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Abstract 
 

Cancers are a rapidly increasing source of morbidity and mortality for Australians. In 

2005, there were over 100,000 new cases of cancer diagnosed and this number is projected to 

grow by over 3,000 extra cases per year in 2006–2010. Although traditional therapies such as 

surgery, chemotherapy and radiation therapy may extend the life of many patients, the 

treatments are associated with severe toxicities and are rarely curative for disseminated 

cancers. The idea of harnessing the immune system for the treatment of cancers represents an 

attractive treatment modality which should effectively complement current treatment 

methods. Immunotherapies, including cancer vaccines, are designed to re-train the immune 

system to recognise and destroy cancer cells and tip the balance from tumour acceptance 

toward active tumour immunity. However, many cancer vaccine approaches have failed to 

live up to their potential. Cancers employ many immunosuppressive factors which contribute 

to nullifying anti-tumour immune responses during vaccination therapy. These 

immunosuppressive factors include galectin-1, regulatory T-cells (Tregs) and inhibitory 

molecules such as CTLA-4, which are potential targets in the enhancement of 

immunotherapeutic strategies. This thesis aimed to investigate the role of these tumour 

derived immunosuppressive factors and to enhance the immune response towards an 

allogeneic whole cell breast cancer vaccine using a murine model of breast cancer. 

Chapter 3 outlines the development of a highly immunogenic murine breast cancer 

cell line used in vaccination protocols throughout this study. Moderate increases in survival 

and slower tumour growth rates were observed both in prophylactic and treatment settings. 

The results demonstrated that factors involved in tumourigenesis may overwhelm the anti-

cancer immune responses generated by vaccination. In Chapter 4, the role of galectin-1 was 

studied for its effects on T-cell subpopulations and the induction of CTL responses against 

breast cancer cells. Certain disaccharides that block galectin-1 from interacting with other 
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carbohydrates and glycoproteins on cell surfaces were examined for their ability to enhance 

the potency of the cancer vaccine. These studies demonstrated that small carbohydrate 

molecules can be administered in vivo to inhibit the immunosuppressive activity of galectins 

and restore the immune environment, significantly inhibiting the growth of breast cancers to 

improve survival outcomes. 

Chapter 5 investigated the role of Tregs and the CTLA-4 negative co-stimulatory 

molecule in inhibiting immune responses targeted toward murine breast tumours. Specifically, 

the administration of monoclonal anti-bodies (MAbs) which target Tregs was investigated. 

The results presented in this chapter clearly demonstrated that removing the 

immunosuppressive activity of Tregs by targeting their CTLA-4 surface receptor function is 

clearly preferable to broadly targeting Tregs through CD25 expression. This is demonstrated 

by enhanced the anti-tumour immune activity and increased survival in mice receiving anti-

CTLA-4 MAb therapy. Furthermore, this chapter indicates that combining anti-cancer 

vaccination with CTLA-4 blockade induces increased CD8
+
 TIL, thereby inhibiting tumour 

growth and increasing survival above that of either approach used alone. 

Chapter 6 investigated the effect of triple combination immunotherapy which 

combined the agents trialled in previous chapters to form an ultimate cocktail 

immunotherapy. Taking into account inter-experimental variability and control populations 

which were consistently ran in parallel, results in this chapter demonstrated that combination 

immunotherapy consisting of a whole cell cancer vaccine, an anti-CTLA-4 mAb and an anti-

galectin disaccharide, provides a superior approach for enhancing anti-tumour immune 

responses than the use of stand-alone therapies. The role of galectin-1 and CTLA-4 in the 

appropriation of the Treg phenotype was also investigated. It was shown that both galectin-1 

and CTLA-4 expression on naive CD4
+
CD25

-
 T-cell contributes significantly to the 

conversion of cells to the CD4
+
CD25

+
FoxP3

+
 Treg phenotype and that inhibiting these 
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molecules could significantly reduce this conversion with implications for altering the 

intratumoural ratio of CD8
+
 effector T-cells to the immunosuppressive CD4

+
CD25

+
FoxP3

+
 

Tregs. 

The results of this thesis highlight the fact that in order to improve current cancer therapies, 

including immunotherapies, a combinatorial approach must be used to combat as many 

evasion strategies as possible to tilt the balance back in favour of tumour elimination. This 

study demonstrates that a triple combination of a cancer vaccine with galectin-1 inhibition 

and the removal of negative co-stimulatory signals through CTLA-4 blockade can 

significantly improve outcomes for tumour challenged animals over any agent used alone, 

reinforcing the necessity for combination therapy to be applied in the current clinical setting. 
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DSMB Data safety monitoring board 

EDTA Ethylenediaminetetraacetic acid 

EGFR Epidermal Growth Factor Receptor 
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ELISA Enzyme linked immunosorbant assay 

