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ABSTRACT 

Despite good initial response rates to first-line therapies, high relapse rates and 

limited secondary treatment options make ovarian cancers the leading cause of 

gynecologic cancer-related deaths in women worldwide. Therefore, development of 

novel therapeutics with long-lasting outcomes are needed. Natural Killer T (NKT) cells 

are a rare population of lipid-reactive T-cells, and their infiltration is implicated to 

improve survival outcomes in several human cancers. Here, we sought to enhance 

therapeutic benefits of NKT cell activation in the ID8 model of ovarian cancer by 

incorporating it with recombinant vesicular stomatitis virus (VSV-ȹM51) constructs 

expressing p14 FAST protein or IL-15. A VSV-ȹM51 construct expressing IL-12 was 

also engineered to enhance local NKT cell activation. NKT cell therapy significantly 

prolonged survival and increased tumor immune infiltration whereas the combination 

therapy with VSV-GFP further enhanced survival. Mice that survived initial tumor 

challenge exhibited increased cytotoxicity, and proinflammatory IFNɔ production and 

remained tumor-free following tumor re-challenge, demonstrating formation of immune 

memory. Technical challenges associated with VSV-p14 treatments, including a 

reduction in its oncolytic potency, prevented complete therapeutic evaluation. Treatments 

with VSV-IL-15 and VSV-IL-12 did not improve the therapeutic efficacy of standalone 

VSV-ȹM51, and instead resulted into increased episodes of hind-limb impediments. 

However, room remains to optimize therapeutic application of these agents; and this 

study outlines suggestions that might help mitigate this risk potential. Additional studies 

are therefore needed before concluding ineffectiveness of these recombinant viruses in 

the ID8 tumor model.  
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CHAPTER 1: INTRODUCTION 

1.1 Ovarian cancer 

Ovarian cancer is the most lethal gynecological malignancy and the 5th leading 

cause of cancer-associated mortality in women worldwide 1. Each year, an estimated 

300,000 women are diagnosed with ovarian cancer, and incidence is projected to increase 

47% by 2040, especially in developed countries 1,2. Ovarian cancer largely manifests as 

an asymptomatic disease and is usually diagnosed at advanced stages, when the disease 

has already metastasized outside the pelvis and disseminated into the peritoneum ï 

leading to build up of ascites fluid in the abdomen 3. Despite good initial response rates to 

first-line therapies, the 5-year survival rate (35-45%) has remained stable between the 

periods 1995-99 and 2010-14 1,4. In addition, high relapse rates and limited secondary 

treatment options necessitate the development of novel therapeutics with long-lasting 

outcomes 1,5. In recent years, significant attempts have been made to stimulate enhanced 

immune responses against cancer by incorporating immunotherapies (targeted antibodies, 

adoptive cell transfers, vaccines, etc.) into conventional cancer treatment regimens 6ï9. 

1.1.1 Pathogenesis and histopathological classification 

Ovarian cancers were initially thought to originate from the ovaries, and that all 

tumor subtypes shared a common site of pathogenesis in the ovarian surface epithelium 

(OSE) 3,10ï12. The theory behind this idea asserts that repetitive ovulatory cycles inflict 

physical trauma on the exterior of the ovaries, requiring OSE cells to constantly undergo 

DNA damage repair processes - predisposing OSE cells to transform into malignant cells 

11,13. The theory, however, fails to explain the morphological and genetic differences 

observed between various histological subtypes 11.  

It is now clear that ovarian tumors are heterogenous in nature with distinct 

histological subtypes differing in their pathogenesis, gene expression, disease progression 

and overall prognosis 14ï17. Ovarian tumors are primarily classified based on their cellular 

origin: epithelial ovarian carcinoma (EOC), ovarian germ cell tumour or sex cord-stromal 

tumour. EOC remains the most lethal form of malignancy and accounts for 95% of 

ovarian cancer 18. Depending on the morphology and tissue architecture, EOC is further 
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subdivided into 5 well-defined histoypes: high-grade serous carcinoma (HGSC), low-

grade serous carcinoma (LGSC), mucinous, endometroid and clear cell carcinoma; of 

these, HGSC tumors are the predominant type and have the lowest survival rates 19,20.  

Classification of EOC subtypes based on histological differences alone was 

recently replaced by a two-pathway model that, in addition to the morphological 

differences, also integrates genetic and molecular alterations - making the latter more 

applicable under clinical settings 11. The dualistic model broadly categorises EOC as 

Type I and Type II tumors 21. Type I tumors comprise LGSC, endometroid (G1 and G2), 

mucinous and clear cell carcinoma, and usually get diagnosed as benign cystic tumors 

that largely remain confined in the ovaries. Genetic mutations in Kirsten murine sarcoma 

virus 2 (KRAS) and V-RAF murine sarcoma viral oncogene homolog B-1 (BRAF) are 

most often associated with Type I EOC tumors 21. Type II ovarian tumors constitute 

HGSC, endometroid (G3) and carcinosarcoma. These tumors frequently harbor genetic 

mutations in tumor protein 53 (TP53) and breast cancer gene 1 and 2 (BRCA 1/2), and 

rapidly evolve into an aggressive malignancy 21,22. Although, the two-pathway model 

integrates the site of tumorigenesis for type I tumors, it does not do the same for type II, 

especially HGSC, tumors. 

1.1.2 Fallopian tube: origin of pathogenesis and dissemination 

 Cellular origin and pathogenesis of type II tumors is not well-described. Recent 

findings, however, have suggested an extra-ovarian origin of type II ovarian tumors; and 

that early cancerous lesions such as stromal tubal intraepithelial carcinomas (STIC), are 

most notably found in the fimbriae of the distal fallopian tube 10,23ï29. It has been 

postulated that fimbriaôs close proximity to the ovary, exposes it to similar genotoxic 

stressors such as inflammatory cytokines and reactive oxygen species that are known to 

induce malignancy in ovaries following ovulation 11,21.  

 Fallopian tube epithelium (FTE) is composed of two cell types: secretory and 

ciliated cells. In 2004, Piek et. al reported that FTE associated neoplastic cells exhibited a 

shift towards secretory phenotype with an increased proliferative capacity 29. Upon tumor 

progression, these malignant cells exfoliate and implant onto ovaries or traverse through 

visceral fluid to the peritoneum cavity and rapidly grow into secondary tumor nodules 
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26,30. Although there are no anatomical barriers in the peritoneum that prevent HGSC 

spread, HGSC tumor cells reportedly exhibit particular predilection for the omentum 30,31. 

In their study, Neiman et al show that adipocytes in the omentum secrete 

immunomodulators such as interleukin (IL) -8 that facilitate homing and migration of 

tumor cells 31. In addition, adipocytes serve as an energy reservoir for these cancer cells 

by inducing fatty acid catabolism in tumor cells and lipolysis in adipocytes 31,32.  

Although these findings improve our understanding of the disease heterogeneity 

and pathogenesis, recent studies also identify intratumor heterogeneity as a major cause 

of treatment failures and poor prognosis; and have advocated for the development of 

better treatment strategies optimized for the local tumor microenvironment, that are 

specific to each well-defined EOC histotype 15,33.  

1.1.3 Current treatment strategies 

 Conventional treatment for ovarian cancer includes a combination of 

cytoreductive surgery followed by a platinum and taxane-based chemotherapy 34,35. 

Maximal surgical resection of tumor has been associated as the strongest determinant in 

improving the overall survival in comparison to other available modalities 35. Removal of 

pelvic and para-aortal lymph nodes is common during early stages (stage I and II); 

advanced stage disease additionally requires removal of relevant peritoneal organs 36. 

Current standard of chemotherapy includes systemic administration of paclitaxel and 

carboplatin, and in recent years, addition of the angiogenesis inhibitor bevacizumab, a 

monoclonal antibody against vascular growth endothelial factor (VEGF), that has 

improved overall prognosis 35,37.  

 High initial response rates (60-80%) with complete clinical remission are 

prevalent, nevertheless, 75% of advanced EOC cases experience disease relapse within 3-

years and present with chemoresistance 35. Recent introduction of poly ADP ribose 

polymerase inhibitors (PARPi), a class of drugs that inhibit DNA repair in neoplastic 

cells, improves tumor-free survival and are used as maintenance therapies in front-line 

and recurrence settings 38ï40. However, only women that have BRCA1/2 mutations are 

candidates for this targeted therapy; and amongst these, only 60% respond to PARPi 
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therapy 39. In addition, prolonged treatment with olaparib, a PARPi, has been associated 

with acquired drug-resistance and increased incidence for myelodysplastic syndrome 39,41.  

A significant heterogeneity in resistance mechanisms is reported for both 

platinum- and PARPi-based treatments 39. While the precise mechanisms remain 

multifactorial and elusive, recent studies have identified intratumor heterogeneity as a 

major cause of treatment failures and poor prognosis 14,15,17,39. Despite an extensive 

heterogeneity observed in EOC, the standard line of care remains the same for most 

patients; and limited secondary options necessitates the development of targeted therapies 

that are optimized for the local tumor microenvironment, and that are specific to each 

well-defined EOC histotype. 

1.2 Cancer and tumor microenvironment 

 The tumor microenvironment (TME) represents a dynamic crosstalk between 

cancer cells, local immune cells and the surrounding stroma 42. The tumor stroma 

represents the non-immune components of the TME that enable tumor progression and 

evasion. These include extracellular matrix, fibroblasts and mesenchymal stromal cells 

that collectively establish an immunosuppressive axis. During cancer development, 

fibroblasts change their expression profiles to become cancer associated fibroblasts and 

secrete dense extracellular matrix and pro-tumorigenic growth factors in addition to 

immune inhibitory and anti-apoptotic proteins 43,44. The immune context within the TME 

consists of innate and adaptive cells, and a myriad of soluble factors, including cytokines 

and chemokines 42. Similar to many solid tumors, ovarian cancers are immunogenic and 

elicit varying levels of immune responses depending upon the tumor site and its clonal 

heterogeneity 42,45ï47. Failure to achieve a favorable immune homeostasis between 

activation and suppression components leads to evasion and tumor proliferation 15.  

1.2.1 Cancer immunoediting  

 In 1909, Paul Ehrlich was the first to postulate the ñimmune surveillanceò theory 

that predicted the immune systemôs role in maintaining host defence against nascent 

tumor cells 48. Subsequent studies were thus aimed towards designing experimental 

models that could test this hypothesis; and with the advent of immunodeficient mice 
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models and discovery of cytokines, interferon- ɔ (IFN-ɔ) and IL-2, the confidence in the 

theory received critical support 49. Specifically, it was demonstrated that lymphocyte 

deficient mice exhibited a significantly higher incidence for developing tumors compared 

to wild type mice 50.  

In 2002, Schreiber et. al. later elaborated on the immunosurveillance concept to 

develop a unifying framework that also accounts for immune mechanisms that aid cancer 

progression 49. This dynamic interaction between cancer and immune cells is defined as 

cancer immunoediting, and depending on the stage of tumor progression, it is sub-divided 

into 3 phases: elimination, equilibrium and escape 51. The elimination phase is a 

redefined version of the classical immune surveillance concept wherein both the innate 

and adaptive components of immune system actively mediate recognition and elimination 

of the nascent tumor cells. During the equilibrium phase, the immune system applies a 

selective evolutionary pressure on remaining tumor cells leading to acquisition of 

genomic changes that enable immunogenic sculpting and early development of an 

immunosuppressive network. Failure to achieve a favorable immune homeostasis 

eventually leads to tumor escape and proliferation 49. 

1.2.2 Elimination  

A robust DNA damage and repair system is central in maintaining genomic 

integrity for normal cell survival and reproduction 52,53. Continuous exposure to 

exogenous, as well as endogenous, genotoxic stressors can overwhelm the DNA damage 

repair machinery - resulting in frequent error prone repairs that may or may not induce 

cell cycle arrest 54. Severe DNA damage that is beyond the systemôs restorative capacity 

eventually leads to induction of processes that mediate programmed cell death or 

apoptosis 53. Nascent cancer cells, however, are able to circumvent these cell-intrinsic 

mechanisms owing to defective DNA repair mechanisms coupled with acquired 

resistance to apoptosis; requiring external support from the immune system to prevent 

tumor initiation 54.   

In the elimination phase, both the cellular (innate and adaptive cells) and soluble 

(antibodies, cytokines, chemokines and growth factors) components of the immune 

system mount an anti-tumor response 55. Cells of the innate immune system act as first 
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responders against developing tumors, but are usually unable to provide long-lasting 

protective immunity 55. In order to drive an effective tumor-antigen-specific adaptive 

immune response, strong signals of immunogenic cell death (ICD) are required to 

activate dendritic cells (DCs), who play a vital role in initiating adaptive immunity 55.  

Cancer cells are characterized by their surface expression of stress-induced 

ligands such as MICA/B (human) and RAE-1 (mouse), that upon recognition by innate 

effectors cells such as, natural killer (NK) and natural killer-T (NKT) cells via germline 

encoded receptors (e.g. NKG2D), release perforin and granzyme to lyse cancer cells 56,57. 

