POST-SURGICAL NATURAL KILLER T CELL ACTIVATION AS A POTENTIAL
THERAPY FOR METASTATIC BREAST CANCER

by
Daniel R. Clattenburg

Submitted in partial fulfillment of the requirements
for the degree of Master of Science

at

Dalhousie University
Halifax, Nova Scotia
December 2012

© Copyright by Daniel R. Clattenburg, 2012

DALHOUSIE UNIVERSITY
DEPARTMENT OF MICROBIOLOGY AND IMMUNOLOGY
The undersigned hereby certify that they have read and recommended to the Faculty of Graduate
Studies for acceptance of this thesis entitled “POST-SURGICAL NATURAL KILLER T CELL
ACTIVATION AS A POTENTIAL THERAPY FOR METASTATIC BREAST CANCER” by
Daniel R. Clattenburg in partial fulfillment of the requirements for the degree of Master of
Science.

Dated:
Supervisor:
Readers:

ii

December 14, 2012

DALHOUSIE UNIVERSITY
DATE: December 14, 2012
AUTHOR:

Daniel R. Clattenburg

TITLE:

POST-SURGICAL NATURAL KILLER T CELL ACTIVATION AS A
POTENTIAL THERAPY FOR METASTATIC BREAST CANCER

DEPARTMENT OR SCHOOL:

Department of Microbiology and Immunology

DEGREE: MSc

CONVOCATION: May

YEAR: 2013

Permission is herewith granted to Dalhousie University to circulate and to have copied for noncommercial purposes, at its discretion, the above title upon the request of individuals or
institutions. I understand that my thesis will be electronically available to the public.
The author reserves other publication rights, and neither the thesis nor extensive extracts from it
may be printed or otherwise reproduced without the author’s written permission.
The author attests that permission has been obtained for the use of any copyrighted material
appearing in the thesis (other than the brief excerpts requiring only proper acknowledgement in
scholarly writing), and that all such use is clearly acknowledged.

_______________________________
Signature of Author

iii

TABLE OF CONTENTS
List of Tables

vii

List of Figures

viii

Abstract

x

List of Abbreviations Used

xi

Acknowledgements

xiii

Chapter 1: Introduction

1

1.1

1

Cancer and Metastasis

1.1.1 Cancer

1

1.1.2 Metastasis

3

1.1.3 Breast Cancer

5

1.1.4 Animal Models of Breast Cancer

9

1.2

Tumor Immunology

10

1.2.1 Anti-Tumor Immune Response

11

1.2.2 Tumor-Associated Immune Suppression

12

1.2.3 Myeloid Derived Suppressor Cells

17

1.3

22

Natural Killer T Cells

1.3.1 iNKT Cells

24

1.3.2

28

-Galactosylceramide and Analogues

1.3.3 Anti-Tumor NKT Cell Activity

30

1.3.4 NKT Cell Activation in Human Clinical Trials

31

1.4

Post-Surgical iNKT Cell Activation Model

32

1.5

Objective

35

iv

Chapter 2: Materials and Methods

36

2.1

Post-Surgical Treatment Model

36

2.2

Media and Solutions

38

2.3

Glycolipid Compounds

38

2.4

Mice and Cell Lines

39

2.5

Tumor Cell Injections

39

2.6

Primary Mammary Tumor Resection

39

2.7

Clonogenic Assay for Tumour Metastasis

40

2.8

Retroviral Transduction

40

2.9

Fluorescence Microscopy

41

2.10

Tissue Imaging

41

2.11

Glycolipid Treatment Experiments

41

2.12

Dendritic Cell Culture and Adoptive Transfer

41

2.13

Liver Lymphocyte Isolation

42

2.14

NKT Cell Isolation and Adoptive Transfer

43

2.15

Blood Sample Preparations

43

2.16

Blood Lymphocyte Isolation for Flow Cytometry

44

2.17

Flow Cytometry

44

2.18

Serum Cytokine Analysis

45

2.19

Functional Suppression Assay

45

2.20

Statistical Analysis

45

Chapter 3: Results

47

3.1

47

The BALB/c 4T1 Model

3.1.1 GFP-Expressing 4T1 Cells

50

3.2

Free Glycolipid Treatments (BALB/c 4T1 Model)

52

3.3

DC Treatments (BALB/c 4T1 Model)

63

3.4

NKT Cell Treatments (BALB/c 4T1 Model)

75

3.5

Myeloid Derived Suppressor Cells

78

3.6

Free Glycolipid Treatments (C57BL/6 E0771 Model)

87

v

Chapter 4: Discussion

90

4.1

90

BALB/c 4T1 Model

4.1.1 Primary Tumor Growth

90

4.1.2 Metastasis

91

4.1.3 GFP-Expressing 4T1 Cells

92

4.2

93

Free Glycolipid Treatment Experiments

4.2.1 Comparison of the Effects of α-GC, α-C-GC and OCH

94

4.3

Glycolipid-Loaded DC Treatment Experiments

97

4.4

Adoptive NKT Cell Transfer Experiments

100

4.5

Measuring MDSCs

101

4.6

C57BL/6 E0771 Model

103

Chapter 5: Conclusion

105

5.1

Summary of Major Findings

105

5.2

Clinical Implications

106

5.3

Future Directions

106

References

111

vi

LIST OF TABLES
Table 1. Comparison of Four Major Breast Cancer Subtypes

8

Table 2. Comparison of iNKT Cell Properties Between Humans and Mice

27

Table 3. Survival Outcomes in Mice Receiving Post-surgical α-GC-loaded DCs

68

Table 4. Complete Responses Among Mice Receiving NKT Cells are Dependent

77

on also Receiving α-GC-loaded DCs
Table 5. Cytospin and FACS Data for Blood MDSCs

vii

78

LIST OF FIGURES
Figure 1. Overview of Tumor-associated Immune Suppression

16

Figure 2. Tumor-associated MDSC Proliferation and MDSC Activity Leads to

21

the Suppression of NKT Cell Function
Figure 3. NKT cells via Semi-invariant TCRs Respond to Glycolipid Antigen

23

Presented by CD1d Molecules on APCs
Figure 4. NKT Cell-activating Glycolipids

29

Figure 5. NKT Cell Activation as a Post-surgical Treatment for Metastatic

34

Breast Cancer
Figure 6. Schematic of Post-surgical Treatment Protocol

37

Figure 7. Consistent Primary Mammary Tumor Growth is Observed in BALB/c

48

Mice Receiving (sc. 2 x 105) 4T1 cells
Figure 8. Lung Metastasis Kinetics for the BALB/c 4T1 Model

49

Figure 9. GFP-Expressing 4T1 Tumor cells were Generated and Their Growth

51

Kinetics Assessed in vivo
Figure 10. Post-surgical -GC Treatment Leads to Significant Reductions in Lung

54

Metastasis by Day 21 Post-tumor Cell Injection
Figure 11. The Anti-metastatic Effects of Free Glycolipid Treatment are Transient

55

Figure 12. α-GC is the Most Effective Glycolipid in Reducing Early Lung

56

Metastasis Compared to Analagous Glycolipids
Figure 13. Pre-surgical NKT cell Activation Leads to Stronger Cytokine Responses 58
Figure 14. Delaying Tumor Resection Significantly Decreases Long Term Survival

60

Figure 15. No Significant Overall Survival Advantage is Observed with Varying

62

Doses of Post-surgical Administered α-GC
Figure 16. Cytokine Responses Following Post-surgical Administration of

66

α-GC-loaded DCs
Figure 17. Mice Receiving Post-surgical α-GC-loaded DCs Exhibit Complete

69

Responses to treatment
Figure 18. Consecutive Transfers of α-GC-loaded DCs Lead to Significant
Reductions in Cytokine Responses

viii

70

Figure 19. Lung Metastasis is Reduced at 28 Days Post-4T1 injection in Mice

71

Receiving Post-surgical α-GC-loaded DCs
Figure 20. Cytokine Responses to Multiple Post-surgical Treatments With

72

α-GC-loaded DCs
Figure 21. Prophylactic α-GC-loaded DC Treatment is Effective in Decreasing

73

Primary Mammary Tumor Growth and Promoting Overall Survival
Figure 22. Cytokine Responses Following Adoptive Transfer of NKT Cells Alone,

76

or in Combination With α-GC Stimulation or α-GC-loaded DCs
Figure 23. Blood MDSC (Gr-1+CD11b+) Levels can be used as a Prognostic Health

80

Indicator in Mice Surviving Long-term Following Treatment
Figure 24. Blood Leukocyte Cytospins Demonstrate High Granulocytic Leukocyte

82

Content in the Blood of Mice with Advanced Metastatic Disease
Figure 25. NKT Cell-based Immunotherapy is Effective in Decreasing MDSC

84

Number and Immunosuppressive Activity
Figure 26. Growth Profile for E0771 Primary Mammary Tumors and Primary

88

Tumors Resected at 12 Days Post-tumor Cell Injection
Figure 27. A Significant Reduction in Lung Metastasis is Observed Following
Post-surgical Treatment with α-GC and is Associated with low level
Cytokine Responses

ix

89

ABSTRACT
Natural Killer T (NKT) cells are a specialized group of immune-regulatory T
lymphocytes. NKT cells have been shown to limit primary tumor growth and target distant
metastatic disease in murine cancer models and in human clinical trials. The focus of this work
was to utilize NKT cell activation as a post-surgical immunotherapy in models of metastatic
breast cancer. In our model, mammary carcinoma cells were injected into the mammary fat pad
of syngeneic mice and primary tumors were resected twelve days later. The following day, mice
were treated with NKT cell-activating glycolipids or glycolipid-loaded dendritic cells (DCs) to
examine the effect on metastatic disease. Treatment with free glycolipids transiently reduced
metastatic disease but did not enhance survival. In contrast, treatment with glycolipid-loaded
DCs was effective in limiting metastasis, prolonging survival, and decreasing tumor-associated
immune suppression. Our data suggest that NKT cell activation via transfer of glycolipid-loaded
self-DCs holds promise as an immunotherapy for metastatic breast cancer.
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Chapter 1: Introduction
1.1

Cancer and Metastasis
The term cancer refers to a disease state in which abnormal body cells grow out of

control and gain the ability to invade other tissues 1. A benign lesion such as a thyroid adenoma
is non-invasive and exhibits a non-aggressive growth pattern. Malignant lesions such as stage IV
metastatic breast cancers have an aggressive and invasive pattern of growth. There are over 100
different types of cancer which can arise in any given organ or tissue in both somatic and germ
line cell types 2. Cancer arises from a single or multiple cells of origin which accumulate cancerpromoting mutations until the point at which they replicate in a dysregulated manner to form a
primary tumor 3. Genetic aberrations may already exist at the time of birth, leading to an
increased risk of childhood onset cancers. An example of a cancer arising from such a mutation
is retinoblastoma, where a mutation exists in the tumor suppressor gene RB1, leading to the
development of ocular cancers in young children 4. Inherited mutations may also predispose one
to develop cancers later in life as is seen with BRCA1 and BRCA2 mutations in breast and
ovarian cancer 5. Five to ten percent of all breast cancer cases are hereditary, but for those with
BRCA1 or BRCA2 mutations, the risk of developing breast cancer is 57% and 49% respectively
6

. As we age and cells continue to undergo repeated cycles of replication, genetic mutations will

naturally arise and accumulate in cells. Environmental factors also play an important role in
promoting DNA damage. Cancer-causing agents known as carcinogens increase the rate of
DNA damage directly and indirectly. Common carcinogens include such compounds as benzene
and environmental toxins like the fungi-derived aflatoxins 7, 8. Cigarette smoke contains over 40
known carcinogens and nearly 90% of lung cancer incidence and lung cancer-related deaths can
be attributed to smoking 9. Smoking alone accounts for ~25% of all cancer related deaths, with
~35% related to dietary factors and ~20% related to infections 10. Other cancer-promoting
factors include UV exposure, obesity, excessive alcohol consumption, radiation and exposure to
certain viruses such as the cervical cancer causing human papilloma virus 10.
1.1.1 Cancer
A tumor can be compared to an early stage embryo. Both share a number of features
including an increase in retrotransposon activity, genetic deprogramming, genome-wide
demethylation and conversion into a replicative undifferentiated cell state 11. Both seek a means

of growth by provision of nutrients and oxygen, while evading attacks by the immune system.
The difference between a growing embryo and a tumor is the lack of regulatory signals and
unresponsiveness to differentiation signals in the cancerous growth.
Cancer types fall under the general classifications of carcinoma, sarcoma, leukemia,
lymphoma, or cancer of the central nervous system 12. Carcinomas arise from epithelial tissue
with a common subtype of carcinomas known as adenocarcinomas arising from glandular
epithelial tissue. Sarcomas arise from connective tissues, leukemias from leukocyte populations
and lymphomas from lymphocyte populations. Leukemias present as a disease involving
cancerous cells circulating in the blood and bone marrow while lymphomas present as a
combination of solid masses and circulating cancer cells. Carcinomas, sarcomas and cancer of
the central nervous system present as solid masses.
Ten hallmarks have been described to characterize cancers. Six of these hallmarks
described in 2000 are self-sufficiency in growth signals, insensitivity to antigrowth signals, tissue
invasion and metastasis, limitless replicative potential, sustained angiogenesis, and evasion of
apoptosis 2. Added to this list in 2011 were abnormal metabolic pathways, immune system
evasion, DNA instability and chromosome abnormalities, and tumor-promoting inflammation 13.
Carcinogenesis, also known as oncogenesis or tumorigenesis, refers to the transition of a normal
somatic or germ line cell into a cancerous cell state. As cells accumulate mutations in genes that
regulate the cell cycle, DNA repair mechanisms, apoptosis, and metabolism, the cells become
more self-sustaining and resistant to stresses that would signal for elimination of a normal cell.
A major component of this oncogenic transition is a process known as epithelial-mesenchymal
transition (EMT) 14. There are three types of EMT; type 1 EMT is involved in embryogenesis,
type 2 EMT functions in wound healing and inflammation, and type 3 EMT involves the
transition of epithelial cancer cells into migratory mesenchymal cancer cells 14. Characteristics
of EMT include down-regulation of surface E-cadherin and tight junction molecules, loss of
adhesion, loss of cellular polarity, and increased expression of molecules such as fibronectin and
S100 proteins 15. In wound healing, EMT is important for migration of epithelial cells into sites
of tissue damage where adhesion proteins are re-expressed, allowing for wound closure 15. The
combined effect of a loss of E-cadherin expression and increased expression of matrix
metalloproteases (MMPs) has been used as a negative prognostic indicator for various forms of
metastatic disease 15. Certain molecular markers are common to various cancer types and have
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been used to both diagnose and further understand carcinogenesis; an example of this being p53.
p53 is a tumor suppressor protein that responds to DNA damage by inducing cell growth arrest
or apoptosis 16. Mutations of p53 are found in 50% of cancers, leading to the accumulation of
cells with DNA damage 17. The net effect of multiple mutations in many cells is the initiation of
cancerous cell growth.
A growing tumor mass will eventually require a blood supply in order to survive. As the
rapidly dividing cells continue to outstrip the surrounding blood supply and available nutrients,
they will require increased levels of micronutrients and other factors supplied by tumor-induced
neoangiogenic vessels. The key factor involved in this tumor-induced neoangiogenesis is
vascular endothelial growth factor (VEGF) 18. By providing itself with vasculature, a tumor can
proceed to grow further, generate a pre-metastatic niche in distant organ sites and metastasize to
these distant sites. VEGF in addition to promoting neoangiogenesis, also functions as an
immunosuppressive molecule, suppressing T cell activity and negatively influencing the
development of DCs and other cell types 19, 20, 21. Anti-VEGF antibody-based treatments such as
Bevacizumab (Avastin) have been used in both in mouse models and human clinical trials for the
treatment of various cancer types with some success. However, issues have arisen with these
treatments related to the selection for more aggressive cancer cells capable of surviving both
hypoxic and low nutrient conditions. Despite this, work continues to be done targeting VEGF as
a means of inhibiting tumor neoangiogenesis and VEGF-associated immunosuppression. An
example of this is CIGB-247, a novel vaccine combining bacteria-based adjuvants and a
recombinant antigen representative of VEGF-A. CIGB-247 reduced the incidence of lung
metastasis in mouse models of lung, breast and colon cancer 22.
1.1.2 Metastasis
Cancer metastasis accounts for greater than 90% of cancer-related deaths 23. Metastasis is
defined as the spread of malignant cancer cells from the primary tumor mass to a local or distant
secondary tissue site via the lymphatic system or circulatory system 24. As reviewed in Chiang
(2008) 25, metastasis is a multistep process that begins with local invasion of malignant cells into
nearby tissues. This is followed by intravasation of cancer cells into lymphatic or blood vessels.
Cancer cells then traffic via lymphatic and/or hematogenous routes to various sites in the body.
Less than 0.01% of these circulating cancer cells have the ability to survive and form metastases
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in distant tissues 26. Upon reaching capillary beds in tissue sites such as the lungs and liver, the
cancer cells will arrest and extravasate across the vessel walls into the surrounding tissue. These
cancer cells may then begin to proliferate and form small tumors known as micrometastases.
Micrometastases will continue to grow by acquiring vasculature and obtaining circulating
oxygen and nutrients. Once these metastatic lesions have grown large enough in size, cancerous
cells will also start to seed from these tumor masses into circulation to form new
micrometastases in local and distant tissue sites.
As reviewed in Fidler (2002) 27, the process of metastasis is understood through multiple
overlapping models. The seed and soil hypothesis explains that metastasis occurs to distinct sites
as a result of factors present in the target tissue naturally or as a result of the tumor generating a
pre-metastatic niche through release of conditioning factors such as epiregulin, COX2, MMP1,
MMP2 and PTGS2 28. In contrast, the anatomical-mechanical hypothesis suggests that
metastasis occurs in the tissues which circulating tumor cells are most likely to encounter first or
where there is the highest degree of vessel narrowing (such as the lung and liver), thus causing
cells to slow down and accumulate faster, allowing for a higher chance of invading through the
endothelium. It is likely that both of these processes play a role to varying degrees in the
numerous forms of metastatic cancer. Regardless of cancer type, the lungs and liver are the two
most common sites for cancer metastasis 25. One reason for this is the high density of capillary
beds that can trap tumor cells. Molecular factors also play a role in promoting site-specific
metastasis. For example, up-regulation of the metadherin protein in breast cancer cells is
involved in site-specific adhesion in pulmonary vasculature 29. Up-regulation of the tyrosine
phosphatase PRL-3 in metastatic colorectal carcinomas is linked to both pulmonary and hepatic
metastasis 29.
Barriers to achieving distal spreading for CTCs include local tissue architecture,
endothelial walls, and trafficking routes in body fluids. Metastatic cells must lose local cellular
adhesion, increase invasiveness and intravasation, and survival in the vascular system, in order to
extravasate, survive and proliferate in a new site 24. A cell having undergone epidermal
mesenchymal transition (EMT) will secrete factors to influence the local environment; one
crucial factor being VEGF 30. By providing itself with a blood supply, the growing tumor
establishes both a means of supplying oxygen and nutrients for sustained growth, but also a
means of trafficking throughout the body. EMT is also associated with a change in cell

4

morphology, including up-regulation of motility characteristics, tissue remodeling enzymes such
as matrix metalloproteases and adhesion molecules 31.
Metastatic disease can be treated with systemic therapies including chemotherapy,
biological therapy, targeted therapy, and hormonal therapy or with local therapies, including
surgery and radiation therapy 32. Although metastasectomy can become extensive and often
morbid in nature, it can also be beneficial for select patients, for example to remove lung and
liver metastases in select breast cancer patients 33. When surgery cannot be performed,
minimally invasive radiofrequency ablation is often an alternative 33.
1.1.3 Breast Cancer
In developed countries including Canada, four key cancers account for the majority of
cancer incidence and cancer-related deaths – lung, colorectal, prostate, and breast 34. Breast
cancer is the second leading cause of cancer-related death among Canadian women, behind lung
cancer, with 5,100 deaths and 23,400 new cases in 2011 34. Globally, 425,000 breast-cancer
related deaths occurred in 2010 35. Breast cancer incidence has increased from 641,000 new
cases in 1980 to 1,643,000 new cases in 2010 35, although part of this increase can be attributed
to advancements in detection and increases in public breast cancer screening and awareness.
Based on microarray-based molecular profiling and histopathological features such as
estrogen receptor status, breast cancers are now grouped into five major subtypes, Luminal-A,
Luminal-B, Basal-like, HER2-enriched and Normal-like 36, 37 (Table 1). While Normal-like
breast cancer has a similar gene expression profile to normal adipose breast tissue, the other four
major subtypes have distinct molecular expression profiles which contribute to variation in
growth, invasiveness and treatment responses 38 (Table 1). Luminal A breast cancers have the
best prognosis owing to their less aggressive growth profile and high percentage expressing the
ER 38. Basal-like breast cancers have the worst prognosis owing to an increased tendency for an
aggressive growth profile and low receptor expression level, decreasing their responsiveness to
hormone receptor and HER2-targeted therapies 38 (Table 1). Breast cancer can be broadly
classified into four distinct TNM (Tumor, Node, Metastasis) stages – Stage I includes ductal
carcinoma in situ (DCIS) and lobular carcinoma in situ (LCIS), Stage II includes local spreading
and involvement of local lymph nodes, Stage III involves invasive spreading with lymph node
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involvement, and Stage IV includes all metastatic forms of breast cancer 39. The average survival
time for women with advanced stage IV breast cancer is 2 years 40.
As metastatic disease accounts for 90% of cancer related deaths, it is of great importance
to generate anti-cancer therapies that target metastatic disease. Breast cancer most commonly
metastasizes to the lungs, bone, and liver 40. Metastasis to the bone results in an average 5-year
survival rate of 33% and a median survival of 48 months, while visceral metastasis reduces the
5-year survival rate to 13% and median survival to 17 months 41, 42.
At this time there are many different treatment options for breast cancer and treatment
protocols vary somewhat in a case-dependent manner. The standard treatment for breast cancer
involves one or more of the following: surgical resection, radiation therapy, chemotherapy,
receptor-directed therapy, targeted therapy or experimental therapies such as cell-based
immunotherapies 40. Various patient factors influence which combinations to utilize; these
include such factors as disease type, staging, number of disease sites, prior hormone treatment
and age 40.
Approximately 80% of breast cancers are ER+, making them susceptible to endocrine
therapies 43. For ER+ tumors, a 50-60% response rate is observed using first-line hormonal
agents 40. Patients with estrogen and progesterone-positive tumors have a 65-75% response rate
to hormone therapy 44.
HER2-neu is an oncogene that encodes the epidermal growth factor receptor ErbB2 and
is overexpressed in the breast cancer cells of 25-30% of patients 45, 46. Trastuzumab, an antiHER2-neu monoclonal antibody, targets the extracellular domain of HER2 and inhibits tumor
cell growth via antibody-dependent cellular toxicity, inhibition of intracellular signaling, and
decreased angiogenesis and DNA repair 47, 48. As an addition to standard chemotherapy regimens
for breast cancer, trastuzumab has reduced the risk of relapse and death by 50% and 30%
respectively 49, 50. However, as a result of issues with cardiotoxicity, cost and drug-resistance
related to treatment with trastuzumab, novel anti-HER2 therapies are being developed such as
Lapatinib, a small molecule inhibitor that targets HER2 tyrosine kinase activity 48, 51.
Besides anthracycline (doxorubicine, valrubicin) compounds which prevent cellular
replication through DNA/RNA intercalation and topoisomerase inhibition, the taxanes
(paclitaxel, docetaxel) which disrupt microtubule function are the most effective treatments for
metastatic breast cancer 40. Response rates of 40-94% have been observed with some combined
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anthracycline-taxane first-line treatments, with complete remission observed in 12-41% of
patients 52. Side-effects related to the use of the chemotherapeutic drugs are extensive and
include myelosuppression, fatigue, fluid retention, neurosensory toxicity and stomatitis 40.
Disease progression following anthracycline and taxane treatments leads to the administration of
second line chemotherapeutic agents such as gemcitabine, vinorelbine and 5-fluorouracil which
have response rates of approximately 10-20% 53.
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Table 1: Comparison of four major breast cancer subtypes.
Subtype

Luminal A

Luminal B

HER2-Enriched

Basal-Like

ER+/HER2- (%)

87

82

20

10

HER2+ (%)

7

15

68

2

ER-/PR-/HER2- (%)

2

1

9

80

TP53 (12)

TP53 (32)

TP53 (75)

TP53 (84)

PIK3CA (49)

PIK3CA (32)

PIK3CA (42)

PIK3CA (7)

GATA3 (14)

MAP3K1 (5)

PIK3R1 (8)

DNA Mutations
(% mutated)

MAP3K1 (14)
TNM Stage (%)
1

55.3

35.7

28.4

39.0

2

35.1

50.0

55.2

51.0

3

4.6

7.1

10.4

6.2

4

3.7

2.4

6.0

3.3

Adapted from The Cancer Genome Atlas Network, Nature 2011 and Haque, Canc Epid 2012.