Erk Extracellular Signal-Regulated Kinase 

E:T Effector:Target 

FACS Fluorescent activated cell sorting 

FCS Foetal calf serum 

FDA Food and drug administration 

FITC Fluorescein isothiocyanate 

FI Fold increase 

Gal-1 Galectin-1 

GE Gastroesophageal 

GITR Glucocorticoid-induced tumor necrosis factor 

receptor 

GM-CSF Granulocyte Macrophage Colony Stimulating 

Factor 

HER-2 Human epidermal growth factor receptor 2 

HNC Head and neck cancer 

IBD Inflammatory bowel disease 

IC50 Inhibitory concentration of 50% 

ICAM Intracellular adhesion molecule 

IDO Indolamine 2,3-dioxygenase 

IFN Interferon 

Ig Immunoglobulin 

IL Interleukin 

I.P. Intra-peritoneal  

I.T. Intra-tumoural 

I.V. Intra-venous 

LAK Lymphokine-Activated Killer Cell 

LN Lymph node 

MAb Monoclonal antibody 

MAPK Mitogen-Activated Protein Kinases 

MCP Modified citrus pectin 

MFI Mean fluorescence intensity 

MHC Major histocompatibility class I/II 
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MLC Mixed lymphocyte culture 

MMP Matrix metalloprotease 

MMTV Mouse Mammary Tumour Virus Long 

Terminal Repeat Promoter 

mRNA messenger ribonucleic acid  

NBCS New bourn calf serum 

NKT Natural killer T-cell 

OTC  Optimal cutting temperature 

OS Overall survival 

PBMC Peripheral blood mononucleocyte 

PBS Phosphate buffered saline 

PCR Polymerase chain reaction 

PD-1 Programmed cell death-1 

pDC Plasmocytoid dendritic cell 

PE Phycoerythrin 

PI Propidium iodide 

PI3K Phosphatidylinositol-3-Kinase 

PTLD Post Transplant Lymphoproliferative 

Disorder 

rhGal-1 Recombinant human Galectin-1 

rpm Revolutions per minute 

S.C. Subcutaneous  

SEM Standard error of the mean 

SPF Specific pathogen free 

TAA Tumour associated antigen 

TAP1/2 Transporter Associated with Antigen 

Processing ½ 

TCR T-cell receptor 

TDG Thiodigalactoside 

TGF-β Transforming growth factor-beta 

Th T-helper cell 

TIL Tumour infiltrating lymphocyte 

TNF Tumour necrosis factor 
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TRAIL Tumour necrosis factor-related apoptosis-

inducing ligand 

Treg Regulatory T-cell 

UV Ultraviolet  

Vb Vinblastine 

VEGF Vascular Endothelial Growth Factor 
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1.1 Introduction: Cancer 
 

Cancer is a disease in which abnormal cells lose normal growth control and as a result, 

continuously proliferate and invade other tissues. Most cancers are named based on their 

location and the tissue type they derive from. 

Cancer types can be further classified into 5 broad groups: 

 Carcinoma - cancer that begins in the skin or in tissues that line or cover internal 

organs. 

 Sarcoma - cancer that begins in bone, cartilage, fat, muscle, blood vessels, or other 

connective or supportive tissue. 

 Leukaemia - cancer that starts in blood-forming tissue such as the bone marrow and 

causes large numbers of abnormal blood cells to be produced and enter the blood. 

 Lymphoma and myeloma - cancers that begin in the cells of the immune system. 

 Central nervous system cancers - cancers that begin in the tissues of the brain and 

spinal cord  (NCI 2009). 

 Although the causes for most cancers are not fully known, various risk factors have 

been identified. Some cancers occur as a direct result of smoking, dietary influences, 

infectious agents (such as human papilloma virus), exposure to radiation, while others may be 

a result of inherited genetic faults. While some of the risks of cancer are modifiable through 

lifestyle changes, other cancers are inherited and less likely to be avoidable. However, the risk 

of death from cancers may be reduced through intensive monitoring of individuals at high 

risk, reducing external risk factors and detecting and treating cancers early in their 

development (AIHW 2008). 

 In 2005, over 100,000 new cases of cancer were diagnosed in Australia. This number 

is projected to grow by over 3,000 extra cases per year in 2006–2010. The growth is mainly 
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due to the ageing of Australia’s population, but there is also projected to be a small increase in 

the underlying incidence of cancer. 

For males in Australia, the highest incidence was for prostate cancer, accounting for over 29% 

of all cancers diagnosed in 2005. For females, breast cancer is the cancer with the highest 

incidence, which accounted for over 27% of all diagnosed cancers in 2005. Both prostate and 

breast cancers showed over double the number of diagnoses compared to the next most 

common, colorectal cancer.  

 The next three most common cancers in both sexes are in order: melanoma of the skin; 

lung cancer; and lymphoma. Based on 2005 data, the risk of being diagnosed with cancer 

before age 75 was 1 in 3 and before age 85 was 1 in 2 (AIHW 2008). 

 

1.2 Breast cancer and murine models of the disease 

 

The term breast cancer refers to the erratic growth and proliferation of cells that 

originate in the breast tissue (Ravdin 2000). Worldwide, breast cancer is the second most 

common type of cancer after lung. Breast cancer accounts for 10.4% of all cancer incidence 

and is the fifth most common cause of death, estimated to result in  502,000 deaths (1% of all 

deaths) worldwide in 2005 (Australian Institute for Health and Welfare 2008) 

Like other cancers, breast cancer results from the effects of multiple hereditary and 

environmental factors, including mutations in both oncogenes and DNA repair genes. 