In addition, cancer cells also express calreticulin that serve as phagocytic signal for 

macrophages 58. This results in release of damage associated molecular patters (DAMPs), 

tumor associated antigens (TAAs) and tumor specific antigens (TSAs) that are captured 

by DCs, leading to amplified production of cytokines and chemokines that recruit more 

immune cells 55. Activated DCs migrate to secondary/tertiary lymphoid organs wherein 

naïve T-cells are primed and activated 55. At this stage, the nature of immune response is 

determined since naïve T-cells could either mature into T-effector or T-regulatory 

lineage, the former being associated with strong anti-tumor immunity, while the latter are 

known for their immunosuppressive effects 55. In the TME, CD8+ T-effector cells 

recognize TSAs presented via major histocompatibility complex-I (MHC-I) on tumor 

cells through their T-cell receptors (TCRs) and exert cytotoxic activity by releasing 

perforin and granzyme 55,59. Subsequent tumor lysis results in increased release of tumour 

antigens, and further amplifies ICD in a cyclic series of events as explained above 55.  

1.2.3 Natural Killer Cells  

NK cells are innate members of the lymphoid lineage and are involved in 

recognition and elimination of virus-infected and nascent tumor cells 60ï62. Human NK 

cells are broadly classified according to surface expression of CD56 and CD16 antigens: 

CD56dimCD16+ and CD56brightCD16- NK cells sub populations, with the former 

expressing higher levels of cytolytic molecules, while the latter are associated with 

secretion of pro-inflammatory cytokines 62. Mice NK cells are classified based on surface 

expression of CD27 as CD27hi and CD27lo and are functionally analogous to human 

CD56bright  and CD56dim subsets respectively 63. In humans and mice, NK cell activation 
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and effector functions are largely determined by net integration of signals from activating 

and inhibitory receptors, in addition to other factors including: prior sensitization, 

maturation and cytokine stimulation 45,64ï68.  

Cancer cells upregulate stress-ligands that mediate enhanced immune recognition 

and ICD 69. Many cancer cells also downregulate MHC-I expression in order to evade 

from T-cell mediated immune responses 70ï74. Cytolytic NK cells exploit this evasive 

mechanism of MHC-I negative tumors, since they are equipped with germline encoded 

inhibitory receptors that are able to sense loss of MHC-I, allowing them to mount an anti-

tumor response 71,72,75. Activated NK cells exhibit lytic function via degranulation of 

granzyme and perforins, or alternatively, through binding of tumor necrosis factor-alpha-

related apoptosis-inducing ligand (TRAIL) or Fas Ligand (FasL) to their cognate 

receptors on cancer cells. Several studies have attempted to harness NK-mediated tumor 

cytotoxicity 60,75. Sun et. al. 76 show enhanced NK cytotoxicity in-vitro when co-cultured 

with cancer cells derived from ovarian cancer patients. Similarly, adaptive transfer of 

expanded NK cells from ovarian cancer patients generated significant cytotoxicity against 

autologous tumors in patient-derived xenograft mouse models 77.  

In the context of ovarian cancers, NK cell infiltration into the TME is associated 

with improved survival68,71,78. Some studies have associated improved prognosis with 

increased co-infiltration of cytotoxic T-cells, suggesting that NK activation in TME may 

play a crucial role in sustaining long-lasting adaptive response 79,80. Additionally, 

immunosuppressive cytokines and pro-angiogenic factors in ovarian tumors lead to 

dampened NK responses 81ï87. For instance, overexpression of macrophage inhibiting 

factor has been associated with poor clinical outcomes due to its ability to downregulate 

activating receptor NKG2D on NK cells 88. Higher NK cell concentrations have been 

reported in ascitic fluids than peripheral blood, but reprogramming of stromal cells to 

overproduce TGF-beta consequently leads to NK cell suppression 81.  

1.2.4 CD8+ T cells  

1.2.4.1 Priming and activation 

 CD8+ T-lymphocytes play a central role in eliminating intracellular infections and 

malignant cells 89. Principally, TCRs on CD8+ T cells recognize peptide epitopes 
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(antigens) bound to MHC-I molecules on target cells and mediate their effector functions 

either by killing cancer cells directly with lytic granules or by producing pro-

inflammatory cytokines (TNF, IFN-ɔ) that enhance immune surveillance. Priming and 

activation of naïve CD8+ T cells is primarily regulated by activated DCs, and it occurs in 

three successive stages 90. In phase I, activated DCs cross-present tumour associated 

ligands through MHC-I to TCRs on naïve CD44low CD62Lhi CD8+ T cells in the regional 

lymph nodes. Depending upon the TCR affinity to the peptides, this phase could last 

anywhere between 2-8 hours and is characterized by surface expression of the early 

activation markers CD69, and upregulation of CD44 on naïve CD8+ T cells 90ï92. 

Complete activation, however, is dependent upon other costimulatory signals and their 

absence may induce T cell death, anergy, or conversion to regulatory phenotype. Phase II 

lasts for 8-24 hours after original DC stimulation, during which stable TCR-

peptide/MHC-I conjugation takes place 90. At this stage, CD28 and CD40L on activated 

CD8+ T cells bind to CD80/86 and CD40 ligands, respectively, on mature DCs that 

promote differentiation and expansion of CD8+ T 90,93. The CD28 mediated co-

stimulation of activated T cells leads to IL-2 secretion by T cells and results in surface 

expression of IL-2 receptor, CD25, and other co-stimulatory molecules including CD40L, 

ICOS, 41BB, and OX40 90,94. Binding of these receptors to their complementary ligands 

on DCs enhances CD8+ T proliferation 90,95. Rapid division, however, is observed during 

phase III. Phase III begins 24 hours post antigen exposure, and here, dividing CD8+ T 

cells differentiate into CD44hi effector cytotoxic T lymphocytes (CTLs) or long-lived 

memory subpopulations. Effector CTLs shed CD62L adhesion molecules which prevents 

re-entry into lymph nodes 90,96 

Upon antigen recognition, CTLs form an immunological synapse with the target 

cell and release cytolytic molecules like perforins and granzymes, resulting into direct 

cell lysis 97,98. Perforins form pores in the target cells, for the entry of granzymes, which 

subsequently initiates caspase mediated cell apoptosis 99. Additionally, CTLs could also 

induce apoptosis upon binding of its FAS-L to FAS on the target cells 100.  

Following pathogen clearance, 90-95% of expanded T cells undergo apoptosis, 

with the remaining cells becoming memory T cells that are identified by increased 

expression of FOXO1 transcription factor 101,102. FOXO1 represses CTL associated 
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effector functions by downregulating a master transcription factor T-bet, necessary for 

Th1 development and IFN-ɔ production 103. In contrast, FOXO1 induces upregulation of 

EOMES transcription factor that has been shown to promote development of memory 

phenotype 101.  

Memory cells are mainly categorised into central memory cells (TCM) or effector 

memory cells (TEM). TCM cells (CD44hi CD62Lhi) primarily reside in the lymph nodes and 

provide long term memory, whereas TEM cells (CD44hi CD6Llo) are effector cells found in 

peripheral circulation and tissues 102. In recent years, another major CD8+ T cell memory 

subset T memory stem cells (TSCM), have also been identified for its enhanced self-

renewal and long-term effector functions, and are actively studied as immunotherapeutic 

targets 104ï106. These cells present with naïve like CD44low CD62Lhi phenotype and 

express memory markers including interleukin-2 receptor (IL2R) ɓ and chemokine 

CXCR3 together with stem cell antigenï1 (Sca-1) 106.  

1.2.4.2 Immunosuppressive axis and CD8+ T-cells 

 Accumulation of cytotoxic CD8+ tumor infiltrating lymphocytes in the TME 

mediates tumor clearance and has been associated with improved prognosis in several 

cancers, including EOC, but the anti-tumor effects are often neutralized by a complex 

immunosuppressive network that limits T-cell priming and homing to the tumor core 

79,80,107ï113. Cancer cells inhibit CTL-infiltration in several ways. First, activation of 

oncogenic WNT/ɓ-catenin and KRAS signaling leads to production of 

immunosuppressive factors such as VEGF, TGF-b and Indoleamine 2,3-dioxygenase 

(IDO) that collectively mediate development of aberrant vasculature surrounding the 

tumor islet 114ï121. In particular, VEGF decreases expression of VCAM-1 on stromal 

endothelial cells, an adhesion molecule necessary for CTL trafficking, which results into 

reduced CTL infiltration into the tumor core 116,122. Second, insufficient blood supply and 

increased vascular permeability in the tumor bed results in a hypoxic TME 114,122ï124. 

Hypoxia triggers activation of HIF-1, a key transcription factor that induces recruitment 

of immunosuppressive cells including MDSCs, Tregs, tumor associated macrophages 

(TAMs), and limits CTL infiltration 124,125. Third, stromal reprogramming of fibroblasts 

by cancer cells to produce a dense extracellular matrix surrounding the tumor islet, which 
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together with tumor vasculature serves as a nest for immunosuppressive cells while 

restricting CTLs from reaching the tumor bed 126ï128. Such TMEs are histologically 

characterized as ñinfiltrated-excludedò or ñnon-inflamed/coldò tumors 114,129. Non-

inflamed tumors have been associated with melanoma, colon cancer and pancreatic ductal 

adenocarcinoma 129ï132.  

In contrast, ñinfiltrated-inflamedò or ñinflamed/hotò tumors are characterized by 

relatively lower levels of stromal barriers and higher CTL-infiltration in the tumor bed 

129. However, chronic antigen stimulation polarizes CTLs to increase expression of 

certain inhibitory receptors (PD-1/CTLA-4/LAG-3/TIM-3) that upon binding to their 

corresponding ligands on the tumor cells promotes an exhausted phenotype 133,134. 

Exhausted or hyporesponsive T-cells often lose their effector functions and contribute 

towards immune evasion. In recent years, therapeutic blockade of CTL exhaustion 

pathways has significantly improved survival outcomes in several cancers, and the 

concept is termed immune checkpoint blockade (ICB) 114,129,135. In recent years, various 

therapeutic strategies including ICBs, both alone and in combination with other ICBs, 

and in combination with soluble mediators such as IL-2 have been shown to reinvigorate 

exhausted T-cells 136,137.  

1.2.5 Natural Killer T cells  

 NKT cells are a distinct subset of T-lymphocytes that co-express a lipid-reactive 

TCR and markers associated with NK cells (NK1.1, Ly49, CD16) 138ï140. Unlike 

conventional T-cells that recognizes peptide antigens on MHC class I or II molecules, 

NKT TCRs are restricted to lipid and glycolipid antigens that are presented by the MHC 

class I-like molecule CD1d 139. Type I or invariant NKT (iNKT) cells express a restricted 

TCR Ŭ chain rearrangement (VŬ14JŬ18 in mice or VŬ24JŬ18 in humans) and are 

stimulated by glycolipid antigens such as Ŭ-Galactosylceramide (Ŭ-GalCer) 141,142. Type 

II NKT cells exhibit a more diverse TCR-repertoire that do not recognize Ŭ-GalCer, but 

recognize different lipid antigens (e.g. sulfatides) 143ï145. Additionally, these 2 NKT cell 

subtypes distinctively modulate immune responses and cross-regulate each other 146,147. 

In the TME, type I NKTs promote anti-tumor immunity whereas type II NKTs generally 

facilitate immune suppression 146,147. Due to our interest in exploring anti-tumor potential 
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of NKT cells, the thesis will focus exclusively on type I iNKT cells; hereafter referred as 

NKT cells.  

1.2.5.1 NKT cell activation and anti-tumor effector functions 

NKT cells mediate tumor clearance via both TCR-dependent and TCR-

independent mechanisms 138,141,148. In contrast to conventional peptide-restricted T cells 

that complete development before exiting the thymus, most NKT cells leave thymus 

partially matured and complete maturation in the periphery, where they upregulate NK1.1 

and cytokine production capacity 149. They exhibit a memory phenotype (ie. CD44hi) and 

preformed cytokine transcripts that enable them to exert their innate-like effector 

functions rapidly upon stimulation 150,151. NKT cells recognize tumor-associated and 

stress-induced glycolipid antigens presented via CD1d molecules 152,153, and mediate 

direct tumor lysis by release of perforin/granzyme-B or through TRAIL and FasL surface 

receptors 154. Additionally, activated NKT cells produce immunomodulatory cytokines 

(e.g. TNF, IFN-ɔ) 155,156 that mediate increased infiltration and activation of neutrophils 

157ï159, macrophages 160ï164, NK 154,165ï167, T 165,166,168,169 and B cells 170,171. Specifically, 

CD40:CD40L interaction between NKT and DC leads to DC maturation and increased 

production of IL-12 7,168. This IL-12, subsequently stimulates NK and NKT cells to 

produce more IFN-ɔ for activation of cytotoxic NK and T-cells 141,172. NK cell activation 

enables clearance of MHC-negative tumor cells, whereas DC maturation and IL-12 

production provides stimulus for sustained T-cell immunity 141,168. Cancer cells can evade 

NKT cell mediated immune surveillance by downregulating CD1d molecules to avoid 

glycolipid antigen presentation 153,173. However, NKT cells can also target CD1d-negative 

tumors by transactivating NK and CD8+ T cells downstream of exogenous glycolipid 

stimulation 173. As a result, NKT cell activation serves as an effective therapeutic tool for 

targeting heterogeneous tumors 173. 

