6 -1.22 0.010
Srxnl sulfiredoxin 1 homolog (S. cerevisiae) 1.54 0.010
Denndl11 DENN domain containing 11 1.22 0.010
Glrb glycine receptor, beta subunit -1.06 0.010
Adam8 a disintegrin and metallopeptidase domain 8 1.12 0.010
Gm6377 predicted gene 6377 1.16 0.010
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Symbol Gene name Log,FC  Adj. P Value
Cited1 Cbp/p300-interacting transactivator with Glu/Asp-rich carboxy-terminal domain 1 -1.12 0.010
B3gnt5 UDP-GlcNAc:betaGal beta-1,3-N-acetylglucosaminyltransferase 5 1.21 0.010
Tnfaip3 tumour necrosis factor, alpha-induced protein 3 1.18 0.011
121r interleukin 21 receptor 1.31 0.011
Pik3apl phosphoinositide-3-kinase adaptor protein 1 1.02 0.011
Gsta2 glutathione S-transferase, alpha 2 (Yc2) -1.39 0.011
Iers immediate early response 5 1.09 0.011
Nos2 nitric oxide synthase 2, inducible 1.01 0.011
Clec4al C-type lectin domain family 4, member al 1.18 0.012
Hck hemopoietic cell kinase 1.17 0.012
Klra2 killer cell lectin-like receptor, subfamily A, member 2 1.25 0.012
Mlana melan-A -1.03 0.012
AB124611 c¢DNA sequence AB124611 1.14 0.012
Gpr65 G-protein coupled receptor 65 1.15 0.013
Htr7 5-hydroxytryptamine (serotonin) receptor 7 1.14 0.013
Enpp2 ectonucleotide pyrophosphatase/phosphodiesterase 2 -1.27 0.013
Ubl7 ubiquitin-like 7 (bone marrow stromal cell-derived) -1.18 0.013
Adgre4 adhesion G protein-coupled receptor E4 1.04 0.014
Slc18bl solute carrier family 18, subfamily B, member 1 -1.22 0.014
Ednrb endothelin receptor type B 1.27 0.015
Nxpe5 neurexophilin and PC-esterase domain family, member 5 1.19 0.016
Acodl aconitate decarboxylase 1 1.03 0.016
Ifitm6 interferon induced transmembrane protein 6 1.05 0.016
Fyb FYN binding protein 1.02 0.017
Hclsl hematopoietic cell specific Lyn substrate 1 1.01 0.017
Piral paired-Ig-like receptor A1l 1.17 0.018
Tifab TRAF-interacting protein with forkhead-associated domain, family member B 1.07 0.018
Chil4 chitinase-like 4 1.38 0.019
Msrl macrophage scavenger receptor 1 1.07 0.019
Egrl early growth response 1 1.08 0.020
Bace2 beta-site APP-cleaving enzyme 2 -1.19 0.020
Slc16al0 solute carrier family 16 (monocarboxylic acid transporters), member 10 1.18 0.020
Adap2 ArfGAP with dual PH domains 2 1.07 0.020
Clec4a3 C-type lectin domain family 4, member a3 1.00 0.021
Ets2 E26 avian leukemia oncogene 2, 3' domain 1.03 0.021
Magebl6 MAGE family member B16 -1.08 0.021
TIr8 toll-like receptor 8 1.05 0.022
Nfkbid nuclear factor of kappa light polypeptide gene enhancer in B cells inhibitor, delta 1.19 0.022
Lairl leukocyte-associated Ig-like receptor 1 1.27 0.023
Clecl12a C-type lectin domain family 12, member a 1.08 0.023
B3galtl UDP-Gal:betaGIcNAc beta 1,3-galactosyltransferase, polypeptide 1 -1.04 0.024
Btg2 BTG anti-proliferation factor 2 1.04 0.025
Hp haptoglobin 1.20 0.026
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Mupl major urinary protein 1 1.41 0.026
Ms4a7 membrane-spanning 4-domains, subfamily A, member 7 1.04 0.026
Stfa2 stefin A2 1.05 0.031
Cbr2 carbonyl reductase 2 1.06 0.032
Treml4 triggering receptor expressed on myeloid cells-like 4 1.04 0.035
Gpr84 G protein-coupled receptor 84 1.26 0.035
Spic Spi-C transcription factor (Spi-1/PU.1 related) 1.29 0.037
Tspanl0 tetraspanin 10 -1.11 0.040
Ptgds prostaglandin D2 synthase (brain) -1.08 0.040
A530064DO06Rik  RIKEN ¢cDNA A530064D06 gene 1.22 0.041
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Supplementary Table 2 | List of DEGs between P14 + VacVgp33 treated mice vs. P14 treated

mice
Symbol Gene name logFC  Adj. P Value
S100a9 S100 calcium binding protein A9 (calgranulin B) 4.943 0.000
S100a8 S100 calcium binding protein A8 (calgranulin A) 4.761 0.000
119 interleukin 1 family, member 9 4.575 0.000
Mrgpra2a MAS-related GPR, member A2A 4.454 0.000
Cxcl2 chemokine (C-X-C motif) ligand 2 3912 0.000
Stfa2ll stefin A2 like 1 3.800 0.000
Fprl formyl peptide receptor 1 3.791 0.000
Len2 lipocalin 2 3.671 0.000
Slfn4 schlafen 4 3.570 0.000
Arg2 arginase type I1 3.402 0.000
Retnlg resistin like gamma 3.258 0.000
Il1a interleukin 1 alpha 3.165 0.000
Cxcl5 chemokine (C-X-C motif) ligand 5 3.053 0.000
Cxcer2 chemokine (C-X-C motif) receptor 2 2.826 0.000
Serpinb2 serine (or cysteine) peptidase inhibitor, clade B, member 2 2.751 0.001
Chill chitinase-like 1 2713 0.000
Stfa2 stefin A2 2.612 0.000
Trem1 triggering receptor expressed on myeloid cells 1 2.587 0.000
Cstdc4 cystatin domain containing 4 2.555 0.000
