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ABSTRACT

Natural killer T cells are a rare population of immune-regulatory lymphocytes which
have been implicated in tumor control. However, the benefit of NKT cell activation
therapy in metastatic breast cancer remains poorly understood. The major focus of this
work was to examine the potential role of NKT cell activation in a murine model of post-
surgical breast cancer metastasis. Following surgical resection of orthotopic 4T1
mammary carcinoma tumors, BALB/c mice were treated with a-GalCer-loaded dendritic
cells. This therapeutic approach decreased tumor burden, prolonged survival, and
decreased the frequency and activity of myeloid derived suppressor cells. However,
survival was not enhanced by additional dendritic cell treatments. This led us to
investigate whether we could augment therapeutic outcomes by combining NKT cell
activation with chemotherapy or oncolytic virus therapy, both capable of inducing
immunogenic cell death. Combining cyclophosphamide or gemcitabine with NKT cell
activation therapy significantly enhanced survival, with surviving mice exhibiting
attenuated tumor growth following a second tumor challenge. Similarly, combining NKT
cell activation therapy with oncolytic vesicular stomatitis virus also significantly
enhanced therapeutic outcomes. Collectively, our findings demonstrate that NKT cell
activation therapy as a monotherapy, or in combination with chemo- or viro-therapy, can

protect mice from post-surgical breast cancer metastasis.
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Chapter 1: Introduction

1. Cancer

Cancer remains a leading cause of death in Canada, accounting for 30% of all
reported deaths in 2012 *. In most developed countries, four key cancers account for
greater than 50% of cancer incidence and cancer-related deaths: lung, breast, colorectal
and prostate cancer *. It is predicted that half of all Canadians will develop cancer in their
lifetime and 25% of them will die from the disease *. Furthermore, many of the patients
who survive a cancer diagnosis will live with many physical, emotional and financial
challenges that persist long after the disease is treated *. Despite recent progress in our
understanding of cancer, development of better diagnostics, and advances in therapeutic
approaches, cancer still remains a huge burden on our society.

Tumors can be either benign and self-limiting, or they can be malignant; dividing,
invading neighbouring tissues and metastasizing to different parts of the body where they
form new tumors 2. There are more than 200 different types of cancers which can arise in
any given organ or tissue in both somatic and germ line cell types 2 Cancer can broadly
be classified into 6 major subtypes based on the histological site of origin, these include:
carcinoma, myeloma, sarcoma, leukemia, lymphoma, and mixed tumors arising from
multiple tissue types (Table 1) *. Carcinoma cells are of epithelial origin and make up 80-
90% of all cancer cases. Carcinoma cells can be further divided into adenocarcinoma,
which develops in organs or glands capable of secretion, or squamous cell carcinomas
which occur in many areas of the body. Myeloma originate from plasma cells of the bone
marrow which secrete antibodies. Sarcomas originate from supportive and connective

tissues such as fat, bone, tendons, cartilage and muscle. Leukemias are cancers which



affect bone marrow stem cells and they can be myelogenous, lymphocytic or erythremic
%, Lymphoma is a solid tumor which forms in the glands and nodes of the lymphatic
system *,

Table 1. Cancer Classification

Cancer Subtype Characteristic
Carcinoma Epithelial origin, most common (80-90%) type of cancer
Sarcoma Originates in supportive and connective tissue
Myeloma Originates in the plasma cells of the bone marrow
Leukemia Cancers of the bone marrow stem cells
Lymphoma Originate in the glands and nodes of the lymphatic
system

Cancer has traditionally been viewed as a group of diseases that are driven by the
accumulation of genetic mutations, which ultimately lead to the progression of normal
cells towards a neoplastic state %°. This paradigm has now been expanded to incorporate
alterations in the epigenetic regulatory mechanisms which appear to be prevalent in
cancer ®’. Both genetic mutations and epigenetic alterations that give rise to cancer can
arise through hereditary and environmental factors ®, Genetic and epigenetic alterations
can promote cancer progression by: 1) sustaining proliferative signaling, 2) evading
growth suppressors, 3) avoiding immune destruction, 4) enabling replicative immortality,
5) promoting tumor associated inflammation, 6) inducing invasion and metastasis, 7)
promoting angiogenesis, 8) inducing genome instability, 9) enhancing resistance to cell

death, and 10) altering cellular metabolism °. Collectively, these 10 features represent the



hallmarks of cancer °, and present promising therapeutic targets in the fight against

cancer.

1.1. Breast cancer

Breast cancer remains the second leading cause of cancer-related deaths and the
most prevalent type of cancer amongst Canadian women *. While the incidence of breast
cancer has remained stable between 2004-2013, the 5-year survival rate has significantly

improved over this time !

. While these results are encouraging, the therapeutic
approaches used to treat breast cancer are still associated with harmful side-effects,
highlighting the need for improvements.

Breast cancer can be broadly be classified into seven major molecular subtypes; Luminal
A, Luminal B, human epidermal growth factor receptor (HER)-2 positive, basal-like,
claudin-low, molecular apocrine and normal-breast like ***. Luminal A breast cancers
have the best prognosis due to a slow growth profile and high expression of the estrogen
receptor *°. Luminal B tumors show a lower expression of estrogen receptor, are more
often high grade with higher Ki67 proliferation index, and often have a poorer outcome
compared to luminal A *%. Luminal A and B subtypes typically express progesterone and
estrogen receptor, while HER-2 enriched breast cancer express high levels of the HER-2
receptor. These receptors provide druggable targets using receptor antagonists such as
tamoxifen, which targets the estrogen receptor positive tumors **. Triple negative breast
cancers (lacking HER-2, estrogen and progesterone receptors), are not amenable to
hormone or Her-2 therapies and often have the worst prognosis °*!. Basal-like and

claudin low tumors are primarily triple negative breast cancers. Cluadin-low tumors lack

cell-cell junction proteins and have down-regulated epithelial markers such as



E-Cadherin. Molecular apocrine tumors are estrogen receptor negative, but express
androgen receptor ***. Normal-like breast cancers tend to be hormone-receptor positive,
HER-2 negative, and have low levels of Ki-67 *** (See Table 2) (adapted from ).

Table 2. Breast cancer classifications (Adapted from )

Proliferation Other markers Outcome
cluster
ER+: 91-100% Low FOXAI high
PR+: 70-74%
HER2+: 8-11%
Ki67: low

Luminal B ER+: 91-100% High
PR+: 41-53%
HER2+: 15-24%
Ki67: high
HER2- ER+: 29-59% High

enriched PR+: 25-30%
HER2+: 66-71%
Ki67: high

Basal-like ER+: 0-19%
PR+: 6-13%
HER2+: 9-13%
Ki67: high
Normal ER+: 44-100% Low / intermediate
breast-like PR+: 22-63%
HER2+: 0-13%
Ki67: low/intermediate

IHC markers

Luminal A Good

FGFRI and ZIC3 Intermediate
amp or poor

GRB7: high Poor

High RBI:low/- Poor

CDKN24: high
BRCAI: low/-
FGFR2: amp

- Intermediate

Intermediate / high CDH 1: low/- Intermediate

Claudin- ER+: 12-33%
Claudins: low/-

low PR+: 22-23%
HER2+: 6-22%
Ki67: intermediate

Molecular ER- High Androgen receptor: Poor
+

apocrine PR-
HER2 +/—
Ki67: high

ER=estrogen receptor. PR=progesterone receptor. FOXA1= Forkhead Box Al. FGFR=
Fibroblast growth factor receptor. ZIC3= Zinc finger of the cerebellum 3. GRB7= Growth factor
receptor-bound 7. RB1= Retinoblastoma 1. CDKN2A= cyclin-dependent kinase Inhibitor 2A.

BRCAL1= Breast cancer 1. CDH1= Cadherin 1. + =positive. — =negative.

In addition to molecular subtyping, breast cancer can also be broadly classified
into four distinct stages (I-1V), depending on how far the disease has progressed. Stage |

includes ductal and lobular carcinoma in situ; ductal carcinoma in situ is restricted to the



milk ducts, whereas lobular carcinoma in situ is restricted to the lobules that produce
milk. Stage Il includes local spreading and may involve the local lymph nodes, stage 11l
involves spreading of the tumor beyond the immediate region and may have invaded
nearby lymph nodes and muscles, stage IV has spread beyond the breast and has invaded
other organs . Breast cancer most commonly metastasizes to the lungs, bone, liver and
central nervous system >,

The current standard of care for breast cancer involves surgical resection,
radiation, chemotherapy, hormonal and targeted therapy, with most patients receiving a
combination therapy approach *®. Surgical resection remains the most effective treatment
option for stage I-111 breast cancer patients, and recently its use has been expanded to
prophylactic treatment of high risk patients *°. The response to hormonal therapy in breast
cancer is associated with the presence and levels of estrogen and progesterone  receptor
2023 |n breast cancers expressing estrogen and progesterone receptors, hormone therapy
should be considered. However, patients who do not express these receptors are unlikely
to accrue any benefits from the therapy 2.

HER-2 is an oncogene that encodes for the epidermal growth factor ErbB2 and is
overexpressed in 25-30% of breast cancers **?°. Trastuzumab, a monoclonal antibody
targeting the extracellular domain of HER-2, limits tumor growth through antibody-
dependent cell-mediated cytotoxicity, inhibition of intracellular signaling, and decreased
angiogenesis ?®?’. The combination of trastuzumab and chemotherapy reduced the risk of
relapse by 50%, and reduced the risk of death by 30% “®?%. However, the clinical use of
trastuzumab faces several challenges; high cost, cardiotoxicity, and development of drug-

resistance 283!,



Anthracyclines and taxanes remain the most widely used treatments in metastatic
breast cancer. Anthracyclines intercalate between DNA/RNA base pairs to prevent
synthesis, and inhibit topoisomerase Il activity to block transcription and replication of
supercoiled DNA *2. In contrast, taxanes stabilize microtubules to prevent mitosis *.
Combinations of anthracyclines and taxanes are associated with 40-94% response rate in
first line therapy, with 12-41% of the patients achieving complete remission 3%,
However, the toxicities associated with these therapeutic approaches remain high and

patients who relapse often undergo a second line of chemotherapy, highlighting the need

for safe and effective therapies. One promising approach is immune modulation therapy.

1.2. Cancer and the immune system
In 1909, Paul Ehrlich hypothesized that the host defense system prevented

neoplastic cells from developing into tumors *3°

. He stated “In the enormously
complicated course of fetal and post-fetal development, aberrant cells become unusually
common. Fortunately, in the majority of people, they remain latent thanks to the
organism’s positive mechanism” *>*°. However, this hypothesis was not experimentally
tested at the time. Lewis Thomas and MacFarlane Burnet were the first to use the term
“immunological surveillance mechanisms” in the context of tumor control **. They
suggested that the lymphocytes recognized newly arising tumor specific neo-antigens and
eliminated them. The original hypothesis of cancer immunosurveillance only took into
account the anti-tumor role of the immune system. This theory has now been expanded to
describe a much more dynamic interaction between the immune system and cancer,

which takes into consideration both pro- and anti-tumor roles of the immune system *"&.



Cancer immunoediting can be broken down into three phases: elimination,
equilibrium and escape *. The elimination phase involves recognition and clearance of
transformed cells by the innate and adaptive immune branches. This is thought to occur

long before tumours become clinically apparent 738

. The elimination phase is
interchangeably synonymous with what Thomas and MacFarlane termed as cancer
immunosurveillance. If the immune system fails to eliminate the entire tumor, the
surviving cells enter the equilibrium phase, where the tumor cells exist in equilibrium
with immune system *"®. Due to changes in the tumor cell populations as a result of
mutations or epigenetic alterations, or changes in the host immune system, the functional
dormancy of the tumor may be altered, leading to progression into the escape phase ¢,

The immune escape phase is now recognized as a hallmark of cancer, and a key target for

cancer therapy °.

1.2.1 Elimination

The innate and adaptive immune systems have both been implicated in cancer
immunosurveillance. The innate immune system plays a vital “first line of defense”
against cancer, acting in an immediate but non-specific manner. Innate immune cells
express germline-encoded receptors, which bind tumor-associated ligands or damage
associated molecular patterns. Early recognition of transformed cells and subsequent
killing allow for the uptake and presentation of antigens, which can be used to prime the
adaptive immune system. Some of the key players in immunosurveillance include natural
killer (NK) cells, natural killer T (NKT) cells, CD4" T cells, CD8" T cells and dendritic

cells. The role of NKT cells in cancer immunity will be discussed in detail on page 16.



1.2.1.1 NK cells

Transformed cells may express cell surface markers that function as recognition
targets for direct interaction with innate immune cells. NK cells employ several receptors
to recognize and respond to danger signals, including NKG2D (natural killer group 2,
member D), NKR-P1A, NKP30, NKP44, NKP46 and NKG2C/CD94 heterodimers . In
addition, inhibitory receptors Ly49 (mouse) or Killer Ig-related (KIR) (human) that
recognize MHC-1 on normal cells can detect stressed or transformed cells that
downregulate MHC-1, enabling the activation of NK cells via missing-self recognition
740 Furthermore, most NK cells express low-affinity activating receptor FcyRlIlla
(CD16) that binds the Fc portion of IgG1l and mediates antibody dependent cellular
cytotoxicity *"“°. Following activation, NK cells can kill tumour cells directly through
tumor necrosis factor-alpha-related apoptosis-inducing ligand (TRAIL), FasL, tumor
necrosis factor (TNF), perforin and granzymes “*2. Mice deficient in these mediators of
innate immunity show increased susceptibility to methylcholanthrene (MCA)-induced
fibrosarcomas *.

Transformed cells can express stress ligands which bind to NKG2D on NK cells
and a subset of T cells . The ligands for NKG2D in humans consist of MHC class |
chain-related proteins A and B and UL16 binding proteins, whereas mice express retinoic
acid early transcript-1, mouse UL16-binding protein-like transcript 1, and minor
histocompatibility complex H-60 in mice **. NKG2D ligand expression is low on normal
cells, but is upregulated on transformed and infected cells *****®. This allows for NK
cells, CD8" T cells, y& T cells and NKT cells to directly lyse the cells ****. Furthermore,

IL-12 therapy was shown to mediate protection from MCA-induced sarcomas via an



% However, some tumor cells can evade NKG2D

NKG2D-dependent mechanism
mediated recognition by releasing soluble NKG2D ligands as a result of metalloprotease

cleavage *', or through exosomes *®.

1.2.1.2. Dendritic cells

Dendritic cells (DCs) are the most potent antigen presenting cells; they can take
up, process and present different types of antigens, including tumor antigens *°. DCs can
recognize stress signals on tumor cells and engulf the dying tumor cells, process the
antigens and present them to T cells *°. Immature DCs are recruited to the tumor site and
become activated by danger signals and cytokines produced by either the dying tumor
cell or tumor infiltrating immune cells *“. Activation and maturation of DCs is required
to effectively activate antitumor immunity, and to prevent tolerance *°. The activated DCs
present tumor antigens to CD4" T cells through MHC-II and provide costimulatory
signals and cytokines. Activated CD4" T cells can directly target MHC-II1 expressing
tumors *°, or indirectly through production of cytokines that activate and support anti-

5152 In addition, DCs can also cross present exogenous antigens to

tumor immunity
CD8" T cells through MHC-1 >, Tumor specific CD4* and CD8" T cells migrate to the
tumor site, where they can target tumors in an antigen-specific manner and produce

cytokines that activate other immune cells %84,

1.2.1.3.CD4" T cells

CD4" T cells are key regulators of the immune system and differentiate into
various T helper (Th) cell lineages with distinct biological functions **. CD4"* T helper
(Th) cells recognize peptides presented by MHC-I1 molecules on antigen presenting cells.

Following activation, CD4" T cells can differentiate into different lineages based on



transcription and cytokine profiles. CD4" T cells can be polarized into three major
subsets: Thl cells which produce IFN-y, Th2 cells which produce IL-4, IL-5 and 1L-13,
and Th17 cells which primarily produce IL17A/F. The regulatory FoxP3" CD4" T cells
(T-regs) will be discussed in the immune evasion section.

CD4" T cells can play a multifaceted role in cancer immunity. CD4" T cells have
been shown to play an important role in protecting against virus-induced sarcomas,
eradication of leukemias, and rejection of transplantable tumors *°. Adoptive transfer of
tumor-reactive CD4" T cells or depletion of CD4" T cells demonstrated that these cells
play an important role in antitumor immunity against tumors . Activated CD4" T cells
were shown to attract macrophages, granulocytes, eosinophils and NK cells to the tumor
site °"°8. Protection is thought to be primarily mediated by Th1 cells secreting IFN-y °.
Indeed, IFN-y has been shown to exert anti-angiogenic effects, improves tumor
recognition by upregulating MHC expression, and mediating direct tumor cytotoxicity in
the presence of TNF *°. Adoptive transfer of antigen specific Thi cells led to anti-tumor
cytotoxicity and upregulation of MHC-II on the surface of tumor cells **°. This
protection was independent of B cells, NK cells or other T cell subsets. While CD4" T
cells can lyse tumors in an MHC ll-restricted manner using perforin or granzyme B, most
tumors do not express MHC-11 *>*° In addition, activated CD4 T cells can also eliminate
transformed cells via FAS/FAS-ligand interactions .

Th2 effector cell subsets are characterized by the production of IL-4, IL-5, and
IL-13 and play an important role in humoral immunity and allergic inflammatory
responses. The role of Th2 cells in antitumor immunity remains contradictory. Th2 cells

produce IL-4, which can have direct cytotoxic effects and anti-angiogenic properties .
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IL-4 can also exert antitumor effects through enhancement of infiltrating eosinophils and
macrophages, rather than direct Th2 cell activity ®*®%. Similarly, tumor antigen-specific
Th2 cells were shown to induce an eosinophil-dependent clearance of metastatic
melanoma cells that showed resistance to cytotoxic T lymphocytes ®. The ability of Th2
cells to mobilize innate immune cells may be the underlying mechanism of this antitumor
immune response. In contrast, Th2 type immune responses have also been shown to
negatively impact anti-tumor immunity. The induction of antigen-specific Th2 cells was
also shown to promote neoplastic transformation and tumor growth in an
lipopolysaccharide-accelerated murine model of pancreatic cancer ®. These contradicting
reports on the role of Th2 cells in cancer immunity highlight the need for more studies in
this area.

The role of Th17 cells in cancer is also contradictory. Some reports have shown
that Th17 cells are capable of inducing tumor rejection, while others reveal that they
promote tumor progression >°. The key signature cytokine of Th17 cells, IL-17A, can
promote angiogenesis and tumor growth by upregulating tumor-derived angiogenic
factors and proinflammatory cytokines >°. In contrast, acute exposure to high levels of IL-
17A following adoptive transfer of Th17 cells resulted in enhanced tumor immunity .
Furthermore, adoptive transfer of Th17 cells enhanced the frequency of tumor-infiltrating
DCs and tumor-specific CD8* T cells, resulting in improved antitumor immunity .
These contradicting roles of Th17 cells may be a result of differences in IL-17 dose or
duration of exposure: Low level of chronic exposure to IL-17 may facilitate cancer

progression, whereas high level of acute exposure may promote tumor immunity.
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1.2.1.4.CD8" T cells

CD8" T cells are a critical component of the adaptive immune system that play an
important role in the control of intracellular pathogens and transformed cells .
Generation of effector CD8" T cells is initiated by DCs that take up antigen within the
periphery and cross-present these antigens to naive CD8" T cells in the regional lymph

67

nodes In addition to presentation of antigens on MHC-I, DCs provide key

costimulatory signals and cytokines to achieve optimum priming of cytotoxic CD8" T

cells ®

. Cytotoxic CD8" T cells can recognize specific antigens, undergo clonal
expansion, and kill transformed cells. In addition to antigen recognition, activated CD8"
T cells express high levels of NKG2D, which enables them to recognize stressed cells
that express NKG2D ligands "% Both antigen recognition and NKG2D mediated
activation of CD8" T cells can result in lytic (perforin, granzymes, FasL, TRAIL) and

nonlytic effector (IFN-y) mechanisms that are critical in anti-tumor immunity "2,

1.2.1.5. Non-cellular mediators of cancer surveillance

Type Il interferon (IFN-y) has been implicated in innate immunosurveillance .
Mice deficient in IFN-y or the IFN-y receptor were more susceptible to MCA-induced
sarcomas and spontaneous tumors compared to wild-type mice “®**. Similarly, mice
deficient in p53 and either IFN-y, IFN-y receptor or signal transducer and activator of
transcription (STAT)-1, showed increased incidences and severity of spontaneous tumor
formation ***2. IFN-y can also enhance anti-tumor immunity by promoting the generation
of T-helper (Th) 1 immunity and cytotoxic CD8" T cells. Multiple other mechanisms
have been implicated in IFN-y-dependent effects on tumors, including antiproliferative,

proapoptotic, and angiostatic properties *°.
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Type 1 IFNs (IFNa/B) are well known for their role in antiviral immunity;
however, accumulating evidence implicates type | IFNs in cancer immunosurveillance ®.
The absence of the type | IFN receptor (Ifnarl and Ifnar2) on mouse embryonic
fibroblasts predisposed the fibroblasts to cellular transformation ®. Moreover, MCA-
induced IfinarI™ fibrosarcoma cells failed to grow in wildtype mice because they were
rejected by the IFN competent host ®°. IFNa/B can stimulate NK cell cytotoxicity and
cytokine production and promote CD8 T cell and B cell adaptive immune responses via
upregulation of antigen presentation “°. These findings suggest that type | IFNs can act
both directly on the cancer cells or on the host immune cells to promote cancer

immunosurveillance.

1.2.2. Immune escape

Some tumor cell variants can acquire genetic/epigenetic changes that confer
resistance to immune detection and elimination. Tumor escape can be mechanistically
broken down into tumor intrinsic mechanisms associated with tumor cells and tumor
antigens, or tumor extrinsic mechanisms associated with the host immune system “°.
Some tumor intrinsic mechanisms include: lack of expression of MHC-II and
costimulatory molecules, down regulation or loss of MHC-I and genes associated with
antigen presentation, low expression of TAA, loss of antigenic epitopes, physical barriers

3846 In addition,

preventing immune infiltration, and loss of response to IFNs
downregulation of glycolipid antigen presentation via MHC-I like CD1d molecule has
also been associated with immune evasion ‘*"*. Other host immune-avoidance

mechanisms mediated by tumours include: expression of molecules that induce tolerance

of T cells to tumor antigens (e.g. Program death ligand (PDL)-1), suppression of immune
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cells by tumor-derived factors (e.g. TGF-p, IL-10, galectin, indoleamine 2 3-dioxygenase
(IDO)) that induce immunosuppressive myeloid or T-regs, defects in maturation of
antigen presenting cells, and secretion of soluble ligands that block lymphocyte activation

(e.g. NKG2D ligands) 4.

1.2.2.1. Myeloid-Derived Suppressor Cells (MDSCs)

Tumor-derived factors disrupt normal myeloid differentiation, leading to the
accumulation of heterogeneous populations of undifferentiated myeloid cells referred to
collectively as MDSCs "*. Several cytokines and mediators of inflammation have been
implicated in the induction of MDSCs: granulocyte macrophage colony-stimulating
factor (GM-CSF), macrophage colony-stimulating factor, IL-1p, IL-6, IL-13, IFN-y,
vascular endothelial growth factor, fms-like tyrosine kinase 3 ligand, and prostaglandin
E2 3™ As the tumor burden increases, MDSCs accumulate in a variety of tissues ',
where they act to enhance tumor progression and metastasis by suppressing immune
responses. In mice, MDSCs are generally identified as GR-1" CD11b", with monocytic
subpopulations  CD11b'Ly6C""Ly6G" and/or  granulocytic  subpopulations
CD11b*Ly6C Ly6G™" accumulating in different models “®. The granulocytic population
is the most prevalent in the 4T1 breast cancer model, which we primarily use in this body
of work. In humans, MDSCs are also identified as monocytic CD11b*CD33"CD14"HLA-
DR cells or granulocytic CD11b*CD33*CD15"HLA-DR cells "7,

MDSC contribute to immune suppression through multiple mechanisms (Figure
1). MDSCs can bias towards Th2 immune responses, leading to increased IL-10 and
decreased IL-12 production from macrophages '’. MDSCs inhibit Thl type immune

responses by releasing of nitric oxide species which inhibit STAT1 phosphorylation, a
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key signaling event in IFN-y responsiveness '°. MDSCs can also express high levels of
arginase-1 and IDO, which deplete arginine and tryptophan, two key raw materials
required for effective T cell activation "*"*. MDSCs also produce metalloproteases which
cleave L-selectin on T cells, limiting migration of naive T cells into draining lymph
nodes where they are normally activated °. MDSCs have also been implicated in
supporting angiogenesis, tumour cell invasion and metastasis 2.

Targeting MDSC-induced immune suppression has become a key focus in the
development of cancer therapy. In a screen for conventional chemotherapeutic agents that
can target MDSCs, 5-Fluorouracil (FU) was found to selectively kill MDSCs and induce
a T cell-dependent anti-tumor immunity ®°. Gemcitabine has also been reported to
selectively eliminate MDSCs in tumor-bearing mice, resulting in enhanced antitumor
activity ""®. In contrast, some chemotherapeutic agents such as cyclophosphamide used
at high doses can induce MDSCs, potentially limiting their protective capabilities 3%,

These differences highlight the need to monitor immunosuppressive populations

following chemotherapeutic intervention.

1.2.2.2. FoxP3" T-regs

CD4" T-regs are characterized by their expression of the Forkhead box P3
(FoxP3) transcription factor and play an important role in maintenance of homeostasis
and self-tolerance ®. Accumulating evidence shows that tumor-derived factors can
promote the recruitment and expansion of T-regs, and T-reg infiltration into tumors is
often associated with poor outcomes 2. Experimentally, antibody-mediated depletion

of T-regs led to spontaneous eradication of inoculated syngeneic tumors in some models
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8 These mice also exhibited increased tumor-specific CD8 T cell killing activity, and

were protected from tumor re-challenge with the same tumor.
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Figure 1. Overview of immune cell activity induced with tumor-associated immune
suppression. Tumor-derived factors such as prostaglandin E2 (PGE2), IL-6 and VEGF
induce the expansion and accumulation of immunosuppressive cell types such as MDSCs
and T-regs. MDSCs promote a pro-tumor environment through suppressing T cell, NK
cell, NKT cells and DC function via cysteine deprivation, ROS and RNS production, and
arginase activity. MDSCs also induce T-regs and promote a Th2-skewed pro-tumor T
cell response. Adapted from .

T-regs function to suppress immunity through multiple mechanisms including the
production of cytokines like IL-10 and TGF-B, and cell-cell contact-mediated effector T
cell inhibition. T-regs secrete IL-10 and TGF-B which promote tolerogenic DCs, by

downregulating costimulatory molecules (CD40) and upregulating inhibitory markers
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(PDL-1/2) #%. T-regs also express high levels of cytotoxic T lymphocyte-associated
antigen-4 (CTLA-4), allowing T-regs to sequester costimulatory CD80/CD86 signals on
DCs %%, This results in impaired T cell activation and proliferation. T-regs also
constitutively express the high-affinity IL-2 receptor, acting like a sink for IL-2, thus
limiting the activation and proliferation of T-cells *®. Accordingly, adding exogenous
IL-2 abrogates T-reg suppressive activity in vitro . Therapeutically, targeting T-regs in
cancer immunotherapy presents a unique opportunity to reinstate anti-tumor immunity

and continues to be an active area of research.

2. NKT cells

NKT cells are a population of T cells that express NK cell markers (NK1.1, Ly49,
DX5, NKp46) in addition to a lipid-reactive T cell receptor (TCR) “>%. There are two
major subsets of NKT cells that can be distinguished based on their TCR and lipid
reactivity, Type | or invariant NKT cells and Type Il NKT cells. Type I NKT cells
express an invariant TCRo chain composed of Val4-Jal8 (Travll-Trajl8)
rearrangements paired with Vp8.2/7/2 in mice, and Va24-Jal8 (TRAV11-TRAJ18)
paired with VB11 in humans *. Unlike conventional T cells which recognize peptide
antigens presented in the context of major histocompatibility complex (MHC), NKT cells
recognize lipids presented via CD1d. Type | NKT cells and can be detected through the
use of CD1d tetramers loaded with the glycolipid o-galactosylceramide (a-GalCer)
(Figure 2) *%. Type Il NKT cells are CD1d-restricted cells that have a more diverse
repertoire of Vo gene rearrangements (Va1/3/8), and do not recognize o-GalCer .

These differences have led to the development of type | NKT cell-deficient Ja18™ mice

and type I/ll NKT cell deficient CD1d™ mice %, In multiple models using wild-type,
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Ja18" and CD1d™ mice, type Il NKT cells play a critical role in suppression of anti-

tumor immunity, whereas Type | NKT cells exhibit robust anti-tumor activity %1*1% |n
this body of work, I will refer to Type I NKT cells simply as NKT cells.
CD8* CD4* NKT
T cell T cell Cell
— Diverse —— — Semi-invariant
TCR Val4-Ja18 TCR

Glycolipid — e

®, S~ Peptide (\® )
Antigen

Antigen

MHC
Class Il

Antigen Presenting Cell

Figure 2. Natural Killer T cells. CD8" T cells express a diverse T cell receptor (TCR)
which recognizes peptide antigens presented by Class | MHC. CD4" T cells express a
diverse TCR which can recognize peptide antigens presented Class 11 MHC. In contrast,
NKT cells recognize glycolipid antigens presented by CD1d on the surface of antigen
presenting cells (APCs). In contrast to conventional T cells, NKT cells express an
invariant TCR formed by a Val4-Jal8 rearrangement in mice. Figure was generated by
Natasa Zatezalo.