1.2.5.2 NKT cell development and distribution  

Invariant NKT cells originate from CD4+CD8+ double positive precursor 

thymocytes that are positively selected for invariant TCR expression 151,174. These NKT 

precursors are selected by self-lipid antigens that are presented via CD1d molecules on 



 
 

12 

other double positive thymocytes, 151. NKT cells were initially thought to undergo a 

linear model of development in which NKT precursors transition through 4 stages of 

development from the most immature S0 to final S3 stage 151,175. In this model, NKT cell 

development is defined to progress in stages: S0 (CD24hiCD44loNK1.1lo), S1 

(CD24loCD44loNK1.1lo), S2 (CD24loCD44hiNK1.1lo) to S3 (CD24loCD44hiNK1.1hi) 

151,175. Immature NKT cells from S0 lose CD24 expression to enter S1, followed by CD44 

upregulation in S2 and finally differentiate into S3 with NK1.1 expression 151,175. Recent 

studies, however, have challenged this model as it fails to explain early maturation of 

certain NKT subsets, NKT-2 and NKT-17, that express Gata3 and ROR-y-t, respectively 

at stage 2. Some NKT precursors are now thought to undergo maturation and become 

thymic resident NKT cells, while the remaining ones migrate to periphery and complete 

maturation 151,175. Depending upon the nature of antigen-TCR signal (strength and 

duration) and type of cytokine stimulation, immature NKT cells can differentiate into: 

NKT-1, NKT-2, NKT-10 and NKT17 effector subtypes that mirror cytokine profiles of 

Th1, Th2, Th10, Th17 subsets of conventional T-cells respectively 151,176,177. For instance, 

increased TCR signaling intensity has been associated with increased differentiation into 

NKT-2 and NKT-17 subsets 178. Additionally, cytokines such as IL-15, IL-25 and IL-7 

have also been implicated in survival and differentiation of NKT-1, NKT-2 and NKT-17, 

respectively 151. 

After thymic or peripheral development, mature NKT subpopulations are broadly 

divided into CD4- and CD4+ subsets 179,180. In humans, CD4+ NKT cells generally 

express Th2 and Th1 cytokines, whereas CD4- subsets (CD4-CD8+ and CD4-CD8-) 

exhibit a cytotoxic phenotype and predominantly secrete Th1-related cytokines 151,181. 

Th1-like NKT cells predominantly reside with liver (12-30% of lymphocytes) and spleen 

(1-3%), and feature greater anti-tumor potential 154,182ï184. Th2-like NKT populations are 

enriched in the lungs (5-10%) and intestine (0.05-0.6%), although lungs also contain Th-

17 producing NKTs 151,182. 

1.2.5.3 NKT cell agonists 

 NKT cell maturation and activation is facilitated by endogenous and exogenous 

lipid antigens that each have the potential to skew NKT cell cytokine responses 185. This 
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unique ability of NKT cells also predisposes them as promising therapeutic targets, and in 

this area of research, various efforts have been directed towards either screening for novel 

NKT cell ligands or development of synthetic NKT cell stimulators for desired 

therapeutic manipulation 148,150. One such NKT ligand Ŭ-Galactosylceramide (ŬGalCer), 

was originally extracted from a marine sponge Agelas mauritianus during a screening for 

novel anti-cancer therapeutics, and has been extensively studied for inducing potent anti-

tumor responses 165,166,186ï189. Ŭ-GalCer is essentially a sphingolipid composed of a 

galactose moiety that is covalently linked to sphingosine and fatty acyl chains (Fig. 2) 186. 

Its synthetic analog, KRN7000, is a commonly used NKT cell stimulator that induces 

rapid production of Th1 and Th2 cytokines and downstream transactivation of other 

immune cells in mice, rats, humans, and macaques 190ï193. ŬGalCer administration has 

been found to prevent metastasis and prolong survival in pre-clinical tumor models, but 

clinical translation of this compoundôs anti-tumor efficacy in humans, as noted from over 

30 clinical trials, has yielded suboptimal results 7,194,195. Some of the major challenges 

include: secretion of both regulatory and anti-inflammatory cytokines, induction of 

anergy, and immune suppression by TME 7,194.  

 

 

Figure 1 Chemical structure of Ŭ-GalCer. (2S,3S,4R)-1-O-(Ŭ-dgalactosyl)-N-

hexacosanoyl-2-amino-1,3,4-octadecanetriol. Ŭ-GalCer is Ŭ-GalCer contains galactose 

head moiety linked to a sphingosine ceramide lipid chain. The lipid portion is further 

attached to fatty acyl chain which interacts with the antigen-binding groove of CD1d, and 

galactose moiety binds to Ŭ-chain of the invariant TCR of NKT. 

 
Ŭ-GalCer treatment polarizes NKT cells to secrete IL-4 within first 2 hours of 

injection, followed by delayed release of IFN-ɔ, leading to conflicting immune effects 

194,196,197. Consequently, various derivates of Ŭ-GalCer such as OCH and Ŭ-C-GalCer 
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have been designed by making modifications to the glycoside linkages that alter NKT 

cell signaling 198. For instance, Ŭ-C-GalCer-induced NKT cell activation predominantly 

drives Th1 responses and provides superior anti-tumor protection in comparison to Ŭ-

GalCer 199. In contrast, OCH, an Ŭ-GalCer analog with a truncated sphingosine chain, 

skews NKT cell activation toward a Th2 bias 200. C20:2 and PBS-25 are other such Th2 

biased analogues that have been implicated in controlling autoimmune diseases 201,202.  

In addition to these exogenous ligands, a variety of self-lipid antigens such as 

isoglobotrihexosylceramide 3 (iGb3) 203, ɓ-glucosylceramide(ɓ-GlcCer) 204, Ŭ-

glycosylceramides 205, lysophosphatidylethanolamine (pLPE) and lysophosphatidic acid 

(eLPA) 206 have also been identified, but are generally unable to overcome activation 

threshold necessary for eliciting strong NKT cell activation in the absence of other 

inflammatory stimulators such as IL-12 or IL-18 138. Based on these observations, an 

affinity threshold model had been proposed that predicted that high affinity TCR-CD1d 

interactions induce durable IFNɔ production whereas weaker agonists drive NKT 

polarization towards Th2 response 200,207. However, some studies have argued against 

establishing TCR affinity-based threshold model as the principle mechanism for driving 

selective NKT stimulation 208. For instance, even though Ŭ-C-GalCer has weaker TCR 

interaction than OCH, it exhibits longer half-life interaction with CD1d complex and 

induces Th1 response 208,209. Thus, precise mechanisms by which structural variants of 

ŬGalCer could be altered for specific iNKT cell functions are not clearly understood 208. 

 A single dose of free Ŭ-GalCer treatment provides superior anti-tumor protection 

than multiple doses 210. The latter has been associated with anergy induction in NKT cells 

wherein constant glycolipid stimulus disrupts normal DC maturation, and leads to 

accumulation of tolerogenic or regulatory DCs which induce óhypo-responsivenessô in 

NKT cells in an IL-10 dependent manner 209,210. An alternate strategy to overcome NKT 

cell anergy is to utilize Ŭ-GalCer loaded DCs. This has been shown to elicit stronger and 

more durable NKT cell responses than free Ŭ-GalCer injections while avoiding anergy 

induction 211ï213. ŬGalCer presentation by non-DCs has been shown to inhibit IFN-y 

secretion from NKT cells, and induce anergy or a Th2 response 194,214.  
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1.2.6 Dendritic cells  

 DCs constitute a uniquely potent subset of antigen presenting cells (APCs) that 

play a central role in bridging innate and adaptive immunity 215. Immature DCs constitute 

the majority of the peripheral DC population and exhibit high endocytic and antigen 

processing capacity 216,217. Danger signals such as DAMPs and pathogen-associated 

molecular patterns serve as maturation signals for DCs 218. Mature DCs downregulate 

endocytic activity, migrate to secondary lymphoid organs and upregulate surface 

expression of MHC (class I and class II) molecules, costimulatory molecules (CD80, 

CD86, CD40) and proinflammatory cytokines 219. These 3 stimuli are essential for 

optimal T cell activation, and hence, DCs are also termed as professional APCs 220. DCs 

are unique among APCs in their ability to cross-present extracellular antigens on MHC-I, 

which is generally reserved for endogenous antigens, and stimulate CD8+T cells. This 

ability to cross-present antigens by DCs make them central in priming anti-tumour T-cell 

immunity. Processed antigens are loaded onto MHC-I and MHC-II molecules, and 

presented to CD8+ and CD4+ T cells respectively 215. These antigen-specific T cells 

migrate to TME and target MHC-positive tumor cells. Mature DCs produce chemokines 

including CXCL9 and CXCL10 which promote infiltration of CD8+T cells, NK and 

NKT cells 215. 

1.2.7 Myeloid derived suppressor cells 

 In ovarian cancers, myeloid-derived suppressor cells (MDSCs) are associated 

with increased tumor proliferation, vascularization, immune suppression and an overall 

poor prognosis 221ï226. The TME is enriched with cytokines and growth factors such as 

tumor necrosis factor (TNF-Ŭ), macrophage colony-stimulating factor (M-CSF), 

granulocyte colony-stimulating factor (G-CSF), granulocyte monocyte colony-

stimulating factor (GM-CSF), VEGF, prostaglandin E2 (PGE2), and interleukins (IL-1ɓ, 

IL-10, IL-18, and IL-6) that collectively disrupt the differentiation of myeloid precursors 

ï leading into accumulation of a heterogenous population of immature myeloid cells that 

have immunosuppressive functions 221,227. MDSCs are CD11b+ and, and can be classified 

into monocytic (Ly6ChighLy6Gī) and granulocytic (Ly6ClowLy6G+) subpopulations in 

mice 227,228. There are no specific markers for MDSCs, and they have to be defined by 
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functional suppressive activities. In ovarian cancer patients, monocytic MDSCs are more 

prevalent than granulocytic MDSCs, and are also suggested to be a reliable prognostic 

biomarker 221,226,229ï231. 

MDSCs exert their immunosuppressive effects by several mechanisms. MDSCs 

produce arginase-1 (Arg-1) and Indoleamine 2,3-dioxygenase (IDO), that cause 

downstream depletion of amino acids, L-arginine, L-tryptophan, and L-cysteine, vital for 

T-cell proliferation and activation 232ï234. Reactive oxygen species and nitric oxide 

released by MDSCs stimulate apoptosis in T cells, in addition to diminishing their 

proliferation and effector functions cells 233,235,236. Recently, MDSC-derived nitric oxide 

has also been shown to inhibit the function of Fc receptors on NK cells, to inhibit tumor 

clearance via antibody-dependant cellular cytotoxicity 234. MDSCs mediate tumor 

angiogenesis and metastasis by upregulating expression of VEGF and matrix 

metalloproteinase (MMP)-9 237,238. MDSCs also support tumor immune evasion by 

upregulating molecules that induce tolerance in T-cells (e.g. programmed death ligand-1 

(PD-L1)) 239.  

1.3 Immune checkpoint blockade 

In past 5 years, therapeutic blockade of T-cell exhaustion pathways has 

significantly improved survival outcomes in several cancers, and has become current 

standard of care for the treatments of metastatic melanoma and non-small-cell lung 

carcinoma 240ï246. Exhausted T-cells exhibit impaired secretion of pro-inflammatory 

cytokines, such as IL-2 and IFN-ɔ, that are crucial for T-cell proliferation, cytotoxicity 

and recruitment 128,135,247,248. Checkpoint blockade uses antagonistic antibodies to 

reinvigorate and rescue exhausted T-cells by blocking signalling of T-cell inhibitory 

receptors such as anti-PD-1 (Pembrolizumab and Nivolumab) and anti-CTLA-4 

(Ipilimumab) 247.  

Although Ipilimumab (anti-CTLA-4) became the first FDA approved checkpoint 

inhibitor for treating advanced melanoma, and yielded disease-free survival in 20% of the 

patients, PD-1 blocking antibody (Nivolumab) exhibited significantly longer recurrence-

free survival and improved safety profile in the subsequent studies 249,250. Since then anti-

PD-1/PD-L1 checkpoint inhibitors have expanded to treat several cancers including lung 
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carcinoma, head and neck squamous-cell carcinoma, Hodgkinôs lymphoma, renal clear 

carcinoma, colorectal cancer, and gastrointestinal cancers 114,242ï245,250.  

In the context of EOCs, objective response rates range between 6ï15% in studies 

using single-agent anti-PD-1 or anti-CTLA-4 blockades, whereas the combination 

therapy with anti-PD-1 and anti-CTLA-4 blockades significantly improved overall 

response rates to 34% 79,80,251,252. Nevertheless, lack of response to immune checkpoint 

blockade remains a major challenge in the majority of patients 253,254. Tumor 

heterogeneity, PD-L1 expression, tumor mutational burden, and T-cell infiltration levels 

are some of the determining factors that have been suggested to predict treatment 

outcomes 131,255,256. In lung and urothelial cancers, high PD-L1 expression on tumor cells 

have been positively correlated with better clinical response to ICB 243,251. In contrast, 

Hamanishi et. al. 257,258 demonstrated poor prognosis in EOC patients with higher PD-L1 

expression when treated with ICB, questioning the predictive validity of PD-L1 

expression. In another pre-clinical murine ovarian cancer model, PD-L1 knockdown in 

ID8 or HM-1 cancer cell lines increased survival times, suggesting the importance of PD-

1/PD-L1 regulatory pathway for immune evasion in ovarian cancers 259.  

Inflamed tumors with significant T-cell infiltration are consistently associated 

with better responses to PD-1/PD-L1 blockades, whereas infiltrated-excluded or cold 

tumors rarely respond to monotherapy 114,129. To maximize ICB potential, several 

strategies aimed towards disrupting the stroma-tumor barrier and boost CTL infiltration 

have been explored 114,251. These approaches include use of immune modulators such as 

anti-angiogenic therapies, PARP inhibitors, and inducers of immunogenic cell death in 

combination with ICBs 114,260. 