Breast cancer subtypes listed are based on molecular profiling of tumor samples. Luminal A
and Luminal B: most dominant feature is high expression of the luminal expression signature,
which contains ESR1, GATA3, FOXA1, XBP1 and MYB. HER2-Enriched: not all tumors in
this subtype are clinically HER2+. Tumors within this subtype have elevated levels of mRNAs
encoding genes including EGFR, pEGFR, HER2, pHER2 and FGFR4. Basal-Like: main feature
is the absence of expression of the receptors ER, PR and HER2. Deficiencies in TP53 activity
are observed in nearly all tumors. A characteristic gene expression signature containing keratins
5, 6 and 17 and genes associated with cell proliferation is observed in most samples.
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1.1.4 Animal Models of Breast Cancer
The 4T1 mammary carcinoma model, syngeneic to BALB/c mice, is a commonly used
model of spontaneously metastasizing breast cancer that mimics many features of advanced
human stage IV metastatic breast cancer and is the primary model used in this body of work.
The tumor line was isolated from a spontaneous mammary carcinoma and initially described by
Aslakson and Miller in 1992, and later characterized by Pulaski and Ostrand-Rosenberg in 2001.
In the 4T1 model, tumor cells are injected orthotopically into the subcutaneous mammary fat
pad, establish a primary tumor and metastasize throughout the mouse within two weeks of
implantation 54, 55, 56, 57. The main site of metastasis is to the lungs via the hematogenous route of
spread; metastasis via the lymphatic route plays only a minor role in this model 57. Beyond 2
weeks of implantation, systemic metastasis can be observed to sites including the liver, lymph
nodes, kidneys, bone, and brain tissue 57. Originally derived from a single spontaneously arising
mammary tumor in BALB/c mice, 4T1 tumor cells are readily cultured in vitro 54. Multiple cell
lines were derived from the heterogeneous mixture of tumor cells; 4T1 cells demonstrated the
highest rate of metastasis to the lungs and liver and through selective culturing in 6-thioguanine
(6-TG) they are fully resistant to this drug 54. 6-TG is a guanine analogue that is commonly used
in the treatment of leukemias, acting by disrupting DNA synthesis, leading to cell cycle arrest
and apoptosis 58. 6-TG resistance in 4T1 cells allows for tissue metastasis to be directly
measured by culturing dissociated tissue suspensions with 6-TG and enumerating the number of
colony forming units that are present 54, 55. A further benefit to using the 4T1 model is the ability
to track myeloid derived suppressor cells (MDSCs) in the peripheral blood of tumor-challenged
mice 59, 60, 61. It has been shown that with the progression of malignant disease, peripheral blood
MDSC levels also increase (see section 1.2.3) 1, 59, 60.
The other model of metastatic breast cancer used in this body of work is the E0771
model. The E0771 murine breast carcinoma model, syngeneic to C57BL/6 mice, was initially
used by Goodson et al. in 1955 to test the ability of various compounds to inhibit primary tumor
growth 62. This model has been characterized to a lesser extent than the 4T1 model. Compared
to the 4T1 model, there is reduced lung metastasis in the E0771 model, but similar primary
tumor growth kinetics 63. E0771 tumor cells are ER+ while 4T1 cells are ER-, making the E0771
model more representative of a hormone therapy responsive breast carcinoma

63, 64

. Using NKT

cell activating treatment in combination with a targeted hormone therapy would therefore be
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possible in this particular model. Moreover, the use of two models with unique metastasis
patterns and disparate genetic profiles acts to validate the treatment results observed in each of
the models. The ER- status of 4T1 cells makes this a good model to use as ER- cancers are more
difficult to treat and in more need of novel therapies 65.
Although other murine models of breast cancer are available, most lack the selective
markers and detailed characterization of the 4T1 model. This is also the case for the E0771
model. Therefore, effort is needed to develop methods to track metastasis in this model.
1.2

Tumor Immunology
The immune response to tumors is highly diverse, encompassing responses associated

with both the innate and adaptive arms of immunity. Cancers however are highly evasive with
respect to the immune system, evading anti-tumor responses and facilitating pro-tumor immunity
66

. The tumor microenvironment consists of a complex array of cells, blood vessels, lymphatic

vessels, extracellular matrix, nutrients and signaling molecules 67. All cell types in this
microenvironment play some role in shaping the tumor growth and metastasis profile. In many
solid tumors, cancer-associated fibroblasts are the most prominent cell type 68, and have been
shown to play an important role in the initiation and progression of cancers, in addition to
facilitating the metastatic process 67.
The main concepts associated with anti-tumor and pro-tumor immunity revolve around
immunosurveillance and tumor-associated immune suppression. Tumor immunosurveillance
involves the specific targeting of cancerous and pre-cancerous cells based on their expression of
distinct tumor-associated antigens (TAAs) and tumor-specific antigens (TSAs) 69. Tumor
immunosurveillance leads to three possible outcomes; recognition of tumor antigens can lead to
complete elimination of all cancer cells, an equilibrium state where selective growth of tumor
cell sub-populations is matched by host immunity, or tumor escape where select tumor
subpopulations evade host detection to grow and spread unimpeded. Tumor immune escape can
result from defects in host immunity or in a process known as immunoediting, where tumor cell
modification of molecular structures through further mutation allows for immune evasion 70.
Tumor-associated immunosuppression involves the expression of immune-regulatory
cytokines and molecules by tumor cells, facilitating the proliferation and accumulation of
immunosuppressive cell types such as Tregs, MDSCs and tumor-associated macrophages 71.
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These immune-regulatory and suppressive cell types produce further cytokines and other
molecules which promote an immunosuppressive network wherein the proliferation and activity
of anti-tumor effector cells are suppressed, allowing for sustained tumor growth 71, 72 (Figure 1).
1.2.1 Anti-Tumor Immune Response
With heritable immunodeficiencies, it is mainly virus-induced cancers such as EpsteinBarr virus-induced lymphoblastic lymphomas and Kaposi’s sarcoma that increase in frequency,
rather than common epithelial cancers such as lung, colon and prostate cancers 73. As patients
with heritable immunodeficiencies rarely live beyond their 40’s, adult onset cancers have much
less opportunity to arise; it is nevertheless apparent that an important component of antitumor
immunity is the recognition and targeting of cancer-inducing pathogens 74. Murine studies
investigating immune defects and immune deficiencies have demonstrated that an intact immune
response is important for preventing and decreasing tumor growth 75, 76, 77. In cancer patients,
infiltration of anti-tumor effector cells such as CD8+ T cells into tumor tissues has been
associated with positive clinical outcomes 78, 79.
Innate effector cells such as natural killer (NK) cells and subsets of T cells including γδ T
cells, CD8+ cytotoxic T lymphocytes (CTLs), and natural killer T (NKT) cells, possess inhibitory
and stimulatory surface receptors which enable anti-tumor responses 80. Families of receptors
involved in the innate anti-tumor response include NKR-P1, NKG2/CD94 heterodimers, Ly49
molecules found in rodents, and killer cell immunoglobulin (Ig) - like receptors (KIRs) found in
humans 80, 81, 82. Recognition of stress-induced major histocompatibility complex (MHC) class Ilike molecules present on tumor cells or down-regulation of class I MHC on tumor cells via
members of these receptor families can lead to eradication of transformed cells 80, 83. Innate
effector cells also use cell surface molecules such as Fas ligand (FasL) and TNF-related
apoptosis-inducing ligand (TRAIL) to recognize tumor cell surface expressed receptors and
induce tumor cell apoptosis 80. Recognition of tumor cell-surface antigens can also lead to the
release of effector molecules such as perforin, granzyme and cytokines to induce tumor cell
apoptosis 80, 84, 85. Activation of NK cells following exposure to cytokines including IL-2, IL-12
and IFNγ can lead to a rapid increase in cytolytic, secretory and proliferative activity 80, 86.
Signals from transformed cells including cytokines such as IFNα, IL-1β and TNF, and
other molecules such as heat shock proteins (HSPs) function as indicators of cellular stress or
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“danger” signals, and lead to the activation of antigen presenting dendritic cells (DCs) 80, 87.
Capture of TSAs and TAAs such as melanoma-associated antigen (MAGE) and prostate-specific
antigen (PSA) by DCs leads to activation of the adaptive anti-tumor immune response 88.
Following antigen capture and activation via “danger” signals, DCs up-regulate and express costimulatory molecules such as B7, migrate to the draining lymph node and present tumor
antigen-derived peptides to CD4+ and CD8+ T cells via MHC class II and MHC class I
molecules, respectively 80. Following secondary activation via tissue APCs presenting TAAs,
TAA-specific CD8+ T cells develop into CTLs and CD4+ T cells into CD4+ helper cells 80. CD4+
helper cells aid further in stimulating CTLs via cytokine release and CD40-CD40L interactions
80, 89

. CTLs elicit direct tumor cell lysis via the directed release of perforins following the

recognition of tumor cell-associated peptides presented by tumor cells in the context of MHC
class I 80. Memory CD4+ and CD8+ T cells maintain protective anti-tumor immunity through the
recognition of tumor-derived stress signals such as HSPs and IFNα 72.
Glycolipid-based TAAs may be presented by tumor cells and APCs via MHC molecules
or members of the MHC class I-like family of CD1 molecules 90, 91. NKT cells recognize
glycolipid antigen presented in the context of CD1d molecules and are capable of eliciting direct
anti-tumor cytotoxicity, in addition to activating downstream anti-tumor effector cells such as
NK cells and CTLs following activation via generation of activating cytokines 90, 92, 93.
B cells are commonly found to infiltrate tumors and their presence is associated with
improved prognosis of patients with breast cancer 72. Tumor-infiltrating B cells may undergo
antigen-driven proliferation and maturation within the tumor, producing antibodies specific to
tumor cell-associated molecules 94, 95. B cells may also function as local APCs and in provide costimulatory signals to T cells at the tumor site 80.
1.2.2 Tumor-Associated Immune Suppression
The tumor microenvironment consists of tumor cells, stromal cells, extracellular matrix,
cytokines and growth factors, blood vessels, lymphatic vessels and infiltrating immune cells.
Tumor-associated factors within this microenvironment such as tumor derived IL-6, and tumorassociated macrophages (TAMs) and MDSCs play important roles in mediating the immune
suppression observed in moderate to advanced forms of cancer (Figure 1).
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Tumors implement many strategies to both evade and modify host immunity. Similar to
viruses undergoing antigenic drift to evade the immune response, tumors are able to downregulate immunogenic antigens. Tumors can decrease expression of certain antigens as is seen
with the melanoma antigen Melan-A/MART-1 where the gene promoter is silenced 96, as well as
decrease antigen presentation through changes in antigen processing and presentation machinery
97

. Another important strategy used by cancer cells to survive is evasion of apoptosis. This can

be accomplished through the up-regulation of anti-apoptotic proteins like FLIPL,S, survivin and
Bcl-2 98, 99, 100 Tumor cells can also evade apoptosis through disrupting the CTL
perforin/granzyme B cytotoxic pathway and by expressing soluble decoy death receptors which
disrupt FasL-mediated cell death 101, 102. Tumor cells can over-express IDO (Indoleamine 2,3
dioxygenase) to cause the breakdown of tryptophan and promote apoptosis and cell cycle arrest
in effector T cells 103.
Tumor-derived IL-10 inhibits the proliferation and development of Th1 responses by
peripheral blood mononuclear cells (PBMCs), skewing the host immune response towards a Th2
pro-tumor profile 104 (Figure 1). Tumors also produce pro-inflammatory molecules including
PGE2, IL-6 and S100A8/A9 which induce a local pro-inflammatory environment, recruiting
immunosuppressive cell types such as MDSCs 1, and promoting tumor growth and survival 105, 106,
107

(Figure 1).
Defects in DCs represent an important component in tumor evasion of the immune

response 71. Defects include decreased levels of functional antigen-presenting DCs,
accumulation of immature DCs and elevated levels of tolerogenic DCs 108. Importantly, tumors
induce the proliferation and accumulation of MDSCs 109. MDSCs are a heterogeneous mixture
of immature myeloid cells in various stages of differentiation which exhibit an
immunosuppressive phenotype. In mice, these cells can be identified through their expression of
the cell-surface markers Gr-1 and CD11b 110. There are various subtypes of MDSCs with Ly6C
and Ly6G acting as major differentiation markers for monocytic and granulocytic MDSCs
respectively. MDSCs accumulate in the blood and tissue in proportion to primary and metastatic
tumor growth. MDSCs inactivate CD4+ and CD8+ T cells, inhibit CTL IFNγ production through
cell-cell contact and ROS production 111, induce the accumulation of Tregs and drive the immune
system towards a pro-tumor Th2 phenotype 111.
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Natural killer T (NKT) cells are a subset of T cells possessing characteristics of both T
lymphocytes and NK cells, and play an important role in regulating innate and adaptive
immunity (discussed later – see section 1.3) 112. Invariant NKT (iNKT) cells which possess
invariant T cell receptors (TCRs) and recognize glycolipid antigen (see section 1.3.1), comprise
the majority of the NKT cell population and play an important anti-tumor role 113-115. Type II
NKT cells in contrast have a more diversified TCR repertoire, recognize mainly sulfatide-based
antigens and play a pro-tumor role. iNKT cells are suppressed and rendered anergic through the
activity of Type II NKT cells 116, 117. Type II NKT cells are induced through tumor activity,
inhibiting NKT cell and CTL function and enhancing the function of TAMs and MDSCs through
IL-13 production 116, 118.
Tumor and TAM production of certain chemokines such as CCL17 and CCL22 leads to
the recruitment of Tregs into the tumor environment; tumor cells also promote the differentiation
and expansion of Tregs 71. Natural and inducible Tregs function to suppress immunity through
mechanisms including the production of cytokines like IL-10 and TGFβ, release of
immunosuppressive factors and cell-cell contact-mediated effector T cell inhibition 119, 120. As
reviewed in 121 and 122, Tregs play a significant pro-tumor role in the tumor microenvironment by
promoting immunological tolerance towards the tumor and inhibiting anti-tumor immunity.
Tregs secrete immunosuppressive molecules including IL-35, IL-10 and TGF-β, negatively
influencing the expansion, cytokine production and effector function of effector T cells 121.
Tregs also produce VEGF which promotes tumor angiogenesis, kill tumor-targeting leukocytes
through cytolytic activity, and induce up-regulation of IDO in DCs, leading to the depletion of
tryptophan and subsequent suppression of effector T cell function 123, 124, 125, 126. Tregs accumulate
in cancer patients and have been correlated with a poor prognosis in breast, gastric and ovarian
cancers 120. In addition, depletion of Tregs facilitates tumor rejection and anti-tumor immunity in
mouse models of cancer 127, 128.
TAMs can account for up to 50% of a tumor mass and function to promote tumor growth
129

. Typically, TAMs are M2 or alternatively activated macrophages which are associated with

tissue repair, angiogenesis, down-regulation of the adaptive arm of the immune response, Th2skewed T cell responses, and most importantly pro-tumor responses 130. Monocytes are recruited
to tumor sites early on by tumor-produced chemokines such as CCL2, differentiating pro-tumor
M2 type macrophages in the presence of tumor-derived M-CSF and the differentiating cytokines
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IL-4 and IL-13 131, 132. These M2 differentiated macrophages are desired in wound healing where
they function in angiogenesis, tissue repair and scavenging 133. However, in the case of a tumor,
the production of inflammatory cytokines and chemokines like IL-6, CXCL8 and CCL2
enhances tumor angiogenesis and the recruitment of immunosuppressive myeloid cell
populations 134.
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Figure 1: Overview of immune cell activity induced with tumor-associated immune
suppression. Tumor-derived factors such as PGE2, IL-6 and S100A8/A9 molecules induce the
expansion and accumulation of immunosuppressive cell types such as MDSCs, Tregs and TAMs.
MDSCs promote a pro-tumor environment through suppressing T cell, NK cell, iNKT cell and
DC function via cysteine deprivation, ROS and RNS production, and arginase activity. MDSCs
also induce Treg and TAM activity. TAMs and MDSCs inhibit Th1 type T cell responses and
produce IL-10, inducing a Th2-skewed pro-tumor T cell response. Tumor-induced Type II NKT
cells directly inhibit iNKT cells and produce IL-13, positively reinforcing the activity of TAM
and MDSC populations.
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1.2.3 Myeloid-Derived Suppressor Cells
MDSCs originally known simply as immature cells (ImCs) were shown to accumulate in
the peripheral blood of cancer patients 135. By comparison, dramatic reductions in both number
and function of circulating DCs have been observed 135. One third of the peripheral blood ImC
population was identified as immature DCs and macrophages, with the other two thirds
representing early stage undifferentiated myeloid cells that could be differentiated into mature
DCs in the presence of all-trans retinoic acid (ATRA) 135. The ImCs were shown to inhibit the T
cell stimulatory function of DCs and Ag-specific T cell responses 135.
Described as a highly heterogeneous group of undifferentiated myeloid cells possessing
immunosuppressive properties, MDSCs can be found accumulating in the blood and tissues in a
wide variety of conditions including chronic inflammatory diseases, viral infections and cancer
136

. MDSCs are not limited to a single cell type, but instead encompass a wide array of cell

types and variants. Individual subsets are detected through distinct cell surface markers,
variations in secreted factors, and mechanisms of immune suppression. An IL-1β-induced Ly6CMDSC population identified in BALB/c mice has been shown to suppress NK cell development
and function 137. With disease progression, and especially in cancer, MDSCs accumulate in a
variety of tissues including the spleen, blood, lungs and bone marrow

. MDSCs have been

105

described in both mouse models of disease and in humans, with some variation in the
immunosuppressive function and cell surface protein marker expression between the two species
138
59

. In mice, MDSCs can be detected using FACS analysis with selection for Gr-1+CD11b+ cells

. Monocytic MDSC populations are characterized as being CD11b+Ly6ChighLy6G- and capable

of differentiating into macrophages and DCs 139. Granulocytic MDSCs, representing ~75% of
the MDSC population in common strains of mice including BALB/c mice, are
CD11b+Ly6ClowLy6G+, cannot be maintained cultured and do not differentiate into macrophages
or DCs 139. In humans, MDSCs are broadly defined as cells expressing the cell surface marker
profile CD11b+CD33+CD14-HLA-DR- 135, 140, 141, 142.