Saa3 serum amyloid A 3 2.547 0.000
Mmp8 matrix metallopeptidase 8 2.514 0.000
Siglece sialic acid binding Ig-like lectin E 2.444 0.000
Cldnl claudin 1 2.426 0.000
111b interleukin 1 beta 2.399 0.000
Cdsl CDS5 antigen-like 2.391 0.003
Trim30c tripartite motif-containing 30C 2.374 0.000
Nlrp3 NLR family, pyrin domain containing 3 2.329 0.000
Trim30b tripartite motif-containing 30B 2312 0.000
Cxcll3 chemokine (C-X-C motif) ligand 13 2.256 0.001
Hcar2 hydroxycarboxylic acid receptor 2 2.252 0.000
Ifit1b12 interferon induced protein with tetratricopeptide repeats 1B like 2 2.247 0.000
Sgms?2 sphingomyelin synthase 2 2.239 0.000
Tnfaip3 tumour necrosis factor, alpha-induced protein 3 2.216 0.000
Mmp9 matrix metallopeptidase 9 2.209 0.000
Mmp3 matrix metallopeptidase 3 2.200 0.000
Csta2 cystatin A family member 2 2.188 0.000
Cxcll chemokine (C-X-C motif) ligand 1 2.166 0.000
Nfkbiz nuclear factor of kappa light polypeptide gene enhancer in B cells inhibitor, zeta 2.110 0.001
Irak3 interleukin-1 receptor-associated kinase 3 2.097 0.000
Ifit1bll interferon induced protein with tetratricpeptide repeats 1B like 1 2.094 0.001
Clecde C-type lectin domain family 4, member ¢ 2.071 0.001
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Selp selectin, platelet 2.065 0.001
Acodl aconitate decarboxylase 1 2.063 0.000
Nfkbia nuclear factor of kappa light polypeptide gene enhancer in B cells inhibitor, alpha 2.059 0.000
Clec4d C-type lectin domain family 4, member d 2.056 0.000
Gadd45b growth arrest and DNA-damage-inducible 45 beta 2.049 0.000
Gm5150 predicted gene 5150 2.031 0.001
Tnf tumour necrosis factor 1.986 0.001
Ccl4 chemokine (C-C motif) ligand 4 1.982 0.000
Samsnl SAM domain, SH3 domain and nuclear localization signals, 1 1.964 0.002
Rnd1 Rho family GTPase 1 1.959 0.000
Spic Spi-C transcription factor (Spi-1/PU.1 related) 1.954 0.003
Rrad Ras-related associated with diabetes 1.950 0.001
Cd300e CD300E molecule 1.939 0.001
Cerl2 chemokine (C-C motif) receptor-like 2 1.918 0.000
Csf3r colony stimulating factor 3 receptor (granulocyte) 1.908 0.000
Mxdl MAX dimerization protein 1 1.878 0.000
Cxcl3 chemokine (C-X-C motif) ligand 3 1.876 0.002
Ccl3 chemokine (C-C motif) ligand 3 1.874 0.000
Lipg lipase, endothelial 1.862 0.000
Ptges prostaglandin E synthase 1.851 0.000
Ppplr3b protein phosphatase 1, regulatory subunit 3B 1.837 0.000
Ccll2 chemokine (C-C motif) ligand 12 1.827 0.002
Hdc histidine decarboxylase 1.814 0.000
Ttc39¢ tetratricopeptide repeat domain 39C 1.810 0.000
A530064DO06Rik  RIKEN ¢cDNA A530064D06 gene 1.804 0.004
Tagap T cell activation Rho GTPase activating protein 1.795 0.000
1l1rl1 interleukin 1 receptor-like 1 1.777 0.001
Ms4a7 membrane-spanning 4-domains, subfamily A, member 7 1.775 0.001
Chil3 chitinase-like 3 1.768 0.002
Thbd thrombomodulin 1.765 0.002
Hp haptoglobin 1.762 0.002
Asprvl aspartic peptidase, retroviral-like 1 1.751 0.000
Ednrb endothelin receptor type B 1.750 0.002
Cd38 CD38 antigen 1.718 0.001
Cd24a CD24a antigen 1.710 0.001
G0s2 GO0/G1 switch gene 2 1.691 0.000
112 interleukin 1 receptor, type 11 1.683 0.000
Ms4ada membrane-spanning 4-domains, subfamily A, member 4A 1.681 0.001
Chil4 chitinase-like 4 1.672 0.004
Ifitm6 interferon induced transmembrane protein 6 1.662 0.001
Rabl1fipl RABI11 family interacting protein 1 (class I) 1.653 0.001
Olrl oxidized low density lipoprotein (lectin-like) receptor 1 1.648 0.002
Cdo69 CD69 antigen 1.642 0.002
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Mcempl mast cell expressed membrane protein 1 1.623 0.000
Widc21 WAP four-disulfide core domain 21 1.616 0.000
Cd14 CD14 antigen 1.596 0.001
Steap4 STEAP family member 4 1.593 0.000
Serpinel serine (or cysteine) peptidase inhibitor, clade E, member 1 1.578 0.003
Slamf9 SLAM family member 9 1.555 0.001
Mefv Mediterranean fever 1.549 0.000
[l interleukin 1 receptor antagonist 1.537 0.001
Egrl early growth response 1 1.533 0.002
Cxcrl chemokine (C-X-C motif) receptor 1 1.531 0.000
Tnfrsflb tumour necrosis factor receptor superfamily, member 1b 1.530 0.001
Thbs1 thrombospondin 1 1.521 0.002
Cd33 CD33 antigen 1.518 0.001
SifnS schlafen 5 1.517 0.001
Slc28a2 solute carrier family 28 (sodium-coupled nucleoside transporter), member 2 1.515 0.003
Tnfrsf23 tumour necrosis factor receptor superfamily, member 23 1.512 0.000
Dgat2 diacylglycerol O-acyltransferase 2 1.509 0.000
P2ry2 purinergic receptor P2Y, G-protein coupled 2 1.509 0.000
