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ABSTRACT 

Advanced melanoma is highly metastatic and resistant to traditional chemotherapies, 

resulting in a 5-year survival rate of less than 30%. This study investigated Natural Killer 

T (NKT) cell-based immunotherapy in combination with oncolytic vesicular stomatitis 

virus (VSV-ΔM51). VSV-ΔM51 infection increases the production of CXCR3 

chemokine receptor ligands CXCL9, -10, and -11, potentially recruiting CXCR3-

expressing NKT cells into the tumor microenvironment; however, the specific role of the 

CXCR3 axis in treatment efficacy is unknown. Using a melanoma model, responses to 

NKT cell immunotherapy, alone and in combination with recombinant VSV-ΔM51 

constructs, were tested in wild-type and CXCR3-/- mice. Mice received oncolytic VSV-

GFP or VSV engineered to express reovirus fusion associated small transmembrane 

(FAST) protein p14 (VSV-p14). Combined treatments enhanced survival compared to 

monotherapies in both WT and CXCR3-/- mice. Loss of CXCR3 impaired accumulation 

of NKT cells within tumors, but did not impair recruitment of other key immune 

populations or significantly impact treatment efficacy. In fact, CXCR3-/- mice exhibited 

trends towards improved tumor regression and survival in response to VSV, as well as 

increased viral persistence post-treatment. These results demonstrate that oncolytic VSV 

in combination with NKT cell immunotherapy provides superior survival benefits 

compared to monotherapies. However, the CXCR3 axis appears dispensable in our 

combined therapy. Factors including chemokine axis redundancy, as well as reduced viral 

clearance and enhanced oncolytic activity may compensate for the loss of CXCR3 in this 

model.  
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CHAPTER 1: INTRODUCTION 

1.1 Cancer  

1.1.1 Definition, epidemiology, classification 

Cancer is the leading cause of death in Canada, responsible for almost 30% of all deaths 

in 2019 1. Almost half of all Canadians are projected to receive a cancer diagnosis in their 

lifetime, and almost half of those diagnosed are expected to die from cancer 1. Although 

the last several decades have ushered in significant advances in both our fundamental 

understanding of and ability to treat cancer, it still bears an immeasurably heavy burden 

on both individuals and society at large. Although rates of most cancers are declining due 

to these advances, actual cases continue to increase in Canada as a factor of our aging 

population, and globally due to population growth 2,3. Beyond mortality, the burden of 

cancer can be measured by metrics including years of life lost, the lasting effects of 

cancer on those who survive it, and economic impact on both healthcare systems and 

individuals 3. From 2010 to 2019, there was a 26.3% increase in global cancer cases, a 

20.9% increase in global cancer deaths, and a 16% increase in disability-adjusted life 

years (which combines years of life lost and cancer-associated disability) 3. In 2021 

alone, the economic burden of cancer in Canada was $26 billion CAD, and 

approximately one-third of that cost was paid by patients and their families 4. In countries 

without robust public health care systems, these costs are much higher. So, what are 

major challenges we still face in the treatment of cancer?  

The last two decades have ushered in breakthroughs in our understanding of the 

molecular underpinnings and immunological landscapes of cancer, and with this 
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understanding have come increasingly nuanced and targeted therapies. Beyond treating 

cancers primarily based on morphological or histological features, cancers can now be 

targeted based on their specific mutational profiles 5. Despite the many successes of 

targeted therapies, such as proto-oncogene serine/threonine kinase B-Raf (BRAF) 

inhibitors, and human epidermal growth factor receptor 2 (HER-2) inhibitors, many 

patients fail to respond or develop resistance 6. These targeted therapies also are 

inherently limited to patients with specific mutational profiles, and require additional 

screening, which has butted up against the limits of our diagnostic capacity 5. The 

immune system has also been harnessed against cancer, particularly with the advent of 

immune checkpoint inhibitor therapies in the early 2010s, including anti-Programmed 

Death 1 receptor (PD-1) and anti-cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) 

monoclonal antibodies, whose profound impact on cancer treatment resulted in the 

winning of a Nobel Prize in 2018. However, even anti-PD-1 can only induce long-lasting 

cures in about 10-20% of patients, and much work is still being done to determine which 

patient populations will benefit most from this therapy 5. Some major remaining 

challenges include developing reliable mechanisms to determine which patient 

populations will benefit from specific therapies, and finding ways to overcome the ability 

of cancers to adapt and become refractory to treatment.  

As we continue to develop increasingly specialized and personalized therapies, it 

becomes increasingly clear that there will likely be no “magic bullet” cure. The 

heterogeneity between and within cancer types, and between and within individuals, will 

require the development of novel single and combination therapies. As combination 

therapies prove their worth in the treatment of heterogenous and evolving cancers, it is 
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becoming increasingly important that we understand how to rationally combine therapies, 

which requires elucidating the mechanisms by which therapies synergize in combination.  

1.1.2 Hallmarks of cancer 

Cancer, at its most basic, is a term used to describe diseases driven by cells which have 

been transformed by genetic mutation to grow uncontrollably and spread throughout the 

body, eventually impacting the body’s ability to function. Though cancers are incredibly 

diverse, arising in different tissues as a result of different mutations in different 

individuals, they are united by this ability to grow and spread in ways normal, healthy 

cells do not. Cancers share many similar functional characteristics, developed in the 

transition from normalcy to malignancy, which allow cancer cells to survive, proliferate, 

and disseminate to form metastases 7. These characteristics, which have been referred to 

as the “hallmarks” of cancer, define cancer cells’ abilities to replicate indefinitely, avoid 

apoptosis, sustain proliferative signaling while avoiding growth suppression, deregulate 

cellular energetics, induce angiogenesis, and avoid immune destruction 7. The 

development of these characteristics is driven at its core by genome instability, which has 

different triggers in different cancers that can be either hereditary or environmental. 

Some cancers, like melanoma, are highly driven by DNA-damaging insults like 

ultraviolet (UV) radiation, as will be discussed further below 8.  Normal cells can become 

malignant by acquiring hallmark mutations through generations of replicating cells. And 

as cancer cells acquire more mutations which suppress apoptosis, prevent DNA repair, 

and enable replicative immortality, their mutational rate accelerates, allowing the 

accumulation of additional hallmarks necessary for their survival and expansion into 

multicellular tumors. As these malignant cells divide, the mutational diversity in 
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successive generations of cells increases, giving rise to clonally heterogeneous tumors, 

composed of subpopulations of cells which are able to evade immune destruction or resist 

various treatment strategies, allowing for tumors to “evolve” under these stressors and 

become refractory to treatment 9,10.  

Though cancers share common hallmark capabilities that allow them to survive and 

proliferate, it is also crucial to identify their differences, generated by their mutational 

profiles, tissues of origin, metastatic burden, immune status, and other factors. Being able 

to classify tumors by type and disease stage is essential for treatment and prognosis.  

Cancers have historically been classified according to their primary site of origin or by 

their tissue type. According to the International Classification of Diseases for Oncology, 

Third Edition, cancers can be classified by tissue type into five major categories: 

carcinoma, sarcoma, lymphoma, myeloma, and leukemia 11. Carcinomas, the most 

common category of cancer, are cancers arising from epithelial tissue. Sarcomas are a 

broad category of cancers originating from connective and supportive tissues, including 

muscle, bone, cartilage, and adipose tissue. These two categories make up the solid 

tumors, which have complex and distinct tumor structures and microenvironments. 

Lymphomas, which are cancers originating from lymphocytes in the lymph nodes or 

other areas of the lymphatic system; myelomas, which arise from plasma cells; and 

leukemias, which arise from leukocytes originating in the bone marrow; comprise the 

hematologic or blood cancers, which operate very differently from solid tumors. 

Disease stage has traditionally been stratified by the tumor-node-metastasis (TNM) 

system, which divides cancers into severity categories based on primary and metastatic 
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tumor burden 12. The T “tumor” category defines the primary tumor based on several 

criteria, including thickness and ulceration status 13. The N “node” category defines the 

extent of local metastatic disease both in regional lymph nodes and lymphatics (i.e. in-

transit metastases) 13. The M “metastatic” category defines distant metastatic disease by 

the extent of metastasis and tissue site(s) affected 13. The combination of scores in each of 

these categories defines the overall clinical stage groups of stage I, II, III, and IV 13. This 

staging system largely informs how patients are treated, with standardized treatment 

strategies being stratified by stage 14. 

The last two decades have seen this histological or morphological stratification of cancers 

become less useful in determining the susceptibility of certain tumors to treatment, which 

has been recently reflected in updates to the American Joint Committee on Cancer 

Staging Manual, the eighth edition of which includes new considerations in classification, 

including gene expression profiles 12,13,15. New means of classifying cancers have been 

developed, including grading cancers based on biomarker expression, molecular profiles, 

and immune infiltration. In fact, the “Immunoscore” classification system which will be 

discussed in greater detail below, has been shown to be a better predictor of prognosis 

and treatment responsiveness than the TNM staging system, highlighting the importance 

of the relationship between the immune system and cancer 16. 

1.2 Melanoma  

1.2.1 Epidemiology and classification of melanoma 

Moving now to the specific cancer which is the focus of this thesis, melanoma is a type of 

skin carcinoma, and one of very few cancers whose incidence is steadily increasing in 
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Canada and other countries, against the trend of overall decline 1. Melanoma incidence 

has been increasing at a rate of ~2% per year over the past twenty years 1. As of 2021, 1 

in 48 Canadians will be diagnosed with melanoma in their lifetime, a rate that is only set 

to increase. Unlike many other solid tumors, melanoma also affects a greater proportion 

of the young to middle-aged population 17. In Canada, melanoma is the 4th most common 

cancer in adults aged 30 to 49, and the 5th most common cancer in young adults aged 15 

to 29 years 1.  

Melanoma is by far the most aggressive form of skin cancer, accounting for less than 5% 

of all skin cancer cases but over 75% of skin cancer deaths 1. It originates from 

melanocytes, cells which produce pigment in the form of melanin, and are found 

primarily in the skin but also in mucosal sites and the uvea 18. Melanocytes are derived 

from neural crest stem cells, which is one reason why melanoma cells so successfully 

metastasize to the brain and other organs 18.  

There are three major categories of melanoma based on site of origin: cutaneous, 

mucosal, and uveal 8. Cutaneous melanoma arises in the skin and is most frequently 

driven by sun damage, possessing specific mutational signatures attributable to UV 

radiation 17,19. A specific subcategory of cutaneous melanoma that is less-associated with 

sun exposure is acral melanoma, which arises in the glabrous skin of the hands and feet 8. 

This skin has a different structure which protects the underlying epithelium from UV 

penetration and subsequent damage 8. Mucosal and uveal melanomas are also less-

associated with sun damage, and possess very different mutational signatures from 

cutaneous, UV-driven melanomas 19. Given their relative infrequency, location, and often 

later diagnoses, mucosal and uveal melanomas face their own unique treatment 
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challenges 8,19. However, cutaneous melanoma is by far the most common form of 

melanoma, and will be the focus of this thesis.   

As previously mentioned, melanoma incidence is highly correlated with exposure to UV 

radiation and skin type. There are two primary chemically distinct forms of melanin: 

eumelanin (brown-black pigment) and phaeomelanin (yellow-red pigment) 20. These two 

forms of melanin have different abilities to absorb UV light: eumelanin is able to scatter 

and absorb UV radiation as well as the free radicals it generates, whereas phaeomelanin 

is photo-unstable and may even promote carcinogenesis 20. Fair-skinned individuals have 

increased production of photo-unstable phaeomelanin relative to UV-absorbing 

eumelanin in their skin, which results in reduced UV protection leading to a 70-fold 

increase in skin cancer risk 18,20. Because of this UV-driven DNA damage, melanoma 

tumors on average have the highest mutational load across human cancers 18,19. The 

importance of sun damage in driving the development of melanoma has led the World 

Health Organization to develop a classification system for melanoma incorporating 

cumulative sun damage (CSD), which correlates with specific mutations driving 

melanoma development 17. The three categories include high-CSD and low-CSD 

melanoma, which are primarily cutaneous melanomas, as well as low-to-no-CSD 

melanoma, which includes acral, mucosal, and uveal melanoma 21. In the low-CSD 

category, the most frequent molecular alteration is the BRAFV600E mutation, against 

which targeted therapies have been developed 17. BRAF is an important regulator of the 

mitogen-activated protein (MAP) kinase/extracellular signal-regulated kinase (ERK) 

signaling pathway, which affects cell division, differentiation, and secretion 21. Mutation 

of BRAF results in overactivation of the MAP kinase pathway triggering aberrant cell 
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proliferation, inhibiting apoptosis, and eventually promoting tumor progression 21. V600E 

is the most common BRAF mutation, but other minor BRAF mutations do exist 21. The 

overall high mutational burden of melanoma means that melanoma tumors are often 

highly clonally diverse and antigenic 9. However, despite the therapeutic potential of 

targeting mutated antigens, the majority of tumor antigens are highly patient-specific and 

heterogenous within both the tumor and metastatic sites 9. This diversity drives the ability 

of melanoma tumors to mutate in response to various therapies and become treatment-

refractory, which is often seen in advanced melanoma tumors that are unable to be fully 

surgically-excised 9. 

1.2.2 Melanoma treatment 

Cutaneous melanoma is staged as follows: primary tumor with no evidence of distant or 

regional metastasis (stage I-II), regional/in-transit metastasis (stage III), and distant 

metastasis (stage IV)  22,23. Around 85% of cutaneous melanoma cases present as stage I 

or stage II, which have very high cure rates when treated appropriately and promptly 14,15. 

The first line treatment for cutaneous melanoma is surgical resection, with a five-year 

survival rate of over 90% after surgery 23. If the primary tumor is non-resectable, or if the 

cancer has metastasized, prognosis is far more dire. Less than two decades ago, 

metastatic melanoma was widely viewed as incurable, with median survival rates of 6 to 

10 months 18,24,25. The only clinically-approved therapies for metastatic melanoma until 

the 2010s included chemotherapeutic agents such as dacarbazine, which exhibited little to 

no clinical benefit 26,27. Melanoma is notoriously resistant to chemotherapy for several 

reasons, including dysregulated apoptotic pathways, altered drug transport, and over-

activation of autophagy pathways to overcome cellular stressors 26,28. 
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Today, the 5-year survival rate for metastatic stage IV melanoma remains below 30% 1. 

As dire as this is, it still represents a series of significant breakthroughs over the last 

decade, which began in the early 2010s first with the clinical approval of immune 

checkpoint inhibitors anti-CTLA-4 and anti-PD-1 and then mutation-targeting BRAF and 

mitogen-activated protein kinase kinase (MEK) inhibitors 18. These therapies are 

primarily used in metastatic stage III and IV patients following surgical resection of 

primary and accessible metastatic tumors (adjuvant use), but are now being evaluated for 

neoadjuvant use (pre-resection) to render previously unresectable tumors amenable to 

surgery 14. 

For the 40-50% of patients with BRAF-mutant melanoma, combination BRAF/MEK 

inhibitor targeted therapy has resulted in response rates of almost 80% 13,29,30. However, 

more than 80% of these treatment responders eventually relapse 18,30. Since BRAF 

mutations typically act as a driver at the earliest stage of melanoma development, tumors 

generally display limited intratumoral BRAF-mutation heterogeneity, but ~16% of 

BRAF-mutated tumors do display intratumoral heterogeneity in expression. 21. BRAF 

mutation status also differs between primary and metastatic tumors with ~12% of 

primary/metastatic tumors having mismatched BRAF-mutation expression status 21. This 

heterogeneity has important implications for responses to BRAF-targeted therapies, and 

is an important mechanism by which treatment resistance may develop. The nature of this 

targeted therapy also means that more than half of melanoma patients with wild-type 

BRAF are unable to derive any benefit from it, rendering other approaches necessary.  

The other breakthrough in advanced melanoma treatment were immune checkpoint 

inhibitors, specifically anti-PD-1 and anti-CTLA-4 antibodies, which have the benefit of 
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being able to theoretically treat all patients, not just those with a specific targetable 

mutation 18. Immune checkpoint inhibitors were first approved for use in melanoma, with 

the FDA approval of ipilimaumab (anti-CTLA-4) in 2011 28. Immune checkpoint 

inhibitors are monoclonal antibodies which block the interaction between inhibitory 

immune checkpoint receptors and their ligands, preventing inhibitory signaling and 

ultimately enhancing the host’s anti-tumor response 25. However, while checkpoint 

inhibitors have been shown to induce long-lasting remission in a subset of patients, the 

majority (60-70%) of patients still experience limited therapeutic responses 18,25. Part of 

this therapeutic failure is attributable to intrinsic or acquired resistance associated with T 

cell exclusion and immune evasion within tumors 31, which will be discussed in more 

depth in later sections. There are also significant immune-related adverse events 

associated with immune checkpoint blockade, most commonly affecting the 

gastrointestinal tract (colitis) and skin (dermatitis), but also including hepatitis and 

endocrinopathies 28. Toxicities such as colitis, dermatitis and hepatitis are generally 

reversible with steroid treatment, but patients who develop endocrine toxicities usually 

require life-long hormone replacement therapy 28. These side effects are generally more 

common and more severe for anti-CTLA-4 therapy than anti-PD-1 or anti-Programmed 

Death 1 receptor ligand (PD-L1) 28.  

Another recent breakthrough in advanced melanoma treatment was the landmark 

approval of the first oncolytic virus for use in human cancer in the USA and Europe. 

Talimogene laherparepvec (T-VEC) is a herpes simplex 1 virus (HSV-1) engineered to 

express the cytokine granulocyte-monocyte colony stimulating factor (GM-CSF) 32,33. 

The specifics of T-VEC will be discussed at greater length in a later section. In brief, T-
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VEC is administered by direct injection into accessible melanoma lesions, and can 

generate not only local but systemic anti-tumor immune responses, reducing the size of 

un-injected, metastatic lesions by greater than 50% in 15% of cases 34. However, 

physicians’ logistical and biosafety concerns, arising from lack of familiarity with the 

concept or application of oncolytic virus therapy, have limited its delivery to patients 34. 

Despite the success of targeted and immune checkpoint therapies in advanced melanoma, 

there is still significant room for improvement in overall and sustained response rates, as 

well as limiting adverse events. To address this, there are many therapies in pre-clinical 

and clinical development for melanoma. Novel therapies in clinical trials include 

melanoma cancer vaccines and adoptive transfer of tumor-infiltrating lymphocytes as 

well as engineered chimeric antigen receptor (CAR)-T cells 28. Many other 

immunotherapeutic approaches are being developed including those targeting natural 

killer (NK) and natural killer T (NKT) cells, as well as novel oncolytic virus platforms 

and alternate checkpoint inhibitors, such as Lymphocyte activation gene-3 (LAG-3) 

antibodies 25. Many existing therapies are also being tested in new combinations in 

clinical trials, including combinations of anti-PD-1 and BRAF/MEK inhibitors, to great 

success; as well as combination of anti-PD-1 and anti-CTLA-4, also to great success, 

particularly in brain metastasis, but also with significantly higher toxicities 25. T-VEC is 

also being tested in a stage III clinical trial in combination with anti-PD-1 25,34. The 

success of combination therapies in these clinical trials once again highlights the potential 

of combination therapies to overcome treatment challenges.  

There are numerous challenges in the treatment of advanced metastatic melanoma. One is 

the acquisition of therapy resistance, which occurs through multiple mechanisms. One 
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elegant mechanism described in melanoma was the characterization of small populations 

of rare cells which transiently express high levels of resistance marker transcription 

driven to stable phenotypic expression by therapy initiation, allowing a small 

subpopulation of tumor cells to survive until some acquire secondary mutations and the 

tumor becomes overall refractory to treatment 10. This is also combined with pre-existing 

clonal heterogeneity, where treatment selects for existing resistant mutants which then 

come to dominate, as can be seen in the example of BRAF-heterogenous tumors that 

acquire BRAF/MEK inhibitor resistance 21. Other challenges include the organs to which 

melanoma metastasizes. Melanoma has a very high frequency of brain metastasis, which 

is a challenging tissue to target therapeutically for various reasons including the relative 

impermeability of the blood-brain barrier, and its status as an immune-privileged site 18,22. 

Finally, more broadly, the tumor immune environment can have a major impact on the 

success of immune checkpoint inhibitors and other immunotherapies, as will be discussed 

in more detail in the following section.  

1.3 Cancer and the immune system 

1.3.1 Immune hallmarks of cancer 

The immune system plays a complicated and often contradictory role in cancer whose 

critical importance has only come into the spotlight in the last few decades. The concept 

of cancer immunosurveillance, first proposed by Ehrlich in 1909 and refined in 1957 by 

Burnet and Thomas, underpins our understanding of how cancer develops in 

immunocompetent hosts 35. This concept has since been refined to account for the 

complex pro- and anti-tumorigenic roles played by the immune system. The term “cancer 

immunoediting” was proposed by Robert Schreiber to encompass the various ways in 
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which the immune system both promotes and antagonizes tumor development. Tumor 

development is divided into three main stages: elimination, equilibrium, and escape 35. 

Malignant cells arise regularly in our bodies, and are routinely recognized and eliminated 

by surveying immune cells. Most malignant cells do not pass this first stage. The 

importance of this elimination stage can be seen in the real-world in 

immunocompromised patients who have significantly higher risks of de novo cancer 

development 35. But, of course, cancer still develops in immunocompetent hosts, through 

the remaining two stages of equilibrium and eventual cancer escape. Equilibrium 

describes the process by which the immune system, by destroying susceptible cells, 

selects for and drives the generation of malignant cells increasingly able to resist and 

evade immune attack 35. The end result of this process is escape, in which these evasive 

and/or resistant cancer cells are able to proliferate and form clinically detectable tumors 

35.  

This acquired ability of cancer to evade and manipulate the immune system was only 

recognized as a hallmark of cancer in the past ten years 7,36. The mechanisms by which 

cancers accomplish this are highly varied, but can be grouped into three main categories: 

to evade the immune system, cancers must be able to thrive in a chronically inflamed 

microenvironment, evade immune recognition, and suppress immune reactivity 36. 

Cancers are able to not only persist in inflammatory conditions, but can actually wield 

chronic inflammation to their advantage and use it to drive tumorigenesis 7. Inflammation 

has been shown to be present during even the earliest stages of tumor formation, and it 

can contribute to the development of several of cancer’s hallmark capabilities in a variety 

of ways; for example, by providing growth factors and cytokines which can sustain 
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proliferative and anti-apoptotic signaling; pro-angiogenic factors that induce tumor 

neovascularization; extracellular-matrix remodeling enzymes which facilitate 

angiogenesis as well as metastasis; and reactive oxygen species (ROS) which can induce 

further DNA damage and mutation in malignant cells, driving their acquisition of other 

hallmark characteristics 7. Chronic inflammation is also important for maintaining 

tumors, as chronic inflammatory signaling can exhaust effector immune cell populations, 

like CD8+ T cells, and promote the formation of dysfunctional suppressive cell 

populations like myeloid-derived suppressor cells (MDSCs) 7,37. However, despite this 

ability of cancer cells to twist inflammation to their benefit, they must still find ways to 

evade immune cells and their anti-tumor cytotoxic effector mechanisms. To evade 

recognition by cytotoxic CD8+ T cells, whose critical role in anti-tumor immunity will be 

discussed in greater detail below, cancer cells frequently downregulate their expression of 

major histocompatibility complex (MHC) Class I 36. Cancer cells can also hide their 

expression of tumor antigens and manipulate their expression of certain cytokines and 

chemokines to avoid recruiting and activating immune cells 38,39,40. Many tumor cells fail 

to express costimulatory molecules and can thereby induce anergy or tolerance in T cells 

by engaging antigen-specific T cells in the absence of co-stimulation 41. Finally, tumor 

cells have also developed several mechanisms to suppress any anti-tumor immune 

responses that still occur. Tumor cells can indirectly induce immunosuppression by 

producing chemokines (ex. CCL2) that recruit immunosuppressive immune populations, 

like CD4+ regulatory T cells (Tregs) 42. The chronically inflamed tumor 

microenvironment can also, as mentioned previously, promote the differentiation of 

immune populations into dysregulated suppressive subsets like MDSCs and tumor-
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associated macrophages (TAMs) 43. These suppressive immune populations produce 

cytokines like interleukin (IL)-10 and transforming growth factor β (TGF-β) which 

antagonize and counter-regulate pro-inflammatory signals to induce a broadly 

immunosuppressive tumor microenvironment 43,44. Cancer cells can also directly suppress 

immune responses in a variety of ways. For example, cancer cells frequently upregulate 

their expression of PD-L1 and other co-inhibitory immune checkpoint ligands to inhibit 

activation of anti-tumor immune cells like CD8+ T cells 45,46.  

1.3.2 Hot and cold tumors 

Over a decade ago, the first study was published which used tumor immune infiltration 

(type, density and location of immune cells within colorectal tumors) to more accurately 

predict survival than the classic TNM staging system 47. This kickstarted the development 

of the “Immunoscore”, a means of classifying tumors by the presence of specific immune 

populations at distinct sites within or at the margins of tumors 16. This led to the 

classification of tumor immune landscapes by immune infiltration, placing tumors along 

a scale from “hot” (highly immune infiltrated, specifically by cytotoxic CD8+ T cells), to 

“cold” (low to absent immune infiltration) 16,31. This “hot” and “cold” paradigm has been 

further subdivided into “hot”, “cold”, and “altered”. “Hot” tumors are defined as highly 

immune-infiltrated and inflamed, “cold tumors” have minimal immune infiltration and 

inflammation, and “altered” tumors are an intermediate category which can fall into one 

of two subgroups, either “immunosuppressed” (meaning that immune cells are present 

but have limited functionality), or “immune excluded” (closer to the cold end, key 

immune effector subsets are present in very limited numbers) 16. This categorization of 

tumor immune landscapes has been shown to predict and correlate with responsiveness to 
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immunotherapies like immune checkpoint inhibitors in a variety of cancers, including 

melanoma 16.  A large part of current immunotherapy research is figuring out how to turn 

cold or altered tumors into hot tumors. Key considerations include how to recruit anti-

tumor immune populations into tumors, and how to reverse or interrupt the suppressive 

mechanisms of tumor-promoting immune cells. So, what are the key immune cell subsets 

which populate the multifaceted tumor immune landscape? 

1.3.3 Tumor-promoting immune cells 

Several specific kinds of immune cells, spanning innate and adaptive immunity, have 

been categorized as “tumor-promoting” immune cells. Key players include forkhead box 

protein 3 (FoxP3)+ Tregs, as well as anti-inflammatory or dysregulated innate immune 

cells, particularly from the myeloid lineage.  

Looking first to the innate compartment, M2-polarized TAMs and MDSCs are two major 

cell types which have been implicated in many pro-tumorigenic functions, from the 

induction of invasion and metastasis to suppression of anti-tumor immune function 7,48. 

MDSCs can be divided into two main morphological groups: 

granulocytic/polymorphonuclear MDSCs, which resemble neutrophils, and monocytic 

MDSCs, which resemble monocytes 37. Chronic disease states like cancer, which provide 

weak and sustained “pathologic” activating signals (in the form of growth factors and 

inflammatory cytokines), give rise to these morphologically and phenotypically immature 

neutrophils and granulocytes which can be termed MDSCs 37. Functionally, MDSCs are 

weakly phagocytic, consistently produce ROS and nitric oxide (NO), and anti-

inflammatory cytokines such as IL-10 and TGF-β which inhibit the function of T cells, 
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NK cells, NKT cells, and dendritic cells (DCs) 37,49. Release of these cytokines and other 

mediators also supports the function of other immunosuppressive subsets including Tregs 

and TAMs in a positive feedback loop 50. MDSCs also express high levels of PD-L1, 

which they use to bind PD-1 expressed on activated T, NK, and NKT cells to inhibit their 

function by inducing immune exhaustion, anergy, and apoptosis 51. MDSCs can also 

promote metastasis by inducing tumor angiogenesis and producing matrix 

metalloproteases (MMPs) which degrade extracellular matrix proteins and disrupt cell-

cell attachment to allow tumor cells to migrate across tumor vasculature 52. TAMs can be 

recruited to tumors as circulating or bone-marrow monocytes by chemokines including 

CCL2 and CCL5 53. Once in tumors, TAMs can be polarized along a gradient that has 

two extremes: M1 “inflammatory” macrophages and M2 “regulatory” or “anti-

inflammatory” macrophages. In tumors, the TAM population is able to shift transiently 

between M1 and M2 populations depending on the type and concentration of signals in 

the tumor microenvironment 53. M2 macrophages are pro-tumorigenic, and like MDSCs, 

can inhibit anti-tumor immune cell function through production of ROS, NO, IL-10, and 

TGF-β. They can also recruit Tregs by producing CCL22. M2 macrophages are also able 

to stimulate tumor cell proliferation and survival directly by producing epithelial growth 

factor (EGF) and other EGF receptor ligands 53,54. Finally, like MDSCs, M2 macrophages 

can promote metastasis by inducing tumor angiogenesis and producing MMPs 53. 