MDSCs accumulate in the blood,

lymphatic tissues and tumor sites of cancer patients, promoting tumor growth, angiogenesis, and
metastasis 143, 144. In this body of work, the term MDSC will be used to refer to immature
myeloid cells with immunosuppressive activity, which accumulate proportionally with cancer
progression.
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Tumor-associated factors such as prostaglandin E2 (PGE2) and pro-inflammatory S100
proteins are able to promote tumor progression by promoting the accumulation of MDSCs in the
tumor environment 105, 145 (Figure 2A). MDSCs contribute to immune suppression through a
number of mechanisms. Direct cross-talk between MDSCs and macrophages leads to the
subversion of tumor immunity towards a type 2 response 146. Direct MDSC-macrophage crosstalk leads to elevated IL-10 production by MDSCs and decreased IL-12 production by
macrophages 146. Treatment with the chemotherapeutic drug gemcitabine, was shown to partially
reverse the skewing of the type 2 response by reducing MDSC levels 146. Inflammation and more
specifically inflammation-associated factors such as IL-6, IL-1, S100 proteins, and
prostaglandins are extremely important in promoting the accumulation of MDSCs. Limiting
tumor-associated inflammation both delays the accumulation of MDSCs and limits tumor
progression 59
MDSCs use a variety of mechanisms to inhibit the anti-tumor response. Using a C26
murine adenocarcinoma model, it was shown that MDSCs decrease IFNγ responsiveness of
splenocytes through the up-regulation of iNOS which generates NO that inhibits phosphorylation
of STAT1 in splenocytes 147. MDSCs produce various reactive oxygen species (ROS) and
deplete the local environment of available L-arginine, limiting the viability of T cells by limiting
their arginine supply 148. ROS and NOS such as peroxynitrite (ONOO-) can cause T cell
suppression and tolerance via nitration of TCRs and CD8 molecules, decrease anti-tumor
responses by CTLs through post-translational modification to peptide-MHC I complexes, and
block migration of T cells to the tumor site via nitration of chemokines such as CCL2 149.
MDSCs inhibit T-cell activation by depleting available cysteine and cystine 150. MDSCs use the
enzymatic properties ADAM17 to down-regulate the expression of L-selectin on CD4+ and
CD8+ T cells 60. This decreases trafficking of naïve T cells to peripheral lymph nodes where they
would normally become activated. This property of MDSCs explains a common observation of
reduced L-selectin levels on T cells in cancer patients 151. In addition to acting as
immunosuppressive agents, MDSCs also promote tumor angiogenesis through production of
factors such as MMPs, VEGF and basic fibroblast growth factor (bFGF) 144, 152, 153. Sunitinib, an
angiogenesis inhibitor which targets receptor tyrosine kinases, has been shown to significantly
reduce the accumulation of peripheral MDSCs in both human cancer patients and in various
murine tumor models 154, 155. Sunitinib inhibits the proliferation of monocytic MDSCs and
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impairs the survival of granulocytic MDSCs, although these effects are observed in models
demonstrating widely varying anti-tumor activity in response to sunitinib treatment

155

. Despite

antiangiogenic treatments such as sunitinib, localized availability of growth factors such as GMCSF can lead to the proliferation of intratumoral MDSCs which can promote antiangiogenic
resistance 144, 152, 155, 156. MDSCs are able to induce the proliferation of CD4+CD25+FoxP3+ Tregs
in human hepatocellular carcinoma patients 157.
In some gastric cancers, IL-1β has been shown to enhance IL-6 production in MDSCs via
activation of the NF-κB pathway 158. The use of an NF-κB inhibitor in IL-1β transgenic mice
inhibited MDSC activity and suppressed the development of gastric cancer 159. Curcumin, a
compound derived from the herb Curcuma longa Linn has demonstrated anticancer activities,
some of this activity being mediated through suppressing NF-κB activity 160. In various cancer
models including a murine model of gastric cancer, curcumin has been shown to inhibit MDSC
activity and proliferation 161.
MDSCs can be therapeutically targeted by a number of means. Vincent et al. (2010)
screened a number of common cytotoxic chemotherapeutic drugs including 5-fluorouracil (5FU),
cyclophosphamide, gemcitabine, oxaliplatin, and doxorubicin for their ability to kill tumorassociated MDSCs. They demonstrated that a common chemotherapeutic drug, 5FU is capable
of selectively killing MDSCs and as a result, enhancing T cell-dependent anti-tumor immunity
162

. In line with these findings, another of these chemotherapeutic drugs, gemcitabine, was

shown to selectively eliminate splenic MDSCs in tumor-bearing mice, resulting in enhanced
antitumor activity 110. CD4+CD25+ T regulatory cells are sensitive to the effects of
cyclophosphamide, which has been taken advantage of in mouse models of anti-cancer
immunotherapy where treatments were curative for established tumors 163. Thus, in addition to
their direct cytotoxic effects on highly replicative cells, a number of chemotherapeutic agents
also demonstrate the ability to selectively target certain immunosuppressive cell populations
including MDSCs and Tregs. MDSCs can be targeted therapeutically via cytotoxic and immune
cell stimulating agents or through natural mechanisms. All-trans retinoic acid (ATRA) treatment
has been used in cancer models to induce differentiation of immature MDSCs into mature cell
forms 164, 165. This strategy was successfully combined with anti-cancer vaccine protocol in
murine cancer models to relieve MDSC-immune suppression and enhance the vaccine
effectiveness 164.
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NKT cell activity has been shown to decrease MDSC number and function in a mouse
model of influenza A virus infection via a TCR and CD40L-dependent mechanism 166 (Figure
2C). In this model, mice lacking iNKT cells had a substantial increase in MDSC levels, resulting
in decreased anti-influenza immunity, increased virus titer and increased mortality 166. These
findings were comparable to human infection where CD11b+ MDSCs were isolated from the
peripheral blood of IAV-infected patients. The suppressive activity of these MDSCs was
inhibited by treating them with ARG1 or iNOS inhibitors or by culturing them with α-GCstimulated human iNKT cells 166. Based on these findings, we were interested in looking at the
effects of iNKT cell activation on MDSC function in mouse models of breast cancer. As
MDSCs are an important target for decreasing cancer-related immune suppression, it is
important to implement therapy strategies that both target tumor cells and decrease immune
suppressive cell types such as MDSCs. The use of cytotoxic chemotherapeutic compounds has
been shown to be effective in targeting MDSCs. However, the toxic side-effects of these
compounds should be avoided if at all possible. If iNKT activation can be effective in targeting
both metastatic tumor cells and decreasing tumor-associated immune suppression, the
requirement for substantial levels of toxic chemotherapeutic chemicals could be dramatically
reduced. Even if iNKT activation does not have MDSC-targeted effects, it may be effective to
target MDSCs and immune suppressive cells in combination therapies involving iNKT cellbased treatments and additional therapy options. This could be accomplished through the use of
a compound such as gemcitabine which has been shown to decrease MDSCs while preserving
iNKT cell number and function 110, 167. In a mouse model of mesothelioma, gemcitabine
treatment reduced the number of MDSCs while selectively preserving viability of CD4 + and
CD8+ T cells 167.
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Figure 2: Tumor-associated MDSC proliferation and MDSC activity leads to the
suppression of NKT cell function. (A) The tumor microenvironment produces a variety of
pro-inflammatory molecules (IL-6, C5a, prostaglandins), immunosuppressive molecules (IL-1β,
IL-10), and tumor-related growth and pro-angiogenic factors (TGF- β, VEGF). These molecules
induce immune-suppressive leukocyte populations including Tregs, TAMs, and MDSCs to
traffic to and accumulate in tumor tissues. (B) MDSCs produce immunosuppressive molecules
such as ROS and NOS which inhibit T cell and NKT cell function. (C) NKT cell activity in
viral infection has been shown to decrease both the frequency and immunosuppressive activity of
MDSCs in a TCR-CD1d/CD40L-CD40 dependent manner, indicating a possibility for NKT cells
to function similarly in cancer models.
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1.3

Natural Killer T Cells
NKT cells are a subset of T cells which possess phenotypic and functional properties of

both natural killer cells and T lymphocytes 168. Identified in 1986 169, and later given the name
natural killer T cell in 1994 170, NKT cells express intermediate levels of αβ T cell receptors
(TCRs) in addition to NK cell markers and products, including surface NK1.1 and intracellular
perforin and granzyme 168. CD4+ and CD8+ T cells respond via diverse TCR specificities to
peptide antigens presented by antigen presenting cells (APCs) on the major histocompatibility
complex (MHC) class II and class I, respectively 171. In contrast NKT cells respond via invariant
TCRs to glycolipid molecules presented by APCs via the MHC class I-like molecule CD1d 171
(Figure 3). Various cell types including dendritic cells, B cells and macrophages express cell
surface CD1d and are capable of presenting glycolipid to and activating NKT cells 172.
Invariant NKT (iNKT) cells, expressing a canonical TCR rearrangement (Vα14Jα18 in
mice and Vα14Jα24 in humans), are the largest NKT cell population and account for the majority
of NKT cell-associated activity 173. iNKT cells respond to various glycolipids, both self and nonself, but the primary molecule used experimentally and clinically to activate iNKT cells is a
marine sponge-derived sphingoglycolipid known as α-galactosylceramide, abbreviated α-GalCer
or α-GC 174175.
Additional minor subsets of NKT cells that are restricted by CD1d but do not recognize
α-GalCer have been identified 173, 176. These Type II NKT cells have different CD1d-restricted
TCRs that recognize other glycolipids and include a subset (Vα9 TCR rearrangement) that
recognize sulfatide-containing glycolipids 177, 178. CD1d-independent NKT-like cells have also
been described which are mainly conventional T cells that upregulate NK cell markers following
activation 173.

In measuring the relative contributions of Type 1 versus Type II NKT in cancer

research, the most effective approach to date has been to assess tumor growth in CD1d-deficient
mice lacking Type I and Type II NKTcells versus TCR Jα18 chain-deficient mice lacking Type I
NKT cells only 176. Type II NKT cells may function in an opposing manner to iNKT cells as
demonstrated in tumor models showing differences in tumor clearance in Jα18 -/- vs. CD1d-/- mice
118

.
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Figure 3: NKT cells via semi-invariant TCRs respond to glycolipid antigen presented by
CD1d molecule on APCs. NKT cell activation leads to rapid translation of pre-formed
cytokine-encoding mRNAs, leading to a rapid burst of high quantities of immune-modulatory
cytokines including IFNγ, TNFα, IL-4, and IL-10. In contrast CD4+ and CD8+ T cells respond
via diverse TCRs to peptide antigens presented by MHC Class I and II molecules on APCs.
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1.3.1 iNKT Cells
iNKT cells are the most well described subset of NKT cells and account for the highest
proportion, ~95%, of NKT cells in both humans and mice 179. iNKT cells are highly conserved
between humans and mice 168 (Table 2). Human and mouse iNKT cells express conserved TCR
gene rearrangements (Jα14Vα18 in mice and Jα24Vα18 in humans), and can recognize
glycolipid presented by CD1d from either species 180. One key difference is the frequency of
hepatic iNKT cells in humans and mice. iNKT cells represent ~30% of the liver lymphocyte
population in mice compared to ~1% in humans 168. Both self and foreign glycolipids are
capable of activating iNKT cells; self-glycolipids include β-D-glucopyranosylceramide (βGlcCer) that plays a role in NKT cell selection, and other endogenous glycolipids that
accumulate in humans and mice during infection and in response to Toll-like receptor agonists
181

. Foreign glycolipids include glycolipids derived from bacteria and parasites such as

glycosphingolipids derived from Sphingomonas species 181. NKT cells contain large numbers of
preformed mRNAs encoding cytokines such as IL-4 and IFN-γ 182. Upon activation, iNKT cells
will rapidly translate and produce a variety of Th1, Th2, and Th17-type cytokines (Figure 3).
iNKT cells can be activated via multiple pathways; activation can be caused by inflammatory
cytokines and/or self-antigen presented by CD1d, or by presentation of microbial glycolipids by
CD1d 183. From this point iNKT cells will be referred to simply as NKT cells, given their high
frequency within the NKT cell grouping and dominant function among NKT cell subgroupings.
The array of NKT cell subsets in humans include CD4+CD8-, CD4-CD8+, and CD4-CD8cell types (Table 2). Mice lack the CD4 -CD8+ subset 168. In humans these subsets vary in overall
cytokine expression levels, with CD4 -CD8- and CD4-CD8+ subsets preferentially producing
Type I cytokines such as IFNγ and TNFα, and the CD4+CD8- subset preferentially producing
Type II cytokines such as IL-4 and IL-10 184. These differences are less distinct in mice although
the CD4-CD8- subset is associated with better IFNγ-dependent anti-tumor responses 199.In mice, a
subset of NK1.1- NKT cells generates the Th17 type cytokine IL-17. This subset makes up 515% of NKT cells in peripheral sites but represents the majority of NKT cells in peripheral
lymph nodes 185.
Experimental activation of NKT cells typically involves either the injection of free
glycolipids or the adoptive transfer of glycolipid-loaded DCs. A major issue associated with the
administration of free glycolipid for the treatment of diseases is that B cell and macrophage
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mediated presentation of glycolipid to NKT cells induces anergy, associated with the upregulation of the cell-surface protein PD-1

186, 187, 188

. Up-regulation of PD-1 on NKT cells

persists for more than a month following in vivo free glycolipid activation 189. Targeting the PD1L: PD-1 interaction using blocking antibodies against PD-1, PD-1L and PD-2L prevented NKT
cell anergy in the B16 melanoma metastasis model, allowing for consecutive successful NKT
cell activations and overall enhanced anti-metastatic effects

. Another strategy is to transfer

189

DCs loaded with glycolipid as this has been shown to ameliorate anergy and make NKT cells
responsive to subsequent glycolipid stimulations

182

. It is thought that free glycolipid treatment

allowing for multiple APC types to present glycolipid to NKT cells does not lead to optimal
presentation of glycolipid by DCs to NKT cells 172, and therefore the potential activation levels of
NKT cells following α-GC administration are limited as compared to DC-based activation.
NKT cells are capable of mediating direct cell-cell cytotoxicity through the use of
perforins, granzymes, Fas/FasL and TRAIL

190

.

Indirect cytotoxicity is mediated through

activation of downstream effector cells including NK cells, CD8 + CTLs and DCs
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. Optimal

NKT cell activation is achieved through reciprocal activation of NKT cell and DCs as a result of
co-stimulatory interactions between NKT cells and DCs, including CD40-CD40L, TCR-AgCD1d, CD28-B7.1/B7.2, and soluble molecules such as IL-12 192.
iNKT cells have been shown to play an important anti-tumor role in cancer patients and
in animal models of cancer 174, 193, 194, 195 , 196 (Discussed in section 1.3.3). NKT cell-dependent
anti-tumor immunosurveillance has been noted in murine methylcholanthrene (MCA)-induced
tumor models, where tumor development was enhanced in Jα18 -/- mice compared to wild type
mice 197, 198. Similarly, p53+/- mice lacking NKT cells exhibited increased tumor incidence, adding
further support for the anti-cancer role of NKT cells 176. Although NKT cells are capable of
directly killing tumor cells 197, NKT cell-based anti-cancer effects are primarily indirect,
occurring through the activation of NK cells and CTLs following NKT cell IFNγ production and
NKT cell-induced IL-12 production by DCs 191, 199. IL-12 production by DCs enhances IFNγ
production by NKT cells following glycolipid activation 200.
Despite a clear anti-tumor role for iNKT cells, the function of Type II NKT cells remains
somewhat unclear, exhibiting tumor promoting roles in some models and no role in others. Type
II NKT cells like iNKT cells are CD1d-restricted and produce Th1 and Th2 cytokines, but unlike
iNKT cells have more diverse TCRα chains and respond mainly to sulfatide-based glycolipids
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118

. Tumor promoting properties of Type II NKT cells have been demonstrated in several tumor

models where tumor growth was compared in Jα18-/- mice lacking iNKT cells and CD1d -/- mice
lacking all CD1d-restricted NKT cells 118. Demonstrating the pro-tumor role of Type II NTK
cells – specific activation of either iNKT cells with α-GC or Type II NKT cells with sulfatidebased glycolipids in the murine CT26 lung metastasis showed complete abrogation of tumors
following iNKT cell activation while Type II NKT cell activation led to enhanced tumor burden
116

. In contrast, it was found that both p53+/- CD1d-/- and p53+/- Jα18-/- mice had similar overall

tumor incidence and survival time, suggesting no tumor-promoting effect associated with Type II
NKT cells 176. Furthermore, CD1d-/- and Jα18-/- mice exhibited similar susceptibility to MCAinduced sarcoma development 176.

Although iNKT cells play a clear anti-tumor role, the

understanding of the role played by Type II NKT cells in cancer remains incomplete and it may
be the case that this role varies depending on the model used and context of cellular activation.
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Table 2: Comparison of iNKT cell properties between humans and mice.
Characteristic

Human

Mouse

TCR

V 24J 18 / Vβ11

V 14Jα18 / Vβ8/7/2

CD1d-restricted TCR

Yes

Yes

Mature NKT cell subsets

CD4+CD8-, CD4-CD8-, CD4-CD8+

CD4+CD8-, CD4-CD8-

Cytokine production

IFNγ, TNF, IL-4, IL-10, IL-13, IL- IFNγ, TNF, IL-2, IL-4, IL-10,
17, GM-CSF

IL-13, IL-17, IL-21, IL-22, GM-CSF

Yes, and α-GC analogues

Yes, and α-GC analogues

Blood

Typically 0.01-0.5%

0.2-0.5%

Liver

~1%

~30%

Spleen and bone marrow

0.01-0.5%

0.2-0.5%

Thymus

<0.001-0.01%

0.2-0.5%

Lymph node

0.01-0.5%

0.1-0.2%

Responsive to α-GC
% Leukocytes

Adapted from Berzins et al. Nat Rev Immunol, 2011.
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1.3.2

-Galactosylceramide and Analogues
-Galactosylceramide, also known as KRN7000, is a glycolipid molecule that was

originally isolated from the Okinawan marine sponge Agelas mauritianus by researchers at the
Kirin Brewery Company of Japan 201.

-Galactosylceramide, commonly abbreviated as α-GC or

α-GalCer, is now synthetically produced rather than derived from its’ original source

202

. The

full chemical name for -Galactosylceramide is (2S,3S,4R)-1-O-(alpha-D-galactosyl)-Nhexacosanoyl-2-amino-1,3,4-octadecanetriol (Figure 4).
Many chemical modifications of α-GC have been performed to produce an array of
synthetic glycolipids with varying abilities to activate NKT cells in vivo and skew their responses
towards Th1 or Th2. Overall, work being done to enhance, produce and discover new NKT cell
activating glycolipids involves work with glycolipids of bacterial origin, various α-GC analogues
and variations of α-GC such as sulfatide containing molecules 203. Of course, many of the
modifications to α-GC produce molecules incapable of stimulating NKT cells. For example, the
alkylation of galactosylthiol produces α-S-galactosylceramide, a molecule incapable of activating
NKT cells in vitro or in vivo 204.
Two α-GC analogues were used in this body of work, α-C-GC and OCH, due to their
abilities to skew the NKT cell cytokine response towards Th1 and Th2, respectively. The α-CGC analog has a carbon-based glycosidic linkage (Figure 4) which decreases its affinity for both
the NKT cell TCR and APC CD1d molecule as compared to α-GC in the ternary antigen
presentation complex 177. This reduced affinity leads to a decreased period of antigen
presentation in the presence of α-C-GC and related C-glycoside ligands 205. The prolonged Th1biased immune response associated with these C-glycoside ligands, however, is a characteristic
desired in activating downstream anti-cancer effector cells. OCH, the first identified Th2skewing analog of α-GC, has shortened acyl and sphingosine chains (Figure 4), resulting in a
decreased half-life of binding to CD1d and a lower TCR avidity than the α-GC/CD1d complex
206

. The main difference in skewing towards Th1 and Th2 cytokine production for α-C-GC and

OCH is likely related to the stability of these glycolipids in the CD1d binding cleft

206

. The Th1

skewing effect of α-C-GC is a result of a more stable, pH-resistant association with CD1d
molecules and vice versa for OCH 206.
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α-GalCer

α-C-GalCer

OCH

Adapted from Van Kaer, Nat Rev Immun, 2012.

Figure 4: NKT cell-activating glycolipids.
Experimental activation of NKT cells is mediated by α-galactosylceramide and analogous
molecules. Activation of NKT cells with α-galactosylceramide induces the production of a
mixture of Th1 and Th2 cytokines. The C-glycoside analogue of α-GC (α-C-GC) has a carbonbased glycosidic linkage and induces a Th1-skewed cytokine response. OCH has shortened acyl
and sphingosine chains and induces a Th2-skewed cytokine response.
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1.3.3 Anti-tumor NKT Cell Activity
Jα18-/- mice which lack Vα14 NKT cells develop MCA-induced fibrosarcoma earlier and
at a rate ~70% greater than that observed in wild type mice 197. This effect is partly due to direct
lytic activity of NKT cells towards MCA-induced cancer cells, as it was shown that in addition
to being able to lyse a number of cancer cell lines such as YAC-1 and EL4-S3 to levels similar to
NK cells, NKT cells also have the ability to target and lyse the MCA-induced cancer cell line
MCA-1 197. Direct toxicity against TAMs has been demonstrated in mouse models of
neuroblastoma and is associated with decreased immune suppression and enhanced anti-tumor
immunity 212. Following α-GC activation, NKT cells are capable of eliciting perforin-dependent
and independent anti-tumor cytotoxicity in vitro and in vivo 174, 193.
Treatment of mice bearing oncogene- and chemical-dependent cancers with α-GC has
been shown to both delay the establishment of tumors and decrease overall tumor growth 213. In
this study, cancers included MCA-induced sarcomas, mammary sarcomas in Her-2/neu
transgenic mice, and spontaneous sarcomas in p53 -/- mice. The use of α-GC combined with antiDR5 and anti-4-1BB mAbs has been shown to induce tumor rejection in mouse models of renal
cell and mammary carcinoma 214. Multiple downstream anti-tumor pathways are activated
following NKT cell activation and elicit an indirect NKT cell mediated anti-tumor effect. One
component of this indirect anti-tumor mediated by NKT cells in humans may be their ability to
enhance the effector activity of T cells such as Vγ9Vδ2 T cells. Vγ9Vδ2 T cells cultured in the
presence of activated NKT cells are activated through NKT cell TNFα production to produce
enhanced levels of IFNγ and increased degranulation in the presence of tumor cells 113.
Consistent with their role in controlling cancer, NKT cell infiltration into colorectal
carcinomas and neuroblastomas is associated with a favorable prognosis 210, 211, while a low level
of circulating NKT cells in the peripheral blood is associated with poor survival of patients with
acute myeloid leukemia 208. Similarly, low circulating levels of IFNγ-secreting NKT cells have
been noted in the peripheral blood of patients with diverse cancers, including colon, breast and
renal cell carcinomas 207, and NKT cells from cancer patients also exhibit an impaired
proliferative response to α-GC compared to cells from healthy volunteers 209. This suggests that
optimal endogenous NKT cell activity is impaired in cancer patients, indicating that NKT cell
activating therapies may be beneficial.
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1.3.4 NKT Cell Activation in Human Clinical Trials
In addition to the substantial evidence for NKT cell mediated anti-cancer activity in
mouse models of cancer, NKT cell-based immunotherapies have also generated positive
outcomes in phase I/II human clinical trials for head and neck carcinomas and non-small cell
lung carcinomas 175, 194, 195, 196, 215.
NKT cell-based immunotherapy has thus far been safely implemented in a number of
anti-cancer and anti-viral Phase I and Phase II clinical studies. Veldt et al. (2007) 216 performed a
dose-escalating randomized placebo-controlled phase I/II trial performed and looked at the effect
of injecting free -GC at doses ranging from 0.1 g/kg to 10 /kg into 40 chronic hepatitis C
patients. Although one patient possessing high baseline iNKT cell levels responded with a
transient 1.3 log decrease in HCV-RNA, treatments in general had no significant effect on HCVRNA levels.