Ets2 E26 avian leukemia oncogene 2, 3' domain 1.508 0.002
Widc17 WAP four-disulfide core domain 17 1.506 0.002
ler5 immediate early response 5 1.505 0.001
Tlr7 toll-like receptor 7 1.503 0.003
Selll3 sel-1 suppressor of lin-12-like 3 (C. elegans) 1.500 0.000
El2 elongation factor for RNA polymerase 11 2 1.498 0.002
Prg4 proteoglycan 4 (megakaryocyte stimulating factor, articular superficial zone protein) 1.496 0.000
Pik3ap1 phosphoinositide-3-kinase adaptor protein 1 1.492 0.001
Smox spermine oxidase 1.492 0.001
1fi209 interferon activated gene 209 1.478 0.001
Ankrdl ankyrin repeat domain 1 (cardiac muscle) 1.465 0.007
Fgt7 fibroblast growth factor 7 1.462 0.000
Zc3hl2a zinc finger CCCH type containing 12A 1.460 0.000
Clec4a3 C-type lectin domain family 4, member a3 1.459 0.002
Sell selectin, lymphocyte 1.448 0.002
Gjal gap junction protein, alpha 1 1.447 0.001
116 interleukin 6 1.441 0.003
1fi2712a interferon, alpha-inducible protein 27 like 2A 1.441 0.000
Mustnl musculoskeletal, embryonic nuclear protein 1 1.436 0.001
Duspl dual specificity phosphatase 1 1.431 0.002
Icaml intercellular adhesion molecule 1 1.431 0.001
Gsap gamma-secretase activating protein 1.430 0.002
Treml4 triggering receptor expressed on myeloid cells-like 4 1.429 0.005
Lox lysyl oxidase 1.427 0.001
B430306N03Rik  RTKEN ¢DNA B430306N03 gene 1.425 0.001
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Ccl7 chemokine (C-C motif) ligand 7 1.421 0.003
Adgrel adhesion G protein-coupled receptor E1 1.413 0.002
Clec4a2 C-type lectin domain family 4, member a2 1.412 0.006
Trafl TNF receptor-associated factor 1 1.399 0.003
Ifitm1 interferon induced transmembrane protein 1 1.396 0.000
Clec4al C-type lectin domain family 4, member al 1.395 0.003
Htr2a 5-hydroxytryptamine (serotonin) receptor 2A 1.389 0.003
Csrnpl cysteine-serine-rich nuclear protein 1 1.389 0.000
Oasll 2'-5' oligoadenylate synthetase-like 1 1.385 0.002
Ptgs2 prostaglandin-endoperoxide synthase 2 1.385 0.003
Adgre4 adhesion G protein-coupled receptor E4 1.370 0.002
Ms4a6d membrane-spanning 4-domains, subfamily A, member 6D 1.362 0.002
Pilrbl paired immunoglobin-like type 2 receptor beta 1 1.359 0.000
Plek pleckstrin 1.359 0.001
Car4 carbonic anhydrase 4 1.356 0.001
Ms4adc membrane-spanning 4-domains, subfamily A, member 4C 1.353 0.003
Clu clusterin 1.353 0.001
1gsf6 immunoglobulin superfamily, member 6 1.352 0.003
Tirl toll-like receptor 1 1.351 0.002
Lrgl leucine-rich alpha-2-glycoprotein 1 1.345 0.003
Pde4b phosphodiesterase 4B, cAMP specific 1.337 0.001
1fi213 interferon activated gene 213 1.335 0.002
[1rap interleukin 1 receptor accessory protein 1.334 0.000
Ncf4 neutrophil cytosolic factor 4 1.331 0.002
Btg2 BTG anti-proliferation factor 2 1.324 0.005
Sh2b2 SH2B adaptor protein 2 1.317 0.000
Slfnl schlafen 1 1.317 0.002
Trim25 tripartite motif-containing 25 1.308 0.002
Vcan versican 1.303 0.000
Adm adrenomedullin 1.301 0.003
1123a interleukin 23, alpha subunit p19 1.299 0.000
Cd55b CDS55 molecule, decay accelerating factor for complement B 1.297 0.000
Vmnlrl12 vomeronasal 1 receptor 112 1.286 0.020
Crabpl cellular retinoic acid binding protein I 1.283 0.000
Rdh12 retinol dehydrogenase 12 1.279 0.005
Gm15319 predicted gene 15319 1.278 0.023
Gmo6377 predicted gene 6377 1.272 0.003
Btbd3522 BTB domain containing 35, family member 22 1.270 0.002
Abcal ATP-binding cassette, sub-family A (ABC1), member 1 1.268 0.001
Cerl chemokine (C-C motif) receptor 1 1.264 0.005
Necfl neutrophil cytosolic factor 1 1.264 0.002
Fas Fas (TNF receptor superfamily member 6) 1.264 0.001
Uppl uridine phosphorylase 1 1.263 0.002
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Dachl dachshund family transcription factor 1 1.263 0.002
Nlrp12 NLR family, pyrin domain containing 12 1.263 0.003
1fi214 interferon activated gene 214 1.257 0.005
P2ryl13 purinergic receptor P2Y, G-protein coupled 13 1.255 0.002
Pilra paired immunoglobin-like type 2 receptor alpha 1.255 0.002
Ggtal glycoprotein galactosyltransferase alpha 1, 3 1.250 0.002
Ankrd2 ankyrin repeat domain 2 (stretch responsive muscle) 1.243 0.003
Lstl leukocyte specific transcript 1 1.238 0.002
Ccl2 chemokine (C-C motif) ligand 2 1.237 0.002
Dmkn dermokine 1.235 0.032
Btbd3520 BTB domain containing 35, family member 20 1.232 0.040
Slfn2 schlafen 2 1.229 0.002
Rab20 RAB20, member RAS oncogene family 1.228 0.002
Sifn3 schlafen 3 1.227 0.004
Birc3 baculoviral IAP repeat-containing 3 1.227 0.001