1.4 Oncolytic viruses 

The relationship between naturally acquired viral infections and cancer were first 

reported in mid 1800s, when patients with hematological malignancies exhibited short-

term tumor regression upon contracting measles virus 261. Similar incidents were later 

reported in 1904 and 1912 in patients infected with influenza and chicken pox viruses, 

respectively 262,263. Although these anecdotal reports motivated early research in 

understanding the virus biology, the oncolytic potential of viruses wasnôt truly explored 
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until the 1950s with the advent of murine cancer models and cell-culture systems 263,264. 

Complete tumor regression was evident from pre-clinical tumor studies; however, the 

results could not be translated into human clinical trials largely due to uncontrolled 

virulence 265. The advent of recombinant DNA technology enabled researchers to 

genetically engineer wild type viruses with attenuated host pathogenicity and enhanced 

cancer specificity and potency 263. Since then, various DNA and RNA based oncolytic 

agents have been studied including herpes simplex virus, vaccinia, adenovirus, reovirus, 

measles virus, Myxoma virus and vesicular stomatitis virus (VSV) 266. In recent years, 

oncolytic viruses (OVs) have been modified to express immunomodulatory factors such 

as cytokines, chemokines, and antibodies that enable localized delivery of therapeutic 

immunomodulators while reducing systemic toxicities 264. In 2015, United States 

approved talimogene laherparepvec (T-Vec) for aggressive melanoma, a herpes simplex 

virus-1 engineered to express the myelopoiesis-stimulating cytokine GM-CSF267.  

1.4.1 General mechanism of action 

OVs represent an emerging class of immunotherapeutic agents that preferentially 

infect and lyse cancer cells with minimal pathogenicity towards healthy cells 264. 

Oncolytic viruses selectively replicate in tumor cells due to dysregulated metabolism and 

signaling pathways (e.g. IFN or RAS) enabling targeted killing by OVs 268ï270. For 

example, the protein kinase R (PKR) is an intracellular protein that recognizes double-

stranded viral RNA 6. In normal cells, activation of PKR through viral elements impairs 

protein synthesis triggering IFN production and apoptosis, thus reducing viral replication 

6,271. Cancer cells are often deficient in PKR activity, resulting in increased viral 

replication 6. OVs mediate their anti-tumor activities through two mechanisms, direct 

viral lysis of infected tumor cells and stimulation of anti-tumor immunity that results 

from release of tumor antigens and inflammatory recruitment of immune cells 265. 

Following OV infection and replication, tumor cells undergo lysis to release thousands of 

virions that infect surrounding cancer cells to mediate tumor killing via ICD 265,266; a 

pathway that  results in the release of tumor antigens, pro-inflammatory cytokines 

(TNFŬ, IFNɔ, IL-12) and DAMPs (HMGB1, ATP, CRT) that promote recruitment, 

activation and maturation of DCs 114,272ï275. Mature DCs cross-present tumor antigens to 
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T-cells in lymph nodes and stimulate cancer specific adaptive immunity 276. Additionally, 

viral oncolysis facilitates disruption of physical barriers surrounding TME in several 

ways including, collapse of blood vessels feeding tumors, extracellular matrix 

degradation, reprogramming of TAMs from a pro-tumorigenic M2 phenotype to pro-

inflammatory M1 phenotype, decreasing recruitment and differentiation of Tregs, and 

upregulation of MHC-I on tumor cells 277ï279. These factors collectively alter TME and 

regulate intratumoral infiltration of T-cells 278.   

1.4.2 Synergy with checkpoint blockade therapy 

In response to OV infection, various pre-clinical and clinical studies have reported 

upregulated expression of PD-1 and PD-L1 on immune and tumor cells respectively 

280,281. Combination therapy of anti-PD-1 checkpoint blockade and T-VEC OV has been 

shown to induce superior CD8+ T infiltration, and increased IFN-ɔ expression compared 

to individual treatments in patients with advanced melanoma 277,282. This synergistic 

effect is also evident with combination therapy of coxsackievirus and anti-PD-1 

blockade, and helps to overcome immunosuppression while simultaneously driving T-cell 

infiltration into the TME 283,284.  

1.4.3 Vesicular stomatitis virus (VSV) overview 

 VSV is a single-stranded negative sense RNA virus of the Rhabdoviridae family 

285,286. Wild type VSV of the Indiana or New Jersey serotypes primarily infects cattle, 

horses, sheep, and insect vectors. VSV infections are rarely lethal and cause oral lesions 

in livestock 286. In humans, VSV infections manifest as an acute flu-like illness, and are 

limited to laboratory and agricultural workers 287,288.  

 The VSV oncolytic platform is promising for several reasons 288. First, the small 

VSV RNA backbone replicates quickly, efficiently lysing tumor cells with the release of 

thousands of virions within 6 hours post infection 288. This is in contrast to large DNA 

virus backbones such as adenovirus or vaccinia virus that offer greater room for 

engineered genetic material but are slower to replicate and produce low virus yields 289. 

Second, the VSV genome is amenable to manipulation, and in recent years various 

recombinant VSVs have been genetically engineered for improved potency, and 
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transgene expression that synergizes with host immunity or combination therapies for 

greater anti-tumor benefits 288. Third, VSV cell-receptors, including the low-density 

lipoprotein (LDL) receptor, sialoglycolipids, heparan sulfate and phosphatidylserine, are 

ubiquitously expressed on tumor cells, whereas some OVs are dependent on differential 

receptor expression profiles, specific to the virus itself 289. Fourth, cytosolic replication 

ensures no risk of host cell transformation 289. Fifth, lack of pre-existing immunity 

against VSV in the global human population makes it an ideal candidate to be translated 

for therapeutic use in clinical settings 289.  

1.4.3.1 VSV structure  

 VSV is a bullet shaped virus and has a relatively short non-segmented genome of 

11 kb that encodes 5 viral proteins: glycoprotein (G), matrix (M), nucleocapsid (N), 

phosphoprotein (P), and large RNA polymerase (L) 290. G and M are involved in viral 

assembly and budding during the early infection phase and facilitate downregulation of 

host anti-viral machinery, whereas N, P and L form the ribonucleoprotein core and 

regulate virus transcription, replication and amplification (Figure 2) 291. Briefly, the VSV 

RNA is encapsulated by multiple copies of N protein to form a nuclease resistant N-RNA 

complex that serves as a template for mRNA synthesis and genomic RNA replication 292. 

This complex is also fused with viral RNA-dependent RNA polymerase (RdRP), a 

complex of L and P proteins, and collectively form a ribonucleoprotein (RNP) core that is 

surrounded by the internal matrix protein 292. In addition to virus budding, the matrix 

protein plays an important role in wild-type VSV infection by suppressing transcription 

of host cellôs antiviral machinery 293. This enables unhindered VSV replication in 

infected cells. The transmembrane glycoprotein binds to members of the LDL receptor 

family receptors and mediates viral entry via endocytosis 294.  

1.4.3.2 VSV transcription, replication and budding 

The VSV life cycle is initiated upon binding of the G protein to LDL cell surface 

receptors, causing clathrin mediated endocytosis (Figure 2) 291,294. Internalized VSV is 

then transported to endosomal compartments wherein the low pH induces a confirmation 
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change in the G-protein and triggers fusion of viral envelope with endosomal membrane - 

leading to release of virion content into the cytoplasm 294,295.  

In the cytosol, the RdRP complex initiates primary transcription by recognizing a 

specific single-entry start site in the leader sequence at the 3ô end, and sequentially 

transcribes the RNA genome in the following order: 3ô-N>P>M>G>L-5ô 296. Once the 

RdRP complex arrives at the intergenic regions, which contain the sequences for poly 

adenylation and transcriptional start/stop sites, the probability of complex-template 

disassociation become higher 297ï299. This leads to a gradient production of viral proteins 

since VSV template transcription is polar, meaning transcription of each successive gene 

depends on complete transcription and termination of the gene upstream. Consequently, a 

30% reduced expression of each successive mRNA, relative to the gene upstream, is 

observed with the N protein being the most abundant, followed by decreasing gradients in 

the order given: P, M, G and L proteins 298. Capped and polyadenylated viral mRNAs are 

translated by host ribosomes to produce viral proteins 298,300.  

Once adequate levels of N and P proteins have been produced, the RdRP complex 

begins transcribing the VSV negative sense RNA strand to synthesize positive sense anti-

genomes 292,300. This anti-genome serves as template strand for RdRP complex, which 

acquires replicase function, and generates complementary full length, negative sense 

molecules 292,300. The nascent RNA genome is encapsulated by soluble N and P proteins 

to become RNP core and packaged into virions during assembly 300. The M protein 

facilitates the assembly and packaging of the nascent RNP cores, and strongly binds to 

the óanchorô regions of transmembrane G protein for the release of mature infectious 

particles from the host cell in a process called budding 301
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Figure 2 VSV structure and life cycle. VSV virion is a bullet shaped Rhabdovirus that 

encapsulates a negative-sense single-stranded RNA genome in complex with 

nucleoprotein (N), phosphoprotein (P) and large polymerase (L); collectively forming a 

ribonucleoprotein complex. The matrix protein (M) and glycoprotein (G) enable virion 

budding. VSV enters host cells via receptor-mediated endocytosis and are transported to 

cytoplasm by endosomes. Release of viral contents including RNA genome, N, L and P 

proteins trigger transcription and translation in cytoplasm. M proteins facilitate inhibition 

of host translation machinery. VSV RNA genome undergoes polar transcription followed 

by translation of polyadenylated mRNAs into viral proteins. VSV replication is induced 

upon adequate production of N, L and P proteins that upon assembly acquire replicase 

function and enable synthesis and encapsulation of nascent negative sense RNA genome. 

G and M proteins are targeted to cell-membrane for facilitating virion budding. The 

figure was created with BioRender.com. 
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1.4.3.3 VSV oncoselectivity and IFN sensitivity 

 VSV is a promising candidate for oncolytic virotherapy due to its natural tropism 

towards diverse cancer cell lines 302. This oncoselectivity primarily stems from 

diminished type I IFN-signaling in malignant cells 302ï304. In contrast, normal cells are 

equipped with intact IFN-signaling that, upon secretion, activate IFN stimulated genes 

leading to upregulation of antigen processing machinery and downstream activation of 

immune cells for viral clearance 303. To evade host anti-viral response, VSV encodes a 

matrix protein that binds to two nuclear pore proteins, Rae-1 and Nup98, at the nuclear 

membrane and prevents host mRNA export into cytosol 293,305. Additionally, the M 

protein also inhibits the host RNA polymerase II activity 306,307. This technique of 

hijacking the host machinery induces translation host shut off, and eventually leads to 

apoptosis of malignant, as well as normal cells 308. In rodents and non-human primates, 

VSV rapidly replicates in nasal epithelium followed by viral propagation to olfactory 

neurons and eventually to brain, where they cause severe neuropathogenesis 289,309ï311. To 

address safety concerns and improve VSV oncoselectivity, Stojdl et al. generated a 

recombinant VSV-ȹM51 carrying a deleted methionine residue 51 in the M protein; and 

thus, preventing VSV-M induced masking of host anti-viral responses in normal cells 312. 

The VSV-ȹM51 oncolytic platform has been used in many studies and has been 

engineered to  express molecules that improve viral oncoselectivity or modulate anti-

tumor immune responses 288,313,314.  

1.4.4 Recombinant VSV-IL -12 

1.4.4.1 Interleukin -12 general biology 

 IL-12 is a potent pro-inflammatory cytokine that plays a central role in inducting 

T, NK and NKT-cell mediated immune responses 315,316. This 70 kDa heterodimeric 

protein is composed of two subunits, p35 and p40, that are linked by disulfide bonds to 

form the bioactive IL-12p70 cytokine 317. In response to bacterial and viral infections, 

DCs, B-cells, monocytes, macrophages and neutrophils produce IL-12, which exerts its 

functions directly on IL-12 receptor expressing immune populations including NK cells, 
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NKT cells, T cells and Innate Lymphoid cells  318,319. Upon ligand binding, IL-12 induces 

transphosphorylation of Janus kinases-2 and specific tyrosine residues on the IL-12 

receptor, that serve as docking sites for phosphorylation and dimerization of STAT-4 

molecules 320,321. STAT-4 homodimers translocate to nucleus and mediate transcription of 

specific genes that promote increased cytolytic functions and clonal expansion of T and 

NK cells 319,322, polarization of Th1-type immune responses 323,324 and reprogramming of 

immunosuppressive cells to acquire a pro-inflammatory immune profile 325ï327. 

Specifically, IL-12 signaling in NK cells, CD4+ and CD8+ T cells induces production of 

a major effector cytokine - IFN-ɔ, which is critical for coordinating anti-tumor defense 

315,324,328.  