Examples of the types of defects occurring in breast cancers will be discussed in the ensuing 

section and include mutations in BRCA1, BRCA2 (Calderon-Margalit and Paltiel 2004) and 

p53 genes (Yu, Levesque et al. 1999) as well as oestrogen exposure, which has been 

experimentally linked to mutations (Cavalieri, Chakravarti et al. 2006), failure of immune 

surveillance, angiogenesis and abnormal growth factor signalling (Vetto, Luoh et al. 2009). 
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Approximately 90% of women affected by breast cancer have no obvious family 

history of the disease (Fukutomi, Ushijima et al. 1997). The other 10% have hereditary linked 

breast cancers including germ line mutations in the BRACA1 or BRACA2 genes involved in 

the repair of double stranded DNA breaks which are responsible for the development and 

progression of the disease (Noguchi, Kasugai et al. 1999). However these sporadically arising 

breast cancers are very diverse in terms of clinical behavioural and histological features as 

well as in their different molecular alterations. Recent molecular characterisation has led to 

the classification of breast cancer into five distinct subtypes: luminal A; luminal B; ERBB2 

(HER-2), basel-like; and normal breast cancer (Tsuda 2009). These subtypes can be simply 

defined depending on their levels of immunohistochemical staining for the oestrogen receptor 

(ER), progesterone receptor (PgR), HER-2 and myoepithelial/basel markers. The expression 

levels of these markers correlate with clinical outcome and are routinely used as biomarkers 

for estimating risk of survival and choices of therapies or adjuvant treatments (Goldhirsch, 

Wood et al. 2007). 

Alterations in gene expression of breast cancers have been studied for over 20 years 

with one of the most extensively studied and clinically relevant being Her-2 expression. The 

Her-2 gene is a proto-oncogene homologous to Her-1 (or EGFR) and encodes a growth 

receptor with tyrosine kinase activity (Yamamoto, Ikawa et al. 1986). Amplification of the 

Her-2 locus occurs in 15-25% of human breast cancers (Slamon, Clark et al. 1987). Her-2 

gene amplification causes over-expression of the HER-2 protein, and activated HER-2 protein 

transduces growth signals to the nucleus via the mitogen-activated protein kinase (MAPK) 

and phosphatidylinositol-3-kinase (PI3K) pathways (Jin and Esteva 2008). Breast cancers 

with an amplified Her-2 gene copy number correlate with  poor clinical outcome of patients, 

independent of tumour size or nodal status, and testing for the Her-2 status of patients is 



 29 

critical to identify patients suited for certain therapies such as Trastuzumab (a monoclonal 

antibody therapy targeting HER-2)  (Tsuda 2009).  

The current trends in breast cancer treatment and the type of treatment recommended 

to patients depend on a number of parameters including; type, stage and location of the breast 

cancer, whether the tumour cells are positive for hormone receptor protein levels such as for 

HER-2, whether the patients have previously had breast cancer, the patients health status, age, 

and of course, the patients preference for treatment (Ring, Reed et al. 2011). Currently the 

frontline treatment for breast cancer remains debulking by surgery when the tumour is 

localised, followed by one or more of the following adjuvant therapies; chemotherapy (when 

appropriate), radiotherapy, hormone therapy or targeted immunotherapies such as the use of 

monoclonal antibodies and immune stimulating agents such as interferons (IFNs), interleukins 

(ILs) and cancer vaccines (Ring, Reed et al. 2011).  

Murine pre-clinical trials continue to evaluate the efficacy of immunotherapies to treat 

breast cancer in the hope of expediting the discovery of novel improved treatments for many 

human cancers. The fact that mice can and do get cancer, coupled with long and extensive 

experience using the mouse as an experimental organism, has seen murine models become an 

invaluable tool in cancer research. The relevance of mouse models in studying human cancers 

is further strengthened by the discovery of the extent of evolutionary conservation of genes, 

biological molecules and cellular functions. This idea was further examined by considering 

the total span of evolution in that the divergence of mouse and man happened relatively 

recently and that while subtle details will differ, the essential function of most, if not all, 

genes identified as important in human cancer, are likely to be very similar in mice (Klausner 

1999). This conservation of genetic information across species from mouse to human and the 

ever growing ideas of cancer being a disease which is genetic in nature confirms the rationale 

for using mice in cancer research. 
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One of the first transgenic mouse models of breast cancer expressed the activated rat 

neu (neuT) gene under the transcriptional control of the Mouse Mammary Tumour Virus 

Promoter Long Terminal Repeats (MMTV-LTR promoter). Neu (an alternative name for Her-

2), when over-expressed in mice results in the development of mammary carcinomas (Muller, 

Sinn et al. 1988). MMTV/neu transgenic mice as they reach sexual maturity develop tumours 

which resemble human breast cancer and involve the entire mammary epithelium. However 

this breast cancer model was too aggressive as it did not allow sufficient survival time for 

further steps in metastatic progression to occur before death to be able to analyse the effect of 

therapeutic intervention. 