Nifkbid nuclear factor of kappa light polypeptide gene enhancer in B cells inhibitor, delta 1.227 0.011
Pf4 platelet factor 4 1.226 0.002
EgIn3 egl-9 family hypoxia-inducible factor 3 1.221 0.004
Greml gremlin 1, DAN family BMP antagonist 1.221 0.005
Hsd11b1 hydroxysteroid 11-beta dehydrogenase 1 1.219 0.000
Chll cell adhesion molecule L1-like 1.218 0.003
Hilpda hypoxia inducible lipid droplet associated 1.218 0.003
Tarm1 T cell-interacting, activating receptor on myeloid cells 1 1.215 0.003
Ms4a6c membrane-spanning 4-domains, subfamily A, member 6C 1.215 0.007
Pilrb2 paired immunoglobin-like type 2 receptor beta 2 1.212 0.002
Psd4 pleckstrin and Sec7 domain containing 4 1.211 0.004
Slc7all solute carrier family 7 (cationic amino acid transporter, y+ system), member 11 1.208 0.004
1113ra2 interleukin 13 receptor, alpha 2 1.208 0.001
Btbd35f12 BTB domain containing 35, family member 12 1.206 0.026
Btbd35f6 BTB domain containing 35, family member 6 1.203 0.017
Csf3 colony stimulating factor 3 (granulocyte) 1.200 0.002
Mmp27 matrix metallopeptidase 27 1.200 0.002
Slc16al10 solute carrier family 16 (monocarboxylic acid transporters), member 10 1.198 0.010
Eda2r ectodysplasin A2 receptor 1.194 0.004
Ikbke inhibitor of kappaB kinase epsilon 1.193 0.002
Cd55 CDS55 molecule, decay accelerating factor for complement 1.192 0.001
1fi208 interferon activated gene 208 1.190 0.004
Lrre25 leucine rich repeat containing 25 1.189 0.007
Plk2 polo like kinase 2 1.178 0.007
Ciart circadian associated repressor of transcription 1.177 0.002
Gprl41 G protein-coupled receptor 141 1.176 0.018
Gmfg glia maturation factor, gamma 1.175 0.001
Ms4a6b membrane-spanning 4-domains, subfamily A, member 6B 1.175 0.006
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Tasl TLR adaptor interacting with endolysosomal SLC15A4 1.171 0.007
Ifitl interferon-induced protein with tetratricopeptide repeats 1 1.170 0.001
Tyrobp TYRO protein tyrosine kinase binding protein 1.168 0.003
TIr13 toll-like receptor 13 1.161 0.010
1rl interleukin 1 receptor, type | 1.157 0.000
Ebi3 Epstein-Barr virus induced gene 3 1.154 0.003
Fam71f2 family with sequence similarity 71, member F2 1.153 0.012
TIr9 toll-like receptor 9 1.152 0.010
Pgf placental growth factor 1.149 0.002
Mmp10 matrix metallopeptidase 10 1.148 0.002
1830077J02Rik ~ RIKEN ¢cDNA 1830077J02 gene 1.142 0.010
Hck hemopoietic cell kinase 1.137 0.007
Vmnlrl19 vomeronasal 1 receptor 119 1.130 0.035
Btbd35f14 BTB domain containing 35, family member 14 1.127 0.035
Nrap nebulin-related anchoring protein 1.127 0.001
Slc15a3 solute carrier family 15, member 3 1.125 0.002
Metrnl meteorin, glial cell differentiation regulator-like 1.122 0.003
Tnc tenascin C 1.122 0.001
11rl2 interleukin 1 receptor-like 2 1.121 0.003
Fegrl Fc receptor, 1gG, high affinity I 1.119 0.004
Junb jun B proto-oncogene 1.119 0.003
Hclsl hematopoietic cell specific Lyn substrate 1 1.117 0.006
Trim30d tripartite motif-containing 30D 1.116 0.002
1118 interleukin 18 1.112 0.002
Ccl5 chemokine (C-C motif) ligand 5 1.110 0.002
Cd3001d CD300 molecule like family member d 1.108 0.004
Aoah acyloxyacyl hydrolase 1.107 0.003
Klra2 killer cell lectin-like receptor, subfamily A, member 2 1.105 0.011
Maff v-maf musculoaponeurotic fibrosarcoma oncogene family, protein F (avian) 1.104 0.001
Tnfaip6 tumour necrosis factor alpha induced protein 6 1.100 0.012
TIr6 toll-like receptor 6 1.091 0.005
Fbx15 F-box and leucine-rich repeat protein 5 1.090 0.004
F5 coagulation factor V 1.081 0.001
C9orf72 C9orf72, member of C9orf72-SMCR8 complex 1.081 0.003
Cxclll chemokine (C-X-C motif) ligand 11 1.079 0.004
Spatal3 spermatogenesis associated 13 1.079 0.003
Smim3 small integral membrane protein 3 1.078 0.009
Gm10471 predicted gene 10471 1.077 0.013
Serpinbla serine (or cysteine) peptidase inhibitor, clade B, member 1a 1.076 0.002
Ackr3 atypical chemokine receptor 3 1.075 0.001
B4galt6 UDP-Gal:betaGlcNAc beta 1,4-galactosyltransferase, polypeptide 6 1.074 0.003
Gpr84 G protein-coupled receptor 84 1.073 0.040
Tnfrsf26 tumour necrosis factor receptor superfamily, member 26 1.071 0.001
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TIr8 toll-like receptor 8 1.071 0.011
U90926 c¢DNA sequence U90926 1.070 0.001
Bel2111 BCL2-like 11 (apoptosis facilitator) 1.070 0.001
Slfn8 schlafen 8 1.069 0.001
C3arl complement component 3a receptor 1 1.068 0.010
Vav3 vav 3 oncogene 1.066 0.004