Mature NKT cells from mice and humans can be further broken down into
functionally distinct subsets based on the expression of CD4 or CD8 markers; CD4"CD§"
and CD4 CD8 NKT cells are found in both mice and humans *°*'% whereas CD4 CD8*

NKT cells are only found in humans %1%, These subsets of NKT cells have been shown
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103,104,107

to express different cytokine profiles , and more recently NKT cells have been

classified based on transcription factor profiles into NKT-1, NKT-2, NKT-10, and NKT-

17 subsets, analogous to Th1, Th2, Th10, Th17 subsets in conventional T cells %1%,

2.1. NKT cell distribution

Humans and mice have a similar distribution of NKT cells, although mice have
~10 fold higher frequency of NKT cells %2. Mice have the highest frequency of NKT cells
in the liver (12-30%), whereas lower NKT cell frequencies are detected in the spleen (1-
3%), lungs (5-10%), bone marrow (0.4-8%), thymus (0.5-1%), intestines (0.05-0.6%),
lymph nodes (0.2-1%), and blood (0.2%) 1% Human NKT cell numbers vary
greatly between individuals. The frequency of NKT cells in the liver range from 0.05%-
1% #1122 and blood (0.01- 3%) 104123125,

The variation in the frequency of NKT cells between mice and humans has raised
concerns about clinical translation of murine based findings. The differences in frequency
between human and mouse may be due to differences in affinity of CD1d-lipid complex
or due to differences in CD1d trafficking. The human CDZ1d-lipid complex has a lower
affinity for the NKT cell TCR, compared to the murine CD1d-lipid complex *?°. This
lower affinity may lead to a lower frequency of NKT cells. The murine CD1d also has a
much stronger interaction with clathrin adaptor protein AP-3, which routes the protein
into late endosomes and lysosomes *"*?®, This interaction is required for normal NKT
cell development and efficient lipid presentation of complex antigens that require
enzymatic processing in the late endosomes or lysosome. Recently, a human CD1d

knock-in mouse was developed; these mice showed NKT cell frequencies and
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distribution that was comparable to that of humans *#°. However, even at these reduced

numbers, NKT cell activation protected mice from tumor metastasis *%°.

2.2. a-GalCer and analogues

a-GalCer is a glycolipid molecule that was originally identified during a screen
for anti-cancer agents derived from marine sponge Agelas mauritianus 3% The
chemical name for a-GalCer is (2S,3S,4R)-1-O-(alpha-D-galactosyl)-N-hexacosanoyl-2-
amino-1,3,4-octadecanetriol, and is comprised of a galactose carbohydrate a- linked to a

131,132

ceramide lipid that has acyl and sphingosine chains (Figure 3) . Interestingly, o-

GalCer shows cross species reactivity, and can stimulate NKT cells from mice, rats,

133

humans, and macaques ~°°. When stimulated with a-GalCer, NKT cells rapidly produce

IL-4 (Th2 bias) as early as 2 hours following stimulation, and delayed IFN-y (Thl) type

134 Chemical modification of a-GalCer leads to

cytokines peaking at 6-24 hours
derivatives which can skew NKT cell responses towards either a Thl or Th2 type
immune response, allowing for better immune modulation. Two such analogues are OCH
and a-C-GalCer.

Compared to a-GalCer, OCH has a shortened sphingosine chain and is less potent
at stimulating NKT cells, but selectively favors the production of IL-4 by NKT cells
135136 This makes OCH ideal for treating autoimmune conditions, where a Th2 type
response is desired **". In contrast, a-C-GalCer, contains a C-glycoside linkage (as
opposed to O-glycoside linkage) and skews NKT cells to produce high levels of IFN-y
138

. These and other derivatives of a-GalCer continue to be an active area of research,

with the aim of fine-tuning NKT cell immunotherapy.
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Figure 3. Structure of a-GalCer and analogs. o-GalCer contains galactose
carbohydrate attached by an a-linkage to a ceramide lipid. The lipid portion interacts with
the antigen-binding groove of CD1d, and carbohydrate portion is accessible to the
invariant T cell receptor. OCH has a truncated acyl chain (by 2 carbons) and sphingosine
chain (by 9 carbons). a-C-GalCer is a C-glycoside analogue. Adopted from .

2.3. NKT cells in cancer

It is well established that NKT cells play important roles in tumor
immunosurveillance and anti-tumor immunity in the absence of exogenous stimulation.
Mice deficient in NKT cells exhibit enhanced tumour development and metastasis in
response to MCA or inactivation of the p53 tumour suppressor *°**!. Adoptive transfer
101,141,142.

of NKT cells into NKT cell deficient Ja18" mice protected mice against tumors

Consistent with their role in controlling cancer, NKT cell infiltration into colorectal
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carcinomas and neuroblastomas is associated with a favorable prognosis in human
patients ***°, Low levels of circulating NKT cells are associated with poor survival in
patients with acute myeloid leukemia and head and neck cancers ****". Similarly, many
human cancers (including breast cancer) have been associated with diminished NKT cell
numbers and/or function ¢!, But the link between these deficiencies in NKT cells and
the clinical outcome has not been well established.

NKT cell-mediated tumour immunosurveillance is likely mediated by recognition
of tumor-associated glycolipid antigens **%, stress-induced glycolipid self-antigens 3>,
or inflammatory cytokines **°. Several lines of evidence support the activation of NKT
cells by self-lipids displayed on CD1d positive tumors or cross-presented by antigen
presenting cells. B-cell lymphomas and other tumours expressing high levels of CD1d are
more susceptible to NKT cell-dependent lysis **°. Similarly, breast cancer cells that
downregulate CD1d can evade NKT cell-mediated antitumor immunity and promote
metastatic breast cancer progression '°. Collectively, these studies and others °"*°8,
implicate direct CD1d-TCR interactions in NKT cell immunosurveillance without
exogenous stimulation.

Therapeutic NKT cell activation with exogenous glycolipids provides significant
protection from tumor progression 0213414219160 o) 1owing activation, NKT cells can
directly kill transformed or infected cells through perforin, granzyme-B, TRAIL and
FasL '°11%2 NKT cells can also rapidly produce immunoregulatory cytokines, including
interferon-y (IFN-y), tumor necrosis factor (TNF), interleukin-2 (IL-2), IL-4, IL-10, IL-
13, IL-17, 1L-21, and GM-CSF 1%1%7134 Thjs rapid production of cytokines allows NKT

141,163-168 NK cells 101,141,165,166,168

cells to regulate the functions of T cells : and
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DCs 193167189 This enables NKT cells to play a pivotal role in regulating immune
responses, hence making them a promising therapeutic target for immune modulation
therapy.

Following NKT cell activation, NKT cells can produce cytokines such as IL-2
and IFN-y which activate CD8 T cells and NK cells ***%, Activation of both CD8 T
cells and NK cells is particularly important because it allows for targeting of both MHC-
positive and MHC-negative tumor cells, respectively. NKT cell derived cytokines can

also induce the maturation of DCs %

, leading to enhanced stimulation of T cells.
CD40/CD40L interactions between DCs and NKT cells can also enhance IL-12
production. In turn, IL-12 stimulates NK cells '*®, Th1 and CD8 T cells *°. Consistent
with an important role for NK cells and CD8 T cells, depletion of either NK cells or CD8
T cells attenuates the anti-cancer effects of NKT cell activation ***%,

NKT cells have also been shown to target some immunosuppressive myeloid
populations. NKT cells can directly kill tumor-associated macrophages, resulting in
decreased tumor burden ™. NKT cell deficient mice also had substantially higher levels
of MDSCs following influenza virus infection, resulting in decreased immunity and
increased mortality ', Adoptive transfer of NKT cells abolished the suppressive activity
of MDSCs 2. This effect was CD1d and CD40 dependent, as MDSCs from CD1d™ or
CD40™ mice were not affected by NKT cells *"2 Given that many cancers upregulate

MDSCs, it would be interesting to examine whether NKT cell activation therapy can

target these tumor-induced MDSCs.
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2.4. NKT cell activation in human clinical trials

In addition to the experimental evidence of NKT cell-mediated tumor control,
there have been encouraging outcomes in phase I/11 clinical trials ***". In a phase | dose
escalation study, 11 non-small cell lung cancer patients were treated with autologous a-

GalCer-loaded DCs and showed no adverse events 1"

. While this study was not designed
to evaluate efficacy, they reported a dramatic increase in circulating NKT cells and 2 out
of 11 patients showed stable disease followed out to a year. In a phase I-1l study, 17
patients with advanced non-small cell lung cancer were treated with a-GalCer-loaded
peripheral blood mononuclear cells 1. Treatments were administered intravenously four
times without adverse effects. Elevated IFN-y-producing cells were detected in 10 out of
17 patients, and patients showing IFN-y response had a significantly enhanced median
survival time (31.9 months compared to 9.7 months in non-responding patients) ",
Finally, in a phase Il study of 10 head and neck cancer patients, adoptive transfer of NKT
cells and a-GalCer-loaded APCs led to 5 cases of objective tumor regression *’’. These
clinical findings are preliminary, and larger multicenter trials are required to better
understand the role of NKT based immunotherapy.

Collectively, preclinical and clinical data indicate that NKT cell activation
therapy is a promising approach to treating cancer. However, we need to develop better
tools to study NKT cells and expand our understanding of the potential for NKT cell
activation therapy in treating solid tumors. Furthermore, there have been few studies
aimed at exploiting the potential of combining NKT cell activation therapies with current

standards of care or emerging preclinical approaches. In this body of work, we aim to

address some of these gaps in knowledge.
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3. Recent progress in cancer immunotherapy

Cancer immunotherapy is now considered a standard of care in leading cancer
treatment centres; joining the ranks of surgery, chemotherapy, radiation and targeted
therapies 8. Cancer immunotherapy is broadly aimed at either stimulating an anti-tumor
immune response or helping overcome immunosuppressive mechanisms. In this work, |
will briefly describe the advances in adoptive cell transfer therapies and immune check-

points inhibitors.
3.1. Adoptive cell transfer therapy

Adoptive cell transfer (ACT) primarily involves the isolation and ex-vivo
expansion of tumor-specific T cells, NK cells and/or NKT cells, then infusion back into
the cancer patient *'"*"®, ACT using autologous tumor-infiltrating lymphocytes has been
shown to mediate objective tumour regression in 50% of melanoma patients ’°. While
this approach is promising, it is a highly personalized and labour intensive treatment that

makes it difficult to commercialize.

Lymphocytes can also be engineered to express chimeric antigen receptors
(CARSs) which target specific antigens on the tumor surface or defined transgenic TCRs
that can recognize peptides derived from surface of intracellular antigens presented on
MHC ¥ Wwhile CAR-NK and CAR-NKT cell therapy is still in the preclinical phase,
CAR-T cell therapy is now FDA approved to treat refractory acute B-cell lymphoblastic
leukemia *®. Despite the remarkable results in early clinical studies, TCR-T and CAR-T
cell therapies can pose significant safety challenges, including induction of cytokine

release syndrome, off target cross-reactivity, and “on-target, off-tumor” toxicity due to
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poor control of dose, location and timing of CAR-T cell activity **°'%2. Strategies to avoid
the side effects of TCR-T and CAR-T cell therapy include suicide genes, inhibitory CAR,

dual-antigen receptors, and the use of small molecules to control CAR-T cell functions

180,182

3.2. Immune check-point inhibitors

To control the intensity and duration of immune inflammatory responses, the
immune system has multiple controls or “check-points”. These checkpoints expressed on
activated T cells, NK cells, NKT cells and myeloid cells, and provide mechanisms to
protect against autoimmune responses. While more than twenty check-points have been
identified to date *'®, two pairs have received most attention; cytotoxic T lymphocyte-
associated antigen-4 (CTLA-4) receptor interactions with B7 ligand, and programmed
cell death protein 1 (PD1) receptor interactions with PD-L1 and -L2 ligands. CTLA-4 has
a higher binding affinity to B7 than CD28, causing inhibition of proliferation and IL-2
secretion by T-cells *®. In contrast, PD-1 does not interfere with co-stimulation, but
prevents phosphorylation of key signaling molecules involved in T cell activation 2.
Since CTLA-4/B7 interactions act earlier than the PD1/PDL-1, targeting CTLA-4 is
likely to influence the initial or priming stage of T-cell activation in the lymph nodes,
whereas targeting PD1/PDL-1 is likely to influence the effector phase in the tumor

microenvironment 184185,

In a recent meta-analysis of ipilimumab, a CTLA-4 blocking monoclonal

antibody, more than 20% of melanoma patients were alive 10 years later with no

186

evidence of disease . In a head to head comparison between PD-1 and CTLA-4
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blocking antibodies, stage I11-1vV melanoma patients treated with PD-1 blocking antibody
(nivolumab) exhibited significantly longer recurrence-free survival and had a better
safety profile than ipilimumab *®’. Combination of ipilimumab and nivolumab has shown
even greater promise, generating a 50% response rate in metastatic melanoma ®8. These
early findings on check-point blocking antibodies mark a significant improvement in how

cancer patients are treated.

4. Chemotherapy

Historically, the anti-cancer benefits of chemotherapies were attributed to direct
cytotoxicity or permanent arrest of the cell cycle machinery. These therapies were
thought to non-specifically target rapidly proliferating cells, leading to the assumption
that chemotherapies would inadvertently target proliferating immune cells and result in
immunosuppression ****°. Furthermore, chemotherapies were thought to induce cell
death in an immunologically silent manner. This led many researchers to neglect the role
of the immune system in cytotoxic chemotherapy, and the testing guidelines set by
regulatory agencies recommended the use of immunodeficient hosts for examination of
drug effects on transplanted human cancer cells ***. Recently, there has been mounting
evidence demonstrating that the antitumor activity of many conventional cancer therapies
results in part from their ability induce immunogenic tumor cell death and stimulate
immune function %471,
The most common chemotherapeutics used to target metastatic breast cancer

include antimetabolites (e.g. gemcitabine), alkylating agents (e.g. cyclophosphamide),

anthracyclins (e.g. doxorubicin) and taxanes (e.g. paclitaxel) *’. While we have tested
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these 4 chemotherapies in our 4T1 model, this thesis will only cover work on

gemcitabine and cyclophosphamide in the 4T1 model.

4.1. Gemcitabine

Gemcitabine (GEM; difluorodeoxycytidine) is a chemotherapeutic agent currently
approved for the treatment of pancreatic cancer, bladder cancer, ovarian cancer, lung
cancer and breast cancer 1*®* %', GEM is a pyrimidine analogue that undergoes phospho-
activation into difluorodeoxycytidine-triphosphate, which inhibits nucleotide synthesis
through inhibition of ribonucleotide reductase, and gets incorporated into DNA,
preventing the DNA polymerase from proceeding with DNA replication %2, This allows
GEM to target rapidly proliferating cells. In addition to direct cytotoxic properties, GEM
has been shown to reduce MDSCs in tumour models ”’. This reduction in MDSCs was
associated with decreased IL-10 levels and increased IL-12 production in the 4T1
mammary tumour model, promoting Th2 to Thl skewing of the immune response. In

addition, GEM treatment decreased the frequency or function of MDSCs ® and B cells

203 81

, While sparing T cells, NK cells and macrophages “". Furthermore, GEM also
enhances DC dependent cross presentation of tumor antigens, resulting in increased
antitumor immunity 8. These immune attributes make GEM a good candidate for

combination therapy with immunotherapies.

4.2. Cyclophosphamide

Cyclophosphamide (CPX) is an inactive cyclic phosphamide ester which is
transformed into its active metabolites via hepatic cytochrome p450 enzymes 2. CPX
prevents cell division primarily by cross-linking DNA and RNA strands. CPX has also

been shown to have immunomodulatory effects at low doses. CPX treatment prior to
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vaccination dramatically enhanced antigen-specific CD8 T cell responses 2®°. CPX
treatment also decreased the frequency of T-regs °®°. Recently, CPX was shown to trigger
anti-tumor immunity by perturbing the gut microbiome *. CPX induced the
translocation of Gram-positive bacteria into secondary lymphoid organs, which was
associated with a Thl and Th17 immune response, and an anti-tumor immune response
2% In this case, Th17 cells express both T-bet and ROR-yt transcription factors which are
associated with Thl and Th17 cells, respectively. Combining DC-based therapy with
CPX increased the anti-tumor immune response and improved survival outcomes in

tumor bearing mice %°’.

5. Oncolytic virus therapy

Anecdotal evidence of viral infection coinciding with tumor regression has
existed for more than 150 years ago. Leukemia regression has also been reported in
patients infected with influenza or chicken pox 2% This idea of using viruses to treat
cancer picked up in the 1950s with the advances in tissue culture systems and rodent
cancer models #°. By the 1960s, hundreds of cancer patients were treated with impure
oncolytic virus preparations, with some patients showing beneficial outcomes *°. Since
these early reports, several preclinical studies have confirmed a protective role of viruses
in different cancer models #°. Recently , new approaches of genetically engineering
oncolytic viruses have provided promising preclinical and clinical outcomes 2%, |n
2005, genetically modified oncolytic adenovirus H101 was approved for use in China,

and in 2015, a genetically modified herpes virus engineered to generate GM-CSF

(Talimogene Laherparepvec (T-VEC)) was approved in the United States 2.
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Oncolytic viruses selectively replicate in and kill cancer cells, while having
minimal detrimental effects on healthy cells. This selectivity can either occur naturally, or
through genetic engineering #**. Natural virus tropism for cancer cells might be due to
presence of entry receptors on the cancer cell or defects in anti-viral defenses .
Oncolytic viruses have a unique pharmacokinetic profile, they can navigate through the

213 Furthermore, most

blood stream and target undiagnosed or inoperable tumors
oncolytic viruses are amenable to genetic modification, allowing them to deliver
desirable immunomodulators to the tumour ?°. For instance, oncolytic viruses can be
genetically engineered to express chemokines or cytokines that would recruit or activate
immune cells within the tumor microenvironment. Once at the site of the tumor,
oncolytic viruses can target tumors through multiple mechanisms. They can directly lyse

the cancer cells, target the tumor vasculature, and stimulate anti-tumor immunity #°.

5.1. Vesicular Stomatitis Virus (VSV)

VSV is a negative-strand RNA virus from the rhabdoviridae family with an 11 Kb
non-segmented genome encoding 5 viral proteins (glycoprotein, matrix, nucleocapsid,
phosphoprotein, and large RNA polymerase) 2*. VSV replication primarily occurs in the
cytoplasm and VSV can be rapidly grown to very high titers. VSV primarily infects
cattle, swine, horses and insects, but there have been limited reports of human infection.
Livestock VSV infections are characterized by vesiculation and ulceration in oral and
mucosal cavities, whereas human infection is largely asymptomatic with mild flu-like

symptoms 2,

It was initially reported that VSV can cause tumor regression in a human

melanoma xenograft in nude mice #°. VSV is very sensitive to type | interferons,
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therefore addition of exogenous IFN-a protected healthy cells from viral infection **°,
Treatment of cancer cells with IFN-a failed to protect against VSV infection, likely due
to defects in interferon signaling *®. VSV is also neurotropic and can cause severe
pathogenicity in the central nervous system, which led to safety concerns on VSV’s

oncolytic use. To improve specificity for cancer cells, Stodjl et al. %

engineered a
mutation in the matrix protein replacing a methionine at position 51 for arginine
(VSVAMS1). The wild-type VSV matrix protein binds the host ribonucleic acid export 1,
preventing nuclear-cytoplasmic export of host mMRNAs, including type | IFNs 217#8_ This
mutation in the matrix protein prevents VSVAM51 from subverting the anti-viral

immunity in healthy cells. In contrast, cancer cells have a defective type | IFN response,

making them increasingly susceptible to VSVAMS1.

5.2 Reovirus

Mammalian respiratory enteric orphan virus (reovirus) is a non-enveloped,
double-stranded segmented RNA virus, which targets human upper respiratory and
gastrointestinal tracts and generates relatively benign symptoms 2°??°. Reovirus type 3
Dearing strain has been widely used in preclinical and Phase I/11 clinical trials, and is the
strain used in this body of work *?°. Cells with an overactive oncogenic Ras pathway are
increasingly susceptible to reovirus infection #!. The Ras signaling pathway can be
induced via EGFR signaling and has been shown to be key in sustaining proliferation via
p38 MAPK, PI3K and phospholipase C 2. Constitutive Ras pathway also inhibits the ds
RNA-dependent protein kinase R (PKR), making the cells susceptible to reovirus

infection. Cancer cells that do not have an overactive Ras pathway are less susceptible to
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dsRNA virus replication. Given that more than 30% of tumors have an overactive Ras,

there has been a great deal of interest in reovirus oncolytic therapy.

Reovirus demonstrated a marked tumor regression in a xenograft model of HER-
2-transformed NIH-3T3 fibroblasts and human U87 glioblastoma cells %3. While these
early studies were performed in immunodeficient mice, similar findings have been
reported in immunocompetent mice ?**. Furthermore, reovirus has been shown to induce
an antigen specific T cell response in a B16 melanoma model ?*® and a murine prostate
cancer model ?*°. Two disadvantages of this platform are that it is not currently amenable
to genetic engineering, and there is a high incidence of neutralizing reovirus immunity

within the human population %,

6. Immunogenic cell death

Regulated cell death is a physiological phenomenon that plays an important role
in development and homeostasis **"??®, These processes were initially characterized
based on morphological cell changes, chromatin condensation and membrane blebbing,
and were thought to occur in the absence of an inflammatory response. Recently, a
consensus has emerged recommending that the nature of cell death should not simply be
defined by morphological changes, but rather by distinct molecular, biochemical and
metabolic hallmarks #2%%. This has led to the discovery of new apoptotic cell death
modalities and characterization of cell death pathways that elicits antigen specific
immune responses against dead-cell antigens ?*°. This type of cell death has been termed
immunogenic cell death (ICD) and was initially characterized in the context of anticancer

chemotherapy *.
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Unlike physiological cell death which induces signals that lead to tolerogenic
clearance of cells, ICD generates specific changes in cell surface structures and release of
mediators that allow DCs to detect the dying cell and promote an antitumor immune
response “*'. DCs engulf parts of the stressed/dying cell and incorporate antigenic
peptides into the MHCs. In contrast to tolerogenic cell clearance, it is essential that DCs
engulfing dying cells also receive maturation signals from Toll like receptors (TLR) or
cytokines so as to be able to optimally activate T cells and prevent the development of

tolerance #°2%22%,

While many therapeutics tested (e.g. etoposide, mitomycin C, cisplatin) do not

elicit ICD, some therapeutic agents (such as anthracyclines and oxaliplatin) %%,

234,235 236,237

radiation therapy , oncolytic virus therapy and photodynamic therapy *® have

been shown to induce ICD. The only way to identify bona fide ICD inducers is through
vaccination challenges 2*°; tumor cells treated with ICD inducers prior to inoculation into
immunocompetent mice vaccinate them against subsequent challenge with the same
tumor 192193240242 " After screening for proteins that are upregulated on the surface of
cancer cells undergoing ICD, the endoplasmic reticulum (ER) protein calreticulin
(CALR) exhibited increased translocation to the plasma membrane of cells undergoing
ICD 2°2%2 The exposed CALR was found to be critical for ICD, as knockdown of
CALR expression significantly hampered development of anti-tumor immunity %242,
Following the pre-apoptotic CALR mobilization, cells undergoing ICD release adenosine
triphosphate (ATP), which is essential for recruitment of antigen presenting cells (APCs)

and the subsequent activation of the inflammasome to promote IL-1p release by DCs

104241,243-245 - anthracycline treated cancer cells also upregulate a TLR3/type | IFN/
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CXCL10 signaling cascade that is critical for protection from tumor growth 2. In the
late stages of apoptosis (secondary necrosis), cells passively release the chromatin protein
high-mobility group box 1 (HMGB1) which acts on TLR4 on DCs to enhance antigen

192,247,248

presentation (Figure 4) . Disruption of any of these ICD pathways impairs

generation of anti-tumor responses. Each pathway is described in more detail below.

6.1 ER stress and CALR exposure.

The ER serves as a site for protein folding, modification, and trafficking to their
proper cellular compartments. In addition, the ER is also the primary site for lipid
biosynthesis and calcium storage 2***°. Physiologic stress such as increased secretory
load, or pathologic stresses such as mutated proteins, can overwhelm the functional
capacity of the ER, leading to ER stress 2*°. The ER responds to stress by activating an
adaptive mechanism called the unfolded protein response #*%*°. The main aim of these
processes is to re-establish homeostasis and promote survival. However, when these
coping mechanisms are overwhelmed, the pro-survival mechanisms switch to pro-death
signals . CALR represents the most abundant protein in the ER lumen and gets
translocated to the cell surface of stressed and dying cancer cells 240242252 Thjs
translocation of CALR occurs prior to translocation of phosphatidylserine to the outer

leaflet of the plasma membrane, hence it is termed a pre-apoptotic event 24024222

CALR functions as a potent “eat me” signal on apoptotic cells through the
binding of CD91 on macrophages and DCs #3. CALR exposure precedes that of
phosphatidylserine 2%, but both CALR and PS serve as eat me signals on apoptotic cells.
However, PS mediates clearance of tumor cells without activating an immune response

2% PS exposure on cancer cells has also been associated with immunosuppression and
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antibody mediated inhibition of PS significantly improved anti-tumor immune responses
2526 1 contrast to PS, CALR binds CD91 on antigen-presenting cells to promote
proinflammatory cytokines (for example IL-6 and tumor necrosis factor) %"?*®, Hence,
recognition of CALR on dying cells is an early event that leads to engulfment of dying

tumor cells by APCs and priming the adaptive immune response.

Therapy - induced cell stress I
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Figure 4. Schematic representation of therapy-induced immunogenic cell death
(ICD). Therapy-induced ER stress, autophagy, TLR3 activation and HMGB1 release are
key events in immunogenic cell death. Unresolved ER stress leads to the activation of the
unfolded protein response, initiation of the pre-apoptotic module and subsequent
translocation of CALR. Autophagy plays an important role in accumulation of ATP in
phagolysosomes and ATP potently activates the NLRP3/inflammasome pathway in DCs.
Following activation of the inflammasome, DCs secrete IL-1p that is essential in the
recruitment of y8 T cells and IFN-y* cytotoxic CD8 T cells. Activation of TLR3 in dying
cancer cells also leads to autocrine/paracrine type | IFN production and the subsequent
production of CXCL10. This is followed by the release of HMGB1 during the late stages
of apoptosis. Figure from >°.
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6.2 The role of ATP in ICD

ATP has been studied for its role in energy metabolism and autocrine/paracrine
cell signaling. Although ATP has a physiologic role in neurotransmission, it can also be
released from cells during pathological conditions such as mechanical stress, plasma
membrane damage, hypoxia and exposure to cytotoxic agents 2°>?2, Multiple distinct
ICD inducers (oxaliplatin, mitoxantrone, doxorubicin) can cause ATP release from dying
tumor cells 2. Although ATP release could occur through multiple mechanisms 2%,

autophagy is thought to be the primary mechanism that sustains high ATP levels in cells

undergoing 1ICD %,

Extracellular ATP has the dual effect of attracting immune cells and activating the
inflammasome pathway. ATP signaling via P2Y2 receptors on monocytes and DCs
induces their recruitment and activation in the tumor microenvironment 2°>2°°. Once
naive immune cells are recruited to tumor sites and have been exposed to “eat me”
signals, they require activation signals to increase their anti-tumor activities. ATP
signaling via P2RX7 receptors is one of the most potent activators of the NLRP3
inflammasome pathway in DCs and macrophages 2°2%%%7  Although P2RX7 is
expressed on several cell types including DCs and macrophages, ATP primarily acts
through P2RX7 on DCs during ICD %**. The NLRP3 pathway activates the protease
caspase-1, which leads to the processing and secretion of pro-IL-1B and pro-IL-18 267,
Supporting a key role for the ATP/NLRP3 inflammasome in response to chemotherapy,

Ghringhelli et al. ** demonstrated that P2rx7”", NIrp3™, Caspase- 17~ and 111r"" mice had

significantly decreased chemotherapeutic protection against several transplanted tumour
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lines. Furthermore, chemotherapy-induced IL-13 was shown to be required for the

265

recruitment of IL-17 producing yd T cells > and generation of IFN-y producing tumor

specific CD8 T cells ?*. The recruitment of y5 T cells and production of IL-17 occurred

prior to tumor specific IFN-y production by CD8 T cells **.

Hence ATP release
following cytotoxic therapy can mediate activation of the NLRP3 inflammasome,
creating a link between the innate and adaptive immune response. In particular, activation

of the inflammasome in DCs leads to the production of IL-1p and subsequent recruitment

of 6 T cells and priming of CDS8 T cells against tumor antigens.