To more closely mimic human breast cancer, a second model was developed using 

FVB mice transgenic for un-activated neuN (Guy, Webster et al. 1992). These mice develop 

mammary tumours after a longer latency period ranging from 38-49 weeks and provide more 

time to analyse tumourigenesis in the mouse model. From these primary tumours, 

immortalised cell lines were also established in culture and these grew as tumours when 

injected subcutaneously (S.C) into the FVB/N C-neu syngeneic mice. Cells implanted S.C 

develop into hard encapsulated solid tumours which are readily palpable and easily measured 

using callipers. With this mouse model, immunotherapeutic approaches to treat cancer can be 

tested. This can occur in either a prophylactic setting by preventing the onset of tumours in 

the genetically pre-disposed animal or in a cancer treatment setting by allowing analysis of 

different strategies to treat small pre-existing tumours. Both of these approaches are useful as 

parallel models to study the human process of tumourigenesis. 

1.3 Tumourigenesis -Four stages of tumour pathogenesis: Hyperplasia, Dysplasia, In 
situ cancer, Invasive cancer. 
 

The most widely accepted theory of tumourigenesis, the somatic mutation theory, 

suggests that the initiation of cancer is associated with several events by which a normal cell 
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transforms itself into a tumour cell with an increased proliferation rate (Weinberg 1996; 

Hanahan and Weinberg 2011). According to this theory, tumourigenesis is a result of an 

abnormality or mutation in the genetic material of a normal cell which disrupts the processes 

of cell cycle and cell death. Often multiple mutations are needed to turn on the tumourigenic 

switch including mutations in two broad classes of genes; proto-oncogenes and tumour 

suppressor genes. Proto-oncogenes are genes which control cellular proliferation and when 

mutated, the gene can be converted into an oncogene. For example, the ras gene is a proto-

oncogene that encodes an intracellular signal-transduction protein; the mutant ras
D
 gene 

derived from ras is an oncogene, whose encoded oncoprotein provides an excessive or 

uncontrolled growth-promoting signal (Lodish 2004). Tumour suppressor genes mainly 

encode proteins that inhibit cellular proliferation. Loss of one or more of these biological 

growth arrest signals contributes to the development of many cancers. Tumour suppressor 

genes can encode proteins which promote apoptosis, check-point control proteins and 

enzymes that participate in DNA repair. Since one copy of a tumour-suppressor gene usually 

suffices to control cell proliferation, both alleles of the tumour-suppressor gene must be lost 

or inactivated in order to promote tumour development (Lodish 2004). Normally, mutations in 

both proto-oncogenes and tumour suppressor genes are required for tumourigenesis. It is only 

when enough proto-oncogenes have mutated into oncogenes, and enough tumour suppressor 

genes have been deactivated or damaged that the signals for cellular growth are overwhelmed 

and growth becomes uncontrollable. The basic premises of this theory are that 1) cancer is a 

defect of the control of cellular proliferation and 2) that the default state of cells is quiescence 

or non-proliferative (Sonnenschein and Soto 2000). 

A new variant on this concept is the proposal that cancer is a stem cell disease (Dick 

2003). The stem cell theory of cancer proposes two main concepts 1) that cancers arise from 

stem cells that are present in both the tissue of children and mature adults and 2) that cancers 
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are composed of the same types of cells as are normal tissues, i.e. stem cells, transit 

amplifying cells, and terminally differentiated cells (Sell 2010). According to this theory the 

initiating event includes mutations or epigenetic, viral or chemical induced changes in the 

DNA of tissue stem cells. These Cancer Stem Cells (CSCs) then give rise to transit-

amplifying cells and terminally differentiated cells, similar to what is seen in normal tissue 

renewal. However the major difference between normal and cancer growth is that whereas 

normal transit-amplifying cells differentiate and die, the cancer transit-amplifying cells fail to 

undergo normal differentiation and instead continue to proliferate and accumulate, resulting in 

cancer growth (Sell 2010). This theory also helps explain the refractiveness of some tumour 

types to therapy such as chronic myeloid leukaemia (CML). Using a tyrosine kinase inhibitor, 

Imatinib, as an effective therapy, only leukemic cells that have matured into the myelocytic 

stage and have differentiated into polymorphic cells are killed. However if the therapy is 

discontinued, the CML regenerates from precursor stem-like leukemic cells that are not 

affected by this therapy (Druker, Guilhot et al. 2006). CSC’s were identified in breast cancer 

and isolated in 2010 when Lindeman et al., found that the luminal epithelial progenitor 

marker CD61/beta3 integrin identified a CSC population in mammary tumours from MMTV-

wnt-1 mice. However, CSC’s were not readily identified in the more homogeneous MMTV-

neu/erbB2 model (the model used in this thesis) (Lindeman and Visvader 2010). 

Other theories for the origin of cancer exist. These include that carcinogenesis is 

aneuploidy-driven and that genomic instability has a causative role in tumourigenesis. This 

genomic instability allows multiple genetic and epigenetic alterations to accumulate during 

carcinogenesis without markedly changing phenotype until they are qualitatively or 

quantitatively sufficient to be selectively advantageous in the tumour microenvironment 

(Schneider and Kulesz-Martin 2004). Alternatively, the Darwinian evolutionary idea uses 

mathematical modelling to simulate the three main stages of carcinogenesis (initiation, 
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promotion and progression). This model is based on methods from population biology and 

game theory and suggests that cancer evolution is caused by a relaxation of tissue growth 

constraints and adaptations in response to perturbations in micro-environmental substrate 

concentrations (Vincent and Gatenby 2008). Consequent cellular competition for critical 

nutrients results in Darwinian selection pressure favouring cellular phenotypes that increase 

substrate delivery (e.g. angiogenesis) or uptake (e.g. by amplifying membrane transporters) 

(Gatenby and Vincent 2003). 