1118rap interleukin 18 receptor accessory protein 1.064 0.001
Rnf149 ring finger protein 149 1.062 0.001
Csrp3 cysteine and glycine-rich protein 3 1.057 0.005
Lyn LYN proto-oncogene, Src family tyrosine kinase 1.057 0.005
Gm21671 predicted gene, 21671 1.055 0.011
Sema4d sema domain, immunoglobulin domain (Ig), transmembrane domain (TM) and short cytoplasmic domain, (semaphorin) 4D 1.055 0.003
Ptafr platelet-activating factor receptor 1.051 0.004
Negf nerve growth factor 1.051 0.009
Btbd35f5 BTB domain containing 35, family member 5 1.049 0.028
Adora2b adenosine A2b receptor 1.048 0.005
CSarl complement component Sa receptor 1 1.047 0.008
Prkeb protein kinase C, beta 1.046 0.001
Vmnlrl27 vomeronasal 1 receptor 127 1.046 0.037
Syk spleen tyrosine kinase 1.041 0.002
Ankrd23 ankyrin repeat domain 23 1.040 0.004
Nckapll NCK associated protein 1 like 1.034 0.003
Lep2 lymphocyte cytosolic protein 2 1.032 0.010
Pfkfb3 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 1.029 0.005
Ddx60 DExD/H box helicase 60 1.029 0.000
Tlr2 toll-like receptor 2 1.026 0.004
Cd3001f CD300 molecule like family member F 1.026 0.002
Laccl laccase domain containing 1 1.025 0.004
Treml2 triggering receptor expressed on myeloid cells-like 2 1.021 0.001
Vmnlrl29 vomeronasal 1 receptor 129 1.019 0.014
Gm3500 predicted gene 3500 1.018 0.021
Vmnlr257 vomeronasal 1 receptor 257 1.017 0.027
Rbm47 RNA binding motif protein 47 1.016 0.022
Fgr FGR proto-oncogene, Src family tyrosine kinase 1.016 0.006
Tfec transcription factor EC 1.015 0.002
Lrrc2 leucine rich repeat containing 2 1.013 0.013
AI504432 expressed sequence AI504432 1.009 0.018
Gm8369 predicted gene 8369 1.007 0.004
Gpr65 G-protein coupled receptor 65 1.007 0.013
Dennd11 DENN domain containing 11 1.006 0.012
Sorll sortilin-related receptor, LDLR class A repeats-containing 1.006 0.002
Ifnz interferon zeta 1.003 0.011
Rac2 Rac family small GTPase 2 1.002 0.002
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Gm8&26 predicted gene 826 1.002 0.025
Slc43a3 solute carrier family 43, member 3 1.001 0.001
Stpgl sperm tail PG rich repeat containing 1 -1.007 0.025
Cacnb4 calcium channel, voltage-dependent, beta 4 subunit -1.007 0.003
Tinagl1 tubulointerstitial nephritis antigen-like 1 -1.007 0.005
Wdr46 WD repeat domain 46 -1.007 0.001
1fi27 interferon, alpha-inducible protein 27 -1.007 0.035
Eogt EGF domain-specific O-linked N-acetylglucosamine (GlcNAc) transferase -1.009 0.003
Cdkl cyclin-dependent kinase 1 -1.009 0.001
Efcab7 EF-hand calcium binding domain 7 -1.014 0.003
Cdk2 cyclin-dependent kinase 2 -1.016 0.002
Shmt2 serine hydroxymethyltransferase 2 (mitochondrial) -1.019 0.001
Sytl2 synaptotagmin-like 2 -1.020 0.003
Epb41l4a erythrocyte membrane protein band 4.1 like 4a -1.023 0.008
S100al S100 calcium binding protein Al -1.026 0.008
Dyne2lil dynein cytoplasmic 2 light intermediate chain 1 -1.027 0.003
Mlana melan-A -1.027 0.006
Ttc21b tetratricopeptide repeat domain 21B -1.027 0.001
Glrb glycine receptor, beta subunit -1.029 0.006
Tubb3 tubulin, beta 3 class III -1.029 0.003
Ptprm protein tyrosine phosphatase, receptor type, M -1.029 0.004
Tesl1 testin LIM domain protein like 1 -1.034 0.006
Go6pc3 glucose 6 phosphatase, catalytic, 3 -1.034 0.002
Gpmb6a glycoprotein mé6a -1.034 0.004
Scrnl secernin 1 -1.039 0.005
Paqr6 progestin and adipoQ receptor family member VI -1.040 0.001
Cadml cell adhesion molecule 1 -1.042 0.005
Rab38 RAB38, member RAS oncogene family -1.044 0.004
Dennd5b DENN/MADD domain containing 5B -1.047 0.000
Elovl7 ELOVL family member 7, elongation of long chain fatty acids (yeast) -1.047 0.006
Epb4115 erythrocyte membrane protein band 4.1 like 5 -1.048 0.003
St3gal6 ST3 beta-galactoside alpha-2,3-sialyltransferase 6 -1.049 0.001
Ube2c ubiquitin-conjugating enzyme E2C -1.049 0.003
Lrguk leucine-rich repeats and guanylate kinase domain containing -1.050 0.002
Cenpv centromere protein V -1.050 0.010
Lpar5 lysophosphatidic acid receptor 5 -1.052 0.018
Slc44a3 solute carrier family 44, member 3 -1.053 0.004
Gjb2 gap junction protein, beta 2 -1.054 0.005
C2 complement component 2 (within H-2S) -1.055 0.002
Tex2 testis expressed gene 2 -1.064 0.002
Chchd10 coiled-coil-helix-coiled-coil-helix domain containing 10 -1.064 0.001
Sox10 SRY (sex determining region Y)-box 10 -1.065 0.000
S100b S100 protein, beta polypeptide, neural -1.066 0.008
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Mclr melanocortin 1 receptor -1.069 0.011