6.3 The role of TLR3 and type-1 IFN in ICD

Ligation of TLRs by microbial ligands is known to trigger well characterized
signaling cascades that result in anti-microbial immune responses 2%, and occasionally,
death of the infected cells 2", TLR3 is a key endosomal pathogen recognition receptor
for dsRNA and is required for full induction of type | IFN mediated antiviral immune
responses 2’>?®, While TLR3 agonists have been shown to cause cell death in pancreatic

B cells 2*%™® endothelial cells ?® and cancer cells 2"’

, a novel role of anthracycline
induced TLR3 activation has been recently described in ICD %*°. TIR domain-containing
adapter inducing IFN-B (TRIF), the only known adaptor protein of TLR3 signaling, can
by itself exhibit proapoptotic tendencies 2. Sistigu et al. %*® demonstrated that
anthracycline treatments elicited TLR3 signaling in cancer cells, leading to
autocrine/paracrine type | IFN signaling and the subsequent secretion of CXCL10 (Figure
5). Genetically knocking out TLR3 on cancer cells ablated this protection, an effect that

could be reversed by administering recombinant type I IFN or CXCL10 2*. This cascade

was essential for the successful vaccination of mice against tumor re-challenge.
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Consistent with this, a type | IFN signature is a strong prognostic factor for breast cancer
patients undergoing anthracycline therapy 2*°. Interestingly, this pathway closely mimics
the immune response against viral infection, and oncolytic viruses can also induce type |
IFN and CXCL10 ?*. Availability of clinical grade TLR3 agonists 2*!, recombinant type |

IFNs 2% and preclinical recombinant CXCL10 ?** provide promising therapeutic avenues.

Immune
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Figure 5. TLR3/IFN-a/p/CXCL10 axis in ICD. Schematic representation of the events
preceding the release of tumor derived CXCL10 in ICD. Treatment activates TLR3
signaling in cancer cells which leads to the rapid release of IFNo/B by cancer cells.
IFNo/B can act in both an autocrine or paracrine manner on neoplastic cells leading to the
release of CXCL10. Figure from 2*°.

6.4 The role of HMGBL1 in ICD.
HMGBL1 is a ubiquitously expressed protein that plays an important role in
stabilizing nucleosomes, regulating gene transcription and DNA repair 2*?%°. Besides its

role in the nucleus, extracellular HMGBL is a key driving factor in inflammation, cell
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differentiation, cell migration, and tumor metastasis 2. HMGBL1 is actively secreted by
macrophages 2%, DCs *® and NK cells % in response to infection or injury. Secreted
HMGBL1 can promote inflammation by binding the receptor for advanced glycation end
products (RAGE), TLR2, TLR4 and TLR9, whereas HMGBL1 pro-inflammatory activity
can be inhibited by binding CD24 2%*2**%2 \When bound to nucleosomes, HMGB1 can
induce a TLR2 mediated humoral responses against the released DNA/histones .

HMGBL1 can also associate with the chemokine CXCL12 and recruit immune cells to

sites of inflammation 2%,

Although early reports suggested that HMGB1 was only released from necrotic

291

cells =°7, there is increasing evidence showing that HMGB1 can be released during the

late stages of regulated apoptosis, necroptosis, autophagy, and pyroptosis 26-2622%2:2% |
particular, the release of HMGB1 was shown to be required for effective induction of
ICD 2. In this study, the authors vaccinated mice with anthracycline or oxaliplatin
treated cells one week prior to tumor challenge and demonstrated that antibody mediated
blockade of HMGB1 compromised the efficacy of vaccination. Furthermore, protection
was compromised in TLR4 deficient (but not other TLRs) and Myd88 deficient mice.
These results implicated TLR4 as the receptor for HMGBL1 that mediates anti-tumor
immune responses. The activation of TLR4 on DCs in culture was shown to enhance the
processing of phagocytic cargo, facilitate antigen presentation, upregulate co-stimulatory
molecules and increase intracellular levels of pro-IL-1p (a substrate for the
inflammasome pathway) '°#%%20 TLR4 signaling might also prevent the premature

lysosomal degradation of engulfed apoptotic debris and potentially preserve tumor

associated antigens for presentation %22, This is consistent with the observation that
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peptides that are resistant to lysosomal degradation are more antigenic **. Tumor cells
deficient in HMGBL1 exhibit compromised capacity to induce ICD and anti-tumor
immune responses; however, TLR4 agonists rescued the chemotherapy-induced anti-

247 Similarly, inhibition of lysosomal degradation using

tumor immune responses
chloroquine enhanced the efficacy of chemotherapy in TLR-4" mice but not wild type
mice 2. This suggests that TLR-4 signaling in DCs and not the specific TLR4 ligand

produced by dying tumor cell is important for inducing ICD.

Collectively, the emerging concepts surrounding ICD have the potential to
enhance clinical benefit and should be a consideration when monitoring therapeutic
responses. In particular, monitoring the hallmarks of ICD could play an important role in
patient-specific therapy selection, tumor-specific therapeutic strategies and combination
therapy dose/sequence selection. Important to this body of work, combining
immunotherapies with 1ICD-inducing therapy could potentially lead to enhanced efficacy
and diminished toxicities. The therapeutic benefit of combining NKT cell activation
therapy with ICD-inducing chemotherapy or oncolytic virus therapy remains poorly

understood.

7. Animal models of cancer

Animal models are an important tool in tumor immunology and testing of new
therapeutics. In this body of work, we use three syngeneic murine tumour models: 4T1
mammary carcinoma, B16-F10 melanoma, and ID8 ovarian cancer cells. While this work
is primarily focused on the 4T1 model, we used the B16-F10 and ID8 model to address

certain experiments that could not be done using the 4T1/BALB/c background.
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4T1 cells were isolated from a spontaneous mammary carcinoma arising in a
BALB/c mouse *. This model is aggressive and has many features that resemble
advanced human stage IV breast cancer, including spontaneous metastasis from primary
orthotopic tumours *®°. The primary site of metastasis is to the lungs, and metastasis
can occur through both hematogenous and lymphatic routes *"?%°. At later time points,
4T1 cell metastasis can be detected in the liver, lymph nodes, kidneys, bone and brain 2%°.
One advantage of the 4T1 model is that you can resect the primary tumor, and test
different therapeutic approaches to target metastatic burden **>°%®. The 4T1 cells are
resistant to the guanine analog 6-thioguanine (6-TG), allowing for quantification of
metastasis through clonogenic plating assays 2*"°. In addition, the 4T1 model is highly
immunosuppressive and has been shown to induce the accumulation of MDSCs %3,
Breast cancer patients have higher levels of circulating MDSCs than healthy individuals,

and there is a strong correlation between clinical cancer stage and the levels of circulating

MDSCs 3%,

The B16 melanoma cell line was derived more than 6 decades ago from a
C57BL/6 mouse carrying a chemically induced tumor **. There are three subtypes of this
cell line, the F1 which is the parental line and is non metastatic, BL6 which is invasive,
and F10, which is highly metastatic ***=%. In this study, we used the B16-F10 cell line
(referred to as B16 hereafter). Subcutaneous injection of B16 cells leads to development
of a primary tumor, whereas intravenous or intrasplenic injection of B16 cells leads to
lung and liver metastasis, respectively '®°. The latter two models are used to test

therapeutic strategies against metastatic disease.
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ID8 ovarian cancer cells have a capacity to form tumors and hemorrhagic ascetic
fluid upon intraperitoneal (i.p) injection into syngeneic to the C57BL/6 mice **°. The ID8
mouse model was originally developed to study ovarian cancer in mice with an intact
immune system. Furthermore, the model exhibits disease behaviors that are similar to the
high-grade serous subtype, which accounts for majority of human ovarian cancer

cases 3%,

8. Thesis overview

While there has been an improvement in the survival outcome for breast cancer
patients, the toxicity and disease recurrence associated with the current standards of care
remains high. Furthermore, given that most breast cancer associated deaths arise from
metastatic disease *, the development of novel safe and effective therapeutic strategies are
of particular interest . Recently, therapeutic approaches that boost the immune system to
overcome immunosuppression and target cancer cells have shown promising potential in
many cancers >°"*%. Despite promising preclinical and phase I/11 clinical data on NKT
cell activation therapy, the role of NKT cell activation in targeting breast cancer remains
a poorly studied area. | hypothesize that NKT cell-based therapy could be developed to
target breast cancer, especially metastatic disease.
Chapter 3: Developing novel tools for evaluating the role of NKT cells in cancer
control. Despite advances in our understanding of NKT cell biology, many of the
molecular mechanisms underlying NKT cell homeostasis and function are still unclear.
Tools to dissect these mechanisms are required to support the development of safe and
effective NKT cell-based immunotherapies. A major limitation in the study of NKT cells

is the ability to generate large numbers of NKT cells for in vitro and in vivo
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experimentation. The objective of this study was to develop a reliable protocol of
expanding functional NKT cells and reconstituting them in NKT cell deficient mice. |
phenotypically and functionally characterized the expanded NKT cells, and used our
reconstitution model to probe the role of NKT cell derived cytokines on anti-tumor
immunity.

Chapter 4. Natural killer T cell activation overcomes immunosuppression to
enhance clearance of postsurgical breast cancer metastasis in mice. Metastatic lesions
are responsible for over 90% of breast cancer associated deaths. Therefore, strategies that
target metastasis are of particular interest. This study examined the efficacy of NKT cell
activation as a post-surgical immunotherapy in a mouse model of metastatic breast
cancer. Following surgical resection of orthotopic 4T1 mammary carcinoma tumors,
NKT cells were activated using a-GalCer-loaded DCs. | hypothesized that NKT cell
activation therapy would limit tumor metastasis and prolong survival. | also examined
the effect of NKT cell activation of immunosuppressive MDSC levels and anti-tumor
immunity.

Chapter 5. Natural killer T cell immunotherapy in combination with chemotherapy-
induced immunogenic cell death targets metastatic breast cancer. Despite advances
in chemotherapeutic interventions, the off-target effects and toxicity associated with
chemotherapy remain high. Therefore, strategies that reduce off-target toxicity associated
with traditional chemotherapy treatments are needed. One promising approach is to
combine low doses of chemotherapy with immunotherapies. In this body of work, |
wanted to examine whether we could safely and effectively combine NKT cell activation

therapy with low doses of cyclophosphamide or gemcitabine to target post-surgical breast
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cancer metastasis. | hypothesized that combining NKT cell activation therapy with
chemotherapy would augment therapeutic outcomes. In addition, | also examined the
effect of these chemotherapies on tumor immunogenicity, immunosuppressive
populations and anti-tumor immunity.

Chapter 6: Targeting post-surgical breast cancer metastasis with combined

NKT cell activation and oncolytic virus therapy. Oncolytic virus therapy is an
emerging treatment modality that has shown promising results in preclinical studies and
has been recently approved for clinical use. There is emerging evidence to show that
oncolytic virus therapy acts in part by stimulating an anti-tumor immune response.
Furthermore, oncolytic viruses can safely be combined with immune modulation therapy
to improve therapeutic outcomes. However the potential for combining NKT cell
activation therapy with oncolytic virus therapy has not been previously described. |
wanted to examine whether oncolytic VSV or reovirus could be combined with NKT cell
activation therapy to target post-surgical breast cancer metastasis. | hypothesized that this
combination approach would work together to improve anti-tumor immunity and
survival. | also characterized the effect of oncolytic virus infection on tumor

immunogenicity.
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Chapter 2: Materials and methods.

Mice.

Wild-type C57BL/6, CD45.1 congenic, and IFN-y ” mice were purchased from
the Jackson Laboratories (Bar Harbor, ME). BALB/c mice were purchased from Charles
River Laboratories (Senneville, QC). NKT cell deficient Ja18" mice were obtained from
Dr. M. Taniguchi (RIKEN Research Center for Allergy and Immunology, Kanagawa,
Japan) *%. Animals were maintained in the Carleton Animal Care Facility at Dalhousie
University and used in experiments at 8-12 weeks of age. All experimental protocols
were approved by the University Committee on Laboratory Animals in accordance with

the guidelines of the Canadian Council on Animal Care.
a-GalCer reconstitution.

Lyophilized a-GalCer (KRN7000), purchased from Toronto Research Chemicals,
was reconstituted in sterile 1X PBS containing 0.5% tween 20 to generate a stock
concentration of 0.2mg/ml. The reconstituted a-GalCer was sonicated in a 60°C water
bath 2-4 hours, and aliquoted in 0.2 ml volumes for storage at -20°C. Aliquots were

sonicated in a 60°C water bath prior to use.

Cell lines.

B16-F10 melanoma cells (ATCC; Manassas, VA), 4T1 mammary carcinoma cells
(ATCC), ID8 ovarian cancer cells (generated by Dr. K Roby, University of Arkansas) 3%,
Lewis lung carcinoma (ATCC), mouse fibroblast L-292 cells (ATCC), Pan02 pancreatic
cancer cells ¥ and Vero kidney epithelial cells (ATCC) were cultured at 37°C, 5% CO,,

in Dulbecco's Modified Eagle Medium (VWR Life Science, Mississauga, ON)
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supplemented with 10% fetal bovine serum (FBS) and 100 pg/ml streptomycin, 100
units/ml penicillin  (Fisher-HyClone, Ottawa, ON). Cells were harvested in the
logarithmic growth phase using trypsin-EDTA (ethylenediamine-tetraacetic acid)
treatment (Sigma-Aldrich, Oakville, ON). Washed cells were re-suspended in phosphate

buffered saline (PBS) for in vivo experiments.

Cell isolation.

Mice were anesthetized using 2-3% isoflurane and euthanized by cervical
dislocation. Liver, spleen, thymus, and lymph node lymphocytes were isolated by
mechanical dispersion through 70 micron wire mesh. Cells were pelleted by
centrifugation at 500g for 10 minutes at 4°C. Liver lymphocytes were separated from
hepatocytes by centrifugation through a 33% Percoll gradient (GE Healthcare, Baie
d’Urfe, QC). Red blood cells (RBC) were lysed with 5 ml of lysis buffer [150 mM NH,CI
(Sigma-Aldrich), 10 mM KHCOg3 (J.T. Baker, Montreal, QC), and 0.1 mM EDTA
(Sigma-Aldrich)] for 5 minutes, followed by addition of an equal volume of phosphate
buffered saline (PBS; HyClone, Ottawa, ON) to inhibit further lysis. Cells were
centrifuged at 300g for 8 minutes, resuspended in PBS supplemented with 2% FBS and

counted using a hemocytometer.

Bone marrow derived dendritic cells culture and glycolipid loading.

Wild type mice were anesthetized with inhaled isoflurane and sacrificed via
cervical dislocation. Under sterile conditions, femurs and tibias from mice were harvested
and stripped of skin and muscle tissue. A 5ml syringe containing DC medium (RPMI-
1640 containing 10% fetal bovine serum, 20uM 2-mercaptoethanol, 2mM L-glutamine,
and 100 pg/mL streptomycin, and 100 units/mL penicillin) and a 30 gauge needle were
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used to flush bone marrow through a 40 micron cell strainer. The cell suspension was
then centrifuged at 300 x g for 8 minutes. The supernatant was aspirated and an RBC
lysis was performed using 1 mL lysis buffer for 30 sec. Bone marrow cells were washed
and resuspended in 15ml DC medium supplemented with 40 ng/ml GM-CSF and 10
ng/ml IL-4 (PeproTech; Rocky Hill, NJ, USA). The resulting solution was distributed
evenly into 3 wells of a 6 well culture plate and incubated at 37°C, 5% CO, for 3 days.
Fresh medium, supplemented with 40 ng/ml GM-CSF and 10 ng/ml IL-4, was added to
cells on day 3. On day 6, non-adherent cells were washed and transferred into new wells
containing DC-medium supplemented with 20 ng/ml GM-CSF. DCs were loaded
overnight with 0.4 pg/ml a-GalCer (Toronto Research Chemicals, Toronto, ON).

Glycolipid loaded DCs were used in NKT cell activation and expansion experiments.

In vivo expansion of NKT cells.

To expand NKT cells for in vitro and adoptive transfer experiments, 6 x 10° a-
GalCer loaded DCs were injected intravenously (i.v.) into C57/BL6 mice and 2x10° DCs
were used in BALB/c mice. After 72 hours, NKT cells were sorted and used in

experiments.

Antibodies and flow cytometry.

The following antibodies were obtained from eBioscience (San Diego, CA),
BioLegend (San Diego, CA), or BD Biosciences (Mississauga, ON) unless otherwise
specified: Unconjugated anti-CD3e (clone 145-2C11); Fluorescein isothiocyanate
(FITC)-conjugated rat 1gG1 (clone eBRG1), FITC-rat IgG2b (clone A95-1), FITC-anti-
CD3 (clone 17A2), FITC-anti-CD4 (clone RM4-5), FITC-anti-CD8a (clone 53-6.7),

FITC-anti-CD45.1 (A20), FITC-anti-CD49b (DX5), FITC-anti-MHC | (H-2Db; clone
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28-14-8), FITC-anti-MHC | (H-2Dd; clone 34-1-2S), FITC-anti-TCR (clone H57-597) ;
phycoerythrin (PE)-conjugated rat IgG1l (clone eBRG1), PE-rat 1gG2b (clone A95-1),
PE-anti-CD1d (clone 1B1), PE-anti-CD4 (clone RM4-5), PE-anti-CD8a (clone 53-6.7),
PE-anti-CD11b (clone M1/70), PE-anti-CD69 (clone H1.2F3), PE-anti-Grl (clone RB6-
8C5),PE-anti-IL-17A (clone eBiol7B7), PE-anti-IFN-y (clone XMG1.2), PE-anti-IL-4
(clone 11B11), PE-NK1.1 (PK136), PE-anti-TCRp (clone H57-597), PE-anti-TCRv[32
(clone B20.6), PE-anti-TCRvB7 (clone TR310), PE-anti-TCRvpB8.2 (clone MR5-2) ;
Peridinin chlorophyll protein (PerCP)-conjugated rat 1gG2a (clone eBR2a), PerCP-anti-
CD3 (clone 145-2C11), PerCP-anti-CD4 (clone RM4-5), PerCP-anti-CD45.2 (clone 104),
PerCP-anti-TCRB (clone H57-597) ; Allophycocyanin (APC)-conjugated anti-CD4
(clone RM4-5), APC-anti-CD8a. (clone 53-6.7), APC-anti-CD25 (clone PC61), MHC Il
(IA/1-E clone M5/114.15.2) and APC-anti-TCRp (clone H57-597). To examine NKT
cells by flow cytometry, cells were stained with APC-labeled or and PE-labeled CD1d
tetramers loaded with the glycolipid PBS57 (NIH Tetramer Core Facility, Emory Vaccine
Center at Yerkes, Atlanta, GA). Prior to staining, all cell samples were pre-incubated
with anti-CD16/32 to block non-specific binding. Flow cytometry was performed using a
two laser FACSCalibur with BD CellQuest Pro software (BD Biosciences, Mississauga,
ON). Unloaded CD1d tetramers and isotype matched control antibodies were used to
establish gating and quadrants. A two-laser FACSAria sorter with BD FACSDiva
software (BD Biosciences) was used to sort CD8 T cells (CD8" TCRB'), NK cells
(CD49b" TCRP), and NKT cells (CD1d tetramer” TCRB") (>96% purity) for in vitro

assays and adoptive transfer experiments. Intracellular staining for cytokines,
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transcription factors or cytotoxic molecules was performed using the Cytofix/Cytoperm

Plus kit (eBioscience, San Diego CA).

Intracellular cytokine measurements.

To examine cytokine production following a-GalCer loaded DC treatment,
intracellular cytokine staining (IL-4 and IFN-y) was performed in NK (TCRB™ NK1.1%)
and NKT (CD1d tetramer® TCRPB") cells 2 hours after treating mice i.p. with 4 pg o-
GalCer. Cells were washed with PBS and surface marker staining was performed at room
temperature for 20 minutes. Following a wash step, cells were fixed in 4%
paraformaldehyde (Fisher Scientific) for 20 minutes, washed with PBS and resuspended
in permeabilizing buffer (eBiosciences), and incubated with IL-4 or IFN-y antibodies.
Following a 20 minutes incubation, cells were washed in permeabilizing buffer and

resuspended in PBS prior to data acquisition.

In vitro T cell activation in anti-CD3g coated plates.

To characterize the cytokine production in naive and expanded NKT cells (72
hours post a-GalCer-loaded DC stimulation) in culture, NKT cells were sorted from
naive and o-GalCer-DC treated mice. Sorted NKT cells (2x10° cells/well) were incubated
at 37°C (5% CO,) in anti-CD3e-coated 96-well culture plates containing complete RMPI-
1640 supplemented with 2 ng/ml mouse IL-2 (PeproTech, Rocky Hill, NJ). Supernatants
were collected at 0.5, 2, 6 and 24 hours for measurement of IFN-y and IL-4 levels by
ELISA according to manufacturer’s instructions (eBioscience). Corning Costar 9018
ELISA plates were coated overnight at 4°C with anti-mouse capture antibodies IFN-y
(clone AN-18), or IL-4 (clone 11B11). After coating, the plates were aspirated and

washed three times using PBS with 0.05% Tween-20 (Sigma-Aldrich). ELISA plates
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were blocked by adding 200 pl of 1X ELISA Diluent (eBioscience), followed by a 1 hour
incubation at room temperature. The ELISA plates were washed five times using PBS
with 0.05% Tween-20. Serial dilutions of standards for IFN-y (2000, 1000, 500, 250, 125,
62.5, 31.25, 0 pg/ml) and IL-4 (500, 250, 125, 62.5, 31.25, 15.63, 7.81, 0 pg/ml) were
prepared along with 1/20 and 1/50 dilutions of serum samples and supernatant samples.
Diluted standards and samples were added to the wells at 100 pl volume and were
incubated overnight at 4°C. The plates were then washed five times and 100 pl of biotin-
conjugated mouse anti-IFN-y (clone R4-6A2), and anti-IL-4 (clone BVD6-24G2) were
added to the appropriate plates and incubated for 1 hour at room temperature. Plates were
aspirated and washed 5 times. Avidin-horseradish peroxidase (HRP) was added at 100 pl
per well and incubated for 30 minutes. The plates were aspirated and washed 5 times.
The enzymatic substrate tetramethylbenzidine (100 pl/well) was added for 15 minutes,
the reaction was stopped by adding 50 upl/well of 2 N H,SO,4. The absorbance was
measured at 405 nm using Epoch Microplate Spectrophotometer (BioTek, Winooski, VT)
and cytokine concentrations were calculated using the generated standard curve (Gen 5

software; BioTek).

NK cell transactivation.

To examine whether NKT cell-derived IFN-y is essential for NK cell
transactivation, expanded wild type or IFN-y 7 NKT cells (i.v. 3x10%) were adoptively
transferred into Jo18" mice. After 24 hours, mice were treated with a-GalCer (i.p. 4 ug).
Six hours after glycolipid stimulation, intracellular IFN-y staining was examined in NK

cells from wild-type mice, Jal18" mice, and Jal18" mice receiving either wild-type or

50



IFN-y 7 NKT cells. Serum cytokine levels were examined at different time points in mice
reconstituted with either wild-type or IFN-y ™ NKT cells.

To examine the ability of previously primed DCs to activate naive NK and NKT
cells, splenic DCs (CD11c” NK1.1") were isolated from mice that had received either
unloaded DCs or a-GalCer-loaded DCs three days prior. Surface expression of CD1d,
CD40, CD80, and CD86 were examined by flow cytometry. Isolated DCs (5x10°) were
adoptively transferred into mice 2 hours prior to a-GalCer treatment (i.p. 4ug). Serum
and intracellular cytokine levels in NK and NKT cells were examined 2 hours after

stimulation.

B16 melanoma liver metastasis model.

Naive, expanded wild type, or expanded IFN-y"' NKT cells (i.v. 3x10°) were
adoptively transferred into J 187 mice (C57BL/6 background). Seven days after transfer,
2.5x10° B16-F10 melanoma cells were aseptically inoculated into the spleens of control
and NKT cell recipient mice **. Mice were anesthetized with 2-3% isoflurane and the
left abdominal area was shaved. The shaved area was cleaned with 70% ethanol,
followed by 1% iodine (Rougier Pharma, Mirabel, QC). A longitudinal incision was
made in the skin, and a small incision was made into the peritoneal wall. The spleen was
exteriorized and B16 cells (in 50 pl saline) were injected into the spleen using a 30g
needle. The peritoneal cavity was closed using a 4-0 Polysyn suture (Angiotech: Reading,
PA). The skin was sutured using a 5-0 polypropylene suture (Ethicon, Somerville, NJ).
Mice were treated with 0.05 mg/kg buprenorphine (Temgesic, Schering-Plough,

Kenilworth, NJ) as an analgesic and placed in a clean recovery cage.
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Fourteen days after tumor cell injection, mice were sacrificed and images of the
anterior and posterior surface of each liver were acquired using a QIlmaging
Micropublisher 3.3 digital camera (Surrey, BC) and QCapture (v.2.8.1) software. The
relative tumor coverage on the anterior and posterior surfaces was analyzed using Image

J software (National Institutes of Health, Bethesda, MD) .

NKT cell reconstitution in Ja18" mice.

To examine whether expanded NKT cells could be used to reconstitute NKT cell
deficient mice, NKT cells were expanded in congenic CD45.1 mice using a-GalCer-
loaded DCs. Expanded NKT cells (10x10%) were isolated and injected i.v. into Jal187"
mice, where CD45.1 could be used to track transferred NKT cells. NKT cell
reconstitution was examined at day 7 and day 30. To improve reconstitution, recipient
mice were sub-lethally irradiated (750 rads (7.5 Gray); Gammacell 3000 from Nordion,
Ottawa, ON) two days prior to adoptive transfer of CD45.1 congenic NKT cells. NKT
cell frequency and phenotype were analyzed 7 and 30 days post-transfer. Functional NKT
cell responses were examined by measuring serum IL-4 and IFN-y levels at 2, 6 and 24
hours after a-GalCer treatment (i.p. 4 pg). In other experiments, B16-F10 cells (2.5x10°)
were aseptically inoculated into the spleen of age and sex matched wild-type C57BL/6
mice, Ja18" mice or irradiated Ja18”" mice reconstituted 30 days earlier with either wild
type or IFN-y"' NKT cells. In some groups, a-GalCer (i.p. 4pg) was administered 24

hours post tumor inoculation. Tumor metastasis was examined on day 14.

4T1 primary mammary tumor resection model.
4T1 cells were harvested in the logarithmic growth phase using trypsin-EDTA

(Sigma-Aldrich). Cells were resuspended in saline and 2x10° cells (50 pl volume) were
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injected subcutaneously (s.c.) into the fourth mammary fat pad of female BALB/c mice.
Primary mammary tumors were resected 12 days after tumor cell injection when the
primary tumors reached ~200 mm? in size 2*°. Primary subcutaneous tumor excision was
performed aseptically in anesthetized mice (inhaled isoflurane). The abdominal fur
around the tumour site was shaved with Oster small animal trimmers with 3 cm margins.
The surgical region was wiped with 70% ethanol, followed by iodine and again with 70%
ethanol. The tumor and subcutaneous fat tissue were surgically resected and the skin was
sutured together using a 5-0 polypropylene suture (Ethicon, Somerville, NJ). Mice
received a subcutaneous treatment of 0.05 mg/kg buprenorphine (BCM Corporation;
Bloomingdale, NJ) as analgesic. Animals were transferred to clean cages and allowed to

recover for 2-4 hours on a 42°C heating pad.

4T1 post-surgical NKT cell immunotherapy.

To examine whether NKT cell activation using o-GalCer-loaded DCs could
protect mice against metastatic disease, mice received o-GalCer-loaded DCs (2x10°)
intravenously (i.v.) on day 13 (one day following tumor resection). To examine whether
multiple NKT cell activation treatments would further enhance protection, mice received
a-GalCer-loaded DCs (2x10°) on day 13 and day 34. To monitor immune activation,
serum cytokine levels were collected at various time points following stimulation. IFN-y
and IL-4 levels were determined via ELISA (eBioscience). Lung metastasis was
examined using a clonogenic plating assay (details below), and in separate experiments

we examined the survival advantage of NKT cell activation therapy.
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Clonogenic assay for 4T1 cell metastasis.

The clonogenic assays were performed as previously described %°, with some
modifications. To quantify lung metastasis at different time points, the lungs were
harvested and dissociated by mechanical dispersion through a sterile 40 micron nylon
mesh. Cells were washed, centrifuged at 300g for 8 minutes, and resuspended in 5 ml of
clonogenic assay media (RPMI-1640 supplemented with 10% FBS, 100 npg/mL
streptomycin, and 100 units/mL penicillin, 20 nM HEPES, 60 uM 6-Thioguanine).

For experiments in Chapter 4, different volumes (1 ml, 500 pl, and 200 pl) of the
cell suspension (5 ml total) were plated in 10 ml of clonogenic assay media. Plates were
incubated for 10-14 days at 37°C with 5% CO,. To enumerate 4T1 colonies, plates were
fixed with 10 ml 95% methanol for 5 minutes, rinsed twice with 5 ml distilled water, and
stained with 0.03% methylene blue for 5 minutes. Plates were rinsed again with 5 ml of
distilled water and allowed to dry overnight. Colony forming units (CFU) in whole lung
tissue was calculated as: (5 x # colonies in 1 ml plate + 10 x # colonies on 500 pl plate +
25 x # colonies on 200 pl plate)/3.