CD4+ Tregs, defined by their expression of the transcription factor FoxP3, function in 

health to maintain immune homeostasis and peripheral tolerance, by bringing the body 

back to baseline after infection and suppressing autoimmunity 55. Patients with cancer 

tend to have higher levels of Tregs compared to healthy individuals, and tumor-derived 
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Tregs also appear to have higher suppressive activity than naturally-occurring Tregs 40,55. 

The primary Treg population involved in cancer immunity are inducible Tregs, which are 

generated in the periphery and do not require costimulatory molecules for activation, 

although they do require antigen-specific T cell receptor (TCR) signaling and cytokine 

signals such as TGF-β and IL-2 55. Tregs express high levels of CD25, also known as the 

high affinity IL-2 receptor, which allows Tregs to outcompete other T cell populations in 

binding of free IL-2, depleting it from the environment and inhibiting the proliferation of 

other IL-2 dependent T cell populations 56. Tregs also constitutively express immune 

checkpoint receptors including PD-L1 and CTLA-4 57. Tregs, like the populations 

described above, also produce high levels of IL-10 and TGF-β, as well as other anti-

inflammatory cytokines like IL-35, which in addition to inhibiting the function of pro-

inflammatory anti-tumor immune populations, also promote the polarization of anti-

inflammatory subsets like MDSCs 40,55. Tregs have also been shown to be able to release 

granzyme B to cytolytically kill effector NK cells, T cells, and DCs 55,58. Tregs are 

recruited to tumor sites by chemokines such as CCL2, CCL4, CCL5, CCL20, and in 

some contexts, CXCL9, CXCL10, and CXCL11 55,59,60,61,62. Higher intratumoral presence 

and activity of Tregs have been directly linked to decreased survival and poor prognosis 

in a wide range of cancers 55. 

B cells, which comprise the humoral component of the adaptive immune response, have a 

more controversial role in tumor immunity. Tumor-infiltrating B cells can activate and 

secrete tumor-antigen specific antibodies, sometimes even forming germinal centres 

(GCs) in tumor-associated tertiary lymphoid structures (TLS) 63. This B cell presence has 

emerging associations with improved prognosis and survival 63,64. The presence of tumor-
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infiltrating B cells can promote anti-tumor immunity by enhancing CD8+ T cell function, 

and driving “hot” tumor microenvironments 64,65. However, B cells, particularly in tumors 

with immature TLS and limited/no GC formation, can also adopt a regulatory phenotype 

(Bregs) and mediate pro-tumorigenic effects through secretion of cytokines like IL-10 

and expression of PD-L1 63,66. 

1.3.4 Anti-tumor immune cells  

As with the tumor-promoting population, there are diverse immune populations spanning 

innate and adaptive immunity which have been categorized as “anti-tumor” immune 

cells. Key players include cells from both the adaptive compartment, specifically CD4+ T 

helper (Th) 1 cells, cytotoxic CD8+ T cells, and NKT cells, as well as innate NK cells, 

antigen-presenting DCs, and inflammatory M1 macrophages.  

First, M1 macrophages compose the “pro-inflammatory” TAM population. In a tumor 

context, M1 macrophages can be polarized by inflammatory signals such as interferon γ 

(IFNγ) 53. M1 macrophages can mediate anti-tumor effects by two main mechanisms. 

First, macrophage-mediated cytotoxicity, which involves the release of molecules such as 

ROS and NO, has cytotoxic effects on tumor cells (although these molecules are also 

implicated in driving pro-tumor inflammation and can harm other bystander cells, 

including anti-tumor immune cells). The other is antibody-dependent phagocytosis, 

which requires macrophage-expressed CD16 to bind anti-tumor antibodies on tumor cells 

53. M1 macrophages can also produce a variety of inflammatory cytokines such as IFNγ 

which help polarize a protective anti-tumor immune response 53. 
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Next, DCs function as professional antigen-presenting cells (APCs), and thus play a 

crucial role in orchestrating immune responses and activating adaptive lymphocyte 

populations, particularly CD8+ T cells. Tumor-infiltrating DCs internalize tumor antigens 

and present them to CD4+ and CD8+ T cells in tumor-draining lymph nodes to initiate 

anti-tumor immune responses 67. Tumor-infiltrating DCs also crucially secrete pro-

inflammatory cytokines which help shape T cell responses by polarizing CD4+ T cells 

towards the Th1 subset and providing important pro-inflammatory activating signals for 

CD8+ T cells and NK cells. Tumor-infiltrating DCs are also key producers of 

lymphocyte-recruiting chemokines such as CXCL9, -10, and -11 68,69,70 , which will be 

discussed in greater depth later. Tumors with limited DC infiltration also have limited T 

cell infiltration and generally poorer prognoses 68,70. 

NK cells are innate lymphoid cells that mediate anti-tumor effects through both direct 

cytotoxic tumor cell killing and cytokine production. NK cells express a wide range of 

activating and inhibitory receptors, and identify target cells by the precise balance 

between the activating co-stimulatory and inhibitory signals they receive 71. In tumor 

settings, NK cells play an especially key role by recognizing tumor cells which have 

downregulated MHC I expression to evade CD8+ T cell-mediated killing. NK cells 

express inhibitory receptors Ly49 (mouse) or killer cell immunoglobulin-like receptors 

(KIR) (human) which bind MHC I 71. The absence of MHC I on tumor cells activates NK 

cells by a process called missing-self recognition, allowing them to mediate their anti-

tumor effector functions. NK cells also express a variety of other inhibitory receptors, as 

well as activating receptors including cytokine-binding receptors, integrins, and killing-

receptors (such as CD16, which mediates antibody-dependent cellular cytotoxicity 



21 

 

 

(ADCC)) 71. NK cells, as well as a variety of other cell types, including NKT cells and 

CD8+ T cells, also express the activating receptor NKG2D, which binds stress-induced 

NKG2D ligands on tumor cells 72. Tumor cells are able to shed NKG2D ligands from 

their cell surface as an additional mechanism of immune escape 72.  

In humans, NK cells are identified as CD3−CD56+ cells which can be subdivided into 

CD56bright and CD56dim functional subsets 71. CD56bright NK cells mediate primarily 

cytokine release, whereas the more terminally differentiated CD56dim NK cells are highly 

cytotoxic. In mice, NK cells are CD3−NK1.1+ and CD3−CD49b+ 71. NK cells can be 

attracted to tumors by chemokines such as CXCL9, -10, and -11 73.  

Following activation, NK cells mediate anti-tumor responses by secreting pro-

inflammatory cytokines, particularly IFNγ but also tumor necrosis factor (TNF), IL-6, 

and GM-CSF 48. They also directly kill tumor cells by releasing cytotoxic granules 

containing perforin and granzyme B which induce tumor cell apoptosis. They can also 

kill tumor cells by engaging TNF-related apoptosis-inducing ligand (TRAIL) and Fas 

ligand (FasL) with their corresponding receptors on tumor cells, sending pro-apoptotic 

signals 48,59. Mice with depleted NK cell numbers or deficient NK cell function often 

have more aggressive tumor growth and increased metastasis, demonstrating a crucial 

role for NK cells in tumor immunosurveillance and control 74. 

Adaptive lymphocyte populations, both CD4+ and especially CD8+ T cells, also play 

critical roles in the anti-tumor response. CD4+ T cells are known as helper cells because 

of their roles in regulating and orchestrating immune responses through their release of 

specific cytokines. CD4+ T cells recognize peptide antigens presented by MHC II on 
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APCs such as DCs. Following this antigen-specific activation, CD4+ T cells proliferate 

and differentiate into a variety of effector subsets based on the cytokine milieu in which 

they were activated. These effector subsets can be defined based on the primary 

transcription factor which controls their development, and the specific cytokines they 

produce. The subsets whose roles in cancer are best defined are Th1 cells, which express 

T-box expressed in T cells (T-bet) and produce IFNγ; Th2 cells, which express GATA 

binding protein 3 (GATA-3) and produce IL-4, IL-5, and IL-13; Th-17 cells, which 

express retineic-acid-receptor-related orphan nuclear receptor γ (RORγT) and produce 

IL-17; and Treg cells, which express FoxP3 and produce IL-10 and TGF-β 48,75. Each Th 

subset plays a unique role in tumor immunity based on their lineage and cytokine profile. 

The most clearly anti-tumor CD4+ subset are Th1 cells. They play important roles in 

priming the anti-tumor immune response by activating tumor-specific CD8+ T cells in 

lymph nodes 48,76, as well as licensing DCs to cross-present exogenous antigens to CD8+ 

T cells 67. By promoting tumor-specific CD8+ T cell activation, tumor-specific CD4+ 

Th1 cells can drive the expansion and trafficking of CD8+ T cells into tumors to exert 

cytotoxic functions. Accordingly, reduced CD4+ Th1 cells in tumors correlate with 

reduced CD8+ T cell recruitment and function 77. Th1 cells also produce high levels of 

IFNγ in the tumor microenvironment, which is an important pro-inflammatory cytokine.  

Th2 and Th17 CD4+ T cells play more controversial roles in tumor immunity, which 

appear to be at least partially cancer-dependent 78,79,80. Th2 cells polarize the immune 

system towards a type 2 immune response, which is able to antagonize the development 

and function of Th1 cells 75. Different cytokines produced by Th17 cells appear to both 

promote and inhibit tumor angiogenesis, meaning that they may be able to mediate 
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simultaneous pro and anti-tumorigenic effects which may ultimately influence different 

outcomes in different tumors 80.  

Cytotoxic CD8+ T cells are crucial mediators of anti-tumor immune responses. CD8+ T 

cells are activated by peptide antigens displayed by MHC I presented on APCs in the 

correct context of costimulatory ligand and cytokine expression 67. Primed CD8+ T cells 

directly recognize neoantigens and tumor antigens presented on MHC I by tumor cells, 

resulting in direct killing of those cells, which provides selective pressure for tumor cells 

to downregulate MHC I expression as a key mechanism of immune escape. Like their 

innate counterpart NK cells, activated CD8+ T cells mediate direct cytotoxicity and 

indirectly enhance anti-tumor immunity by release of pro-inflammatory cytokines like 

IFNγ and TNF. Cytotoxic activity is mediated by release of cytotoxic granules containing 

perforin and granzyme B, as well as inducing apoptosis via TRAIL and FasL 48,81. After 

their initial activation, CD8+ T cells can crucially also become memory T cells that are 

able to contribute to long-term cancer immunosurveillance and prevent cancer recurrence 

82.  

NKT cells are another key anti-tumor immune population. They bridge the innate and 

adaptive immune systems and are a crucial focus of this thesis. They will be discussed in 

greater detail in the following section.  

1.4 Natural killer T cells 

1.4.1 Overview 

NKT cells are a subset of CD3+ innate-like T cells that express conserved TCR 

rearrangements that recognize endogenous and exogenous glycolipid antigens presented 
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by the MHC I-like molecule CD1d 83. CD1d, unlike conventional MHC molecules, is 

non-polymorphic and highly conserved between individuals and even between species, 

allowing NKT cells to recognize glycolipid antigens presented on CD1d across species 84.  

The discovery of the marine sponge-derived glycolipid α-galactosylceramide (αGalCer) 

as a potent activator of NKT cells represented a significant advance in our ability to 

detect and study NKT cell populations 84. NKT cells can be divided into two subtypes: 

Type I and Type II. Type I NKT cells, also known as invariant NKT cells, express a 

semi-invariant TCRα chain composed of Vα14-Jα18 paired with Vβ8.2/7/2 in mice and 

Vα24-Jα18 paired with Vβ11 in humans 85. Type II NKT cells exhibit a more diverse 

array of TCR rearrangements, and preferentially recognize sulfatides and other lipids 

rather than αGalCer 85,86. Type I NKT cells, which comprise the prototypic NKT cell 

population, are involved in tumor surveillance, and can exert potent anti-tumor effects 

through both direct and indirect mechanisms 83,85,86. Type II NKT cells, by contrast, have 

been implicated in tumorigenesis and the formation of metastases, and thus are associated 

with pro-tumor rather than anti-tumor functions, including cross-regulation of Type I 

NKT cells 86.  For the purpose of this thesis, the term “NKT cells” moving forward will 

refer specifically to Type I NKT cells.  

NKT cells were first defined by their expression of a variety of NK cell receptors in mice, 

such as NK1.1, NKG2D, and Ly49. However, this receptor expression varies with 

developmental stage and genetic background 84. NKT cells in mice can be either CD4+ or 

double negative (DN), whereas humans also have CD8+ NKT cells 85,87. NKT cells 

develop in the thymus in a CD1d-dependent manner, and selectively home to peripheral 

organs after maturation 85. NKT cells can be divided into 3 major subsets: NKT1, NKT2, 
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and NKT17, which are roughly analogous to Th1, Th2, and Th17 subsets in conventional 

CD4+ T cells. NKT10 and NKTfh subsets have also been proposed which mirror Treg 

and T follicular helper (Tfh) subsets 85. NKT1 cells produce high levels of Type I 

cytokines such as IFNγ, and are abundant in the spleen and liver 85. The NKT1 subset 

appears to be the primary mediator of anti-tumor immune responses, analogous again to 

Th1 cells 83,85,88. NKT2 cells produce primarily Th2-skewed cytokines such as IL-4 and 

IL-13, and are located primarily in the thymus, spleen, lung, and mesenteric lymph nodes 

85. NKT17 cells produce cytokines such as IL-17 and are enriched in lungs and lymph 

nodes 85,89. NKT10 cells produce IL-10 and are enriched in white adipose tissue 90. 

NKTfh cells can be found in germinal centres of B cell follicles 91. NKT cell levels differ 

between mice and humans, with mice possessing high NKT cell levels, particularly in the 

spleen and liver, where they can constitute up to 30% of total lymphocytes 92. Human 

CD1d exhibits altered intracellular trafficking and localization that results in lower levels 

of NKT cell selection 93. Humans not only have significantly lower levels of NKT cells 

than mice in most tissues, with the exception of adipose tissue, but also have more 

variable NKT cell frequencies, with blood NKT cell levels ranging from 0.001% to 1% 

between healthy individuals 94. Expression of human CD1d in mice reduces the number 

of NKT cells to similar levels to humans, but robust anti-tumor functions are maintained 

93.  

Referred to as the “Swiss-army knife of the immune system”, NKT cells have wide-

reaching roles and implications in a variety of disease states from autoimmunity to cancer 

84. As “innate-like” cells, NKT cells respond quickly upon recognizing their glycolipid 

antigens with both cytokine production and cytolytic functions. NKT cells can also be 
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activated in a CD1d-independent manner by cytokines alone, specifically the 

combination of IL-12 and IL-18 which have been shown to be sufficient for NKT cell 

activation92. Once activated, NKT cells rapidly produce a wide array of cytokines, 

primarily IFNγ and IL-4, but also IL-2, IL-6, IL-10, IL-17, TNF, TGF-β, GM-CSF, and 

various chemokines 84. Which cytokines are produced depends on the structure of the 

glycolipid ligand and the NKT cell subset that is stimulated. This cytokine production 

allows NKT cells to regulate the broader immune response. NKT cells can activate and 

recruit conventional CD4+ and CD8+ T cells; recruit B cells and macrophages; recruit 

and transactivate NK cells; and recruit and induce maturation in DCs 84,95. NKT cells also 

have cytolytic granules containing granzyme B and perforin, and express death ligand 

receptors like FasL and TRAIL, allowing them to directly kill cells presenting glycolipid 

antigens in a CD1d-dependent manner 84.   

1.4.2 NKT cells in cancer 

In the context of cancer, NKT cells play an important role in both cancer 

immunosurveillance and tumor rejection. Several studies have demonstrated accelerated 

rates of tumor growth and metastasis in mice lacking Jα18-/- and thus Type I NKT cells 

96,97. In humans, increased NKT cell infiltration is associated with improved prognosis in 

a variety of cancers, including melanoma 85,98,99. In a tumor setting, NKT cells can be 

directly activated by CD1d-expressing tumor cells presenting endogenous glycolipid 

antigens. These antigens can be either stress-associated or tumor-associated, although 

much work remains to be done to identify what these endogenous tumor-associated 

glycolipids are 100. The importance of this direct recognition is underscored by the fact 

that CD1d-expressing tumors will often downregulate CD1d to avoid detection by NKT 
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cells 101. For tumor cells that downregulate or do not express CD1d, NKT cells can also 

exhibit cytotoxicity through other receptors (NKG2D, FasL, TRAIL) or be indirectly 

activated by CD1d-expressing APCs in the tumor microenvironment or by CD1d-

independent cytokine activation. Some tumor cells have also been shown to drive 

downregulation of CD1d expression by APCs in the tumor environment to further avoid 

NKT cell-mediated killing 102. It is important to note that the B16 melanoma model used 

in this thesis expresses limited to no CD1d, meaning that NKT cells are likely mediating 

their anti-tumor effects primarily indirectly in this model 101,103. Information regarding 

expression of CD1d by human melanomas is limited, but variable CD1d expression has 

been noted in other human cancers, and it is likely that melanomas follow this trend 104.  

In addition to mediating direct tumor lysis and indirect immune cell activation and 

recruitment, NKT cells can also reduce the numbers and efficacy of pro-tumorigenic 

populations such as M2 macrophages and MDSCs 92. In primary human neuroblastoma, 

NKT cells were able to directly kill tumor antigen-expressing TAMs, leading to 

decreased metastasis 105. NKT cells have also been shown to reduce the numbers and 

immunosuppressive activity of MDSCs 106,107. NKT cells have also shown greater 

resistance to immunosuppressive tumor environments than conventional T cells, and so 

may be able to help reshape immunosuppressed tumors towards states of greater immune 

activation 92,108.  
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Figure 1. Roles of NKT cells in anti-tumor immunity. A) Type I NKT cells (NKT 

cells) can be activated via their conserved semi-invariant TCR (iTCR) recognizing 

CD1d-expressing tumor cells presenting endogenous glycolipid antigens. NKT cells can 

also be activated by NKG2D-ligand binding or IL-12. Activated NKT cells can directly 

induce tumor lysis by releasing cytotoxic granules such as perforin and granzyme B, or 

activating apoptotic signaling through death receptors (FasL, TRAIL on NKT cells bind 

Fas, DR4/DR5 on tumor cells). B) NKT cells can also be indirectly activated by APCs 

like DCs presenting glycolipid antigens, such as the synthetic glycolipid αGalCer, on 

CD1d, alongside costimulatory (CD40L-CD40) and cytokine (IL-12) signals. NKT cells 

can indirectly promote anti-tumor immunity through release of cytokines (IFNγ, IL-4) 

which promote APC maturation as well as proliferation and lytic function of effector 

immune cells including NK cells and cytotoxic CD8+ T cells. C) NKT cells can inhibit 

immunosuppressive cells in the tumor microenvironment including Tregs, MDSCs, and 

M2-polarized TAMs which inhibit anti-tumor immunity through production of anti-

inflammatory cytokines (IL-10, TGFβ), expression of inhibitory coreceptors (PD-L1), 

and other factors. NKT cells can produce pro-inflammatory cytokines to polarize TAMs 

towards an anti-tumorigenic M1 phenotype, inhibit suppressive functions of MDSCs, and 

directly lyse MDSCs and TAMs. Anti-tumorigenic Type I NKT cells and pro-

tumorigenic Type II NKT cells cross-regulate each other by mechanisms that remain to 

be fully elucidated. Adapted from Nelson et al. 109 and McEwen-Smith et al. 110. Figure 

created with BioRender.com. 
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1.4.3 Harnessing NKT cells as an immunotherapy 

As mentioned previously, αGalCer is a potent activator of NKT cells. Structurally, 

αGalCer is composed of a galactose carbohydrate α-linked to a ceramide backbone 

comprised of a C26:0 acyl chain and 18-carbon phytosphingosine chain. The acyl chain 

and phytosphingosine fit into the A’ and F’ pockets of the CD1d binding groove, leaving 

the galactose carbohydrate exposed directly to the NKT cell which then recognizes it via 

its semi-invariant TCR 111. Other synthetic αGalCer analogues have been developed with 

different bioactive properties and resistances to degradation that allow them to skew NKT 

cell responses to either more Th1 or Th2-dominant types 112. These αGalCer analogues 

are still being tested in clinical and pre-clinical trials, and may represent a future direction 

for more precise activation of NKT cells in cancer 112,113.  

Numerous clinical trials have been conducted attempting to harness the anti-tumor 

potential of NKT cells. Early trials activated endogenous NKT cells in patients by direct 

administration of free αGalCer 114. In one of the first phase I trials conducted, direct 

administration of αGalCer was well-tolerated, with no dose-limiting toxicities observed 

in any of the 24 patients 114. However, there were no clinical responses and biological 

effects were limited, with increased serum levels of TNF and GM-CSF in only 5/24 

patients, and a transient decrease in peripheral blood NK cells in 7/24 patients 114. These 

effects depended on pre-treatment NKT cell levels rather than αGalCer dosage, and 

authors noted that cancer patients had significantly lower NKT cell levels than healthy 

controls, which represents a potential obstacle in NKT cell immunotherapy 114. Delivery 

of free αGalCer is now known to induce NKT cell anergy, as defined by reduced NKT 

cell function upon re-activation 115. This is likely mediated by the ability of αGalCer to be 
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taken up and presented on a wide range of APCs, some of which, namely B cells, have 

been reported to induce greater anergy than professional APCs like DCs 63,92,115. One 

study demonstrated that induction of NKT cell anergy in mice could be overcome 

through delivery of αGalCer through nanoparticles which targeted αGalCer to be 

preferentially taken up and presented by macrophages and DCs 116. Subsequent clinical 

trials have delivered αGalCer pre-loaded on autologous patient-derived DCs. Clinical 

trials in several cancers, including multiple myeloma, lung cancer, and head and neck 

cancer, demonstrated that αGalCer-loaded-DCs were well tolerated with no serious 

adverse events 117,118,119,120. Furthermore, αGalCer-loaded DC treatment successfully 

induced clinical responses, with increased IFNγ production and expansion of NKT cells 

noted as biological effects, which led to stable disease and increased median survival 

times 117,118,119,120. Drawbacks to this approach include difficulties in obtaining sufficient 

autologous DCs from patients, as well as the continued dependence on baseline levels of 

NKT cells in often NKT-cell depleted cancer patients 121,122. To counter these drawbacks, 

other clinical trials in lung cancer and advanced melanoma have adoptively transferred ex 

vivo expanded and activated NKT cells back into patients 99,123,124. In these trials, 

adoptively-transferred NKT cells were again well-tolerated with minor adverse events, 

and successfully increased IFNγ production and overall numbers of circulating NKT 

cells, but overall clinical responses were limited 99,123,124. One benefit of such an approach 

is that NKT cells could be relatively easily-adapted for allogenic cell transfer since they 

recognize non-polymorphic CD1d. In fact, a recent clinical trial has combined allogeneic 

NKT cells with gefitinib, an epidermal growth factor receptor (EGFR) inhibitor, in 

patients with advanced EGFR-mutated non-small-cell lung carcinoma (NSCLC) 125. The 
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trial appears to be ongoing; however, a recent single case report described one patient 

who achieved a surgical opportunity and long-term survival in response to treatment 126. 

NKT cell therapy has also been combined with chemotherapeutic agents in several 

clinical trials 127. Other combination therapies, such as combination with oncolytic 

viruses and anti-PD-1 checkpoint blockade, appear promising in pre-clinical models of 

murine ovarian, breast, and pancreatic cancer, but have not been translated to clinical trial 

128,129.  

1.5 Oncolytic viruses 

1.5.1 Overview of oncolytic virus therapy 

Oncolytic viruses (OVs) are viruses that selectively infect and kill tumor cells 130. This 

tumor-specific tropism is often a combination of natural and engineered selectivity. For 

example, viruses can be selected based on their preferential binding to entry receptors 

disproportionately displayed on tumor cells, or engineered to selectively bind to tumor-

specific entry receptors 130. Viruses are also able to exploit a variety of tumor cell 

survival mechanisms, such as inhibited apoptosis, hyperactive replication machinery, and 

defective antiviral machinery 130,131. Cancer cells often downregulate key innate immune 

signaling pathways in order to become resistant to apoptosis and dysregulate cell cycle 

control 131. For example, cancer cells can downregulate retinoic acid-inducible gene I 

(RIG-I) sensing of viral dsRNA 131. They also downregulate transcription factors 

downstream of Toll-like receptor (TLR) signaling, including Interferon regulatory factor 

(IRF) 3 and IRF7, preventing induction of Type I IFNs IFNα and IFNβ 131. In addition to 

this reduced induction of Type I IFNs, cancer cells also downregulate Protein kinase R 

(PKR) and Janus kinase (JAK)/signal transducer and activator of transcription proteins 
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(STAT) pathways, decreasing their responsiveness to Type I IFNs 131. These and other 

mechanisms decrease the ability of cancer cells to detect and eliminate viruses, and 

improve viral replication within tumor cells.  

OVs mediate anti-tumor effects through two related mechanisms: they are able to directly 

infect and lyse tumor cells, and stimulate local immunity via the release of factors that 

mediate the recruitment and activation of immune cells, which can precipitate systemic 

adaptive immune targeting of distant metastases 130,132. Unlike many other cancer 

therapies, particularly immunotherapies, OV therapy can actually benefit from 

immunosuppressive tumor environments, which can slow otherwise rapid inactivation of 

the therapeutic virus by innate immune mechanisms 130. Viral replication in tumor cells 

ultimately leads directly to tumor cell death via immunogenic cell death (ICD) pathways, 

including necrosis, pyroptosis, and autophagic cell death 130,133. Immunogenic cancer cell 

death mobilizes danger associated molecular patterns (DAMPs), such as surface 

calreticulin exposure, and release of extracellular adenosine triphosphate (ATP), high-

mobility group box 1 (HMGB-1), and uric acid. Viral pathogen-associated molecular 

patterns (PAMPs) are also released which can activate innate immune sensors in 

surrounding cells and lead to production of proinflammatory and immunostimulatory 

cytokines. ICD can also release novel tumor antigens that can be recognized by the 

immune system 130,133. These pathways support recruitment and maturation of APCs such 

as DCs to stimulate the activation and proliferation of tumor antigen-specific CD4+ and 

CD8+ T cells, as well as the recruitment and activation of other immune subsets 130. This 

increased activation and recruitment of tumor-specific immune populations can transform 

an immunosuppressed “cold” or immune-excluded tumor landscape into a hotter 
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immune-infiltrated tumor over time 16,134,135. This ability of OVs to convert “cold” tumors 

into “hot” tumors could have even greater potential when combined with 

immunotherapies that rely on “hot” tumors for efficacy. Beyond this, OV-mediated 

immune activation has the potential to cause systemic anti-tumor immune responses and 

regression of distant non-injected tumor sites, as has been observed with T-VEC 32,33,34. 

In addition to their ability to directly and indirectly target tumor cells themselves, 

oncolytic viruses are also able to target and destroy tumor vasculature while leaving 

normal vasculature intact, reducing tumor perfusion and leading to massive death of 

tumor cells well beyond limited sites of infection 136. 

Interest in OV-based therapies was greatly bolstered by the 2015 approval in Europe and 

the USA, of T-VEC,  a HSV-1 virus engineered to express the cytokine GM-CSF 32,137. 

T-VEC preferentially replicates in tumor cells, and deletion of its ICP34.5 genes, which 

are involved in shutting off the host antiviral response, have improved its tumor-specific 

tropism and reduced its pathogenicity 34. T-VEC can infect and lyse tumor cells directly, 

resulting in the release of tumor-derived antigens in an immunogenic fashion, which, 

along with its release of GM-CSF, can enhance antigen presentation and prime CD8+ T 

cell responses to enhance anti-tumor immunity 34. In a phase III clinical trial, T-VEC led 

to complete resolution in almost 50% of injected melanoma tumors, and displayed 

systemic effects by initiating the resolution of 9% of distant non-injected metastatic 

tumors 33. These results have been confirmed and bolstered by clinical use 34. However, 

T-VEC has faced roadblocks in clinical use due to lack of education regarding the safety 

and logistics of T-VEC delivery amongst physicians as well as patients 34. Melanoma 

tumors treated with T-VEC also frequently experience pseudoprogression, which can be 
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difficult to distinguish from true progression when deciding whether or not to continue 

treatment 130.  