Breast cancers typically are comprised of a diverse range of phenotypically different 

cell types, and as reported by Lindeman et al. (2010), the exact mechanism of tumour 

initiation is unknown. However, in the early stages of hyperplasia, genetic changes remain 

low in ductal or luminal epithelial cells, but as the disease progresses to carcinoma in situ, the 

rate of genetic change rises dramatically (Tlsty, Crawford et al. 2004).  

Most researchers would concur that the first stage of breast carcinogenesis will likely 

involve the occurrence of a molecular lesion in the DNA of one single cell, whether that is a 

CSC or a somatic cell. Such a lesion is thought to be caused by a number of factors including 

inherited mutations, genetic duplication errors, and effects of chemical agents, viruses or 

radiation. The result is DNA alteration that leads to changes in cell cycle control and clonal 

expansion. The principal oncogenes involved in breast cancer are: c-erb B2, c-myc, int-2 and 

ras (Chen, Dong et al. 1995; Osborne, Wilson et al. 2004). On the other hand, in breast and 

ovarian cancers, tumour suppressors involved include BRCA 1, BRCA 2 and p53. BRCA1 

plays an important role in familial cases of breast cancer, accounting for 5-10% of all cases 

(Calderon-Margalit and Paltiel 2004). Mutations in BRCA 2 are involved in early breast 

cancer and also, carcinoma of the breast in men. The other tumour suppressor gene involved 

in breast cancer, p53, codes for a phosphoprotein which is an important modulator of the cell 

cycle and acts by blocking cellular division when DNA damage occurs (Yu, Levesque et al. 
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1999). The next two cancer development phases of promotion and progression involve 

autocrine production of growth promoters such as Epithelial Growth Factor (EGF) or 

Transforming Growth Factor-α (TGF-α). The presence of these factors is associated with the 

over-expression of some oncogenes, like c-neu (Ratnakar, Sharma et al. 1998). At the point of 

progression, the breast tumour, if untreated, has the propensity to invade and metastasise to 

other parts of the body including the bone, lymph nodes, lungs, adrenal glands and liver 

(Zolotarevskii and Semenov 1977).  

1.4 Immunosurveillance and immunoediting  

 
In 1909, Paul Ehrlich proposed that the growth and frequency of sarcomas was greatly 

repressed by our immune defence system which identifies and eliminates nascent tumour cells 

(Ehrlich 1909; Ehrlich, Himmelweit et al. 1956). This suggestion led to the generally accepted 

concept that the immune system plays a vital role in the identification and elimination of 

malignantly transformed cells. About fifty years later, as immunologists gained an enhanced 

understanding of transplantation, tumour immunobiology and immunogenetics, Erlich’s 

proposal was extended by Lewis Thomas and Frank MacFarlane Burnet who proposed that a 

special type of immune cell, the T cell, was the pivotal sentinel in the immune system’s 

response against cancer. This elaboration led to the introduction of the theory of “immune 

surveillance or immunosurveillance” which  stated that the sentinel, thymus-dependent cells 

of the body constantly surveyed host tissues for nascently transformed cells (Burnet 1970). 

This theory remained controversial with studies in the 1970s suggesting that it was flawed. 

For example, mice lacking an intact immune system (nude mice) were not more susceptible to 

the development of tumours as predicted by the theory (Stutman 1974; Stutman 1979). 

However, as cancer immunologists became armed with greater understanding of murine 

genetics and monoclonal antibody production, the cancer immunosurveillance concept was 

eventually validated and accepted (Smyth, Godfrey et al. 2001; Dunn, Bruce et al. 2002). 
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Experimental evidence presented by Shankaran et al., (2001), clearly showed that the immune 

system can and often does prevent tumours from developing, and thus plays a strong 

protective role against cancer (Shankaran, Ikeda et al. 2001). Their study also suggested that 

the concept of immunosurveillance was only one part of a more complex situation. It was 

later shown that the immune system can exert selective pressure on those tumour cells which 

are more antigenically “visible” to it, thereby inducing escape mutants with less 

immunogenicity. These findings prompted the development of the cancer immunoediting 

hypothesis to more broadly encompass the potential host/cancer cell interaction. The cancer 

immunoediting theory takes into account the observation that the immune system both 

protects the host against tumour development and promotes tumour growth (Swann and 

Smyth 2007). This also helped to explain the apparent paradox of tumour formation occurring 

in immunologically intact individuals (Shankaran et al., 2001).  

The cancer immunoediting concept (Fig. 1) is separated into three main phases, 

commonly referred to as the three “E’s” of immunoediting. The first stage is known as 

elimination. This stage encompasses the theory of immunosurveillance whereby the immune 

system detects and eliminates cancerous cells arising in the body that may have resulted from 

failed intrinsic tumour suppressor mechanisms. This first phase can either result in the 

complete or incomplete clearance of tumour cells when only a portion of cells are eliminated. 