To reduce the time, cost, and space required for the clonogenic assay, we made
some adjustments to the clonogenic assay protocol. For experiments in chapters 5 and 6,
the lungs were resuspended in 5ml of media. Different dilutions (100 ul, 50 ul and 25 pl)
of the lung cell suspension were added to 24 well plates in a final volume of 500 ul. After
7 days in culture, cell colonies were fixed with 1 ml 95% methanol for 5 minutes, washed
twice with 1 ml of distilled water, and stained with 500 pl of 0.03% methylene blue. The
number CFU were counted using an automated immunospot colony-counting program

(Cellular Technologies Limited).
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MDSC isolation and characterization.

To characterize circulating MDSCs in the 4T1 model, blood was obtained at
different time points via submandibular venipuncture: 70 pul of blood was collected in 10
ul of heparin (10,000 U/ml; Sigma-Aldrich). RBC lysis was performed by adding 2 ml of
lysis buffer for 1 minutes and neutralized by adding an equal volume of PBS. Samples
were centrifuged for 5 minutes at 300g, supernatant was discarded and the blood
leukocytes were resuspended in 200 ul of HBSS. Blood leukocytes were used for

cytospin preparations, flow cytometry (Gr1* CD11b"), or T cell suppression assays.

Blood leukocyte cytospins.

Cytospins were performed using a Shandon Cytospin 11l (Bohemia, NY).
Silanized slides (Ultident Scientific; St. Laurent, QC) were centrifuged at 500g for 2
minutes with 50 pul HBSS loaded to pre-wet the slides. Prepared blood leukocytes (~ 1 x
10° — 3 x 10° cells) were centrifuged with low acceleration for 5 minutes at 300g. Slides
were dried at room temperature. Samples were fixed for 3 hours in 10% acetate buffered
formalin and stained with hematoxylin and eosin (H&E) (Thermo-Scientific). Slides
were examined and photographed with a Zeiss Axiovert 200M microscope with a

Hamamatsu Orca R2 Camera (Toronto, ON) at 1000x magnification.

Examining the frequency of MDSCs by flow cytometry.
The frequency of MDSCs (Gr1* CD11b") populations in the blood were examined
by flow cytometry. Submandibular venipuncture was performed once a week and blood

leukocytes were isolated and antibody staining was performed as described above.
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T cell suppression assay.

To test immunosuppressive activity of blood MDSCs, 70 ul of blood was drawn
from naive mice and tumor-resected mice receiving different treatments (day 35). Blood
leukocytes were resuspended in 200 pul RPMI following RBC lysis, and 50 pl was added
to each well in a round bottomed 96 well plate. Responder splenocytes were isolated
from the spleens of naive mice by mechanical dispersion through wire mesh followed by
RBC lysis. Responder cells were labeled with 5 uM Oregon green (Life Technologies)
and resuspended in RPMI-1640 (supplemented with 100 ug/mL streptomycin, and 100
units/mL penicillin, 10% FBS and 1% HEPES). Responder cells (2x10°) were combined
in wells with blood leukocytes from tumor-resected animals. Proliferation was induced
by adding T-Activator anti-CD3/28 Dynabeads (Life Technologies) in a ratio of 1 bead: 2
splenocytes. Samples were incubated at 37°C 5% CO, for 72 hours. Responder cell
proliferation was measured by flow cytometry, gating on TCRB" cells and assessing cell
division by Oregon green dilution.

To examine the direct effects of NKT cell activation on MDSC suppressive
function and the ability of MDSCs to inhibit proliferation of activated NKT cells, we
added 1x10° NKT cells labeled with eFlour 670 (eBioscience) to the T cell suppression
assay outlined above. Both T cell and NKT cell proliferation were simultaneously

monitored via Oregon Green 488 and eFlour 670 dilution, respectively.

Examining the effect of NKT cell activation on MDSCs in vivo.
To determine whether activated NKT cells directly influence MDSC frequency in

vivo, mice were inoculated with 2x10° 4T1 cells in the mammary fat pad. Once tumors
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were palpable (day 7), a-GalCer-loaded DCs were administered to activate NKT cells.

Primary tumor growth and blood MDSC frequency were monitored.

Immune function assays.

To characterize whether NKT cell activation induced CD8" T cell and/or NK cell
mediated anti-tumor immunity, CD8" TCRB" T cells and CD49b" TCRB™ NK cells were
isolated and cultured in a 1:1 ratio with Oregon Green-labelled 4T1 target cells. Cells
were cultured in complete RPMI for 4 or 18 hours. Following incubation, supernatants
were collected for analysis of IFN-y levels. Cytotoxicity against 4T1 cells was
determined by flow cytometry via staining of Oregon green labeled 4T1 cells with APC-

Annexin V and 7-amino-actinomycin D (7-AAD).

VSVAMDS51 and reovirus production.

VSVAMS51-expressing luciferase (VSVAMS5I1-luc) and VSVAMS1-expressing
green fluorescence protein (VSVAMS1-GFP) were kindly provided by Dr. Douglas
Mahoney (University of Calgary) and were propagated in the lab for experiments. Vero
cells were plated in T-175 flasks, grown to 80% confluence and infected with
VSVAMS51-luc or VSVAMS1-GFP at a multiplicity of infection (MOI) of 0.1. After 24-
48 hours, the supernatant containing VSV was collected and centrifuged at 500g for 5
minutes to pellet cell debris. The supernatant was collected in a 30 ml syringe and filtered
through a 0.2 micron filter. The filtrate was gently layered onto a 20% sucrose solution.
After ultracentrifugation for 1.5 hours (36 000rpm), the pellet was resuspended in 15%
glucose, aliquoted and stored at -80°C. Reovirus (Dearing strain, T3D) was kindly

supplied by Dr. Patrick Lee (Professor Emeritus, Dalhousie University) and a fresh batch
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was provided every 3 months. VSVAMS51 and reovirus infectivity were determined by

standard plaque titration.

Plaque titration assay.

Plaque assays for VSVAMS51 and reovirus were conducted using Vero cells and
L-292 cells, respectively. A 10-fold serial dilution (10° to 10™°) of the virus stock was
prepared in cold DMEM. Vero cells or L-292 cells were cultured to confluence in 12-
well tissue culture plates, the media was aspirated and 100ul of the serially diluted virus
was added to each well in duplicate. Cells were incubated at 37°C, and 5% CO, for 2
hours with gentle shaking every 30 minutes, and unbound viruses were removed by
washing two times in DMEM. Following virus infection, 1 ml of 1% agarose overlay (for
a 12 well plate make up 3.75 ml of 4% agarose in DMEM, 0.75 ml of FBS, and 10.5 ml
of DMEM) was added to each well. Cells were incubated undisturbed for 48 hours at
37°C, and 5% CO,. The agarose was removed and the cells fixed in 10% formaldehyde
(Fisher Scientific) for 20 minutes and stained with 1% crystal violet (Sigma Aldrich).
Plaques were counted for each dilution and virus titer was determined by multiplying the

number of plaques by the dilution factor.
Virus titre = (number of plaques in duplicate wells/2)/ (inoculum volume x dilution used)

VSVAMS51 and reovirus infectivity on 4T1 cells.

To determine whether VSVAMS51 or reovirus can infect 4T1 cancer cells, 2x10°
cells were cultured in 6 well plates and infected with either VSVAMS1-GFP or reovirus
at an MOI of 10. UV irradiated virus was used as control. After 24 hours, cells were fixed

in 4% PFA. For reovirus intracellular staining, the cells were washed and resuspended in
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intracellular staining buffer (PBS containing 0.5% bovine serum albumin, 0.1% saponin,
20mM NaNs3). Non-specific binding sites were blocked with 10% goat serum for 20
minutes, followed by staining with a rabbit polyclonal anti-reovirus serum (1/2000)
(kindly provided by Dr. Patrick Lee, Dalhousie University) for 30 minutes at 4°C. Cells
were washed with intracellular staining buffer and incubated for 20 minutes in goat anti-
rabbit Alexa Flour 488 (1/4000, Molecular Probes). Cells were washed with intracellular
staining buffer and resuspended in 1% PFA prior to data acquisition by flow cytometry

(FACSCalibur).

Cell viability assay.

To examine whether gemcitabine (Hospira) or mafosfamide (4-sulfoethylthio-
cyclophosphamide, active analog of cyclophosphamide) (Toronto Research Chemicals)
had direct cytotoxic effects on 4T1 cells, an MTT assay (Life Technologies) was used.
4T1 carcinoma cells (5x10° per well) were cultured overnight in 96 well plates, and then
treated with different concentrations of gemcitabine or mafosfamide for 24, 48 or 72
hours. In other experiments, the ability of chemotherapeutics to disrupt colony formation
was tested. 4T1 cells were plated at 2.5x10° per well in 24 well plates and treated with
different concentrations of gemcitabine or mafosfamide for 24, 48 or 72 hours. Tumor
colonies were fixed with methanol and stained with 0.03% methylene blue. Colonies
were counted using an automated immunospot colony-counting program (Cellular

Technologies Limited).

To examine the effect of VSVAMS51 and reovirus on 4T1 cell viability, we used
an MTT assay (Life Technologies). MTT solution was prepared in PBS at a stock

concentration of 5 mg/ml. 4T1 carcinoma cells were cultured overnight in 96 well plates

59



at a concentration of 5x10° per well. Cells were treated with varying MOI for 24, 48, and
72 hours. UV irradiated virus (UV-VSVAMS51 or UV-reo) was used as a control. Two
hours prior to the endpoint, 20 ul of the MTT reagent was added to each well. At the
experimental endpoint, cells were spun down at 1400x g, 4°C for 5 minutes. Supernatant
was discarded and 100 ul of DMSO was added to each well, the plate was wrapped in foil
and placed on an orbital shaker for 10 minutes. The absorbance reading was performed

using an Epoch microplate spectrophotometer (BioTek) at an optical density of 590 nm.

Effect of VSVAMb51 infection on mRNA expression levels.

To examine the effect of VSVAMS1 on tumor-derived cytokines and markers of
antigen presentation, 4T1 cells were infected with VSVAMS51 or reovirus (MOI= 1) for
24 hours prior to RNA isolation. Total RNA was isolated using an RNeasy Plus Mini kit
(Qiagen) and cDNA was prepared using the advanced cDNA synthesis kit (Wisent Bio).
For reverse transcription, 200 ng of RNA was used. Quantitative polymerase chain
reactions were performed in duplicate using 1 pl of cDNA and Quantifast SYBR Green
(Qiagen). Data were collected on an RG-6000 Rotor-Gene (Corbett Research) and
analyzed using the 2—AACT relative quantification technique and expressed relative to an
internal normalizing mRNA 3. High-stringency primer pairs were used for transporter
associated with antigen processing (tap)-1, tap-2, ccl3, ccl4, ccl5, ccl8, cxcl2, cxcl9,
cxcl10, cxcl10, cxcll16, cx3cll, gapdh, ifn-a, ifn-p, 11-6, tnf (Table 3). Primer performance

was validated using a melting curve analysis.

Expression of MHC I, MHC 11, and CD1d on 4T1 cells.
Cancer cells evade detection by the immune system through downregulation of

antigen presentation **°. To examine the effect of chemotherapy or oncolytic viruses on
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expression of antigen presentation molecules in vitro, the expression of CD1d, MHC I,
and MHC 11 on the surface of 4T1 cells was assessed by flow cytometry after treatment

with vehicle, gemcitabine, mafosfamide, VSVAM51 (MOI = 1).
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Table 3. List of primers

Gene of interest Orientation Sequence
arginase 1 Forward AGCTGGCTGGTGTGGTGGCAGAGGTCCA
Reverse GGGTGGACCCTGGCGTGGCCAGAGATGCT
ccl3 Forward TGCCTGCTGCTTCTCCTACA
Reverse TGGACCCAGGTCTCTTTGGA
ccl4 Forward CCAGGGTTCTCAGCACCAA
Reverse GCTCACTGGGGTTAGCACAGA
ccls Forward CTCACCATATGGCTCGGACA
Reverse CTTCTCTGGGTTGGCACACA
cclé Forward GCAGTGCTTCTTTGCCTGCT
Reverse ACAGCTTCCATGGGGCACT
cxcl2 Forward GGCTGTTGTGGCCAGTGAA
Reverse GCTTCAGGGTCAAGGCAAAC
cxcl9 Forward TGGGCATCATCTTCCTGGAG
Reverse CCGGATCTAGGCAGGTTTGA
cxcl10 Forward CCTCATCCTGCTGGGTCTG
Reverse CTCAACACGTGGGCAGGA
cxcl1l Forward CGGGATGAAAGCCGTCAA
Reverse TATGAGGCGAGCTTGCTTGG
cxcl16 Forward CAACCCTGGGAGATGACCAC
Reverse CTGTGTCGCTCTCCTGTTGC
cx3cll Forward CCACTGCAGATCCCCAGAAA
Reverse GCGGAGGCCTTCTACCATTT
gapdh Forward TGCACCACCAACTGCTTAG
Reverse GGATGCAGGGATGATGTTC
ifn-a Forward GGACTTTGGATTCCCGCAGGAGAAG
Reverse GCTGCATCAGACAGCCTTGCAGGTC
ifn-4 Forward CCCTATGGAGATGACGGAGA
Reverse ACTTGAGGTGGTCGTCTGTC
11-6 Forward GAGGATACCACTCCCAACAGACC
Reverse AAGTGCATCATCGTTGTTCATACA
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Table 4. List of primers

Gene of interest Orientation Sequence

mcsf Forward CATCCAGGCAGAGACTGACA
Reverse CTTGCTGATCCTCCTTCCAG

tap 1 Forward CTGTTCAGGTCCTGCTCTCC
Reverse CCACAAGGCCTTTCATGTTT

tap 2 Forward GCTGTGGGGACTGCTAAAAG
Reverse GCAGAAGCCACTCGGACTAC

tof-B Forward TAAAATCGACATGCCGTCCC
Reverse GAGACATCAAAGCGGACGAT

tnf-o Forward CACGTCGTAGCAAACCACCAAGTGGA
Reverse TGGGAGTAGACAAGGTACAACCC

Cell surface CALR translocation.

To examine the effect of chemotherapies or VSVAMS51 on markers of
immunogenic cell death (CALR, HMGB1 or ATP), we performed the following
experiments. To fluorescently mark the ER, 4T1 cells were stably transduced with a
luminal ER marker mCherry-KDEL **2. Cells were cultured on coverslips overnight prior
to treatment with gemcitabine (10 ng/ml) or mafosfamide (5 ug/ml) for 4 hours. To
examine the effect of VSVAMS51-GFP on CALR translocation, 4T1 cells were infected
with VSVAMS51 at an MOI of 10 and incubated for 8 hours prior to fixation. Cells were
fixed with 0.25% paraformaldehyde for 5 minutes, washed in PBS and blocking buffer,
and stained with a rabbit anti-CALR antibody (Abcam, Cambridge, MA ) for 30 minutes
25 Cells were washed and reactivity was detected following 30 minutes incubation with
an anti-rabbit Alexa Flour 488 conjugated secondary antibody (Invitrogen) in the
chemotherapy experiments, or anti-rabbit Alexa Flour 680 for VSVAMS51-GFP

experiments. To confirm intracellular expression of CALR, untreated cells were fixed
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with 4% PFA for 20 minutes, permeabilized with 0.1% Triton X-100 (BioRad) for 10
min, rinsed three times with PBS, and non-specific binding sites were blocked with 10%
FBS for 30 minutes. Primary antibody was added for 1 hour. Subsequently, cells were
washed twice with PBS and incubated for 30 minutes in anti-rabbit Alexa Fluor 488.
Confocal microscopy (Zeiss LSM 510 Meta) and flow cytometry (FACSCalibur) were

used to analyze surface mobilization of CALR.

ATP and HMGB1 release assays.

Supernatants were harvested from chemotherapy treated or VSVAMSI1 treated
4T1 cells at 16 hours and 24 hours for measurement of ATP and HMGBL1 release,
respectively %221 Extracellular ATP levels were measured by the luciferin-based ATP
activity assay (Calbiochem). Chemiluminescence was recorded using a Fluoroskan
Ascent FL plate reader (Thermo-Scientific). HMGBL1 levels were measured by ELISA
(IBL international). Absorbance was measured using an Epoch microplate

spectrophotometer (BioTek).

Primary 4T1 tumor model to measure in vivo CALR exposure and HMGBL release
following chemotherapy treatment.

4T1 cells (2x10° cells in 50 pl volume) were injected subcutaneously into the
fourth mammary fat pad of female BALB/c mice. On day 12, mice received a single
intraperitoneal injection of 30 mg/kg gemcitabine or 24 hours of treatment with 20
mg/kg/day cyclophosphamide (Sigma-Aldrich) in their drinking water. The doses for
gemcitabine and cyclophosphamide were based on previous low-dose chemotherapy
studies ¥*3*!*, The doses and routes of gemcitabine and cyclophosphamide administration

were selected based on publications that showed efficacy in cancer models without
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negatively impacting the immune system. Cyclophosphamide at 20 mg/kg/day was
found to be equivalent to an i.p. 100 mg/kg bolus in a study evaluating combination
therapy with a peptide vaccine **°. The dose of gemcitabine was also chosen from a
metronomic study and is one-eighth the maximum tolerated dose in BALB/c mice .
Furthermore, this dose was selected to avoid toxicity against immune cells that was

reported with i,p. 120 mg/kg 2.

Serum samples were harvested at 24 hours for analysis of HMGB1 and ATP.
Primary tumors were also harvested 24 hours following treatment and dissociated into a
single cell suspension by mechanical dispersion through a 70-micron sterile wire mesh.
CALR expression on 4T1 cells and infiltration of CD45" CD11c¢" DCs were assessed by

flow cytometry.

Targeting post-surgical metastasis by combining chemotherapy or oncolytic virus
with NKT cell activation therapy.

Primary 4T1 tumors were induced as described above. To study metastasis,
tumors were resected 12 days after 4T1 cell inoculation '*. Mice were allowed to recover
for 2 hours prior to receiving intraperitoneal injections of gemcitabine (30 mg/kg on day
12, 14, 16) or cyclophosphamide in their drinking water (20 mg/kg/day from day 12-16).
On day 17, NKT cells were activated by i.v. injection of 2x10° o-GalCer-loaded DCs. To
examine immune activation, serum IFN-y and IL-4 levels were determined via ELISA
(eBioscience) at 2 and 24 hours following NKT cell stimulation. To examine tumor
metastasis and immune phenotyping, lungs and splenocytes were harvested on day 28 for

immune phenotyping.
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In the oncolytic virus study, mice were allowed to recover for 24 hours following
tumor resection. Mice received intravenous injections of 5x10° pfu of VSVAMS51 or
reovirus on day 13, 15 and 17. On day 18, NKT cells were activated by i.v. injection of

2x10° a-GalCer-loaded DCs.

ID8 tumor model.
Mice were injected i.p with 3x10° 1D8 ovarian cancer cells. Mice received
intraperitoneal injections of 5x10® pfu of reovirus on day 9, 11 and 13. Ascites

development was monitored.

Immune phenotyping following chemotherapy, NKT cell activation therapy or
combination therapy.

In the chemotherapy studies, immune phenotyping was done on day 28 following
initial tumor cell inoculation, splenocytes were isolated by mechanical dispersion through
wire mesh followed by RBC lysis. The frequencies of CD4" T cells, CD8" T cells, and
TCRB* CD4" CD25" FoxP3" regulatory T cells (T-regs) were examined, along with
expression of the cell surface activation marker CD69. To monitor intracellular cytokine
polarization, cells were re-stimulated for 4 hours with 50 ng/ml phorbol 12-myristate 13-
acetate (Sigma-Aldrich) and 1 pg/ml ionomycin (Sigma-Aldrich) in the presence of the
secretion inhibitor Brefeldin A (BioLegend). Surface stained cells were fixed and stained

for intracellular IL-17A, IFN-y, or granzyme B.

Statistical analysis.
Data are expressed as mean + standard error of the mean unless otherwise stated.

A non-parametric two-tailed Mann-Whitney U test was used to compare between two
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data groups. Comparisons between more than two data groups were made using a
Kruskal-Wallis non-parametric ANOVA with Dunn’s post-test. Survival data was
analyzed by log-rank (Mantel-Cox) significance test. Statistical significance was set at p
< 0.05. For survival data comparing multiple pairs of treatment groups, the statistical
significance level was set using the Bonferroni corrected threshold (p < (0.05/K), where
K is the number of comparisons being performed. Statistical computations were carried

out using GraphPad Instat 3.02 and GraphPad Prism 5.
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Chapter 3: Developing novel tools for evaluating the role of NKT cells in cancer

control.

This work appears in part in the publication:

Gebremeskel S, Slauenwhite D, Johnston B. 2016. Reconstitution models to evaluate
natural Killer T cell function in tumor control. Immunology and Cell biology. 94(1):90-
100. doi: 10.1038/ich.2015.67.
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The NKT cell deficient Ja187 mouse is @ common tool used to study NKT cell

309316317 However, it was recently shown that Jal18”

involvement in disease processes
mice have a 60% reduction in overall TCRa repertoire diversity **8. This would lead to
potential defects in CD4 and CD8 T cells in the Ja18" mice. Therefore, concerns have
been raised regarding the validity of studies that assess NKT cell function via
comparisons of Ja18" mice with wild-type animals. One approach to validate these
findings would be to reconstitute Jo18” mice with wild-type NKT cells. While there are
numerous studies describing transient NKT cell reconstitutions by adoptive transfer
103319321 'there has been little progress in the development of stable long term NKT cell
reconstitutions.

One strategy to obtain NKT cells for in vitro assays or adoptive transfer studies is
through in vitro NKT cell expansion 3432 However, many of the expansion protocols
give rise to NKT cell lines that have altered phenotypes 3%23%32° |n addition, there can
be significant variability in the functional responses of NKT cell lines generated in
individual cultures *2*. Hence, expansion protocols that reliably generate large numbers
of NKT cells that resemble normal NKT cell populations are crucial for mechanistic
investigations. In this chapter, we sought to develop reliable protocols of generating

functional NKT cells to be used in both in vitro and in vivo experiments.

Results:

Expansion of NKT cells following treatment with a-GalCer-loaded DCs.
Administration of free glycolipids has been shown to expand NKT cells in

328-330

vivo®?3%" However, these cells become anergic to further stimulation , reducing

their usefulness for functional assays or adoptive transfer experiments. As NKT cell
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activation with glycolipid-loaded DCs can prevent anergy ******

, We investigated whether
a-GalCer-loaded DCs could be used to expand functional NKT cells in vivo.
Administration of a-GalCer-loaded DCs induced an initial decrease in detectable NKT
cells (Fig 6A), consistent with the transient down-regulation of the TCR on glycolipid-
activated NKT cells *"%, This was followed by a significant expansion of NKT cells in
the liver, spleen, bone marrow, and thymus (Fig 6B-D), peaking around day 3 after
administration of a-GalCer-loaded DCs. NKT cell numbers in the lymph nodes also
increased at day 3 (Fig 6E). NKT cell expansion was followed by a contraction phase,
with NKT cell frequency and number returning to near baseline levels by day 10.
Administration of unloaded DCs did not alter NKT cell numbers. Thus, a-GalCer-loaded
DCs transiently increased NKT cell numbers in peripheral organs, similar to direct

administration of free glycolipids *2%%%,

Phenotype of expanded NKT cells.
Previous studies have shown that activated NKT cells undergo phenotypic

alterations in cell surface receptor expression 323:326:327:332,333

, thus we compared the
phenotype of naive and expanded NKT cells. The frequency of CD4" NKT cells
remained unchanged (Fig 7A). However, a sharp reduction in the expression of NK1.1
and CD69 was observed on expanded NKT cells (Fig 7A), which corresponds with an
activated phenotype %3233 Consistent with the ability of a-GalCer-loaded DCs to

329,331

spare NKT cells from anergy , the expression of PD-1 was low on expanded NKT

cells (Fig 7A).
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Figure 6. NKT cell expansion following stimulation with a-GalCer-loaded DCs. (A-
C) The frequency and (D) number of NKT cells (TCRB* CD1d tetramer”) were examined
in different tissues by flow cytometry following stimulation with a-GalCer-loaded DCs
(i.v. 6x10°) (n = 3-5 mice per time point). (E) The frequency and (F) number of NKT
cells (TCRB' CD1d tetramer™) in inguinal lymph nodes were determined using flow
cytometry. (n = 4 per group). * p < 0.05 compared to naive mice (Day 0).
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Figure 7. Surface marker expression and TCR V repertoire of expanded NKT
cells. (A) Spleen and liver lymphocytes were isolated from naive mice and mice
stimulated 72 hours earlier with a-GalCer-loaded DCs (i.v. 6x10°). Surface expression of
CD4, NK1.1, CD69 and PD-1 were examined on NKT cells (TCRB" CD1d-tetramer™) by
flow cytometry (n =5 per group). (B) TCR VP chain repertoire was examined on naive
and expanded NKT cells (CD3" CD1d-tetramer®) from the spleen and liver by flow
cytometry (n = 3-4 per group). * p < 0.05 compared to NKT cells from naive mice.
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Several studies have demonstrated that the avidity of TCR for glycolipid/CD1d
complexes is partly dependent on the variable regions of the TCRf chain, implicating
TCRB restriction in biological responses of NKT cells ***2*_ In vitro expansion of NKT
cell lines has been shown to skew the TCR VP repertoire ****% suggesting that these
methods promote the emergence of NKT cell clones with altered affinities. Therefore, we
investigated whether in vivo expansion of NKT cells caused a skewing of the TCR Vf
repertoire. Compared to naive NKT cells, the frequencies of VP2, V7, and V[38.2 usage
remained unaltered in in vivo expanded NKT cells (Fig 7B), suggesting a potential for

conserved ligand affinity.

Expanded NKT cells are hyper-responsive to re-stimulation.

To examine responsiveness of expanded NKT cells to re-stimulation, we
examined IFN-y and IL-4 production following primary (naive mice) or secondary
(expanded mice) in vivo activation with free glycolipid (4 pg a-GalCer). A similar
frequency of NKT cells exhibited intracellular IFN-y and IL-4 staining 2 hours after
primary or secondary stimulation with o-GalCer (Fig. 8A). Consistent with previous
reports 1**1%33 high levels of IL-4 and low levels of IFN-y were detected in serum of
previously unstimulated (naive) mice 2 hours after primary a-GalCer stimulation (Fig.
8B). However, mice that received a secondary treatment with free glycolipid 3 days after
the primary stimulation with a-GalCer-loaded DCs (expanded) exhibited significantly
higher levels of serum IL-4 and IFN-y at the 2 hour time-point (Fig. 8B). Re-stimulated
mice became moribund and had to be euthanized 3-5 hours after the secondary a-GalCer
administration, precluding examination of later time points. It was not clear whether the

early increase in serum cytokines was due to the 20-fold increase in NKT cell number,
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Figure 8. NKT cells expanded with a-GalCer-loaded DCs are hyper-responsive to
antigenic re-stimulation. (A) Intracellular cytokine staining in liver NKT cells (TCRB *
CD1d tetramer” cells) was examined 2 hours after stimulation of naive mice and mice
with expanded NKT cells (i.v. 6x10° a-GalCer-loaded DCs 72 hours earlier) with free a-
GalCer (i.p. 4 pg) (n = 3-6 per group over 3 independent experiments). * p < 0.05
compared to vehicle. (B) Serum cytokine levels 2 hours following free a-GalCer (i.p. 4
1g) administration in naive mice and mice with expanded NKT cells (i.v. 6x10° a-
GalCer-loaded DCs 72 hours earlier) (n = 3-6 per group over 3 independent experiments).
*p < 0.05 compared to vehicle, T p < 0.05 compared to naive. (C) Cytokine production
was measured in cultures containing 2x10° NKT cells sorted from naive and expanded
donors. NKT cells were stimulated on anti-CD3 coated plates in media supplemented
with IL-2 (n = 3 per group over 3 independent experiments). * p < 0.05 compared to
naive NKT cells.
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priming of NKT cell function, or priming of other immune cell populations in response to
the first NKT cell stimulation.

To identify whether expanded NKT cells themselves had an enhanced capacity to
produce IL-4 and IFN-y, NKT cells were sorted from naive mice and mice stimulated 72
hours previously with a-GalCer-loaded DCs. Equal numbers of naive and expanded NKT
cells were cultured in anti-CD3 coated plates supplemented with IL-2, and supernatants
were harvested for cytokine quantification. Expanded NKT cells generated more IFN-y
and IL-4 compared to naive NKT cells (Fig. 8C). This increase in cytokine production
was not due to differences in expansion of NKT cells in culture, as similar numbers of
cells were harvested at the end of the study. The hyper-responsiveness of NKT cells to
secondary stimulation is consistent with a previous study demonstrating that epigenetic

modifications allow for enhanced NKT cell responses to re-stimulation 3%,

Enhanced NK cell responses in re-stimulated mice.