GC was however proven to be safe for human administration, with no noted

adverse side-effects to the treatment.
In a 2005 phase I study, eleven patients with advanced non-small cell lung cancer or
recurrent lung cancer received intravenous injections of 5 x 10 7 – 1 x 109 /m2 autologous α-GCpulsed DCs 194. No severe adverse side-effects were observed and one patient receiving the
highest dose of 1 x 109 DCs demonstrated a dramatic expansion in peripheral Vα24 NKT cells
194

. This indicated that NKT cell activation and expansion could be elicited in cancer patients.
A phase I-II study conducted in 2009 examined treatment with α-GC-pulsed PBMCs in

17 patients with advanced non-small cell lung cancer 195. Treatments were administered
intravenously four times and no serious adverse side-effects to treatment were noted. Elevated
IFNγ-producing cell numbers were detected in the peripheral blood of 10 of 17 patients
following treatment. Five cases remained as stable disease while the other 12 demonstrated
progressive disease. The median survival time among the 10 patients with increased IFNγproducing cell numbers 31.9 months as compared to 9.7 months for the 7 poor-responding
patients 195.
Positive clinical outcomes were also observed in a 2008 Phase I clinical study using
autologous α-GC-pulsed DCs injected into the nasal submucosa of nine patients with
unresectable or recurrent head and neck cancer 196. Again, no serious adverse effects were
observed. Following treatments, four of nine patients demonstrated increased NKT cell numbers
and eight of nine patients demonstrated enhanced natural killer cell activity 196. Of the nine
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patients, one demonstrated a partial response with a reduction in the primary tumor mass from 22
to 7 mm, five patients exhibited no change in existing disease status, and three patients exhibited
continued disease progression 196.
A phase I clinical trial performed in 2009 involved the use of intra-arterial infusions of in
vitro-expanded NKT cells combined with sub-mucosal injections of α-GC-loaded-APCs to treat
eight patients with head and neck squamous cell carcinoma 175. Treatments induced elevated
numbers of NKT cells and IFNγ-producing cells in 7 of 8 patients. Minor grade 1-2 toxicity was
observed in 7 patients associated with anti-tumor responses. Three of eight patients
demonstrated significant clinical outcomes; four patients had stable disease and one patient
exhibited progressive disease following treatment 175. In 2011, a phase II clinical study was
performed on 10 patients with head and neck squamous cell carcinomas using ex vivo-expanded
NKT cells and α-GC-pulsed APCs 215. Seven of the ten patients demonstrated increases in NKT
cell numbers with five of these patients also demonstrating tumor regression, associated with
elevated NKT cell numbers 215.
Preclinical models and clinical trials involving the administration of α-GC-loaded DCs
have proven to be successful in promoting strong anti-cancer responses, targeting metastatic
disease and promoting progression-fee survival. Furthering upon the success observed in clinical
trials, it would be valuable to assess α-GC-loaded DCs as a post-surgical intervention in breast
cancer, specifically targeting metastatic disease through NKT cell activation following primary
tumor resection.
1.4 Post-Surgical NKT Cell Activation Model
Clinical data from phase I trials for head and neck cancer using adoptively transferred αGC-loaded APCs showed that NKT cell activation is capable of causing primary tumor
regression in a small number of patients 196; however, the main effect observed in α-GC-based
clinical trials is that NKT cell activation leads to longer survival times despite a lack of primary
tumor regression 195, 196. These findings are consistent with results found using NKT cell
activation in animal models of cancer and suggest that the effects of clinical NKT cell activation
work best to target metastatic disease. Rather than causing regression of macroscopic tumor
masses, treatments in animal cancer models have decreased systemic metastasis 90, 112, 217, 218. This
makes sense, as metastatic foci are typically smaller than the primary tumor mass. Clearance of
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CTCs and overall systemic anti-cancer effects following NKT cell activation are also likely
reasons for the ability of this treatment to limit metastatic disease. As a result of inherent factors
in tumor cells or selective pressure imposed by chemotherapies, the effects of chemotherapies in
promoting cancer regression can become limited over time 219. Reasons for this include access of
the drug to the target site and anti-drug resistance mechanisms developed among metastatic cells
such as up-regulation of efflux pumps to pump out chemotherapeutic agents and down-regulation
of cell membrane transport proteins involved in the uptake of the drugs 219, 220. The combination
of low toxicity and strong systemic effects make the use of NKT cell-activating therapies a
promising anti-metastatic treatment option as compared to conventional chemotherapeutic
agents.
Previous work with the 4T1 model has involved excision of the primary tumor mass,
followed by administration of anti-cancer therapeutics such as anti-S100 protein Abs to target the
effects of MDSCs 105. Given that in most cases of breast cancer, the primary mammary tumor
can be surgically removed and that this post-surgical system has been demonstrated in mice, it is
possible that an effective anti-cancer treatment can be established by resecting the primary tumor
and then providing NKT cell-activating therapeutics to selectively target systemic metastases.
Removing the primary tumor mass not only eliminates the main source of CTCs, but also
eliminates the main source of induction of tumor-associated immune suppression (Figure 5).
Upon removal of the primary tumor mass, immune system recovery is expected as
immunosuppressive cell populations including MDSCs, TAMs and Tregs dissipate (Figure 5).
This immune recovery is vital, as NKT cell activating treatments are not only dependent on NKT
cell function, but also downstream activation of NK cells and effector T cells.
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MDSCs

Primary
Tumor

TAMs
Tregs

CTCs

VEGF

PGE2

IL-6
TGF-β
IL-1β

Lung Metastasis

(A) Excise Tumor

(B) Activate NKT Cells to target metastasis

NKT Cell

Figure 5: NKT cell activation as a post-surgical treatment for metastatic breast cancer.
The primary tumor microenvironment is highly immunosuppressive as a result of the production
of molecule such as PGE2, IL-1β, and TGF-β which induce pro-tumor immunosuppressive cell
types like MDSCs, TAMs and Tregs. (A) Primary tumor excision accomplishes three things; the
primary tumor mass is removed and this also results in the main source of immunosuppression
and circulating metastatic tumor cells (CTCs) being removed. (B) Elimination of the primary
tumor mass and diminished immune suppression allows for optimal targeting of metastatic foci
through systemic anti-tumor immune response activation via NKT cell-activating glycolipids.
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1.5 Objective
Given that 90% of cancer-related deaths are due to metastatic disease, therapies targeting
metastasis are of vital importance for the future of cancer treatment. The ability of NKT cellactivation based immunotherapy to target metastatic lesions in both human and murine systems
provides a basis for developing NKT cell-based immunotherapy strategies to treat metastasis
associated with advanced cancers. Typically, cancers are treated using chemotherapeutic drugs,
surgical resection or ionizing radiation to either kill or remove malignancies. However, given
the ability of an activated immune system to respond to and destroy cancer cells under various
circumstances, and the fact that α-GC-based treatments have already been approved for use in
clinical trials, there is good potential for the use of NKT cell activation strategies in a system
representative of clinical treatments for patients being treated for metastatic breast cancer. Thus,
this research implemented murine models of metastatic breast cancer, where metastasis primarily
occurs to the lung tissue. By removing the primary tumor after allowing establishment of
metastatic disease, NKT cells could then be activated to target the lung-associated metastasis. It
is hypothesized that this post-surgical NKT cell-based treatment system will allow for significant
decreases in systemic metastasis and tumor-associated immune suppression, leading to enhanced
disease-free survival outcomes.
The first aim was to target metastasis using intraperitoneal injections of free glycolipid,
including -GC and two altered analogs, -C-GC and OCH. Based on these experiments,
glycolipids to be used for subsequent adoptive cell transfer experiments could be determined.
The second aim was to use adoptive transfers of glycolipid-loaded DCs to improve upon the
effects of free glycolipid injections.

-GC-loaded DC transfers decrease the likelihood of

inducing Th2 type responses or NKT cell anergy, and promote enhanced NKT cell activation
compared to free glycolipid. DC transfers can therefore be expected to allow for multiple
activations and an improved patient response and survival outcome. The third aim was to use
adoptive transfer of expanded NKT cells in addition to glycolipid-loaded DCs to bypass the
effects that cancer has on NKT cell frequency and function as a result of tumor-associated
immune suppression. The effects of all three treatment options were assessed by examining the
effects of treatments on NKT cell activation levels, metastatic tumor burden, tumor associated
immune suppression, and overall survival.
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Chapter 2: Materials and Methods
2.1

Post-Surgical Treatment Model
The general model system and treatment methods used in my studies are outlined in

Figure 6. Mice were injected sc. in the fourth mammary fatpad on day 0 with 2 x 10 5 4T1 or
EO771 mammary carcinoma cells. The primary mammary tumor developed and was excised at
day 12 after it had reached ~200mm3. The next day, mice were given NKT cell-activating
treatments consisting of free glycolipid, adoptively transferred glycolipid-loaded DCs or
adoptively transferred NKT cells. Some groups of mice receiving NKT cells also received
glycolipid-loaded DCs or free glycolipid stimulation at 14 days post-tumor cell injection (see
sections 2.11, 2.12, and 2.14). To measure the effects of treatments, mice were sacrificed at
days 21, 28, 35 and 150 days post-tumor cell injection and their lungs plated with 6-TG selection
to assess metastatic burden in the lung tissue (see section 2.7). Serum cytokine samples we taken
following activation to assess the extent of Th1 and Th2 type cytokine production and gauge the
overall immune response (see section 2.18). Blood PBL Gr-1+CD11b+ levels were assessed long
term as a prognostic indicator of health. The effects of NKT cell activation on blood MDSC
frequency and immunosuppressive function were measured using FACS analysis and T cell
proliferation assays (see section 2.19). Overall survival was assessed up to the experimental
endpoint of 150 days.
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Day 0

Day 12
12 Days

4T1 or E0771
Tumor Cells
(2 x 105)

Excise Primary
Mammary Tumor

Day 13
1 Day

Metastasis
Survival
MDSCs
NKT Cell Activity

NKT Cell Activation
1- Glycolipids (α-GC, α-C-GC, OCH)
2- Glycolipid-Loaded DCs
3- Glycolipid-Loaded DCs + NKT Cells

Figure 6: Schematic of post-surgical treatment protocol. Mice are injected with (sc. 2 x 105)
mammary tumor cells on day 0. Twelve days post-tumor cell injection, the primary mammary
tumors are resected. Thirteen days post-tumor cell injection, NKT cell activation is performed
via free glycolipid injection, adoptive transfer of glycolipid-loaded DCs, or adoptive transfer of
glycolipid-loaded DCs and in vivo expanded NKT cells. Serum samples are taken at 2, 6, 24 and
48 hours post-activation. NKT cell activity, MDSC frequency and functional activity, metastatic
tumor burden and anti-tumor immune response are measured at set time points subsequent to
NKT cell activation. Overall survival is assessed up to a 150 day experimental endpoint.
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2.2

Media and Solutions
Iscove’s Modified Dulbecco’s Medium (IMDM) containing L-Glutamine and HEPES,

Hank’s Balanced Salt Solution (HBSS) without calcium or magnesium, high glucose Dulbecco’s
Modified Eagles Medium (DMEM) containing L-glutamine and without sodium pyruvate,
RPMI-1640 containing L-glutamine, 10X phosphate buffered saline (PBS) diluted to 1X using
Millipore filtered distilled water, fetal bovine serum (FBS), 10,000U/ml Penicillin-10,000μg/ml
Streptomycin (PS), and 0.25% Trypsin-EDTA were all purchased from Invitrogen-Life Sciences
(Burlington, ON) or Thermo Scientific-HyClone (Logan, UT). Puromycin dihydrochloride was
purchased from BioShop Canada (Burlington, ON) and diluted to 1mg/ml with Millipore filtered
distilled water. Methylene blue was purchased from BioShop and diluted to a 0.03% solution
with Millipore filtered distilled water. 6-Thioguanine was purchased from Alfa Aesar (Ward
Hill, MA) and diluted to a 60mM stock solution with Millipore filtered distilled water. Saline
solution (0.9% sodium chloride) was purchased from B. Braun Medical Inc. (Irvine, CA). DC
media was prepared using 500μl of a 10mM stock of β2-Mercaptoethanol (Sigma Aldrich,
Oakville, ON), 1ml of 100x MEM non-essential amino acids (Invitrogen) and 1ml of 100x
sodium pyruvate (Invitrogen) in 98ml of RPMI-1640 containing 10% FBS and 1% P/S. All
media and solutions were stored at 4oC with the exception of FBS, PS and Trypsin-EDTA (20oC), and methylene blue (25oC).
2.3

Glycolipid Compounds
α-GC ((2A,3S,4R)-1-O-(α-D-galactipyranosyl)-N-hexacosaoyl-2-amino-1,3,4-

octadecanetriol) was purchased from Alexis Biochemicals (San Diego, CA) and reconstituted at
a concentration of 1 mg/ml in a saline solution containing 0.5% Tween-20. Once dissolved, it
was aliquoted and stored at 4oC. OCH ((2S,3S,4R)-1-(α-D-galactopyranosyl)-2tetracosanoylaminononan-3,4-diol) was obtained from the National Institutes of Health Tetramer
Core Facility (Emory University, Atlanta, GA) and reconstituted with 1ml of cell culture grade
water purchased from HyClone. α-C-GC ((2S,3S,4R)-1-1CH2-(α-D-galactopyranosyl)-2-(Nhexacosanoylamino)-1,3,4-octadecanetriol) was obtained from the National Institutes of Health
Tetramer Core Facility and dissolved in 1ml of DMSO (Sigma-Aldrich) and warmed to 50oC
along with sonication. Aliquots of 10 l were stored at -20oC. Prior to use, glycolipid
compounds were sonicated at 50oC for 20 minutes.
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2.4

Mice and Cell Lines
C57BL/6 and BALB/c wild type mice were acquired form Charles River (Lasalle, QC) or

Jackson Laboratories (Bar Harbour, ME). Jα18-/- knockout C57BL/6 mice were provided by Dr.
Masaru Taniguchi (RIKEN Research Center for Allergy and Immunology, Kanagawa, Japan)
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Mice were maintained according to institutional guidelines in the Carleton Animal Care Facility
(Halifax, NS). Experimental procedures were approved by the University Committee on
Laboratory Animals. Tumor experiments were performed with female C57BL/6 mice from 8-12
weeks of age and female BALB/c mice from 6-8 weeks of age.
4T1 tumor cells syngeneic to BALB/c mice and E0771 cells syngeneic to C57BL/6 mice
were obtained from Dr. Jean Marshall (Dalhousie University). 4T1 cell cultures were
periodically grown with 30µM 6-TG selection to assess for maintenance of drug resistance.
GFP-expressing 4T1 tumor cells were generated using the Phoenix TM Retroviral Expression
System provided by Dr. Craig McCormick and purchased from Gentaur (Santa Clara, CA).
Puromycin-resistant and 6-thioguanine-resistant E0771 cells were generated by serial passaging
of E0771 cells in 2μg/ml puromycin dihydrochloride or 30μM 6-TG respectively, followed by
selection and expansion of resistant clones. E0771 cell cultures were maintained in media
containing either 2μg/ml puromycin dihydrochloride or 30μM 6-TG to ensure maintenance of
drug resistance.
2.5

Tumor Cell Injections
When tumor cell cultures reached ~80% confluency, the media was aspirated and the

cells were detached with 5ml of trypsin-EDTA for 10min at 37oC. Media containing serum
(5ml) was added to the cells to inactivate trypsin and cells were centrifuged for 10min at 300xg.
After removing the media, cells were washed with 5ml saline and centrifuged as before. Cells
were resuspended in 1-2ml of chilled saline, counted, and diluted further in saline to a
concentration of 2 x 105 cells/100 l saline. Tumor cells, either 4T1 or E0771, were injected
subcutaneously into the fourth mammary fat pad of isoflurane-anesthetized BALB/c and
C57BL/6 mice respectively, at a dose of 2 x 105 cells per mouse in 100 l of saline. Injections
were performed using 1ml syringes and 27 gauge needles.
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2.6

Primary Mammary Tumor Resection
Primary mammary tumors were resected 12 days post-tumor cell injection, when the

primary tumors reached ~200m3 as described by Pulaski and Ostrand-Rosenberg 55. The
abdominal fur was shaved with Oster small animal trimmers with 2-3cm margins. The mice
were anesthetized with inhaled isoflurane and kept under anesthetic for the duration of the
surgery. The shaved area was wiped with 70% ethanol, followed by iodine and again with 70%
ethanol. The skin superficial to the tumor, the subcutaneous tumor, and any tumor invasive to
the peritoneal lining was surgically resected. The skin was sutured together using 5-0
polypropylene sutures purchased from Ethicon (Somerville, NJ). The mice were given 10µl
buprenorphine analgesic (BCM Corporation; Bloomingdale, NJ) purchased from McGill
Universityin 500µl saline injected sc. in the dorsal subcutaneous cavity. Mice were allowed to
recover on a heating pad for 4-5 hours post-surgery.
2.7

Clonogenic Assays for Tumour Cell Metastasis
At set time points post-tumor cell injection, the lungs of the mice were removed and

assayed to assess the numbers of metastatic cells present in the tissue. On days 14, 21, 28 and 35
post-tumor cell injection, groups of mice were sacrificed using isoflurane inhaled anesthetic
followed by cervical dislocation. The clonogenic assays were performed as previously described
by Pulaski and Ostrand-Rosenberg 55, with some modifications. Briefly, the lungs were
removed, rinsed in 2ml HBSS, minced with scissors into a 1.5ml microcentrifuge tube containing
1ml of HBSS, and then transferred to a 40μm nylon mesh filter in a 50ml conical tube. The
tissue was forced through the mesh with a 1ml syringe plunger and then rinsed through with 3ml
of HBSS. Different volumes (1ml, 500μl, and 200μl) of the cell suspension (4 ml total) were
plated in 10ml of IMDM containing either 60μM 6-TG for the BALB/c 4T1 model or 1μg/ml
puromycin for the C57BL/6 E0771 model. Plates were incubated for 10-14 days at 37oC with
5% CO2. At this point the media was poured off and the plates fixed with 100% methanol for 5
minutes. Plates were rinsed with 5ml distilled water and stained for 5 minutes with 0.03%
methylene blue. Plates were rinsed again with 5ml of distilled water, and dried prior to counting
the number of colonies. Colony forming units in whole lung tissue were calculated as: (4 x #
colonies on 1ml plate + 8 x # colonies on 500μl plate + 20 x # colonies on 200μl plate)/3. It is
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likely that colony forming units were underestimated in some plates with extensive colony
coverage.
2.8

Retroviral Transduction
The PhoenixTM Retroviral Expression System is a product of Gentaur (Santa Clara, CA)

and in generating GFP-expressing 4T1 tumor cells, was used according to the manufacturer’s
protocol for transduction of adherent cell lines. Briefly 5 x 10 5 4T1 cells per well were seeded
into a 6-well plate (Cellstar®). After 16 hr, the culture supernatant was removed and 3ml of
infection cocktail added to each well. The 3ml cocktail consisted of 1ml of GFP-expressing
virus stock, 2μg/ml polybrene, and 2ml of DMEM containing 10% FBS and 1% P/S. Serial
dilutions of the virus stock down to 10-5 were used for the 6 wells. Plates were centrifuged at
500xg for 90min. After 3 hours incubation at 37oC and 5% CO2, the supernatant was removed
and 5ml fresh media was added. After a further 24 hours of incubation, the media was replaced
with 5ml media containing 1μg/ml puromycin dihydrochloride to select for cells transduced with
the viral vector. Cells were left to incubate, with selective media replacement every 48 hours
and analysis of GFP expression by fluorescence microscopy every 24 hours. GFP-expressing
cells were sorted by FACS and expanded in selective media prior to freezing down 3 x 106 cell
aliquots under liquid nitrogen or orthotopic injections of 2 x 10 5 cells into BALB/c mice.
2.9

Fluorescence Microscopy
Green fluorescence expression in transduced cell lines was assessed using a Leica

Microsystems LEICA DM5000 fluorescence microscope (Richmond Hill, ON) and images
analyzed using Velocity 5.5.1 software (PerkinElmer, Woodbridge, ON).
2.10

Tissue Imaging
Organ and tissue imaging was performed using a Leica S6D stereozoom microscope and

QCapture software (QImaging, Surrey, BC).
2.11

Glycolipid Treatment Experiments
Mice received free glycolipid treatments ip. in doses of 1μg, 4μg, or 20μg one day after

primary tumor excision. Stock 1μg/μl preparations of α-GC, α-C-GC, and OCH were diluted
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into 1xPBS to make final injection volumes of 100μl per mouse. α-C-GC and OCH were only
used at a dose of 4μg per mouse.
2.12

Dendritic Cell Culture and Adoptive Transfer
Dendritic cell isolation and adoptive transfer were performed under sterile conditions.

Strain-appropriate mice were sacrificed via cervical dislocation under isoflurane-induced
anesthesia. Mice and surgical tools were sterilized with 70% ethanol. Femurs and tibias from
one BALB/c mouse per NKT cell transfer experiment were removed and washed in 70% ethanol
followed by DC media. The ends of the bones were cut with scissors and the marrow pushed
through into a 40 m nylon cell strainer in a 50ml conical tube using a 30-gauge needle and 10ml
syringe containing 10ml of DC media. The marrow was forced through the cell strainer with the
10ml syringe plunger and washed through with the remainder of the 10ml of DC media. The
resulting cell suspension was centrifuged at 300 x g for 10min. The supernatant was aspirated
and the cells resuspended in 5ml 0.8% ammonium chloride solution for erythrocyte lysis. After
5 min 5ml of DC media was added to stop the lysis and the previous centrifugation step was
repeated. The supernatant was removed and the cells resuspended in 30ml DC media containing
12 l GM-CSF (0.1µg/ml). This cell solution was distributed evenly into a 6 well cell culture
plate and incubated at 37oC with 5% CO2 for 3 days. After 3 days, 5ml of fresh DC media
containing 2μl GM-CSF was added to each well. After another 3 days of incubation at 37 oC,
non-adherent cells were harvested by pipetting into a 50ml tubes. Wells were rinsed with 2ml of
DC media and this rinse added to the 50ml conical tubes. Cells were then centrifuged at 300xg
for 10min. DCs were resuspended in 30ml DC media containing 6μl GM-CSF and distributed
evenly into a 6 well plate. The next day, 2μg αGC was added to each well except for control
unloaded wells. The following day, nonadherent cells (via aspiration) and adherent cells (via
trypsin treatment), were harvested into 50ml tubes and centrifuged at 300 x g for 10min. Cells
were then rinsed in 10ml DC media, centrifuged, and resuspended in 1X PBS for counting with a
hemocytometer. Cells were diluted in 1X PBS as required and injected into mice iv. at a dose of
2 x 104 – 3 x 106 cells in 100ul 1X PBS per mouse. α-GC-loaded-DCs were also transferred (iv.
6 x 105) into some mice to allow for in vivo expansion of liver NKT cells to be used for
therapeutic adoptive transfer treatments. DCs being given to mice for the purpose of in vivo
NKT cell expansion were loaded with 1μg α-GC per well.
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2.13

Liver Lymphocyte Isolation
BALB/c mice received α-GC-loaded DCs (iv. 6 x 105) for in vivo NKT cell expansion.