Slc24as solute carrier family 24, member 5 -1.070 0.005
Prim1 DNA primase, p49 subunit -1.070 0.002
Ano3 anoctamin 3 -1.072 0.003
Etl4 enhancer trap locus 4 -1.075 0.004
Chsy3 chondroitin sulfate synthase 3 -1.076 0.001
1700019D03Rik ~ RIKEN ¢cDNA 1700019D03 gene -1.078 0.005
Sox6 SRY (sex determining region Y)-box 6 -1.079 0.002
Tecr trans-2,3-enoyl-CoA reductase -1.079 0.002
Dip2c disco interacting protein 2 homolog C -1.081 0.002
Stox2 storkhead box 2 -1.082 0.001
Igsfll immunoglobulin superfamily, member 11 -1.082 0.003
Fam53b family with sequence similarity 53, member B -1.083 0.002
Map7d2 MAP7 domain containing 2 -1.085 0.023
Slc7al solute carrier family 7 (cationic amino acid transporter, y+ system), member 1 -1.085 0.000
Syngrl synaptogyrin 1 -1.087 0.003
Epha3 Eph receptor A3 -1.091 0.004
Sgipl SH3-domain GRB2-like (endophilin) interacting protein 1 -1.092 0.003
Galm galactose mutarotase -1.094 0.001
Ciita class II transactivator -1.094 0.014
Fam174b family with sequence similarity 174, member B -1.103 0.003
Nckap5l1 NCK-associated protein 5-like -1.111 0.002
Tpmt thiopurine methyltransferase -1.112 0.007
Fanci Fanconi anemia, complementation group I -1.116 0.007
Mgll monoglyceride lipase -1.119 0.030
Ankfnl ankyrin-repeat and fibronectin type III domain containing 1 -1.119 0.003
Syt9 synaptotagmin [X -1.124 0.004
Sorbs3 sorbin and SH3 domain containing 3 -1.126 0.002
Gpr37 G protein-coupled receptor 37 -1.126 0.002
Slc24a4 solute carrier family 24 (sodium/potassium/calcium exchanger), member 4 -1.135 0.003
Cacnala calcium channel, voltage-dependent, P/Q type, alpha 1A subunit -1.140 0.000
Carl4 carbonic anhydrase 14 -1.141 0.004
Ical islet cell autoantigen 1 -1.144 0.002
Ldhb lactate dehydrogenase B -1.149 0.002
Cyp39al cytochrome P450, family 39, subfamily a, polypeptide 1 -1.154 0.004
Acotl acyl-CoA thioesterase 1 -1.160 0.001
Insc INSC spindle orientation adaptor protein -1.168 0.003
Cyb5r2 cytochrome b5 reductase 2 -1.170 0.000
Pianp PILR alpha associated neural protein -1.175 0.002
Rasgrp3 RAS, guanyl releasing protein 3 -1.178 0.003
Slc7a5 solute carrier family 7 (cationic amino acid transporter, y+ system), member 5 -1.179 0.001
Apol6 apolipoprotein L 6 -1.185 0.005
H2-DMa histocompatibility 2, class II, locus DMa -1.188 0.004
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Trpml transient receptor potential cation channel, subfamily M, member 1 -1.188 0.006
Cdca3 cell division cycle associated 3 -1.196 0.002
Tspan10 tetraspanin 10 -1.199 0.017
Ubl7 ubiquitin-like 7 (bone marrow stromal cell-derived) -1.199 0.006
Rrm2 ribonucleotide reductase M2 -1.202 0.001
1110051M20Rik ~ RIKEN ¢DNA 1110051M20 gene -1.217 0.018
Mras muscle and microspikes RAS -1.218 0.003
Kazn kazrin, periplakin interacting protein -1.226 0.001
Cdh19 cadherin 19, type 2 -1.228 0.001
Hsd17b7 hydroxysteroid (17-beta) dehydrogenase 7 -1.229 0.000
Mmp12 matrix metallopeptidase 12 -1.234 0.001
Dkk3 dickkopf WNT signaling pathway inhibitor 3 -1.237 0.004
Hcarl hydrocarboxylic acid receptor 1 -1.241 0.016
Gjc3 gap junction protein, gamma 3 -1.247 0.008
Abhd6 abhydrolase domain containing 6 -1.253 0.002
Slc18bl solute carrier family 18, subfamily B, member 1 -1.257 0.006
Gprl43 G protein-coupled receptor 143 -1.276 0.002
Tyr tyrosinase -1.276 0.002
Grik2 glutamate receptor, ionotropic, kainate 2 (beta 2) -1.276 0.004
Gsta2 glutathione S-transferase, alpha 2 (Yc2) -1.283 0.008
Gprl58 G protein-coupled receptor 158 -1.320 0.004
Cdk15 cyclin-dependent kinase 15 -1.333 0.001
Mliph melanophilin -1.334 0.002
Fndc3cl fibronectin type I1I domain containing 3C1 -1.348 0.001
Rspo3 R-spondin 3 -1.354 0.005
Mgl2 macrophage galactose N-acetyl-galactosamine specific lectin 2 -1.389 0.002
Dnajc22 Dnal heat shock protein family (Hsp40) member C22 -1.427 0.004
Atp6v0d2 ATPase, H+ transporting, lysosomal VO subunit D2 -1.435 0.001
Smpd1 sphingomyelin phosphodiesterase 1, acid lysosomal -1.437 0.004
Oca2 oculocutaneous albinism II -1.478 0.003
Ankfnl ankyrin-repeat and fibronectin type III domain containing 1 -1.480 0.002
Ptgds prostaglandin D2 synthase (brain) -1.516 0.005
Prph peripherin -1.616 0.001
Cited1 Cbp/p300-interacting transactivator with Glu/Asp-rich carboxy-terminal domain 1 -1.664 0.001
Bace2 beta-site APP-cleaving enzyme 2 -1.679 0.002
Lyvel lymphatic vessel endothelial hyaluronan receptor 1 -1.937 0.001
Retnla resistin like alpha -2.905 0.002