NK cells did not exhibit increased intracellular IFN-y 2 hours after primary
glycolipid stimulation in vivo (Fig. 9A), although IFN-y staining was observed at 6 hours
(see Fig. 10B). However, NK cells in re-stimulated animals exhibited significant IFN-y
staining at 2 hours, suggesting accelerated NK cell transactivation. To determine whether
primed NKT cells elicit faster transactivation of NK cells, expanded NKT cells were
adoptively transferred into naive Jol18” recipients and mice were stimulated with o-
GalCer (Fig. 9A). There was no significant IFN-y staining in NK cells at 2 hours (Fig.
9A), although NK cell transactivation was observed at 6 hours after a-GalCer treatment

(see Fig. 10B). This suggests that the rapid NK cell transactivation response elicited by
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Figure 9. Mechanisms underlying early NK cell transactivation in mice re-
stimulated with free a-GalCer. (A). Naive wild-type mice, wild-type mice primed with
a-GalCer-loaded DCs (i.v. 6x10° DCs 72 hours earlier) to expand NKT cells, and naive
Ja18" mice reconstituted with expanded NKT cells (i.v. 3x10° NKT cells) were
stimulated with free a-GalCer (i.p. 4 pg). Intracellular cytokine staining in liver NK cells
(NK1.1" TCRp™ cells) was examined 2 hours after glycolipid stimulation (n = 4 per
group over 2 independent experiments). Primed mice d Primed mice did not survive to
the 6 hours time point. * p < 0.05 compared to unstimulated (time 0). ¥ p < 0.05
compared to second stimulation in intact wild-type mice. (B, C) Naive or primed DCs
(CD11c" NK1.1) were adoptively transferred into wild-type mice 2 hours prior to o-
GalCer (i.p. 4 pg) administration. (B) Intracellular cytokine staining in liver NK cells
(NK1.1" TCRB cells) and NKT cells (TCRB"CD1d-tetramer™) (n =4 per group over 2
independent experiments). (C) Serum cytokine levels were quantified 2h following
stimulation (n =4 per group over 2 independent experiments). * p < 0.05 compared to DC
transfer without stimulation. (D) Representative plots showing surface expression of
CD40, CD80, CD86 and CD1d on CD11c" DCs from naive and primed mice. Values on
the plots indicate mean fluorescence intensity £ SEM for naive DCs (black), and primed
DCs (grey) (n =3 per group over 3 independent experiments).
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the second glycolipid stimulation in intact mice was not due to NKT cell priming.
Adoptive transfer of naive or day 3 primed DCs into naive recipients did not
increase NKT cell or NK cell activation on their own, and a-GalCer treatment induced
equivalent IFN-y staining in NKT cells following transfer of naive or primed DCs (Fig.
9B). However, transfer of primed DCs increased the frequency of IFN-y-positive NK
cells (Fig. 9B) and serum IFN-y levels at 2 hours after a-GalCer treatment (Fig. 9C).
Compared to naive DCs, DCs isolated from primed mice expressed higher levels of
CD40, CD80, CD86, and CD1d (Fig. 9D). This suggests that the elevated serum cytokine
levels and early NK cell activation in mice receiving secondary NKT cell activation are at
least partly due to the ability of primed DCs to initiate rapid cellular responses.
Therefore, re-stimulation of mice with expanded NKT cells resulted in enhanced cytokine
production in vivo due to increased NKT cell number, increased cytokine production per

NKT cell, and enhanced transactivation of NK cells by previously primed DCs.

Control of metastasis by expanded NKT cells.

To determine whether expanded NKT cells could functionally contribute to anti-
tumor responses, we examined their effects in a model of B16-F10 liver metastasis 3%
Equal numbers of naive or expanded NKT cells were adoptively transferred into Ja18™
mice 7 days prior to intrasplenic inoculations with B16-F10 melanoma. Livers were

harvested 14 days after tumor cell injection to evaluate metastasis (Fig. 10A). Transfer of

naive NKT cells provided partial protection in Ja18” mice, consistent with our
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Figure 10. Expanded wild-type and IFN-y” NKT cells provide enhanced protection
against tumor metastasis. (A) Naive and expanded IFN-y*™* and IFN-y” NKT cells were
sorted and adoptively transferred (i.v. 3x10°) into NKT cell deficient Ja18" mice. Seven
days after transfer, 2.5x10° B16 melanoma cells were injected into the spleen. Liver
metastasis was examined 14 days later using image analysis software to calculate the
percent total liver surface area covered by metastatic B16 melanoma (n= 4-9 per group
over 2 independent experiments). * p < 0.05 compared to J 187 mice without NKT cell
transfer, ¥ p < 0.05 compared to mice receiving naive NKT cells. (B) Expanded NKT
cells from IFN- y+/+ and IFN-y mice were purified and adoptively transferred (i.v. 3x10°)
into recipient Ja18” mice. After 24 hours, groups of mice were treated with a-GalCer
(i.p. 4 pg). Intracellular IFN-y staining was examined in NK cells (NK1.1* TCRB") 6
hours after stimulation (n=5 per group over 2 independent experiments). * p < 0.05
compared to basal staining.
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previous finding that metastasis is increased in Ja18” mice compared to wild-type
animals ***. Surprisingly, transfer of expanded NKT cells provided potent protection

from subsequent metastasis without the need for additional glycolipid stimulation. The
frequency of expanded NKT cells spontaneously staining for intracellular cytokines at the
day of transfer (day 3 post-stimulation) was not significantly different from naive NKT
cells (Fig. 8A), suggesting that basal cytokine production did not mediate protection.
However, as transferred NKT cells could have been activated to make cytokines in the
recipient, we determined whether NKT cell-derived IFN-y was required for protection
from metastasis. Transfer of expanded NKT cells from wild-type or IFN-y” mice into
Jal18" mice provided equal protection against metastasis (Fig. 10A), suggesting that
expanded NKT cells have enhanced immunosurveillance capacity that is not dependent
on NKT cell-derived IFN-y.

Expanded wild-type and IFN-y” NKT cells were both able to mediate NK cell
transactivation in recipient Ja18" mice following glycolipid stimulation (Fig. 10B), but
did not elicit spontaneous NK cell transactivation that could account for the increased
tumor control provided by expanded NKT cells. These data suggest a mechanism of
increased immunosurveillance provided by expanded NKT cells that is independent from

NKT cell-derived IFN-y or an altered capacity to transactivate NK cells.

NKT cell reconstitution in Jo18” mice.

Despite the potent anti-metastatic effect observed following transfer of expanded
NKT cells, there was poor reconstitution of NKT cells in the liver and spleen of recipient
Jal18" mice (Fig. 11A). While transfer of NKT cells into lymphopenic mice has been

previously described 3'°3% there have been no objective reports describing effective
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reconstitution of NKT cells to wild-type levels. We therefore determined whether non-
lethal irradiation could be used to enhance stable reconstitution of NKT cells in Ja18™
mice. Expanded NKT cells were adoptively transferred into normal and irradiated Ja18™
mice, and reconstitution was examined 7 and 30 days later (Fig. 11A). Sublethal
irradiation of recipients prior to transfer significantly improved the reconstitution of NKT
cells. By day 30, the frequency and number of NKT cells, T cells, and NK cells in the
livers and spleens of irradiated-reconstituted Ja18" mice were equivalent to wild-type
mice (Fig. 11A-D). After 30 days, adoptively transferred NKT cells retained a normal
distribution of CD4" NKT cells and had reset expression of NK1.1 and CD69 to naive
levels (Fig. 12A).

To determine whether the kinetics of NKT cell activation were also restored in
reconstituted mice, in vivo NKT cell activation experiments were performed using a-
GalCer. When stimulated with a-GalCer, the day 30 irradiation-reconstituted J al8” mice
exhibited serum IL-4 and IFN-y responses that were comparable to a-GalCer-stimulated
wild-type controls (Fig. 12B). This demonstrates that expanded NKT cells lost their
hyper-reactivity by 30 days after stable reconstitution into Ja18” mice. In comparison,
non-irradiated Ja18” mice reconstituted with NKT cells had low serum levels of IL-4
and IFN-y following a-GalCer-stimulation (Fig. 12B), consistent with ineffective long-

term reconstitution (Fig. 12A and B).
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Figure 11. Long term NKT cell reconstitution in NKT cell deficient mice. Expanded
NKT cells from CD45.1 congenic donor mice were adoptively transferred into recipient
Jal18™ mice (i.v. 10x10°). Some groups of Ja18" recipients were sub-lethally irradiated
(750 rads) 2 days prior to adoptive transfer. (A) Dot plots show the frequency of NKT
cells (TCRB* CD1d tetramer) in naive wild-type mice and reconstituted Ja18” mice (7
and 30 days after adoptive transfer). The total number of (B) NKT cells, (C) T cells
(TCRB* CD1d tetramer’), and (D) NK cells (NK1.1" TCRp™) in spleen and liver were
examine by flow cytometry 30 days after adoptive transfer of expanded NKT cells (n =5-
13 per group over 4 independent experiments). * p < 0.05 compared to wild-type (WT)

mice, T p <0.05 compared to Ja18" mice
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Effective anti-tumor responses in reconstituted Ja18" mice.

To examine the function of reconstituted NKT cells further, we performed tumor
metastasis experiments by inoculating B16 melanoma cells into the spleen. Consistent
with our previous findings *3*, tumor metastasis to the liver was greater in Ja18" mice
than wild-type animals (Fig. 13A). Despite the altered TCR repertoire among T cells in
Jal18™ mice *8, stable reconstitution of wild-type NKT cells or IFNy” NKT cells in
these animals reduced metastasis of B16 melanoma to the levels observed in naive wild-
type mice (Fig. 13A), supporting a role for NKT cells in basal tumor
immunosurveillance. The expanded NKT cells had reset from their earlier hyper-reactive
state as there was no enhanced clearance of metastases compared to naive animals. NKT
cell activation with a-GalCer protected both reconstituted and wild-type mice to a similar
extent, further demonstrating that reconstituted Ja18” mice closely resemble wild-type
mice, and that the altered TCR repertoire in Ja18” mice does not impact the protection
provided by NKT cell activation. In addition, stable reconstitution with IFN-y” NKT
cells provided equivalent protection against metastasis (Fig. 13A), demonstrating that
IFN-y production by NKT cells is not essential for a-GalCer-induced anti-tumor
immunity. NKT cells and NK cells have been reported to produce IFN-y sequentially

following a-GalCer stimulation 142166:339.340

. Consistent with this, serum IFN-y levels in
mice reconstituted with IFN-y”" NKT cells were reduced at 6 hours but not 24 hours after
a-GalCer stimulation (Fig. 13B). Importantly, NKT cell derived IFN-y was not required

to elicit IFN-y production at later time points.
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Figure 12. NKT cells in reconstituted Ju18" mice resemble naive NKT cells at day
30. Expanded NKT cells were adoptively transferred (i.v. 10x10°) into sub-lethally
irradiated (750 rads) Ja18" mice. (A) Flow cytometry was used to examine surface
expression of CD4, NK1.1, and CD69 on naive and reconstituted NKT cells
(TCRB'CD1d tetramer™) (n =4-5 per group over 2 independent experiments). (B) Serum
IFN-y and IL-4 levels were measured by ELISA after treating wild-type mice and NKT
cell reconstituted Jal8" mice with a-GalCer (n=5-7 per group over 3 independent

experiments). * p < 0.05 compared to wild-type mice
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Figure 13. Stable NKT cell-reconstitution protects Ja18” mice from B16 melanoma
metastasis. (A) Expanded IFN-y*’* and IFN-y"' NKT cells were reconstituted into
irradiated Jo18” mice for 30 days. Wild-type, Joc18'/', and NKT cell-reconstituted Jo18™"
mice were inoculated in the spleen with 2.5x10°> B16 melanoma cells. In the NKT cell
activation groups, mice received a-GalCer (i.p. 4 pg) 24 hours after tumor cell
inoculation. Liver metastasis was examined at day 14 using image analysis software to
calculate the percent total liver surface area covered by metastatic B16 melanoma (n=4-8
per group over 2 independent experiments). * p < 0.05 compared to untreated wild-type
mice, ¥ p < 0.05 compared to untreated Jal8” mice. (B) Serum IFN-y levels were
measured 2, 6, and 24 hours after a-GalCer administration in wild-type mice and Jal18”
mice reconstituted with IFN-y"”* or IFN-y”" NKT cells (n = 4 per group over 2
independent experiments). * p < 0.05 compared to wild-type mice.
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Discussion
Previous studies have demonstrated that it is possible to expand short lived NKT

3227325 or derive long lived NKT cell hybridomas ****'. However,

cell cultures in vitro
expansion and maintenance of functional murine NKT cells in vitro is difficult,
expensive, and time consuming. Moreover, established protocols result in NKT cell lines
that exhibit variable functional responses and altered phenotypes, including reduced
CD4" frequency and a skewed TCR V profile 34%%32° |n this study, we demonstrate
that intravenous administration of a-GalCer-loaded DCs led to the expansion of NKT
cells that retained a normal phenotype (CD4 expression and TCR V[ profile) and could
be used to stably and functionally reconstitute NKT cell deficient mice.

Following administration of a-GalCer-loaded DCs, we observed a significant
increase in peripheral NKT cell numbers. Expanded NKT cells exhibited reduced surface
expression of both NK1.1 and CD69, consistent with the previously described NKT cell
activation profile 32032733233 gome studies have described a return to baseline NK1.1

32 while others have shown

expression as early as 1 week following activation
diminished NK1.1 levels up to 6 months following initial activation **°. In cultured NKT
cells, re-expression of NK1.1 and CD69 is suppressed due to the requirement for periodic
re-stimulation **3%°_ However, in our adoptive transfer model, NKT cells in reconstituted
mice displayed surface levels of NK1.1 and CDG69 that were comparable to naive NKT
cells by day 30.

In the absence of exogenous glycolipids, antigen presenting cells weakly

stimulate NKT cells that express TCR VB2, VB7 and V[38.1/8.2 3343 However, a-

GalCer-loaded antigen presenting cells have the capacity to stimulate NKT cells
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expressing a broader set of TCR VP chains: including VB2, VB6, VB7, VB8, VB9, VBI10,
and VP14 **°. Consistent with this, Chiba et al. ** reported outgrowth of NKT cell lines
expressing V6, VB9, VP10, and VP14 in their cultures. Others have reported outgrowth
of NKT cell lines expressing primarily VB7 and VB8 **°, which may reflect weaker
stimulation via the specific DC line used to expand NKT cells. In our experiments, in
vivo expanded NKT cells maintained a TCRp profile that was unchanged from naive
NKT cells (Fig. 7B). As bacterial glycolipids are preferentially recognized by NKT cells

. . . 154
with certain VB chains *°*3%

, maintaining a physiological TCR Vp profile in expanded
NKT cells is an asset for studying physiological NKT cell function in culture assays and
in reconstituted mice.

NKT cell activation by free a-GalCer has previously been described to generate

anergic NKT cells %2833

. However, priming NKT cells using DCs pulsed with a-GalCer
preserves their ability to be re-stimulated via a-GalCer or CD3 ligation *°**!. Consistent
with this, expanded NKT cells displayed robust cytokine responses to glycolipid re-
stimulation. Although epigenetic changes have been linked to NKT cell hyper-
responsiveness to re-stimulation ***, we found that NKT cell responsiveness returned to
normal by 30 days after stable reconstitution into Jal18” recipients, suggesting these
changes are transient. Indeed, enhanced NKT cell protection against B16 was maintained

at 10 days after a-GalCer stimulation **®

, a time frame consistent with our transfer
experiments with expanded NKT cells (Fig. 10). However, 30 days following adoptive
transfer experiments, reconstituted NKT cells required glycolipid stimulation to protect

mice from B16 melanoma (Fig. 13).
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The generation of Ja18" mice marked an important milestone for NKT cell
research **°. However, a reduced TCR repertoire among T cells in Ja18" mice has been

reported '8

, suggesting that immune effects attributed to NKT cells could be the result of
altered T cell-dependent antigen recognition in these animals. One way to address this
issue is to reconstitute wild-type NKT cells into Ja18” mice. However, there have been
no previous studies describing the successful long term reconstitution of NKT cells to
wild-type levels in Ja18" mice. The reconstitution model described here provides a
valuable tool to validate immunological functions attributed to NKT cells. Irradiation
likely creates a reconstitution niche for NKT cells by temporarily depleting NK cells and
CD8" memory cells that compete for survival and expansion factors, such as IL-15 319%%,
Although sublethal irradiation has been reported to transiently impair NK cell function
%5 e found no evidence of this at 30 days after reconstitution as reconstituted mice
cleared tumors as well as intact animals. It is possible that glycolipid-induced NKT cell
activation overcomes any residual anergy in NK cells as cytokines have been shown to
reverse NK cell anergy **°.

Using NKT cell reconstituted Ja18" mice, we found that NKT cell stimulation
with a-GalCer provides protection from tumor metastasis independent from the restricted
TCR repertoire in these mice. It is worth noting that tumor metastasis in the absence of
exogenous glycolipid stimulation was reduced in reconstituted animals to the same level
observed in wild-type mice. This is consistent with a basal role for NKT cells in
immunosurveillance. NKT cells in reconstituted mice had reset to baseline function by

day 30 and required glycolipid re-stimulation to induce potent tumor control. In contrast,

recently expanded NKT cells elicited potent anti-tumor function 10 days after primary
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glycolipid stimulation (3 days in donor plus 7 days in recipient prior to B16
administration) in the absence of additional re-stimulation. As expanded cells did not
spontaneously generate more cytokines than naive cells (Fig. 8), it is likely that they were
more sensitive to endogenous activation signals or retained other effector functions that
were induced by primary stimulation. For example, it is well established that NKT cells
can exert direct anti-tumor immunity through TRAIL *®, perforin % and FASL *®, in

addition to indirect anti-tumor immunity through cytokine-mediated activation of NK

142,166,340 163,164

cells and cytotoxic T lymphocytes

Several studies have demonstrated that a-GalCer-mediated anti-tumor responses
are impaired in IFN-y”" mice 242166340 smyth et al.'** dissected this further and reported
that IFN-y”" NKT cells were unable to protect recipient Ja18” mice from metastasis of
B16 melanoma cells, suggesting that NKT cell derived IFN-y was critical for initiating
tumor control. In contrast, we demonstrate that NKT cell-derived IFN-y is not required to
provide protection from tumor metastasis. It is unclear whether differences in our
findings are related to the number of transferred NKT cells (2.5x10° vs 3x10° in our
study), differences in markers used to isolate cell populations (NK1.1* TCR* vs CD1d
tetramer” TCRB" in our study), number of tumor cells injected (5x10° vs 2.5x10° in our
study) or differences in route of tumor cell administration (intravenous vs intrasplenic in
our study). However, these differences are unlikely due to hyper-reactivity of expanded
NKT cells as we also observed protection in stably reconstituted mice where NKT cell
function had returned to baseline.

The impact of NKT cell-derived IFN-y on NK cell transactivation is not clear.

Inhibition of early IFN-y production following a-GalCer stimulation was reported to
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reduce subsequent IFN-y production in NK cells *****°  Similarly, wild-type NK cells
could not rescue anti-tumor responses following transfer into IFN-y” mice %2, However,
neither of these experiments directly implicated NKT cells as the required source of IFN-
y. We found that IFN-y”" NKT cells can induce potent transactivation of NK cells and
late IFN-y production following a-GalCer treatment. This is consistent with previous

reports that NK cell proliferation following a-GalCer treatment is not impacted in IFN-y™”

166,340 347

mice . This could be due to a-GalCer-mediated production of IL-12 from DCs ',
leading to IFN-y independent activation of NK cells. Indeed, blockade of IL-12 receptors
has been shown to decrease a-GalCer mediated IFN-y production **’, implicating 1L-12
as an important mediator of a-GalCer induced immune responses.

In conclusion, we have characterized a rapid and reliable method of expanding
functional murine NKT cells in vivo. The expanded NKT cells can be successfully
transferred and reconstituted into irradiated Ja18™ mice, generating a normal NKT cell
population that responds to glycolipid re-stimulation. This expansion and reconstitution
model provides a vital tool to study NKT cell biology. For example, reconstitution of
NKT cell deficient mice with wild-type NKT cells demonstrated that the altered TCR
profile in these mice does not impact NKT cell-mediated tumor control. Furthermore,
expanded NKT cells from IFN-y” donors revealed that NKT cell-derived IFN-y is not
required for efficient control of tumor metastases or NK cell transactivation. Transfer of
NKT cells deficient in other effector molecules will allow for the study of specific
mechanisms through which NKT cells exert their biological effector functions in a

variety of models. Such studies will ultimately lead to a better understanding of NKT cell

function that will aid in the development of improved NKT cell based immunotherapies.
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Chapter 4: Natural killer T cell activation overcomes immunosuppression to

enhance clearance of postsurgical breast cancer metastasis in mice
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Preclinical and clinical studies have shown that NKT cell activation with
exogenous glycolipids provides significant protection from tumor progression
102.159.160173,176.348.349 - Although several studies have examined the role of NKT cell

activation on primary mammary carcinoma growth **%%

, the potential therapeutic
benefits of NKT cell activation in metastatic breast cancer have not been explored in
detail. The aim of this work was to examine the role of NKT cell activation in a post-
surgical breast cancer metastasis model.

Despite recent advances in the development of cancer vaccines and
immunotherapies, tumor tolerance and immune suppression remain formidable obstacles.
Tumor-derived factors disrupt normal myeloid differentiation, leading to the
accumulation of heterogeneous populations of MDSCs *°%*2 As the tumor burden
increases, MDSCs accumulate in a variety of tissues, where they act to enhance tumor
progression and metastasis *°2. MDSCs can directly suppress CD4* and CD8" T cell
responses, and indirectly promote immune suppression through the induction of T-regs
%3 Therefore, immunotherapeutic strategies that target both tumor cells and MDSCs are
of particular interest. Given that NKT cells have been shown to regulate MDSC-

172 the role of NKT cell activation

mediated immune suppression during viral infection
on cancer-associated immunosuppression requires further investigation. In this chapter, |
sought to examine the potential benefit of NKT cell activation therapy on metastatic
breast cancer and to examine the interactions between activated NKT cells and tumor
induced MDSCs.

Free glycolipids have been shown to have protective effects in cancer models

102134160 previous studies in the lab investigated whether administration of free a-GalCer

91



would yield optimal protection from tumor metastasis. Although treatment with 4 ug a-
GalCer resulted in a significant reduction in tumor metastasis at early time points, this
protection was lost by day 28 (Appendix 1A-B). Consistent with this, there was no
increase in the survival of mice treated with free glycolipid (Appendix 1C). While dose
escalation resulted in increased overall survival at the highest dose of 20 pg, this was also
associated with increased mortality (Appendix 1C) and liver toxicity (Appendix 1D). In
this study, | wanted to expand on these preliminary studies and examine the potential of

using a-GalCer-loaded DCs to activate NKT cells.

Results:

a-GalCer-loaded DCs provide significant protection from tumor metastasis
Compared to free glycolipid administration, transfer of a-GalCer loaded DCs
mediates a more Th1 skewed cytokine response and does not induce NKT cell anergy .
A single adoptive transfer of a-GalCer-loaded DCs to tumor-resected mice resulted in a
significant reduction in tumor metastasis and a significant increase in survival (Fig 14A,
B). Mice that survived to day 150 had no detectable tumor cells by clonogenic assay,
suggesting they were cured of metastatic disease. Surprisingly, an additional treatment
with a-GalCer-loaded DCs on day 34 did not enhance survival compared to the single
treatment (Fig 14B). This was not due to anergy as the second administration of o-
GalCer-loaded DCs induced serum cytokine responses that were comparable to both the
initial stimulation on day 13 and primary cytokine responses in non-tumor bearing mice

(Fig 14C, D).
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Figure 14. Treatment with a-GalCer-loaded DCs following primary 4T1 tumor
resection confers long-term protection from lung metastasis. (A) Schematic of the
post-surgical NKT cell activation model. Mice were inoculated with 2x10° 4T1
mammary carcinoma cells and primary tumors were resected on day 12. Mice were
treated on day 13, or days 13 and 34 with unloaded DCs or a-GalCer-loaded DCs (i.v.
2x10° cells). (B) Number of 4T1 CFU present in lung cell suspensions isolated at day
21, 28 and 35 post-4T1 injection (n = 6-8 per group). * p < 0.05 compared to unloaded
DCs. (C) Survival was assessed following treatment with unloaded DCs, a single
treatment with a-GalCer-loaded DCs, or two treatments with a-GalCer-loaded DCs (n =
9-11 per group), * p < 0.016 via Bonferroni threshold analysis. Serum levels of (D) IFN-y
and (E) IL-4 were measured 2, 6 and 24 hours following the first (day 13) or second (day
34) treatment with a-GalCer-loaded DCs tumor resected mice or naive mice (n = 3-6 per

group).
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As NKT cell numbers and function are reduced in many cancer patients 41,

including breast cancer **°

, the effectiveness of endogenous NKT activation could be
limited. Therefore, we examined whether adoptive transfer of expanded NKT cells in
combination with NKT cell activation would enhance therapeutic outcome in our mice.
The adoptive transfer of expanded NKT cells alone or in combination with free a-GalCer
did not enhance survival of tumor-resected mice (Table 4). NKT cell adoptive transfer

combined with delivery of o-GalCer-loaded DCs also failed to enhance survival

compared to treatment with a-GalCer-loaded DCs alone (Table 4).

Blood MDSC levels as a prognostic marker for NKT cell based immunotherapy
Immunosuppressive MDSCs have been shown to accumulate in cancer patients

and in the 4T1 tumor model %32 However, the relationship between NKT cells and

MDSCs is unclear as NKT cells have been shown to suppress and promote MDSC

accumulation and activity in different settings 723437

. To begin characterizing
leukocyte populations in peripheral blood, we prepared H&E stained cytospins.
Compared to naive controls, tumor bearing mice had significantly higher numbers of
granulocytic cells with few lymphocytes and monocytes (Fig 15A). NKT cell activation
resulted in a decrease in the accumulation of granulocytic cells. However, there were no
morphological distinctions between the granulocytes observed in the naive and diseased
mice. The frequency of CD11b" Gr-1" cells in naive blood was low (Fig 15B, C), but this
population expanded with progressive tumor growth. Following tumor resection, the
CD11b* Gr-1" population sharply declined. However, the CD11b" Gr-1" population later

surged as metastatic lesions developed in the vehicle treatment group, as well as in the

subset of mice that relapsed following NKT cell activation therapy. Mice with circulating
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Table 5: Survival outcomes in mice receiving adoptive transfer of NKT cells in
combination with free a-GalCer or a-GalCer-loaded DCs

No Response Partial Response Complete
Treatment Group Response
< 50 Days)? -150 D N
(£50 Days) (50-150 Days) (150" Days)
9/9°
Unloaded DCs 0 0
(32-37)
6/21 7121 8/21
2-5 x 10° a-GalCer DCs
(37 - 50) (54, 61, 63, 67, 68, 75, 83) (150)
0.5-1 x 10° NKT cells 12/21 5/21 4/21
+ 2-5x 10° a-GalCer DCs (32 - 46) (53, 56,59, 62, 72) (150)
0.5-1 x 10° NKT cells 8/9 1/9
0
+ a-GalCer (42 - 47) (94)
8/9 1/9
0.2-1 x 10° NKT cells 0
(38 - 41) (58)

#Survival outcomes in mice were stratified into three categories: non-responders survived
< 50 days post-4T1 cell injection, partial responders survived > 50 days but < 150 days
post-4T1 injection, and complete responders were healthy at 150 days post-4T1 cell
injection. ® The number of mice in each response category out of total number of mice in
treatment group. The range or individual day(s) of sacrifice are indicated in brackets.
Data was generated in collaboration with Daniel Clattenburg.

95



4T1: Unloaded DC

4T1: a-GalCer-loaded DC

Naive Control Day 35 Day 35 Day 150
. ; s“ o » . *
[ L) -
e 302 ss £ .
v 2 eaite ""*
) o 4 LATRY 9 ud i -
. . scg S < S O o s >
§ - .. EXIS P ooy Fii » P
£, 8 LMy e L, e -
[} & O. : ..’" \'h_ % ‘ Lo

B Naive Control 4T1: Unloaded DC 4T1: 0-GalCer-loaded DC
Day 35 Day 35 Day 150
T
o
CD11b
{ Unloaded DC
C 1007 ‘¥ Relapse }a—GaICer—Ioaded DC
@ Treatment 4 Complete responder
8 801
+
o
T 60+
[m)]
+ 404
O 204
X Resection
n T T T L] L) L] T T T L] T L] L] T T T L] L] L] 1
0 6 12 13 16 21 27 37 40 50 60 70 80 90 100 110 120 130 140 150
Days post-4T1-injection
+Blood from Tumor Bearing Mice
D Beads Only  + Naive Blood
Unloaded DC  Complete Response Relapse
390.0+1.2 187.3+1.3 1126+ 34+ 845+ 051 T 15.02 £ 0.66*
10 10l 102 108 todo? 1ol 102 10° 104 o0 40! a2 103 toka® 10! 102 1a®  10d 100 10! 102 1ad 10

.
|

Oregon green label

Figure 15. Post-surgical administration of a-GalCer-loaded DCs reduces the
frequency and suppressive activity of blood MDSCs. (A) Representative images of H
& E-stained cytospins of blood from naive mice, tumor resected mice receiving
treatment with unloaded DCs , or tumor resected mice receiving treatment with a-
GalCer-loaded DCs (day 35 and day 150) (n = 3-5 per group) (B) Representative flow
cytometry plots of Gr-1 and CD11b staining in peripheral blood cells from naive mice,
tumor resected mice treated with unloaded dendritic cells, or a-GalCer-loaded DCs. (C)
Frequency of Gr-1+CD11b+ cells in the blood of mice treated with vehicle or a-GalCer-
loaded dendritic cells. Treated mice were separated into mice exhibiting transient
(relapse) or complete responses to treatment (n = 6). (D) Proliferation of naive T cells
stimulated with anti-CD3/anti-CD28-coated beads was examined by dilution of Oregon
Green. Cells were incubated in the absence or presence of peripheral blood leukocytes
isolated from naive mice, tumor resected mice receiving vehicle, tumor resected mice

96



responding to o-GalCer-loaded DC therapy, or tumor resected mice that relapsed
following a-GalCer-loaded DC therapy. Values indicate frequency of proliferating naive
T cells (n = 5-11 per group). * p < 0.05 compared to bead stimulation alone, T p < 0.05
compared to tumor bearing mice treated with unloaded DCs.
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levels of CD11b" Gr-1" cells exceeding 50% succumbed to tumor metastasis. In contrast,
mice that responded well to NKT cell activation therapy maintained low levels of
CD11b" Gr-17 cells, suggesting that CD11b" Gr-1" levels could be used as a prognostic
marker in NKT cell based immunotherapy.