After 3 days, mice were anaesthetized using inhaled isoflurane and then sacrificed by cervical
dislocation. All remaining procedures were performed under sterile conditions. The abdominal
region was sprayed with 70% ethanol. Livers were surgically harvested and the gall bladders
removed. In a 60mm cell culture dish (Corning Inc., Lowell, MA) livers were minced with
scissors in 5ml of HBSS containing 5% FBS. The tissue was then forced through 40μm wire
mesh into a 15ml BD® Falcon tube using the plunger from a 1ml syringe (BD) and washed with
5ml HBSS containing 5% FBS. Samples were centrifuged at 500 x g for 10 min at RT. The
cells were then washed with 10ml HBSS + 5% FBS and again centrifuged at 500 x g for 10 min
at RT. Pellets were transferred into a 37.5% Percoll solution consisting of 9.4ml Percoll (GE
Healthcare, Baie d’Urfe, QC), 2.5ml 10X PBS and 13.1ml dH 2O. Samples were then centrifuged
at 700xg for 15 min at 20oC. Erythrocyte lysis was then performed by re-suspending the pellets
in 5ml Ammonium Chloride lysis buffer (Sigma-Aldrich) for 5 min. To stop lysis, 7ml HBSS +
5% FBS was added followed by centrifugation at 300xg for 10 min. Cells were resuspended in
1.5ml 1XPBS + 2% FBS and counted using a hematocytometer. Expanded NKT cells were
isolated by staining cells with FITC-labeled anti-TCRβ antibody (clone H57-197; eBioscience,
San Diego, CA) and APC-labeled α-GC-loaded CD1d tetramer (NIH Tetramer Core Facility) for
cell sorting using a BD FACSaria sorter.
2.14

NKT Cell Isolation and Adoptive Transfer
FACS-sorted in vivo expanded NKT cells were resuspended in saline and their numbers

verified with a hematocytometer count. NKT cells were adoptively transferred iv. into BALB/c
mice at a dose of 2 x 105 to 1 x 106 cells in a total volume of 100μl per mouse. Some groups of
mice receiving iNKT cells also received ip. 4μg α-GC or iv. 5 x 105 DCs.
2.15

Blood Leukocyte Cytospins
Blood (50μl) from female BALB/c tumor-resected mice (day 35 following tumor

inoculation) and control unchallenged mice was used for cytospins and subsequent staining and
imaging. Red blood cells were lysed by adding 2ml of ddH2O for 1min followed 30 seconds
later by the addition of 2ml of 2xPBS. Samples were centrifuged at 300xg for 5min and
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leukocytes were resuspended in 400μl HBSS. Cytospins were performed using a Cytospin 3
from Shandon (Bohemia, NY). Silinated slides (Ultident; St. Laurent, QC) were centrifuged at
500xg for 2min with 50μl HBSS loaded to pre-wet the slides. Prepared blood samples (300μl; ~
1 x 105 – 3 x 105 cells) were centrifuged with low acceleration for 5min at 300xg. Slides were
allowed to dry overnight at room temperature. Samples were fixed for 3 hours in 10% acetate
buffered formalin. Samples were stained with hematoxylin and eosin (H&E) by Histology and
Research Services (Department of Pathology, Dalhousie University). Slides were examined and
photographed with a Zeiss Axioplan 2 imaging microscope and AxioVision 4.8 software
(Toronto, ON) at 1000x magnification.
2.16

Blood Lymphocyte Isolation for Flow Cytometry
Blood lymphocyte isolation was performed as follows: 4-10 drops of blood were

collected in 5ml BD® Falcon tubes containing 20 l of 10,000U/ml heparin (Sigma-Aldrich).
Samples were vortexed briefly followed by the addition of fluorochrome-conjugated antibodies,
followed by another brief vortex and 35min incubation at room temperature. Following staining,
the samples were resuspended in 2ml of ddH2O added. After 30 sec, 2ml of 2xPBS was added to
stop lysis and the samples were centrifuged for 10 min at 300xg. The supernatant was aspirated
and the lysis procedure was repeated. Samples were resuspended in 300 l 1%PFA for flow
cytometric analysis.
2.17

Flow Cytometry
Antibodies were titered for optimal staining using isolated splenocytes. Cultured GFP-

expressing 4T1 cells (0.5-3 x 106) were isolated using trypsin treatment and transferred to a
solution of 1x PBS containing 5% FBS. These cells were sorted using a FACSAria flow
cytometer (BD Biosciences, Mississagua, ON) and CellQuest software (BD Biosciences), gating
cells using the Fluorescein isothiocynate (FITC) channel. To examine MDSCs, blood samples
were stained with a Phycoerythrin (PE)-labeled anti-CD11b (clone M1/70) antibody purchased
from eBioscience (San Diego, CA) and a Peridinin chlorophyll protein (PerCP)-labeled anti-Gr-1
(Ly6G and Ly6C) (clone RB6-8C5) purchased from BD Biosciences. Some blood samples were
also stained in combination with one or more of the following antibodies to differentiate
granulocytic and monocytic MDSCs: FITC-labeled anti-CD11c (clone N418), Allophycocyanin
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(APC)-labeled anti-Ly6G (clone RB6-8C5) and APC-labeled anti-F4/80 (clone BM8) all from
eBioscience, APC-labeled anti-CD115 (clone AFS98) and PE-labeled Ly6C (clone HK1.4) from
BioLegend (San Diego, CA), and/or anti-CX3CR1 Goat IgG and PE-labeled anti-goat IgG from
R&D Systems (Minneapolis, MN). Expanded liver leukocytes (~1.8 x 108) for adoptive transfer
experiments were isolated from BALB/c mouse livers and stained with FITC-labeled anti-TCRβ
(clone H57-597) from eBioscience and APC-labeled α-GC-loaded mCD1d tetramers (NIH
Tetramer Core Facility) for sorting NKT cells.
2.18

Serum Cytokine Assays
Blood samples were taken from mice via submandibular puncture at 2, 6, 24 and 48hr

after ip. injection of α-GC, α-C-GC, OCH, or iv. injection of α-GC-loaded DCs, or iv. injection
of expanded iNKT cells. Samples were collected in 1.5ml microcentrifuge tubes containing
20μl 10,000U/ml heparin. The samples were centrifuged at 2300 x g for 5 minutes and the
serum was extracted and stored at -80oC. Cytokine levels for IFNγ and IL-4 were measured
using IFNγ and IL-4 ELISA kits (eBioscience) according to manufacturer specifications.
Samples were measured using a BioTeck® Epoch Microplate Spectrophotometer (Winooski,
VT) with BioTeck® Gen 5 Data Analysis Software and analyzed using SoftMax Pro software
from Molecular Devices (Sunnyvale, CA).
2.19

Functional Suppression Assay
At day 35, 100µl of blood was drawn into FACS tubes containing 20µl 10,000U/ml

heparin solution from the submandibular vein of naïve mice, tumor-resected mice receiving no
DC therapy, and mice treated on day 13 with 2 x 105 α-GC-loaded DCs. RBC lysis was
performed as per section 2.15 and samples were resuspended in 200µl RPMI. Responder cells
for the assay were isolated from the spleens of naïve mice. Spleens were pressed through 40μm
wire mesh into 15ml BD® Falcon and washed with 5ml RPMI. RBC lysis was performed using
5ml ammonium chloride solution for 5 min, followed by the addition of 5ml RPMI. Cells were
pelleted at 500xg for 10 min at RT and re-suspended in RPMI. Cells from naïve spleens were
stained with Oregon Green (Invitrogen) as per the manufacturer’s protocol and 2 x 10 5 T cells
were combined with blood in a 1:1 ratio in 200µl RPMI. Anti-CD3/anti-CD28 beads
(Invitrogen) were added at a ratio of1 bead: 2 cells and samples were incubated at 37oC 5% CO2
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for 72hr. Responder cell proliferation was assessed by flow cytometry gating on T cells stained
with APC-conjugated anti-CD4 (clone RM4-5, ebiosciences) and PE-conjugated anti-TCRβ
(clone H57-597, ebiosciences). Cell division was assessed by dilution of Oregon Green staining
222

.

2.20

Statistical Analysis
All data are expressed as mean ± standard error of mean (SEM) of pooled data sets,

unless otherwise noted. All statistical analysis was performed using an unpaired approach using
GraphPad Instat or GraphPad Prism 5 software (Graphpad Software Inc.; La Jolla, CA).
Statistical analysis for multiple comparisons was performed by one-way analysis of variance
(ANOVA) followed by Bonferroni post-hoc test, or a nonparametric Kruskal-Wallis test,
followed by Dunn’s post-hoc test. Statistical analysis for comparisons performed between two
groups was performed using a parametric two-tailed t-test with Welch correction or a MannWhitney nonparametric two-tailed test. Statistical significance was set at p values less than 0.05.
Significant differences are indicated in each figure. The data were not considered significantly
different unless indicated.
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Chapter 3: Results
3.1 The BALB/c 4T1 Model
Primary mammary 4T1 tumors could be detected in BALB/c mice within 3-4 days of
(sc.) 2 x 105 tumor cell injection and grew at a highly consistent rate. At day 12, tumors had
reached approximately 200mm3 in size (Figure 7A). To model human breast cancer treatment,
primary tumors were excised at 12 days post-tumor cell injection. This included removal of both
the primary tumor tissue and the adjacent inguinal lymph node (Figure 7B).
Approximately 8 days following (sc. 2 x 105) mammary fat pad injection of 4T1 tumor
cells, metastatic colony forming 4T1 cells could be detected in the lung tissue based on 6-TG
plating assays (Figure 8). By 12 days post-tumor cell injection, when the primary mammary
tumors are surgically resected, hundreds of 4T1 colony-forming units (CFU) could be detected in
the lung tissue (Figure 8). At time points of 21, 28, and 35 days post-tumor cell injection,
>1000, >10,000, and >100, 000 CFU respectively could be detected in the lung tissue by
clonogenic 6-TG plating assays (Figure 8). Around 35 days post-tumor cell injection, untreated
mice died from respiratory failure associated with accumulation of metastatic cells in the lungs.
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Figure 7: Consistent primary mammary tumor growth is observed in BALB/c mice
receiving (sc. 2 x 105) 4T1 cells. (A) Tumor growth curve from days 0-12 post-tumor cell
injection. Mean tumor diameter shown (n = 10). (B) Primary mammary 4T1 tumors and local
inguinal lymph nodes resected 12 days post-tumor cell injection. Tumor size is recorded as the
average of the longest and shortest horizontal dimensions.
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Figure 8: Lung metastasis kinetics for the BALB/c 4T1 model. Mice received (sc. 2 x 105)
4T1 tumor cells in the fourth mammary fatpad and the primary mammary tumor was resected at
day 12. Mice were sacrificed and metastasis was measured by selecting for tumor cells on 6-TG
(n = 3-7 per time point).
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3.1.1 GFP-Expressing 4T1 Cells
GFP-expressing 4T1 cells generated using the Phoenix™ retroviral transduction system
were screened and sorted by FACS using the FL-1 channel (Figure 9A). GFP-expressing cells
were also screened for GFP expression using fluorescence microscopy (Figure 9B). BALB/c
mice were injected in the mammary fatpad with 2 x 105 GFP-expressing 4T1 cells. The primary
tumors exhibited a very consistent growth profile (Figure 9C), resembling what was observed
with normal 4T1 tumor cells (Figure 7A). Tumors were resected at day 12 and lung tissue plated
at day 21 following day 13 treatment with either saline or α-GC. Consistent with the
observations with 4T1 cells, α-GC treatment caused a significant reduction in day 21 lung
metastasis with GFP-4T1 cells (Figure 9D). However, FACS was unable to detect significant
numbers of GFP positive cells from lung tissue at this time point. Either the clonogenic assay is
more sensitive for metastatic cells or transduced 4T1 cells are losing GFP in vivo.
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Figure 9: GFP-expressing 4T1 tumor cells were generated and their growth kinetics
assessed in vivo. (A) Histogram demonstrating 4T1 tumor cell populations positive for GFP
expression. (B) Fluorescence microscopy imaging of GFP-expressing 4T1 cells. (C) Growth
profile of primary mammary tumors in BALB/c mice receiving (sc. 2 x 10 5) GFP-expressing 4T1
cells. (D) Clonogenic GFP-4T1 cells in lungs of saline versus (ip. 4 g) -GC treated mice 21
days post-4T1 injection (n = 4-6 per group). * p < 0.05
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3.2

Free Glycolipid Treatments (BALB/c 4T1 Model)
On day 13 (the day following primary tumor resection), groups of mice were treated with

saline (control) or α-GC (ip. 4µg) to activate NKT cells. On day 21, the lung tissue was plated
using 6-TGR clonogenic plating assays. There was a significant decrease in lung metastatic 4T1
cells in α-GC-treated compared to saline-treated mice (Figure 10A and C). The number of lung
CFU at 21 days showed no correlation with primary mammary tumor size (Figure 10B)
indicating that a ~4mm range in primary tumor size at day 12 did not influence the extent of lung
metastasis at day 21. Despite the significant reduction in day 21 lung metastasis in α-GC treated
mice, the effect of free α-GC treatment was lost by day 28 with no significant difference in lung
metastasis of α-GC and saline treated mice at day 28 or day 35 (Figure 11A). Macroscopic lung
metastases at day 21 were few in number and limited to small clear lesions, making differences
between the lungs of control and treatment group mice difficult to detect with the naked eye
(Figure 11B). By day 35 extensive tumor burden was observable in the lung tissue of both α-GC
and control treated mice (Figure 11C).
The α-GC analogues OCH and α-C-GC, which have been shown to enhance Th2 and Th1
polarization in vivo respectively 206, 217, were also given as post-surgical free glycolipid
treatments. Mice receiving α-GC or α-C-GC exhibited a significant decrease in day 21 lung
metastasis (Figure 12A). OCH treatment tended to reduced day 21 lung metastasis, but this
effect did not reach significance (Figure 12A). α-GC treatment generated a peak serum IFNγ
level under 2000 pg/ml at 24 hr post-treatment and a peak IL-4 level near 250 pg/ml at 6 hr posttreatment (Figure 11B). α-C-GC treatment induced a peak IFNγ level near 2000 pg/ml at 24 hr
post-treatment and a peak IL-4 level near 400 pg/ml at 6hr post-treatment (Figure 12C). OCHinduced serum IFNγ levels peaked at just over 500 pg/ml at 6hr, and high IL-4 levels of around
1500 pg/ml were observed from 2hr to 6hr post-treatment (Figure 12D). To assess the extent of
Th1 versus Th2 cytokine responses following treatment with α-GC, α-C-GC and OCH, IFNγ:IL4 ratios were determined for 2h, 6h and 24h time points. Similar trends were observed for α-GC
and α-C-GC, with 2h and 6h ratios of 0.46-2.60 and 24h ratios of 28.03 and 32.12, respectively
(Figure 12E). In contrast, the Th2 skewing effects of OCH resulted in 2h, 6h and 24h ratios of
0.07, 0.55 and 9.63, respectively (Figure 12E).
Mice receiving α-GC (ip. 4µg) treatment following day 12 mammary tumor resections
exhibited a small but significant increase in survival time compared to untreated mice (Figure
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13A). A similar trend was observed when α-GC was given on day 13 and resections were
performed on day 16 (Figure 13A), but this did not reach significance.
To determine whether tumor dose affected the response, some groups of mice were
inoculated with 2 x 104 4T1 cells with tumor resections on day 12. Mice survived longer with the
lower dose of 4T1 (Fig. 14A vs. Fig. 13A), but α-GC (ip. 4µg) treatment did not enhance
survival (Figure 14A). When resections were delayed to day 21 survival times were reduced
compared to mice receiving day 12 resections, regardless of α-GC treatment (Figure 14 A and
B).
In a dose response experiment using 1, 4, and 20µg α-GC given on day 13 following day
12 tumor resection, no survival advantage was observed with the 1 and 4µg doses (Figure 15A).
Mice receiving 20µg α-GC had mixed responses with some mice dying early, likely due to αGC-related toxicity 223, 224, 225, 226, some dying at the expected 35-45 day range. However, 40% of
mice survived for over 120 days. Overall, no significant survival advantage was acheived using
the elevated α-GC dose (Figure 15A). Increasing the α-GC dose sequentially increased the 24hr
serum IFNγ levels from under 1000 pg/ml up to over 4000 pg/ml (Figure 15B). In contrast,
serum IL-4 levels at 24hr levels decreased with increasing α-GC dose (Figure 15B).
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Figure 10: Post-surgical -GC treatment leads to significant reductions in lung metastasis
by day 21 post-tumor cell injection. (A) Clonogenic 4T1 cells in whole lung tissue of saline
and -GC (ip. 4 g) treated BALB/c mice (n = 20-25). * p < 0.05 compared to saline control. (B)
Correlation between tumor size 12 days post-4T1 tumor cell injection and lung 4T1 CFU at 21
days post-4T1 tumor cell injection. (C) Sample 4T1 clonogenic assay plates from lung tissue 21
days post-tumor cell injection in saline control (left) and -GC treated mice (right).
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Figure 11: The anti-metastatic effects of free glycolipid treatment are transient.
(A) Clonogenic 4T1 cells in lungs of saline versus -GC (ip. 4 g) treated mice 21, 28 and 35
days post-4T1 injection (n = 7-25 per group). * p < 0.05 compared to saline control.
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injection in saline versus -GC treated mice.
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Figure 12: α-GC is the most effective glycolipid in reducing early lung metastasis
compared to analogous glycolipids. (A) Day 21 lung metastasis for mice receiving day 13
saline or ip. 4 g α-GC, α-C-GC or OCH. (n = 12-25). (B) Serum IFNγ and IL-4 levels 2, 6, and
24hr post-α-GC injection. (n = 6). (C) Serum IFNγ and IL-4 levels 2, 6, and 24hr post-α-C-GC
injection. (n = 3). (D) Serum IFNγ and IL-4 levels 2, 6, and 24hr post-OCH injection. (n = 5).
(E) IFNγ:IL-4 ratios at 2h, 6h and 24h post-activation for α-GC, α-C-GC and OCH.
* p < 0.05 ** p < 0.01 *** p < 0.001
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Figure 13: Pre-surgical NKT cell activation leads to stronger cytokine responses.
(A) Survival among four different treatment groups: day 12 resection (D12R) with no treatment
(NT), day 12 resection with day 13 α-GC treatment (ip. 4 g), day 16 resection (D16R) with no
treatment and day 16 resection with day 13 α-GC treatment. (n = 5-7 per group). * p < 0.05
compared to no treatment group. (B) Serum IFNγ and IL-4 cytokine levels at 2hr, 6hr and 24hr
post-day 13 ) α-GC treatment in mice receiving day 16 tumor resections. (n = 3) (C) Serum
cytokine levels 2hr, 6hr and 24hr post-day 13 treatment for mice receiving day 12 tumor
resections. (n = 6). * p < 0.05 **p < 0.01
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Figure 14: Delaying tumor resection significantly decreases long term survival.
Comparison of survival between mice receiving (sc. 2 x 10 4) 4T1 cells where primary tumor
excision occurs 12 or 21 days later with or without day 13 (ip. 4μg) α-GC treatment. (A)
Survival among four different treatment groups: day 12 resection (D12R) with no treatment
(NT), day 12 resection with day 13 α-GC treatment, day 21 resection with no treatment and day
21 resection with day 13 α-GC treatment (n = 3-4 per group). * p < 0.05 compared to day 21
NT. (B) Combined survival among all mice receiving day 12 resections and all mice receiving
day 21 resections. (n = 6-7 per group). * p < 0.05 compared to day 21 resection.
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Figure 15: No significant overall survival advantage is observed with varying doses of postsurgical administered α-GC. Survival response and serum cytokine levels in mice receiving
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3.3

DC Treatments (BALB/c 4T1 Model)
As single doses of α-GC were unable to elicit a sustained anti-tumor response (Figure

11A), and multiple treatments with free glycolipids have been linked to anergy induction 186, 187,
188