There are several other challenges faced by OV therapies more broadly. One is delivery –

depending on delivery mechanism (for example, intravenous versus intratumoral), the 

inoculated virus may face significant barriers to disseminating within the tumor 130. 

Intratumoral delivery strategies, however, limit OV targeting to tumors that are surface-

accessible. Intravenous and intratumoral OV delivery may also have different safety 

profiles, as intravenous delivery may lead to broader dissemination of the virus. The 

cellular structure of the tumor itself may also pose a barrier. Dose is also difficult to 

control with delivery of live, replication-competent virus, and peak viral replication 

levels will depend on many factors 130. Therapeutic efficacy may also be compromised by 

a host’s pre-existing immunity against a viral vector, particularly if it is a common human 

virus, as is the case for adenovirus-based OVs and HSV-based OVs. Pre-existing 

antibodies may be able to neutralize an OV before it is able to invade tumors 131. 

Development of antibodies against OVs even without a pre-existing immune response 

may limit the ability of OVs to function repeatedly. And, while the strong immune 

response elicited by OVs is beneficial for carrying out their broader anti-tumor effects, it 

may also enhance clearance of the virus and limit any further anti-tumor function 130. 

Rates of clearance also vary between individual patients, making it difficult to generate 

standardized re-treatment strategies for patients.  

Although T-VEC is the only oncolytic virus which has been clinically approved for use in 

North America, other oncolytic viruses have been approved in other regions. The 

oncolytic adenovirus H101 was approved in China in 2006, years before T-VEC, for 
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treatment of head and neck cancer, and Japan very recently approved the recombinant 

HSV-1-based Teserpaturev/G47Δ for glioma 138,139. Numerous other oncolytic virus 

platforms are also being tested in clinical trials, including adenoviruses, vaccinia viruses, 

coxsackie virus, and vesicular stomatitis virus 130,140.  

1.6 VSV  

1.6.1 VSV overview 

Vesicular stomatitis virus (VSV) is a bullet-shaped, enveloped, negative-sense RNA virus 

in the family Rhabdoviridae 141.There are two major serotypes of VSV: New Jersey 

(VSV-NJ) and Indiana (VSIV) 142,143. Both serotypes are endemic to the United States as 

well as Central and South America 141.  The natural hosts for VSV include livestock 

animals, such as cattle and pigs, as well as their insect vectors 141. Rare cases of human 

VSV infection have been documented, primarily in agricultural workers, where it has 

caused mild flu-like symptoms in adults, which have served to demonstrate that VSV is 

naturally not highly pathogenic 141. Oncolytic VSV constructs have been derived from the 

Indiana serotype 142,143,144,145. VSV has many properties which make it an appealing 

oncolytic platform, including a broad cell tropism, cell-cycle independent replication, 

inability to transform host cells, natural IFN sensitivity, and minimal pre-existing human 

immunity 141,146. The 11-kilobase VSV genome encodes 5 genes: the nucleocapsid (N) 

protein, phosphoprotein (P), large polymerase (L), glycoprotein (G), and matrix (M) 

protein 141. The VSV G protein mediates viral entry into cells by binding the low-density 

lipoprotein (LDL) receptor, which is widely-expressed on many cell types, including 

cancer cells, allowing VSV to be targeted to a wide range of cancers 141,147. After viral 

entry into the cell, the VSV N protein associates with the P protein, a multifunctional 
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polymerase co-factor, and the L protein, an RNA dependent RNA polymerase (RdRp), to 

form the VSV ribonucleoprotein (RNP) complex which mediates transcription of viral 

mRNAs 141. VSV N is also required for VSV genome replication and encapsidates newly-

produced genomic RNA 141. The VSV M protein is involved in several key viral 

functions including virion assembly, budding, and inhibition of host gene expression 143. 

Importantly, the VSV M protein is involved in inhibiting the host cell’s antiviral 

response, specifically by blocking the nuclear export of IFNβ mRNA 143. To improve 

VSV’s tropism for cancer cells, a VSV M mutant virus (of the Indiana serotype) was 

generated with a complete deletion of methionine 51 (M51) from its genome (VSV-

ΔM51) 143. The complete deletion, rather than mutation, of methionine 51, makes it 

considerably more difficult for VSV-ΔM51 to revert to wild-type, a factor which is 

important for its safety profile 143. Crucially, this VSV-ΔM51 mutant is unable to 

replicate in Type I IFN-producing cells, but retains its ability to infect and kill tumor 

cells, which, as mentioned earlier, often possess defective Type IFN signaling 

mechanisms 143.  

The VSV-ΔM51 mutant has since been broadly used as an oncolytic platform, and has 

seen success in a wide variety of cancer types, including pancreatic cancer, metastatic 

breast cancer, and ovarian cancer, as well as non-solid tumors 128,129,148. VSV-ΔM51, like 

other oncolytic viruses, can mediate its anti-tumor effects by both direct tumor lysis of a 

wide range of cancer types, as well as enhancing the anti-tumor immune response 

141,146,149. Tumor cell oncolysis by VSV-ΔM51 has been documented to release DAMPs 

such as calreticulin, ATP, and HMGB-1, and induce CXCL10, indicating that VSV-

ΔM51 is capable of inducing ICD 128. VSV-ΔM51 has also been shown in CT26 colon 
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carcinoma to selectively destroy tumor vasculature, greatly increasing its capacity to kill 

even uninfected tumor cells 136.  

VSV-ΔM51 has also been used as an oncolytic platform in clinical trials. A phase I trial 

(NCT03017820) used VSV-ΔM51 engineered to express IFNβ (VSV-IFNβ) to treat 

patients with relapsed refractory T cell lymphoma 150. No dose-limiting toxicities were 

observed, and of the 7 patients enrolled 2 had partial responses lasting 3 and 6 months 

respectively, and one patient experienced an ongoing complete response 150. The patient 

who responded completely experienced robust viral replication, high plasma IFN-β, a 

strong anti-VSV neutralizing antibody response, and increased numbers of tumor-specific 

T cells 150. This study demonstrated potential for VSV monotherapy to induce clinical 

responses in patients, although patients were heavily-pretreated. VSV-IFNβ is now being 

tested in ongoing phase I/II clinical trials in combination with either chemotherapy or 

immune checkpoint inhibitors. Combined VSV-IFNβ with pembrolizumab (anti-PD-1) is 

being used to treat treatment-refractory head and neck squamous cell carcinoma and 

NSCLC (NCT03647163), and combined VSV-IFNβ with ruxolitinib phosphate (a JAK 

inhibitor) is being tested in endometrial cancer (NCT03120624). 
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Figure 2. Mechanisms of oncolytic VSV-ΔM51-mediated tumor lysis. Oncolytic 

VSV-ΔM51 infects tumor cells using the LDL receptor for entry. VSV-ΔM51 infection 

leads to direct tumor oncolysis, resulting in the release of immunostimulatory molecules 

including PAMPs, DAMPs, cytokines, chemokines, and tumor antigens, alongside 

release of viral particles. Local APCs are recruited and activated by the products of tumor 

oncolysis, and present tumor and viral antigens to T and B cells in local lymphoid tissues, 

leading to activation of adaptive immunity against both tumor and viral products. This 

results in increased recruitment of both innate and adaptive immune cells to tumor sites 

and enhanced immune-mediated tumor lysis. Adapted from Peruzzi and Chiocca 151. 

Created with BioRender.com. 
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1.6.2 FAST proteins 

VSV-ΔM51 is amenable to genetic engineering, and has been engineered to express a 

variety of molecules to increase its virulence and immunogenicity 152,153. This insertion 

occurs between the VSV-G and VSV-L genes. Among the molecules which VSV-ΔM51 

has been engineered to express are reovirus fusion-associated small transmembrane 

(FAST) proteins, which allow VSV to spread by cell-cell fusion and enhance 

immunogenic tumor cell killing 154. FAST proteins are non-structural accessory proteins 

derived from the Reoviridae genera Orthoreoviruses and Aquareoviruses 155. FAST 

proteins are notable for several reasons: they are the smallest viral membrane fusion 

proteins (~100 to 200 amino acids), the only fusion proteins produced by non-enveloped 

viruses, and they induce cell-to-cell rather than virus-to-cell membrane fusion 155. FAST 

proteins are promiscuous, and can fuse almost all cell types at neutral pH in a receptor-

independent manner 155. FAST proteins mediate the formation of syncytia: large 

multinucleated cells which arise as a result of cell-cell fusion. FAST proteins have been 

shown to contribute to the virulence of naturally fusogenic reoviruses by enhancing viral 

egress and viral spread 155.  

The ability of FAST proteins to promiscuously fuse cells, including cancer cells, to form 

large syncytia which enhance virus dissemination and apoptosis, has made them 

appealing candidates to augment oncolytic virotherapy 156. VSV-ΔM51 has been 

engineered to express several different FAST proteins, including reptilian reovirus p14; 

baboon reovirus p15; and p10 homologues encoded by avian reovirus (ARV) and Nelson 

Bay reovirus (NBV) 156. VSV has also been engineered to express genetically modified 

FAST proteins. Recombinant p14endop15, which contains the ectodomain and 
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transmembrane domain of p14 and the endodomain of p15, was shown to induce greater 

cell fusion than either wild-type virus in QM5 quail fibrosarcoma cells (R. Duncan, 

unpublished data). A triple mutant of p14 (p14Δ) also induced greater cell-fusion than 

wild-type p14 in QM5 cells (R. Duncan, unpublished data). Of these VSV-FAST 

constructs, VSV-p14 has been shown to induce improved tumor regression and survival 

compared to VSV-ΔM51 in murine models of breast and colon cancer 154. 

In a model of primary 4T1 breast cancer, treatment with VSV-p14 slowed tumor 

progression and increased survival significantly relative to VSV-GFP (VSV-ΔM51 

expressing a green fluorescent protein (GFP) construct in the same location as p14), 

which had very limited impact on survival 154. In a model of resected metastatic 4T1 

breast cancer, VSV-p14 was able to target distant metastases and significantly reduce 

metastatic burden relative to VSV-GFP, and improved survival time in that model >30% 

over VSV-GFP 154. VSV-p14 treatment also increased activation and infiltration of 

splenic and intratumoral CD4+ and CD8+ T cells compared to VSV-GFP, suggesting that 

p14 augmented the immunogenicity of VSV-ΔM51 to potentiate anti-tumor immunity 154. 

Additionally, the biodistribution of VSV-p14 remained unchanged relative to VSV-GFP, 

suggesting that the enhanced ability of VSV-p14 to spread by cell-cell fusion did not 

negatively affect its safety profile 154. In a model of 4T1 breast cancer, VSV-p15 was 

tested against VSV-p14 and shown to mediate significantly more potent anti-tumor 

effects, with a log lower dose of VSV-p15 mediating the same tumor regression and 

survival as a log higher dose of VSV-p14 157. 

1.7 Chemokines and their receptors 

1.7.1 Chemokine overview 



41 

 

 

Chemokines are chemotactic cytokines that mediate immune cell trafficking and 

differentiation, amongst other functions. Chemokines are the largest family of cytokines, 

small (8-15 kDa) proteins which function primarily as soluble messengers of the immune 

system 158. Chemokines are subdivided into 4 groups based on the location of the 

conserved cysteine (C) residues in their amino acid sequence: the CXC-chemokines, CC-

chemokines, C-chemokines, and CX3C-chemokines 158. Chemokines bind chemokine 

receptors, which are seven transmembrane spanning G-protein coupled receptors 

(GPCRs) that are divided into 4 categories corresponding with the family of chemokines 

they bind. Chemokine receptors associate with intracellular G proteins, primarily Gi, 

through which they signal 158. Chemokine receptor signaling directs cell migration, 

adhesion, and various immune cell programs including immune polarization and release 

of immune mediators 158. Many chemokines share redundant or overlapping functions, 

with several chemokines binding a single chemokine receptor, and receptors binding 

more than one chemokine ligand. Chemokines are produced by both immune and non-

immune cells, either constitutively or in response to various immune signaling pathways.  

In the context of the tumor microenvironment, chemokines can be produced by tumor 

cells, tumor stromal cells, and tumor-infiltrating immune cells 159. Chemokines play key 

roles in recruiting immune cells to tumor microenvironments, as well as modulating the 

responses of these immune cells in the tumor microenvironment and coordinating 

interactions between immune cells 159. Chemokines can also act on tumor cells 

themselves in both pro-and-anti-tumorigenic ways. There are numerous chemokine axes 

operating in cooperative and antagonistic ways in the tumor environment. For example, 

the CXCR4-CXCL12 axis is primarily pro-tumorigenic, mediating recruitment of several 
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immune populations including B cells, plasmacytoid DCs, Tregs, and Th17 cells, and can 

also promote angiogenesis, cancer cell proliferation, survival, and metastasis 159. CCR9, 

which binds CCL25, can be expressed on cancer cells and can increase their 

chemotherapy resistance and metastatic potential 159. CCR4-CCL20,CCR6-CCL20, and 

CCR5-CCL5 have been shown to recruit Tregs 159,160. CCR2-CCL2 signaling can recruit 

macrophages, CD8+ T cells, and NKT cells, but can also have some negative effects, 

including CCL2-mediated promotion of metastasis 159,161. CCR5 binds CCL3, -4, and -5 

and is involved in recruitment of a variety of tumor-infiltrating subsets including myeloid 

cells, DCs, CD8+ T cells, NKT cells, and NK cells 159,162. A final key player is CXCR3, 

which will be discussed below.  

1.7.2 CXCR3 axis in cancer 

The chemokine receptor CXCR3 binds the chemokines CXCL9, CXCL10, and CXCL11. 

This axis is crucial for orchestrating immune cell migration, activation, and polarization, 

and plays a key role in cellular anti-tumor immunity 163,164. CXCR3 is an important 

marker of a Th1 immune response and can help drive differentiation of naïve CD4+ T 

cells into effector Th1 cells 164. CXCR3 ligands CXCL9 (also known as monokine 

induced by gamma interferon, or MIG), CXCL10 (also known as Interferon gamma-

induced protein 10, or IP-10), and CXCL11 (interferon-inducible T-cell alpha 

chemoattractant, or I-TAC) are, as their alternate names suggests, induced by IFN 

signaling, particularly IFNγ (for all three) and Type I IFNs IFNα and IFNβ (for CXCL10 

and CXCL11) 164. These chemokines are able to directly mediate anti-tumor effects by 

inhibiting tumor angiogenesis 164. More important, though, are their roles in recruiting 

and localizing key anti-tumor immune populations in tumors. CXCR3 is expressed by a 
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variety of cell types, including monocytes, macrophages, and some cancer cells, but most 

importantly, activated cytotoxic CD8+ T cells, Th1 CD4+ T cells, NK cells, and NKT 

cells, populations which, as discussed previously, play key roles in anti-tumor immunity 

and whose infiltration into tumors is highly correlated with improved prognosis in 

numerous cancers.  

CXCR3 expression on these tumor-infiltrating immune cells, particularly NK cells and 

CD8+ T cells, has been directly positively associated with improved prognosis in many 

cancers, including both pre-clinical and clinical melanoma 73,165,166. While NKT cells also 

express CXCR3 and migrate in response to CXCR3 ligands 167, the role of CXCR3 in 

infiltration of NKT cells into tumors remains understudied. Increased CXCR3 expression 

has also been found to positively correlate with increased responsiveness to a variety of 

immunotherapies, including adoptive T-cell therapy and anti-PD-1 immune checkpoint 

blockade 69,165.  

The mechanisms by which the CXCR3 axis mediates infiltration of key anti-tumor 

immune populations, as well as the efficacy of various immunotherapies, still remain to 

be fully elucidated, and may be complicated by tumor model and cell-type-specific 

differences in CXCR3-dependent immune cell recruitment. Recent findings are also 

beginning to highlight potential differences in chemokine requirements between early 

recruitment of lymphocytes in the early stages of tumor development, and subsequent 

recruitment of lymphocytes, including adoptively-transferred populations, into 

established tumors.  
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Work by Mikucki et al. 165 found a non-redundant requirement for the CXCR3 axis in 

trafficking of adoptively-transferred CD8+ T cells into tumors using both the B16-

ovalbumin (OVA) model and human melanoma patient samples. Using competitive 

homing assays, they determined that loss of CXCR3 alone significantly abrogated 

intratumoral T cell infiltration, to the same extent as global blockade of chemokine 

receptor signaling (by pertussis toxin), despite the high expression of additional 

chemokine receptors CCR5 and CCR2 on tumor-infiltrating T cells 165. The authors 

determined that CXCR3 was specifically mediating the transition to firm arrest during 

lymphocyte migration into tumor vessels, by binding CXCL9 and CXCL10 displayed on 

tumor vessel walls 165. This finding suggested that the CXCR3 axis may play a critical 

role in mediating the efficacy of adoptive T-cell immunotherapy, for which the CCR5 

and CCR2 axes were dispensable. An earlier paper by Wendel et al. 73 reported similar 

findings for NK cells. They found that CXCR3-/- mice had significantly reduced numbers 

of tumor-infiltrating NK cells in subcutaneous RMA-S lymphoma and B16-RAE-1ε 

melanoma tumors, and that adoptively-transferred CXCR3-/- NK cells also experienced 

significantly impaired trafficking into tumors 73. Supplementation of tumors with 

exogenous CXCL10 or ectopic expression of CXCL10 on RMA-S cells increased 

intratumoral NK cell accumulation in a dose-dependent manner, slowing the rate of 

tumor growth and prolonging survival 73.   

However, interpretations of this work have been complicated by others who have 

reported that CXCR3 may be playing a more complex role than described above. A paper 

by Chow et al. 69, looking not at trafficking of adoptively-transferred CD8+ T cells into 

tumors but responsiveness of endogenous CD8+ T cells to anti-PD-1 blockade, found 
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instead that CXCR3 was dispensable for the recruitment of these effector cells into 

tumors. Instead of competitive homing assays, they compared intratumoral infiltration of 

endogenous CD8+ T cells into MC38 colon adenocarcinomas on the C57BL/6 wild-type 

(WT) and CXCR3-/- backgrounds, and found comparable cell numbers and functionality, 

indicated by similar expression of cell surface molecules including PD-1, LAG-3, CD44, 

and inducible T-cell costimulator (ICOS)  and similar cytokine expression profiles prior 

to anti-PD-1 treatment 69. However, following treatment, intratumoral levels of CD8+ T 

cells were significantly higher in WT mice –but, this was not due to CXCR3-dependent 

differences in homing following treatment initiation 69. Instead, CXCR3 on CD8+ T cells 

was playing a critical role in mediating their activation and proliferation during anti-PD-1 

treatment, specifically through interactions with CXCL9-expressing CD103+-DCs, a 

population which has been noted by others to be crucial for intratumoral CXCL9 and -10 

production 68,69. The importance of the CXCR3 axis in mediating the positioning of 

CD8+ T cells in tissues, rather than their entry into tissues, has also been reported in 

models of viral infection 168. Finally, they found that upregulating CXCR3 ligand 

expression within anti-PD-1-resistant AT-3 tumors using epigenetic modulators 

significantly enhanced expression of CXCL9 and CXCL10 and thus responsiveness to 

anti-PD-1 treatment 69. This work still emphasizes a central role for CXCR3 in 

responsiveness to immunotherapies, but leaves questions about other chemokine axes 

which may cooperate with CXCR3 in tumor lymphocyte infiltration.  

One other chemokine axis emerging as a potential key player in this recruitment of 

tumor-infiltrating lymphocytes is CCR5 (and its ligands CCL3, -4, and -5) 169. CCR5 is 

expressed at high levels on tumor-infiltrating T cells, and has been variably associated 
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with intratumoral T cell infiltration and survival 165. A paper by Dangaj et al. 169 found, in 

human and mouse models of ovarian cancer, that T cell infiltration required intrinsic 

tumor cell-derived CCL5 and was amplified by IFNγ-inducible, myeloid cell-secreted 

CXCL9. They found that constitutive CCL5 production by tumor cells early in tumor 

development recruited tumor-specific T cells which then recognized their cognate tumor 

antigens, triggering IFNγ release and activating tumor-associated macrophages and DCs 

to produce CXCL9 (and CXCL10), leading to an amplified second wave of CXCR3-

mediated T cell recruitment 169. This “multi-stage” infiltration was mirrored in another 

paper by Srivastava et al. 170, where they looked at CAR-T cell recruitment in a 

genetically engineered model of inducible lung adenocarcinoma. They found that initial 

recruitment of CAR-T cells to tumors was partially dependent on their expression of 

CCR5 and CXCR6, and that once the first wave of CAR-T cells infiltrated the tumor they 

produced IFNγ and stimulated inflammatory “M1” macrophages to express CXCL9 and 

CXCL10, initiating an amplified second wave of CXCR3-dependent CAR-T cell 

recruitment 170. This mechanism is very similar to that reported by Dangaj et al., and 

highlights that recruitment of various immune populations into tumors may in fact 

involve the efforts of multiple chemokine axes working together 169. These findings also 

have implications for NK and NKT cell trafficking into tumors, as NK cells (particularly 

the CD56bright population) as well as NKT cells can also co-express CCR5 and CXCR3 

162,167,171. Earlier findings by Mikucki et al. 165 can potentially be understood in the 

context of multi-stage tumor lymphocyte recruitment posed by this later work, in that 

adoptively-transferred T cells are being delivered to established tumors, where CXCR3 

appears to play a more critical role. In this context, these findings suggest that the 
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CXCR3 axis may play a particularly critical role in mediating the efficacy of adoptive T-

cell immunotherapy, and potentially other therapies which aim to re-establish immune 

infiltration in non-inflamed tumors.  

Ultimately, while these papers come to different conclusions regarding how the CXCR3 

axis mediates immune cell migration and function, they all demonstrate its importance 

for responses to cancer immunotherapies, particularly in the expression of CXCR3 

ligands in the tumor environment. This highlights again that strategies to boost 

expression of CXCR3 ligands could potentially benefit a variety of immunotherapies, 

especially as expression of these chemokines in tumor microenvironments appears to 

vary widely 165,172,173,174,175.  

Within tumors, CXCR3 ligands can be produced by a variety of cell types. These 

chemokines are usually expressed at low levels under homeostatic conditions, but can be 

induced during inflammation, primarily in response to type I (IFNα, IFNβ) and type II 

IFN (IFNγ), through activation of STAT-1 and nuclear factor kappa B (NFκB) pathways 

176. IRF3 has also been shown to activate the CXCL10 promoter independent of IFN 

signaling, downstream of TLR and stimulator of interferon genes (STING) pathways 177. 

Intratumoral DC subsets, particularly basic leucine zipper transcription factor ATF-like 

(BATF)-lineage CD103+ DCs, have been shown to be very important producers of 

CXCL9 and -10 in mice, as described above 68,69. CD103+ DCs are a population of 

conventional DCs (cDCs) whose development is controlled by the transcription factor 

BATF3 178. CD103+ DCs are tissue-resident and are specialized to cross-present antigens 

to CD8+ T cells 70,178. Their human counterpart are CD141+ DCs 70. In a cancer context, 

tumor-infiltrating CD103+ DCs play an important role in presenting tumor antigens to 
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CD8+ T cells, and have been found to have a unique ability to transport intact antigens to 

tumor draining lymph nodes and prime tumor-specific CD8+ T cells there 70. Various 

papers have noted that recruitment of BATF3-expressing DCs (mediated by CCR5-

CCL4) is an important determinant of T cell inflammation and immunotherapy response 

in melanoma and other cancers 68,169. Other myeloid populations in tumors are also able 

to contribute to expression of CXCR3 ligands, including TAMs, particularly activated 

inflammatory “M1” macrophages, whose production of CXCR3 ligands seems to be 

induced by IFNγ produced by infiltrating lymphocytes 169,170. Profiling of pre-treatment 

human melanoma tumors revealed macrophages as the primary producer of CXCL10, 

with lesser contributions by DCs 174. Tumor stromal cells, including endothelial cells and 

fibroblasts, can also secrete CXCL9, -10, and -11 under inflammatory conditions 176,179. 

Finally, tumor cells themselves can also express CXCR3 ligands, and B16 melanoma 

cells have been reported to express CXCL9 and CXCL10 in vitro and in vivo, particularly 

when stimulated by therapeutic interventions 165,180. Human primary and metastatic 

melanoma cells have also been found to produce CXCL9, -10, and -11 in vivo and in 

vitro 174,181. Furthermore, one study found that B16 melanoma and MCA205 

fibrosarcoma cells were able to shut off their CXCL9 production when grown in vivo, 

and that these CXCL9-deficient “escape” variants were more aggressive when re-

transplanted into new hosts 39. The authors found that these CXCL9-deficient tumor cell 

variants did not arise when grown in IFNγ-deficient or immune cell-deficient (RAG1/2-/-) 

hosts, suggesting that loss of CXCR3 ligand production by cancer cells may be a means 

of immune escape 39. Another study corroborated this in both murine and human ovarian 

cancer established in humanized mice, where they reported that epigenetic silencing 
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mechanisms repressed expression of CXCL9 and CXCL10 by tumor cells to evade 

primarily T cell-mediated anti-tumor immunity 38. The silencing of CXCR3 ligand 

expression by cancer cells as a means of immune escape highlights the importance of this 

axis, particularly for immune-mediated cancer therapies.  

Various strategies have been employed to increase the production of CXCR3 ligands 

within tumors. First, CXCR3 ligands have been directly administered in a variety of 

settings. In a model of renal cell carcinoma, intratumoral delivery of CXCL9 alongside 

systemic IL-2 reduced tumor growth and increased infiltration of CXCR3+ cells 182. 

Intratumoral injection of CXCL10 additionally improved survival in a mouse model of 

lung carcinoma 183. A variety of strategies have also directly exploited the IFN-inducible 

nature of CXCR3 ligands to upregulate them. Some of the earliest immunotherapies 

directly delivered IFNs, for example, adjuvant low-dose IFNα therapy, which in a clinical 

trial of stage II and III melanoma patients was able to upregulate CXCL10 levels over a 

sustained period of time 184. Others have taken more sophisticated approaches, for 

example, using epigenetic modulators DZNeP and 5-AZA-dC to upregulate CXCL9 and -

10 expression 69. One interesting strategy focused not on upregulating CXCR3 ligands in 

tumors but preserving them from degradation 185. The enzyme Dipeptidylpeptidase 4 

(DPP 4) post-translationally processes several chemokines, including CXCL10, which it 

cleaves into an inactive form that serves as an antagonist for CXCR3 185. The authors 

repurposed a DPP 4 inhibitor in B16 melanoma tumors, to increase the levels of active 

intratumoral CXCL10, enhancing T cell infiltration as well as the efficacy of adoptive 

transfer and anti-PD-1 checkpoint blockade 185. Other strategies, such as chemotherapy 

and radiation therapy, have been found to mediate some of their benefits through 
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upregulation of CXCR3 ligands 163,186,187. Anthracyclines, a class of chemotherapeutic 

agents which mimic viral infection to stimulate RNA sensors in cancer cells, induce 

autocrine and paracrine production of Type I IFN, leading to enhanced CXCL10 

production and infiltration of T cells to enhance anti-tumor responses 188. But, rather than 

mimicking viral infection, why not go a step further and infect cancer cells with viruses 

that are able to mediate both direct viral oncolytic effects and indirectly stimulate 

CXCR3 ligand production to enhance immune cell infiltration into tumors? For these 

reasons, oncolytic viruses may represent a promising strategy, particularly in combination 

with other immunotherapies. Oncolytic viruses such as VSV-∆M51 activate antiviral 

response pathways within the tumor microenvironment, including the tumor cells they are 

able to infect and lyse. Infection of 4T1 breast cancer cells with VSV-∆M51 upregulated 

their expression of CXCL9, -10, and -11 highly significantly, suggesting that this may be 

one axis by which oncolytic VSV mediates its anti-tumor effects and possibly synergizes 

with other therapies, including NKT cell activation immunotherapy and anti-PD-1 

checkpoint blockade 128,129.  