When the latter occurs, a second or “equilibrium” phase can develop between the immune 

system and the residing tumour cells. During this stage it is postulated that tumour cells 

remain dormant or continue to evolve and collect further genetic mutations. The pressure 

exerted by the immune system during this stage is enough to suppress tumour growth, but 

eventually the immune system becomes overwhelmed or is evaded and fails to completely 

eliminate the tumour. This process leads to the development of tumour variants which are 

able to avoid the immune response leading to the third phase known as the “escape”. During 
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this phase, the immune system is no longer able to detect and control tumour growth, 

resulting in a progressively growing tumour mass (Swann and Smyth 2007).  
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Figure 1.1 The three phases of immunoediting. 

Cancer immunoediting is a process composed of three phases: elimination (i.e., cancer 

immunosurveillance), equilibrium (a phase of tumour dormancy where tumour cells and 

immunity enter into a dynamic equilibrium that keeps tumour expansion in check), and escape 

(where tumour cells emerge that either display reduced immunogenicities or engage 

immunosuppressive mechanisms to attenuate the antitumour immune responses leading to the 

appearance of clinically detectable, progressively growing tumours). These phases have been 

termed the three Es of cancer immunoediting. DR5, death receptor 5; IDO, indoleamine 2, 3-

dioxygenase; MICA/B, MHC class I chain–related antigens A and B; RAE1, retinoic acid 

early transcript 1; sMICA/B, soluble MICA/B; ULBP, UL16-binding protein. Figure adapted 

with permission from Advances in Immunology (Smyth, Dunn et al. 2006; Swann and Smyth 

2007) 
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1.5 Tumour Immune Evasion 

 

Cancer cells have evolved a number of mechanisms to evade the body’s defences. If 

the immune surveillance and editing theory is correct, there is strong selective pressure on 

cancer cells to avoid or prevent themselves from being killed by the immune system. 

Knowledge of the particular evasion strategies that tumours employ is necessary in order to 

design improved vaccines and other therapies that specifically target the ability of tumours to 

escape immunity. Such undertakings may also help to predict responsiveness of cancers to 

available treatment with radiation or chemotherapy. 

Human tumours, like viruses, have evolved an elaborate assembly of means for 

evading the immune response, and can either hide to evade recognition or proceed to disable 

and destroy immune cells (Lybarger, Wang et al. 2005). Evasion strategies can either be pre-

existing or arise through outgrowth of cancer cells which escape. Ordinarily, the immune 

system does not kill the body's own healthy cells and these self-cells are protected from 

immune response. In early studies, among the variety of mechanisms that  tumour cells were 

proposed to develop included mimicking self-tolerance, sequestration of tissue from 

surveillance, antigen shedding, lymphocyte killing, secretion of immunosuppressive 

cytokines, lack of MHC class II expression, lack of co-stimulatory molecules and local 

secretion of immunosuppressive prostaglandins and  neuropeptides to evade the immune 

response  (Weller and Fontana 1995). 

Subsequent studies showed that cancer cells may contain altered or abnormal mutant 

proteins which the immune system should be able to recognise as tumour-specific peptides or 

foreign antigens and that many cancer cells had additional mechanisms to escape host 

immunity including up-regulating evasion mechanisms shared by some types of healthy cells, 

down-regulating MHC class I expression or peptide presentation, antigenic modulation or 
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failure of lymphocyte homing to the site of the tumour (Chouaib, Asselin-Paturel et al. 1997). 

These particular evasion strategies are discussed in more detail in the sections below. 

1.5.1 Evasion from antigenic recognition 

 

Immune evasion strategies that prevent antigenicity occur in three main ways; 

 

1.5.1.1 Tissue localization (sequestration) 

Several sites in the body, such as the central nervous system are relatively inaccessible 

to the immune system. Tumours in such areas of the body are invisible to immune 

surveillance and thus cannot be targeted by immune reactions. Residence of a tumour in 

immune privileged sites allows them to be essentially non-antigenic because the immune 

system is not aware of their presence (Weller and Fontana 1995). 

The immunogenicity of a tumour antigen is also affected by its location. Since many 

tumour cells lack co-stimulatory properties, they can only be detected if they are in the 

appropriate environment within the body. Cancer cells that manage to avoid the lymphoid 

organs may be able to pass by undetected and develop elsewhere into large tumours. This 

phenomenon is similar to the idea of sequestration in that the tumour may be positioned in a 

place where the immune system will not mount an immune response against it due to the fact 

that in that particular location, the numbers of tumour cells are not great enough to be 

immunogenic (Weller and Fontana 1995). 

 

1.5.1.2 Failure of lymphocyte homing 

Tumour evasion of immune surveillance also relies on modulation of expression of 

various cellular adhesion molecules (CAMs). Lymphocytes normally migrate from the blood 

to the lymphoid tissue when L-selectin and alpha-4 beta-7 integrin adhesion receptors bind to 

ligands expressed on the venular endothelium (Fig. 1.2). In tumours that are not infiltrated by 



 40 

lymphocytes, the L-selectin and alpha-4 beta-7 endothelial ligands are not expressed. It is the 

repressed expression of these ligands that correlates with the failure of lymphocytes to home 

to the tumour site and infiltrate it. 