, a different approach was needed. Glycolipid presentation by DCs has been shown to induce

potent NKT cell activation without anergy 227. Therefore, I examined the ability of adoptively
transferred α-GC-loaded DCs to control tumors in the 4T1 model. On the day following day 12
primary tumor resections, mice were given adoptive transfers with 5 x 10 4 to 3 x 106 cells bone
marrow derived DCs loaded in culture with α-GC. Serum IFNγ and IL-4 levels were measured
24hr following treatments with 2 x 105 to 3 x 106 cells (Figure 16A). Maximum 24hr IFNγ levels
> 2000 pg/ml were observed following the 5 x 105 cell dose, but this level was not significantly
different from IFNγ levels elicited by the other doses (Figure 16A). Maximum 24hr IL-4 levels
> 400 pg/ml were observed following the 1 x 106 cell dose; this level was significantly greater
than the levels found with the 2 x 105 and 5 x 105 cell doses, and tended to be greater than the
level observed at the 3 x 106 cell dose (Figure 16A). IL-4 levels doses of 2-5 x 105 and 3 x 106
cells were > 200 pg/ml. Twenty-four hour IFNγ:IL-4 ratios were determined for the four doses
assessed. In order of increasing dose from 2 x 105 to 3 x 106 cells, the ratios were 12.38, 8.37,
4.01 and 7.25 (Figure 16B). A Th2-skewing effect was noted with increasing dose (Figure 16B)
and may be linked to poor survival outcomes with the 1 x 10 6 and 3 x 106 doses (Table 3). Based
on cytokine data (Figure 16A) 2 x 105 α-GC-loaded DCs induced the strongest Th1-skewed
cytokine response and this dose was used for subsequent experiments. We examined the
complete 2hr, 6hr and 24hr cytokine profile for this dose (Figure 16C). Peak IFNγ levels of
~2500 pg/ml were observed at 24hr post-treatment and peak IL-4 levels of ~400 pg/ml were
observed at 6hr (Figure 16C).
Mice were treated with doses of α-GC-loaded DCs ranging from 5 x 104 – 3 x 106 cells
following 4T1 tumor resection and long-term survival was monitored. Mice surviving up to and
including 50 days were considered non-responders (NR), while mice surviving 51-150 days were
considered partial responders (PR) and mice healthy at 150 days were considered complete
responders (CR) and were sacrificed at the 150 day experimental endpoint (Table 3). None of
the mice treated with low numbers of α-GC-loaded DCs (5 x 104 or 1 x 105) or the highest
number of DCs (3 x 106) responded to treatment with increased survival (Table 3). However,
partial and complete responses were observed in mice given more intermediate numbers of α-
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GC-loaded DCs. The best responses were observed with the 2-5 x 105 doses, consistent with the
strongest Th1 polarization induced by these treatments (Figure 16). Combined, these groups had
a 70% response rate (14/20) with 35% (7/20) of mice surviving long term (>150 days).
Compared to mice receiving a single day 13 treatment with 2 x 10 5 unloaded DCs, mice
receiving 2 x 105 α-GC-loaded DCs had significantly greater survival, with ~40% of mice having
a CR (Figure 17A). Upon sacrifice of CR mice at day 150, lungs were completely clear of
macroscopic metastatic lesions (Figure 17B) and no 4T1 cells were detected when lung tissue
was plated using clonogenic assays.
Serum cytokine levels were assessed 24hr following consecutive treatments with 3 x 10 6
α-GC-loaded DCs on days 13, 16 and 19. The data demonstrate that sequential NKT cell
stimulations lead to diminished responses, with nearly no cytokine response observed following
the third stimulation (Figure 18). It is possible that the stimulations were too close together to
allow NKT cells to recover, or in contrast to the literature 227, 228, we were inducing anergy in our
mice.
To assess the effectiveness of using a single versus multiple post-surgical α-GC-loaded
DC treatments, mice were given either a single treatment with 2 x 10 5 α-GC-loaded DCs on day
13, two treatments on day 13 and day 20, or three treatments on days 13, 20 and 27. At day 28,
lung metastasis was significantly reduced in single treatment mice compared to mice receiving
unloaded DCs; similar reductions were observed in the double and triple treatment groups
(Figure 19A). Whole lung tissue in the single treatment group was completely devoid of
observable metastatic lesions at day 28 while control mice had readily apparent macrometastases
in the lung tissue (Figure 19B).
In mice given 2 x 105 α-GC-loaded DC treatments on days 13, 20 and 27, it was
observed that 24hr IL-4 responses decreased with each subsequent NKT cell activation (Figure
20). IFNγ levels at 24 hr dropped to baseline levels following the second activation on day 20,
but showed a significant increase over baseline levels following the third activation on day 27
(Figure 20). This suggests that two weeks may be required between stimulations for optimal
NKT cell activation.
To assess the effects of prophylactic treatment on tumor growth and prevention of
metastasis, mice were given a treatment of 2 x 105 α-GC-loaded DCs one day prior to tumor cell
injection. Treatment with α-GC-loaded DCs initially delayed tumor growth, but the tumors in
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control and treated mice began to grow at roughly the same rate ~8 days following tumor cell
injection (Figure 21A). Overall, tumor growth was significantly decreased in treated mice
compared to saline-treated control mice (Figure 21A). Tumor size in DC treated mice was
reduced ~42% compared to control mice at the time of tumor resection on day 12 (Figure 21B).
Prophylactic treatment was extremely effective in promoting long-term survival as CRs were
observed in 75% of treated mice (Figure 21C).

65

(A)

Serum IL-4 (pg/ml)

2000

1000

**

400

***

200

6

3

x

10

6

10
x
1

x

x
2

x
3

10

5

10

6

10

6

1

x

10

5

5

x

10

5

10
x
2

5

0

0

5

Serum IFN (pg/ml)

***

600

3000

-GC-Loaded DC's

-GC-Loaded DC's

(B)
α-GC-DCs

2 x 105

5 x 105

1 x 106

3 x 106

IFNγ:IL-4 (24h)

12.38

8.37

4.01

7.25

(C)

3000
2000

1000

Serum IL-4 (pg/ml)

**

**

**

1000

800

**

600

**

400
200

24
h

2h

24
h

6h

6h

0

0
2h

Serum IFN (pg/ml)

4000

Time Post-Treatment

Time Post-Treatment

66

Figure 16: Cytokine responses following post-surgical administration of α-GC-loaded DCs.
(A) Serum IFNγ and IL-4 cytokine levels from mice 24hr following post-surgical treatment with
2 x 105, 5 x 105, 1 x 106 or 3 x 106 α-GC-loaded DCs. (n = 3-8 per group). (B) 24h IFNγ:IL-4
ratios for the four treatment groups. (C) Serum IFNγ and IL-4 levels 2, 6 and 24hr following (iv.
2 x 105) α-GC-loaded DC treatment in tumor-resected mice (n = 8-12 per group).
* p < 0.05 ** p < 0.01 *** p < 0.001
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Table 3: Survival outcomes in mice receiving post-surgical α-GC-loaded DCs.
DCs transferred

NR

% NR

PR

%PR

CR

%CR

5 x 104

3 (35,36,36)

100%

0

0%

0

0%

1 x 105

3 (34,36,40)

100%

0

0%

0

0%

2 x 105

4 (40,41,48,50)

31%

4 (54,75,67,68) 31%

5 (150)

38%

5 x 105

2 (37,40)

29%

3 (61,63,83)

43%

2 (150)

29%

1 x 106

2 (41,44)

67%

1 (58)

33%

0

0%

3 x 106

5 (33,33,34,35,36)

100%

0

0%

0

0%

(iv.)

NR (non-responder; <51 days post-4T1 cell injection), PR (partial responder; <151 days
survival), CR (complete responder; healthy at 150 days post-4T1 cell injection). Numbers in
brackets indicate day of death or sacrifice.
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Figure 17: Mice receiving post-surgical α-GC-loaded DCs exhibit complete responses to
treatment. (A) Survival of mice receiving either unloaded DCs or (iv. 2 x 10 5) α-GC-loaded
DCs one day post-primary tumor resection (n = 5-11 per group). (B) Tumor-free whole lung
tissue from complete responders 150 days post-tumor cell injection. *** p < 0.001 compared to
unloaded DC treatment.
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Figure 18: Consecutive transfers of α-GC-loaded DCs lead to significant reductions in
cytokine responses. Serum IFNγ and IL-4 levels 24hr following (iv. 3 x 106) α-GC-loaded DC
treatments on days 13, 16 and 19 post-tumor cell injection (n = 3 per time point). * p < 0.05
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Figure 19: Lung metastasis is reduced at 28 days post-4T1 injection in mice receiving postsurgical α-GC-loaded DCs. (A) 4T1 CFU at 28 days in mice receiving either unloaded DCs on
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Figure 20: Cytokine responses to multiple post-surgical treatments with α-GC-loaded DCs.
Serum IFNγ and IL-4 levels were measured 24hr following sequential treatments with (iv. 2 x
105) α-GC-loaded DCs on days 13, 20 and 27 post-tumor cell injection (n = 4-12).
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Figure 21: Prophylactic α-GC-loaded DC treatment decreased primary mammary tumor
growth and promoted overall survival. (A) Growth profile for primary 4T1 mammary tumors
in mice receiving either saline or (iv. 2 x 105) α-GC-loaded DCs day prior to tumor cell injection.
(n = 4-8 per group) (B) Primary mammary tumors resected from BALB/c mice 12 days post4T1 injection with mice having received either α-GC-loaded DCs or saline one day before 4T1
tumor cell injection. (C) Survival of mice receiving day -1 α-GC-loaded DC treatment, day 13
saline treatment, or day 13 (ip. 4μg) α-GC. (n = 5-8)
saline treatment.

74

* p < 0.05 *** p < 0.01 compared to

3.4

NKT Cell Treatments (BALB/c 4T1)
In order to compensate for deficiencies in the activity and number of NKT cells noted in

patients with various forms of cancer 209, 229, 230, in vivo expanded NKT cells were adoptively
transferred (iv.) into mice at a range of 2 x 10 5 to 2 x 106 cells per mouse on the day following
primary tumor resection. Some groups of mice receiving NKT cells also received α-GC or 5 x
105 (ip. 4μg) α-GC-loaded DCs (iv. 2 x 105 DCs). Poor IFNγ production was noted at 24hr posttreatment in all assessed NKT cell transfer treatment groups except for mice receiving α-GCloaded DCs in addition to NKT cells (Figure 22). This same trend was also observed for IL-4
levels 24hr post-treatment (Figure 22).
The adoptive transfer of expanded NKT cells alone or in combination with α-GC did not
enhance survival of tumor-resected mice (Table 4). Enhanced survival was noted in some mice
treated with NKT cells plus α-GC-loaded DCs (Table 4), but the responses were not better than
those observed with transfer of α-GC-loaded DCs alone (Table 4).
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Figure 22: Cytokine responses following adoptive transfer of NKT cells alone, or in
combination with α-GC stimulation or α-GC-loaded DCs. Treatment groups were as follows:
1 x 106, 5 x 105, or 2 x 105 in vivo expanded NKT cells alone or in combination with α-GC (ip.
4μg); and 2 x 105 or 5 x 105 NKT cells combined with 5 x 105 α-GC-loaded DCs. (n = 3-4 per
group) ** p < 0.01 comparing groups receiving either 2 x 10 5 NKT cells with α-GC or 2 x 105
NKT cells with 5 x 105 α-GC-loaded DCs.
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Table 4: Complete responses among mice receiving NKT cells are dependent on also
receiving α-GC-loaded DCs. Survival outcomes for mice receiving α-GC-loaded DCs,
adoptive NKT cell transfer, NKT cell transfer with α-GC, or co-adoptive transfer of NKT cells
and α-GC-loaded DCs.
Group

NR

PR

CR

2-5 x 105 α-GC DCs

6 (37-50)

7 (54-83)

7 (150 healthy)

7 (33 - 46)

1 (53)

2 (150 healthy)

5 (32-46)

4 (56-72)

2 (150 healthy)

6

2 (42 - 46)

1 (94)

0

5

6 (44 - 47)

0

0

6

3 (39 - 40)

0

0

5 (38 - 46)

1 (58)

0

6

1-2 x 10 NKT +
5

2 x 10 α-GC DCs
5

5 x 10 NKT +
5

2-5 x 10 α-GC DCs
1 x 10 NKT + α-GC
5 x 10 NKT + α-GC
1 x 10 NKT
5

2-5 x 10 NKT

NR (non-responder; <51 days post-4T1 cell injection), PR (partial responder; <151 days
survival), CR (complete responder; healthy at 150 days post-4T1 cell injection). Numbers in
brackets indicate day of death or sacrifice.
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3.5

Myeloid Derived Suppressor Cells
Blood Gr-1+CD11b+ cells were initially assessed by FACS analysis in the 4T1 model to

assess the extent to which NKT cell activation would decrease the frequency of MDSCs. As no
direct or immediate NKT cell activation-associated effect was observed (data not shown),
tracking blood MDSCs for this purpose became unnecessary. However, in tracking the
frequency of blood Gr-1+CD11b+ cells over the course of short and long term experiments, the
frequency of Gr-1+CD11b+ cells became a useful prognostic indicator of health for mice in the
various experimental treatment groups (Figure 23). Naïve mice and mice inoculated in the
mammary fatpad with tumor cells 2-3 days prior to analysis had a frequency of ~50% Gr1+CD11b+ cells in blood (Figure 23). The maximum Gr-1+CD11b+ levels of ~90% were
observed around day 14 (Figure 23A), 2 days after primary tumors were resected. Following
resection, Gr-1+CD11b+ levels receded to levels slightly above baseline by day 24 (Figure 23B).
In mice with advancing metastatic disease, the frequency of blood Gr-1+CD11b+ levels would
increase to > 90% of PBLs towards days 30-40 (Figure 23B). Levels climbing back up to ~7580% at any time following day 24 were a strong indicator that metastatic disease was advancing
and that these mice would exhibit symptoms of lung metastasis-associated respiratory distress
within a week (Figure 23B). Some mice with partial responses to post-surgical treatment would
exhibit near baseline Gr-1+CD11b+ levels for an extended period of time, but the frequency of
Gr-1+CD11b+ cells would eventually increase as disease progressed (Figure 23B). In mice
exhibiting complete responses to treatment, with no disease progression up to the experimental
day 150 endpoint, small increases in Gr-1+CD11b+ levels were observed subsequent to day 24,
but levels never increased above ~70% and essentially remained near baseline levels beyond day
80 (Figure 23).
To identify the proportions of PBLs that were lymphocytes, granulocytes, monocytes and
immature leukocytes, cytospins were performed using the blood of day 35 mice in groups of
tumor-resected mice receiving no treatment or post-surgical 5 x 105 or 1 x 106 α-GC-loaded DC
treatments on day 13. Naïve BALB/c mice having received no tumor challenge were used as a
control. Cytospins from the blood of naïve mice had very high percentages of lymphocytes with
few granulocytic and monocytic cells observed (Figure 24). In contrast, mice with advanced
disease had few to no lymphocytes, but had very high PBL counts with the majority of cells
having morphology of immature and mature granulocytic cells (Figure 24). Mice exhibiting a
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response to treatment at day 35 had a much lower cell count by comparison and had significantly
greater proportion of lymphocytes in peripheral blood (Figure 24).
Day 35 cytospin data was compared to FACS data generated from the same blood
samples (Table 5). Based on cytospin analysis, lymphocyte frequencies for non-responding,
responding and naïve mice were 5.84 ± 4.27%, 37.21 ± 1.57% and 73.14 ± 3.17%, respectively
(Table 5). The frequency of non-lymphocyte cells were 94.16 ± 4.27%, 62.79 ± 11.17% and
26.86 ± 3.81% (Table 5). Based on FACS analysis, lymphocyte percentages were 9.07 ± 4.22%,
37.30 ± 1.96% and 38.07 ± 3.44% (Table 5). Non-lymphocyte percentages were 90.93 ± 5.86%,
62.70 ± 3.12% and 61.93 ± 4.25% (Table 5).
To examine the effects of NKT cell activation therapy on both Gr-1+CD11b+ cell
numbers and immunosuppressive activity, the frequency of Gr-1+CD11b+ cells was assessed in
the blood, lungs and spleens of naïve mice, day 35 resected mice receiving no treatment and day
35 mice responding or not responding to post-surgical 2 x 105 α-GC-DC treatment. In addition to
extensive lung metastasis, splenomegaly was observed in the spleens of mice that received no
therapy and non-responding mice (Figure 25A). Mice responding to DC therapy had normal
sized spleens and no observable lung metastasis (Figure 25A). Based on FACS analysis, Gr1+CD11b+ cells as a percentage of PBLs in untreated, treated (NR) and treated (R) mice were
97.30, 94.70 and 46.49%, respectively (Figure 25B). Gr-1+CD11b+ cells as a percentage of
splenocytes were 76.21, 71.12 and 25.91% (Figure 25B). Gr-1+CD11b+ cells as a percentage of
lung cells were 67.58, 52.24 and 31.22% (Figure 25B).
Immunosuppressive activity in the blood was assessed by examining the ability to
suppress division of Oregon Green-labeled naïve T cells stimulated with anti-CD3/anti-CD28 –
coated beads. High T cell proliferation was observed when T cells were incubated with PBLs
from naïve mice and mice responding to treatment (Figure 25 B and C). Proliferating cells
comprised ~80% of the T cell population in both groups. Little to no T cell proliferation was
observed when T cells were incubated with PBLs from mice receiving no NKT cell treatment or
mice that did not respond to treatment (Figure 25 B and C). Proliferating cells comprised <5%
of the T cell population in these groups.
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(B)

Figure 23: The frequency of blood Gr-1+CD11b+cell levels are a prognostic health
indicator in mice surviving long-term following treatment. (A) Representative blood Gr1+CD11b+ leukocyte proportions at days 3, 14, and 150 days post-4T1 tumor cell injection in
mice demonstrating a complete response to day 13 (iv. 2 x 105) α-GC-loaded DC treatment. (B)
The frequency of Gr-1+CD11b+ cells increased with metastatic burden and was predictive of
impending mortality. Complete responding mice demonstrate complete clearance of metastatic
disease and no significant increase in the frequency of post-surgical Gr-1+CD11b+ cells. Control
– Untreated, Moderate Response – responding to α-GC-loaded DC treatment with survival >50
to <151 days, Complete Response – healthy at day 150 with no lung metastasis.
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Naïve

Day 35: Responder

Day 35: Non-Responder

Figure 24: Blood leukocyte cytospins demonstrate high granulocytic leukocyte content in
the blood of mice with advanced metastatic disease. Pictures are representative of blood from
naïve mice and responding and non-responding mice receiving post-surgical α-GC-loaded DC
treatment on day 13.
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Table 5: Cytospin and FACS data for blood cells.
Mouse

n

Lymphocytes

Monocytes

Band form

Neutrophils

NonLymphocytes

Values based on Cytospin Analysis
NR
5 5.84 ± 4.27
8.91 ± 2.58 25.09 ± 5.03 60.09 ± 6.04 94.16 ± 4.27
Responders* 3 37.21 ± 1.57
21.23 ± 6.13 15.98 ± 8.24 25.58 ± 3.28 62.79 ± 11.17
Naive
3 73.14 ± 3.17
5.05 ± 1.80 7.42 ± 3.99 14.39 ± 5.33 26.86 ± 3.11
Values based on FACS Analysis
NR
5 9.07 ± 4.22
90.93 ± 5.86
Responders* 3 37.30 ± 1.96
62.70 ± 3.12
Naive
3 38.07 ± 3.44
61.93 ± 4.25
Data represents analysis blood from naïve mice and day 35 blood from mice in groups receiving
post-surgical α-GC-loaded DC treatment on day 13. *Responders were identified as mice with a
blood Gr-1+CD11b+ percentage below 65% based on FACS analysis at day 35, and having
survived to the experimental 150 day endpoint. Data presented as mean ± SD.
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Figure 25: NKT cell-based immunotherapy is effective in controlling MDSC number and
immunosuppressive activity. (A) Splenomegaly and extensive lung tumor coverage is observed
in mice receiving no DC therapy and non-responding mice at day 35. (B) The frequency of tissue
MDSCs (Gr-1+CD11b+ cells) as a total of all non-red blood cells was greater in mice receiving
no DC therapy and non-responding mice as compared to mice responding to post-surgical
treatment with 2 x 105 α-GC-loaded DCs. (C) Representative T cell proliferation following
incubation with day 35 blood PBLs from naïve mice, mice receiving no DC therapy, and mice
responding (R) or not responding (NR) to post-surgical 2 x 105 α-GC-loaded DC treatment.
(D) Blood PBLs from mice receiving no DC therapy and mice not responding to treatment
exhibit greater levels of T cell suppression compared to blood PBLs from naïve mice and mice
responding to DC treatment (n= 2-3/group).** p < 0.01 *** p < 0.001 Note: Experiments
described in Figure 25C and 25D were performed with the help of Simon Gebremeskel.
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3.6

Free Glycolipid Treatments (C57BL/6 E0771 Model)
To generate an E0771 cell line that could be used to assess metastasis, puromycin-

resistant E0771 cells were generated by serial passaging E0771 cells in 2μg/ml puromycin
dihydrochloride followed by selection and expansion of resistant clones.
Eight week old female C57BL/6 mice were injected sc. in the fourth mammary fat pad
with 2 x 105 PuroR E0771 cells. Primary mammary tumors developed at a fairly consistent rate,
with palpable tumors observed at days 4-5 post-tumor cell injection and tumors reaching ~7mm
in diameter by 12 days post-tumor cell injection (Figure 26A). Primary tumors were consistent
in size with high levels of vascularization and blood content (Figure 26B).
Tumors were resected at day 12 and mice were treated ip. with saline (control) or 4μg αGC the next day. Based on puromycin selection plating of 21 day lung tissue, there was a
significant reduction in metastasis to the lung in mice receiving α-GC treatments compared to
saline controls (Figure 27A).
α-GC treatment induced a moderate elevation in serum IL-4 levels by 2hr post-NKT cell
activation, but this transient increase was lost by 6hr post-activation (Figure 27B). Serum IFNγ
levels peaked at 6hr post-activation with peak levels being much lower than IL-4 (Figure 27B).
IFNγ levels dropped to baseline by 48hr post-NKT cell activation (Figure 27B).
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Figure 26: Growth profile for E0771 primary mammary tumors and primary tumors
resected at 12 days post-tumor cell injection. (A) Tumor growth curve for E0771 mammary
tumors in mice receiving (sc. 2 x 105) E0771 tumor cells (n = 8). (B) Resected E0771 mammary
tumors. Tumor size recorded as the average of the longest and shortest horizontal dimensions.
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Figure 27: A significant reduction in lung metastasis is observed following post-surgical
treatment with α-GC and is associated with low level cytokine responses.
(A) Lung metastasis levels 21 days following (sc. 2 x 105) PuroR-E0771 tumor cell injection in
C57BL/6 mice receiving day 13 saline or (ip. 4μg) α-GC (n = 4). * p < 0.05 compared to saline
treatment. (B) Serum IFNγ and IL-4 levels 2, 6, 24 and 48hr following day 13 (ip. 4μg) α-GC
injection. (n = 4). * p < 0.05, ** p < 0.01, *** p < 0.001
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Chapter 4: Discussion
Given that 90% of cancer-related deaths are due to metastatic disease, therapies targeting
metastasis are of vital importance for the future of cancer treatment. The ability of NKT cellactivation based immunotherapy to target metastatic lesions in both human and murine systems
provides a basis for developing NKT cell-based immunotherapy strategies to treat metastasis
associated with advanced cancers. Typically, cancers are treated using chemotherapeutic drugs,
surgical resection or ionizing radiation to either kill or remove malignancies. However, given
the ability of an activated immune system to target and destroy cancers cells, and the fact that αGC-based treatments have already been approved for use in clinical trials, it is logical to use
NKT cell activation strategies in a model representative of clinical treatments for patients being
treated for metastatic breast cancer.
4.1