But CXCR3 may also be a double-edged sword. Despite all of the positive associations 

between CXCR3 ligands and T cell infiltration, immunotherapy response, and overall 

prognosis, the CXCR3 axis has also been associated with poor prognosis in several 

cancer types 61,189,190,191. Elevated CXCL9, -10, and -11 were negative indicators for 

overall survival and recurrence-free survival in non-metastatic renal cell carcinoma, and 

circulating CXCL9 has been associated with risk of lung cancer development 189,190. 

Elevated CXCL10 has been associated with poor prognosis in pancreatic cancer, with 

multiple studies reporting a negative correlation between CXCL10 and survival time, and 
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one study reporting that CXCL10 expressed by pancreatic stromal cells recruited 

CXCR3+ Tregs 61,191. Similarly, in ovarian carcinoma, it was found that CXCL10 

expression recruited a unique population of CXCR3+ Tregs, which actually constituted 

the most prevalent Treg population in that cancer 62. Another paper found that CXCL9, -

10, and -11 upregulated expression of the immune checkpoint ligand PD-L1 on gastric 

cancer cells by activating the STAT and PI3K-Akt pathways, across numerous gastric 

cancer cell lines and patient tissues 192. The angiostatic properties of CXCR3 ligands, 

while they may inhibit tumor proliferation by restricting blood flow and the delivery of 

key nutrients, may also restrict recruitment of immune cells by removing access points 

for immune cells to leave the circulation and migrate into tumors.  

CXCR3 can also be expressed on tumor cells themselves, and several studies have 

implicated the CXCR3 axis in metastasis of CXCR3-expressing tumors, including colon 

cancer, gastric cancer, and melanoma 164,180,193,194,195. In mouse models of these cancers, 

small molecule inhibitors of CXCR3, CXCR3 knockdown, and reduction of CXCR3 

expression on tumor cells by antisense RNA, reduced metastasis to various organs 

193,194,196,197. Multiple studies have reported that murine B16 melanoma cells 

constitutively express CXCR3, and human metastatic melanoma cells have also been 

found to express CXCR3 regardless of the tissue from which they were removed 

195,196,197. Studies appear split between which CXCR3 ligands mediate these metastatic 

effects. One study found that co-expression of CXCL10 and CXCR3 was doubled in 

metastatic compared to primary human melanoma tumors 197. They reported that 

autocrine CXCL10-CXCR3 signaling in B16 melanoma cells drove metastasis through 

regulation of cellular adhesion, invasion, and migration 197. Another study found that 
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autocrine CXCL11-CXCR3 signaling via ERK1/2 promoted self-renewal and survival in 

hepatocellular carcinoma tumor-initiating cells 198. A separate study found that 

production of CXCL9 by tumor endothelial cells was a major driver of human melanoma 

metastasis by accelerating melanoma-mediated transendothelial migration (TEM), a key 

step in the dissemination of tumor cells to form metastases 196. These contradictory 

findings, which posit pro-tumorigenic as well as anti-tumorigenic roles for the CXCR3 

axis are important to keep in mind when considering harnessing the CXCR3 axis in 

cancer therapy, particularly in cancers, like melanoma, which have been shown to 

express and perhaps exploit CXCR3.  
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Figure 3. CXCR3 axis in cancer. CXCR3 ligands CXCL9, -10, and -11 can be produced 

in the tumor microenvironment by tumor cells, endothelial cells, and antigen-presenting 

cells such as CD103+ DCs. CXCL9, -10, and -11 production can be stimulated by Type I 

IFN produced by DCs and other cells in response to inflammatory signals, as well as 

IFNγ produced by immune cells including NKT cells, CD4 Th1 cells, and cytotoxic 

CD8+ T cells (CTLs). The CXCR3 axis has distinct anti-tumor and pro-tumorigenic 

effects. A) Anti-tumor effects mediated by the CXCR3 axis include recruitment of 

CXCR3-expressing anti-tumor immune cells such as NK cells, NKT cells, Th1 cells, and 

CTLs, as well as polarization of CD4+ T cells into Th1 effector cells. CXCL9, -10, and -

11 can also directly inhibit angiogenesis and tumor neovascularization. B) The CXCR3 

axis can promote tumorigenesis by recruiting CXCR3-expressing immunosuppressive 

subsets including Tregs and MDSCs. CXCR3-expressing tumor cells can also receive 

proliferative and pro-survival signals via autocrine CXCR3 signaling. CXCL9, -10, and -

11 produced by endothelial cells can also drive migration and metastasis of CXCR3-

expressing tumor cells. Figure created with BioRender.com. 
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Another nuance to be considered is the potential difference between CXCL9, -10, and -

11. CXCL9, -10, and -11 expression is induced by different IFNs; all three are induced by 

IFNγ signaling, but only CXCL10 and CXCL11 are induced by Type I IFN signaling as 

well, which could affect the extent and context of their expression. CXCL9, -10, and -11 

have also been shown to have different binding affinity for the CXCR3 receptor 164. 

Certain models have demonstrated their redundancy; for example, a model of murine 

bronchiolitis found that deletion of CXCL9 or CXCL10 individually had no effect, 

whereas blockade of CXCR3 reduced airway damage 199. In other contexts, CXCL9 and 

CXCL10 have been found to antagonize each other. In a murine cardiac transplant model, 

CXCL9 deficiency decreased the frequency of alloreactive CD8+ T cells, whereas 

CXCL10 deficiency increased their frequency in a manner that was CXCL9-dependent 

200. CXCL11 specifically has been shown to induce FoxP3+ Treg cells in a model of 

experimental autoimmune encephalomyelitis 60. Many of the other studies described 

previously also highlight specifically one of CXCL9, -10, or -11 as the key mediator of 

either the anti- or pro-tumorigenic effects they describe. The non-redundant roles of 

CXCR3 ligands are likely dependent on context, including tissue and disease type, as 

well as spatial and temporal regulation of chemokine and receptor expression. These 

considerations should be taken into account in future investigations into the roles of 

CXCR3 and its ligands in various cancers. 

Finally, there are also some structural differences between human and mouse CXCR3 

which warrant consideration. In humans, there are three isoforms of CXCR3 (CXCR3A, 

CXCR3B, and CXCR3alt), whereas mice possess only one 164. These different isoforms 

have been shown to activate different intracellular signaling pathways, which suggests 
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they possess different functions 164,201 . CXCR3A represents the classical CXCR3, and 

mediates immune cell chemotaxis and cell proliferation 163. CXCR3B, which has a 

slightly extended N-terminus generated by alternative splicing, appears to have 

antagonistic functions including induction of cell apoptosis and inhibition of cell 

migration 163. CXC3B can also bind CXCL4 in addition to CXCL9, -10, and -11 to 

mediate angiostasis 163. CXCR3alt has a truncated C-terminus generated from exon 

skipping, and mainly mediates CXCL11 function 163. The nuances of this variation are 

not able to be captured in murine models studying the CXCR3 axis. Additionally, the 

C57BL/6 mouse strain only produces functional CXCL9 and CXCL10, as it harbours a 

mutated CXCL11 gene that encodes an mRNA product with a single-nucleotide deletion 

in the 5’ exon which targets it for nonsense-mediated mRNA decay 202. Given this, 

models using B16 melanoma, which is derived from the C57BL/6 strain, are unable to 

interrogate the potential roles of CXCL11. However, a CRISPR/Cas9 system was 

recently used to correct this mutation on the C57BL/6 background, resulting in the 

production of functional CXCL11 202. Overall, the differences between the human and 

murine CXCR3 axis further complicate our ability to untangle the role of the CXCR3 

axis in human cancer. 

1.8 Thesis overview 

Advanced melanoma is highly metastatic and resistant to traditional chemotherapies, 

resulting in a 5-year survival rate of <30% 1,24,203. Recently, cancer immunotherapies 

have significantly improved patient outcomes, but their failure to fully resolve tumors 

highlights a need for new therapeutics 132. Combined Natural Killer T (NKT) cell and 

oncolytic Vesicular stomatitis virus (VSV) therapy represent one promising approach. 
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Oncolytic VSV has been shown to enhance NKT cell infiltration into tumors, increasing 

the efficacy of subsequent NKT cell immunotherapy 128,129. VSV infection increases the 

production of CXCR3 ligands in the tumor microenvironment, potentially recruiting 

NKT cells that highly express CXCR3; however, the specific role of the CXCR3 axis in 

overall treatment efficacy is unknown 128.  

I hypothesized that VSV, by increasing expression of CXCL9, -10, and -11 in the tumor 

microenvironment, would enhance recruitment of CXCR3+ effector cells, including NKT 

cells, providing a basis for the synergistic combination of oncolytic VSV and NKT cell 

immunotherapies. I aimed to characterize VSV-mediated upregulation of CXCL9, -10, 

and -11 by B16 melanoma cells in vitro, determine the impact of the CXCR3 axis on the 

efficacy of VSV and NKT cell immunotherapies in vivo, and investigate the effect of the 

CXCR3 axis on the immune profiles of mice treated with VSV and NKT cell 

immunotherapies. Using the syngeneic B16-F10 melanoma model, responses to NKT cell 

immunotherapy, alone and in combination with recombinant VSV-ΔM51 constructs 

(VSV-GFP and VSV-p14), were tested in wild-type and CXCR3-/- C57BL/6 mice. 

Combined treatments modestly but significantly enhanced survival compared to 

monotherapies in in both cohorts. CXCR3-/- mice exhibited trends towards improved 

tumor regression and survival in response to VSV; however, survival and tumor growth 

were ultimately not significantly different between wild-type and CXCR3-/- mice across 

treatment groups. These results demonstrate that oncolytic VSV in combination with 

NKT cell immunotherapy provides superior survival benefit compared to monotherapies. 

The CXCR3 axis ultimately appeared dispensable in our combined therapy; however, 
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other factors such as reduced viral clearance and enhanced oncolytic activity may 

compensate for the loss of CXCR3. 
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CHAPTER 2: MATERIALS AND METHODS 

2.1 In vitro work 

2.1.1 Cell lines and culture 

B16-F10 melanoma cells (RRID: CVCL_0159) and Vero kidney epithelial cells (RRID: 

CVCL_0059) were acquired from ATCC (Manassas, VA) and cultured at 37°C and 5% 

CO2 in complete Dulbecco’s Modified Eagle Medium (DMEM) (Corning, New York 

City, NY) supplemented with 10% fetal bovine serum (FBS) (Fisher-HyClone, Ottawa, 

ON) and 5% Penicillin-Streptomycin (100 μg/ml streptomycin, 100 units/ml penicillin) 

(Corning). For passaging and experimental preparation, cells were collected using 

trypsin-ethylenediamine-tetra acetic acid (EDTA) (Corning). Cells were resuspended in 

1X phosphate-buffered saline (PBS) (Corning) for in vivo use. 

2.1.2 VSV production 

VSV-ΔM51 engineered to express green fluorescent protein (GFP) (VSV-GFP), VSV-

p14, VSV-p15, VSV-p14endop15, and VSV-p14Δ were provided by Dr. Roy Duncan 

(Department of Microbiology and Immunology, Dalhousie University, Halifax, NS). 

Viruses were propagated and used until passage 4. To propagate virus, Vero cells were 

seeded in T175 flasks (Grenier Bio-One, Monroe, NC) and cultured at 37°C in 5% CO2. 

Cells at 90% confluency were infected with VSV at multiplicity of infection (MOI) = 

~0.1 for 2 hours followed by the addition of complete DMEM. After 48 hours, flasks 

were frozen at -80°C and then thawed at 37°C for two freeze-thaw cycles. After the 

second thaw, supernatant was collected and centrifuged at 300 g for 10 minutes to 

separate the cell pellet. Supernatant was then layered on a 20% sucrose (Fisher Scientific, 

Hampton, NH) cushion in ultracentrifuge tubes (Beckman Coulter, Brea, CA). 
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Ultracentrifuge tubes were balanced in a SW32 rotor (Beckman Coulter) and then spun in 

an Optima L-90K ultracentrifuge (Beckman Coulter) at 29000 rpm for 2 hours at 4°C. 

Pelleted virus was resuspended in 15% glucose (Fisher Scientific) and stored at -80°C. 

Viral titres were determined via plaque assay. UV-inactivated VSV (UV-VSV) was 

generated using a HL 2000 Hybrilinker (UVP Laboratory Products, Upland, CA) at 100 

μJ/ cm2 for 15 min. UV-VSV aliquots were subsequently stored at 4°C. 

2.1.3 VSV plaque assays  

Vero cells were seeded at 2x105 cells per well in 12-well plates and infected 24 hours 

later once they reached ~100% confluency. Media was removed and 200 μL of serially 

diluted virus stock (10-7 to 10-12) was added to individual wells in duplicate. After a 2-

hour infection period, infection media was removed and 1 ml of 1% agarose overlay (4% 

agarose (Fisher Scientific) in complete DMEM) was added to each well. Plates were 

incubated upside-down at 37°C in 5% CO2. After 48 hours, cells were fixed in 10% 

formaldehyde (Fisher Scientific) for 1 hour, followed by removal of the agarose overlay 

and staining with 1% crystal violet (Sigma Aldrich, St. Louis, MO). Plaques were 

counted and viral titre was determined using the following formula: viral titre = (average 

plaques in duplicate wells)/(inoculum volume x dilution factor). 

2.1.4 In vitro infection assay 

B16 melanoma cells were seeded in 100x20mm petri dishes at 2x106 cells per dish in 

complete DMEM and cultured at 37°C in 5% CO2. After 24 hours, B16 cells at ~95% 

confluency were infected at a MOI of ~1 in serum-free DMEM using UV-VSV, VSV-

GFP, VSV-p14, VSV-p15, VSV-p14endop15, or VSV-p14 Δ. Infections were stopped 
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after 2 hours by the addition of complete DMEM, and cells and supernatant were 

collected after 24 hours for downstream analysis.  

2.1.5 Quantitative PCR 

B16 melanoma cells were collected 24 hours after infection with UV-VSV, VSV-GFP, 

VSV-p14, VSV-p15, VSV-p14endop15, orVSV-p14Δ. RNA extraction was performed 

using TRIzol (Fisher Scientific) and chloroform (Fisher Scientific) for phase separation 

followed by use of an RNeasy Plus Mini Kit (Qiagen, Dusseldorf, Germany) to 

precipitate the RNA according to the manufacturer’s instructions. RNA concentration and 

purity were measured using an Epoch Plate Reader (BioTek, Winooski, VT). Prior to 

reverse transcription, the RNA was confirmed to not be degraded by loading 500 ng 

samples into a 1% agarose (VWR Life Sciences, Mississauga, ON) ethidium bromide 

(Fisher Scientific) gel (run at 93 V for 50 minutes). One microgram of RNA was reverse 

transcribed using the Advanced cDNA Synthesis Kit (Wisent Bio Products, Saint-Jean-

Baptiste, QC) using a Mastercycler X50 (Eppendorf, Hamburg, Germany) thermocycler. 

The resulting cDNA was analyzed by real-time quantitative polymerase chain reaction 

(RT-qPCR), performed on a CFX96 Real Time System C1000 Touch Thermocycler 

(Bio-Rad, Hercules, CA) using 4 μL cDNA and PowerTrack SYBRGreen (Applied 

Biosystems, Waltham, MA). Primers were purchased from Invitrogen (Waltham, MA). 

Primers used were as follows: 

Table 1. Primers used for quantitative PCR 

Gene Forward Primer Reverse Primer 

gapdh 5’-TGCACCAACTGCTTAG-3’ 5’-GGATGCTGGGATGATGTTC-3’ 

actβ 5’-CATTGCTGACAGGATGCA 

GAAGG-3’ 

5’-TGCTGGAAGGTGGACAGTGAG 

G-3’ 
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Gene Forward Primer Reverse Primer 

ppia 5’-

CATACAGGTCCTGGGATCTTG 

TC-3’ 

5’-

AGACCACATGCTTGCCATCCAG-3’ 

cxcl9 5’-

TGGGCATCATCTTCCTGGAG-

3’ 

5’-CCGGATCTAGGCAGGTTTGA-3’  

 

cxcl10 5’-CCTCATCCTGCTGGGTCTG-

3’ 
5’-CTCAACACGTGGGCAGGA-3’ 

 
cxcl11 5’-CGAGATGAAAGCCGTCAA-

3’ 

5’-TATGAGGCGAGCTTGCTTGG-3’ 

 

cxcl16 5’-

CAACCCTGGGAGATGACCAC-

3’ 

5’-CTGTGTCGCTCTCCTGTTGC-3’ 

cxcl2 5’-

GGCTGTTGTGGCCAGTGAA-3’ 

5’-GCTTCAGGGTCAAGGCAAA-3’ 

 

ifn-α2 5’-

CCCTATGGAGATGACGGAGA-

3’ 

5’-

GCTGCATCAGACAGCCCTGCAGG

T C-3’ 

tnf 5’-

CACGTCGTAGCAAACCACCA 

AGTGGA-3’ 

5’-

TGGGAGTAGACAAGGTACAACCC

-3’ 

tgf-β2 5’-TAAAATCGACATGCCGTCC-

3’ 

5’-GAGACATCAAAGCGGACGA-3’ 

 

 

Primer pairs were optimized by temperature gradient and standard curve analysis, and 

reference gene stability was calculated using the CFX Maestro Reference Gene Selection 

Tool (Bio-Rad). Primer performance was validated by melting curve analysis. RT-qPCR 

was run at 60°C (gapdh, ppia, actβ, cxcl9, cxcl10, cxcl11, cxcl2, tnf), 62.5°C (cxcl16, ifn- 

α2), or 56°C (tgf-β) for 40 cycles. Results were analyzed using CFX Maestro software. 

Relative gene expression was calculated using the Pfaffl method 204 and normalized to 

gapdh, actβ, and ppia reference genes. 

2.1.6 ELISA 

Culture supernatant was collected 24 hours after B16 cell infection with UV-VSV, VSV-

GFP, VSV-p14, VSV-p15, VSV-p14endop15, or VSV-p14 Δ. CXCL9 and CXCL10 
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production were measured using DuoSet Mouse CXCL9 and Mouse CXCL10 enzyme-

linked immunosorbent assay (ELISA) kits (R&D Biosciences, Minneapolis, MN) as per 

manufacturer instructions. 96-well ELISA plates were coated with CXCL9 or CXCL10 

capture antibodies diluted in PBS overnight at 4°C. Plates were washed in 1X Wash 

Buffer (R&D Biosciences) in PBS and blocked with 1X reagent diluent (1% BSA 

solution in PBS) for 2 hours at room temperature before addition of experimental samples 

and CXCL9 or CXCL10 standard (1:2 serial dilution in 1X reagent diluent) in duplicate. 

The CXCL10 standard in the kit was substituted with recombinant murine CXCL10 

protein (PeproTech, Rocky Hill, NJ) due to poor performance. Following an overnight 

incubation at 4°C, plates were washed again, followed by addition of CXCL9 or 

CXCL10 detection antibodies (in 1X reagent diluent). After a 2-hour incubation, plates 

were washed, and 1X streptavidin-horseradish peroxidase (in reagent diluent) was added 

and incubated for 20 minutes in the dark. Plates were washed and substrate solution (o-

phenylenediamine dihydrochloride) was added for 15 mins followed by 2N sulfuric acid 

stop solution. Absorbance was measured at 450nm using an Epoch microplate 

spectrophotometer (BioTek) and concentration of experimental samples was quantified 

relative to standard curves. 

2.2 In vivo work 

2.2.1 Mouse strains 

Male and female C57BL/6 mice were purchased from Charles River Laboratories 

(Wilmington, MA). CXCR3-/- mice (RRID:IMSR JAX:005796) were obtained from the 

Jackson Laboratory (Bar Harbor, ME) and bred at the Carleton Animal Care Facility at 

Dalhousie University. Mice were enrolled in experiments from 8 to 12 weeks of age. 
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Experimental protocols were approved by the University Committee on Laboratory 

Animals following the guidelines of the Canadian Council on Animal Care. 

2.2.2 Subcutaneous B16 melanoma model 

B16 cells (2.5x105 in 100 μL PBS) were implanted subcutaneously into the lower 

abdomen of 8- to 12-week-old WT or CXCR3-/- C57BL/6 mice. Tumors were measured 

every other day using electronic calipers and tumor volume was calculated using the 

formula (width2 x length)/2. Mice received intratumoral (i.t.) or intravenous (i.v.) 

injections of VSV-GFP or VSV-p14 (5x108 plaque forming units (PFU) in 50 μL PBS) 

on days 9, 11, and 13 following tumor inoculation. Mice received free αGalCer 

(KRN7000; DiagnoCine, Hackensack, NJ) (4 ug in 30 μL PBS delivered intraperitoneally 

(i.p.)) or αGalCer loaded on bone-marrow derived DCs (6x105 cells in 100 μL PBS 

delivered i.v.) on day 14 to activate and expand NKT cells in vivo. For tumor growth 

experiments, mice were monitored for tumor volume and survival until humane endpoints 

(tumor volume exceeding 1500mm3 or other signs of morbidity such as lethargy, weight 

loss, dehydration status, and lowered body temperature) were reached. For immune 

profiling experiments, mice were sacrificed on day 19 for tissue harvest. To assay VSV 

via plaque assays, mice were sacrificed following VSV treatment on days 14, 15, and 16.  

2.2.3 Generation and αGalCer-loading of bone marrow-derived DCs 

WT and CXCR3-/- C57BL/6 mice were anesthetized with inhaled isoflurane (Fresenius 

Kabi, Bad Homburg, Germany) and sacrificed via cervical dislocation. Under sterile 

conditions, bone marrow was extracted from the femurs and tibias of mice, flushed 

through a 40-micron cell strainer (Corning) and pelleted by centrifugation at 300 g for 10 
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minutes. Cells were resuspended in complete Roswell Park Memorial Institute (RPMI)-

1640 (Corning) (10% FBS, 50 μM beta-mercaptoethanol, 2 mM L-glutamine, 1X non-

essential amino acids, 1mM sodium pyruvate, 100 μg/mL streptomycin, and 100 

units/mL penicillin) with 40ng/mL of murine GM-CSF (PeproTech) and 10ng/mL of 

murine IL-4 (Peprotech) and cultured in 6-well plates at 37°C and 5% CO2. Fresh 

complete RPMI-1640 with 40 ng/mL GM-CSF and 10 ng/mL IL-4 was added on day 3. 

On day 6, non-adherent cells were collected and re-suspended in complete RPMI-1640 

with 20 ng/mL GM-CSF. On day 7, αGalCer was sonicated for 20 minutes at 50°C in a 

Branson 2510 Ultrasonic Cleaner and then added to each well at a concentration of 0.4 

µg/mL. On day 8, adherent and non-adherent DCs were collected and resuspended in 

PBS at a concentration of 6x105 cells/100 μL for i.v. delivery into mice to induce NKT 

cell activation.  

2.2.4 Cell isolation 

On day 19 following B16 tumor implantation, mice were sacrificed for immune profiling. 

Spleens and tumors were harvested and cells were isolated by mechanical dispersion 

through 70-micron wire mesh with 2% FBS in PBS. Splenic red blood cells were lysed in 

5 ml of lysis buffer (150 mM NH4Cl (Sigma-Aldrich), 10 mM KHCO3 (J.T. Baker, 

Montreal, QC), and 0.1 mM EDTA (Sigma-Aldrich)) for 5 minutes, followed by addition 

of an equal volume of 2% FBS in PBS to inhibit further lysis. Spleen and tumor cells 

were pelleted by centrifugation at 300 g for 10 minutes at 4C. Tumor lymphocytes were 

isolated by density centrifugation through a 33% Percoll gradient (GE Healthcare, Baie 

d’Urfe, QC) at 700 g for 20 minutes. Cells were resuspended in 2% FBS in PBS and 

counted using a hemocytometer. 
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2.2.5 Antibodies and flow cytometry 

The following antibodies were purchased from Biolegend (San Diego, CA) or 

eBioscience (San Diego, CA): Brilliant Violet 450 conjugate-labeled fixable viability 

dye; Brilliant Violet 510 conjugate-labeled CD19 (clone 6D5); Brilliant Violet 605 

conjugate-labeled CD8α (clone 53-6.7); Brilliant Violet 650 conjugate-labeled CD25 

(clone PC61) and CD11b (clone M1/70); Brilliant Violet 785 conjugate-labeled PD-1 

(clone 29F.1.A12) and CD44 (clone IM7); fluorescein isothiocyanate-labeled TCRβ 

(clone H57-597) and Ly6C (clone HK1.4); phycoerythrin-labeled Ly6G (clone 1A8) and 

FoxP3 (clone FJK-16s); peridinin-chlorophyll-protein complex: Cy5.5 conjugate-labeled 

NK1.1 (clone PK136) and F4/80 (clone BM8); phycoerythrin Cy-7 tandem conjugate-

labeled CD45 (clone 30-F11); allophycocyanin-labelled CD80 (clone 16-10A1), CD69 

(clone H1.2F3), and CD62L (clone MEL-14); Alexa Fluor 700-labelled CD4 (clone 

RM4-5) and MHC II (clone M5/114.15.2); allophycocyanin-eFluor 780-labelled CD69 

(clone H1.2F3) and CD11c (clone N418). The NIH Tetramer Core Facility (Atlanta, GA) 

provided allophycocyanin-labeled and phycoerythrin-labeled CD1d tetramers loaded with 

the synthetic glycolipid PBS57. 

Tumor or spleen cells were added to 5 mL polystyrene tubes (106/tube). Cells were 

washed in 2% FBS in PBS and stained for 30 minutes at 4°C with Brilliant Violet 450 

conjugate-labelled fixable viability dye (1:1000 in PBS). Cell surface antibody panels 

were diluted 1:300 in Super Bright Complete Staining Buffer (Invitrogen). After 

additional washes with 2% FBS in PBS, cells were stained with cell surface antibody 

panels for 30 minutes at 4°C in the dark. Cells were then washed, fixed in 2% 

paraformaldehyde (Fisher Scientific) for 20 minutes, rinsed in 2% FBS in PBS, and 
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resuspended in a final volume of 300 μL 2% FBS in PBS. Cells were stored at 4°C in the 

dark for up to two days before analysis. Acquisition was performed with the 

FACSCelesta using FACSDiva software (BD Biosciences, San Jose, CA). Analysis was 

performed using FloJo (v10.6) software (BD Biosciences).  

2.2.6 Intracellular staining 

Cells receiving intracellular staining with phycoerythrin-labeled FoxP3 (clone FJK-16s) 

were washed three times in Fixation/Permeabilization buffer (Invitrogen) following cell 

surface antibody staining, and then permeabilized in Fixation/Permeabilization buffer for 

40 minutes. Cells were then washed in 1X Permeabilization buffer (Invitrogen) and 

incubated for 1 hour at 4°C with phycoerythrin-labeled FoxP3 (clone FJK-16s) diluted 

1:200 in in 1X Permeabilization buffer. Samples were then fixed and analyzed as 

described above. 

2.2.7 VSV plaque assays from tumor lysates 

Wild-type and CXCR3-/- C57BL/6 mice were implanted with B16 cells and either left 

untreated or treated with VSV-p14 as described above. On days 14, 15, and 16, B16 

tumors were harvested under sterile conditions and weighed. Tumor cells were then 

isolated by mechanical dispersion through 70-micron wire mesh (Gerard Daniel 

Worldwide Ltd., Mississauga, ON) and pelleted by centrifugation at 300 g for 10 minutes 

at 4C. Tumor cells were then lysed by homogenization with a Fisher Scientific 

PowerGen 125 homogenizer for 2 minutes. Tumor lysates were filtered through a 40-

micron filter and resuspended in 1 mL PBS. Vero cells were seeded at 2x105 cells per 

well in 12-well plates and grown overnight to~100% confluency. Cells were infected 

with 200 μL of tumor lysate (10-1 and 10-2 dilutions in PBS). After a 2-hour infection 
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period, the infection media was removed and 1ml of 1% agarose overlay (4% agarose in 

complete DMEM) was added to each well. Plates were incubated upside-down at 37°C in 

5% CO2. After 48 hours, cells were fixed and stained with crystal violet to visualize 

plaques as described above. Plaques were counted and viral titre/tumor weight (g) was 

determined using the following formula: viral titre/g = (average plaques in duplicate 

wells/(inoculum volume x dilution factor))/tumor weight. 