To determine whether the expansion of blood CD11b" Gr-1" cells correlated with
immunosuppression, we performed a T cell proliferation assay in the presence of blood
from naive mice, mice treated with unloaded DCs, or mice treated with o-GalCer-loaded
DCs. We found that blood isolated from the unloaded DC treatment group or relapsed
mice significantly suppressed proliferation of naive T cells, whereas blood from complete
responders did not suppress T cell proliferation (Fig 15D).

Given that the primary tumor is responsible for the elevation in MDSC levels **,
it was not clear whether the sustained reduction in circulating MDSCs following NKT
cell activation was due to direct effects of NKT cells on MDSCs or due to maintenance of
reduced tumor burden. To determine whether NKT cells directly altered levels of
circulating MDSC, we activated NKT cells in unresected mice (day 7 post-tumor
inoculation). NKT cell activation resulted in a modest but significant reduction in the
levels of circulating MDSCs in tumor bearing mice (Fig 16A). To further support the
direct role for NKT cells in reducing MDSC frequency and suppressive activity, we
added NKT cells to co-cultures of MDSCs and naive T cells. MDSCs had no effect on
NKT cell proliferation in response to anti-CD3/28-coated activator beads, and NKT cells

overcame the suppressive activity of MDSCs to rescue the proliferation of naive T cells

(Fig 16B, C).
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Figure 16. NKT cell activation reduces the frequency and impairs the suppressive
activity of MDSCs. (A) Frequency of circulating Gr1*CD11b" cells in 4T1 tumor-
bearing mice treated with unloaded or a-GalCer-loaded DCs on day 7 post 4T1 injection.
* p < 0.05 compared to treatment with unloaded DCs (n = 4 per group) (B) Proliferation
of NKT cells was measured by eFluor 670 dilution within NKT cells stimulated with of
anti-CD3/anti-CD28 beads alone or in the presence of MDSCs derived from the blood of
4T1 tumor-bearing mice (n = 5 per group). (C) Proliferation of Oregon Green-labeled
naive T cells was measured in response to anti-CD3/anti-CD28-coated beads in the
absence or presence of NKT cells and MDSCs derived from blood of 4T1 tumor-bearing
mice (n = 5 per group). * p < 0.05 compared to bead stimulation alone. T p < 0.05
compared to bead stimulation in the presence of MDSCs.
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Figure 17. Enhanced tumor-specific responses and protection from tumor re-
challenge in mice treated with a-GalCer-loaded DCs. Cell mediated cytotoxicity of
sorted (A) NK cells (CD49b" TCRB") and (B) CD8 T cells (CD8" TCRp") isolated from
the spleens of naive mice or tumor resected mice treated with unloaded DCs or a-GalCer-
loaded DCs (n = 4 per group). Cytotoxicity was measured via annexin V/7-AAD staining
of 4T1 cells. Supernatant IFN-y levels were measured by ELISA from sorted (C) NK
cells and (D) CD8" T cells after 4 or 18 hours in culture (n = 4 per group). (E) Tumor
resected mice that survived to day 150 after treatment with a-GalCer-loaded DCs were
re-challenged in the flank with 4T1 cells. Tumor volume was compared to tumors grown
in naive mice (n = 5 per group). * p < 0.05 compared to naive mice, T p < 0.05 compared
to unloaded DCs.
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Effect of NKT cell activation on anti-tumor immunity

To examine the effect of NKT cell activation on anti-tumor immunity, we
examined IFN-y production and cytotoxic activity of purified NK cells and CD8" T cells
isolated from the spleens of naive mice or tumor bearing mice that had received treatment
with vehicle- or a-GalCer-loaded DCs. Compared to cells from naive or vehicle-treated
mice, NK cells and CD8" T cells isolated from mice treated with a-GalCer- loaded DCs
exhibited enhanced cytotoxic activity against 4T1 cells (Fig 17A, B). Similarly, NK cells
and CD8" T cells from mice treated with a-GalCer-loaded DCs released greater quantities
of IFN-y into the culture medium (Fig 17C, D). Consistent with the enhanced immune
responses in in vitro assays, mice surviving to day 150 had significantly decreased tumor

growth following re-challenge with 4T1 cells (Fig 17E).

Discussion

Whereas decreases in NKT cell number and/or function have been linked to
increased tumor incidence and progression 4% NKT cell activation has been shown
to enhance anti-tumor responses 1021341381%9.1603%0 = Athough clinical trials examining
NKT cell activation therapies in patients with advanced/recurrent disease have reported
few cases of objective tumor regression, tumors tended to remain stable without the
appearance of new metastatic foci °91/3174176348.349 " This gyggests that NKT cell
activation therapy might be more effective at targeting metastatic disease than primary
tumors. Since primary breast tumors are effectively treated by surgical resection, and
disseminated metastasis remains the primary cause of mortality 3%, NKT cell activation
therapy presents a promising therapeutic avenue. Using a mouse model of metastatic

breast cancer, we found that post-surgical NKT cell activation via a-GalCer-loaded DCs
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significantly reduced tumor metastasis, stimulated anti-tumor immune function, and
increased survival.

While several studies have examined the role of NKT cells and the therapeutic
effects of NKT cell activation in breast cancer models, the findings have been
inconsistent. Terabe et al. * showed that NKT cell deficient Ja18” mice had significantly
lower metastasis and improved survival in the 4T1 model, implicating an enhanced anti-
tumor response in the absence of NKT cells. This finding is consistent with another
report showing enhanced anti-tumor CD8" T cell responses were elicited in Ja18" mice
following treatment with local radiation and CTLA-4 blockade **°. These studies suggest
that NKT cells play suppressive roles in anti-tumor immunity. However, Teng et al. **°
showed that NKT cell activation therapy, in combination with antibodies targeting
CD262 (DR-5) and CD137, dose-dependently protected mice from primary tumor growth
and metastases, suggesting an anti-tumor effect of glycolipid-mediated NKT cell
activation . Chen and Ross ** reported that DCs loaded with a-GalCer and retinoic acid
tended to reduce growth and metastasis of orthotopic 4T1 tumors, but their results did not
reach statistical significance. Our studies show that NKT cell activation using a larger
number of a-GalCer-loaded DCs significantly reduced post-surgical tumor metastasis and
increased survival. The differences in the role of NKT cells in these studies may relate to
activation of NKT cells by endogenous versus exogenous stimuli. NKT cell activation
with a-GalCer-loaded DCs induces a robust IFN-y response which promotes anti-tumor
immunity, while endogenous tumor glycolipids have been shown to induce Th2-polarized

responses or suppression **23¢%,
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Previous studies in the lab showed that free a-GalCer transiently protected mice
from metastasis, suggesting that multiple treatments or higher doses would be needed
therapeutically (Appendix 1). However, these strategies are limited by the induction of
anergy and toxicity, respectively. Anergy is likely induced by glycolipid presentation via
B-cells or other CD1d-expressing cells that poorly present the antigen and/or lack
appropriate co-stimulatory signals ****%2 In contrast, glycolipid delivery via DCs induces

potent NKT cell activation without induction of anergy ***

. We show that immunotherapy
with a-GalCer-loaded DCs protected mice from 4T1 tumor metastasis and significantly
increased survival. Importantly, mice surviving to day 150 were free of metastasis,
suggesting they had been cured of disease. Despite promising results with a single
treatment of a-GalCer-loaded DCs, a second treatment three weeks later did not
significantly improve the survival outcome. Similarly, we observed no additional survival
benefit by adoptively transferring NKT cells in our model of metastasis. In contrast to our
results, co-treatment with expanded NKT cells and glycolipid-loaded DCs has been
beneficial in human cancer trials *®. As mice have a higher frequency of NKT cells, it is
possible that additional NKT cells are more useful in human patients where NKT cell
number and/or function are limited.

Several clinical studies have reported the use of peripheral blood MDSCs as
biomarkers of disease **2**?. In particular, levels of MDSCs have been directly correlated
with clinical stage and metastatic burden in breast cancer patients ****2. Furthermore,
MDSCs have previously been shown to reduce the efficacy of immunotherapies by

impairing antigen presentation and T cell activation "2%%3*%* We found that MDSCs were

a good biomarker of metastatic disease and presented a potent prognostic marker for
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NKT cell activation therapy. Based on circulating levels of MDSCs, we could track
responses to NKT cell activation therapy and identify mice that relapsed. This allows
identification of individuals who could benefit from re-treatment or combination
therapies with other agents.

The effects of NKT cell stimulation on the frequency and activity of MDSCs
remains unclear. NKT cell activation in a mouse model of multiple sclerosis was reported

to provide protection via the induction of MDSCs **

, and administration of free o-
GalCer has been shown to increase MDSCs in a hepatotoxicity model *’. In contrast,
NKT cells suppresses MDSC accumulation during viral infection *’2, and activated NKT
cells can induce MDSC differentiation into DCs 7%3°03%%3% " Ap increased number of
mouse CD49b"™ T cells or human CD161" T cells in expanded memory T cell cultures
were able to overcome the suppressive effects of MDSCs to enhance tumor antigen-
specific IFN-y production **>3%. Although these studies did not use markers that allow
definitive identification of NKT cells, they are consistent with our findings that activated
NKT cells rescued T cell proliferation from MDSC mediated suppression. It is likely that
the ability of NKT cells to induce or inhibit MDSC function depends on the context of
the NKT cell stimulation, the nature of the antigen presenting cell, and stromal signals.
Studies have shown that the inhibitory effects of NKT cells on MDSCs are regulated
through multiple signaling pathways, involving CD1d, CD40L, and NKG2D 17417236
We show that NKT cell activation resulted in robust CD8" T cell and NK cell
mediated anti-tumor responses. While NKT cells can directly lyse tumor cells, this

mechanism of anti-tumor immunity is largely associated with hematological tumors

161162 However, cytokine production from activated NKT cells activates and matures
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DCs and facilitates downstream effector functions of NK cells, CD8" cytotoxic T cells,
and Th1 CD4" T cells ®. Consistent with this, there were increased cytotoxic and IFN-y
responses by NK cell and tumor-specific CD8" T cells in mice treated with NKT cell
activation therapy. Mice that survived long term (150 days) maintained durable immunity
that limited growth of 4T1 tumors following re-challenge.

In conclusion, we show that NKT cell activation using a-GalCer-loaded DCs was
effective in targeting metastatic breast cancer lesions in mice and significantly enhanced
survival. This was associated with reduced expansion of MDSCs and induction of potent
anti-tumor responses by NK cells and CD8" T cells. Our findings provide preclinical
evidence supporting the development of therapeutic NKT cell activation strategies to

target metastatic breast cancer.
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Chapter 5: Natural killer T cell immunotherapy in combination with chemotherapy-

induced immunogenic cell death targets metastatic breast cancer
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In the previous chapter, we demonstrated that NKT cell activation via a single
transfer of glycolipid-loaded DCs significantly enhanced survival in an advanced model
of breast cancer metastasis, providing durable ‘cures’ in 40-50% of mice *°. As repeated
treatment with glycolipid-loaded DCs did not provide an additional survival benefit '*,
we investigated whether NKT cell-based immunotherapy can be combined with low dose
chemotherapy to enhance survival benefits.

While chemotherapeutic agents are generally selected due to their direct cytotoxic
effects, recent studies have demonstrated that many of these drugs also promote immune-
mediated recognition of cancer cells 1929424124229 " This recognition is facilitated by
immunogenic cell death (ICD), a process of cell death mediated by a subset of
chemotherapeutic agents **’. Chemotherapy-induced ICD is characterized by cell surface
exposure of the CALR %*?*?, release of ATP through autophagy-dependent mechanisms
194 "and release of chromatin-binding protein high-mobility group box (HMGB)-1 %,
Collectively, these chemotherapy-induced changes in cell surface composition and
release of soluble damage associated molecular patterns (DAMPs), allow DCs to detect
the dying cell and initiate an anti-tumor immune response.

Tumor cells treated with chemotherapeutics exhibit increased susceptibility to
killing by NKT cells in vitro **. Studies examining NKT cell activation in combination

%9 or 5-fluorouracil *"°, neither of which are ICD-inducing

with either cisplatin
chemotherapies **’, showed promising results in murine models of mesothelioma and
colorectal cancer metastasis, respectively. However, the potential of combining ICD-

inducing chemotherapies with NKT cell activation remains undefined. The aim of this
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work was to examine the effects of combining NKT cell activation therapy with low
doses of ICD-inducing chemotherapy to target metastatic breast cancer.

Results:

Effects of chemotherapeutics on 4T1 cell viability in vitro

The cytotoxic effect of gemcitabine and mafosfamide on 4T1 mammary
carcinoma cells was investigated by MTT assay at 24, 48 and 72 hours. Gemcitabine, a
nucleoside analog, caused a dose dependent cytotoxic response with up to 75%
cytotoxicity at 1000ng/ml (Figure 18A). Similarly, gemcitabine and mafosfamide showed
a concentration dependent decrease in the number of 4T1 cell colonies in a clonogenic
assay (Figure 18B). The alkylating agent mafosfamide also exhibited a dose-dependent

effect on 4T1 cells viability and clonogenicity (Figure 18C, D).

Effect of chemotherapeutics on tumor immunogenicity

We also investigated whether gemcitabine or mafosfamide could alter the
expression of MHC |, MHC 1l and CD1d on tumor cells, making them more visible to the
immune system. MHC | and MHC |1 are involved in presentation of peptide antigens to
conventional T cells, whereas CD1d is involved in presentation of glycolipid antigens to
NKT cells ®2. Gemcitabine and mafosfamide treatments increased the expression of MHC
I, MHC Il and CD1d in a dose dependent manner (Figure 19A). However, gemcitabine
caused a more pronounced increase in expression compared to mafosfamide.

Some chemotherapeutics have been shown to stimulate the immune system by
inducing ICD, a process of cell death that increases immune recognition of tumor cells
104241,2422%9 1n order to determine whether gemcitabine and mafosfamide induce ICD in

4T1 cells, we monitored the expression of the classical ICD markers, CALR, ATP and
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Figure 18. Gemcitabine and mafosfamide reduce viability of 4T1 cells. Viability of
4T1 cells treated with A) gemcitabine (0-1000 ng/ml) or B) mafosfamide (0-10 pg/ml)
was assessed by MTT assay at 24, 48 and 72 hours following treatment (n= 6 per group).
* p < 0.05 compared to vehicle. The effect of C) gemcitabine (0-1000 ng/ml) and D)
mafosfamide (0-10 pg/ml) on 4T1 cells was also assessed using a clonogenic assay. 4T1
cells were plated in 24 well plates and treated with gemcitabine or mafosfamide for 24,
48 and 72 hours. Colonies were fixed, stained with 0.03% methylene blue, and quantified
using an automated immunospot colony-counting program (n= 4 per group). * p < 0.05
compared to vehicle.
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HMGBL1, following treatment in vitro and in vivo. During ER stress, CALR is mobilized
to the plasma membrane ?** and serves as an “eat me” signal to DCs, which promotes the
presentation of tumor-derived antigens to T cells *°. To monitor cell surface localization
of CALR, we used both confocal microscopy and flow cytometry on non-permeabilized
4T1 cells. After 4 h of gemcitabine or mafosfamide treatment, we observed a significant
increase in CALR translocation to the cell surface (Figure 19B, C). Chemotherapy has
also been shown to induce the release of ATP, which recruits DCs to the tumor site and

activates the inflammasome in infiltrating DCs %%

, and HMGB1, which is recognized
by toll-like receptor (TLR)-4 to induce DC maturation '*2. We observed significant
increases in ATP and HMGBL1 release, and an upregulation in the relative expression of
cxcl10 from gemcitabine and mafosfamide treated cells in vitro (Figure 19D-H). While
gemcitabine also induced increased ifn-a and ifn-f levels, the levels in mafosfamide
treated cells did not reach statistical significance. The observed increase in cxcll10 in
mafosfamide treated cells may potentially be due to synergistic effects of ifn-a and ifn-g.
We also observed elevated surface expression of CALR in vivo after harvesting
primary 4T1 tumors from chemotherapy-treated mice (Figure 191). Tumor-bearing mice
treated with either cyclophosphamide or gemcitabine exhibited increased serum levels of
HMGB1 (Figure 19J). While serum ATP levels were below the detection threshold of our
assay, we observed an increase in tumor infiltrating CD11c” DCs in mice receiving either
cyclophosphamide or gemcitabine therapy (Figure 19K). Gemcitabine and

mafosfamide/cyclophosphamide fulfill the general criteria for ICD by mobilizing CALR

to the surface of dying 4T1 cells, and increasing release of ATP and HMGBL.
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Figure 19.Chemotherapy induced immunogenic changes on 4T1 cells. A) Flow
cytometry histograms of MHC |, MHC Il and CD1d expression on cultured 4T1 cells 48
hours after gemcitabine (0-1000ng/ml) or mafosfamide (0-10ug/ml) treatment. Plots are
representative of n= 5-6 per group. B) Immunofluorescence analysis of CALR (green)
localization on 4T1 cells after 4 hours of chemotherapy treatment. ER labelled mCherry-
KDEL (red) expressing 4T1 cells were treated with either vehicle, gemcitabine (GEM)
(1000ng/ml) or mafosfamide (MAF) (10ug/ml) and cell surface CALR staining was
performed on non-permeabilized cells. To confirm ER localization of CALR, vehicle
treated 4T1 cells were permeabilized prior to CALR staining and co-localization of
CALR staining and ER labelled mCherry was observed via fluorescence microscopy
images are representative of n= 4 per group. C) Flow cytometric expression of surface
CALR on 4T1 cells 4 hours after treatment (n= 4 per group). * p < 0.05 compared to
vehicle. D) ATP and E) HMGBL release into culture supernatants of chemotherapy
treated 4T1 cells was examined 16 and 24 hours following treatment, respectively (n= 4
per group). Quantitative PCR (qPCR) examining the expression of F) ifn-a, G) ifn-f and
H) cxcl10 in 4T1 cells treated with chemotherapy for 24h. qPCR was analyzed using the
272%CT quantification technique relative to the housekeeping gene GAPDH. 1) CALR
expression on tumor cells isolated from chemotherapy treated mice. Primary tumors were
harvested 24 hours after gemcitabine (GEM) (30mg/kg) or cyclophosphamide (CPX)
(20mg/kg) treatment and the cell surface expression of CALR on 4T1 cells was
examined using flow cytometry (n= 3-4 per group). * p < 0.05 compared to vehicle. J)
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Serum HMGBL1 levels were examined 24 hours after chemotherapy treatment and K)
frequency of tumor infiltrating CD45" CD11c" dendritic cells and (n= 3-4 per group). * p
< 0.05 compared to vehicle.

113



Combining chemotherapy with NKT cell activation therapy enhances protection
from tumor metastasis.

We previously demonstrated that a single adoptive transfer of a-GalCer-loaded
DCs into tumor-resected mice significantly reduces tumor metastasis and increases
survival '®. In this study, we aimed to establish whether NKT cells activation therapy
could be safely combined with ICD-inducing chemotherapeutics to enhance survival
outcomes. Given that some chemotherapies may negatively impact the immune system,
we wanted to determine whether gemcitabine or cyclophosphamide would negatively
affect NKT cell activation at doses that support ICD. In our post-surgical breast cancer
model (Figure 20A), mice received either gemcitabine (Days 12, 14, and 16) or
cyclophosphamide (Days 12-16) treatments prior to adoptive transfer of a-GalCer-loaded
DCs (Day 17). NKT cell activation by transfer of a-GalCer-loaded DCs significantly

increases serum IFN-y and IL-4 *®

. We did not observe reductions in serum IFN-y or IL-
4 levels when NKT cells were activated following gemcitabine or cyclophosphamide
treatments (Figure 20B), suggesting that chemotherapy treatments did not impede NKT
cell function. Treatment with cyclophosphamide, gemcitabine, or a-GalCer-loaded DCs
alone reduced metastasis of 4T1 cells to the lungs (Figure 20C). This protection was
further enhanced when NKT cell activation therapy was combined with gemcitabine or
cyclophosphamide. Consistent with these results, we observed enhanced survival when

NKT cell activation was combined with cyclophosphamide (Figure 20D) or gemcitabine

(Figure 20E) treatments, compared to either drug or NKT cell activation
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Figure 20. Combining NKT cell activation therapy with low dose chemotherapy to
target post-surgical metastatic disease. A) Schematic of treatments in the post-surgical
4T1 metastasis model. Mice were inoculated with 2x10° 4T1 mammary carcinoma cells
and primary tumors were resected on day 12. Mice received intraperitoneal injection of
gemcitabine (GEM) (30mg/kg on day 12, 14, 16) or perioral cyclophosphamide (CPX)
(20mg/kg/day) from day 12-16. On day 17, NKT cells were activated via i.v. injection of
2x10° a-GalCer-loaded DCs. Serum levels of B) IFN-y and 1L-4 were measured 0, 2 and
24 hours after treatment with o-GalCer-loaded DCs (n = 4-5 per group). * p < 0.05
compared to unloaded DCs. C) Number of 4T1 CFU present in lung cell suspensions
isolated at 28 post-4T1 injection (n = 8-15 per group). * p < 0.05 compared to unloaded
DCs, 1 p < 0.05 compared to CPX alone, ¢ < 0.05 compared to GEM alone. D) and E)
Survival was assessed following treatment with unloaded DCs, a-GalCer-loaded DCs,
CPX or combination of CPX with a-GalCer-loaded DCs (n = 9-10 per group), * p <
0.0167 compared to unloaded DC, T p < 0.0167 compared to CPX alone, ¢ < 0.0167
compared to a-GalCer-loaded DCs.
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alone. Mice that survived to day 120 had no detectable tumor cells by clonogenic plating

assay, suggesting they were free of metastatic disease.

Effect of monotherapy/combination therapy on anti-tumor immunity

To determine whether mice surviving the initial tumor challenge would have
lasting immunological memory against the 4T1 tumor, we re-challenged mice by
inoculating 4T1 cells in the contralateral mammary fat pad. Consistent with our previous
observation *®°, mice that received NKT cell therapy exhibited attenuated tumor growth
and metastasis upon re-challenge (Figure 21A, B). Mice that received NKT cell
activation in combination with cyclophosphamide or gemcitabine exhibited reduced
tumor growth similar to NKT cell activation alone. Interestingly, mice that had been
treated with gemcitabine alone exhibited delayed tumor outgrowth but were unable to
control the tumors (Figure 21B). These mice also exhibited increased metastatic burden
compared to mice that received combination treatments or NKT cell activation alone

(Figure 21B).

Effects of therapy on suppressive immune cell populations.
Accumulation of immunosuppressive MDSCs has been associated with cancer

progression and poor therapeutic outcomes 3

. We recently demonstrated that NKT cell
activation therapy decreases the frequency and suppressive function of CD11b* Gr-1*
MDSCs in the 4T1 tumor model (chapter 4) **. To determine whether gemcitabine or
cyclophosphamide in combination with NKT cell immunotherapy would further impact
MDSC levels, we examined the frequency of circulating CD11b" Gr-1" cells (Figure

22A). Primary tumor resection transiently decreased the frequency of CD11b* Gr-1" cells

(Figure 22A). We observed delayed post-resection accumulation of CD11b" Gr-1" cells
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in mice receiving either gemcitabine or cyclophosphamide alone (Figure 22A). When
combined with NKT cell activation, neither cyclophosphamide or gemcitabine treatment
reduced the accumulation of CD11b" Gr-1" over what was observed with NKT cell
activation alone. To investigate the immunosuppressive activity of CD11b* Gr-1" cells, T
cell suppression assays were performed using blood cells isolated from naive and treated
mice (Figure 22B). While blood cells from mice receiving unloaded control DCs
exhibited suppressive activity, all therapeutic interventions reduced the suppressive
activity of MDSCs at 35 days post tumor inoculation, consistent with the reduced
frequency of circulating CD11b" Gr-1" cells.

T-regs have been shown to impede anti-tumour immunity 3’2, Consistent with

372 cyclophosphamide treatment reduced the frequency of FoxP3* T-

published reports
regs in the spleen of tumor-resected mice (Figure 22C), with or without NKT cell
activation therapy. There was no effect of gemcitabine treatment, or NKT cell activation

alone, on the frequency of T-regs.
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Figure 21. Protection from 4T1 tumor re-challenge in treated mice. A) Tumor
resected mice that survived to day 120 after treatment with a-GalCer-loaded DCs,
gemcitabine (GEM), GEM plus a-GalCer-loaded DCs, or cyclophosphamide (CPX) plus
a-GalCer-loaded DCs were re-challenged in the contralateral mammary fat pad with 4T1
cells. Tumor volume was compared to tumors grown in naive mice (n = 5-8 per group).
B) Metastatic burden was measured by clonogenic assay at Day 25 after 4T1 inoculation
(n =5-8 per group). * p < 0.05 compared to naive challenge.
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Figure 22. Effect of therapy on immunosuppressive MDSC and T-reg populations in
the 4T1 model. A) Frequency of circulating Gr-1"CD11b" cells in mice treated with
unloaded DCs, a-GalCer-loaded DCs, cyclophosphamide (CPX), gemcitabine (GEM) or
combined therapies. Treatment groups were further separated to show mice that
responded completely to therapy and mice that relapsed (n=7-10 per treatment group). B)
Proliferation of naive Oregon green-labeled responder T cells was examined by dye
dilution assay following stimulation with anti-CD3/28 coated beads. Responder cells
were incubated in the presence of peripheral blood leukocytes isolated from tumor-
bearing/resected mice treated with unloaded DCs, a-GalCer-loaded DCs, CPX, GEM or
combination therapies. Histograms are representative, while the values indicate frequency
of proliferating T cells £+ SEM (n= 4 per group). * p < 0.05 compared to unloaded DCs.
C) The frequency of TCRB" CD4" CD25" Foxp3" regulatory T cells was measured in the
spleen by flow cytometry. (n=7-8 per group) * p < 0.05 compared to treatment with
unloaded DCs.
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T cell populations and activation status following NKT cell/chemotherapy
treatment.

While chemotherapy can directly induce ICD of 4T1 cells, cells of the immune
system are also sensitive to potential cytotoxic or cytostatic effects of chemotherapy. To
better understand how chemotherapy alone or in combination with NKT cell activation
therapy influences the immune system, we characterized T lymphocyte subsets in the
spleen of tumor-resected mice. The total number of CD4" and CD8" T lymphocytes in the
spleen was not significantly altered by any of the treatments (Figure 23), suggesting that
the dose of chemotherapies used were not toxic for these immune cell subsets. The
proportions of CD4" and CD8" T cells expressing the activation marker CD69 were
increased in mice receiving gemcitabine, cyclophosphamide, NKT cell activation, or
combination therapies (Figure 23), consistent with reported immunostimulatory activities

205206241.373-375 and NKT cell activation therapy 263184 Qverall,

of chemotherapeutics
we observed a trend towards increased frequencies of 1L17A", IFN-y", and granzyme B”
CD4 and CD8 T cells in mice receiving either chemotherapy or NKT cell activation
therapy. However, only certain groups reached statistical significance. Interestingly, we
did not observe additive or synergistic responses when we combined NKT cell activation
therapy with chemotherapy. Together these results indicate that NKT cell activation
therapy alone or in combination with chemotherapeutic treatments had effects on T cell

activation, cytokine profiles, and expression of cytotoxic molecules, but combination

therapy failed to further enhance these effects.
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Figure 23. Immune cell phenotype in the 4T1 model following chemo-
immunotherapy treatments. Mice were treated as outlined in Fig 20A. The number of
CD4 and CD8 T cells in the spleen was examined by flow cytometry at day 28 after
initial tumor inoculation. The frequency of CD69" CD4 and CD8 T cells was assessed
(n= 7-8 per group). Cells were re-stimulated in culture with PMA and ionomycin to
assess the frequency of granzyme B, IL-17A, and IFN-y positive CD4 and CD8 T cell
subsets. (n=7-8 per group) * P < 0.05 compared to treatment with controls.
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To further examine the effect of monotherapies or combination therapies on
specific anti-tumor immunity, we examined cytotoxic activity and IFN-y production from
NK cells and CD8 T cells isolated from the spleen of tumor-resected mice. Compared to
vehicle treated mice, NK cells and CD8 T cells from mice receiving NKT cell activation
alone, or NKT cell activation in combination with either gemcitabine or
cyclophosphamide exhibited enhanced cytotoxicity against 4T1 cells (Figure 24A, B) and
released greater quantities of IFN-y (Figure 24C, D). Gemcitabine or cyclophosphamide
alone did not significantly increase cytotoxicity responses (Figure 24A, B). Gemcitabine
and cyclophosphamide treatments trended toward increased IFN-y release, but only IFN-
v release from CD8 T cells in the gemcitabine group reached statistical significance

(Figure 24C, D).
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Figure 24. Tumor-specific cytotoxicity and cytokine responses following chemo-
immunotherapy treatments. Cell mediated cytotoxicity of purified A) CD8 T cells
(CD8" TCRB') and B) NK cells (CD49b" TCRp) isolated from the spleen of tumor
resected mice treated with unloaded DCs, a-GalCer-loaded DCs, cyclophosphamide
(CPX), gemcitabine (GEM) or combination therapies was analyzed via annexin V/7-
AAD staining of Oregon Green-labeled 4T1 cells. Supernatant IFN-y levels were
measured by ELISA from sorted C) CD8" T cells and D) NK cells after 18 hours in
culture in 4T1 cells (n = 6 per group). * p < 0.05 compared to unloaded DC.
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Discussion

Using a mouse model of breast cancer metastasis, we recently demonstrated that
NKT cell activation is effective in reducing metastasis, stimulating anti-tumor immunity,
and improving survival *®. However, cures were only achieved in 40-50% of mice, even
when NKT cell activation therapy was repeated. This suggests that NKT cell therapy will
need to be combined with other therapies to elicit more effective clinical responses. In
this study, we demonstrate that NKT cell activation therapy can successfully be
combined with moderate doses of gemcitabine or cyclophosphamide to further enhance
protection against tumor metastasis and improve survival.