BALB/c 4T1 Model
The BALB/c 4T1 model was the main model used in our experiments and proved to be

useful as implemented in our post-surgical treatment system. After determining an optimal
initial tumor cell injection quantity of 2 x 105 cells, we proceeded to assess metastasis in lung
tissue at time points of 14, 21, 28, 35 and 150 days post-tumor cell injection using 6-TGR plating
assays. Tumors were resected at 12 days post-tumor cell injection with NKT cell activation
being induced the following day. Treatments included free glycolipids and adoptive transfers of
in vivo expanded NKT cells and/or bone marrow-derived DCs. Effectiveness of treatments was
assessed by examining lung metastasis, long term survival (up to 150 days), cytokine production
associated with NKT cell activity and blood MDSC levels. The effects of free glycolipid and
adoptive NKT cell transfer treatments were limited, but treatments with α-GC-loaded DCs were
highly effective in both clearing lung metastases and promoting long term disease-free survival.
4.1.1 Primary Tumor Growth
Initially, 7 x 103 4T1 cells were injected into mice to assess the resulting tumor growth
and metastasis profile. This number of 4T1 cells is consistent with what has previously been
used in systems using the 4T1 model 55. Unfortunately, tumor growth was slow and inconsistent,
and lung metastasis was minimal. In contrast, primary mammary tumor growth was highly
consistent between mice when receiving injections of 5 x 10 4 or more tumor cells. As shown in
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Figure 6, a primary injection with 2 x 105 cells, which was used for the majority of our
experiments, resulted in consistent primary tumor growth, with tumors reaching ~6mm in
diameter 12 days following the initial tumor challenge. Although 4T1 tumor cells primarily
spread via the hematogenous route 231, the local inguinal lymph node was also removed to
prevent it from acting as a potential source of circulating and trafficking tumor cells (Figure 7B).
A low percentage (~10%) of mice given tumor cell injections developed local tumor invasion to
the peritoneal lining by the time of primary tumor resection. Overall, this did not influence the
outcome of metastasis in these mice, but did result in more extensive surgery to remove tumour
from the peritoneal lining and the subcutaneous regions. Another rare problem associated with
the tumor cell injections was accidental intravenous injection into blood vessels in the region of
the mammary fatpad. When such an injection would occur, mice would develop limited or no
primary mammary tumor but would demonstrate systemic metastasis by day 12 and would have
to be sacrificed within two weeks of tumor cell injection. Similar effects were observed with
accidental injection into the peritoneum, with mice developing rapid onset disease in the
peritoneal cavity requiring sacrifice prior to day 12.
4.1.2 Metastasis
Lung metastasis was evaluated using 6-TGR plating assays at 14, 21, 28, 35 and 150 days
following tumor cell injection. Metastasis to the lungs was detectable as early as day eight with
less than 20 colony forming units (cfu) detected at this time point (Figure 8). This confirms that
metastasis is likely occurring very early in conjunction with primary tumor establishment in the
mammary fatpad 231. Detection of metastasis at day eight is important as it indicates that CTCs
are present in the blood, and that metastasis is established prior to the primary tumor being
removed at day 12. By day 14, two days following primary tumor resection, a few hundred cfu
were detectable in the lungs (Figure 8). At days 21, 28, and 35, metastasis to the lungs was
detectable at levels of 1000’s, 10,000’s and 100,000’s cfu respectively (Figure 8). The high
metastatic tumor burden by day 35 resulted in morbidity and death at or around this time point in
mice receiving no further treatment. At various time points, inguinal lymph nodes, blood, and
liver tissues were also assessed for metastatic content using the clonogenic assays. However,
metastasis to these tissues was inconsistent and tissue films were often an issue with these plates.
Limiting dilutions were used to address tissue film formation, but metastatic cells were most
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often not detected with the required dilutions. In a group of mice given fewer tumor cells,
surgery was performed beyond 20 days post-injection, at which point metastatic lesions could be
observed with the naked eye in the lungs, liver, spleen, and kidneys. Using a lower number of
tumor cells and later surgery could therefore allow us to implement our post-surgical NKT cell
treatment system in a model where a higher level of systemic metastasis is observed, in an
attempt to demonstrate the effectiveness of our treatments on systemic disease. The major issue
with this would be getting consistent metastasis levels in mice receiving injections with fewer
tumor cells.
4.1.3 GFP-Expressing 4T1 Cells
In order to develop a comparable standard to the 4T1 clonogenic assays for measuring
metastasis and to provide a means of further validating the results of clonogenic assay data, we
created green-fluorescent protein-expressing 4T1 cell lines (GFP-4T1). These cell lines were
developed using the Pheonix™ retroviral transduction system. Despite the normal growth
profile of the primary mammary tumors up to 12 days post-tumor cell injection (Figure 9C),
FACS analysis plots of single cell-dissociated lung tissue at 21 and 28 days post-tumor cell
injection were difficult to read with respect to pinpointing GFP-expressing cells. This may be
partly due to the low numbers of tumor cells present in the lungs at these time points (~100 and
~3000 at days 21 and 28 respectively). One important issue which should have been considered
more thoroughly prior to developing the GFP-4T1 cells is the immune response in BALB/c mice
towards GFP 232, 233. The anti-GFP immune response may limit the number of tumor cells in the
lungs or select against high GFP-expressing cells, resulting in only low GFP-expressing cells
showing up in FACS plots. Although the model could potentially be used for more long term
studies where the numbers of GFP-expressing cells in the lungs are sufficient to consistently
detect and measure by FACS, there is a high potential for variability between mice in terms of
the level to which an anti-GFP immune response is mounted. Due to the results of our initial
4T1-GFP experiments and the information available on the issues associated with using GFPexpressing cells in BALB/c mice, the GFP-expressing 4T1 model was abandoned for subsequent
experiments. Future work involving the use of 4T1 cells carrying alternative selection markers
could involve using non-immunogenic fluorescent proteins, although these would also present
some of the shortfalls encountered when using the GFP expression system. Luciferase-
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expressing 4T1 cell lines have already been developed and could be another potential option 57.
The luciferase-expression system would be useful for both quantifying metastatic cells in
harvested tissues and tracking in vivo metastasis in live animals using live animal imaging
equipment.
4.2

Free Glycolipid Treatment Experiment
As a starting point for post-surgical NKT cell activation experiments, free α-GC (ip. 4µg)

was given on day 13 following primary tumor resection on day 12. Initially mice were assessed
for metastasis to the lungs in saline control and α-GC treated mice at 21 days post-tumor cell
injection using 6-TGR plating assays. Visible metastasis was limited at day 21 and therefore
could not be used to assess differences between treatment groups (Figure 11B). α-GC treatment
resulted in significant reductions in lung metastasis at day 21 (Figure 10 A and C). Primary
tumor size was not influencing the levels of lung metastasis as 21 lung tissue cfu numbers did
not correlate with primary tumor size (Figure 10B). Lung tissue from control and α-GC treated
mice at days 28 and 35 were also plated. Unfortunately, the protective effect observed at day 21
was lost by day 28, and by day 35 similar levels of lung metastasis were observed in both control
and α-GC treated mice (Figure 11A). It is not clear why this is the case, but it is possible that
following α-GC-induced targeting of metastatic cells following day 13 treatment, NKT cells
could become anergic as a result of B cell and macrophage presentation of α-GC to NKT cells 186,
187

. Induction of NKT cell anergy following the day 13 stimulation would mean that although an

initial anti-tumor immune induction phase would occur, no subsequent NKT cell activity would
be present to regulate the anti-tumor immune response. If the NKT cell activation is indeed
driving the anti-tumor response observed at day 21, then the return of metastasis by day 35 can
be inferred to be a result of limiting long-term effects of free glycolipid treatment associated with
the induction of NKT cell anergy. It follows as such that multiple free glycolipid activations
would not be any more beneficial than a single activation in that NKT cell anergy following the
initial activation would not allow for subsequent treatments to have any effect. However,
multiple stimulations would be possible with transfer of glycolipid-loaded DCs as DC-based
NKT cell activation provides effective co-stimulation to NKT cells without inducing anergy 234.
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4.2.1 Comparison of the Effects of α-GC, α-C-GC and OCH
Initial experiments compared lung metastasis following treatment with three different
glycolipid antigens, α-GC, α-C-GC and OCH. α-GC induces production of both Th1 and Th2
cytokines, while α-C-GC induces a greater Th1 response associated with better tumor clearance
in some metastasis models 112, 235. OCH induces a more Th2 polarized cytokine response 236, but
has also been found to protect against metastasis 217. Significant reductions were observed in day
21 lung metastasis using both α-GC and α-C-GC, but not with OCH (Figure 12A). Despite the
observation of an elevated Th1-type skewed response in mice receiving α-C-GC (Figure 12C)
and other synthetically produced Th1-skewing α-GC analogues 205, 237, α-GC generated the most
consistent reduction in day 21 lung metastasis compared to the other two glycolipids tested
(Figure 12A). It has been suggested that α-C-GC has increased stability in the CD1d binding
cleft, which may contribute to prolonged signaling that favors a Th1 response 205, 235. However,
the beneficial response with α-GC may be related to the higher affinity for the TCR on NKT
cells 177, leading to a greater in vivo NKT cell activation response. Still, some work with other
Th1 skewing α-GC analogues has shown greater anti-cancer efficacy with modified α-GC
analogues in mouse models of cancer 237. It is thought that these compounds may increase the
avidity of the NKT cell TCR interaction.
As mentioned, the immune activation associated with α-C-GC produced the highest
serum IFNγ levels at 6 and 24hr post-administration (Figure 12C). While the kinetics were
faster, these levels were, matched at 24hr by α-GC administration (Figure 12B). α-C-GC
treatment also produced higher serum IL-4 levels than α-GC (Figures 12 B and C) which may be
associated with the heightened tendency for a Th2 response in BALB/c mice 238. Consistent with
this, we observed greater Th1 polarization in C57BL/6 mice treated with α-C-GC 235. The Th2skewing OCH produced low levels of IFNγ and very high serum IL-4 levels (Figure 12D).
Looking at the IFNγ:IL-4 ratios, α-C-GC maintained a Th1-skewed response at all three time
points, while α-GC had a small tendency towards a Th2 response at 6hr, but achieved a similar
Th1 response by 24hr. OCH induced a strong Th2-skewed response early on, but eventually
shifted towards a Th1-type response by 24hr. The Th2-skewed response at 2 and 6h may explain
decreased anti-metastatic effects observed using OCH (Figure 12A). The Th1 response observed
by 24hr may explain why day 21 anti-metastatic effects were still reasonably strong with OCH
treatment (Figure 12A).

Unlike α-C-GC and OCH, α-GC has been used in previous clinical
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trials making α-GC based treatments more likely to be implemented clinically. It phase I/II trails
α-GC induced no profound adverse side-effects, indicating that additional safety studies would
not be required for this glycolipid 175, 195. For these three reasons, α-GC was chosen for use in
subsequent experiments involving free glycolipid treatments and glycolipid-loaded DC
treatments.
To examine the effects of post-surgically administered α-GC on survival and to compare
the effects of delaying primary tumor resection on survival, mice were split into four treatment
groups with resections occurring at either day 12 or 16, with saline or α-GC administered on day
13. Only day 12 resection with α-GC treatment significantly increased survival compared to the
baseline treatment of resection at day 12 with day 13 saline (Figure 13A). At the time of
sacrifice for mice receiving day 16 resections, systemic metastasis was much greater than that
observed in mice having received day 12 resections. Observable metastases were visible in the
liver, spleen and kidneys in addition to the lungs in some day 16 resected mice. By comparison,
mice receiving day 12 resections only had metastases in lung tissue, with no observable systemic
metastasis elsewhere. This makes sense, as leaving the primary tumor in longer allows more
time for metastatic cells to seed from the primary tumor and lung metastases to other organs
prior to tumor resection. The growing primary tumor being present for an additional four days
would also enhance tumor associated immune suppression and aid in metastatic spread.
Interestingly, mice receiving day 16 resections had much greater serum cytokine responses
compared to mice receiving day 12 resections (Figure 13 B and C). IFNγ levels were nearly
double and IL-4 levels were nearly five times greater, although only peak IFNγ levels were
significant compared to baseline levels. The elevated IL-4 levels compared to IFNγ levels is an
important point to consider as this indicates that although cytokine responses are high, they are
also Th2-skewed, suggesting a pro-tumor signaling environment. Therefore, rather than a
heightened cytokine response being beneficial to anti-metastatic outcomes, the pro-tumor Th2skewed signaling would likely act as more of a therapeutic hindrance, as it could lead to
decreased Th1-based anti-tumor cytotoxic effects.
Since the primary tumor was still present at the time of NKT cell activation in the day 16resected mice, it was possible that there would be more tumor-associated immune suppression
negatively influencing the glycolipid-induced cytokine response. The elevated IL-4:IFNγ ratio
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suggests this is the case. However, the fact that higher cytokine responses were observed in the
day 16 resection group suggests that overall NKT cell activation was not impaired.
It has been shown that the number of effector NK cells, density of NK cell receptors, and
NK cell cytotoxic activity are reduced in breast cancer patients following adjuvant radiotherapy,
adjuvant combined chemo-radiotherapy and surgery 239. It may therefore be useful to delay NKT
cell activation in the day 12 resection model to day 14 or 15 rather than day 13 as a means of
allowing greater immune recovery prior to NKT cell-activating treatment. It would also be
interesting to look at pre-surgical administration in terms of NKT cell cytokine responses and
anti-metastatic effects, given the high number of NK cells and NK cell activity in pre-operative
patients as compared to post-treatment and control groups 239. In moving forward with the postsurgical model, there is a balance needed since allowing more time between surgery and NKT
cell activation allows more time for metastases to establish and grow, but delaying activation
even just by 24hr could be beneficial in allowing for a greater level of immune system recovery
following surgery.
In an attempt to enhance systemic metastasis by delaying primary tumor resection, mice
were given a lower tumor cell injection of 2 x 104 cells with treatment occurring at day 13 and
resections at either days 12 or 21. Survival among mice receiving day 12 resections was
significantly greater than mice receiving day 21 resections (Figure 14B). However, in both cases
survival was not significantly influenced by treatment with either saline or α-GC (Figure 14A).
This data shows further support for the idea that delaying surgery is detrimental in that it allows
for substantial increases in metastatic disease as compared to earlier surgery. This also
demonstrates the issue with using a lower number of tumor cells for mammary fatpad injections;
it is possible that most mice receiving day 12 resections had little to no lung metastasis at the
time of sacrifice, as both treatment and control mice survived and were healthy at the
experimental endpoint (77 days) of this particular experiment. Mice in day 21 resection groups
succumbed to the effects of metastasis around day 50 regardless of treatment type.
Overall, the effects of treatment with 4µg free α-GC were limited in promoting long term
survival among the various resection and tumor dose protocols used. Given the shortfalls
observed with using the 4µg α-GC, a dose response study was performed using 1µg, 4µg, and
20µg of α-GC. Long term survival was similar for 1µg and 4µg α-GC treatments with mice
surviving ~50 days (Figure 15A). The 20µg α-GC dose in contrast was somewhat effective, as
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some mice survived to the experimental endpoint of 150 days (Figure 15A). Unfortunately, the
20µg α-GC was also toxic; some mice died within days of treatment, likely as a result of liver
toxicity from this treatment dose 223, 225. As expected, 24hr IFNγ levels increased with increasing
dose (Figure 15B). Surprisingly, the inverse was true for 24hr IL-4 levels (Figure 15B). This
inverse relationship indicates an increasing Th1-skewed immune response with increasing doses
of α-GC. Based on cytokine responses and survival outcomes with increasing doses and issues
observed relating to toxicity, it would be most beneficial to titrate an optimal dose of α-GC.
However, it is likely that individual human patients would respond to different optimal doses.
Furthermore, hepatic toxicity is unlikely to be a critical consideration in human patients due to
the smaller number of liver NKT cells compared to mice 168.
Regarding the use of α-GC as a free glycolipid, it can be concluded from these
experiments that a small beneficial anti-metastatic effect can be gained by administering postsurgical free α-GC. However, these effects are not long-lasting and do not lead to survival
outcomes worthy of using this form of treatment in a clinical setting. Benefits gained from free
glycolipid treatment would likely be observed at very high doses, where toxicity could become
an issue. Clinical studies using free α-GC confirm our findings. In a dose escalation study
involving the intravenous transfer of α-GC into 24 patients with solid tumors, positive biological
activity associated with NKT cell activation was noted but no clinical responses were recorded
240

.

4.3

Glycolipid-loaded DC Treatment Experiments
Given the limited abilities of post-surgical free glycolipid treatment to promote long-term

survival (Figure 13A), and the knowledge that multiple treatments with free glycolipids induce
NKT cell anergy 217, 241, a different treatment modality was required. NKT cell activation via the
adoptive transfer of glycolipid-loaded DCs is known to induce potent NKT cell activation, with
an enhanced IFNγ response 182, 194, 234, 242. This is associated with better tumor control and
prolonged survival in mouse models and human clinical trials 195, 196, 243. Furthermore, glycolipidloaded DCs do not induce NKT cell anergy, opening the possibility for repeated treatments 182, 243,
234

.
Initially, a dose response study was used to assess the effect of various doses of post-

surgically delivered α-GC-loaded DCs (5 x 104 – 3 x 106) on long term survival and NKT cell
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activation. Serum IFNγ levels did not differ significantly between doses. However, serum IL-4
levels increased significantly with higher doses of DCs (Figure 16A).

Based on IFNγ:IL-4

ratios at the given doses, a trend was observed where lower doses of glycolipid-loaded DCs
induced a skewed Th1 response while increasing doses induced a skewed Th2 response (Figure
16B). It would therefore be of benefit to use a lower dose to enhance the Th1 skewing effect.
Among all six treatment groups assessed, only doses of 2-5 x 105 α-GC-loaded DCs were
effective at promoting long-term survival (Table 3). At these doses, partial response rates were
observed in 31- 43% of mice in respective treatment groups and complete response rates were
observed in 29 - 38% of mice (Table 3). A partial response rate of 33% was observed with the 1
x 106 dose (Table 3). The highest doses of 1 x 106 and 3 x 106 cells however provided limited to
no survival advantage and this may be associated with the skewed Th2 response observed with
higher doses (Figure 16B).
Based on the survival and cytokine data, the 2 x 105 α-GC-loaded DCs dose was the
primary dose used for subsequent experiments. With α-GC treatment, it was shown that by day
28, the effects of treatment had worn off and lung metastasis had returned to near control levels
(Figure 11A). Consistent with enhanced anti-tumor responses induced by glycolipid-loaded DCs
234, 242, 243

, treatment with 2 x 105 α-GC-loaded DCs resulted in a sustained reduction in lung

metastasis at day 28 (Figure 19A). In contrast to control mice receiving unloaded DCs, lung
tissue from mice receiving loaded DCs had no observable metastatic lesions (Figure 18B).
Consistent with the anti-metastatic effects of α-GC-loaded DC treatment observed at day
28, mice receiving 2 x 105 α-GC-loaded DCs had significantly greater survival outcomes than
mice receiving the same number of unloaded DCs (Figure 17A). As shown in Table 3, a
complete response rate of 38% was observed with this treatment. Mice exhibiting complete
responses were observed to be healthy and upon sacrifice at the experimental endpoint of 150
days. Lung tissue from these mice had no observable metastatic lesions (Figure 17B) or
culturable tumor cfu.
Initial experiments examining the effects of multiple transfers with α-GC-loaded DCs
found that 24hr IFNγ and IL-4 levels decreased with consecutive transfers to near-baseline levels
following the third activation (Figure 18). These results appear to contrast the reported ability of
glycolipid-loaded DCs to prevent NKT cell anergy 182, 234, 243. However, it is also possible that
NKT cells do not recover sufficiently from the first stimulation with only three days between
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activations. Previous studies reporting a lack of anergy examined the effect of stimulations that
were separated by 28 days 234. As NKT cells undergo expansion over 3-5 days, followed by a
contraction phase 244, it is possible that our repeated treatments overlapped with the contraction
phase and failed to induce further activation. In subsequent studies, we began to optimize the
spacing of DC treatments.
In contrast to a lack of NKT cell recovery observed when spacing treatments only three
days apart (Figure 18), allowing two weeks between activations allowed for NKT cell recovery
with IFNγ levels 24hr after day 27 activation reaching approximately half the level observed
following day 13 activation (Figure 20). The Th1 cytokine response was near baseline following
the second activation on day 20, but recovery was substantial by the time the third treatment was
given on day 27. As treatments were spaced equally apart, it would be expected that given a
strong response following the third activation, there should also be a reasonably strong response
following the second activation. This however was not the case and may be explained by an
ineffective second round of treatments. If treatments were indeed the same through all three
administrations, then the lack of NKT cell response following the second treatment may point to
a mild level of NKT cell anergy being induced following the initial treatment which is greater
relieved over a span of two weeks as compared to one. An interesting finding was that IL-4
levels continued to decrease with consecutive transfers, while IFNγ levels rebounded strongly
following the third activation (Figure 20). These findings indicate an increasingly Th1-skewed
response with consecutive transfers spaced weeks apart. Multiple post-surgical treatments may
therefore be a viable option given sufficient space of ~2-3 weeks between treatments. Furthering
upon the results of this experiment, mice from treatment groups given multiple post-surgical
treatments should be examined in long-term survival experiments to compare the strength of
these treatments regimens in promoting long-term disease-free survival compared to a single
post-surgical treatment where a 38% complete response rate was observed (Table 3).
As a means of further demonstrating the anti-cancer effects of α-GC-loaded DC
treatment, 2 x 105 α-GC-loaded DC were transferred on the day prior to tumor cell injection.
Primary mammary tumor growth was significantly reduced in treated mice compared to
untreated mice (Figure 21 A and B).