2.3 Statistical tests 

Data analysis and statistical tests were carried out using GraphPad Prism (version 8.4.3). 

Data are expressed as mean  standard error of the mean (SEM). Statistical significance 

is set at p<0.05. Survival data were analyzed by a log-rank (Mantel-Cox) significance 

test. All other data was tested for normality using the Shapiro-Wilk test. Tumor flow 

cytometry data met the assumption of normality (Shapiro-Wilk Test p>0.05) and was 

analyzed using a 2-way analyses of variances (ANOVA) with mouse strain (WT, 

CXCR3-/-) and treatment (untreated, VSV-p14, αGalCer-loaded DCs, free αGalCer, 

VSV-p14 + αGalCer-loaded DCs, VSV-p14 + free αGalCer) as the between-group 

factors. Tumor plaque assay data also met the assumption of normality and was analyzed 

using a 2-way ANOVA, with mouse strain (WT, CXCR3-/-) and treatment (untreated, 

VSV-p14) as the between-group factors. If the 2-way ANOVA was significant (p<0.05), 

Tukey’s multiple comparisons test was performed to maintain the alpha error rate at 0.05. 

qPCR and ELISA data did not meet the assumption of normality (Shapiro-Wilk Test 

p<0.05) and were analyzed using the nonparametric Kruskal-Wallis test. A non-

parametric two-tailed Mann-Whitney U test was used to compare between two data 
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groups, whereas comparisons between more than two data groups were made using a 

Kruskal-Wallis non-parametric analysis of variance with Dunn’s post-test.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



69 

 

 

CHAPTER 3: RESULTS 

3.1 Oncolytic VSV stimulates tumor cells to produce CXCR3 ligands 

3.1.1 VSV infection upregulates production of CXCR3 ligands by B16 melanoma 

cells in vitro  

Previous work has established that VSV-ΔM51 infection can upregulate production of 

CXCR3 ligands CXCL9, -10, and -11 in a mouse model of breast cancer 128. Given the 

importance of immune cell infiltration into tumors for prognosis, and the fact that many 

key anti-tumor immune cell subsets, including CD8 + T cells, NK cells, and NKT cells, 

express CXCR3 on their surface and migrate towards sites where CXCL9, -10, and -11 

are produced 163,164, we sought to determine whether infection with oncolytic VSV-ΔM51 

expressing GFP (VSV-GFP) and various VSV-FAST constructs (VSV-p14, VSV-p15, 

VSV-p14endop15, VSV-p14Δ) would stimulate murine B16-F10 melanoma cells to 

produce these CXCR3 ligands. This could potentially improve tumor immune infiltration 

to make B16 tumors “hotter” 98,163,164.  

As a reminder, B16 melanoma cells are derived from the C57BL/6 mouse background, 

which carries a mutation in the CXCL11 gene that results in a single-nucleotide deletion 

targeting the mRNA for nonsense-mediated decay 202. Therefore, CXCL11 mRNA should 

be detectable in B16 melanoma cells but there will be no translation of a protein product. 

To establish the ability of VSV to induce CXCR3 ligand expression in this tumor model, 

B16 cells were cultured in vitro with media alone, UV-VSV, or the different VSV-FAST 

constructs described above at a multiplicity of infection (MOI) of 1. Cells and 
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supernatant were harvested 24-hours post-infection for gene expression analysis by RT-

qPCR and protein expression analysis by ELISA.  

Messenger RNA (mRNA) expression of CXCL9, -10, and -11 was significantly 

upregulated in B16 cells at 24 hours by VSV-GFP, VSV-p14, VSV-p15, VSV-

p14endop15, and VSV-p14Δ infection relative to UV-VSV and media controls (Figure 

4A). Protein secretion of CXCL9 and CXCL10 were also significantly upregulated at 24 

hours by B16 cells infected with each of these VSV constructs (Figure 4B). The inability 

of UV-VSV to induce comparable levels of CXCR3 ligands suggests that active infection 

is required to drive this expression rather than simply exposure to potential viral PAMPs, 

in line with previous reports 128. There were differences between VSV constructs in terms 

of their capacity to induce each CXCR3 ligand; however, no clear patterns were observed 

across chemokines, and the variation between constructs did not exceed a log difference. 

Ultimately, active infection with VSV-GFP and VSV-FAST constructs resulted in 

significant upregulation of both CXCL9, -10, and -11 mRNA expression as well as 

secretion of high levels of CXCL9 and CXCL10 by B16 cells, in line with results 

previously generated in a model of 4T1 breast carcinoma 128. These results indicate a 

potential axis by which VSV infection of B16 tumor cells may improve subsequent anti-

tumor immune responses.  
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Figure 4. Oncolytic VSV infection increases expression and production of CXCL9, 

CXCL10, and CXCL11 by B16 melanoma cells in vitro. 2x106 B16 cells were infected 

at MOI=1 for 2 hours. Cells and supernatant were harvested at 24-hours post-infection for 

downstream RT-qPCR and ELISA. A) Relative mRNA expression of cxcl9, cxcl10, and 

cxcl11 from B16 melanoma cells infected with UV-VSV, VSV-GFP, VSV-p14, VSV-

p15, VSV-p14endop15, or VSV-p14Δ. Relative gene expression is normalized to media-

only untreated control. Gene expression was calculated using the Pfaffl method and 

normalized to gapdh, actb, and ppia reference genes. B) Protein expression of CXCL9 

and CXCL10 from B16 melanoma cells infected with UV-VSV, VSV-GFP, VSV-p14, 

VSV-p15, VSV-p14endop15, or VSV-p14Δ. Error bars represent mean ± SEM for n=7-

12. *p<0.05 vs. untreated, †p<0.05 vs. UV-VSV. 
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3.1.2 VSV infection upregulates expression of additional cytokines and 

chemokines by B16 melanoma cells in vitro 

 

I also assessed whether VSV infection of B16 melanoma cells increased their expression 

of additional chemokines CXCL2 and CXCL16, as well as cytokines TNF, IFNα, and 

TGFβ. These chemokines and cytokines were chosen for their important roles in cancer 

and immune cell recruitment. CXCL2, which binds CXCR2, is important for neutrophil 

chemotaxis and has also been implicated in cancer cell proliferation and metastasis 205,206. 

CXCL16 binds CXCR6 and mediates recruitment of NKT cells in various contexts, 

including cancer, but has also been implicated in pro-tumorigenic effects including 

driving angiogenesis, tumor cell metastasis, and recruitment of immunosuppressive 

subsets including TAMs, MDSCs, and Tregs 207. TNF is an important pro-inflammatory 

cytokine in many contexts – initially named for its ability to directly induce tumor 

necrosis when administered in high amounts, it has since been revealed to have a more 

complex role in cancer, including constitutive production by tumor cells to drive pro-

tumorigenic inflammation 208. IFNα is another pro-inflammatory cytokine which plays a 

key role in antiviral responses and can drive production of CXCL9, -10, and -11 209. 

Finally, TGFβ is an anti-inflammatory and fibrotic cytokine which can be produced by 

tumor cells as well as regulatory immune cells to induce an immunosuppressive tumor 

microenvironment 210.  

B16 melanoma cells were infected with VSV constructs and harvested 24 hours post-

infection for gene expression analysis by RT-qPCR. Of the cytokines assessed, TNF 

mRNA was highly upregulated at 24 hours (>1000-fold expression relative to media 

control) in response to infection with VSV-GFP, VSV-p14, VSV-p15, VSV-p14endop15, 
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or VSV-p14Δ, although this upregulation was not significant relative to media or UV-

VSV controls for VSV-p14, and only significant relative to both media and UV-VSV for 

VSV-p15 and VSV-p14Δ (Figure 5). TGFβ, CXCL2, and CXCL16 were also upregulated 

(<1000-fold expression) (Figure 5) For TGFβ, this upregulation was only significant 

(relative to media and UV-VSV controls) for VSV-p15. For CXCL2, upregulation was 

only significant relative to controls for VSV-p15and VSV-p14Δ. For CXCL16, only 

VSV-p15 and VSV-p14endop15 significantly upregulated expression. IFNα mRNA was 

increased significantly only in response to VSV-p15 and VSV-p14 Δ (Figure 5). Overall, 

VSV constructs induced variable expression of immune-modulating cytokines and 

chemokines by B16 cells in vitro. 
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Figure 5. Oncolytic VSV infection increases expression of additional cytokines and 

chemokines by B16 melanoma cells in vitro. 2x106 B16 cells were infected at MOI=1 

for 2 hours. Cells and supernatant were harvested at 24-hours post-infection for 

downstream RT-qPCR. Relative mRNA expression of tnf, ifnα, tgf-β, cxcl16, and cxcl2 

from B16 melanoma cells infected with UV-VSV, VSV-GFP, VSV-p14, VSV-p15, 

VSV-p14endop15, or VSV-p14Δ. Relative gene expression is normalized to media-only 

untreated control. Gene expression was calculated using the Pfaffl method and 

normalized to gapdh, actb, and ppia reference genes. Error bars represent mean ± SEM 

for n=3-8. *p<0.05 vs. untreated, †p<0.05 vs. UV-VSV. 
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3.2 CXCR3 is dispensable for responses to VSV and NKT cell activation therapies 

3.2.1 Combined VSV-GFP and NKT cell activation cause greater tumor regression 

and increased survival than monotherapies in both WT and CXCR3-/- mice 

Given the ability of VSV to upregulate expression of CXCR3 ligands in B16 melanoma 

cells in vitro, as well as the importance of CXCR3 for migration of anti-tumor immune 

populations into tumors, I investigated the impact of CXCR3 on responsiveness to VSV 

and αGalCer-loaded DC therapies both separately and in combination in mice harbouring 

B16 melanoma tumors. Wild-type (WT) and CXCR3-/- C57BL/6 mice were inoculated 

subcutaneously (sc.) with 2.5x105 B16 cells to establish tumors. Mice were then treated 

with intratumoral VSV-GFP 9, 11, and 13 days after tumor inoculation. NKT cells were 

activated on day 14 by intravenous administration of 6x105 αGalCer-loaded DCs (Figure 

6A). Mice were monitored for tumor growth and survival.  

Combination VSV-GFP and αGalCer-loaded DC therapy was the most effective at 

inducing temporary tumor regression, slowing tumor growth, and prolonging median 

survival duration in both WT and CXCR3-/- cohorts (Figure 6B-C). VSV-GFP was the 

second-most effective, and one VSV-GFP treated mouse in each of the WT and CXCR3-/- 

cohorts experienced complete tumor regression and survived past the study endpoint 

without tumor regrowth (Figure 6B-C). Despite this robust response in one mouse in each 

cohort, overall responses to VSV-GFP monotherapy were more variable in both WT and 

CXCR3-/- mice compared to combination therapy, which induced the most consistent 

responses and greatest overall increase in median survival duration (Figure 6B-C). 

αGalCer-loaded DCs were least effective as a monotherapy, although they still induced 

some tumor regression and improved survival duration relative to the untreated cohorts 



76 

 

 

(Figure 6B-C). CXCR3-/- mice displayed modestly reduced responsiveness to αGalCer-

loaded DC monotherapy compared to the WT cohort, as well as more variable responses 

to VSV-GFP monotherapy (Figure 6B-C). But, overall, comparable therapeutic 

responses, including robust responses to combination therapy, were observed in both the 

WT and CXCR3-/- cohorts, indicating that CXCR3 may be dispensable for the efficacy of 

one or both therapies. 
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Figure 6. Combined VSV-GFP and NKT cell activation cause greater tumor 

regression and increased survival than monotherapies in both WT and CXCR3-/- 

mice. A) Schematic of B16 tumor induction and treatment timeline. WT and CXCR3-/- 

C57BL/6 mice were subcutaneously inoculated with 2.5x105 B16 cells on day 0. Mice 

received intratumoral VSV-GFP (5x108 PFU) on days 9, 11, and 13. Mice receiving NKT 

cell activation treatment received 6x105 αGalCer-loaded DCs intravenously on day 14. B) 

B16 tumor volume and C) overall survival were assessed in WT and CXCR3-/- untreated 

mice, those receiving VSV-GFP alone, NKT cell activation treatment alone, or VSV-GFP 

+ NKT cell activation (n=5-50 per group for WT cohort, 4-30 for CXCR3-/- cohort). 

*p<0.05 vs. untreated, †p<0.05 vs. αGalCer-loaded DCs. 
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3.2.2 CXCR3-/- mice have modestly improved responsiveness to VSV-p14, both 

alone and in combination with αGalCer-DCs 

To determine whether addition of a FAST protein would improve responses to VSV 

monotherapy or combination therapy, VSV-p14 (i.t. at 5x108 PFU/mL) was substituted 

for VSV-GFP (Figure 7A).  

VSV-p14 also induced tumor regression and prolonged survival in both WT and  

CXCR3-/- cohorts, alone and in combination therapy. Combination therapy again led to 

the greatest tumor regression and survival duration relative to monotherapies in both 

cohorts (Figure 7B-C). Surprisingly, CXCR3-/- mice responded better than WT mice to 

VSV-p14, both alone and in combination therapy, with CXCR3-/- mice experiencing 

greater tumor regression and prolonged survival in response to both VSV-p14 

monotherapy and combination therapy compared to the WT cohort (Figure 7B-C). 

Furthermore, one CXCR3-/- mouse in each of the VSV-p14 monotherapy and 

combination therapy groups exhibited complete tumor clearance (Figure 7B-C).  

The increased efficacy of combination therapy in both cohorts again suggests that loss of 

CXCR3 may not negatively impact responses to treatment. In fact, the CXCR3-/- cohort 

exhibited more robust responses to VSV-p14 than the WT cohort, as demonstrated by the 

improved magnitude and duration of delayed tumor outgrowth, as well as complete tumor 

regression in two CXCR3-/- mice, suggesting that improved responses to oncolytic VSV 

may be compensating for the loss of CXCR3 in this model.  
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Figure 7. Combined VSV-p14 and NKT cell activation cause greater tumor 

regression and increased survival than monotherapies in both WT and CXCR3-/- 

mice. A) Schematic of B16 tumor induction and treatment timeline. WT and CXCR3-/- 

C57BL/6 mice were subcutaneously inoculated with 2.5x105 B16 cells on day 0. Mice 

received intratumoral VSV-p14 (5x108 PFU) on days 9, 11, and 13. Mice receiving NKT 

cell activation treatment received 6x105 αGalCer-loaded DCs intravenously on day 14. B) 

B16 tumor volume and C) overall survival were assessed in WT and CXCR3-/- untreated 

mice, those receiving VSV-p14 alone, NKT cell activation treatment alone, or VSV-p14 

+ NKT cell activation (n=14-50 per group for WT cohort, 7-30 for CXCR3-/- cohort). 

*p<0.05 vs. untreated, †p<0.05 vs. αGalCer-loaded DCs. 
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3.2.3 Tumor rechallenge in CXCR3-/- complete responders  

The two CXCR3-/- complete responders were subsequently re-challenged with B16 

melanoma cells 60 days after initial inoculation to assess potential immune memory 

responses (Figure 8A). The complete responder to VSV-p14 monotherapy experienced 

tumor regrowth and had to be sacrificed for endpoint volume 20 days post-re-challenge 

(data not shown), comparable to the naïve untreated challenge group, who survived a 

median of 17 days post-inoculation, and a maximum of 21 days post-inoculation (Figure 

7C). The mouse that had cleared its B16 tumor following combination VSV-p14 plus 

αGalCer-loaded DC therapy experienced no tumor regrowth, indicating the formation of 

persistent anti-tumor immune memory.  

The spleen and inguinal lymph nodes (LNs) of this mouse were therefore harvested 120 

days following initial challenge for immune memory profiling, along with those of two 

tumor-naïve CXCR3-/- controls (Figure 8A). Overall levels of NKT, CD4+, and CD8+ T 

cells were comparable between naïve controls and the rechallenged CXCR3-/- responder 

(Figure 8B-G). Compared to naïve controls, the rechallenged CXCR3-/- responder 

exhibited few differences in NKT cells, with an apparent decease in PD-1+ NKT cells in 

the inguinal lymph node (Figure 8B-C). Activated (CD69+) and effector memory 

(CD44+) CD8+ T cell populations in the spleen and lymph nodes appeared increased in 

the responder (Figure 8D-E), with a decrease in central memory (CD44+ CD62L+) CD8+ 

T cells in the lymph node (Figure 8D) and naïve (CD62L+) CD8+ T cells in the spleen 

(Figure 5E). Expression of PD-1 on CD8+ T cells was variable (Figure 8D-E). Effector 

memory (CD44+) CD4+ T cells were increased in the spleen of the responder, whereas 

naïve (CD62L+) CD4+ T cells were decreased (Figure 8G). PD-1+ CD4+ T cells were 
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increased only in the spleen (Figure 8F-G). Overall, this data suggests that this CXCR3-/- 

complete responder was able to develop protective anti-tumor immune memory in 

response to combination VSV-p14 plus αGalCer-loaded DC therapy. 
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Figure 8. Immune memory populations in lymph nodes and spleen of re-challenged 

CXCR3-/- complete responder. A) Schematic of B16 tumor induction and treatment 

timeline. CXCR3-/- C57BL/6 mouse was subcutaneously inoculated with 2.5x105 B16 

cells on day 0. Mouse received intratumoral VSV-p14 (5x108 PFU) on days 9, 11, and 

13. Mice receiving NKT cell activation treatment received 6x105 αGalCer-loaded DCs 

intravenously on day 14. Mouse cleared tumor completely and was rechallenged on day 

60 following initial tumor inoculation. Mouse did not regrow tumor and was harvested on 

day 120 following initial tumor inoculation. Spleens and inguinal lymph nodes were 

isolated and homogenized. Spleens and inguinal lymph nodes were also harvested from 2 

tumor-naïve CXCR3-/- control mice. Flow cytometry was used to assess B-C) NKT cells 

(CD1d-tetramer+ TCRβ+), D-E) CD8+ T cells (TCRβ+ CD8a+), and F-G) CD4+ T cells 

(TCRβ+ CD4+), as well as activation (CD69+), and exhaustion (PD-1+). Memory NKT 

cells (CD62L+), naïve T cells (CD62L+CD44-), effector memory T cells 

(CD44+CD62L-), and central memory T cells (CD44+CD62L+) were also assessed. 

Error bars represent variance (n=2 for naïve CXCR3-/- controls, n=1 for rechallenged 

CXCR3-/- complete responder).  
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3.2.4 NKT cell activation therapy differentially increases NKT cell levels in spleens 

and tumors of WT and CXCR3-/- mice 

I then assessed the effect of the CXCR3 axis on immune responses to treatment by 

characterizing immune populations in the tumors and spleens of WT and CXCR3-/- mice 

treated with VSV-p14 and αGalCer-loaded DCs (Figure 9A). Spleens and tumors were 

harvested 19 days after initial B16 tumor inoculation for assessment via flow cytometry. 

αGalCer-loaded DC monotherapy and combination therapy generated the greatest 

decreases in tumor size at day 19, with combination therapy inducing the most significant 

control of tumor weight, particularly in the WT cohort (Figure 9B). Given that NKT cell 

activation is the direct target of αGalCer-loaded DCs, and that NKT cells express CXCR3 

and are known to migrate via this axis, we first assessed the impact of CXCR3-deficiency 

on NKT cell populations.  

NKT cell frequency and number were comparable in the spleens of tumor-bearing 

untreated WT and CXCR3-/- mice (Figure 9C). VSV-p14 treatment alone did not affect 

NKT cell levels within the spleens of WT or CXCR3-/-
 mice (Figure 9C). In contrast, 

NKT cells significantly expanded in the spleen following delivery of GalCer-DCs, as 

has been shown previously (Figure 9C).  This accumulation was significantly greater in 

CXCR3-/- mice compared to the WT cohort (Figure 9C). Additionally, when overall cell 

numbers were taken into account, combination VSV-p14 plus GalCer-loaded DC 

treatment increased splenic NKT cells to a significantly greater extent than GalCer-DC 

monotherapy, specifically in the CXCR3-/- cohort (Figure 9C). Even more strikingly, 

GalCer-loaded DC treatment also significantly increased NKT cell levels within tumors, 
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and this effect was reduced in CXCR3-/- mice, significantly with GalCer-loaded DC 

treatment and trending toward significance (p=0.0747) with combination treatment, 

indicating that CXCR3 may play a role in mediating NKT cell accumulation in tumors 

upon GalCer activation (Figure 9D). Untreated and VSV-p14 monotherapy-treated 

CXCR3-/- mice also had lower numbers of intratumoral NKT cells than their WT 

counterparts, although these observations did not reach significance, suggesting that 

CXCR3 deficiency may possibly impair NKT cell recruitment into tumors at baseline as 

well (Figure 9D). In the tumors, GalCer-loaded DCs and combination therapy increased 

NKT cell infiltration to the same extent (Figure 9D). Overall, these results suggest that 

loss of CXCR3 may impair recruitment and/or activation of NKT cells in tumors, 

potentially resulting in increased NKT cell accumulation within the spleen. Additionally, 

VSV-p14 therapy, alone or in combination with NKT cell therapy, does not appear to 

substantially impact NKT cell accumulation in tumors. 

I also assessed expression of CD69, a marker of early immune cell activation, as well as 

PD-1, a co-inhibitory receptor associated with immune cell activation and subsequent 

exhaustion. NKT cell expression of both CD69 and PD-1 was more variable in response 

to treatment. In the spleen, the frequency of CD69+ NKT cells increased upon VSV-p14 

treatment in the WT cohort (Figure 9C). By contrast, GalCer-loaded DC monotherapy 

and combination therapy significantly decreased the frequency of CD69 expression on 

CXCR3-/- NKT cells relative to the untreated group (Figure 9C). VSV-p14 treatment also 

increased the frequency of splenic PD-1+ NKT cells, again only in the WT cohort (Figure 

9C). Lack of correlation between splenic frequency and cell number may be influenced 

by factors including higher overall cell counts and specifically increased splenic NKT 
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cells in the CXCR3-/- cohort. In tumors, GalCer-loaded DC monotherapy and 

combination therapy increased levels of CD69+ NKT cells significantly only in the WT 

cohort, whereas VSV-p14 monotherapy instead appeared to decrease CD69+ NKT cells 

below the untreated baseline (Figure 9D). Expression of PD-1 on intratumoral NKT cells 

was more variable, although there was a non-significant trend towards increased PD-1+ 

NKT cell frequency again upon VSV-p14 treatment (Figure 9D). 
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Figure 9. NKT cell activation therapy differentially increases NKT cell levels in 

spleens and tumors of WT and CXCR3-/- mice. A) Schematic of B16 tumor induction 

and treatment timeline. WT and CXCR3-/- C57BL/6 mice were subcutaneously inoculated 

with 2.5x105 B16 cells on day 0. Mice received intratumoral VSV-p14 (5x108 PFU) on 

days 9, 11, and 13. Mice receiving NKT cell activation treatment received 6x105 

αGalCer-loaded DCs intravenously on day 14. Mice were harvested on day 19. B) 

Tumors were weighed. C)  Spleens and D) tumors of WT and CXCR3-/- mice were 

isolated and homogenized. Flow cytometry was used to assess NKT cells (CD1d-

tetramer+ TCRβ+), activation (CD69+), and exhaustion (PD-1+). Tumor cell counts were 

normalized to tumor weights. *p<0.05 vs. untreated, †p<0.05 vs. αGalCer-loaded DCs, 

‡p<0.05 vs. VSV-p14, §p<0.05 WT vs. CXCR3-/- (n=14-18 for WT cohort, n=7-9 for 

CXCR3-/- cohort).  
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3.2.5 Lymphoid immune populations in spleens and tumors of WT and CXCR3-/- 

mice respond variably to treatment 

I also assessed accumulation of other immune populations implicated in the anti-tumor 

immune response, including NK cells, CD8+ T cells, CD4+ T cells, and B cells (Figure 

10A). Overall, these populations were less affected by treatment or CXCR3 deficiency 

than NKT cells, although there were notable shifts in some populations. Somewhat 

surprisingly, levels of intratumoral NK cells and CD8+ T cells were minimally affected 

by loss of CXCR3, suggesting that CXCR3 may not be essential for their recruitment into 

tumors in this model (Figure 10C, E). Overall CD4+ T cell levels within tumors were 

also not strongly affected by loss of CXCR3 (Figure 10G). However, FoxP3+ CD4+ Treg 

frequencies trended higher in WT compared to CXCR3-/- tumors, although this trend did 

not reach significance. This trend was also observed in the spleen, where it was 

statistically significant in untreated mice (Figure 10H). VSV-p14 treatment, alone and in 

combination with GalCer-loaded DCs, increased splenic CD8+ T cell levels 

significantly in the CXCR3-/- cohort (Figure 10D), in line with previous observations in a 

4T1 breast cancer model 154.  However, this increase did not translate to tumors (Figure 

10E). Both splenic and intratumoral levels of NK cells were also not strongly affected by 

treatments (Figure 10B-C).  

However, VSV-p14 and GalCer-loaded DC treatments did impact patterns of PD-1 

expression on several subsets. In spleens, the frequency of PD-1+ CD8+ T, CD4+ T, and 

NK cells was high (~40%) in untreated and VSV-p14 monotherapy groups across WT 

and CXCR3-/- cohorts, but GalCer-loaded DC monotherapy and combination therapy 

decreased PD-1 expression by at least half in both cohorts (Figure 10B, D, F). When 



91 

 

 

looking at tumors, this trend remained only in CD4+ T cells (Figure 10G). PD-1 

expression on intratumoral CD8+ T cells was uniformly high (>50%), suggestive of 

activation but also an immunosuppressive tumor environment that would likely benefit 

from anti-PD-1 therapy (Figure 10E). Overall patterns of CD69 expression were less 

clear, although frequencies of CD69 expression on CD4+ T cells following treatment 

were significantly lower in CXCR3-/- mice (Figure 10F). But, higher overall cell counts 

for CXCR3-/- spleens appear to cause discrepancies between patterns in frequency and 

cell number for several subsets. 

Spleens, as expected, had high frequencies of B cells across treatment groups and 

cohorts, with limited CD69 and PD-1 expression (Figure 10I). In tumors, B cell levels 

were highest in untreated mice, and overall greater in the WT cohort than the CXCR3-/- 

cohort (Figure 10J). No clear patterns of CD69 and PD-1 expression were observed on B 

cells (Figure 10J).  

Overall, neither loss of CXCR3 nor VSV-p14 and GalCer-loaded DC therapy 

significantly affected levels of other lymphoid populations, such as CD8+ T cells, CD4+ 

T cells, or NK cells, in tumors. Some trends were observed in the spleen, but overall there 

were difficulties in achieving significance. Trends in activation markers were less clear in 

general, although GalCer-loaded DCs did notably reduce PD-1 expression on CD8+ T 

cells, CD4+ T cells, and NK cells within spleens. 
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Figure 10. Lymphoid immune populations in spleens and tumors of WT and 

CXCR3-/- mice respond variably to treatment. A) Schematic of B16 tumor induction 

and treatment timeline. WT and CXCR3-/- C57BL/6 mice were subcutaneously inoculated 

with 2.5x105 B16 cells on day 0. Mice received intratumoral VSV-p14 (5x108 PFU) on 

days 9, 11, and 13. Mice receiving NKT cell activation treatment received 6x105 

αGalCer-loaded DCs intravenously on day 14. Mice were harvested on day 19. Spleens 

and tumors of WT and CXCR3-/- mice were isolated and homogenized. Flow cytometry 

was used to assess B-C) NK cells (NK1.1+ TCRβ-), D-E) CD8 T cells (TCRβ+ CD8a+), 

F-G) CD4 T cells (TCRβ+ CD4+), H) CD4 Tregs (FoxP3+), and I-J) B cells (CD19+ 

TCR β-), as well as activation (CD69+), and exhaustion (PD-1+). Tumor cell counts were 

normalized to tumor weights. *p<0.05 vs. untreated, †p<0.05 vs. αGalCer-loaded DCs, 

‡p<0.05 vs. VSV-p14, §p<0.05 WT vs. CXCR3-/- (n=14-18 for WT cohort, n=7-9 for 

CXCR3-/- cohort). 
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3.2.6 Minimal changes in myeloid compartment in response to treatment or loss of 

CXCR3 

Myeloid immune cell populations were also assessed following treatments (Figure 11A).  