Chemotherapeutic drugs are designed to kill cancer cells, but may do so by
different mechanisms **’. Some chemotherapeutics promote immune responses against
the tumor cells by inducing a process of ICD that enhances uptake and presentation of

tumor antigens to the immune system 192194241:242259

. This is in part due to the
exposure/release of specific DAMPs, which recruit antigen presenting cells, stimulate
phagocytosis and induce maturation. While the list of chemotherapy-induced DAMPSs
continues to increase, the best characterized include the exposure/release of CALR, ATP
and HMGB1 %37 CALR exposure is dependent on the induction of a pre-apoptotic ER
stress response and the anterograde translocation of CALR to the cell surface 2*°.
Extracellular and surface-exposed CALR binds to CD91 on macrophages and DCs,
leading to the engulfment of dying/stressed cells %3, This has been shown to stimulate the
release of proinflammatory cytokines by APCs and promote the priming of the adaptive

259

immune response 2*°. ATP is a chemoattractant for antigen presenting cells ° and

signaling via P2RX7 receptors on DCs and macrophages leads to the activation of
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NLRP3/caspase-1 inflammasome pathway, with subsequent release of IL-1p and IL-18
21 In particular, IL-1p is required for the hierarchical priming of IL-17* y& T cells and
IFN-y* CD8 T cells ?**", HMGB1 released from dying cancer cells is a potent ligand for
TLR-4 2, HMGB1 binding to TLR-4 on DCs can enhance processing of phagocytic
cargo, facilitate antigen presentation, upregulate costimulatory molecules, and increase
intracellular levels of pro-IL-1p . Recently, IFN induced CXCL10 release has been
shown to be key in the establishment of effective anti-tumor immunity **°. CXCL10 is a
potent ligand for CXCR3, a receptor which is highly expressed on activated/memory T
cells, NKT cells and NK cells *"®. Collectively, these DAMPs would promote both the
innate and adaptive immune response against the tumor. | observed that treating 4T1
cancer cells with either gemcitabine or mafosfamide significantly increased the
exposure/release of CALR, ATP, HMGB1 and cxcl10. As NKT cell stimulation enhances
T cell polarization and NK and T cell effector responses, | reasoned that coupling NKT
cell therapy with increased antigen presentation would enhance anti-tumor immunity and
survival.

One of the ways tumor cells escape T cell mediated immunosurveillance is
through down regulation of classical MHC I/11-mediated peptide antigen presentation to
CD8" and CD4" T cells *, and glycolipid antigen presentation to NKT cells via CD1d *°.
Consequently, chemotherapeutics that restore antigen presentation by cancer cells can
help reinstate tumor immunosurveillance and prevent immune escape. Consistent with
reports of chemotherapy-induced upregulation of MHC | 7 and MHC 11 3738 |
observed an increase in expression of MHC | and MHC 11 on cancer cells treated with

either gemcitabine or mafosfamide. Interestingly, | also observed an increase in CD1d
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expression, which has not been reported previously. Collectively, gemcitabine and
mafosfamide increased the potential for recognition of cancer cells by the immune
system.

Consistent with previous reports, | observed enhanced survival in 4T1-challenged

379 gemcitabine *’, or glycolipid-loaded DC treatment

mice receiving cyclophosphamide
165 Chen et al *"° demonstrated a survival rate of ~10% in 4T1 tumor-bearing mice
receiving cyclophosphamide treatment; however, their study used a 4-8 fold higher dose
of cyclophosphamide delivered intraperitoneally. In our study, while cyclophosphamide
therapy prolonged survival, none of the mice survived to the experimental endpoint.
Consistent with our observations, others have shown that gemcitabine treatment in a post-
surgical 4T1 metastasis model yielded ~28% survival rate ’". While few studies have
examined NKT cell activation therapy in combination with conventional chemotherapy,
a-GalCer treatment improved cisplatin-mediated protection in a murine model of
mesothelioma, but a-GalCer treatment alone showed no protection from disease
progression **°. Similarly, the combination of a-GalCer and 5-fluorouracil enhanced
protection from MC38 colorectal cancer metastasis to the liver compared to either a-
GalCer or 5-fluorouracil alone *”°. In our study, combining NKT cell activation with
cyclophosphamide or gemcitabine resulted in a significant increase in the survival rate,
compared to either therapy alone. Chemotherapy treatment alone did not result in robust
CD8" T cell and NK cell mediated cytotoxicity, despite upregulating the frequency of
activated and cytokine-polarized T cells. It is possible that these cells were not specific

for tumor antigens as chemotherapy alone did not induce a durable response to tumor re-

challenge. However, NKT cell activation therapy alone or in combination with

126



chemotherapy significantly increased cytotoxic activity and IFN-y production by CD8" T
and NK cells, and mediated resistance to tumor re-challenge. This implies that the
protective effect of gemcitabine or cyclophosphamide monotherapy may be due primarily
to direct cytotoxicity. Enhanced antigen presentation, or indirect effects on immune cell
populations, such as MDSCs and T-regs, may not be sufficient to overcome immune
barriers in the absence of immune activation promoted by NKT cell activation.

The levels of circulating MDSCs have been shown to correlate with disease
progression in preclinical ""*®® and clinical studies *"*. MDSCs are of particular interest
because they have been shown to inhibit antigen presentation and T cell responses *. In
the previous chapter, we reported that circulating MDSCs could be used as a prognostic
factor in NKT cell based therapy, and that NKT cell activation could overcome MDSC
induced immunosuppression '®°. Cytotoxic compounds have been found to deplete
MDSCs through mechanisms that remain poorly understood. In particular, gemcitabine
treatment of tumor-bearing mice reduces MDSC levels ""**°. Sinha et al " demonstrated
that gemcitabine-induced reductions in MDSCs resulted in restoration of IL-12
production and decreased IL-10 levels in the 4T1 model, reversing detrimental Th2
immune polarization. In contrast to gemcitabine, cyclophosphamide has been reported to
drive expansion of MDSCs at doses >100 mg/kg delivered intraperitoneally %%, This is
5-fold higher than the dose used in our work; furthermore, we delivered
cyclophosphamide periorally which is likely to decrease bioavailability. In our studies,
cyclophosphamide transiently suppressed the accumulation of MDSCs after resection.

However, it is possible that this was related to reduced tumor-induced myelopoiesis
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resulting from decreased tumor burden, rather than immune stimulation, since all mice in
this group ultimately failed to control tumor growth and succumbed to metastatic disease.
The efficacy of chemotherapy-induced ICD is highly dependent on an intact

adaptive immune system 1921%

and the ability to promote anti-tumor immunity while
decreasing immunosuppression 2%>?%3733™ " Dyring chemotherapy-induced ICD, ATP
released from dying cells binds to P2RX7 on myeloid cells, induces IL-1B production,
and subsequently leads to priming of a T cell-mediated anti-tumor immune response 2**.
Cyclophosphamide has been shown to indirectly induce IFN-y and IL-17A expressing
CD4" T cells by disrupting the integrity of the gut mucosa, and allowing Gram-positive
bacteria to colonize the secondary lymphoid organs 2%. In addition, cyclophosphamide
transiently decreases the frequency of immunosuppressive T-regs, and enhances T cell
priming ?®®. In our study, cyclophosphamide increased the frequency of activated T cells

and decreased the frequency of T-regs, but failed to induce a Thl and Th17 polarization.

This is likely due to the low dose of cyclophosphamide used in our experiments 2%.

77,380 203

Gemcitabine can decrease the frequency and/or function of MDSCs and B cells “7,

while sparing T cells 2. Furthermore, gemcitabine has been reported to enhance IFN-y*

375 \We observed an increase in

CD4" and CD8" T cells in a murine model of oral cancer
activated CD4" and CD8" T cells in gemcitabine-treated tumor-bearing mice; however,
using low doses of gemcitabine, the increase in IFN-y* CD4" and CD8" T cells did not
reach statistical significance. Interestingly, while combining NKT cell activation with

low dose chemotherapy resulted in synergistic improvement in survival outcomes, we did

not see a synergistic effect on expression of cytokines or cytotoxic molecules in T cells. It
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is possible that the ICD-inducing chemotherapies were able to target immune responses
more efficiently to the tumor sites, resulting in increased survival.

In conclusion, we show that NKT cell activation therapy can be safely and
effectively combined with ICD-inducing chemotherapy to target metastatic breast cancer.
This was associated with the induction of potent anti-tumor responses that protected
surviving mice against tumor re-challenge. Our findings provide preclinical evidence
supporting the development of therapeutic NKT cell based chemo-immunotherapy to

target metastatic breast cancer.
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Chapter 6: Targeting post-surgical breast cancer metastasis with combined NKT
cell activation and oncolytic virus therapy.

In addition to testing whether NKT cell activation therapy can be successfully
combined with current chemotherapeutic interventions, we wanted to investigate whether
NKT cell activation therapy could be combined with oncolytic viruses that are currently
in clinical trials. One promising approach is to use oncolytic virus therapy. Oncolytic
viruses selectively target tumors by exploiting metabolic or signaling pathways that are
dysregulated in cancer cells ?>3¥. While oncolytic viruses can provide some protection
by directly lysing cells, mounting evidence indicates oncolytic viruses can also stimulate

382-385

a strong anti-tumor immune response . Furthermore, strategies that combine

oncolytic virus therapy with immune modulation therapy have been shown to further
enhance anti-tumor immunity %¢3%,

Initial experiments in the lab were focused on examining the potential of
combining NKT cell activation with reovirus or VSVAMS1. These viruses have been
shown to work synergistically with immune modulation therapy 3%°%* hence I
hypothesized that combining them with NKT cell activation therapy would enhance
protection in our post-surgical breast cancer model. To the best of our knowledge, the
strategy of combining NKT cell activation with oncolytic virus therapy has not been
previously explored. In addition, I investigated the potential antigenic and immunogenic

changes that oncolytic viruses can cause on tumor cells.

Results:
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Combining reovirus or VSVAMS1 with NKT cell activation therapy to target post-
surgical breast cancer metastasis.

We have previously demonstrated that NKT cell activation therapy significantly
reduces tumor metastasis and increases survival '®. In this study, we aimed to investigate
whether oncolytic virus therapy could safely and effectively be used in conjunction with
NKT cell activation therapy to enhance survival outcomes. Given that some viruses may
acutely alter NKT cell responses **?, we wanted to determine whether VSVAMS51 or
reovirus would negatively affect NKT cell activation. In our post-surgical breast cancer
model (Figure 25A), VSVAMS5I1 or reovirus treatment did not induce serum IFN-y or IL-
4 levels (Figure 25B-C). NKT cell activation by transfer of o-GalCer-loaded DCs

4 1% We did not observe reductions in serum

significantly increases serum IFN-y and IL-
IFN-y and IL-4 levels when NKT cells were activated following VSVAMS1 or reovirus
treatments, suggesting that virus treatment did not impede NKT cell function. Reovirus
treatment alone or in combination with NKT cell activation did not provide any
significant protection nor did it enhance the protection by NKT cell activation (Figure
25D-E). These observations were surprising given that reovirus has been shown to be

224,225,393

effective against many types of tumors , and the 4T1 model has been shown to

have an overactive Ras pathway %43%

, which should make them susceptible to reovirus
221 Treatment with VSVAMS51 or a-GalCer-loaded DCs alone reduced metastatic burden
and improved survival (Figure 25F-G) This protection was further enhanced when
VSVAMS51 was combined with NKT cell activation. Mice that survived to the

experimental endpoint showed no signs of disease.
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Figure 25. Combining NKT cell activation therapy with oncolytic virus therapy to
target post-surgical metastatic disease. A) Schematic of treatments in the post-surgical
AT1 metastasis model. Mice were inoculated with 2x10° 4T1 mammary carcinoma cells
and primary tumors were resected on day 12. Mice received i.v. injection of reovirus or
VSVAMS1 (5x108 pfu) on day 13, 15 and 17. On day 18, NKT cells were activated via
i.v. injection of 2x10° a-GalCer-loaded DCs. Serum levels of B) and C) IFN-y and IL-4
were measured 0, 2 and 24 h after treatment with a-GalCer-loaded DCs (n = 3 per group).
* p < 0.05 compared to unloaded DCs. D) Number of 4T1 CFU present in lung cell
suspensions isolated at 28 post-4T1 injection (n = 9-10 per group). * p < 0.05 compared
to unloaded DCs. E) Survival was assessed following treatment with unloaded DCs, a-
GalCer-loaded DCs, UV-reovirus, reovirus, or a-GalCer-loaded DCs in combination
with reovirus (n = 10 per group). * p < 0.01 compared to unloaded DC. F) Number of
4T1 CFU present in lung cell suspensions isolated at 28 post-4T1 injection (n = 9-10 per
group). * p < 0.05 compared to unloaded DCs, T p < 0.05 compared to VSVAMS51 alone.
G) Survival was assessed following treatment with unloaded DCs, a-GalCer-loaded DCs,
UV-VSVAMS1, VSVAMSI1 or combination of VSVAMS1  with a-GalCer-loaded DCs
(n = 10per group). * p < 0.01 compared to unloaded DC, 1 p < 0.01 compared to
VSVAMS51 alone, ¢ <0.01 compared to a-GalCer-loaded DCs.
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Given that reovirus has been shown to be effective in the D8 model %, | wanted to
examine whether reovirus would provide better protection as a monotherapy or in
combination with NKT cell activation in the ID8 model. We found that reovirus as a
monotherapy or in combination with NKT cell activation significantly improved survival

outcomes in the ID8 model (Figure 26).

VSVAMS5I1 can infect and kill 4T1 cells better than reovirus.

We hypothesized that the differences observed in the in vivo experiments may in
part be due to differences in virus infectivity on different cancer cells. To investigate
whether 4T1 cells were susceptible to VSVAMS1 or reovirus infection, cells were
synchronously infected at MOl of 10 pfu per cell with VSVAMS51-GFP, reovirus, UV
inactivated virus (UV-VSVAMS51-GFP, UV-reo) or medium control. Following 24 hour
incubation, ~68% of the 4T1 cells were infected with VSVAMS51, but only ~24% of the
4T1 cells were infected with reovirus (Figure 27A). In line with better ability to infect
4T1 cells, VSVAMS51 also showed a better dose dependent cytotoxic effect on 4T1 cells
(Figure 27B). To demonstrate that reovirus did not have a defect in its ability to infect
cells, | examined whether reovirus could infect ID8 cells in vitro, given that we saw
protection in vivo (Figure 27). Reovirus showed a better ability to infect and kill 1D8
cells compared to 4T1 cells (Figure 27A-B).

Given that VSVAMS51 was better at infecting and killing 4T1 cells in vitro,
showed enhanced protection in the post-surgical metastasis model, and is much more
amenable to genetic manipulations, we focused the remainder of our studies on

VSVAMS1. To further confirm the potential of VSVAMS1 to broadly infect and kill
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Figure 26. Combining NKT cell activation therapy with reovirus therapy to target
ID8 ovarian cancer. A) Schematic of treatment in ID8 ovarian cancer model. Mice were
inoculated with 5x10° ID8 ovarian carcinoma cells. Mice received i.p injection of
reovirus (5x10° pfu) on day 11, 13 and 15. On day 14, NKT cells were activated via i.p
injection of 2x10° a-GalCer-loaded DCs. B) Survival was assessed following treatment
with unloaded DCs, a-GalCer-loaded DCs, UV-reovirus, reovirus, or a-GalCer-loaded
DCs in combination with reovirus or UV-reovirus (n = 10 per group). * p < 0.01
compared to unloaded DC,  p < 0.01 compared to reovirus alone, ¢ < 0.01 compared to
a-GalCer-loaded DCs.
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cancer cells, | tested whether VSVAMS1 can infect and kill other cell lines available in
the lab (Figure 28). We found that VSVAMS5]1 infected and killed a wide number of
mouse cancer cell lines, including B16 melanoma, Lewis lung carcinoma (LLC), and
Panc02 pancreatic carcinoma. This demonstrates that VSVAMS1 could potentially be

used to target multiple cancer types.

VSVAMSI1 enhances antigen presentation.

To examine the effect of VSVAMS51 on antigen presentation, we examined the
expression of MHC I, MHC II and CD1d on VSVAMb51-infected 4T1 cells (Figure 29A).
MHC-I levels were elevated at 24, 48 and 72 hours following VSVAMS]1 infection. In
contrast, MHC-II and CD1d levels were upregulated at 48 and 72 hours following
VSVAMS51 infection. In addition, we examined the mRNA levels of transporter
associated with antigen processing (tap) 1 and 2. We also observed an elevation in the
tapl and tap2 mRNA levels 24 hours following VSVAMS51 infection (Figure 29B). These
results suggest that oncolytic virus infection can enhance tumour cell antigen presentation

to the immune system.

VSVAMSI1 enhances cytokine production.
VSVAMS1 has been shown to induce cytokine production by infected cancer

cells®®

. We examined changes in mRNA expression in 4T1 cells 24 hours following
VSVAMS1 infection. VSVAMS1 infection upregulated transcript expression for several
inflammatory cytokines:il-6, ifn-a, ifn-f, and tnf; and chemokines: ccl3, ccl4, ccl5, cxcl2,
cxcl9, cxcll10, cxclll and cxcll6 (Figure 30). Interestingly, UV- inactivated VSVAMS5I

upregulated ccl3 mRNA levels, suggesting the possibility of activation through pattern

recognition receptors rather than a need for viral replication.
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Figure 27. VSVAMSI infects and Kills 4T1 cells better than reovirus. A) 4T1 and ID8
cells were treated with VSVAMS51-GFP, UV-VSVAMS1-GFP, reovirus or UV-reovirus
for 24 hours to assess the permissibility of 4T1 cells to productive VSVAMS51 infection
by flow cytometry. B) 4T1 and ID8 cell viability was analyzed at different multiplicities
of infection (MOI) using an MTT cell viability assay. Cell viability is expressed relative
to untreated media conditions for each time point (n=3-4 per group). *P<0.05 compared
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Figure 28. VSVAMSI infects and kills a broad range of cancer cell types. A) 1D8
ovarian carcinoma, B16 melanoma, Lewis lung carcinoma (LLC) and panc02 pancreatic
cancer cells were treated with VSVAMS51-GFP or UV-VSVAMS51-GFP for 24 hours to
assess the permissibility to productive VSVAMSI1 infection by flow cytometry. B) Cell
viability was analyzed at different multiplicities of infection (MOI) using an MTT cell
viability assay 24 hours following infection. Cell viability is expressed relative to
untreated media conditions for each time point (n=3-4 per group). *P<0.05 compared to

UV-VSVAMSI.
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Figure 29. VSVAMS51 enhances antigen presentation on 4T1 cells. A) Flow cytometry
histograms of MHC-1, MHC-11 and CD1d expression on cultured 4T1 cells 24, 48 and 72
hours after virus infection (MOI 1). Plots are representative of n= 4-6 per group. B)
Quantitative PCR (qPCR) examining the expression of tapl and tap2 in 4T1 cells were
treated with UV-VSVAMS51 or VSVAMS51 for 24h. gPCR was analyzed using the 2724¢T
quantification technique relative to the housekeeping gene GAPDH (n= 6). *P<0.05
compared to Media, T p < 0.05 compared to UV-VSVAMSI.

138



VSVAMS51 enhances tumor immunogenicity.

Some viruses can also stimulate the immune system by inducing ICD, a
mechanism of cell death that increases immune recognition of tumor cells **"*%, To
determine whether VSVAMS51 can induce ICD in 4T1 cells, we monitored the expression
of CALR, ATP and HMGB1 following virus infection. During ICD, CALR mobilization
to the cell surface instructs DCs to engulf the dying tumor cells, enhancing presentation
of tumor-derived antigens 2*°. To examine the localization of CALR, we used flow
cytometry and confocal microscopy on non-permeabilized 4T1 cells. After 8h of
VSVAMS51-GFP infection, we observed a significant increase in CALR translocation to
the cell surface (Figure 31A-B). However, this was not observed in cells receiving UV-
irradiated VSV-GFP, suggesting that viral infection and replication was required. Viruses

397,398

have also been shown to induce ATP and HMGB1 release , Which recruits DCs to

194,241

the tumor site and activates the inflammasome in infiltrating DCs , and induces DC

192

maturation ¢, respectively. VSVAMS51 induced a significant increase in ATP and

HMGB1 release from 4T1 cells (Figure 31 C-D).

Effect of oncolytic/combination therapy on anti-tumor immunity

To examine whether mice surviving to the experimental endpoint had lasting
immunological memory against the 4T1 tumor, we re-challenged mice by inoculating
4T1 cells in the contralateral mammary fat pad. Mice receiving NKT cell activation alone
or in combination with VSVAMS51 showed significant protection from tumor growth and
metastasis (Figure 32), suggesting immune memory against the 4T1 cells. Whereas mice
receiving VSVAMS1 alone were not as effective at delaying tumor growth and

metastasis.
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Figure 30. VSVAMS5I1 alters cytokine and chemokine mRNA levels in 4T1 cells. 4T1
cells were treated with UV-VSVAMS51 or VSVAMSI1 for 24 hours. qPCR was analyzed
using the 27" quantification technique relative to the housekeeping gene GAPDH

(n=6-9). Fold induction was compared to media alone (n= 6-7 per group). P<0.05
compared to Media, T p < 0.05 compared to UV-VSVAMSI.
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Figure 31. VSVAMS5I1 induced immunogenic changes on 4T1 cells.

A) Immunofluorescence analysis of CALR (blue) localization on 4T1 cells after 8 hours
of VSVAMS1 treatment. ER labelled mCherry-KDEL (red) expressing 4T1 cells were
treated with either UV-VSVAMS51-GFP or VSVAMS1-GFP and cell surface CALR
staining was performed on non-permeabilized cells. Images are representative of n= 4
per group. B) Flow cytometric expression of surface CALR on 4T1 cells 8 hour after
treatment (n= 4 per group). * p < 0.05 compared to Media, T p < 0.05 compared to UV-
VSVAMS1. C) ATP and D) HMGBI release into culture supernatants of virus treated
4T1 cells was examined 24h following treatment (n= 4 per group). * p < 0.05 compared
to Media, T p < 0.05 compared to UV-VSVAMS51.
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Figure 32. Surviving mice showed delayed tumor growth following re-challenge.
Tumor resected mice that survived to day 120 after treatment with a-GalCer-loaded DCs,
VSVAMS51, combination of VSVAMS1 and a-GalCer-loaded DCs were re-challenged in
the contralateral mammary fat pad with 4T1 cells. A) Tumor volume was compared to
tumors grown in naive mice (n = 4-7 per group, n=1 for VSVAMS5I1 group). * p < 0.05
compared to matched naive control or naive control on day 13. (G) Metastatic burden
was compared to naive mice (n = 4-7 per group, n=1 for VSVAMS51 group). * p < 0.05
compared to naive control.
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Discussion

Oncolytic viruses exert their anti-tumor effect by direct tumor cell lysis,
stimulation of the immune response, and/or disruption of tumor vasculature 3%%4% Tq
date, there have been a number of oncolytic viruses that are currently undergoing clinical
trials, with talimogene laherparepvec (T-VEC) receiving FDA approval in 2015 ?**#2 To
enhance efficacy of oncolytic viruses, several studies have attempted to combine
oncolytic virus therapy with chemotherapy “°* or immunotherapy “*. In this study, we
investigated whether NKT cell activation therapy can effectively be combined with
oncolytic virus therapy to target post-surgical breast cancer metastasis.

Our data demonstrates that reovirus is not effective either as a monotherapy or in
combination with NKT cell activation in the 4T1 breast cancer model. In contrast,
reovirus was effective as a monotherapy or in combination with NKT cell activation in
the ID8 ovarian cancer model. These differences are likely due to the low levels of
reovirus infectivity in the 4T1 cells and not likely due to Ras activity, as 4T1 cells have
been reported to have high Ras activity ****%°. Therefore we hypothesize that the defect
might be in the ability of reovirus to enter 4T1 cells. The capacity of reovirus to infect
cultured cells has been shown to dependent on the reovirus sigma (o) 1 protein, a fibrous
trimer consisting of a tail domain that inserts into the virion and a globular head domain
that projects away from the virion surface “®®. The tail domain binds to a-linked sialic
acid residues on the cell surface, whereas the head domain binds to junctional adhesion
molecule 1 (JAM1) as a cellular receptor, both key interactions in determining cell
susceptibility to reovirus infection “®. Attachment to cell surface a-linked sialic acid

residues facilitates binding to JAM1. While 4T1 cells express JAM1 “**, we could not
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find any studies comparing the expression levels of both JAM1 and a-linked sialic acid
across cell lines, it is possible that 4T1 cells may have lower levels of sialic acid and
JAM1, which may negatively impact on the ability of reovirus to infect and kill 4T1 cells.

In contrast, VSVAMS1 can potently infect and kill a broad range of cells in

culture, including 4T1 cells >4

, and this may likely be due to a high expression of a
VSVAMS1 entry receptor. VSVAMS1 has been shown to infect cells via multiple
ubiquitously expressed cell-surface molecules such as low density lipoprotein receptor,
phosphatidylserine, sialoglycolipids and heparin sulfate “°®. In line with better infectivity
in the 4T1 cells, VSVAMS51 enhanced survival in the 4T1 breast cancer model “®>“%:thus,
our study extends these findings to a post-surgical 4T1 model and also demonstrates that
combining VSVAMS1 monotherapy in combination with NKT cell activation therapy can
further protect against metastatic disease and improve survival (Figure 25G).

Down-regulation of HLA class | (human MHC 1), TAP1 and TAP2 has been
associated with high-grade breast cancer lesions, whereas low grade lesions showed a
strong staining for HLA class I, TAP1 and TAP2 *%. Consistent with other reports, we
observed an increase in transcript levels of tapl and tap2 “* and MHC-I antigen
presentation *¥**2 following VSVAMS1 infection. Upregulation of MHC-I expression
favors recognition of tumor cells by CD8 T cells, resulting in enhanced antitumor
immunity.

VSVAMS51 has also been shown to upregulate MHC-11 on microglial cells “** and
dendritic cells **°. We observed an upregulation of MHC-11 on 4T1 cells, potentially

making them a target for cytotoxic CD4 T cells **. While VSVAMS51 infection did not

have an effect on cell surface CD1d levels of CD1d transfected L cells “°> or BMDCs ¢,
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VSVAMS1 altered intracellular CD1d trafficking **>*'®. It is important to note that these
studies only looked at the effect of VSVAMS1 on CD1d 1-4 hours following infection
415418 "1n contrast, mice treated with VSVAMS51 showed reduced CD1d levels on splenic
DCs and macrophages 6 days following infection *”. We observed a slight increase in
CD1d expression on 4T1 cells following VSVAMS51 infection 24-72 hours following
infection. These differences may be due to the cell types and duration of infection. Future
studies will examine the effect of VSVAMS1 on CD1d expression on both cancer and
immune cells.

VSVAMS1 infection increased the relative expression of proinflammatory
cytokines and chemokines by 4T1 cells. Intratumoral injection of VSVAMS1 in B16
melanoma-bearing mice induced an upregulation in il-6 and tnf mMRNA in the primary

tumors 8

. Consistent with an anti-viral TLR-mediated response, VSVAMS1 also
upregulated ifn-o and ifn-4. Two recent studies showed IFN-a and IFN-f are required for
initiation of anti-tumor responses; they act on CD8'CD103" DCs to enhance cross-
presentation of tumor antigens to CD8 T cells “*?. VSVAMS51 infection in a mouse
model of viral encephalitis was also shown to induce the expression of ccl3, ccl4, ccl5,
cxcl2, cxcl10 and cxcll1l in brain tissues **. Chemokine upregulation in the brain was
associated with an increase in infiltrating neutrophils, macrophages, NK cells and T cells.
This was likely mediated through the actions of CXCL2 on CXCR2" neutrophils *’;
CCI3, CCl4, CCI5 on CCR5* macrophages and T cells *"®; CXCL10 and CXCL11 on
CXCR3" T cells and NK cells 3"°. While CXCL16 has not been directly implicated in
VSV infection, NK cell memory of VSV has been shown to depend on CXCRG6

422

expression ", a chemokine receptor for CXCL16. Future studies will examine the
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chemokine expression patterns in a 4T1 primary tumor model, the tumor-infiltrating
immune cells and the potential role of chemokine receptors in oncolytic virus
clearance/therapy.