Other CAMs exist whose expression is also affected on tumour cells. For example, 

expression of the adhesion molecule ICAM-1 is often abnormal in a variety of tumours 

(Onrust, Hartl et al. 1996). 

 

 

Figure 1.2. Lymphocyte migration in normal tissue. The first step is the binding of L-selectin 

on the lymphocyte to sulphated carbohydrates of GlyCAM-1 and CD34 on the high 

endothelial venule cells. Local chemokines activate LFA-1 expression on the lymphocyte and 

cause it to bind tightly to ICAM-1 on the endothelial cell, allowing migration across the 

endothelium. Adapted with permission from the text Immunobiology (Janeway 2005).  

 

1.5.1.3 Shedding of antigens and antigenic modulation 

 It has been recognized for a long time that tumours are adept at shedding surface 

antigens or down-regulating the expression of key molecules necessary for interactions with 

immune cells (reviewed in Whiteside, 2006). In this way, tumours can evade the host’s 
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immune response by being (a) poor stimulators of T-cells or (b) poor targets for tumour-

specific cytotoxic T-lymphocytes (CTL). Large scale shedding of tumour associated antigens 

into the serum and lymph creates a substantial degree of tolerance to the antigen in both the 

T- and B-cell population. As a result, an immune response is not triggered (Rabinovich, 

Gabrilovich et al. 2007). Tumour cells are capable of generating variants lacking features that 

mark them for destruction by T-cells, killer cells or antibodies. This process is called 

antigenic modulation or immunoselection. Some tumour specific antigens disappear from the 

surface of tumour cells when antibodies against these antigens are present. These antigens 

then reappear after the antibody has dissipated from the region of the tumour cell. For 

example, when high concentrations of antibodies against malignant T-cells are present, the 

antibodies will bind to the antigens of the malignant T-cell and induce endocytosis and/or 

shedding of the antigen-antibody complex. In order to avoid this fate, malignant T-cells do 

not display the particular antigen or antigens for which the antibodies are specific (Chouaib, 

Asselin-Paturel et al. 1997). 

As outlined above, expression of molecules such as Tumour Associated Antigens 

(TAA), MHC class I or antigen processing machinery components (APM) is often down-

regulated or altered in tumour cells (Ferris, Hunt et al. 2005). As a result of abnormalities in 

the APM components, which might include their down-regulation, absence or mutation, 

peptides are not generated from TAA or are generated in a form not allowing for the 

formation of MHC class I-peptide complexes recognized by the T-cells (Meissner, Reichert et 

al. 2005). Studies have shown that tumours are not effective antigen-presenting cells, and 

frequently do not process or present TAAs, so that immunogenic peptides are not made or are 

defective and as a result the peptides do not fit into the peptide binding groove of the MHC 

class I  receptor (Whiteside 2006). Alternatively, the peptide-MHC complex is formed and 

presented but in a configuration that cannot be recognized by CTLs. For example, a mutation 



 42 

in the p53 protein was shown to inhibit proteasome-mediated generation of the wild type p53 

peptide264–272, thereby abolishing the possibility for a CTL response to the immunogenic p53 

peptide in some patients with Head and Neck Cancer (HNC) (Hoffmann, Nakano et al. 2000). 

Similarly, down-regulation or mutation of TAP1 or TAP2 (transporters associated with 

antigen processing) prevents normal processing of TAA in HNC (Meissner, Reichert et al. 

2005) or in melanoma cells (Seliger, Ritz et al. 2001). Such examples offer insights into the 

errors that can accumulate in tumour cells, resulting in loss of antigen presentation and 

recognition by tumour-specific T-cells. 

1.5.2. Tumour-induced immunosuppression 

 

Tumours employ numerous mechanisms to suppress the activation of T-cell responses 

and Table 1 is a partial list of various tumour-derived immunosuppressive factors and 

strategies (adapted from (Whiteside 2006; Rabinovich, Gabrilovich et al. 2007). This list 

includes factors that can modulate functions or induce apoptosis of immune cells, activate 

negative regulatory pathways and specifically recruit suppressive immune cell types including 

regulatory T-cell populations. Even the partial list in Table 1 is extensive and encompasses a 

broad range of immune suppressing effector molecules including several distinct receptor–

ligand systems, small molecular species, cellular enzymes, soluble cell components and 

inhibiting cytokines/chemokines. This diversity indicates that tumours are incredibly adept in 

their ability to debilitate host immune responses. Whether all of these factors are selectively 

employed in vivo at various stages of tumour progression or are produced by some tumours, 

but not others has been the subject of intense and ongoing debate. Hence, it could be readily 

concluded that the more aggressive tumours will elaborate several different inhibitory 

molecules or secrete them at higher levels than those that are produced by less aggressive 

tumours.  
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Table 1.1. A partial list of immunosuppressive factors in cancer biology. The source 

references selected to demonstrate their diversity and wide spectrum of effects on 

immune cells. 