Minimal changes were observed in the myeloid compartment in response to therapy or 

between WT and CXCR3-/- cohorts (Figure 11B-C). In spleens, the frequency of 

macrophages significantly decreased in the WT cohort upon GalCer-loaded DC 

monotherapy and combination therapy relative to untreated and VSV-p14 groups, 

although this trend was lost for cell numbers, as GalCer-loaded DC-driven 

splenomegaly likely drove up overall spleen counts in GalCer-loaded DC monotherapy 

and combination therapy groups (Figure 11B). In tumors, levels of conventional DCs 

(cDCs) (CD11b- CD19+ MHCII+ CD11c+) increased in response to GalCer-loaded DC 

monotherapy and combination therapy, while monocyte-derived DCs (moDCs) (CD11b+ 

CD11c+) remained relatively unchanged (Figure 11C). The overall granulocyte (CD11b+ 

Ly6G+) population within tumors trended toward increased levels upon VSV-p14 

therapy, particularly in the WT cohort, although granulocytes still made up a small 

fraction of myeloid cells within the tumor (Figure 11C). Macrophages (CD11b+ F4/80+) 

dominated the intratumoral myeloid population, with minimal changes in frequency in 

response to treatment or loss of CXCR3 (Figure 11C).  
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Figure 11. Myeloid populations in spleens and tumors of WT and CXCR3-/- mice 

shift minimally in response to treatment. A) Schematic of B16 tumor induction and 

treatment timeline. WT and CXCR3-/- C57BL/6 mice were subcutaneously inoculated 
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with 2.5x105 B16 cells on day 0. Mice received intratumoral VSV-p14 (5x108 PFU) on 

days 9, 11, and 13. Mice receiving NKT cell activation treatment received 6x105 

αGalCer-loaded DCs intravenously on day 14. Mice were harvested on day 19. B) 

Spleens and C) tumors of WT and CXCR3-/- mice were isolated and homogenized. Flow 

cytometry was used to assess conventional DCs (cDCs) (CD11b- CD11c+ CD19+ 

MHCII+), monocyte-derived DCs (moDCs) (CD11b+ CD11c+), macrophages (CD11b+ 

F4/80+), and granulocytes (CD11b+ Ly6G+). Tumor cell counts were normalized to 

tumor weights. *p<0.05 vs. untreated, †p<0.05 vs. αGalCer-loaded DCs, ‡p<0.05 vs. 

VSV-p14, §p<0.05 WT vs. CXCR3-/- (n=14-18 for WT cohort, n=7-9 for CXCR3-/- 

cohort).  
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Overall, this data suggests that VSV-p14 and GalCer-DCs have modest to limited 

effects on the immune populations of mice ten days after the initiation of VSV-p14 

treatment and five days after GalCer-DC delivery, with the exception of the NKT cell 

population, which was significantly increased in response to GalCer-DC therapy, as 

expected. In contrast to previous reports 154, VSV-p14 treatment did not substantially 

increase other anti-tumor immune subsets, suggesting that it is likely driving minimal 

immune activation at this timepoint in this model. In addition, loss of CXCR3 reduced 

frequency and number of NKT cells within B16 tumors, but did not significantly impact 

intratumoral levels of other key anti-tumor immune populations, including CD8+ T cells 

and NK cells, suggesting that there may be some level of redundancy in place 

compensating for the loss of CXCR3 in this model.  

3.3 Justifying treatment strategy  

Alongside this characterization of functional responsiveness to treatment, I conducted 

experiments to confirm whether the strategies chosen for delivery of both oncolytic VSV 

and NKT cell activation by GalCer were the most effective choices for this model.  

3.3.1 Intratumoral VSV delivery is more effective than intravenous VSV injection 

in both WT and CXCR3-/- mice 

To assess the delivery strategy for oncolytic VSV in our model, I compared intravenous 

and intratumoral delivery of virus. WT and CXCR3-/- mice were inoculated with B16 

cells, and then treated with intravenous or intratumoral VSV-GFP or VSV-p14 on days 9, 

11, and 13 post-tumor inoculation (Figure 12A). Mice were then monitored for tumor 

growth and survival. Both intravenous and intratumoral delivery of VSV-GFP modestly 

slowed tumor growth and improved survival duration relative to untreated mice, but 
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intratumoral delivery exhibited greater efficacy as it led to complete cures in one mouse 

in each of the WT and CXCR3-/- cohorts (Figure 12B). Similar results were observed for 

intravenous and intratumoral delivery of VSV-p14, with both delivery strategies 

exhibiting roughly comparable efficacy in the WT cohort, and intratumoral VSV-p14 

performing better in the CXCR3-/- cohort, leading to a complete cure in one CXCR3-/- 

mouse (Figure 12C). These results indicate that intratumoral delivery of VSV constructs 

is modestly more effective than intravenous delivery. 
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Figure 12. Intratumoral delivery of VSV-GFP and VSV-p14 is more effective than 

intravenous delivery in WT and CXCR3-/- mice. A) Schematic of B16 tumor induction 

and treatment timeline. WT and CXCR3-/- C57BL/6 mice were subcutaneously inoculated 

with 2.5x105 B16 cells on day 0. Mice received intratumoral or intravenous B) VSV-GFP 

or C) VSV-p14 (5x108 PFU) on days 9, 11, and 13. B16 tumor volume and overall 

survival were assessed. *p<0.05 vs. untreated (n=4-50 per group for WT cohort, 5-30 for 

CXCR3-/- cohort).  
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3.3.2 Delivery of αGalCer-loaded DCs is more effective than free αGalCer in both 

WT and CXCR3-/- mice 

I also compared delivery of free αGalCer to αGalCer loaded on DCs derived from WT 

C57BL/6 donors. WT and CXCR3-/- mice were inoculated with B16 tumors and received 

intraperitoneal delivery of 4 μg αGalCer or intravenous delivery of 6x105 αGalCer-DCs 

14 days later (Figure 13A). Combination therapy groups also received VSV-GFP or 

VSV-p14 on days 9, 11, and 13, prior to NKT cell activation therapy (Figure 13A). Free 

αGalCer and αGalCer-loaded DC monotherapies were surprisingly comparable, inducing 

the same degree of tumor regression and duration of survival (Figure 13B-C). This 

roughly equivalent response was observed in both WT and CXCR3-/- cohorts, although, 

as mentioned previously, the WT cohort responded more robustly to αGalCer than the 

CXCR3-/- cohort, regardless of whether it was delivered freely or loaded on DCs (Figure 

13B-C). However, when free αGalCer was combined with VSV-p14 therapy, this 

combination appeared modestly less effective than combination with αGalCer-loaded 

DCs, particularly in the CXCR3-/- cohort (Figure 13B-C). A similar, although weaker, 

trend was observed with VSV-GFP combination therapy (Figure 13B-C). Overall, free 

αGalCer delayed tumor outgrowth and prolonged survival to the same extent as αGalCer-

loaded DCs as a monotherapy, but was less effective in combination with VSV therapy.  

A separate cohort of mice was harvested 19 days after initial tumor inoculation, following 

treatment with VSV-p14 and either free αGalCer or αGalCer-loaded DCs, for immune 

profiling of tumors and spleens (Figure 13A). Here, αGalCer-loaded DCs, both alone and 

in combination therapy, resulted in greater accumulation of NKT cells in tumors and 
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spleens compared to free αGalCer treatment, suggesting that loading αGalCer on DCs is 

more effective for NKT cell activation (Figure 13D).  
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Figure 13. αGalCer-loaded DCs are more effective than free αGalCer alone and in 

combination with VSV therapy in WT and CXCR3-/- mice. A) Schematic of B16 

tumor induction and treatment timeline. WT and CXCR3-/- C57BL/6 mice were 

subcutaneously inoculated with 2.5x105 B16 cells on day 0. Mice received intratumoral 

VSV-GFP or VSV-p14  (5x108 PFU) on days 9, 11, and 13. Mice receiving NKT cell 

activation treatment received 6x105 αGalCer-loaded DCs intravenously or 4 μg free 

αGalCer intraperitoneally on day 14. B) B16 tumor volume and C) overall survival were 

assessed in WT and CXCR3-/- untreated mice, those receiving VSV-p14 alone, NKT cell 

activation treatment alone, or VSV-p14 + NKT cell activation (n=14-50 per group for 

WT cohort, 7-30 for CXCR3-/- cohort). D) A separate cohort of mice were harvested on 

day 19. Spleens and tumors of WT and CXCR3-/- mice were isolated and homogenized. 

Flow cytometry was used to assess NKT cells (CD1d-tetramer+ TCRβ+). Tumor cell 

counts were normalized to tumor weights. *p<0.05 vs. untreated, †p<0.05 vs. αGalCer-

loaded DCs, ‡p<0.05 vs. VSV-p14, §p<0.05 WT vs. CXCR3-/- (n=4-18 for WT cohort, 

n=3-9 for CXCR3-/- cohort). 

 

 

 

 

 

 



108 

 

 

3.3.3 DCs derived from CXCR3-/- donors do not exhibit impaired presentation of 

αGalCer  

I also assessed whether the donor source for our ex vivo-expanded DCs affected their 

ability to present αGalCer when transferred back into recipient mice for NKT cell 

activation therapy. DCs were derived from WT or CXCR3-/- donors and loaded with 

αGalCer to treat B16 tumor-bearing mice, alone or in combination with VSV-p14 (Figure 

14A). No substantial differences were observed between WT and CXCR3-/--derived 

αGalCer-loaded DCs in their abilities to induce tumor regression and enhance survival 

duration when they were delivered as a monotherapy (Figure 14B-C). However, CXCR3-

/--derived DCs exhibited slightly less efficacy in combination with VSV-p14, particularly 

in the CXCR3-/- cohort, although this trend may be exaggerated by confounding factors 

such as tumor ulceration (Figure 14B-C).  
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Figure 14. CXCR3-/--derived DCs compared to WT-derived DCs alone and in 

combination with VSV-p14 in WT and CXCR3-/- mice. A) Schematic of B16 tumor 

induction and treatment timeline. WT and CXCR3-/- C57BL/6 mice were subcutaneously 

inoculated with 2.5x105 B16 cells on day 0. Mice received intratumoral VSV-p14 (5x108 

PFU) on days 9, 11, and 13. Mice receiving NKT cell activation treatment received 6x105 

αGalCer-loaded WT-derived or CXCR3-/--derived DCs intravenously on day 14. B) B16 

tumor volume and C) overall survival were assessed in WT and CXCR3-/- untreated mice, 

those receiving VSV-p14 alone, NKT cell activation treatment alone, or VSV-p14 + NKT 

cell activation (n=4-50 per group for WT cohort, 5-30 for CXCR3-/- cohort). *p<0.05 vs. 

untreated, †p<0.05 vs. αGalCer-loaded DCs. 
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3.3.4 Earlier treatment does not alter efficacy of combined VSV-p14 and NKT cell 

therapies in WT and CXCR3-/- mice 

Given the rapid rate of tumor growth observed in our model, I also tested whether 

beginning treatment earlier would improve responsiveness. WT and CXCR3-/- mice were 

inoculated with B16 tumors as described above, but instead of beginning treatment on 

day 9, mice were treated with VSV-p14 on days 7, 9, and 11, followed by αGalCer-DCs 

on day 12 (Figure 15A). Day 7 was chosen for earlier treatment initiation because it was 

the earliest timepoint at which tumors consistently reached an injectable size. Despite 

issues with ulceration, which will be discussed later, overall responses were similar to 

those observed with the regular treatment schedule (Figure 15B-C). Combination therapy 

was consistently most effective in both WT and CXCR3-/- cohorts. Tumor ulceration 

issues negatively impacted our ability to assess VSV-p14 treatments. αGalCer-loaded DC 

monotherapy was, as previously described, slightly less effective in the CXCR3-/- cohort 

(Figure 15B-C). Overall, the comparable duration of responsiveness between timepoints 

suggest that beginning treatment earlier would not significantly improve therapeutic 

responses, which underscores the aggressiveness of the B16 melanoma model. 
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Figure 15. Earlier treatment does not alter efficacy of combined VSV-p14 and NKT 

cell therapies in WT and CXCR3-/- mice. A) Schematic of B16 tumor induction and 

treatment timeline. WT and CXCR3-/- C57BL/6 mice were subcutaneously inoculated 

with 2.5x105 B16 cells on day 0. Mice received intratumoral VSV-p14  (5x108 PFU) on 

days 7, 9, and 11. Mice receiving NKT cell activation treatment received 6x105 αGalCer-

loaded DCs intravenously on day 12. B) B16 tumor volume and C) overall survival were 

assessed in WT and CXCR3-/- untreated mice, those receiving VSV-p14 alone, NKT cell 

activation treatment alone, or VSV-p14 + NKT cell activation (n=4-6 per group for WT 

cohort, 2-7 for CXCR3-/- cohort).  
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3.4 Enhanced viral persistence in the absence of CXCR3  

To follow up on the unexpected efficacy of VSV-p14 in the CXCR3-/- cohort, I conducted 

tumor plaque assays to assess potential differences in viral persistence between WT and 

CXCR3-/- mice 24, 48, and 72-hours following VSV-p14 treatment. Mice were inoculated 

with B16 cells and treated with VSV-p14 9, 11, and 13 days after inoculation. Mice were 

then harvested on days 14, 15, and 16 and plaque assays were performed using tumor 

lysates, with intratumoral viral titres normalized to tumor weights (Figure 16A). I found 

that VSV-p14 was detectable in the tumor lysates of both cohorts up to 72-hours post-

treatment, although decreasing over time (Figure 16B). At 24-hours post-treatment, VSV-

p14 titres were significantly higher in CXCR3-/- versus WT tumors (Figure 16B), 

suggesting that loss of CXCR3 may in fact improve the ability of VSV to persist in the 

tumor in the short term. This could improve the magnitude of oncolytic effects and may 

account for the improved efficacy of VSV-p14 observed in the CXCR3-/- cohort. 
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Figure 16. VSV-p14 persists in the tumors of mice for up to 72 hours following 

treatment. A) Schematic of B16 tumor induction and treatment timeline. WT and 

CXCR3-/- C57BL/6 mice were subcutaneously inoculated with 2.5x105 B16 cells on day 

0. Mice received intratumoral VSV-p14 (5x108 PFU) on days 9, 11, and 13. Tumors were 

harvested on days 14, 15, and 16. B) Tumor lysates were used to perform plaque assays 

to assess viral titre (n=3-5 for untreated groups, n=4-9 for VSV-p14 groups). Titres are 

normalized to tumor weights. *p<0.05 CXCR3-/- VSV-p14 24 hours vs. WT VSV-p14 24 

hours. 
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CHAPTER 4: DISCUSSION 

4.1 Key findings 

4.1.1 VSV infection induces production of CXCR3 ligands by B16 melanoma cells 

in vitro  

One of the major challenges faced in treating cancers, particularly with immunotherapies, 

is the immunosuppressive tumor microenvironment 211. Poor infiltration of key anti-

tumor immune cell subsets, such as CD8+ T cells, is highly correlated with poor 

prognosis in many cancer types, including melanoma 47,212,213,214,215. There is an ongoing 

search for therapies that can turn “cold” tumor microenvironments “hot” by increasing 

recruitment of anti-tumor immune cells. Oncolytic viruses are one promising tool to 

combat tumor immunosuppression, and have been shown to improve recruitment of anti-

tumor immune cells such as CD8+ T cells into tumors, both alone and in combination 

with immunotherapies such as anti-PD-1 checkpoint blockade, in preclinical models as 

well as clinical trials 154,216,217. Mechanisms by which oncolytic viruses might modulate 

the tumor microenvironment to promote immune infiltration include induction of ICD, 

release of novel tumor antigens, as well as cytokine and chemokine production. One 

promising group of chemokines that have been implicated in driving tumor immune 

infiltration and characterizing “hot” tumors are CXCL9, -10, and -11, which bind the 

CXCR3 receptor expressed on a range of immune cells including anti-tumor CD8+ T 

cells, CD4+ Th1 cells, NK cells, and NKT cells to orchestrate their infiltration into 

inflammatory sites 163,164. 

I found that infection with oncolytic VSV-ΔM51 induced B16 melanoma cells to express 

high levels of CXCL9, -10, and -11 transcripts and produce high levels of CXCL9 and 
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CXCL10 protein in vitro (Figure 4). Both ancestral VSV-ΔM51 as well as VSV-ΔM51 

constructs engineered to express a variety of reovirus FAST proteins could drive this 

CXCR3 ligand production. There was some variation between VSV-FAST constructs in 

the extent to which they upregulated CXCR3 ligands, but variation overall did not exceed 

a log difference and no clear patterns emerged, suggesting that observed differences may 

be due to factors such as minor differences in viral titre, or differences in the ability of 

VSV constructs to kill B16 cells. However, UV-VSV was unable to induce responses, 

indicating that CXCR3 ligand induction does require active viral infection and is not 

merely the result of virus binding to pattern recognition receptors.  

These findings suggest that oncolytic VSV could increase immune activation in tumors, 

which may prime tumors for subsequent immunotherapies, such as NKT cell activation 

therapy. This is consistent with and extends previous work that found that VSV-ΔM51 

increased expression of CXCL9, -10, and -11 transcripts in 4T1 murine breast cancer 

cells 128. While this paper did not examine protein levels, it also investigated the ability of 

oncolytic reovirus to upregulate expression of these chemokines. Reovirus induced 

significantly lower expression of CXCR3 ligands, particularly CXCL9, suggesting that 

not all viruses have equivalent abilities to stimulate expression of inflammatory 

chemokines and other markers of potential immune activation 128.  

Of note, CXCL10 has been recognized as a marker associated with ICD 133,218. ICD is 

important for driving the indirect immune-activating effects of various oncolytic viruses 

133,218,219. The ability of VSV to upregulate CXCL10 in this model suggests that it may 

also be inducing ICD, which has been previously shown in both 4T1 and ID8 murine 

ovarian cancer models, where VSV-ΔM51 was able to upregulate surface calreticulin, as 
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well as release of ATP and HMGB1, classical markers of ICD 128. This paper also found 

that reovirus was unable to stimulate these ICD markers, indicating virus-specific 

differences in the ability to induce ICD in specific tumor models, which has implications 

for their ability to potentiate immune activating effects and systemic anti-tumor immunity 

128. However, I did not examine the ability of our VSV constructs in this model to 

upregulate production of other markers of ICD. Given the inability of VSV, as discussed 

below, to significantly impact immune populations within tumors and spleens, it appears 

as if VSV may in fact not actually stimulate potent anti-tumor immunity in the B16 

melanoma model in vivo, but it would be interesting to assess whether that is related to an 

inability of VSV to induce ICD in this model, or other reasons. 

The ability of B16 melanoma cells to upregulate their own CXCR3 ligand production in 

culture in response to VSV infection is interesting given the IFN-induced nature of 

CXCR3 ligands. CXCL9 and CXCL10 are induced by IFNγ and CXCL11 is induced by 

both IFNγ and Type I IFNs, none of which should be readily produced by B16 cells. Like 

many cancer cells, they suffer defects in Type I IFN production as well as downstream 

signaling, as reflected by my finding that IFNα transcripts were not highly produced by 

B16 cells in response to VSV infection, with some exceptions (Figure 5). This is one 

feature which renders them more permissive to VSV-ΔM51 infection than healthy cells. 

Additionally, non-immune cells in general do not produce IFNγ. So, the question 

remains: how is production of these chemokines induced in the absence of strong IFN 

signaling? Several reports have outlined additional pathways which work both 

cooperatively with and potentially independently of IFNs to induce CXCR3 ligand 

production in various contexts 163. In particular, CXCL10 has been reported to be induced 
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by NFκB, as well as IRF3, downstream of RIG-I and TLR signaling 163,220. CXCL10 has 

also been shown to be weakly induced by TNF 221,222, which I found was upregulated in 

B16 cells upon VSV infection (Figure 5). The ability of other cancer cells, such as 4T1 

mammary carcinoma cells, to also upregulate CXCR3 ligand production in vitro indicates 

that CXCR3 ligands must be induced to some degree in the absence of Type II IFN 

signaling and with only weak Type I IFN signaling. Overall, this remains to be further 

investigated, although it is likely not particularly physiologically relevant in cancer given 

that there are high levels of IFN production in tumor microenvironments in vivo, where 

CXCR3 ligands are produced to much higher levels by immune and stromal cells in 

addition to tumor cells themselves.  

4.1.2 Combination VSV and NKT cell immunotherapy slows B16 melanoma 

tumor growth and prolongs survival 

Melanoma patient outcomes are highly segregated based on the stage at which they are 

diagnosed. Melanoma caught early, before metastasis, has a robust cure rate for tumors 

that are surgically resectable 14,15. Prior to checkpoint and targeted therapies, metastatic 

melanoma was considered incurable with a five-year survival rate under 10% 223. Even 

with the development of targeted and checkpoint blockade therapies in the last ten years, 

the five-year survival rate for metastatic melanoma remains below 30% 1,14. Despite the 

breakthrough provided by these therapies, they have significant limitations: only a subset 

of melanoma patients with BRAF-mutant tumors are eligible for targeted BRAF/MEK 

inhibitor therapies, and checkpoint blockade therapies such as anti-PD-1 and anti-CTLA-

4 both have substantial toxicities, and only work for a period of time before the majority 

of patients relapse 18,25,30. Another therapeutic strategy which has broken ground in 
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advanced melanoma treatment is oncolytic virus therapy, with the landmark clinical 

approval of oncolytic T-VEC in 2015 34. T-VEC (oncolytic HSV-1 encoding GM-CSF) 

highlights the promise of oncolytic virus therapy in treating advanced metastatic cancers, 

as it not only induces regression of primary tumors, but can target distant metastases due 

to systemic anti-tumor immune activation 33.  

Given that VSV infection induced robust production of CXCR3 ligands in B16 

melanoma cells, which indicated a potential for VSV to “prime” the B16 tumor 

environment to enhance subsequent immune infiltration, I investigated whether oncolytic 

VSV therapy combined with NKT cell activation immunotherapy would improve 

outcomes relative to individual therapies. Here, I report that the combination of oncolytic 

VSV therapy with NKT cell activation immunotherapy slowed B16 melanoma tumor 

growth and prolonged survival to a greater extent than monotherapies, but that ultimately 

there was limited synergy between the two therapies in this model (Figure 6, 7).  

Both VSV and NKT cell activation therapies improved survival and slowed tumor growth 

individually. NKT cell activation monotherapy, which involved the activation of 

endogenous NKT cells by αGalCer-loaded DCs, was the least effective of our therapeutic 

interventions, by a small margin, although it still prolonged survival beyond the untreated 

baseline. Mice tended to experience a brief window of measurable tumor regression 3 to 

5 days post-treatment followed by relapsed exponential tumor growth, potentially 

indicating an inability for NKT cell activation to overcome, in this model, a rapidly-

proliferating tumor and/or immunosuppressive environment (Figure 6, 7). However, NKT 

cell activation by αGalCer-DCs did induce robust and significant increases in NKT cell 

levels in both tumors and spleens 5 days post-treatment, indicating that NKT cell therapy 
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was able to induce proliferation and/or recruitment of NKT cells (Figure 9). NKT cell 

levels were increased to the same extent by both NKT cell monotherapy and combination 

therapy, indicating that while combination therapy may have greater therapeutic efficacy, 

the addition of VSV was not measurably impacting tumor immune infiltration to increase 

NKT cell levels as we had initially expected (Figure 9). NKT cell activation, both alone 

and in combination therapy, also led to decreased expression of PD-1 on a variety of 

immune populations including CD8+ T, CD4+ T, and NK cells in spleens, but only 

CD4+ T cells in tumors (Figure 10). This suggests that NKT cells may be able to 

modulate the tumor microenvironment to some degree, as has been previously reported 

92,106,107. In order to tease out why NKT activation therapy was not particularly effective 

in this model, we assessed our treatment schedule. By the time mice were treated, 14 days 

post B16-tumor inoculation, tumors tended to be quite large, so we evaluated whether 

administering αGalCer-DCs at day 12 would improve the ability of NKT cell therapy to 

control tumor outgrowth. However, earlier treatment induced the same 3-to-5-day 

window of measurable tumor regression followed by a return to exponential tumor 

outgrowth, suggesting that tumor size at first treatment is not a major barrier to efficacy 

(Figure 15), at least within the timeframe examined. We also found limited differences in 

efficacy between delivery of αGalCer-loaded DCs delivered intravenously versus 

αGalCer delivered directly into the peritoneal cavity, with both delivery methods 

inducing similar levels of tumor regression and survival duration (Figure 13). This is 

interesting, as free αGalCer delivery is known to be less effective than delivery on DCs, 

which are able to provide additional signals such as CD40 and IL-12 which active NKT 

cells more strongly and avoid anergy induction 224,225. Glycolipids loaded on non-
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professional APCs are known to induce less favourable cytokine responses and NKT cell 

anergy 63,92,115. Given this, we expected αGalCer-loaded DCs to mediate more robust 

anti-tumor effects. We did find, however, that αGalCer-DCs increased NKT cell levels in 

tumors and spleens to a significantly higher degree than free αGalCer, in line with 

previous work indicating loaded DCs lead to more robust activation (Figure 13). But, the 

fact that these increased NKT cell levels upon αGalCer-loaded DC treatment did not 

translate to increased therapeutic efficacy suggests that additional increases in NKT cell 

levels past a certain threshold may not contribute to further anti-tumor effects in this 

model. This concept of a “threshold” for NKT cell activity has been noted previously in a 

mouse model with humanized CD1d expression, where mice had tenfold fewer NKT 

cells but their activation cleared tumors just as effectively 93. In this model, this threshold 

is likely due in part to the fact that B16 melanoma cells express limited to no CD1d, 

meaning that NKT cells have a limited capacity to directly target tumor cells in this 

model. Instead, anti-tumor effects of NKT cell therapy must rely primarily on activation 

of other immune cells such as NK cells and CD8+ T cells, or targeting of suppressive 

subsets like MDSCs 101,103,226. This reliance on indirect anti-tumor effects may serve as a 

threshold for efficacy. Taken together, these results indicate that NKT cell activation 

therapy is not particularly effective in this model, and likely unable to mediate substantial 

anti-tumor effects as a monotherapy against B16 melanoma.   

VSV monotherapy was marginally more effective than NKT cell monotherapy, though 

still less effective than combination therapy. I assessed both VSV-GFP as well as VSV-

p14, a VSV construct encoding a FAST protein from reptilian reovirus 156. VSV-GFP 

monotherapy led to more variable treatment responses than combination therapy, with a 
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greater proportion of mice reaching endpoint tumor volume at earlier time points, but it 

did lead to complete cures in 2 mice, one from the WT cohort and one from the CXCR3-/- 

cohort, whereas no complete cures were observed in the VSV-GFP combination therapy 

groups (Figure 6). The CXCR3-/- VSV-GFP monotherapy cohort experienced high levels 

of ulceration, which will be discussed in greater detail in the limitations section below, 

which resulted in incomplete collection of tumor growth and survival data for that cohort, 

although overall trends resembled the WT cohort (Figure 6). VSV-p14 monotherapy also 

induced more variable treatment responses than combination therapy, particularly in the 

WT cohort, but led to a complete cure in one VSV-p14 monotherapy treated CXCR3-/- 

mouse, as well as a complete cure in one VSV-p14 combination therapy treated CXCR3-/- 

mouse (Figure 7). The ability of VSV therapy to induce complete and sustained tumor 

regression in a small subset of mice indicates the potential for this therapy to be highly 

effective under specific conditions which remain to be fully elucidated.  

In an attempt to untangle what some of the conditions driving the robust responses in a 

subset of our VSV-treated mice might be, I evaluated whether mice who had smaller 

tumors at first injection would respond more robustly to treatment, by initiating VSV-p14 

treatment 7 days post- B16 tumor inoculation rather than 9 days post-inoculation. Seven 

days post-inoculation represents the first time point at which all tumors were consistently 

large enough to receive accurate intratumoral injections. I found no differences in 

treatment efficacy, suggesting that tumor volume at initial treatment does not 

substantially impact responses to VSV-p14 therapy (Figure 15). I also compared 

intravenous and intratumoral delivery of VSV-GFP and VSV-p14, and found that 

intratumoral delivery was modestly more effective than the intravenous route, perhaps 
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indicating some inability of intravenously-injected virus to reach the tumor site as 

effectively (Figure 12). This is a non-issue for targeting of primary tumors, such as 

melanoma, which are accessible by skin, but has implications for non-injectable primary 

tumor types as well as targeting of metastases. T-VEC is also delivered intratumorally in 

the clinic, but despite this intratumoral delivery it has shown the ability to target distant 

non-injected metastatic sites 34. I did not assess the ability of intratumoral versus 

intravenous VSV to target metastases, which could be investigated in future in this 

model, as B16-F10 melanoma cells readily metastasize to the lungs.  