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Supplementary Table 3 | List of DEGs between P14 + VSVgp33 treated mice vs. P14 treated

mice
Symbol Gene name logFC  Adj. P Value

1119 interleukin 1 family, member 9 4.026 0.000
S100a9 S100 calcium binding protein A9 (calgranulin B) 2.975 0.000
Prg4 proteoglycan 4 (megakaryocyte stimulating factor, articular superficial zone protein) 1.753 0.000
Chacl ChaC, cation transport regulator 1 -1.340 0.000
Cxcl5 chemokine (C-X-C motif) ligand 5 2.411 0.000
S100a8 S100 calcium binding protein A8 (calgranulin A) 2.798 0.000
Cyb512 cytochrome b5 reductase 2 -1.279 0.000
Mrgpra2a MAS-related GPR, member A2A 2.823 0.000
Cd34 CD34 antigen 1.437 0.000
Trib3 tribbles pseudokinase 3 -1.211 0.000
Trim30c tripartite motif-containing 30C 2.705 0.000
Steap4 STEAP family member 4 1.321 0.000
Cd55b CD55 molecule, decay accelerating factor for complement B 1.626 0.000
Sltn4 schlafen 4 2.859 0.000
Cd55 CD55 molecule, decay accelerating factor for complement 1.620 0.000
Ccl22 chemokine (C-C motif) ligand 22 -1.511 0.000
Selll3 sel-1 suppressor of lin-12-like 3 (C. elegans) 1.470 0.000
Cstdc4 cystatin domain containing 4 2.216 0.000
Ifit3b interferon-induced protein with tetratricopeptide repeats 3B 1.043 0.000
Cclll chemokine (C-C motif) ligand 11 1.570 0.000
Ms4a4dd membrane-spanning 4-domains, subfamily A, member 4D 1.219 0.000
Gfpt2 glutamine fructose-6-phosphate transaminase 2 1.641 0.000
Csta2 cystatin A family member 2 1.875 0.000
Trim30b tripartite motif-containing 30B 1.699 0.000
Rnd1 Rho family GTPase 1 1.598 0.000
Slcla4 solute carrier family 1 (glutamate/neutral amino acid transporter), member 4 -1.449 0.000
Herpud1 homocysteine-inducible, endoplasmic reticulum stress-inducible, ubiquitin-like domain member 1 -1.071 0.000
1fi44 interferon-induced protein 44 1.096 0.000
Hcar2 hydroxycarboxylic acid receptor 2 1.761 0.001
Kcnabl potassium voltage-gated channel, shaker-related subfamily, beta member 1 1.112 0.001
Lpar4 lysophosphatidic acid receptor 4 1.033 0.001
Il1rl1 interleukin 1 receptor-like 1 2.163 0.001
Mmp2 matrix metallopeptidase 2 1.225 0.001
Hsdl11bl hydroxysteroid 11-beta dehydrogenase 1 1.194 0.001
Arg2 arginase type II 1.816 0.001
Shmt2 serine hydroxymethyltransferase 2 (mitochondrial) -1.268 0.001
Slc43a3 solute carrier family 43, member 3 1.181 0.001
Slc7al solute carrier family 7 (cationic amino acid transporter, y+ system), member 1 -1.060 0.001
Ackr3 atypical chemokine receptor 3 1.389 0.001
Dcn decorin 1.169 0.001
Ccl5 chemokine (C-C motif) ligand 5 1.621 0.001
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Symbol Gene name logFC  Adj. P Value
Cxcll3 chemokine (C-X-C motif) ligand 13 2.793 0.001
I1rap interleukin 1 receptor accessory protein 1.067 0.001
Mmp3 matrix metallopeptidase 3 1.709 0.001
Nrap nebulin-related anchoring protein 1.262 0.001
Ddx60 DExD/H box helicase 60 1.031 0.001
Cxcr2 chemokine (C-X-C motif) receptor 2 1.751 0.001
Epha7 Eph receptor A7 -1.162 0.001
Csfl colony stimulating factor 1 (macrophage) 1.043 0.001
Chill chitinase-like 1 1.288 0.001
Ifit1bl2 interferon induced protein with tetratricopeptide repeats 1B like 2 2.093 0.001
Sppl secreted phosphoprotein 1 1.240 0.002
Fgt7 fibroblast growth factor 7 1.292 0.002
Hpgd hydroxyprostaglandin dehydrogenase 15 (NAD) 1.820 0.002
Rsad2 radical S-adenosyl methionine domain containing 2 1.135 0.002
Mmp9 matrix metallopeptidase 9 1.578 0.002
Mmp8 matrix metallopeptidase 8 2.278 0.002
Cxcll chemokine (C-X-C motif) ligand 1 1.775 0.002
Mmp27 matrix metallopeptidase 27 1.418 0.003
Len2 lipocalin 2 2.884 0.003
Efempl epidermal growth factor-containing fibulin-like extracellular matrix protein 1 1.798 0.003
Pil6 peptidase inhibitor 16 1.667 0.003
Ifitl interferon-induced protein with tetratricopeptide repeats 1 1.287 0.003
Mmp12 matrix metallopeptidase 12 -1.187 0.003
Cxcrl chemokine (C-X-C motif) receptor 1 1.317 0.003
Ifit1bl1 interferon induced protein with tetratricpeptide repeats 1B like 1 2.315 0.003
Apod apolipoprotein D 1.427 0.003
Csprs component of Sp100-rs 1.209 0.003
Rabl5 RABI1S5, member RAS oncogene family 1.380 0.003
Cldnl claudin 1 2.149 0.003
Ccl2 chemokine (C-C motif) ligand 2 1.402 0.003
Oas2 2'-5' oligoadenylate synthetase 2 1.026 0.003
Cxclll chemokine (C-X-C motif) ligand 11 1.495 0.003
Slc39al10 solute carrier family 39 (zinc transporter), member 10 1.232 0.003
Stfa2ll stefin A2 like 1 2.168 0.003