Survival among treated mice was significantly greater

than saline treated mice with 75% of treated mice exhibiting a complete response (Figure 21C).
This strong survival response is likely linked to both the prevention of metastases establishment
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and clearance of established micrometastases. As to how much of a factor each of these
components are playing is not entirely clear, but it can be concluded that as a prophylactic
treatment, α-GC-loaded DC treatment is highly effective at reducing primary tumor growth,
clearing/preventing metastasis and promoting long-term survival in mice.
4.4

Adoptive NKT Cell Transfer Experiments
The third treatment option to be assessed was the adoptive transfer of in vivo expanded

NKT cells. NKT cell numbers and/or function are impaired in many cancer patients 207, 208, 230,
including breast cancer 207, suggesting that NKT cell responses to DC therapy could be less than
optimal. NKT cells were transferred alone or in combination with α-GC or α-GC-loaded DCs in
an attempt to counteract cancer-associated NKT cell suppression. In clinical studies, NKT cell
adoptive transfer have been derived from cultures of autologous glycolipid stimulated blood cells
175, 215

. Due to issues related to expanding NKT cells and maintaining viable NKT cells in vitro,

donor mice were given injections of α-GC-loaded DCs to induce in vivo NKT cell expansion.
Expanded NKT cells were isolated from the livers of stimulated mice and adoptively transferred
into recipient mice.
Post-surgical treatments used 2 x 105 to 1 x 106 NKT cells with or without additional
activation with 4µg α-GC, 2 x 105 α-GC-loaded DCs or 5 x 105 α-GC-loaded DCs. In
preliminary experiments, near baseline cytokine responses were observed in all treatment groups
where DCs were not given (Figure 22), indicating that although transferred NKT cells may
induce low level cytokine production and anti-cancer activity, they did not respond to secondary
glycolipid activation and do not induce significant cytokine production post-transfer. Coadoptive transfers of loaded DCs and NKT cells resulted in 24hr serum cytokine levels similar to
those observed previously with similar quantities of DCs (Figure 16A). Although cytokine data
was not terribly promising, it was still possible that adoptive NKT transfers could have a long
term effect in promoting survival. It may be possible to optimize responses in the future by
delaying NKT cell activation to some point after transferred NKT cells are allowed to reset.
Alternatively, it may be possible to rest NKT cells in culture prior to transfer.
Mixed results were observed among the 11 different treatments groups in long term
experiments. As low numbers of mice were used in these experiments major conclusions cannot
be drawn from these experiments. Transfers of NKT cells alone or in addition to α-GC were for
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the most part ineffective at promoting survival (Table 4). Positive responses were observed in
some mice in groups receiving co-adoptive transfer with loaded DCs, (Table 4), but this was no
better than DC transfer alone. Low levels of NKT cells present in mice, even if suppressed may
be sufficient to generate a response similar to what is observed with the addition of expanded
NKT cells. Repeating these experiments will help to clarify exactly what is the case, but based
on preliminary findings, the most effective treatment in our 4T1 model was a single post-surgical
transfer 2 x 105 α-GC-loaded DCs.
4.5

Measuring MDSCs
MDSCs are a suppressive population of immature myeloid cells that arise from

dysregulated myelopoiesis in cancer patients and during infections 245, 246, 247. NKT cell activation
has been shown to cause decreases in the number and immunosuppressive activity of MDSCs in
a murine model of Influenza A infection 166. We therefore proposed that NKT cell activation in
murine cancer models could promote a similar effect. We used flow cytometry to assess the
effects of NKT cell activation on the frequency of Gr-1+CD11b+ MDSCs in peripheral blood
(Figure 22). The frequencies of Gr-1+CD11b+ cells were tracked in mice from pre-tumor cell
challenge through until the time of death or sacrifice. At baseline, Gr-1+CD11b+ cells were
~50% of blood cells in naïve BALB/c mice, most likely identifying non-immunosuppressive
populations of granulocytes, mainly neutrophils that share the same markers (Figure 23A). It has
been shown that in non-tumor challenged mice, Gr-1+CD11b+ populations are nonimmunosuppressive and are therefore not MDSCs but rather consisting mainly of circulating
neutrophils 139. Gr-1+CD11b+ cells levels reach a maximum of ~90-95% on day 14 (Figure 23A),
2 days after primary tumor resections. Gr-1+CD11b+ cell levels dropped beyond day 14 to near
baseline levels around day 28, consistent with the role of tumor-associated immune suppression
in maintaining MDSCs 248, 249, 250. However, Gr-1+CD11b+ cell levels before tracked back to
levels greater than 90% around days 35-40 in mice that did not receive treatment or failed to
respond to treatment (Figure 23B). Some mice exhibiting partial responses to DC treatment had
Gr-1+CD11b+ cell levels near baseline for an extended period of time, but levels tracked up to
near 100% as metastatic disease eventually established and built, resulting in death within 12
weeks of tumor cell injection (Figure 23B). Gr-1+CD11b+ cell levels in mice with complete
responses stayed near baseline with no significant increases observed at the experimental
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endpoint (Figure 23B). In attempting to demonstrate the immunosuppressive effects of MDSCs
in our model, it was not entirely clear what distinctive roles MDSCs and neutrophils were
playing. Both populations are negative for the F4/80 macrophage marker, have similar PMN
morphology, and exhibit similar expression of the markers CD124, S100A8, S100A9, CD11b,
Gr-1, Ly6G and Ly6C 139. Compared to neutrophils, MDSCs exhibit up-regulation of the
markers CD115 and CD244, and genes associated with the cell cycle, autophagy and the CREB
pathway 139. MDSCs have lower phagocytic activity and TNFα production than neutrophils 139.
Both cell types show similar NO production, although MDSCs produce higher levels of
myeloperoxidase, ROS and arginase which lead to high levels of T-cell immunosuppressive
activity not observed with neutrophils derived from naïve mice 139. It is apparent that MDSCs
and neutrophils are very similar cell populations with some differences in cell surface marker
expression and gene expression. The main difference which is most relevant to diseases such as
cancer is the immunosuppressive activity of MDSCs. In attempting to track MDSC populations,
it is therefore not as important to know what effects neutrophils are having compared to MDSCs.
The granulocytic population in advanced cancer will be mostly derived of highly
immunosuppressive MDSC populations which would be targeted by very similar if not the same
treatments used to target a theoretical population of immunosuppressive neutrophils.
In an attempt to characterize the granulocytic population of MDSCs and identify the
proportions of MDSCs which are mature neutrophils, cytospins were used to analyze PBL
populations from non-tumor challenged mice and mice at various stages following tumor
challenge. Naïve mice, as expected, had large numbers of lymphocytes in the peripheral blood
with few monocytes and neutrophils (Figure 24). Mice receiving no DC treatments and nonresponding mice had very large numbers of leukocytes in the peripheral blood, consisting mainly
of cells with granulocytic morphology (Figure 24). Partially responding mice had low PBL
numbers containing a mixture of granulocytes and lymphocytes (Figure 24). Unfortunately, it
was very difficult to find any morphological distinctions between granulocytes observed in the
peripheral blood of naïve and diseased mice. This supports the findings of previous studies
showing limited differences in PMN morphology between MDSCs and neutrophils 139. As a
control, the frequency of blood MDSCs was also determined by flow cytometry (Table 5).
Cytospin analysis identified higher percentages of lymphocytes than non-lymphocytes as
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compared to FACS analysis, but this was likely due to misidentification of monocytes as
lymphocytes.
Naïve, day 35 untreated, day 35 treated (responding) and day 35 treated (non-responding)
mice were used to determine the effects of post-surgical treatment with glycolipid-loaded DCs
on Gr-1+CD11b+ cell frequency and functional activity. In an immunosuppression assay using
naïve T cells stimulated with anti-CD3/CD28 coated beads, significant T cell proliferation was
observed when blood from naïve and responding mice was added (Figure 25 C and D). In
contrast, little to no proliferation was observed when blood from mice receiving no therapy and
non-responding mice was added (Figure 25 C and D). These results are only preliminary, but
indicate that as expected, MDSCs comprise a high percentage of PBLs in untreated and nonresponding mice and are highly immunosuppressive. It is promising to see that responding mice
in addition to showing no physical signs of disease, also have MDSC/CD11b+Gr-1+ frequencies
and activities similar to those observed in naïve mice. It is apparent that blood
MDSC/CD11b+Gr-1+ frequencies can be useful as a prognostic indicator in using the BALB/c
4T1 model. Rather than having to sacrifice animals at given time points to assess metastasis,
established values for MDSC/CD11b+Gr-1+ frequencies over a given time course can be
correlated with the level of lung metastasis over the same time course. Indeed, this is what we
have done with our long-term survival experiments. Excessive use of mice can be prevented by
assessing blood MDSC/CD11b+Gr-1+ frequencies periodically over the span of an experiment to
determine the correlated disease extent, allowing for tracking of treatment responses and aiding
in the assessment of the appropriate times to sacrifice mice.
4.6

C57BL/6 E0771 Model
The E0771 model presented a number of unique challenges not encountered with the

more established 4T1 model. First, E0771 tumor cells are not drug-resistant 62, meaning that
measuring metastasis in a clonogenic assay was not possible in this model. To solve this
problem, we attempted to transduce E0771 cells with a PheonixTM GFP-expressing retrovirus.
Puromycin selection of transduced cells eventually resulted in a small number of puromycinresistant colonies that were expanded under puromycin selection and used to select monoclonal
cell lines. However, there was no detectable GFP expression in these lines by flow cytometry
and they did not contain detectable retroviral construct by PCR. Puromycin-resistant E0771 cells
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were used in Figures 26 and 27. Growth kinetics of the primary tumor masses were highly
consistent between tumor cell challenged mice (Figure 26). The major issue with these cells was
their lack of consistency in metastasizing to the lungs. Only data from mice with clear lung
metastasis (based on plating assays) could be used in data analysis as lung metastasis rates were
less than 20%, with absence of metastasis apparent in both control and treated mice. This lack of
consistency in metastasis also prevented survival analysis as there were limited numbers of mice
dying of metastatic disease, with no common cause of death or time of death observed between
mice. However, preliminary experiments involving the E0771-PuroR model did show similar
results to the 4T1 model using (ip. 4μg) α-GC treatment, with a roughly 68% decrease in day 21
lung metastasis (Figure 27A).
Compared with the 4T1 model in BALB/c mice, there was little consistency in blood
MDSC levels between mice in the C57BL/6 mice E0771 tumor model. This may again relate to
the variability we observed in this model.
Future experiments using this model may require delaying primary tumor excision until
later time points to allow time for metastasis to occur. The number of cells used to challenge
mice could be reduced to allow for slower tumor growth and provide more time for metastasis
prior to the primary tumor becoming such a burden to the mouse. Another possibility would be
to isolate metastatic tumor cells from the lungs and generate a new monoclonal population that
has a higher probability of trafficking to the lungs 251.
It can be noted that as compared to BALB/c mice where GFP is highly immunogenic,
GFP in C57BL/6 mice has been shown to have very little immunogenicity 252, 253, indicating that
it may be useful to generate GFP-expressing E0771 cells for the measurement of E0771 cell
metastasis. We have developed 6-TG-resistant E0771 cell lines with resistance to 6-TG at
concentrations of over 120μM. This is the same drug used for screening metastatic 4T1 cells and
thus allows for an overlap in screening procedures between the two models. These 6-TGR E0771
cells will be used in future experiments to assess their growth and metastasis profile in vivo and
used for optimization of an E0771 breast cancer lung metastasis model.
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Chapter 5: Conclusion
5.1

Summary of Major Findings
Post-surgical free glycolipid treatment using α-GC, α-C-GC or OCH (4μg ip.) was

effective at decreasing lung metastasis in both the 4T1 and the E0771 models at 21 days posttumor cell injection but did not provide lasting protection. Cytokine data showed that α-C-GC
produced the most Th1 skewed response with elevated IFNγ output levels compared to α-GC,
while OCH produced the most Th2 skewed response with elevated IL-4 compared to α-GC.
Despite the increased Th1 type response in α-C-GC treated mice, metastasis reductions at 21
days post-tumor cell injection were similar between both α-GC and α-C-GC treated mice. OCH
treatment tended to reduce day 21 lung metastasis but this reduction was not significant. α-GC
did not improve overall survival in mice as compared to saline treated mice. Survival
experiments using OCH and α-C-GC were not performed, but would not be expected to improve
upon the results observed with α-GC, as α-C-GC has been shown to have reduced in vivo
activity compared to α-GC and OCH induces a Th2-skewed immune response.
Treatments with glycolipid-loaded DCs were better tolerated than free glycolipid and
improved survival compared to either glycolipid treated mice or mice treated with unloaded DCs.
Mice treated with 2 x 105 α-GC-loaded DCs initially showed some inadvertent responses
associated with the treatment, but overall the effect of this treatment was quite dramatic. Mice
showed significant reductions in lung metastasis several weeks post-4T1 injection and a number
of mice exhibited partial or complete responses to treatment.
Multiple NKT cell activation treatments when given days apart resulted in limited to no
secondary cytokine responses. When treatments were spaced apart by two weeks, significant
recovery of the cytokine response was observed, suggesting a starting point for further
development of DC therapy where treatments would therefore have to be spaced weeks apart in
order to see significant anti-cancer effects associated with cytokine signaling pathways.
Blood Gr-1+CD11b+ levels in the 4T1 model correlated with the level of functionally
immunosuppressive MDSCs and provided a good prognostic indicator of overall health and
cancer state for mice in the various treatment groups. This will provide a good way to evaluate
mice over time without having to sacrifice animals at separate time points.
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5.2

Clinical Implications
Effective treatments for advanced metastatic disease are currently lacking. In recent

clinical trials, NKT cell activation therapies have been shown to extend survival, but do not
typically cause regression of the primary tumor 114, 196. Given the known anti-metastatic effects of
NKT cell activation and what has been shown in this body of research, the prospects are good for
using NKT cell activation as part of a post-surgical treatment option for patients diagnosed with
metastatic breast cancer. Breast cancers, unlike many other solid cancers, typically allow for
effective surgical removal of the primary tumor. This makes breast cancer an ideal situation in
which to implement anti-metastatic NKT cell therapies. We have shown here that by removing
the primary mammary tumor and then targeting distant metastasis via post-surgical NKT cell
activation, metastatic breast cancer can be cured in mice. This was accomplished using various
doses of α-GC-loaded DCs. Multiple treatments will likely be required in humans in the event of
extensive disease. We have established that administering treatments several weeks apart allows
for recovery of NKT cell responses which is a good sign that multiple treatments may be
effective in at least controlling disease long enough for other treatments to have an effect.
Further possibilities include combining NKT cell activating treatments with chemotherapeutics
and other forms of treatment to extend survival.
Based not only our positive findings using this post-surgical NKT cell activation system
in mice, but also positive outcomes in other murine cancer models and in various clinical trials
involving adoptive α-GC-loaded DC transfers 114, 115, 194, 195, 196, 254, 255, we remain optimistic that
this form of treatment could be advantageous in human cases of metastatic breast cancer.
5.3

Future Directions
It is apparent based on our findings that post-surgical NKT cell-activating therapy holds

potential for the treatment of metastatic breast cancer. Free glycolipid treatment was not
effective unless toxic doses were used, and the adoptive transfer of NKT cells appeared to
required high numbers to induce any level of protection. In contrast, a single dose of 2 x 105 αGC-loaded DCs was highly effective in targeting and eliminating lung metastases. The most
effective treatments involved using either a single low-dose transfer of α-GC-loaded DCs or a
combined transfer of α-GC-loaded DCs with a large number of NKT cells.
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To further verify and extend our findings, it will also be important to implement postsurgical treatments at later time-points to assess whether these NKT cell activating treatments
can be curative when metastatic lesions have become better developed and more widespread.
This may mean decreasing the initial tumor cell injection quantity to allow for slower growth of
the primary tumor while the metastases are being established. Decreasing the tumor cell
inoculation will decrease the consistency at which primary tumors and metastases grow, but will
allow for systemic metastasis to occur prior to surgical resection of the primary tumor mass and
subsequent NKT cell activation therapy. MDSC screening may be a suitable way to screen mice
for tumour metastasis prior to treatment. Maintaining the tumor cell inoculations at 2 x 10 5 cells
and delaying the surgery and treatment by a few days would also provide a means of achieving
higher metastasis. However, surgeries become more extensive as the primary tumors are
allowed to grow further, leading to a higher potential for surgical complications. The surgery
could be kept at day 12 and the NKT cell activation extended to day 15-18 since it appears as
though maximum MDSC levels are reached at day 14 and immune recovery occurs thereafter.
Unfortunately, delaying NKT cell-activating therapy also allows further time for metastases to
become established. In a clinical setting a balance would be needed between how quickly after
the surgery optimal immune system recovery occurs versus the build-up of metastases.
NKT cell anergy is a major barrier to overcome if free glycolipid treatments are to be
given in a clinical setting. This anergy which is thought to result from non-selective presentation
of α-GC by B cells, prevents multiple free glycolipid injections from being effective 256. If only a
single dose is to be given, it must be powerful enough to cause complete regression of malignant
tissue or at least promote regression to the extent that other therapies such as chemotherapy can
eliminate the remaining cancerous tissue. We have demonstrated that optimal responses to αGC-loaded DC transfer are achieved at intermediate to low dose ranges in mice. In further
optimizing DC treatments, it could also be useful to change the amount of α-GC that in vitro
cultured DCs are cultured with to optimize in vivo α-GC presentation from the DCs to host NKT
cells. Further experiments could implement the loading of DCs with non-α-GC NKT cell
activating glycolipids which are currently being developed. Synthetic analogues of α-GC show
promise in that they demonstrate improved Th1-skewed responses compared to α-GC; although,
analogues have not yet demonstrated improved anti-cancer activity compared to α-GC in vivo.
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As we are currently only assessing the effects of adoptively transferred α-GC-loaded
DC’s when transferred intravenously, it may also be useful to assess responses and survival
outcomes when DC’s are transferred intraperitoneally or directly into the primary mammary
tumor. Injecting α-GC intradermally has been shown to decrease anergy induction compared to
intravenous injection 227. In clinical trials comparing intravenous versus intradermal
administration of α-GC-loaded DCs to patients with various forms of metastatic malignancies,
greater immunological responses were observed with intravenous treatment as a result of poor
trafficking from the injection site with intradermal treatment

. The intradermal route did

228

however result in greater NKT cell memory and a quicker response to secondary activations as
compared to the intravenous route 228. The use of immature DCs lacking CCR7 in this study
likely reduced DC trafficking from the injection site with intradermal injection 228, indicating that
there is still potential for intradermal treatment to be beneficial given a different DC subset
selection and a malignancy in a region near the site of injection.
Some DC subsets are better suited to activating NKT cells than others. For example,
CD8+ DCs are better activators of NKT cells than other subsets 172, 257. Similarly, we have found
that DCs expressing high levels of the chemokine CXCL16 provide a co-stimulatory signal to
NKT cells that enhances IFNγ production (Veinotte and Johnston, unpublished). In future
experiments, specific DC subsets will be isolated and assessed for their ability to improve upon
the results obtained in the 4T1 model using heterogeneous DC populations. NKT cells use cell
surface-expressed CXCR6 during activation to optimally respond to DC presented CXCL16 and
to accumulate in tissue sites including the liver and lungs 258, 259. In mouse models of liver
metastasis, enhanced metastasis was noted in the absence of CXCR6 expression and when using
CXCL16 neutralizing antibody 217, further indicating the importance of these cell surface
molecules in both NKT cell homing and activation, and their importance in the NKT cellinitiated anti-cancer response. Thus, purifying CXCL16 high DCs out of heterogeneous
populations and using them in α-GC-loaded DC therapies could be another useful step forward in
optimizing this form of treatment.
As NKT cell-based therapies will likely not be used on their own as a means of anticancer therapy in a clinical setting, it is of great importance to determine which combination of
therapies would be of greatest benefit to patients. Thus, combining radiation therapy and or
various chemotherapeutic agents with NKT cell activation therapy should be assessed. It has
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been demonstrated that both gemcitabine treatment
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and local radiation therapy 260 have no

negative effect on NKT cell number and function. Cyclophosphamide treatment has also been
shown to have no negative influence on NKT cell populations 261.
Despite the poor results obtained using GFP-expressing 4T1 cells in BALB/c mice, it
would still be nice to have a secondary means of measuring metastasis in the cancer models we
have been using. As GFP has been shown to be immunogenic in BALB/c mice, limiting
consistency of metastasis and selecting against high GFP-expressing 4T1 cells, it could be useful
to transfect cells with plasmids expressing genes for other fluorescent proteins such as cherry red
or blue fluorescent protein. Immunogenicity of these proteins would have to be assessed in
BALB/c and C57BL/6 mice if they are to be used with the 4T1 and E0771 models. Alternatively,
cells could be made to express human CD2 or a congenic mouse marker that could be detected
by FACS. Generating these cell lines would not be a priority, but for future experiments could
prove to be very valuable tools.
There are a number of murine metastatic breast cancer models available, although in most
models it is difficult to accurately assess the level of metastasis and therefore the effects
treatments are having on metastasis. The 4T1 model is an exception in that 4T1 tumor cells have
been selected for have resistance against 6-TG 55. Having generated 6-TG-resistant E0771 cells
in our lab through serial passaging with 6-TG selection, we will now proceed to assess in vivo
tumor growth and metastasis kinetics with these cells in C57BL/6 mice. Further work using the
E0771 6-TGR model, once established, will involve using free glycolipid treatment and
treatments involving the use of expanded NKT cells and α-GC-loaded DCs as per what we have
done using the 4T1 model. As E0771 cells are ER+, in contrast to 4T1 cells which are ER- 64, 262,
there is the possibility for using targeted hormone therapies such as tamoxifen, Evista or
Fareston in combination with NKT cell activation therapy.
Work with the 4T1 model has led to our use of the blood MDSC population as a
prognostic indicator of health throughout experiments. It is still not clear however, what fraction
of the Gr-1+CD11b+ the population we see in the blood are truly MDSCs or simply neutrophils.
We have performed functional assays with blood MDSC populations to compare against FACS
data, and clearly the Gr-1+CD11b+ populations in the blood of mice with tumor burden are
immunosuppressive. What remains uncertain, and moreover remains uncertain in the field of
MDSC research, is the classification and complete characterization of these immunosuppressive
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cell types. Further work remains to be done in phenotypically and functionally distinguishing
MDSCs from neutrophils. The immunosuppressive contribution of MDSCs in the 4T1 model as
compared to other cell types such as Tregs, Bregs and TAMs has been addressed 59, 109, 263, 264, 265,
266

, but remains incompletely understood. This holds true not only in the 4T1 model, but also in

other breast cancer models, cancer models in general, and in human cancers. As MDSCs are not
the only cell type playing a role in tumor-associated immune suppression, it would be useful to
look at other suppressive leukocyte populations such as Tregs, Bregs and type 2 macrophages.
The activity of Tregs in the 4T1 model has been shown to be a requirement for lung metastasis
264

. Also in the 4T1 model, it was shown that tumor-evoked Bregs (tBregs) induce TGF-β-

dependent conversion of resting CD4+ T cells to FoxP3+ Tregs 263. Depletion of Bregs using
anti-B220 prevented lung metastasis by limiting CD4+ T cell to Treg conversion 263.
Characterization of Breg and Treg subsets in addition to macrophage and other
immunosuppressive cell populations in the 4T1 model will be assessed. Additionally, the effects
of NKT cell activation on these cells will be addressed in future experiments.
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