I also found that VSV-p14 therapy did not substantially affect levels of most lymphoid 

and myeloid populations in spleens or tumors of mice (Figure 9, 10, 11). One exception 

includes a VSV-p14-driven trend towards increased splenic CD8+ T cells (Figure 10D), 

which was noted previously in a 4T1 breast cancer model 154. However, this increase did 

not translate to increased levels of CD8+ T cells within melanoma tumors, which 

suggests it may not be relevant for anti-tumor effects, or that treatment-induced migration 

of CD8+ T cells was incomplete when immune populations were sampled, which was 

only 6 days following the third and final round of VSV-p14 injection (Figure 10). VSV-

p14 treatment also increased levels of granulocytic cells within tumors, which may 

include granulocytic MDSCs, although no functional assays were performed to assess the 

suppressive capacity of these cells (Figure 11). Some viruses, such as influenza, have 

been shown to induce MDSC accumulation 106. In contrast, oncolytic VSV constructs 

induced granulocytic myeloid cell infiltration in a pancreatic cancer model, but there was 

no increase in suppressive activity 129. Overall, immune cell infiltration assays suggest 

that VSV-p14 may have minimal immune activating effects in the B16 model, and may 
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be mediating its anti-tumor effects primarily by direct tumor cell oncolysis. This 

conclusion was also reached in a Panc02 pancreatic cancer model, where both VSV-GFP 

and VSV-IL-15 monotherapies exhibited minimal immune activating effects on their 

own, but were able to enhance survival and decrease tumor weight, likely primarily 

through direct oncolysis 129. Given time constraints, immune cell profiling following 

VSV-GFP monotherapy or combination therapy was not conducted in my work, but 

previous work has suggested that VSV-GFP induces less activation and infiltration of key 

immune subsets such as CD4+ T cells and CD8+ T cells than VSV-p14 in the 4T1 model 

and induced minimal immune activation in the Panc02 model as well 129,154. 

Interestingly, I found that VSV-p14 therapy was overall slightly less effective than VSV-

GFP, indicating that inclusion of a FAST protein did not significantly improve the 

efficacy of VSV therapy in this model, unlike in other tumor models 154. VSV-p14 was 

previously compared with VSV-GFP in 4T1 breast cancer and CT26 colon cancer models 

in BALB/c mice, where it was found to improve survival and significantly decrease lung 

metastatic burden relative to VSV-GFP 154. Our project did not directly examine the 

effects of either VSV-GFP or VSV-p14 on metastatic burden, although B16-F10 

melanoma is known to aggressively metastasize to the lungs 227,228 –this is an oversight 

which could be addressed in the future. B16 melanoma differs from the 4T1 and CT26 

models in several respects which may contribute to the observed lack of difference 

between VSV-GFP and VSV-p14. First, B16 melanoma is on the C57BL/6 genetic 

background, which is known to have a more Th1-skewed immune system compared to 

the Th2-skewed BALB/c background 229. These differences result in well-documented 

differences in the susceptibility of C57BL/6 versus BALB/c mice to infections and 
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autoimmune diseases, and have implications for cancers which are conventionally best-

targeted by Th1 immunity 229,230,231. Given this, it is not unlikely that C57BL/6 and 

BALB/c mice may have different responses, or degrees of responsiveness, to VSV 

infection. It is possible that the increased immune activation observed as a result of VSV-

p14 infection in the BALB/c model is a result of the viral infection shifting the balance 

toward a more Th1-dominant immune response, which would be more apparent on a 

more Th2-dominant immune background. Since the C57BL/6 background is more Th1-

dominant at baseline, VSV-p14 infection may not be polarizing the immune response as 

noticeably or to the same extent. Additionally, as viral clearance is Th1-mediated, there 

may be better viral persistence in BALB/c mice, which could lead to enhanced viral 

efficacy. Secondly, B16 melanoma grows significantly faster than the primary 4T1 breast 

cancer model, and the compressed timeline of this model could potentially obscure 

subtler differences between treatments. Third, while B16 tumors are considered poorly 

immunogenic because of their limited expression of MHC Class I, they are still more 

immune-infiltrated and immunotherapy-responsive than 4T1 breast cancer tumors, which 

are poorly immunogenic and immunosuppressed 227,228.The baseline differences in these 

tumor microenvironments may mean that any immune activating effects potentiated by 

VSV-p14 have a greater, more noticeable impact on a very “cold” tumor model like 4T1 

breast cancer. 

Finally, as mentioned earlier, combination VSV and NKT cell activation therapy was 

more effective than either monotherapy. Combination therapy mediated the most 

consistent therapeutic responses, as seen in slower tumor outgrowth and increased overall 

survival duration in the largest proportion of treated mice (Figure 6, 7). While mice 
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treated with VSV or NKT cell monotherapies generally experienced tumor regression or 

slowed growth for a period of 3 to 5 days before relapse, combination-treated mice 

experienced benefits for up to 5 to 7 days before relapse, reflected by surviving on 

average for an additional 4 days (20% increase) relative to monotherapies for VSV-p14 

combination therapy, and an additional 7 to 9 days (35-45% increase) relative to 

monotherapies for VSV-GFP combination therapy (Figure 6, 7). However, immune 

populations were surprisingly unchanged by combination therapy relative to 

monotherapies (Figure 9, 10). Although NKT cell therapy alone was less effective than 

combination therapy, it did induce comparable increases in NKT cells in tumors and 

spleens of untreated mice, suggesting that addition of VSV therapy does not significantly 

impact NKT cell recruitment or proliferation (Figure 9). Similar results were observed for 

other immune populations, including key anti-tumor immune subsets like NK cells, 

CD8+ T cells, and CD4+ T cells, which did not experience robust patterns of change in 

response to combination therapy (Figure 10). These results indicate that, although VSV 

may increase production of important immune-recruiting chemokines CXCL9 and 

CXCL10, this is not priming the tumor for subsequent increased immune infiltration as 

was initially hypothesized. One caveat to this observation is that immune profiling was 

conducted on a compressed timeframe because untreated mice reached endpoint tumor 

volume only 19 days post tumor-inoculation. Given this, immune profiling had to be 

conducted on day 19, which was only 5 days post-NKT cell therapy, and 6 days after the 

final dose of VSV was delivered, meaning that adaptive responses to combination 

therapy may not have been fully developed by this point. But, given this data, it appears 

that the enhanced efficacy of combination therapy compared to monotherapies is not due 
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to synergistic effects between the two therapies, as immune populations did not change in 

unique ways in response to combination therapy. Instead, the enhanced efficacy of 

combination therapy may be due to additive benefits from each therapy, with direct 

oncolysis mediating improved tumor control for a slightly longer period with the addition 

of NKT cell activation-mediated tumor regression.  

However, despite the improved efficacy of combination therapy, only one VSV-p14 

combination therapy treated mouse (in the CXCR3-/- cohort) experienced complete tumor 

regression (Figure 7). The remaining VSV-GFP and VSV-p14 combination therapy 

treated mice all relapsed and reached endpoint tumor volume by a maximum of 33 days 

post-tumor inoculation (Figure 6). So, what factors might be contributing to incomplete 

response and relapse? One factor might be the immunosuppressive tumor 

microenvironment. We observed very high levels of PD-1 expression on intratumoral 

CD8+ T cells (50-75%), indicating that this key anti-tumor immune population was 

highly exhausted, which results in reduced functionality (Figure 10). PD-1 was also 

highly expressed on other intratumoral immune populations, including CD4+ T cells (15-

35%), NK cells (5-20%), and NKT cells (5-10%) (Figure 9, 10). PD-1 levels were 

generally highest in the untreated groups, which at day 19 were at endpoint, and slightly 

lower in treated groups (Figure 9, 10). Though tumors were not sampled for immune 

profiling at multiple time points, it is possible that PD-1 expression increases over time as 

a result of ongoing immune activation, which may be one mechanism mediating the loss 

of therapeutic efficacy over time. These results indicate that addition of anti-PD-1 

checkpoint blockade as a triple therapy following NKT cell activation may prolong anti-

tumor therapeutic responses, which will be discussed further below. Additionally, Tregs 
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comprised 5-15% of tumor-infiltrating CD4+ T cells and may also contribute to 

immunosuppression in this model (Figure 10). Other immunosuppressive mechanisms 

which were not assessed, such as recruitment of MDSCs, may also contribute to loss of 

immunotherapy efficacy, as has been reported in many other models 49. Another 

mechanism contributing to loss of therapeutic efficacy in both VSV monotherapy and 

combination therapy is viral clearance. I found that VSV was able to persist in tumors for 

up to 72 hours post-treatment, but with decreasing viral titres over time (5x108 PFU/mL 

injected intratumorally versus 2-4x103 PFU/mL recovered 72-hours post final injection), 

suggesting that VSV was in the process of being cleared from tumors (Figure 16). I did 

not follow intratumoral VSV levels beyond 72 hours, or assess the effects of combination 

therapy on intratumoral viral persistence, but decreasing viral titres indicate that oncolytic 

effects are lessening and likely being lost after the 3-5 day window of efficacy observed 

with VSV therapy. 

Overall, while combination VSV and NKT cell immunotherapy was effective at delaying 

tumor growth and prolonging survival in a B16 melanoma model, incomplete responses 

and relapse of most mice indicate that this combination therapy will likely need to be 

further developed to exhibit clinical efficacy comparable to or greater than that currently 

being observed with the use of targeted therapies and checkpoint blockade 

immunotherapy.  

4.1.3 CXCR3 axis is dispensable for NKT cell immunotherapy  

The therapeutic responses outlined in the previous section were, with some key 

exceptions, comparable between WT and CXCR3-/- cohorts, indicating that loss of 
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CXCR3 does not significantly negatively affect overall therapeutic responses to NKT cell 

therapy, alone or in combination with VSV therapy.  

CXCR3-/- mice also exhibited responses to VSV and NKT cell therapies, alone and in 

combination (Figure 6, 7). Other than NKT cells, loss of CXCR3 did not negatively 

impact intratumoral levels of other key anti-tumor immune populations, including CD8+ 

T cells and NK cells (Figure 10). This stands in contrast to previous work by Mikucki et 

al. 165 and Wendel et al. 73 which reported that CXCR3 was non-redundantly required for 

CD8+ T cell and NK cell trafficking into tumors, respectively. However, both of those 

papers utilized adoptive transfer models, and while it may be the case that CXCR3 is 

non-redundantly required for adoptive transfer of CD8+ T and NK cells into established 

tumors, other work has suggested that CXCR3 is not required for trafficking of 

endogenous T cells into B16 melanoma and other tumors, particularly in the early stages 

of tumor development, where other chemokine axes such as CCR5 may work 

cooperatively with CXCR3 to aid in trafficking of tumor-infiltrating immune cells 

69,169,170. Our results align more neatly with this second model of multi-stage, CXCR3-

redundant infiltration of immune cells into tumors.  

However, previous work in this area has focused primarily on CD8+ T cells and NK 

cells, and neglected to investigate the role of these chemokine axes on the tumor 

trafficking of NKT cells, which also express high levels of CXCR3 and lower levels of 

CCR5 162,167,176. We report that loss of CXCR3 significantly reduced levels of NKT cell 

levels within CXCR3-/- tumors upon αGalCer-loaded DC NKT cell activation therapy 

(Figure 9). This suggests that loss of CXCR3 negatively affects the recruitment and/or 

proliferation of NKT cells within tumors, particularly upon NKT cell activation therapy, 
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which causes NKT cell proliferation. Additionally, NKT cell levels trended lower in 

untreated CXCR3-/- tumors compared to WT, suggesting that loss of CXCR3 may reduce 

baseline infiltration of NKT cells into tumors (Figure 9). This pattern was reversed in 

spleens, where CXCR3-/- mice had significantly increased NKT cell levels, suggesting 

that loss of CXCR3 may impair migration of proliferating NKT cells out of the spleen 

into tumor sites, or result in NKT cell accumulation in the spleen if they cannot traffic 

elsewhere (Figure 9). These results are much more striking than the lack of difference 

observed for other key anti-tumor immune populations; however, as a point of 

consideration, our αGalCer-loaded DC therapy specifically induces activation and 

proliferation of NKT cells, which could be amplifying an effect that otherwise might not 

be particularly visible in the absence of treatment. While NKT cell accumulation in 

untreated and VSV-p14 treated tumors trend towards decrease in the CXCR3-/- cohort, 

these differences are not statistically significant without the administration of αGalCer-

loaded DC therapy. Perhaps therapies specifically activating CD8+ T cells and NK cells 

would tease out the same CXCR3-dependent differences. Also, as mentioned briefly 

above, immune profiling was conducted less than a week after the delivery of NKT cell 

activation therapy and the final dose of VSV therapy, which may be a sufficient timeline 

for the activation and proliferation of more innate-like lymphoid populations like NK 

cells and NKT cells, but may be too short of a window to fully assess CD8+ and CD4+ T 

cell responses to therapy. Finally, it is worth noting that although NKT cell levels are 

lower in CXCR3-/- tumors, they are not absent, and they are still increased above the 

untreated baseline upon NKT cell activation therapy, indicating that while CXCR3 may 

be important for recruitment and/or proliferation of activated NKT cells within tumors, it 
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is not the only factor involved. Ultimately, these decreased NKT cell levels only 

modestly reduced efficacy of NKT cell therapy in CXCR3-/- mice (Figure 6,7). As 

mentioned previously, this suggests that there may be a threshold for NKT cell activation 

past which greater accumulation does not correlate with greater anti-tumor effects in this 

model, potentially due in part to limited CD1d expression on B16 cells resulting in the 

inability of NKT cells to mediate direct anti-tumor effects 93,101,226. These results further 

highlight that NKT cell therapy overall may have limited efficacy in the B16 melanoma 

model, which ultimately suggests that this may not be the best tumor model in which to 

tease out CXCR3-dependent differences in therapeutic efficacy.   

4.1.4 Loss of CXCR3 enhances response to VSV therapy 

To add another layer to the story of CXCR3, I was surprised to find that loss of CXCR3, 

instead of negatively affecting therapeutic responsiveness, appeared to improve responses 

to VSV therapy. This trend towards improved efficacy was seen both in VSV 

monotherapy and in combination with NKT activation therapy using αGalCer-loaded 

DCs. This response was more pronounced with VSV-p14 than VSV-GFP, likely due to 

incomplete collection of VSV-GFP tumor growth and survival data due to ulceration. 

CXCR3-/- mice which received both VSV-p14 monotherapy and combination therapy 

experienced greater tumor regression and prolonged survival compared to their WT 

counterparts (Figure 7). WT VSV-p14 treated mice survived on average 19 days, 

compared to CXCR3-/- VSV-p14 monotherapy treated mice who survived on average 21 

days, with one mouse experiencing complete tumor regression (Figure 7). WT VSV-p14 

combination therapy treated mice survived on average 23 days, whereas CXCR3-/- 

combination therapy treated mice survived on average 25 days, with one mouse 
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experiencing complete tumor regression (Figure 7). No mice in the WT group 

experienced complete tumor regression in response to VSV-p14, although there was one 

WT complete responder with VSV-GFP treatment, along with a CXCR3-/- VSV-GFP 

complete responder (Figure 6).  

This improved responsiveness did not correlate with any notable immune population 

changes in response to VSV-p14 therapy (Figure 10), suggesting once again that VSV 

may be mediating its effects primarily by direct oncolysis rather than indirect immune 

activation in this model. These differences in therapeutic response then, could be due to 

differences in viral persistence within tumors, which would affect the duration and 

strength of direct oncolytic effects. And in fact, I did find that CXCR3-/- tumors had 

greater than ten-fold higher VSV-p14 titres compared to WT mice at 24-hours post-

treatment with VSV-p14, a highly significant increase (p=0.0009) (Figure 16). Viral titres 

decreased at 48 and 72-hours post-treatment, but still trended higher in CXCR3-/- mice 

(Figure 16). These results suggest that loss of CXCR3 may improve the ability of VSV to 

persist in the tumor, at least in the short term, which could improve the magnitude and 

duration of oncolysis and lead to the improved tumor regression and survival I observed 

in VSV-treated CXCR3-/- mice. 

This finding is corroborated by previous work investigating the role of CXCR3 in viral 

infections which has suggested that loss of CXCR3 impairs the ability of immune cells at 

the site of infection to clear virus. A paper by Hickman et al. 168 demonstrated, in a model 

of skin vaccina virus infection, that global knockout of CXCR3 did not impair the ability 

of CD8+ T cells to migrate to skin, but did specifically impair the ability of CXCR3-/- 

CD8+ T cells to successfully locate virus-infected cells for killing, exacerbating infection 
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in CXCR3-/- mice. Another paper reported similar findings using epidermal infection with 

HSV-1, where they found that, although both virus-specific and bystander cytotoxic T 

lymphocytes migrated through the epidermis without any observable directional 

preference, there was a subtle CXCR3-dependent preference for migration towards local 

sites of infection, leading to increased efficiency of T cell accumulation in those sites that 

was only recognized upon quantitative analysis 232. The importance of the CXCR3 axis 

was also reported in the colocalization of CD8+ T cells with lymphocytic 

choriomeningitis virus (LCMV) antigen in the spleen 233. The CXCR3 axis was also 

found to play a key role in shaping CD8+ T cell immunity against HSV-2 infection 

locally within latently-infected tissues, and preventing recurrence of active viral infection 

234. Yet another paper reported that CXCR3 and CCR5 together were important for the 

ability of effector CD8+ T cells to re-encounter influenza antigen within specific 

microenvironments in the lung 235. Together, this work in viral infection models mirrors 

findings by Chow et al. 69 which reported in a B16 melanoma model that CXCR3 was 

more important for immune cell positioning and interaction with other cells than it was 

for recruitment into the tumor itself. In the context of oncolytic viral infection of tumor 

cells, these findings may mean that the CXCR3 axis is important for mediating the ability 

of CD8+ T cells to target virus-infected cells within tumors, which has implications for 

how long the virus persists at the tumor site. Loss of CXCR3, by improving viral 

persistence, could improve the duration of oncolysis, which could lead to improved 

therapeutic responses in a model where the virus is acting primarily by direct oncolysis. 

On the other hand, if an oncolytic virus was mediating anti-tumor effects primarily by 
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inducing immune activation and recruitment, loss of CXCR3 might instead dampen its 

efficacy.  

4.1.4 Combination therapy has the potential to stimulate long-lasting immune 

memory  

Oncolytic VSV and NKT cell immunotherapy were able to generate complete tumor 

regression in a very small subset of treated mice, including two VSV-GFP monotherapy 

treated mice (one WT, one CXCR3-/-), one VSV-p14 monotherapy treated CXCR3-/- 

mouse, and one VSV-p14 combination therapy treated CXCR3-/- mouse (Figure 6, 7). 

Although the two VSV-GFP complete responders were unable to be re-challenged and 

assessed for immune memory responses due to COVID-19-related shutdown of the 

animal care facility, the two VSV-p14 complete responders were re-challenged with B16 

melanoma cells 60 days after initial inoculation. The complete responder from VSV-p14 

monotherapy experienced tumor regrowth at a similar rate to naïve mice challenged with 

B16 cells for the first time, indicating that persistent anti-tumor immune memory had not 

formed in this mouse. The complete responder to VSV-p14 combination therapy, 

however, completely resisted B16 tumor re-challenge, indicating the potential formation 

of robust anti-tumor immune memory. This was further dissected by immune profiling 60 

days following rechallenge. Compared to two completely naïve controls, the complete 

responder exhibited increased memory populations, including effector memory (CD44+) 

CD4+ and CD8+ T cell populations in the spleen and lymph nodes, alongside decreases 

in naïve (CD62L+CD44-) CD4+ and CD8+ T cells in the spleen as well as increased PD-

1 expression on CD4+ and CD8+ T cells in the spleen, which may be a lingering 

consequence of immune activation upon initial B16 challenge and re-challenge (Figure 
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8). Central memory (CD44+ CD62L+) CD4+ and CD8+ T cell populations remained 

relatively unchanged (Figure 8). One caveat to our delineation of these memory 

populations was the failure of our anti-CCR7 fluorochrome, which was intended to more 

precisely delineate effector memory (CCR7-) from central memory and naïve T cell 

populations (CCR7+). In the absence of CCR7 staining, central and effector memory 

populations are less clearly distinguished, but we can still observe overall trends towards 

the formation of memory T cell and memory-like NKT cell populations upon 

combination therapy. All NKT cells have a “memory” phenotype upon exiting the 

thymus characterized by high CD44 expression 236, but more specific “memory-like” 

populations of NKT cells have been described which upregulate CD62L (which most 

NKT cells do not normally express) following glycolipid stimulation 162,167,237. These 

CD62L+ NKT cells have “memory-like” features including increased persistence; 

resistance to acquisition of exhaustion markers and apoptosis; as well as continued 

proliferation and cytokine production 237. Given this, I have used CD62L expression to 

delineate increases in “memory-like” NKT cells in our work. NKT cell activation therapy 

using αGalCer-loaded DCs has also been shown to amplify memory CD8+ T cells 

leading to persistent anti-tumor immunity in several tumor models 238,239. This may be 

one reason why we observed robust anti-tumor immune memory in our combination 

therapy-treated complete responder, but not our VSV-p14 monotherapy-treated complete 

responder. 

Notably, the mouse that developed this anti-tumor immune memory response upon 

combination therapy was from the CXCR3-/- cohort. Interestingly, the CXCR3 axis has 

also been implicated in the formation of immune memory populations, with loss of 
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CXCR3 (with a minor role for CCR5) on effector CD8+ T cells leading to formation of 

massive numbers of memory CD8+ T cells following influenza and Mycobacterium 

tuberculosis infection, as a result of effector CXCR3-/- CD8+ T cells being less likely to 

re-encounter antigen and thus undergo contraction 235. A similar pattern was observed in 

LCMV infection, with absence of CD8+ T cell CXCR3 expression leading to fewer 

short-lived effector cells and a much larger central memory population, which had fewer 

effector memory cells and exhibited a greater recall response 233. These findings do not 

fully align with our own observations, as our CXCR3-/- complete responder appeared to 

have greater effector memory populations, but again technical issues may have interfered 

with our ability to effectively delineate effector memory from central memory 

populations. This previous work corresponds interestingly with the fact that we observed 

three CXCR3-/- complete responders to therapy and only one WT complete responder to 

therapy, which could be investigated more rigorously in future studies. Overall, we found 

that combination VSV-p14 and NKT cell activation therapy were able to induce not only 

complete tumor regression but seemingly protective anti-tumor immunity in one CXCR3-

/- mouse. 

4.2 Limitations and challenges 

4.2.1 Mouse models of melanoma 

The work in this thesis used the transplantable syngeneic B16-F10 murine melanoma 

model on the C57BL/6 background. The B16 melanoma model has been in use since the 

late 1970s and remains one of the most common mouse melanoma models used 

experimentally 227,228. It was a spontaneous melanoma first derived from a male C57BL/6 

mouse, and several sublines have since been derived which vary in terms of their ability 
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to metastasize and their immunogenicity 227. The most common variant, and the one used 

in this thesis, is B16-F10, which is highly aggressive and will rapidly form lung 

metastases after primary subcutaneous injection, as well as after intravenous delivery 227. 

B16 melanoma is a fast-growing tumor, with untreated tumors reaching endpoint 

volumes 2 to 4 weeks after subcutaneous tumor inoculation depending on the volume 

inoculated. This compressed timeline has been noted previously to make it difficult to 

assess therapies because of the short therapeutic window 228.  

B16 melanoma possesses several notable genetic differences from human melanomas 

which limit its ability to accurately model human melanoma. B16 melanoma tumors have 

been classified as poorly immunogenic, because B16 cells express low levels of MHC 

Class I, in contrast to human melanomas which vary more widely in their MHC I 

expression 227,228,240. This low MHC I expression is also characteristic of untransformed 

C57BL/6 melanocytes, and so appears to be a characteristic retained after they became 

malignant 227. B16 melanoma has long been regarded as difficult-to-treat for these 

reasons, and a tough test for the efficacy of therapies 227. That being said, B16 melanoma 

is less immunologically “cold” than many other common murine cancer models, as it 

responds robustly to anti-PD-1 and anti-CTLA-4 checkpoint blockade 228,241. B16 

melanoma cells express PD-L1 and B7 molecules (CD80 and CD86) which are able to 

bind PD-1 and CTLA-4 on the surface of CD8+ T cells and other anti-tumor immune 

populations to induce immune exhaustion, effects reversible by checkpoint blockade 228. 

B16 cells do also, despite their low MHC I expression, express high levels of T-cell 

targetable melanoma-associated self-antigens, including gp100 and tyrosinase related 

protein 2 (TRP2) 228,240. Overall, though, B16 melanoma cells have much less genomic 
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heterogeneity and a lower mutational burden than most human melanomas, especially 

UV-driven melanomas, which are regarded as one of the most highly immunogenic 

cancers 228,242. Importantly, B16 melanoma does not possess activating mutations in the 

BRAF oncogene, the most common driver mutation in human melanoma, expressed in 

over half of human melanoma cases 228,243. This means that B16 melanoma cannot be 

used to test the efficacy of combination therapies with BRAF-targeted therapy, which is 

one of the most common therapies currently in clinical use 14. B16 melanoma also 

possesses a functional phosphatase and tensin homologue deleted on chromosome 10 

(PTEN) protein, which is lost in 30-60% of sporadic human melanomas 228,243. However, 

B16 melanoma does possess deletions in the CDKN2A locus leading to inactivation of 

the p16INK4a and p19Arf (p14ARF in humans) tumor suppressor proteins which negatively 

regulate cell cycling 243. These mutations have also been described in heritable as well as 

sporadic human melanoma 243. Overall, these genetic differences represent a major 

limitation of B16 melanoma as a model of human melanoma. Additionally, as a 

subcutaneous transplantation model, B16 melanoma is unable to model the natural 

spontaneous development of melanoma as well as how melanoma spreads through the 

layers of the skin 240. 

Given the limitations of the B16 melanoma model, other mouse melanoma models which 

more accurately mimic human melanoma have been developed. Human xenograft models 

have been developed which involve the transplantation of either human melanoma cell 

lines, primary melanoma cells, or patient-derived tumor xenografts into immunodeficient 

nude athymic mice or non-obese diabetic/severe combined immunodeficiency 

(NOD/SCID) mice 240. These models on their own are excellent for better understanding 
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pathways driving malignancy, metastasis, and treatment resistance in more relevant 

human melanomas, but the lack of an immune system in these models is a significant 

drawback which prevents immunotherapies from being tested 240. Because of this, more 

recently, humanized mouse models have been developed which re-introduce humanized 

or partially humanized immune systems into these mice to re-capitulate the role of the 

immune system –however, such approaches are still technically challenging and can be 

expensive 240.  

In addition to these xenograft models, there are genetically engineered mouse (GEM) 

models which have been critical in identifying key genes and factors driving melanoma 

tumorigenesis and progression 240,244. GEM models are generated by the introduction of 

targeted driver mutations to model specific aspects of melanoma, such as loss of PTEN or 

overactivation of BRAF. The Cre recombinase/LoxP system is the most common 

technique to induce such conditional mutant mouse models. It involves expression of the 

Cre recombinase gene under the control of a tissue-specific promoter. Cre recombinase 

recognizes the LoxP DNA sequence, and catalyzes recombination between two repeated 

LoxP sites, resulting in the deletion of any sequence between the two LoxP sites, which 

has been used to either knock out a tumor suppressor gene or constitutively activate an 

oncogene 244. It has been refined to allow for precise spatiotemporal targeting of genes 

for conditional knockout or overexpression using a mutant Cre recombinase fused to the 

ligand binding portion of the estrogen receptor (ER) 244. Cre-ER will remain inactive until 

the administration of tamoxifen, the ligand for ER, which activates the Cre-ER 

recombinase, allowing for the deletion or activation of a gene at a specific timepoint 244. 