 Naïve CD4+ T cells differentiate to Th1 phenotype upon stimulation with IL-12 

and IFN-ɔ, and CD8+T cells differentiate into CTLs 324. IL-12-mediated IFN- ɔ 

production has diverse immune stimulatory properties including: upregulation of 

cytotoxic (perforins, granzyme and Fas Ligand (FasL)) 319 and chemotactic molecules 

(CXCL9 and CXCL10) leading to increased recruitment of NK, NKT, and effector T 

cells 329,330; whereas increased MHC expression on tumor cells facilitate increased cell-

mediated tumor lysis 331,332. Additionally, IL-12 also targets the immunosuppressive axis 

by downregulating secretion of angiogenic factors (MMP-9, CXCL12 and VEGF) 

328,330,333,334 and reprogramming anti-inflammatory M2 macrophages into anti-tumor M1 

macrophages 325. For instance, VEGF has been associated with hindering DC maturation, 

recruitment of Tregs, and induction of T-cell exhaustion 335ï337. Thus, IFN- ɔ is a central 

mediator of IL-12-induced responses, which in turn acts on APCs to increase IL-12 

secretion in a positive feedback loop that further maximizes Th1 immunity 338. 

1.4.4.2 IL -12 immunotherapy 

Therapeutic benefits of IL-12 have been studied in pre-clinical mouse cancer 

models, but severe dose-limiting toxicities associated with systemic IL-12 administration, 

as evident from numerous clinical trials, has prevented clinical application 339,340. Besides 

toxicity, low immune response rates to intravenous IL-12 treatment is reported in patients 

with metastatic renal carcinoma, melanoma, colon carcinoma, recurrent ovarian cancer, 

and neck and head carcinoma 315,339,341. IL-12 is a potent pleiotropic cytokine and its 
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systemic administration induces rapid release of pro-inflammatory cytokines (IFN-ɔ, 

TNF-Ŭ, IL-6), even from non-targeted circulating lymphocytes, which leads to rapid 

depletion of peripheral leukocytes 342,343. Repeated IL-12 treatments also evoke 

production of IL-10 and TGF-beta, cytokines that negatively regulate IL-12 activity and 

instead neutralize the anti-cancer effects of IL-12 therapy 343,344. In contrast, localized 

delivery of IL-12 leads to improved clinical benefits with minimal toxicities in melanoma 

and other hematological malignancies 345,346. In recent years, methods to intratumorally 

deliver IL-12 are being actively explored to optimize efficacy and enhance the safety 

profile 342. Some of the methods include: adoptive transfer of lymphocytes that are 

genetically engineered to express IL-12 under inducible promoter 347, electroporation of 

IL-12 encoding inducible plasmids 345 or IL-12 encoding oncolytic viral vectors that 

provide controlled IL-12 expression in the TME 348.  

1.4.4.3 VSV-IL -12 

Various OVs expressing IL-12 have been developed and studied in pre-clinical 

mouse models including herpes simplex virus (HSV), adenoviruses, measles virus, 

maraba virus, Newcastle disease virus, Semliki forest virus, and VSV 348. Amongst these, 

IL-12 expressing HSV strains have been extensively studied by several and demonstrate 

improved anti-tumor efficacies, particularly in pre-clinical glioblastoma and 

neuroblastoma tumor models 348. M032, a second-generation IL-12 expressing HSV 

strain, previously shown to improve survival outcomes without adverse toxicity in non-

human primate glioblastoma models, is currently undergoing clinical trials in patients 

with recurrent glioblastoma 349,350. IL-12 expressing adenoviruses have also been shown 

to drastically improve survival outcomes in pre-clinical models and are clinically 

investigated in melanoma, prostate, pancreatic and breast cancers 351ï354. For instance, IL-

12 encoding adenovirus resulted in complete eradication of pancreatic tumors in hamsters 

and elicited significant accumulation of CD8+ T cells in spleen 351. In the context of this 

study, we sought to genetically engineer the oncolytic VSV-ȹM51 platform to express 

cytokine IL-12, and to examine the anti-tumor response when this virus is used in 

combination with NKT cell immunotherapy in an ovarian cancer mouse model.  
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1.4.5 IL -15 immunotherapy 

IL-15 is a potent cytokine that is mainly secreted by DCs, monocytes and 

macrophages and exhibits numerous immunological functions on innate and adaptive 

cells through its broad pleiotropic activity 355,356. IL-15 needs to complex with both the 

IL-15 specific receptor Ŭ chain (IL-15RŬ) and the ɓɔ common chain (ɓɔc) to execute its 

biological activity 356. Some of the major IL-15 induced responses include: increased 

proliferation and secretion of immunoglobulins from B cells, and enhanced survival and 

cytotoxic activation of NK, NKT and CD8+ T-lymphocytes 357ï359. IL-15 has also been 

implicated in accumulation and survival of both NK and memory T-cell populations after 

infection clearance 355,360,361. Additionally, IL-15 secretion also inhibits differentiation 

and proliferation of immunosuppressive CD4+ Tregs 362. Several preclinical studies have 

demonstrated metastasis reduction, tumor regression, and increased survival in solid-

tumor-bearing mice tumor upon IL-15 treatment 363. Furthermore, some IL-15 treated 

mice continued to remain tumor-free upon re-challenge, and elicit a long-term anti-tumor 

immune response 355,364. IL-15, thus, presents as an ideal cancer therapeutic agent given 

its potential to activate effector immune cells without inducing adverse toxicities 365.  

1.4.5.1 VSV-IL -15 

Targeted delivery of IL-15 in TME using viral vectors such as VSV has 

previously been shown to enhance anti-tumor activity in the mouse CT26 colon cancer 

model 313. Localized delivery mediates superior anti-tumour effects over systemic IL-15 

delivery 366. Developed by Stephenson et. al. 366, VSV-IL-15 is a potent OV engineered to 

express human (h)IL-15 on a VSVȹM51 platform. This will be used to examine anti-

tumor responses in an ID8 ovarian cancer mouse model. 

1.4.6 VSV-p14 

 The reptilian reovirus p14 is a 375 bp Fusion-Associated Small Transmembrane 

(FAST) protein that enhances lateral viral dissemination through its ability to induce cell-

cell fusion 367,368. Several studies have associated FAST protein-induced syncytia 

formation in tumor cells with increased apoptosis in the fused tumor cells 369. In an effort 

to take advantage of syncytia induced tumor cell death, various oncolytic viruses have 
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been engineered to express fusogenic proteins including adenovirus and paramyxovirus 

369ï371. Our laboratory previously showed improved survival in metastatic 4T1 breast and 

primary CT26 colon cancer mouse models using a VSVæM51 vector expressing the p14 

FAST protein 314. 

1.5 Scope of thesis research 

Although conventional treatments for ovarian cancer, including surgical reduction 

and chemotherapy, provide good clinical outcomes when diagnosed early, a high relapse 

rate and detection during later stages when the cancer has metastasized highlight the need 

for the development of novel therapeutic approaches 40. NKT cell therapy in several pre-

clinical tumor models has been shown to elicit anti-tumor immune response and prolong 

survival 153,166,167,195. However, clinical translation of the therapy has resulted into modest 

outcomes and present a need for further optimization 153. I hypothesize that VSV 

constructs expressing IL-12, IL-15, or p14 administered in combination with NKT cell 

immunotherapy and anti-PD-1 checkpoint blockade will enhance NKT cell recruitment 

and antitumor activity, resulting in improved survival outcomes in the ID8 mouse model 

of ovarian cancer. The underlying immunological responses elicited by oncolytic VSV 

and NKT cell activation therapies were also examined.  

1.5.1 Objective 1: To evaluate the impact of VSV expressing GFP, IL-15 or p14 

FAST constructs in combined oncolytic-NKT cell immunotherapy 

Our lab has previously demonstrated that NKT cell activation therapy combined 

with control VSV-GFP prolongs survival in the ID8 model of ovarian peritoneal 

carcinomatosis 166. This thesis examined the survival effects of VSV constructs 

expressing IL-15 or p14 alone and in combination with NKT activation therapy and anti-

PD-1 checkpoint blockade. Immune cell infiltration, activation, and proliferation (flow 

cytometry) following treatment with VSV-p14 in combination therapy were also 

examined. The induction and magnitude of ID8-specific antitumor activity (cytotoxicity 

and cytokine production [IFN-ɔ, IL-4]) was also assessed in ID8-splenocyte co-culture 

assays. Therapeutic activation of NKT cells using Ŭ-GalCer loaded DCs resulted into 

improved survival outcomes over control. In addition, the treatment led to a significant 
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increase in NKT, NK, and T cell populations in ascites and reduced number of Tregs in 

the spleen. Combination therapy with VSV-GFP further prolonged survival. Technical 

challenges, such as reduced oncolytic activity with VSV-p14, presumably due to 

accumulation of defective interfering particles, as well as episodes of hind-limb 

impediments following VSV-IL-15 treatments, made it difficult to determine if these 

recombinant viruses could be of therapeutic benefit in ID8 model. 

1.5.2 Objective 2: Generate a recombinant VSV construct expressing cytokine IL-

12 

A bioactive and expression ready mouse IL-12 gene construct, with elastin linker 

between p40 and p35 subunits (Invitrogen) was cloned into the pVSV-ȹM51-XN2 virus 

plasmid. Reverse genetic techniques were used to generate functional VSV-ȹM51-IL-12-

XN2 viruses. To enhance the magnitude of IL-12 production, another recombinant virus 

construct was generated with an internal ribosome entry site sequence preceding the mIL-

12 gene. In our preliminary survival study, VSV-IL-12 treated mice also developed hind 

limb impairments, and thus had to be sacrificed early during the study. While standalone 

VSV-IL-12 treatments did not exhibit a superior survival benefit over VSV-GFP, 

combination with NKT cell therapy showed an early survival benefit, however, the mice 

eventually succumbed to hind limb impediments.  

CHAPTER 2: MATERIALS AND METHODS  

2.1 Cell lines 

 ID8 ovarian cancer cells (generated by Dr. K Roby, University of Arkansas and 

obtained from Dr. J. Marshall, Dalhousie University), B16-F10 melanoma cells (ATCC), 

Lewis lung carcinoma cells (ATCC), 4T1 mammary carcinoma cells (ATCC), Pan02 

pancreatic cancer cells (generated by Dr T.H. Corbett, Wayne State University and 

obtained from Dr. J. Bell, University of Ottawa), Vero (African green monkey kidney 

epithelial) cells (ATCC) and QM5 (RRID:CVCL_M211) cells were cultured in a 

humidified incubator (37 °C; 5% CO2) in Dulbecco's Modified Eagle Medium (DMEM; 

4.5 g/L glucose, L-glutamine; Corning Life Sciences) supplemented with 10% fetal 

bovine serum (FBS; Fisher-HyClone), penicillin/streptomycin (100 units/ml - 100µg/ml; 
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HyClone) and buffered with HEPES (25 mM; GIBCO). Cells were harvested at 90% 

confluency using trypsin-EDTA (ethylenediamine-tetra-acetic acid; 0.25% Invitrogen) 

and re-suspended in phosphate buffered saline (PBS) for in vivo experiments.  

2.2 Mice 

Wild-type female C57BL/6 mice were purchased from Charles River Laboratories 

(Saint-Constant, QC) and were housed in the Carleton Animal Care Facility at the 

Dalhousie University and used in experiments at 8-12 weeks of age. Experimental 

procedures were approved by the University Committee on Laboratory Animals in 

accordance with the guidelines of the Canadian Council on Animal Care. 

2.3 Ŭ-GalCer reconstitution 

A stock concentration of 0.2 mg/mL Ŭ-GalCer (KRN7000; DiagnoCine LLC) was 

prepared in sterile 1X PBS containing 0.5% tween-20 vehicle. The solution was sonicated 

for 4 hours in a 60°C water bath, aliquoted and stored at -20°C. Prior to use, aliquots 

were thawed and sonicated for another 20 minutes in a 60°C water bath.  

2.4 Cloning of viruses 

2.4.1 Generation of a VSVȹM51-IL -12 plasmid construct containing a glycine-

serine linker sequence 

 I designed an in-silico gene construct encoding the 1.9-kb single-chain murine IL-

12 expression ready cassette (pORF-p40-(G4S)3-p35; Addgene plasmid # 108665) in 

which the p40 and p35 IL-12 subunits are linked by a glycine-serine sequence. The 

sequence of the parent plasmid was engineered to eliminate an internal NheI cut site and 

be repositioned at 3ô site of the IL-12 gene. The construct was synthesized, and subcloned 

into PspOMI and EcoRI sites of the pUC57 vector by Bio Basic Inc. to generate a 

pUC57-p40p35 donor plasmid. The transgene was then PCR amplified (Table 1), and 

subcloned into XhoI and NheI sites of the pVSVȹM51-XN backbone using Quick 

LigationÊ Kit (NEB) generating pVSVȹM51-XN-p40-(G4S)3-p35 (referred as V1; 

Figure 3). The resulting sequence was validated by PCR, and Sanger sequenced (Table 

2). An attempt to rescue V1 virus was made, however, it was unsuccessful.  
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2.4.2 Generation of a VSVȹM51-IL -12 plasmid construct containing an elastin 

linker  sequence 

 A murine IL-12 transgene, bearing p40 and p35 subunits linked by (VPGVG)2 

elastin linker was PCR amplified (Table 1) from pORF-p40-(VPGVG)2-p35 (InvivoGen). 

A a XhoI 5ô restriction site was added to facilitate its cloning into XhoI and NheI sites of 

the pVSVȹM51-XN backbone. Assembly and orientation of the IL-12 transgene in 

pVSVȹM51-XN backbone (referred as V2; Figure 3) was validated by PCR and Sanger 

sequencing (Table 2). An attempt to rescue the pVSVȹM51-XN-p40-(VPGVG)2-p35 

virus was made, however, it was unsuccessful. In particular, no cytopathic effect was 

observed upon infecting Vero cells with the supernatant obtained after clearing MVA 

virus.  