Adamts5 a disintegrin-like and metallopeptidase (reprolysin type) with thrombospondin type 1 motif, § (aggrecanase-2) 1.376 0.004
Lipg lipase, endothelial 1.344 0.004
Gzma granzyme A 1.431 0.004
Ly6i lymphocyte antigen 6 complex, locus I -1.238 0.004
Ogn osteoglycin 1.094 0.004
Cmpk2 cytidine monophosphate (UMP-CMP) kinase 2, mitochondrial 1.129 0.004
11r12 interleukin 1 receptor-like 2 1.369 0.005
Lbp lipopolysaccharide binding protein 1.240 0.005
Tnfrsf23 tumour necrosis factor receptor superfamily, member 23 1.144 0.005
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Ltbpl latent transforming growth factor beta binding protein 1 1.038 0.005
Mx1 MX dynamin-like GTPase 1 1.045 0.005
U90926 c¢DNA sequence U90926 1.079 0.005
Sqle squalene epoxidase -1.144 0.005
Serpinbla serine (or cysteine) peptidase inhibitor, clade B, member la 1.078 0.006
Cxcl2 chemokine (C-X-C motif) ligand 2 1.789 0.006
Marco macrophage receptor with collagenous structure -1.553 0.006
1fi207 interferon activated gene 207 1.033 0.006
Akrlcl8 aldo-keto reductase family 1, member C18 1.812 0.007
Slfn8 schlafen 8 1.015 0.007
Lyvel lymphatic vessel endothelial hyaluronan receptor 1 -1.577 0.007
Gadd45b growth arrest and DNA-damage-inducible 45 beta 1.103 0.007
Saa3 serum amyloid A 3 1.644 0.007
Adgrg2 adhesion G protein-coupled receptor G2 1.036 0.008
Ch25h cholesterol 25-hydroxylase 1.039 0.008
Slc24a4 solute carrier family 24 (sodium/potassium/calcium exchanger), member 4 -1.240 0.009
Plala phospholipase A1 member A 1.039 0.009
Siglece sialic acid binding Ig-like lectin E 1.039 0.009
Retnlg resistin like gamma 1.724 0.009
Htr2a 5-hydroxytryptamine (serotonin) receptor 2A 1.541 0.010
Prph peripherin -1.270 0.010
Lgi2 leucine-rich repeat LGI family, member 2 1.158 0.010
[l interleukin 1 receptor antagonist 1.157 0.011
Tek TEK receptor tyrosine kinase 1.366 0.011
Fgf2 fibroblast growth factor 2 1.011 0.012
Ccl7 chemokine (C-C motif) ligand 7 1.456 0.012
Mustnl musculoskeletal, embryonic nuclear protein 1 1.225 0.012
Slamf9 SLAM family member 9 1.219 0.013
Rrad Ras-related associated with diabetes 1.593 0.013
Ptges prostaglandin E synthase 1.159 0.013
Ccl4 chemokine (C-C motif) ligand 4 1.045 0.014
Stfa2 stefin A2 1.559 0.014
Scn7a sodium channel, voltage-gated, type VII, alpha 1.081 0.014
Trim30d tripartite motif-containing 30D 1.063 0.015
Lvrn laeverin 1.120 0.015
Scara5 scavenger receptor class A, member 5 1.075 0.015
H2-Abl histocompatibility 2, class II antigen A, beta 1 -1.167 0.015
Car2 carbonic anhydrase 2 1.081 0.016
Cd24a CD24a antigen 1.157 0.018
Dhrs9 dehydrogenase/reductase (SDR family) member 9 1.155 0.019
Cxcll4 chemokine (C-X-C motif) ligand 14 -1.019 0.019
Tmem45a transmembrane protein 45a 1.018 0.019
Ttc39c¢ tetratricopeptide repeat domain 39C 1.108 0.019
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Clec4d C-type lectin domain family 4, member d 1.300 0.020
Ccl3 chemokine (C-C motif) ligand 3 1.074 0.021
Argl arginase, liver -1.511 0.021
Clu clusterin 1.004 0.021
Ankrd2 ankyrin repeat domain 2 (stretch responsive muscle) 1.182 0.022
Ngf nerve growth factor 1.227 0.023
Cdca3 cell division cycle associated 3 -1.022 0.023
Des desmin 1.007 0.024
Mest mesoderm specific transcript -1.050 0.024
Serpinb2 serine (or cysteine) peptidase inhibitor, clade B, member 2 2.003 0.025
Eda2r ectodysplasin A2 receptor 1.135 0.026
Mexis macrophage expressed LXRa(NR1H3)-dependent amplifier of Abcal transcription IncRNA 1.106 0.027
Myoz2 myozenin 2 1.261 0.027
Tmod4 tropomodulin 4 1.022 0.028
Irak3 interleukin-1 receptor-associated kinase 3 1.007 0.028
Slfn5 schlafen 5 1.003 0.029
Csrp3 cysteine and glycine-rich protein 3 1.026 0.030
1fi213 interferon activated gene 213 1.040 0.030
1fi209 interferon activated gene 209 1.053 0.030
Klhl41 kelch-like 41 1.130 0.035
Mgl2 macrophage galactose N-acetyl-galactosamine specific lectin 2 -1.076 0.037
Thbd thrombomodulin 1.247 0.038
Lrre2 leucine rich repeat containing 2 1.136 0.039
Cerl2 chemokine (C-C motif) receptor-like 2 1.027 0.039
Il1a interleukin 1 alpha 1.148 0.039
Tmem100 transmembrane protein 100 1.236 0.042
11208 interferon activated gene 208 1.017 0.042
Treml triggering receptor expressed on myeloid cells 1 1.016 0.045
Acodl aconitate decarboxylase 1 1.029 0.048
Ankrdl ankyrin repeat domain 1 (cardiac muscle) 1.372 0.048
Tnfaip6 tumour necrosis factor alpha induced protein 6 1.174 0.048
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