Similar to chemotherapy-induced immunogenic cell death, oncolytic viruses have
been shown to induce an immune response against the dying cancer cell 237397423424
Consistent with our findings using VSVAMS1, oncolytic adenovirus expressing CD40L
induced mobilization of CALR to the cell surface, ATP and HMGBL release from dying
cancer cells, resulting in enhanced antitumor immunity ¥, Oncolytic herpes simplex
virus 1 has also been shown to induce immunogenic cell death characterized by increased
heat shock protein-70, elevated serum HMGB1 and an antigen specific CD8 T cell
response **”. While we have not characterized the anti-tumor immune response, tumor re-
challenge experiments suggest VSVAMS51 therapy alone or in combination with NKT
cell activation therapy induces a memory response against the 4T1 cells. However
additional experiments will be needed to better understand the antitumor immune
response.

In conclusion, we show that oncolytic VSVAMS51 can infect 4T1 cells and induce
immunogenic cell death. VSVAMS51 can safely and effectively be combined with NKT
cell activation therapy to target metastatic 4T1 cells and improve survival outcomes.
Further experiments are required to delineate the anti-tumor immune response associated
with this therapeutic approach. These preliminary studies perform a proof of principle for

the potential of combining NKT cell activation therapy with oncolytic virus therapy.
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Chapter 7: Discussion
1. NKT cell expansion and reconstitution model:

We have characterized a rapid and reliable method of expanding functional
murine NKT cells in vivo, and demonstrated that we can successfully transfer and
reconstitute the expanded NKT cells in Jal8" mice, generating a normal NKT cell
population that responds to glycolipid re-stimulation. This expansion and reconstitution
model provides a vital tool to study NKT cell biology. For instance, this tool has allowed
us to demonstrate that NKT cell derived IFN-y is not required for efficient control of
tumor metastasis or NK cell transactivation, challenging a longstanding dogma in the
field. Transfer of NKT cells deficient in other effector molecules will allow for the study
of specific mechanisms through which NKT cells exert their biological effector functions
in tumor models. It will be important to expand this work into other disease models and
confirm our observations in the B16 melanoma model. There is currently ongoing work
in the lab using the expansion and reconstitution model to examine the role of NKT cell
derived cytokines in a murine model of rheumatoid arthritis. Such studies will ultimately
lead to a better understanding of NKT cell function that will aid in the development of
improved NKT cell based immunotherapies.

A second important question that could be addressed using this tool is NKT cell
plasticity. Recently, subsets of NKT cells have been identified based on transcription
profiles and surface markers %212 NKT1 which express T-bet, IFN-y, TNF-o,
granzyme and perforin. NKT2 which express PLZF", GATA3, IL-4, IL-13, IL-6. NKT10
express E4BP4, Nur77", 1L-10 and IL-3. NKT17 express RORyt, IL-17A, IL-21 and IL-

22. However, the plasticity of these subsets remains poorly understood. Using the
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expansion and reconstitution model, subsets of these NKT cells could be purified,
adoptively transferred into NKT cell deficient Ja18” and monitored over time. It will be
interesting to examine whether over time these cells maintain their profile, or become
influenced by their new environments into different subsets of NKT cells.
2. NKT cell in Breast Cancer

We show that NKT cell activation using a-GalCer-loaded DCs was effective in
targeting metastatic breast cancer lesions in mice and significantly enhanced survival.
This was associated with reduced expansion of MDSCs and induction of potent anti-
tumor responses by NK cells and CD8" T cells. Our findings provide preclinical evidence
supporting the development of therapeutic NKT cell activation strategies to target
metastatic breast cancer. However, there are several hurdles that remain with this
strategy. One major hurdle for clinical translation is the need to isolate the patient’s own
dendritic cells, culture them, and load the DCs with glycolipid for injection back into the
patient. This approach limits NKT cell cancer therapy to major academic institutions and
cancer centers.

To address this, 1 would propose several strategies. First, | think it will be
important to examine whether the use of checkpoint inhibitors can overcome the anergy

associated with direct glycolipid injection 329%%

. There are reports that glycolipid
injection with CTLA4 blockade showed some protection in a murine model of 4T1 *°.
Given the increase in the number of checkpoint blocking antibodies (PD1/PDL1, CTLA4,
TIM-3, LAG-3), it would be interesting to examine whether combining direct glycolipid

with these checkpoint blocking antibodies would provide equivalent protection as

glycolipid loaded DCs.
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Secondly, anergy is likely induced by glycolipid via other CD1d-expressing cells
that poorly present the antigen and/or lack appropriate co-stimulatory signals **3%. In
contrast, glycolipid delivery via DCs induces potent NKT cell activation without
induction of anergy ®*. Therefore, strategies that can directly target glycolipids to DCs,
while avoiding other CD1d expressing cells, may allow for glycolipid loading onto DCs
without requiring ex-vivo loading. Liposomes are vesicles comprising of a phospholipid
bilayer and an aqueous core which can be used to carry drugs “*. Liposomes can be
designed to express targeting moieties such as monoclonal antibodies, allowing for
specific targeting to certain cell types **°. A possible mechanism of a-GalCer delivery to
DCs would be to incorporate single-chain antibody fragments targeting CD11c and DEC-
205 *%. This would potentially lead to the delivery of a-GalCer to DCs in vivo, negating
the need for expensive DC isolation procedures in the clinic.

3. Combining NKT cells with oncolytic viruses

We show that oncolytic VSVAMS1 can infect 4T1 cells and induce immunogenic
cell death. VSVAMS1 can also induce the expression of cytokines which can activate and
recruit immune cells to the site of the tumor. Furthermore, VSVAMS51 can safely and
effectively be combined with NKT cell activation therapy to target metastatic breast
cancer. Combined treatment significantly enhanced survival compared to individual VSV
or NKT cell activation therapies. These preliminary studies perform a proof of principle
for the potential of combining NKT cell activation therapy with oncolytic virus therapy.
Further experiments are required to better understand the anti-tumor immune response

associated with this therapeutic approach.
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We have identified several chemokines which are upregulated in infected cancer
cells. Of particular interest to our lab are CCR5 ligands (CCL3, CCL4, CCL5), CXCR3
ligands (CXCL10, CXCL11) and CXCR6 ligand (CXCL16). The chemokine receptors
CXCR3 and CXCR®6 are highly expressed on NKT cells, whereas CCR5 is upregulated
on activated NKT cells *°. It would be interesting to examine whether these chemokine
receptors play an important role in our combination therapy strategy. Our lab currently
has CCR5"", CXCR3" and CXCR6” mice. We will inoculate these chemokine receptor
knockout mice and wildtype controls with tumors, treat with oncolytic viruses, then
monitor tumor progression and immune infiltration into tumors. It will also be interesting
to examine whether combining NKT cell activation with oncolytic virus therapy will
provide benefits in the absence of these chemokine receptors. An additional interesting
approach would be to knock out these chemokines (CCL3, CCL4, CCL5, CXCL10,
CXCL11, CXCL16) in tumor cells and examine what effect this would have on oncolytic
virus therapy.

Recent studies have demonstrated that engineering VSV to express
immunostimulatory genes including IL-12, IL-15 , IL-23, IFN-y, IFN-A and CD40L “%'.
We hypothesize that these cytokines/co-stimulatory molecules will potentiate a stronger
anti-tumor immune response. Our lab has recently acquired VSV-IL15 and will work
towards acquiring the additional constructs. We will examine whether combining these
engineered VSV strains with NKT cell activation will provide beneficial effect.
Intriguingly, it would be exciting to examine whether we could combine more than one
of these viruses during delivery e.g. delivery of VSV-IL12 and VSV-IL15 treatment.

Recently, oncolytic viruses have also been engineered to express tumor specific antigens
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428429 This work has been further advanced with prime: boost technology, where the first
virus is used to prime the immune system to the antigen, and a second virus is used to
boost a secondary immune response against the tumor antigen “?°. It would be interesting
to examine whether this approach could further be potentiated when combined with NKT

cell activation therapy.

Proposed model

NKT cells have been implicated in cancer immunosurveillance, and activation by
exogenous glycolipids can further enhance this protection. In these studies, we sought to
examine the potential for NKT cell activation therapy as a treatment for targeting post-
surgical breast cancer. We found that NKT cell activation using a-GalCer-loaded DCs
provided significant protection against post-surgical breast cancer metastasis in mice.
This was associated with reduced expansion of MDSCs and induction of potent anti-
tumor responses by NK cells and CD8" T cells. This protection was further enhanced
when NKT cell activation therapy was combined with therapies that induce ICD;
gemcitabine, cyclophosphamide or VSVAMSI1 treatments in combination with NKT cell
activation therapy further enhanced survival and induced potent anti-tumor responses
(Figure 34). These therapies induced strong memory responses as surviving mice
exhibited attenuated tumor growth following tumour re-challenge.

To better understand the mechanisms underlying NKT cell anti-tumor immunity, |
also developed tools to study NKT cell biology, establishing a reliable method of
expanding functional NKT cells and reconstituting them into J 18" mice. This tool has
allowed us to demonstrate that NKT cell derived IFN-y is not required for efficient

control of tumor metastasis or NK cell transactivation, challenging a long standing
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dogma in the field. While | did not completely elucidate the mechanisms, our work

implicates DCs as potential key players in NK cell transactivation.

NK and T cell
transactivation

Gemcitabine
ICD Cyclophosphamide
VSVAMS1

Figure 33. Model outlining mechanisms underlying NKT cell activation therapy in
combination with inducers of ICD. Gemcitabine, cyclophosphamide and VSV can
upregulate DAMPS. These DAMPS facilitate the recruitment of DCs into the tumor
microenvironment, the engulfment of tumor antigens and optimal antigen presentation to
T cells. DCs can also produce cytokines that stimulate NK cells and tumour-specific T
cells, which target tumor cells for destruction. NKT cells activated using exogenous
glycolipids, provide potent support for activation of anti-tumour T cells and NK cells,
and can directly kill tumour cells. Activated NKT cells can also overcome tumor-induced
suppression mediated by MDSCs.
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Appendix Figure 1: Treatment with free glycolipid following primary 4T1 tumor
resection provides transient protection from lung metastases. (A) Schematic of the
post-surgical NKT cell activation model. Mice were inoculated with 2x10° 4T1
mammary carcinoma cells and primary tumors were resected on day 12. A single dose of
free a-C-GalCer (i.p. 4 ug) was delivered on day 13. (B) Number of 4T1 CFU present in
lung cell suspensions isolated at day 21, 28, or 35 after treatment with a-GalCer (i.p. 4
Mg) (n = 7-12 per group). (C) Survival was assessed following treatment with (a-GalCer
(i.p. 1 ug, 4 pg or 20 pg (n = 5-10 per group). * p < 0.05 compared to saline control. (D)
Serum ALT levels were measured following administration of 1 pg, 4 pg or 20 ug a-
GalCer (n = 3 per group). *p < 0.05 compared to 4 pg, Tp < 0.05 compared to 1 pg. The
dotted line indicates baseline ALT levels in naive mice. B) and C) were generated by
Daniel Clattenburg.

187



Copy right permission letters

NATURE PUBLISHING GROUP LICENSE

TERMS AND CONDITIONS

This is a License Agreement between Simon Gebremeskel ("You") and Nature
Publishing Group ("Nature Publishing Group") provided by Copyright Clearance Center
("CCC™). The license consists of your order details, the terms and conditions provided by
Nature Publishing Group, and the payment terms and conditions.

License Number

License date

Licensed Content Publisher
Licensed Content Publication
Licensed Content Title

4205440666461

Oct 10, 2017

Nature Publishing Group

Nature Reviews Immunology
|[alpha]|-Galactosylceramide therapy for

autoimmune diseases: prospects and obstacles

Licensed Content Author
Licensed Content Date
Licensed Content Volume
Licensed Content Issue
Type of Use

Requestor type

Format

Portion

Number of
figures/tables/illustrations
High-res required

Figures

Author of this NPG article
Your reference number
Title of your thesis /dissertation

Luc Van Kaer

Jan 1, 2005

5

1

reuse in a dissertation / thesis
academic/educational

print and electronic
figures/tables/illustrations

1

no
Figure 2
no

DEVELOPING NATURAL KILLER T CELL

BASED STRATEGIES OF TARGETING POST-SURGICAL BREAST CANCER

METASTASIS
Expected completion date
Estimated size (number of

pages)

Requestor Location

Apr 2018
200

Dalhousie University
5850 College St, Room 7C
Halifax, NS B3H4R2
Canada

Attn: Simon

188



TERMS AND CONDITIONS FOR PERMISSIONS

Nature Publishing Group hereby grants you a non-exclusive license to reproduce this
material for this purpose, and for no other use, subject to the conditions below:

1. NPG warrants that it has, to the best of its knowledge, the rights to license reuse
of this material. However, you should ensure that the material you are requesting
is original to Nature Publishing Group and does not carry the copyright of another
entity (as credited in the published version). If the credit line on any part of the
material you have requested indicates that it was reprinted or adapted by NPG
with permission from another source, then you should also seek permission from
that source to reuse the material.

2. Permission granted free of charge for material in print is also usually granted for
any electronic version of that work, provided that the material is incidental to the
work as a whole and that the electronic version is essentially equivalent to, or
substitutes for, the print version. Where print permission has been granted for a
fee, separate permission must be obtained for any additional, electronic re-use
(unless, as in the case of a full paper, this has already been accounted for during
your initial request in the calculation of a print run).NB: In all cases, web-based
use of full-text articles must be authorized separately through the 'Use on a Web
Site' option when requesting permission.

3. Permission granted for a first edition does not apply to second and subsequent
editions and for editions in other languages (except for signatories to the STM
Permissions Guidelines, or where the first edition permission was granted for
free).

4. Nature Publishing Group's permission must be acknowledged next to the figure,
table or abstract in print. In electronic form, this acknowledgement must be
visible at the same time as the figure/table/abstract, and must be hyperlinked to
the journal's homepage.

5. The credit line should read:
Reprinted by permission from Macmillan Publishers Ltd: [JOURNAL NAME]
(reference citation), copyright (year of publication)
For AOP papers, the credit line should read:
Reprinted by permission from Macmillan Publishers Ltd: [JOURNAL NAME],
advance online publication, day month year (doi: 10.1038/sj.[JOURNAL
ACRONY M].XXXXX)

Note: For republication from the British Journal of Cancer, the following
credit lines apply.

Reprinted by permission from Macmillan Publishers Ltd on behalf of Cancer
Research UK: [JOURNAL NAME] (reference citation), copyright (year of
publication)For AOP papers, the credit line should read:

189



Reprinted by permission from Macmillan Publishers Ltd on behalf of Cancer
Research UK: [JOURNAL NAME], advance online publication, day month year
(doi: 10.1038/sj.[JOURNAL ACRONYM].XXXXX)

6. Adaptations of single figures do not require NPG approval. However, the
adaptation should be credited as follows:

Adapted by permission from Macmillan Publishers Ltd: [JOURNAL NAME]
(reference citation), copyright (year of publication)

Note: For adaptation from the British Journal of Cancer, the following credit
line applies.

Adapted by permission from Macmillan Publishers Ltd on behalf of Cancer
Research UK: [JOURNAL NAME] (reference citation), copyright (year of
publication)

7. Translations of 401 words up to a whole article require NPG approval. Please visit
http://www.macmillanmedicalcommunications.com for more information.
Translations of up to a 400 words do not require NPG approval. The translation
should be credited as follows:

Translated by permission from Macmillan Publishers Ltd: [JOURNAL NAME]
(reference citation), copyright (year of publication).

Note: For translation from the British Journal of Cancer, the following credit

line applies.
Translated by permission from Macmillan Publishers Ltd on behalf of Cancer
Research UK: [JOURNAL NAME] (reference citation), copyright (year of

publication)

We are certain that all parties will benefit from this agreement and wish you the best in
the use of this material. Thank you.

190


http://www.macmillanmedicalcommunications.com/

This Agreement between Dalhousie University -- Simon Gebremeskel (*You") and
Elsevier ("Elsevier") consists of your license details and the terms and conditions
provided by Elsevier and Copyright Clearance Center.

License Number 4205440089080

License date Oct 10, 2017

Licensed Content Publisher Elsevier

Licensed Content Publication The Lancet

Licensed Content Title Gene expression profiling in breast cancer:
classification, prognostication, and prediction

Licensed Content Author Jorge S Reis-Filho,Lajos Pusztai
Licensed Content Date 19-25 November 2011
Licensed Content VVolume 378

Licensed Content Issue 9805

Licensed Content Pages 12

Start Page 1812

End Page 1823

Type of Use reuse in a thesis/dissertation
Portion figures/tables/illustrations
Number of

figures/tables/illustrations 1

Format both print and electronic
Are you the author of this Elsevier article? No

Will you be translating? No

Original figure numbers Table 1

Title of your thesis/dissertation DEVELOPING NATURAL KILLER T CELL
BASED STRATEGIES OF TARGETING POST-SURGICAL BREAST CANCER
METASTASIS

Expected completion date Apr 2018

Estimated size (number of

pages) 200

Requestor Location Dalhousie University

5850 College St, Room 7C
Halifax, NS B3H4R2
Canada

Attn: Simon

191



INTRODUCTION

1. The publisher for this copyrighted material is Elsevier. By clicking "accept™ in
connection with completing this licensing transaction, you agree that the following terms
and conditions apply to this transaction (along with the Billing and Payment terms and
conditions established by Copyright Clearance Center, Inc. ("CCC"), at the time that you
opened your Rightslink account and that are available at any time

at http://myaccount.copyright.com).

GENERAL TERMS

2. Elsevier hereby grants you permission to reproduce the aforementioned material
subject to the terms and conditions indicated.

3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source,
permission must also be sought from that source. If such permission is not obtained then
that material may not be included in your publication/copies. Suitable acknowledgement
to the source must be made, either as a footnote or in a reference list at the end of your
publication, as follows:

"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit - "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."

4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given.

5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions,
deletions and/or any other alterations shall be made only with prior written authorization
of Elsevier Ltd. (Please contact Elsevier at permissions@elsevier.com). No modifications
can be made to any Lancet figures/tables and they must be reproduced in full.

6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.

7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.

8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the

192


http://myaccount.copyright.com/
mailto:permissions@elsevier.com

transaction, provided that you have disclosed complete and accurate details of your
proposed use, no license is finally effective unless and until full payment is received from
you (either by publisher or by CCC) as provided in CCC's Billing and Payment terms and
conditions. If full payment is not received on a timely basis, then any license
preliminarily granted shall be deemed automatically revoked and shall be void as if never
granted. Further, in the event that you breach any of these terms and conditions or any of
CCC's Billing and Payment terms and conditions, the license is automatically revoked
and shall be void as if never granted. Use of materials as described in a revoked license,
as well as any use of the materials beyond the scope of an unrevoked license, may
constitute copyright infringement and publisher reserves the right to take any and all
action to protect its copyright in the materials.

9. Warranties: Publisher makes no representations or warranties with respect to the
licensed material.

10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC,
and their respective officers, directors, employees and agents, from and against any and
all claims arising out of your use of the licensed material other than as specifically
authorized pursuant to this license.

11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written
permission.

12. No Amendment Except in Writing: This license may not be amended except in a
writing signed by both parties (or, in the case of publisher, by CCC on publisher's
behalf).

13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and
Payment terms and conditions. These terms and conditions, together with CCC's Billing
and Payment terms and conditions (which are incorporated herein), comprise the entire
agreement between you and publisher (and CCC) concerning this licensing

transaction. In the event of any conflict between your obligations established by these
terms and conditions and those established by CCC's Billing and Payment terms and
conditions, these terms and conditions shall control.

14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions
described in this License at their sole discretion, for any reason or no reason, with a full
refund payable to you. Notice of such denial will be made using the contact information
provided by you. Failure to receive such notice will not alter or invalidate the denial. In
no event will Elsevier or Copyright Clearance Center be responsible or liable for any
costs, expenses or damage incurred by you as a result of a denial of your permission
request, other than a refund of the amount(s) paid by you to Elsevier and/or Copyright
Clearance Center for denied permissions.

193



LIMITED LICENSE
The following terms and conditions apply only to specific license types:

15. Translation: This permission is granted for non-exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights
you may only translate this content into the languages you requested. A professional
translator must perform all translations and reproduce the content word for word
preserving the integrity of the article.

16. Posting licensed content on any Website: The following terms and conditions apply
as follows: Licensing material from an Elsevier journal: All content posted to the web site
must maintain the copyright information line on the bottom of each image; A hyper-text
must be included to the Homepage of the journal from which you are licensing

at http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for
books at http://www.elsevier.com; Central Storage: This license does not include
permission for a scanned version of the material to be stored in a central repository such
as that provided by Heron/XanEdu.

Licensing material from an Elsevier book: A hyper-text link must be included to the
Elsevier homepage at http://www.elsevier.com . All content posted to the web site must
maintain the copyright information line on the bottom of each image.

Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password-protected and made available only
to bona fide students registered on a relevant course. This permission is granted for 1 year
only. You may obtain a new license for future website posting.

17. For journal authors: the following clauses are applicable in addition to the above:
Preprints:

A preprint is an author's own write-up of research results and analysis, it has not been
peer-reviewed, nor has it had any other value added to it by a publisher (such as
formatting, copyright, technical enhancement etc.).

Authors can share their preprints anywhere at any time. Preprints should not be added to
or enhanced in any way in order to appear more like, or to substitute for, the final
versions of articles however authors can update their preprints on arXiv or RePEc with
their Accepted Author Manuscript (see below).

If accepted for publication, we encourage authors to link from the preprint to their formal

publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available

194


http://www.sciencedirect.com/science/journal/xxxxx
http://www.elsevier.com/
http://www.elsevier.com/

version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.

Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.

Authors can share their accepted author manuscript:

e immediately
o Via their non-commercial person homepage or blog
o Dby updating a preprint in arXiv or RePEc with the accepted manuscript
o viatheir research institute or institutional repository for internal
institutional uses or as part of an invitation-only research collaboration
work-group
o directly by providing copies to their students or to research collaborators
for their personal use
o for private scholarly sharing as part of an invitation-only work group on
commercial sites with which Elsevier has an agreement
o After the embargo period
o Vvia non-commercial hosting platforms such as their institutional repository
o Vvia commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

« link to the formal publication via its DOI

e bear a CC-BY-NC-ND license - this is easy to do

« if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any
way to appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.

Policies for sharing publishing journal articles differ for subscription and gold open
access articles:

Subscription Articles: If you are an author, please share a link to your article rather than
the full-text. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help your users to find, access, cite, and use the best
available version.

195



Theses and dissertations which contain embedded PJAs as part of the formal submission
can be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.

If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes
use for classroom teaching and internal training at the institution (including use in course
packs and courseware programs), and inclusion of the article for grant funding purposes.

Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.

Please refer to Elsevier's posting policy for further information.

18. For book authors the following clauses are applicable in addition to the

above: Authors are permitted to place a brief summary of their work online only. You
are not allowed to download and post the published electronic version of your chapter,
nor may you scan the printed edition to create an electronic version. Posting to a
repository: Authors are permitted to post a summary of their chapter only in their
institution's repository.

19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may
be submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand,
of the complete thesis and include permission for Proquest/UMI to supply single copies,
on demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.

Elsevier Open Access Terms and Conditions

You can publish open access with Elsevier in hundreds of open access journals or in
nearly 2000 established subscription journals that support open access publishing.
Permitted third party re-use of these open access articles is defined by the author's choice
of Creative Commons user license. See our open access license policy for more
information.

Terms & Conditions applicable to all Open Access articles published with Elsevier:
Any reuse of the article must not represent the author as endorsing the adaptation of the

article nor should the article be modified in such a way as to damage the author's honour
or reputation. If any changes have been made, such changes must be clearly indicated.

196


http://www.crossref.org/crossmark/index.html
http://www.elsevier.com/about/open-access/open-access-policies/article-posting-policy
http://www.elsevier.com/about/open-access/open-access-policies/oa-license-policy

The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.

If any part of the material to be used (for example, figures) has appeared in our
publication with credit or acknowledgement to another source it is the responsibility of
the user to ensure their reuse complies with the terms and conditions determined by the
rights holder.

Additional Terms & Conditions applicable to each Creative Commons user license:

CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is
not represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.

CC BY NC SA: The CC BY-NC-SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is
not done for commercial purposes, and that the user gives appropriate credit (with a link
to the formal publication through the relevant DOI), provides a link to the license,
indicates if changes were made and the licensor is not represented as endorsing the use
made of the work. Further, any new works must be made available on the same
conditions. The full details of the license are available

at http://creativecommons.org/licenses/by-nc-sa/4.0.

CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the
Article, provided this is not done for commercial purposes and further does not permit
distribution of the Article if it is changed or edited in any way, and provided the user
gives appropriate credit (with a link to the formal publication through the relevant DOI),
provides a link to the license, and that the licensor is not represented as endorsing the use
made of the work. The full details of the license are available

at http://creativecommons.org/licenses/by-nc-nd/4.0. Any commercial reuse of Open
Access articles published with a CC BY NC SA or CC BY NC ND license requires
permission from Elsevier and will be subject to a fee.

Commercial reuse includes:
o Associating advertising with the full text of the Article
e Charging fees for document delivery or access
o Article aggregation
e Systematic distribution via e-mail lists or share buttons

Posting or linking by commercial companies for use by customers of those companies.

197


http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by-nc-sa/4.0
http://creativecommons.org/licenses/by-nc-nd/4.0

Gebremeskel S and Johnston B. 2015. Concepts and mechanisms underlying
chemotherapy induced immunogenic cell death: impact on clinical studies and
considerations for combined therapies. Oncotarget. 6(39):41600-19. doi:
10.18632/oncotarget.6113.

COPYRIGHT AND LICENSE POLICIES

Open-Access License
No Permission Required

®)

Oncotarget applies the Creative Commons Atiribution 3.0 License (CC BY
3.0} to all works we publish (read the human-readable summary or the full
license legal code) Under the CC BY, authors retain ownership of the copyright
for their article, but authors allow anyone to download, reuse, reprint, modify,
distribute, and/or copy articles in Oncotarget, so long as the original authors and
source are cited.

No permission is required from the authors or the publishers.

In most cases, appropriate attribution can be provided by simply citing the original
article. If the item you plan to reuse is not part of a published article (eg., a
featured issue image), then please indicate the originator of the work, and the
volume, issue, and date of the journal in which the item appeared. For any reuse
or redistribution of a work, you must also make clear the license terms under
which the work was published. This broad license was developed to facilitate
open access to, and free use of, original works of all types. Applying this standard
license to your own work will ensure your right to make your work freely and
openly available.

For queries about the license, please contact us at forms@oncotarget com

198



Gebremeskel S, Slauenwhite D, Johnston B. 2016. Reconstitution models to evaluate
natural Killer T cell function in tumor control. Immunology and Cell biology.
94(1):90-100. doi: 10.1038/ich.2015.67.

Get permission to reuse Springer Nature content online

Permission requests from authors

The author of articles published by SpringerMature do not usually need to seek permission for re-
use of their material as long as the journal is credited with initial publication.

Ownership of copyright in in original research articles remains with the Author, and provided that,
when reproducing the contribution or extracts from it or from the Supplementary Information, the
Author acknowledges first and reference publication in the Journal, the Author retains the following
non-exclusive rights:

To reproduce the contribution in whole or in part in any printed volume (book or thesis) of which
they are the author(s).

The author and any academic institution where they work at the time may reproduce the
contribution for the purpose of course teaching.

To reuse figures or tables created by the Author and contained in the Contribution in oral
presentations and other works created by them.

To post a copy of the contribution as accepted for publication after peer review (in locked Word
processing file, of a PDF version thereof) on the Author's own web site, or the Author's institutional
repository, or the Author's funding body's archive, six months after publication of the printed or
online edition of the Journal, provided that they also link to the contribution on the publisher's
website.

199



Gebremeskel S, Lobert L, Tanner K, Walker B, Oliphant B, Clarke L, Dellaire G,
Johnston B. Combined chemotherapy and natural killer T cell immunotherapy enhances
protection from breast cancer metastasis. Cancer immunology research. 5 (12):1086-
1097.

=y

Article Reuse by Authors

Authors of articles published in AACR journals are permitted to use their article or parts of their article in the following ways
without requesting permission from the AACR. All such uses must include appropriate attribution to the original AACR
publication. Authors may do the following as applicable:

. Reproduce parts of their article, including figures and tables, in books, reviews, or subsequent research articles they write;

. Use parts of their article in presentations, including figures downloaded into PowerPoint, which can be done directly from the

Journal's website;

Post the accepted version of their article (after revisions resulting from peer review, but before editing and formatting) on their
institutional website, if this is required by their institution. The version on the institutional repository must contain a link to the
final, published version of the article on the AACR journal website so that any subsequent corrections to the published record
will continue to be available to the broadest readership. The posted version may be released publicly (made open to anyone)
12 months after its publication in the journal;

Submit a copy of the article to a doctoral candidate's university in support of a doctoral thesis or dissertation.

200