2.4.3 Generation of a VSVȹM51-IL -12 plasmid construct containing an IRES 

sequence 

 An in-silico gene construct was designed with a 5ô XhoI-IRES sequence inserted 

in frame with a 1.6-kb single-chain murine IL-12 expression ready cassette (pORF-p40-

(VPGVG)2-p35 (InvivoGen) that flanked 3ô NheI site. The construct was synthesized, 

and subcloned by Bio Basic Inc. into XhoI and ApaI sites of the pcDNA3 mammalian 

expression vector (Invitrogen) to generate a pcDNA3-IRES-p40-(VPGVG)2-p35 donor 

plasmid. The transgene was then PCR amplified using amplification primers (Table 1), 

and subcloned into XhoI and NheI sites of the pVSVȹM51-XN backbone using an In-

FusionÈ HD Cloning Kit (Takara Bio, USA) to generate pVSVȹM51-XN-IRES-p40-

(VPGVG)2-p35 (referred to as V3, VSV-IRES-mIL-12 or simply VSV-IL-12; Figure 3). 

The resulting consensus sequence was validated by PCR, and Sanger sequencing (Table 

1, 2).  
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Figure 3 VSV plasmid constructs. Schematic diagram showing the genome 

organisation with inserted transgenes of the recombinant VSV plasmid constructs. (V1) 

The construct encodes the p40 and p35 mIL-12 subunits linked by glycine serine linker. 

(V2) The IL-12 subunits are linked by elastin linker. (V3) The construct encodes IRES 

sequence in frame with single-chain IL-12 subunits linked by an elastin linker. N ï 

nucleocapsid, P ï phosphoprotein, M ï matrix protein, G ï glycoprotein, L ï large 

polymerase protein, (G4S)3 ï glycine-serine linker, (VPGVG)2 ï elastin linker, IRES ï 

internal ribosome entry site. 

 
Table 1: List of primers used to amplify gene constructs 

Gene of 

Interest 

Primer 

Orientation 

Restriction 

Site Added 

Primer Sequence 

IRES-

mIL-12 

Forward XhoI 
AGATATCACGCTCGAGACTATCCCCTCTCCC

TCCCC 

Reverse NheI 
GAAGAATCTGGCTAGCTTTAGGCGGAGCTC

AGATAGCC 

mIL-12 

Forward XhoI 
TAAGCACTCGAGATGTGTCCTCAGAAGCTA

ACCAT 

Reverse NheI TAAGCATCTGGCCAGCTAGCTTTAGGC 

p40p35 

Forward XhoI ATCACGCTCGAGACTATCATGGG 

Reverse NheI GCAATCTGGCTAGCCTAAATTCAGGC 

 

N P ɲM 51 G LV1 p35p40 p35

(G4S)3

Gly-Ser 
Linker

N P ɲM 51 G LV2

Elast in 
Linker

p35p40 p35

(VPGVG)2

N P ɲM 51 G LV3

Elast in 
Linker

p35p40 p35

(VPGVG)2

IRES pVSVɲM51-XN-IRES-p40-(VPGVG)2-p35

pVSVɲM51-XN-p40-(VPGVG)2-p35

pVSVɲM51-XN-p40(G4S)3-p35



 
 

32 

Table 2: List of primers used for Sanger sequencing 

Gene of 

Interest 

Primer 

Orientation 
Primer sequences used for Sanger sequencing 

IRES-

mIL-12 

Forward 

1. CTGCAAAGGCGGCACAAC 

2. GCAGTAGCAGTTCCCCTGAC 

3. TCATACCGGTCTCTGGACCT 

Reverse 

1. CCCCTTGTTGAATACGCTTG 

2. CCTGGCAGGACACTGAATACT 

3. CATCTGTGGTCTTCAGCAGG 

mIL-12 

Forward 
1. GCAGTAGCAGTTCCCCTGAC 

2. TCATACCGGTCTCTGGACCT  

Reverse 
1. CCTGGCAGGACACTGAATACT 

2. CATCTGTGGTCTTCAGCAGG 

p40p35 

Forward 
1. GCAGTAGCAGTTCCCCTGAC 

2. GCCCTCCTAAACCACCTCAG 

Reverse 
1. CCTGGCAGGACACTGAATACT 

2. CATCTGTGGTCTTCAGCAGG 

 

2.4.3.1 Rescue of recombinant VSV-mIL -12 

Recombinant VSV-mIL-12 was rescued as described previously 372. Only the V3 

construct could be successfully rescued. Briefly, QM5 cells were infected with the 

modified vaccinia virus Ankara strain encoding T7 RNA polymerase (MVA-T7). Two 

hours post infection, MVA-T7 was removed and QM5 cells were transfected with V3 

genome plasmid along with the helper plasmids pBS-N, pBS-P, and pBS-L at a ratio of 

2:2:1.25:0.25 ɛg, respectively, using Lipofectamine 2000 (Invitrogen). The transfection 

mix was replaced by fresh medium 6 hours post incubation. Two days later, the cell 

culture supernatant was harvested and filtered through 0.22 µm filter to obtain MVA-T7 

free supernatant containing the rescued VSV-IRES-mIL-12 virus. This supernatant was 

then passaged on Vero cells, amplified and plaque purified thrice to obtain recombinant 

VSV particles.  

To confirm the recovery of VSV-IRES-mIL-12, viral plaques were propagated on 

Vero cells and 24 hours post infection cell culture supernatant was analysed for mIL-12 

by ELISA (Invitrogen). Vero cells were harvested for RNA extraction using RNeasy Plus 

Mini kit (Qiagen). One ɛg of total RNA was used to prepare cDNA using advanced 
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cDNA synthesis kit (Wisent Bio). Primers complimentary to the insert were used to 

generate cDNA amplicons by PCR, and were later Sanger sequenced (Table 2).  

2.5 PCR Conditions 

 PCR reactions were performed using Phusion Hot Start II DNA Polymerase 

(Thermo Scientifc) as per manufacturerôs instructions. PCR amplified products were 

analysed using DNA agarose gel (1% agarose; 1X TAE buffer; 90 V; 45 min; RedSafe 

DNA dye (ABM)). Experiments involving extractions of amplified DNA products from 

gel followed similar conditions, except a 0.8% agarose gel was used, and amplified 

products were visualized using a UV transilluminator. DNA bands were excised using a 

scalpel blade and extractions were performed using NucleoSpin® Gel and PCR Clean-Up 

gel extraction kit (Takara Bio, USA).  

2.6 Production of VSV-GFP, VSV-p14, VSV-IL -15, VSV-IL -12 and MVA-T7 

 Vero cells were grown to 90% confluence in in T-175 flasks and infected with 

VSV viruses at a multiplicity of infection (MOI) of 1. Two days later, the supernatant 

containing amplified VSV virus was harvested and centrifuged (500xg, 10 minutes, 4 °C) 

to pellet cell debris. Infected cells were scrapped, resuspended in sterile PBS, lysed with 

3 cycles of freeze-thaw cycles and pelleted (500xg, 10 minutes, 4 °C) to obtain virus 

supernatant. Cleared supernatant and virus suspension were combined, filtered through 

0.22 µm filter and layered onto 20% sucrose solution in sterile PBS. The virus was then 

pelleted by ultracentrifugation (36,000 rpm, 1.5 hrs, 4 °C) and resuspended in 15% 

glucose, aliquoted and stored at -80°C.  

Amplification and purification of MVA-T7 viruses was similar to the VSV 

production system, as described above, with certain differences accounted below. Firstly, 

MVA -T7 viruses were propagated in QM5 cells. Secondly, virus suspension was layered 

onto a 36% sucrose solution in PBS. Thirdly, pelleted virus was resuspended in sterile 

1mM Tris pH9.0 buffer.  

2.7 Plaque assay 

 In a 12-well cell culture plate, 2x105 Vero cells were seeded per well and cultured 

into confluent monolayers. Next day, 10-fold serial dilutions (10-7 to 10-11) of the virus 
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stock in cold serum-free DMEM were prepared and 200 ɛL of each dilution was used to 

infect Vero cells for 2 hours in duplicates with gentle shaking every 15 minutes. Post 

infection, virus was removed, and cells were overlayed with 1mL of 1% agarose solution 

(3.75 mL of 4% agarose in DMEM, 750 ɛL of FBS, and 10.5 mL of DMEM). The 

overlayed plate was inverted upon agarose solidification and incubated undisturbed for 2 

days. To fix the cells, 1 mL of 10% formaldehyde was added to each well. After 1 hour, 

agar plugs were gently removed, and cells were stained with 1% crystal violet (Sigma 

Aldrich). Viral titer determined by multiplying the average number of plaques at a given 

dilution with the inverse of total dilution factor using the below formula. 

 

Virus Titer (PFU/mL) = 
       

    
 

2.8 Bone marrow derived dendritic cells  

 Wild type C57BL/6 mice were anesthetized using 2-3% inhaled isoflurane and 

euthanized by cervical dislocation. Under sterile conditions, femur and tibia were 

harvested after stripping off the skin and muscle tissue. A 30 mL syringe containing DC 

medium (RPMI 1640 supplemented with 10% FBS, 2-mercaptoethanol (20 µM), sodium 

pyruvate (1 mM; Gibco), MEM non-essential amino acids (1x; Corning Life Sciences) 

and penicillin/streptomycin (100 units/ml - 100µg/ml; HyClone)) and a 30-gauge needle 

was used to flush bone marrow through a 40-micron nylon cell strainer to collect cell 

suspension in a 50 mL conical tube. The cell suspension was then pelleted by 

centrifugation (300 x g, 8 minutes, room temperature) and resuspended in 5 mL of cold 

ammonium chloride buffer for 30 seconds to lyse the red blood cells, followed by 

neutralization with 5 mL of DC medium. The cell suspension was again pelleted and 

resuspended in 15 mL DC medium supplemented with GM-CSF (40 ng/mL; PeproTech) 

and IL-4 (10 ng/mL; PeproTech). The cell suspension was then evenly distributed into 3 

wells of a 6-well cell culture plate and incubated in a humidified incubator (37 °C; 5% 

CO2) for 3 days. On day 3, fresh DC medium (5 ml) supplemented with GM-CSF (40 

ng/mL) and IL-4 (10 ng/mL) was added to each well. On day 5, non-adherent cells were 

harvested, resuspended into 15 mL DC-medium supplemented with 20 ng/ml GM-CSF 

and cultured into new wells. On day 6, an additional 1 mL of DC medium supplemented 
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with DCs 20 ng/ml GM-CSF were added to the cells. On day 7, DCs were loaded 

overnight with Ŭ-GalCer (0.4 µg/ml; DiagnoCine LLC) and harvested the following day 

for in-vivo NKT activation experiments.  

2.9 ID8 tumor model 

 C57BL/6 mice were inoculated (i.p.) with 3x106 ID8 ovarian cancer cells at day 0, 

and at days 9, 11, and 13, mice were injected (i.p.) with VSV-GFP, VSV-p14, VSV-IL-

15 or VSV-IRES-mIL-12 (5×108 PFU/mouse). On day 14, mice received 6×105 (i.p.) Ŭ-

GalCer-loaded DCs for NKT cell activation; followed by 3 injections (i.p.) of Ŭ-PD-1 or 

isotype IgG (300 µg) on days 17, 24 and 30. Ascites development was monitored for 

survival experiments. For immune phenotyping experiments, ascitic and spleen tissues 

were harvested and analysed 7 days post NKT cell activation.  

2.10 Immune phenotyping 

 C57BL/6 mice were inoculated ip. with 3×106 ID8 cells and treated with either 

NKT activation therapy alone or in combination with VSV-GFP or VSV-p14. Twenty-

one days post implantation, ascites and disaggregated spleen cells were harvested and 

resuspended in cold RBC lysis buffer (150 mM NH4Cl; Sigma-Aldrich) for 5 minutes, 

neutralized with equal volume of FACS (2% FBS in PBS) buffer and pelleted by 

centrifugation (300xg, 10 minutes, 4 °C). Ascitic and splenic cells were resuspended into 

0.5 mL and 5 mL of the FACS buffer, respectively, and counted using a hemocytometer. 

Cells were processed for flow cytometry.  

2.11 Flow cytometry 

 Prior to staining, cells were pre-incubated with anti-CD16/32 for 20 minutes to 

block non-specific binding, followed by a 20 min incubation with Brilliant Violet-421 

(BV) conjugated-fixable viability dye (FVD; Clone HMN1-12; eBioscience) to 

distinguish live from dead cells. The following antibodies were purchased from 

eBioscience (San Diego, CA), BioLegend (San Diego, CA), or BD Biosciences 

(Mississauga, ON): BV510-anti-CD45.2 (Clone 30-F11); BV605-anti-CD8Ŭ (Clone 53-

6.7); BV785-anti-PD-1 (Clone 29F.1A12); Fluorescein isothiocyanate (FITC) 

conjugated-NK1.1 (Clone 29F.1A12); phycoerythrin (PE)-conjugated CD44 (Clone 
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IM7); Peridinin chlorophyll protein-Cyanine5.5 (PerCP-Cy5.5) conjugated-TCRɓ (Clone 

H57-597); Alexa Fluor 700 (AF700) conjugated CD4 (Clone RPA-T4); APC-eFluor780-

anti-CD69; FITC-anti-Ly-6C (Clone AL-21); PE-anti-CD86 (Clone GL-1); PerCP-

Cy5.5-anti-CD19 (Clone 1D3); Phycoerythrin-Cyanine7 (PE-Cy7) conjugated-CD11b 

(Clone M1/70); Allophycocyanin (APC) conjugated-Ly-6G (Clone RB6-8C5); AF700-

anti-MHC-II (Clone M5/114.15.2); APCe-Fluor780-anti-CD11c (Clone N418); PerCP-

Cy5.5-anti-CD25 (Clone 3C7); BV650-anti-IFNɔ (Clone XMG1.2); PE-anti-Foxp3 

(Clone FJK-16s); APC-anti-CD62L (Clone MEL-14); BV785-anti-CD44 (IM7); FITC-

anti-TCRɓ (Clone H57-597). NKT cells were identified using APC conjugated CD1d 

tetramer loaded with the Ŭ-GalCer analog PBS57 (National Institute of Allergy and 

Infectious Disease Tetramer facility, Emory University Vaccine Centre at Yerkes, 

Atlanta, GA). Intracellular staining of IFN-ɔ and Foxp3 molecules was performed using 

the Cytofix/Cytoperm Plus kit (eBioscience, San Diego CA). Flow cytometry data 

acquisition was performed using a 3 laser BD FACS Celesta with BD FACSDiva 

software. Flow cytometry data was analyzed using FlowJo V10 software.  