This Cre-ER/LoxP system has been used to generate conditional knockouts of PTEN, 
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loss of which is normally embryonic lethal, as well as activation of the most common 

human BRAF mutation BRAFV600E 240. Importantly, a GEM model has been generated 

which possesses both mutations at the same time under the control of the melanocyte-

specific Tyr promoter, leading to the formation of spontaneous metastatic melanoma in 

these mice 245,246. This model, which is denoted as the Tyr::CreERT2, BRAFV600E, 

Ptenlox/lox model, has been extensively used to assess how BRAF mutations drive 

melanoma tumorigenesis, how resistance to targeted BRAFV600E inhibitors develops, and 

to test other therapeutics 247,248,249,250.  

In addition to GEM models which recapitulate common human drivers of melanoma in 

mice, there are models which aim to simulate the natural development of melanoma, such 

as UV-radiation induced melanoma. Although development of mouse and human 

melanocytes is highly similar, there are several anatomical and functional differences 

between mouse and human skin which render mouse melanocytes highly resistant to UV-

radiation-induced melanoma 244. In human skin, melanocytes can be found along the 

basal layer of the epidermis as well as in hair follicles. Mouse melanocytes, by contrast, 

are found primarily at the bottom of hair follicles and in the dermal layer 240. Because of 

these differences between mouse and human skin, mice rarely develop spontaneous 

melanomas, and those which do develop are histologically different from human 

melanomas, as they are primarily located in the dermis, whereas human melanomas are 

found primarily in the epidermis or at the junction between those two layers 244. Specific 

genetic modifications, such as constitutive expression of a hepatocyte growth 

factor/scatter factor (HGF/SF) transgene, can modify the distribution of melanocytes in 

mouse skin, enhancing their susceptibility to transformation by UV radiation and the 
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similarity of the melanomas which develop to human melanoma 240,244. This HGF/SF 

GEM model has been instrumental in better understanding how UV radiation drives 

melanoma tumorigenesis, and the kinds of mutations that arise from this radiation-driven 

damage, and can be combined with additional genetic modifications such as inactivating 

CDKN2A or PTEN, or activating mutant BRAF 240,251,252.  

All of these models represent steps beyond the B16 melanoma model which more 

accurately model human melanoma in a variety of ways, from the use of human 

melanoma cells in immunodeficient mice, to GEM models which recapitulate key driver 

mutations in human melanoma such as BRAF mutations, or simulate the natural 

progression of UV radiation-driven melanoma development. More complex and robust 

melanoma models should be considered in future to more rigorously test prospective 

immunotherapies, including and beyond VSV therapy and NKT cell activation therapy. 

4.2.2 Tumor ulceration 

The most significant technical challenge encountered during this project was related to 

tumor ulceration. High levels of tumor ulceration interfered with data collection across 

the course of this project. Ulceration is defined as the loss of the epidermal layer at the 

surface of the tumor, with some loss of deeper skin layers as well 253. Ulcerations occur in 

subcutaneous tumor models, like B16 melanoma, typically as a result of tumor cell 

necrosis. Ulceration can be driven by rapid tumor growth leading to skin rupture, 

alterations in blood supply leading to hypoxic tumor areas, mechanical trauma, and 

cancer therapies, particularly those which involve intratumoral injection and stimulate 

tumor lysis (such as oncolytic virus therapy) 253. Throughout this project, 25-50% of mice 
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in individual experiments developed ulcerations. Ulceration frequencies were similar 

between WT and CXCR3-/- cohorts and affected both treated and untreated mice in 

similar proportions, although VSV-treated groups had a slightly higher ulceration rate 

than NKT cell immunotherapy groups, likely due to the intratumoral delivery strategy as 

well as oncolytic effects. Ulcerations began early in the experimental course, as early as 7 

days after B16 tumor inoculation and frequently resulted in the premature sacrifice of 

mice before endpoint tumor volume was reached, interfering with my ability to collect 

complete and coherent tumor growth and survival data that evaluated treatment efficacy.  

To combat this issue, I increased the number of mice in each experimental group to 

account for loss due to ulceration.  I was also permitted to conducted a pilot study using 

ulceration scoring guidelines developed based on the University of British Columbia and 

McGill University’s ulceration scoring guidelines to guide more consistent assessment of 

our mice 253,254, with the hope that it would allow us use mice more effectively, even 

when the early stages of ulceration were beginning. Canadian Council on Animal Care 

(CCAC) guidelines developed in 1998 state that ulceration of tumors should be 

considered a humane endpoint, but more recent work has indicated that there is scientific 

rationale for keeping animals with ulcerated tumors; for example, to better model human 

cancer, as well as immunotherapies in which ulceration is frequently a sign of a 

successful anti-tumor response 253. Ulcerations also have the capacity to stabilize, and in 

some cases heal, as we saw during our pilot study. We showed that monitoring mice 

using a defined set of ulceration scoring criteria prolonged the length of time that mice 

were allowed to remain in the study, and improved our completion of data collection by a 

significant margin. Unfortunately, I completed my thesis work before these ulceration 
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scoring guidelines were approved, and so I was not able to benefit from their 

implementation directly. CCAC has subsequently released updated guidelines for 

experimental endpoints related to tumor ulceration and monitoring of cancer therapy 

effects (March 2022 ISBN: 978-0-919087-95-8). Under these guidelines, I would not 

have been required to remove mice from my experiments. 

4.2.3 VSV-N primers 

Another challenge encountered at the end of this project was in developing VSV-N 

primers for RT-qPCR. We were hoping to verify our tumor plaque assay data by 

assessing intratumoral levels of VSV-N via RT-qPCR or digital droplet RT-PCR 

(ddPCR). I tested previously published VSV-N primer sequences and found poor and 

potentially non-specific amplification, as seen through the production of multiple-peaked 

melt curves. Unfortunately, we were unable to design VSV-N primers that did not have 

off-target amplification, and all new candidate VSV-N primer sequences we queried had 

significant sequence similarity with various mouse genes. We tested three new candidate 

VSV-N primer pairs and found that, although they induced high levels of amplification in 

our VSV-p14-treated pooled tumor samples, as well as pooled VSV-infected CMT167 

cells, they also induced lower levels of background amplification in our untreated pooled 

tumor samples as well as pooled media-control CMT167 cells. Interestingly, a single melt 

curve peak, as well as specific band formation on endpoint PCR gels indicated that this 

background amplification was not due to non-specific formation of primer-dimers or 

other artifacts. We considered contamination as a potential source, but all non-template 

controls run, including those for housekeeping genes, were clean.  We subsequently 
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found a paper which also reported a high level of false positive signal generated by use of 

internal VSV-N primers for RT-qPCR, due to RNA self-priming causing a lack of strand 

specificity 255. To work around this, the authors used a tagged-primer approach, where 

they generated a VSV-N-specific forward primer tagged with an unrelated nucleotide 

sequence at the 5’ end, and a reverse primer complementary to the tag sequence 255. The 

authors found that this approach completely eliminated amplification of DNA made by 

RNA self-priming, as they found no background signal 255. This approach is likely more 

stringent than necessary, as they were trying to specifically distinguish between positive-

sense VSV-N mRNA and negative-sense VSV-N genomic RNA. A simpler version of 

their approach could be utilized to simply minimize background signal, by carrying out a 

specific reverse transcription step with VSV-N primers to produce specifically VSV-N 

cDNA rather than the random primer approach for reverse transcription we used initially. 

Moving forward, this VSV-N specific RT step should be considered to minimize non-

specific background signal, and perhaps a tagged-primer approach could be considered to 

more accurately assess levels of replication-competent VSV with RT-qPCR.  

4.3 Future directions 

4.3.1 Effect of CXCR3 on recruitment, proliferation, and functionality of immune 

populations 

This work evaluated the impact of CXCR3 loss on overall accumulation of key immune 

populations within tumors, but did not thoroughly dissect the contributions of recruitment 

versus intratumoral proliferation of immune cells to this accumulation. Teasing out these 

differences may be important to understand the role of the CXCR3 axis more fully in 

response to these therapies. For example, Chow et al. 69 established that loss of CXCR3 
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did not affect recruitment of CD8+ T cells into tumors regardless of anti-PD-1 therapy. 

But, in the absence of CXCR3, anti-PD-1 therapy was unable to induce intratumoral 

CD8+ T cell proliferation to the same extent, resulting in an increased level of CD8+ T 

cells in the WT relative to the CXCR3-/- cohort that was due not to impaired recruitment 

in the absence of CXCR3, but impaired proliferation. Understanding the relative 

contributions of recruitment versus intratumoral proliferation to the increased levels of 

NKT cells within WT versus CXCR3-/- tumors upon NKT cell activation therapy would 

help us better understand what role CXCR3 is mediating in that increase. Differences in 

recruitment could be assessed via adoptive transfer of CD45.2 NKT cells into CD45.1 

congenic C57BL/6 mice, and proliferation could be measured using Ki67 expression as a 

proliferation marker. 

Additionally, while I looked at surface expression of CD69, a marker of early activation, 

and PD-1, a co-inhibitory marker associated with functional immune exhaustion, I did not 

delve into the effects of CXCR3 on immune cell functionality or activation by, for 

example, profiling the ability of NKT cells to make IFNγ or other cytokines, or assessing 

the relative cytotoxic ability of these populations upon different treatments and in the 

absence of CXCR3. I attempted to perform cytotoxicity assays on CD8+ T cells, NK 

cells, and NKT cells purified from WT and CXCR3-/- spleens following VSV-p14 

treatment and NKT cell therapy using Annexin V and 7-AAD staining, but ran into 

technical difficulties that I was unable to resolve.  

4.3.2 Role of CXCR3 in other cancer models  
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Melanoma is generally considered to be a highly immunogenic and well immune-

infiltrated cancer, and unlike other cancer types, such as pancreatic cancer, shows a high 

degree of responsiveness to immunotherapies like anti-PD-1 and anti-CTLA-4 

checkpoint blockade 242,256,257. Given this, it may be beneficial to examine the role of the 

CXCR3 axis in other cancer types, particularly those which are highly immune-excluded 

at baseline. Assessing the role of CXCR3, particularly with therapies like oncolytic VSV 

that stimulate production of CXCR3 ligands, in a cancer type that has significantly less 

immune infiltration prior to treatment may allow one to delineate the role of CXCR3 

more clearly during the later stages of immune cell recruitment into an established tumor. 

This would also allow an assessment of the importance of the CXCR3 axis for turning a 

truly “cold” immune-excluded tumor “hot”.  

4.3.3 Alternate chemokine axes 

As has been discussed at length already, the role of the CXCR3 axis in cancer is 

complicated by its relationships with other chemokine axes which may act in a redundant 

or cooperative fashion. Of particular note is the CCR5 axis, which has been implicated as 

a potential collaborator with CXCR3 in the recruitment of key anti-tumor immune 

populations such as CD8+ T cells and NK cells into tumors, particularly in the early 

stages of tumor development, where it has been suggested to drive later CXCR3-

dependent recruitment 169,234. This redundancy could help explain why we observed 

minimal changes in several key anti-tumor immune populations, such as CD8+ T cells, 

NK cells, and CD4+ T cells, in CXCR3-deficient mice. CCR5 has also been shown to be 

highly upregulated on NKT cells following αGalCer treatment, and CCR5-/- NKT cells 

have shown impaired recruitment into B16 tumors relative to WT NKT cells in co-
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adoptive transfer experiments, further highlighting a potential role for the CCR5 axis to 

work in concert with CXCR3 in recruiting key anti-tumor immune populations in the 

context of our immunotherapies 258. However, like the CXCR3 axis, the CCR5 axis is a 

double-edged sword in cancer, and has also been implicated in pro-tumorigenic functions 

including promoting tumor survival and metastasis in CCR5-expressing tumors, 

recruiting CCR5+ Tregs, and promoting the formation of MDSCs 160,259,260,261. To better 

understand the combined roles of CXCR3 and CCR5, CXCR3/CCR5 double-knockouts 

could be generated to assess whether redundancy or early CCR5-driven seeding of 

immune populations in the tumor are able to compensate for loss of CXCR3 in our 

model. 

Beyond CCR5, several other chemokine axes may play important roles in the 

complicated recruitment of immune cells into tumor sites. Most relevant for this work is 

CXCR6, which is constitutively expressed on NKT cells and has been shown to be 

important for their recruitment into the liver, tumor, and other sites 167,258,262. Previous 

work has shown that CXCL16 (the ligand for CXCR6) produced by glycolipid-loaded 

DCs induced higher production of IFNγ by NKT cells, and that loss of CXCL16 

expression by DCs resulted in impaired protection from metastasis and tumor control 263. 

CXCR6-/- NKT cells have impaired recruitment into B16 tumors when co-adoptively 

transferred with WT NKT cells into Jα18-/- mice, further highlighting a role for CXCR6 

in the recruitment of NKT cells into tumors 258. This work indicates that the 

CXCR6/CXCL16 chemokine axis may also play an important role in mediating the 

efficacy of NKT cell therapy in cancer, and should be considered along with the CXCR3 

axis. However, the CXCR6 axis is also highly associated with poor prognosis in 



148 

 

 

numerous cancers, and has been reported to drive tumorigenesis by enhancing 

angiogenesis, promoting metastasis, and inducing proliferation of CXCR6-expressing 

tumor cells 264,265,266,267. Additionally, it has been shown that CXCR6-/- mice have 

defective NKT cell accumulation and activation, making it difficult to untangle the 

specific role of CXCR6 in NKT cell recruitment alone and the implications of that 

recruitment for cancer 262. Blocking CXCL16 or adoptive transfer of CXCR6-/- NKT cells 

or CXCR3-/-/CXCR6-/- NKT cells into tumor-bearing Jα18-/- mice may be ways to correct 

for the reduced NKT cell numbers in CXCR6-/- mice when examining the role of both 

chemokine axes in immune cell recruitment and tumorigenesis, but there are still 

challenges with these models. 

Finally, to get a fuller but perhaps less flattering picture of the role of CXCR3 in B16 

melanoma, lung metastatic burden could also be assessed in the presence and absence of 

CXCR3, as CXCR3 has been previously implicated in driving metastasis of melanoma 

tumor cells 197. 

Ultimately, the CXCR3 axis likely does not have a single clear-cut role in cancer, but 

instead plays multiple important roles which are interconnected and cooperate with a 

variety of other chemokine axes. Given this, unraveling the roles of, and harnessing the 

CXCR3 axis in cancer immunotherapies will likely prove to be therapy and tumor-

specific.  

4.3.4 Improving treatment responsiveness with checkpoint blockade triple therapy 

Despite the ability of oncolytic VSV and NKT activation therapy to slow tumor growth 

and prolong survival, particularly in combination therapy, most of our mice relapsed by 
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day 25 and therapeutic benefits were lost. If VSV and NKT activation combination 

therapy were to move forward in this model, it would likely require the addition of a third 

therapy to improve treatment responsiveness past day 25. One appealing candidate for 

triple therapy is checkpoint blockade, such as anti-PD-1, anti-PD-L1, or anti-CTLA-4. As 

previously mentioned, B16 melanoma cells express PD-L1 and B7, and show robust 

responses to checkpoint blockade therapies 228. We showed in this work that tumor-

infiltrating immune cells such as CD8+ T cells expressed high levels of PD-1, indicative 

of immune exhaustion, which may be contributing to the limited window of  efficacy we 

observed with our therapies. Our laboratory has recently demonstrated that PD-1 therapy 

can combine effectively with oncolytic VSV and NKT cell activation therapy in a model 

of pancreatic cancer 129. As melanoma is a “hotter” tumor microenvironment, adding anti-

PD-1 therapy following NKT cell activation could help re-invigorate the 

immunosuppressed tumor microenvironment and prolong the duration of therapeutic 

efficacy in the B16 melanoma model. 

4.3.5 Other oncolytic viruses 

VSV is only one of many oncolytic virus platforms. Another means of improving 

therapeutic efficacy in future may be to replace oncolytic VSV with another oncolytic 

virus better suited for combination therapy with NKT cell activation –namely, an 

oncolytic virus able to stimulate significant immune-activating effects in addition to 

direct tumor oncolysis. 

 Beyond VSV, reovirus has also been tested in combination with NKT cell activation 

therapy, where it was able to augment NKT cell therapy in murine ID8 ovarian cancer but 
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not 4T1 breast cancer, demonstrating that specific oncolytic viruses may interact with 

NKT cell therapies to a different extent in different models 128. Given this, it is possible 

that other oncolytic viruses may work more synergistically with NKT cell therapy than 

VSV has in B16 melanoma. The oncolytic reovirus construct Pelareorep has been 

previously tested in a clinical trial for metastatic melanoma, where it had no measurable 

objective responses, suggesting that additional modifications are likely needed to make it 

an effective candidate for melanoma therapy 268. 

Another promising oncolytic platform is HSV-1, which forms the backbone of T-VEC 

and has shown great success in melanoma 132. T-VEC has more recently been combined 

in clinical trials with other immunotherapies, such as anti-PD-1 checkpoint blockade, 

where it has improved response rates over anti-PD-1 alone without significantly 

increasing toxicity 216. This indicates that T-VEC may be an appealing candidate for 

combination with NKT cell therapy as it has been shown to have potent immune-

stimulating effects that could augment the efficacy of other immunotherapies 132. T-VEC 

is also an excellent example of an oncolytic virus which has been genetically engineered 

to encode immunomodulatory genes. Specifically, T-VEC encodes the cytokine GM-CSF 

which leads to the recruitment and maturation of antigen-presenting cells to increase their 

potential to activate anti-tumor immune populations like cytotoxic CD8+ T cells 132,269. 

Other HSV-1-based oncolytics have also been tested in clinical trials for melanoma, with 

limited efficacy, indicating that even with the same viral backbone, different oncolytic 

constructs can have very different efficacy 269,270.   

Oncolytic coxsackie virus CVA21 has also been tested in a clinical trial for advanced 

metastatic melanoma, where it induced an overall response rate of 28% and durable 
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response rate of 19%, comparable to T-VEC in clinical trial, but with no associated 

toxicities, suggesting that it may be another appealing option for further development 271. 

This trial also showed that CVA21 was able to drive influx of tumor-infiltrating CD8+ T 

cells, as well as increased expression of PD-L1 and other immune checkpoints within 

tumors, indicating that it has immune-activating effects 271. CVA21 has since been used 

with great success in combination with checkpoint blockade in multiple clinical trials 

132,272. One ongoing clinical trial combining CVA21 with pembrolizumab (anti-PD-1) is 

reporting an interim objective response rate of 73% for all patients enrolled, and 100% 

objective response rate for patients with stage IV disease 272. Given the strength of these 

responses, with tolerable toxicity, the study has been opened to enroll up to 50 patients 

272. The ability of CVA21 to mediate both direct oncolysis as well as improve immune 

infiltration into tumors makes it a very promising candidate for combination with 

additional, cell-based immunotherapies like NKT cell therapy. 

Oncolytic adenoviruses and poxviruses are additional appealing options which, like 

HSV-1 based oncolytics, have the benefit of being larger double-stranded DNA viruses 

which can be engineered to express larger or multiple genes compared to smaller viruses 

like VSV-ΔM51, although DNA viruses do have the added risk of DNA insertion 273. 

Oncolytic adenoviruses have been engineered to express several different 

immunomodulatory genes which increase their immunostimulatory effects 273. Poxviruses 

have even been engineered to express multiple immunostimulatory genes at once. For 

example, PROSTVAC, which has been tested as a neoadjuvant vaccine in prostate 

cancer, is a combination of vaccinia virus and fowlpox which express prostate-specific 

antigen (PSA) as well as three costimulatory molecules (B7.1, ICAM-1, and LFA-3) to 
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enhance antigen presentation and activate tumor-specific cytotoxic T cells 273,274. Though 

not used as an oncolytic specifically, this provides a blueprint for the delivery of multiple 

immunomodulatory genes at once in a single oncolytic vector to improve its ability to 

carry out not only direct tumor lysis but also potentiate broader anti-tumor immunity. For 

oncolytic viruses to be most effective, both alone and in combination therapies, they must 

be able to stimulate robust anti-tumor immunity, and engineering oncolytic viruses that 

contain immunomodulatory domains to help drive these immune stimulating effects is a 

promising way forward.  

4.3.6 Beyond NKT cell activation therapy 

NKT cell activation therapy alone did not exhibit substantial efficacy in our B16 

melanoma model. To combat that, it can be combined with additional therapies to 

potentially boost its efficacy, including oncolytic virus therapy, or checkpoint blockade. 

Another option is to harness NKT cells themselves in a different way. Previous work has 

looked at transferring autologous, ex vivo expanded NKT cells back into patients, and 

more recent work has begun to build on NKT cells as a potential allogeneic “off-the-

shelf” option for adoptive cell transfer 109. Beyond either of those options, however, is the 

design of genetically modified “enhanced” NKT cells, as an expansion of the promising 

chimeric antigen receptor (CAR) T cell therapy. Briefly, CARs are modular synthetic 

receptors with four main components. First, they have an extracellular target antigen 

binding domain, generally targeted against a tumor antigen, derived from the variable 

heavy (VH) and light (VL) chains of a monoclonal antibody forming a single chain 

variable fragment (scFv) 275. Because of this structure, CAR recognition of target 

antigens is MHC-independent. This antigen binding domain is connected to the plasma 
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membrane by a hinge region, followed by a membrane-spanning domain, and one or 

more intracellular signaling units 275. These intracellular signaling units have diversified 

across the generations of CAR therapy to transmit stronger and more robust immune 

activating signals 275. CAR constructs have most commonly been transduced into T cells, 

to generate CAR-T cells with redirected specificity for tumor antigens. CAR-T cells have 

had great success in treating blood cancers, with the FDA approval of anti-CD19 CAR-T 

cell therapy for B cell malignancies in 2017 275. However, CAR-T cells still possess 

significant limitations, including potentially life-threatening CAR-T cell associated 

toxicities mediated by graft vs. host disease, cytokine release syndrome, and other off-

target effects. CAR-T cells also have limited efficacy against solid tumors, in part due to 

antigen escape, poor trafficking and infiltration, as well as immunosuppressive tumor 

microenvironments 275. 

CAR-NKT cells, which are NKT cells engineered to express a CAR on their surface in 

addition to their semi-invariant TCR, overcome many of the limitations faced by CAR-T 

cells. First, they have an improved safety profile due to their expression of a distinct 

cytokine repertoire which limits cytokine storms 109. They also recognize glycolipid 

antigens presented on non-polymorphic CD1d, which limits the potential toxicity of NKT 

cells in allogeneic settings 276. CAR-NKT cells are also positioned to resist antigen 

escape, due to their ability to dually target tumor antigens using their CAR as well as 

their semi-invariant TCR in cancers that express CD1d 277. Previous work has reported 

that anti-CD19 CAR-NKT cells are more effective than anti-CD19 CAR-T cells against 

CD1d-expressing lymphomas, including those in the brain 277. They also showed that 

administration of αGalCer was able to further drive the activation of these CAR-NKT 
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cells, suggesting that αGalCer delivery may be another way to enhance CAR-NKT cell 

therapy 277. CAR-NKT cells also express a variety of other receptors such as NK cell 

receptors which allow them to be activated by other mechanisms 109. NKT cells have also 

been shown to be able to overcome immunosuppressive tumor environments by 

inhibiting MSDCs and TAMs via direct cytotoxic effects or release of immune polarizing 

cytokines 109. CAR-NKT cells, then, are also uniquely positioned to help reverse tumor 

immunosuppression in solid tumors. These NKT cell characteristics make them highly 

effective candidates for use in CAR therapy. 

CAR-NKT cells have been used in clinical trials to target neuroblastoma with great 

success and lower toxicity than CAR-T cells 278. Anti-GD2 CAR-NKT cells localized to 

tumors, exhibited strong cytotoxic effects, and had a good safety profile 278. Of the ten 

patients enrolled, one patient exhibited a complete response, another patient responded 

partially, and three patients had stable disease 278. CAR-NKT cells have not been tested in 

clinical trials for melanoma, but they have been generated to recognize melanoma, 

through the production of anti-CSPG4 CAR-NKT cells which have shown strong 

cytotoxic effects and anti-tumor benefits in pre-clinical melanoma models 279.  

Overall, NKT cells have many characteristics which make them ideal candidates for 

cancer immunotherapy. Finding new ways to harness NKT cells, for example, through 

the engineering of CAR-NKT cells, will allow them to break ground in the next 

generation of cancer immunotherapies.  

4.4 Concluding remarks 
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To summarize, NKT cells are an often-overlooked immune population which play 

important roles in anti-tumor immunity. Activation of NKT cells with αGalCer-loaded 

DCs has been shown to induce tumor regression and prolong survival in various cancer 

models, but has variable efficacy in the clinic. Oncolytic viruses are another promising 

anti-cancer therapy which have been effective in a variety of cancers, including 

melanoma. Oncolytic viruses mediate their anti-tumor effects through both direct tumor 

lysis and indirect immune activation, which has been shown to potentiate subsequent 

immune infiltration and immunotherapies. The CXCR3 chemokine axis is one 

mechanism governing the migration of immune cells, including NKT cells, and has been 

shown to be important for immune infiltration into tumors. In this work, I not only 

attempted to improve the efficacy of NKT cell activation therapy and oncolytic VSV-

ΔM51 therapies through combination therapy, but was interested in elucidating the 

importance of the CXCR3 axis for the functionality of these two therapies, alone and in 

combination.  

I found that combining VSV-ΔM51 (expressing GFP or expressing the FAST protein 

p14) with NKT cell activation therapy delayed tumor outgrowth and significantly 

prolonged survival in a murine B16 melanoma model. However, the loss of CXCR3 did 

not negatively impact overall responses to treatment, suggesting that the CXCR3 axis 

may be ultimately dispensable for our combined therapy. NKT cell therapy increased 

accumulation of NKT cells in WT mice, but CXCR3-/- mice exhibited reduced NKT cell 

levels within tumors, indicating that loss of CXCR3 at least partially impaired their 

recruitment and/or proliferation within tumors. This ultimately did not translate to 

significantly reduced therapeutic efficacy, suggesting that NKT cell increases past a 
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certain threshold did not improve therapeutic efficacy, or that NKT cell therapy was not 

particularly effective in this model regardless of CXCR3 expression. Potentially, 

increased oncolytic VSV activity in CXCR3-/- mice may also have compensated for 

reduced NKT cell activity in combination therapy. Loss of CXCR3 did not reduce levels 

of other key anti-tumor subsets within tumors, including CD8+ T cells and NK cells, 

suggesting that redundancy in the chemokine system may be able to compensate for loss 

of this chemokine axis. However, CXCR3-/- mice exhibited surprisingly improved 

responses to VSV therapy, particularly with VSV-p14. Loss of CXCR3 improved the 

ability of VSV-p14 to persist in the tumor in the short-term, which could increase the 

magnitude of oncolysis, providing an explanation for the improved tumor regression and 

survival we observed in VSV-p14-treated CXCR3-/- mice. VSV-p14 therapy alone, or in 

combination with NKT cell therapy, did not induce significant changes in immune 

populations within tumors or spleens, suggesting that, although VSV was able to 

upregulate B16 melanoma cell production of CXCR3 ligands in vitro, this did not 

translate to significant immune activating effects or increased immune infiltration 

following VSV treatment in vivo. In total, four mice exhibited complete responses to 

treatment, two in response to VSV-GFP, one in response to VSV-p14, and one in 

response to VSV-p14 and NKT cell combination therapy. Of the VSV-p14 complete 

responders, only the combination therapy-treated responder exhibited persistent anti-

tumor immune memory and an ability to resist tumor re-challenge. To conclude, 

combination VSV and NKT cell activation therapy exhibited modest anti-tumor effects in 

B16 melanoma, effects which did not appear reliant on the CXCR3 axis for either 

independent function or synergy.  
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Next steps include considering methods to improve the efficacy of VSV and NKT cell 

activation therapies in melanoma, including the addition of subsequent anti-PD-1 

checkpoint blockade for triple therapy, as well as considering the contributions of 

additional chemokine axes such as CCR5 which may be working cooperatively or 

redundantly with CXCR3 in our tumor setting. Elucidating the roles of these chemokine 

axes in these therapies will allow for more precise targeting of the chemokine system to 

enhance immune infiltration and improve therapeutic efficacy. Moving forward, finding 

ways to enhance the immune-stimulating effects of oncolytic virus therapy will further 

enhance its efficacy in combination with immunotherapies such as NKT cell activation 

therapy, and considering ways to enhance the efficacy of NKT cells through genetic 

engineering or additional combination therapies, will pave the way for next-generation 

combination immunotherapies to more effectively treat cancers including and beyond 

melanoma. 
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