2.12 Immune function assays 

 To evaluate whether VSV-GFP treatment alone and in combination with NKT 

cells activation could induce a long-term adaptive response, mice were re-challenged 

with ID8 cells and monitored for tumor growth. Fifty days later, mice were euthanized 

and splenocytes harvested as described above. ID8-specific cytolytic activity was 

examined by co-culturing 1.5x104 splenocytes in a 1:1 ratio with CellTrace Violet 

(Invitrogen)-labelled ID8 cells in a complete RPMI medium for 18 hours. Following 

incubation, cells were stained with APC-Annexin V and 7-amino-actinomycin D (7-

AAD; Invitrogen) and immediately analyzed using flow cytometry to determine apoptotic 

ID8 cells.   

 To further characterize immune activation associated with the above splenocyte-

ID8 co-culture assay, cytokine levels were measured by an enzyme- linked 

immunosorbent assay (ELISA) using murine IFNɔ (eBioscience) and IL-4 (Invitrogen) 

kits as per the manufacturerôs instructions. To do this, 1 million splenocytes from above 

experiment were co-cultured in a 1:1 ratio with ID8 cells in a complete RPMI medium. 
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Supernatants were collected at 12-, 24-, 36- and 48-hours, centrifuged (300xg, 10 

minutes) to remove cell debris. Cleared supernatants were aliquoted, stored at -80°C and 

later analysed for IFNɔ and IL-4 cytokine levels.  

2.13 Murine IL -12 detection 

 To determine the production and concentration of mIL-12 secretion after infecting 

Vero and ID8 cells with VSV-IRES-mIL-12, a murine IL-12 ELISA kit (Invitrogen) was 

used as per the manufacturerôs instructions.  

2.14 Apoptosis assay 

 ID8, B16, LLC, 4T1 and Pan02 cancer cells were seeded (5×103 cells/100 µL 

medium/well) in 96-well plates and incubated overnight. Next day, cells were infected 

with 100 µL of virus at an MOI for 1 for 24 hours. Cells were stained with APC-Annexin 

V and 7-AAD (Invitrogen) and immediately analyzed using flow cytometry.  

2.15 Cell viability assay 

 To evaluate the cytolytic effects of VSV variants on different cancer cell lines, 

MTT assays (Life Technologies) were performed. MTT compound consists of 

tetrazolium rings that are cleaved by mitochondrial dehydrogenase from viable cells 

resulting in the formation of purple formazan crystals, that could be quantified 

photometrically. ID8, B16, LLC, 4T1 and Pan02 cancer cells were seeded (5×103 

cells/100 µL medium/well) in 96-well plates and incubated overnight. Next day, cells 

were infected with 100 µL of virus at varying MOI for 24 and 48 hours. Two hours prior 

to the endpoint, 20 ɛL of MTT solution (5 mg/mL) was added to each well. Post 

incubation, cells were pelleted by centrifugation (1400xg, 5 minutes, 4 °C) and 

supernatant was discarded. Formazan crystals were dissolved upon addition of 100 ɛL of 

DMSO to each well and left on the orbital shaker for 10 minutes. Formazan concentration 

was determined at an optical density of 570 nm using an Epoch microplate 

spectrophotometer (BioTek). Assays were performed in triplicate wells for each 

condition and the mean of the control was standardised to 100% cell viability. Cell 

viability was calculated using the equation below. 
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Viable cells (%) = 
     

      
ρππ 

2.16 Statistical analysis 

 Data in this body of work is expressed as mean ± standard error of the mean and 

statistical significance was set at p < 0.05. Survival data was analyzed by log-rank 

(MantelïCox) test. A non-parametric two-tailed Mann-Whitney U test was used to 

compare between two data groups. Comparisons between more than two data groups 

were made using a Kruskal-Wallis non-parametric ANOVA with Dunnôs post-test. 

Statistical analyses were carried out using GraphPad Prism 8. 
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CHAPTER 3: RESULTS 

3.1 Combining VSV-p14 or VSV-GFP with NKT cell activation therapy to target 

ID8 ovarian carcinoma 

Our laboratory has previously established that NKT cell activation and VSV-GFP 

oncolytic virotherapy as standalone treatments improve survival outcomes in the mouse 

model of ID8 ovarian cancer  166. Combination of these two treatments further enhanced 

survival 166. In this study, I sought to investigate whether VSVæM51 engineered to 

express the p14 FAST protein from reptilian reovirus could provide superior tumor 

protection either as a standalone treatment, or in combination with the NKT cell 

activation therapy and anti-PD-1 checkpoint blockade. 

In-vitro infection of Vero cells with VSV-p14 has been previously shown to 

increase viral spread and induce superior cytolytic activity than VSV-GFP 314. In 

addition, our laboratory has also reported improved survival outcomes in primary 

metastatic 4T1 breast and CT26 colon cancer mouse models using VSV-p14 314. We 

hypothesized that VSV-p14 would also elicit increased survival efficacy over VSV-GFP 

in the murine ID8 ovarian cancer model.  

In our preliminary study, monotherapy treatments with VSV-GFP, VSV-p14, Ŭ-

GalCer-loaded DCs or anti-PD-1 significantly increased the overall survival of the mice 

compared with untreated mice (Figure 4A, B). Although VSV-p14 performed slightly 

better than the VSV-GFP as a standalone treatment, survival outcomes significantly 

improved in mice treated using VSV-p14 in combination with NKT cell activation 

therapy. Additional treatments with anti-PD-1 blockade in mice previously treated with 

the VSV-p14 and NKT activation combination therapy further enhanced overall survival. 

Interestingly, VSV-GFP treated mice did not reach the survival threshold as established 

in ID8 tumor model in our previous report, in which at least 50% of the mice survived 

until day 50 166. Additionally, survival outcomes obtained for NKT cell therapy treated 

mice remained similar to the combined VSV and NKT cell therapy, indicating reduced 

efficacy of VSV-GFP. To address this inconsistency, VSV-GFP and VSV-p14 viral 

stocks used for this study were examined by plaque assays and titer loss was observed 

with long-term storage of viruses (>2 years). Recalculated viral titers of VSV-GFP and 
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VSV-p14 delivered were found to be suboptimal 1.1×105 PFU and 3×105 PFU, 

respectively. Interestingly, even at suboptimal doses VSV-p14 yielded superior survival 

protection over VSV-GFP. It is possible that increased replication kinetics of VSV-p14 

may have compensated for reduced virus dose. 

 

Figure 4 Targeting ovarian cancer with combined NKT cell activation therapy and 

VSV-p14 or VSV-GFP oncolytic virotherapy. (A) Schematic of treatments delivered in 

ID8 ovarian cancer mice model. Mice were intraperitoneally (i.p.) inoculated with 3 x 106 

ID8 ovarian carcinoma cells. Mice received i.p. injection of either VSVMȹ51-GFP or 

VSVMȹ51-p14 (5 x 108 pfu) on days 9, 11 and 13. A single dose of Ŭ-GalCer loaded 

DCôs (6 x 105 cells, i.p.) was delivered on day 14 for NKT cell-activation. Three doses of 

anti-PD-1 treatments was given on days 17, 24 and 31 (100 ɛg, i.p.). (B) and (C) reflect 

independent survival studies that were performed using different batches of viruses. 

Kaplan Meier curves were generated to assess survival curve using Log-rank (Mantel-

Cox) test following treatments with Ŭ-GalCer-loaded DCôs or Ŭ-PD-1 alone or in 

combination with VSVMȹ51-GFP or VSVMȹ51-p14 (n = 5). ns = non-significant, 

*P<0.05, **P<0.01. 
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To address above inaccuracies in our preliminary study, a similar survival 

experiment was conducted using the new viral stocks (Figure 4A, C). Survival outcomes 

obtained for mice treated with anti-PD-1 or NKT activation monotherapies were found to 

be consistent with our previous observation (Figure 4B, C). However, VSV-GFP 

individual treatments and in combination with NKT immunotherapy were found to 

perform better than VSV-p14 (Figure 4C). These observations were surprising given that 

VSV-p14 has been shown to be effective against many types of tumors. At this point, 

therapeutic efficacy of VSV-p14 in ID8 model yet remained elusive, and we suspected 

that the virus might have lost its oncolytic potency over repeated passages likely due to 

presence of an evolved VSV-p14 serotype with suboptimal fitness.  

In addition to discrepancies observed with VSV-p14 treatments, survival 

outcomes observed for Ŭ-GalCer loaded DC treatments were also found to vary in these 

studies (Figure 4B, C). In the second survival study (Figure 4C), ~25% of mice treated 

with standalone NKT cell activation exhibited longer survival than the first study, where 

similar treatments resulted in mortality around day 40. It is speculated that differences in 

culture conditions (e.g. variability in GM-CSF or IL-4 potency) might have influenced 

development of bone marrow derived DCs in either of these cases, leading to differing 

survival outcomes when used therapeutically for NKT cell activation. Additionally, GM-

CSF could drive differentiation of mouse bone marrow monocytes into dendritic cells 

(DCs) or macrophages; and while DCs in suspension could easily be isolated from 

adherent macrophage population, factors such as age of mouse, serum, and experimental 

time setup for the DC generation could also influence purity and maturation of DCs 373. 

In order to ensure equivalency across repeated BMDC cultures, flow cytometric 

immunophenotyping can be used to quantify the purity and maturation status of generated 

DCs.  

3.2 VSV-IL -15 did not improve survival outcomes in the ID8 ovarian cancer 

model 

Given that the targeted delivery of hIL-15 using an oncolytic VSV vector enhances 

VSV efficacy in the CT26 lung metastases model 313, we tested whether VSV-IL-15 

improves VSV therapy in the ID8 ovarian carcinoma model either as a monotherapy, or 
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in combination with the NKT cell immunotherapy and anti-PD-1 checkpoint blockade 

(Figure 5A, B).  

Monotherapy treatments with VSV-GFP, VSV-IL-15, Ŭ-GalCer-loaded DCs or 

anti-PD-1 significantly increased the overall survival compared to the control (Figure 

5B). Approximately 70% of the mice treated with VSV-IL-15 either as individual 

treatments or in combination with the NKT cell immunotherapy and anti-PD-1 

checkpoint blockades had to be sacrificed around day 50 due to increased incidences of 

hind limb paralysis, suggesting the possibility of virus induced neurotoxicity. However, 

these mice did not exhibit ascites buildup at sacrificed. These observations were 

surprising since VSV-IL-15 was engineered to express hIL-15 on a VSVȹM51 platform 

that is specifically designed to attenuate VSV induced host neuropathogenesis and 

required further investigation.  

Although the combined VSV-GFP and NKT cell activation therapies improved 

overall survival than the standalone treatments, the addition of anti-PD-1 did not provide 

superior tumor protection (Figure 5B). Since only two mice received this triple 

combination therapy, additional experiments examining the therapeutic benefit of anti-

PD-1 in combination therapies are needed.  
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Figure 5 Targeting ovarian cancer with combined NKT cell activation therapy and 

VSV-IL -15 or VSV-GFP oncolytic virotherapy. (A) Schematic of treatments delivered 

in ID8 ovarian cancer mice model. Mice were intraperitoneally (i.p.) inoculated with 3 

x106 ID8 ovarian carcinoma cells. Mice received i.p. injection of either VSVMȹ51-GFP 

or VSVMȹ51-hIL-15 (5x108 pfu) on days 9, 11 and 13. A single dose of Ŭ-GalCer 

loaded DCôs (6x105 cells, i.p.) was delivered on day 14 for NKT cell-activation. Three 

doses of Ŭ-PD-1 treatments was given on days 17, 24 and 31 (100 ɛg, i.p. (B) Kaplan 

Meier curve was generated to assess survival curve using Log-rank (Mantel-Cox) test 

following treatments with Ŭ-GalCer-loaded DCôs or Ŭ-PD-1 alone or in combination with 

VSVMȹ51-GFP or VSVMȹ51-hIL-15 (n = 7-10). ns = non-significant, *P<0.05, 

**P<0.01, ***P<0.001. 

 

3.3 VSV-GFP and NKT cell activation increase in-vitro IFN-ɔ secretion in the re-

challenged mice 

 To examine whether VSV-GFP treatment alone and in combination with NKT 

cells activation could induce durable anti-tumor immunity, 2 mice (1 per treatment 

group) that survived the first ID8 tumor inoculation from Figure 5B were re-challenged 

with ID8 cells (Figure 6A). Compared to the control, re-challenged mice did not develop 
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ascites and remained tumor-free, suggesting development of immune memory against the 

ID8 cells (Figure 6B).  

Fifty days post re-challenge, mice were euthanized, and spleens were harvested 

(Figure 6A). Splenocytes were cocultured with CellTrace Violet-labelled ID8 cells at a 

1:1 ratio for 18 hours to assess ID8-specific cytolytic activity. Apoptotic and dead ID8 

cells were characterized by examining surface expression of Annexin V and 7-AAD 

uptake using flow cytometry (Figure 6C). Splenocytes obtained from the mouse that 

received VSV-GFP monotherapy prior to ID8 re-challenge increased 7AAD and Annexin 

V staining of ID8 cells compared to the naïve mouse - indicating presence of ID8-specific 

anti-tumor immunity. Furthermore, splenocytes obtained from the re-challenged survivor 

mouse that had received the VSV-GFP and NKT cell activation combination therapy 

exhibited superior killing of ID8 cells (Figure 6C). These findings indicate that both 

VSV-GFP and NKT cell activation therapy synergize to provide long-term anti-tumor 

immune memory.  

The findings above were also found to agree with ID8-splenocytes co-cultures 

examining IFNɔ and IL-4 production (Figure 6D). A significant increase in IFNɔ 

production was observed in co-cultures containing VSV-GFP treated survivor mouse 

splenocytes compared to those from a naïve mouse. Splenocytes from the mouse that 

receive combination therapy elicited a further increase in IFNɔ secretion in coculture. On 

the contrary, IL-4 levels were highest in naïve mouse 48 hours post incubation. The 

measured IFNɔ and IL-4 levels were near the detection limits of the ELISA kits and 

therefore are subject to further validation. 

Taken together, the in-vitro results obtained from our tumor re-challenge study 

has been met with limitations including small sample size (n=1/group) and low levels of 

detectable IFNɔ and IL-4 providing only limited evidence to confirm VSV-GFP or NKT 

cell mediated development of ID8 immunity. 
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Figure 6 Combination therapy elicited increased IFNɔ secretion in re-challenged 

mice. (A-B) Surviving mice from Figure 2 were re-challenged with 3 x106 ID8 cells (i.p.; 

n = 1 per group). Splenocytes were harvested 50 days post re-challenge and co-cultured 

in 1:1 ratio with CellTraceÊ Violet labelled ID8 cells in duplicate for 18 hours. (C) and 

(D) Cytotoxicity was analyzed using flow cytometry immediately to assess annexin V/7-

AAD staining. (E) IFN-ɔ and IL-4 levels were measured by ELISA. Data are 

representative of 2 internal replicates in (D) and (E).  
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3.4 Immune infiltration in ID8 ovarian cancer  

I previously demonstrate that VSV-GFP oncolytic virotherapy when used alone 

and in combination with NKT cell activation therapy prolonged survival over the 

untreated control (Figure 4C); and while the therapeutic benefit of VSV-p14 as observed 

in a preliminary experiment, this could not replicated in successive experiment, I further 

sought to characterize the differential immune modulatory activities of VSV-GFP and 

VSV-p14 viral stocks previously used for survival studies, alone and in combination with 

NKT cell activation. Activation, expansion, and infiltration of NK1.1+ NK cells, CD1d-

tet+TCR-ɓ+ NKT cells, CD4+ and CD8+ T-cells, CD4+CD25+Foxp3+ Tregs, CD11b-

CD11c+MHC-II+ DCs, Ly-6C+ monocytes and Ly-6G+ granulocytes in ascites and spleen 

tissues were examined using flow cytometry.  

3.4.1 NKT cell activation expands NKT cells in spleen and ascites 

Our laboratory has previously demonstrated that NKT cell activation therapy 

significantly increased survival in 4T1 mammary and ID8 ovarian cancer mouse models 

166. To obtain insight into the immune response elicited by NKT cell activation in the ID8 

model, the number and activation status of NKT cell populations were determined 

(Figure 7A, B). Mice that received Ŭ-GalCer-loaded DC monotherapy exhibited a 

significant increase in NKT cell counts in spleen and ascites compared to the untreated 

mice, whereas VSV-GFP and VSV-p14 individual treatments did not elicit NKT cell 

expansion. Interestingly, while the VSV-GFP and NKT cell activation combination 

therapy did not lead to NKT expansion, VSV-p14 and NKT cell combination treatments 

did exhibit NKT cell expansion response similar to levels observed for Ŭ-GalCer-loaded 

DC monotherapy.  

NKT cells were further characterised based on surface expression of CD4+ and CD8+ 

(Figure 7 C). CD4+ NKT cells secrete both Th1 and Th2 cytokines, whereas CD4-CD8- 

NKT cells predominantly produce Th1-related anti-tumor cytokines 179,180. While splenic 

NKT cells did exhibit an increase in CD4+ NKT subpopulation in mice treated with 

GalCer-loaded DC, a corresponding reduction in DN subtype was not statistically 

significant. Thus, CD4+ NKT cells constitute a significant proportion of expanded NKT 

cells in the spleen following NKT stimulation.  
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Figure 7 Ŭ-GalCer-loaded DCs induce NKT cell expansion in spleen and ascites. 

Mice received i.p. injection of either VSVMȹ51-GFP or VSVMȹ51-p14 (5 x 108 pfu) on 

days 9, 11 and 13 followed by a single dose of Ŭ-GalCer loaded DCôs (6 x 105 cells, i.p.) 

on day 14 for NKT cell-activation. Spleen and ascites were harvested 7 days post 

treatment and (A) Total number of NKT cell counts (TCRɓ+CD1d tetramer+) were 

examined in spleen and ascites using flow cytometry. (C) The frequency of CD4+ and 

DN (CD4-CD8-) NKT subsets in spleen and ascites were also obtained. n = 2-5 per group, 

*P<0.05. 

 

3.4.2 NKT Cell activation upregulates PD-1 expression in ascites 

PD-1 deficient mice have been shown to resist development of NKT cell anergy 

in response to free Ŭ-GalCer 210. To evaluate whether Ŭ-GalCer-loaded DCs elicited 

exhaustion of NKT cells, PD-1 cell surface expression was analyzed in ascites and spleen 

(Figure 8). Mice that received NKT cell activation as a monotherapy or in combination 
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with VSV-GFP exhibited upregulation of PD-1 on ascites NKT cells. Although VSV-p14 

and NKT cell combination therapy also resulted into similar outcome, this did not reach 

statistical significance. In spleen, a modest increase in PD-1 expression was also 

observed in mice that received NKT cell activation monotherapy; the results, however, 

were not statistically significant when compared to untreated mice.  

Our laboratory has previously reported that NKT cell activation achieved via Ŭ-

GalCer-loaded DCs in tumor-free mice exhibit PD-1 expression levels similar to that of 

naïve mice in spleen and liver NKT cells 374. These data implicate that Ŭ-GalCer-loaded 

DCs do not directly induce PD-1 upregulation, which is in line with other studies 

showing that Ŭ-GalCer loaded DCs prevent anergy induction 153. The results from this 

study, however, show significant increase in PD-1 expression on NKT cells following Ŭ-

GalCer-loaded DCs stimulation. It is possible that chronic antigen stimulation of NKT 

cells by endogenous ligands, for example, in the ascitic tumor microenvironment may 

have led to PD-1 upregulation.  

 

 



 
 

49 

 
Figure 8 Ŭ-GalCer-loaded DCs induce PD-1 upregulation on NKT cells in ascites. 

(A) Frequency of PD-1+ NKT cells (TCRɓ+CD1d tetramer+) examined in ascites and 

spleen 7 days post stimulation with Ŭ-GalCer-loaded DCs (i.p. 6x105) using flow 

cytometry. Histograms depict upregulated surface expression of PD-1 compared to 

untreated mice and isotype control (FMO). n = 2-5 per group, *P<0.05. 

3.4.3 NKT cell activation increases splenic dendritic cells 

In order to evaluate the composition of major antigen presenting cells, total cell 

counts of CD11c+MHC-II+ dendritic cells were determined in spleen and ascites (Figure 

9A, B). NKT cell activation led to significant expansion of the splenic DC population 

whereas this was not observed with the combined VSV-NKT cell therapies. A similar 

trend was also observed in ascites; except in mice that received combination therapy 

exhibited the least number of DCs in ascites. Activated DCs have a lifespan of a few days 

to weeks 375, thus, it is possible that some of the accumulated DCs detected in spleen and 

ascites are indeed a-GalCer-loaded DCs, used for activation of NKT cells.  
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Figure 9 NKT cell activation induce DC expansion in spleen. Mice were treated as 

outlined in Figure 7. (A) Total cell counts of DCs (CD11c+MHC-II+CD19-CD11b-) in 

spleen and ascites was assessed. (B) Frequency of mature DC were characterized using 

CD86 activation marker. n = 2-5 per group, **P<0.01. 

  

3.4.4 NKT cell activation expands splenic NK cells 

 To determine the extent of NK cell proliferation in response to NKT cell 

activation treatment alone or in combination with VSV-GFP or VSV-p14 virotherapy, 

NK cells from spleen and ascitic fluid were stained for NK1.1+ surface marker. 

Following treatment with Ŭ-GalCer-loaded DCs, NK cells accumulated in spleen and 

ascites (Figure 10A). Interestingly, the ascitic NK cell counts in mice that received the 

combination therapy were lower than Ŭ-GalCer-loaded DC treatment alone. This suggests 

that the VSV treatments impeded NK expansion in ascites when used in conjunction with 

Ŭ-GalCer-loaded DCs. 

In spleen, the combined VSV-GFP-NKT cell activation treatment also induced 

NK cell accumulation, but at levels similar to the NK cell counts obtained for mice 

treated with NKT cell activation alone. This demonstrates that the observed spike in NK 

cell count was likely due to Ŭ-GalCer-loaded DCs, and that the VSV treatments did not 

impact splenic NK cells count. Additionally, mice treated with only VSV-GFP or VSV-

p14 viral treatments exhibited NK cell counts equivalent untreated tumor-bearing mice.  
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We next assessed NK cell exhaustion using PD-1 surface marker, but no 

significant trends were observed for either treatment type in spleen (Figure 10B). In 

ascites, the combined NKT cell therapy with VSV-GFP or VSV-p14 did result into 

lowest levels of exhausted NK cells, but the data did not reach significance.  

 

 
Figure 10 NKT cell activation induces NK cells expansion in spleen. Mice were 

treated as outlined in Figure 7. Total cell counts of (A) NK1.1+ NK cells were determined 

in spleen and ascites and were gated to assess (B) surface expression of PD-1. n = 2-5 per 

group, ns = non-significant, *P<0.05, **P<0.01. 

 

3.4.5 NKT activation induces T cells recruitment in ascites 

 To better understand the immune response elicited by T cells, we started by 

examining total TCR-ɓ+ T cells in ascites and spleen (Figure 11A). Increased cell counts 

of total ascitic T cells were observed in mice treated with Ŭ-GalCer-loaded DC or VSV-
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GFP monotherapies, compared to the untreated control. While VSV-p14 also induced a 

modest T-cell accumulation in ascites, albeit statistically insignificant, the accumulation 

was much lower than T-cell counts obtained for mice treated with VSV-GFP. The 

combined VSV-GFP and NKT-activation therapy resulted in maximal accumulation of T-

cells. From the data obtained, it is difficult to ascertain whether the combined therapy 

elicited synergistic or additive effects on T-cell proliferation in ascites. No significant 

difference in splenic T-cell counts were observed across the treatment groups.  

We next assessed the total number of CD4+ and CD8+ T lymphocytes in the 

spleen and ascites, and then determined the proportions of each type expressing CD44 

memory and PD-1 activation/exhaustion markers (Figure 11 B-E). Compared to the 

control, all the treated mice, irrespective of the treatment type, exhibited similar levels of 

CD8+ T cell counts in ascites. However, only NKT cell activation and VSV-GFP therapy 

led to increase in CD4+ T cell counts in ascites. There were no significant differences in 

spleen.  

We next determined the activation status of T-cell subtypes in spleen and ascites. 

Uniform frequencies of the CD44 memory marker were obtained for both CD4+ and 

CD8+ T cell subtypes across all the treated and untreated groups in spleen and ascites. 

The indicated levels are similar to those observed in untreated tumor-bearing mice, and 

thus CD44+ expression remained unmodulated regardless of the treatment type. In 

contrast to uniform CD44 expression across all T-cell subtypes or tissue origin, PD-1 

expression was found to vary in ascitic T-cells. While elevated PD-1 expression levels 

were observed for CD8+ T cells in VSV-GFP treated mice, addition of NKT cell 

activation did not enhance nor limit PD-1 expression.  
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Figure 11 Characterization of TCRɓ+ T cells in ID8 ovarian cancer. Mice were 

treated as outlined in Figure 7. Total cell counts of (A) TCRɓ+ T cells were determined in 

spleen and ascites and TCRɓ+ T cells were gated to obtain (B) CD4+ and (C) CD8+ T cell 

counts. (D-E) Surface expression of CD44 and PD-1 on CD4+ and CD8+ T cells was 

also assessed. n = 2-5 per group, ns = non-significant, *P<0.05, **P<0.01.  


































