1. The TNF family ligands: induce leukocyte apoptosis via the TNF family 

receptors  

Ligand: Receptor: 

FasL Fas 

TRAIL TRAIL-R 

TNF TNFR1 

2. Small molecules  

Molecule: Mechanism of action: 

Prostaglandin E2 (PGE2) Inhibits leukocyte functions through 

increased cAMP (Uotila 1996) 

Histamine Inhibits leukocyte functions through 

increased cAMP (Uotila 1996) 

Epinephrine Inhibits leukocyte functions through 

increased cAMP (Uotila 1996) 

iNOS Promotes or inhibits Fas-mediated 

apoptosis by regulation of NO levels 

(Uotila 1996) 

H2O2 

 

Has pro-oxidant activity, increases cAMP 

levels, causes apoptosis in NK cells, 

inhibits tumour specific CTL (Uotila 

1996) 
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3. Enzymes  

Indoleamine 2,3-dioxygenase (IDO) Suppresses T-cell responses (Grohmann, 

Fallarino et al. 2003). Activates pro-

apoptotic pathways (Uyttenhove, Pilotte 

et al. 2003) 

5'-nucleotidase (CD73) Functions as an ecto-enzyme to  produce 

extracellular adenosine and promotes 

tumour growth by limiting antitumour T-

cell immunity via adenosine receptor 

signaling (Zhang 2010). 

Arginase I 

 

Impairs T-cell functions, decreases ζ 

chain expression (Rodriguez, Quiceno et 

al. 2004). Inhibits DC differentiation and 

maturation 

 

4. Cytokines  

TGF-β Inhibits perforin and granzyme mRNA 

expression; inhibits lymphocyte 

proliferation (Derynck, Akhurst et al. 

2001) 

IL-10 Inhibits production of pro-inflammatory 

cytokines IL-1β, IFN-γ, IL-12 and TNFα 

(Mocellin, Marincola et al. 2004; Vicari 

and Trinchieri 2004) 
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GM-CSF 

 

Promotes expansion of 

immunosuppressive tumour-associated 

macrophages (Young 2004) 

       5. Protein- Glycan interactions 

Galectin-1 Induces apoptosis of activated T-cells 

(Rabinovich, Rubinstein et al. 2002) 

6. Tumour-associated gangliosides 

 

 Inhibit IL-2 dependent lymphocyte 

proliferation or induce apoptotic signals  

(McKallip, Li et al. 1999) 

7.  Activation of negative co-stimulatory signals  

CTLA-4 Out-competes CD28 for access to B7-1 

and B7-2. Sends inhibitory signals 

inducing T-cell cycle arrest. Limits 

contact time with APCs (Korman, Peggs 

et al. 2006) 

PD-1 Inhibits T-cell activation (Freeman, Long 

et al. 2000) 

 

1.5.2.1 Interference with apoptotic signaling pathways 

Cells are programmed to die in response to either a positive stimulus or by negative 

induction through the loss of signals otherwise suppressing cell death. As an example of 

positive signaling, members of the tumour necrosis factor family of receptors (TNFR) initiate 

the apoptotic pathway (von Bernstorff, Spanjaard et al. 1999). Among the most common 
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receptors in this family are TNFRI, TNFRII and Fas (also called CD95 or APO-1). The 

TNFRI and Fas-mediated apoptotic pathways are two methods used by the immune system to 

kill cancer cells. T-lymphocytes; mainly T-helper1 cells (Th1) and NKs, can induce apoptosis 

in cancer cells by releasing soluble ligands (TNF or Fas-ligand) or by expressing the ligands 

on their cell membrane. Ideally, these ligands bind to Fas and TNFRI on the surface of cancer 

cells. However, many types of cancers have evolved strategies to evade and exploit the Fas 

and TNFRI apoptotic pathways to effectively protect the cancer cells from immune cell attack 

(von Bernstorff, Spanjaard et al. 1999). 

Initially, it was thought that the expression of Fas-ligand was restricted to cells 

involved in the immune response and certain "immune privileged" sites. Thus, in tissues 

where immune responses and associated inflammatory reactions could potentially cause 

irreversible damage, such as in the eye, protective mechanisms exist to suppress the immune 

response. These are known as "immune privileged" sites and many types of cancers show 

similar properties expressing Fas-ligand which causes infiltrating lymphocytes bearing the 

Fas receptor to undergo apoptosis. In "immune privileged" sites this form of protection 

prevents damaging immune responses from occurring but, in tumours it prevents lymphocytes 

from attacking and destroying the tumour by killing and eliminating the infiltrating 

lymphocytes. Fas-ligand expression and the killing of Fas-expressing T lymphocytes has been 

demonstrated in many tumour types including melanomas, sarcomas, some brain tumours, 

colon cancers, pancreatic cancers and stomach cancers (Strand and Galle 1998) 

The cancer cell responsiveness to Fas and TNFRI-mediated apoptosis can also be 

suppressed by oncogenes expressed in cancer cells. For example, mutation of p53 is 

associated with reduced expression of Fas on the surface of cancer cells, making them less 

responsive to this form of induced apoptosis. In addition, over-expression of the bcl-2 

oncogene associated with survival of malignant transformed cells, also correlates negatively 
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with sensitivity to Fas-mediated apoptosis in tumours in vivo. However, the lack of sensitivity 

to apoptosis induction in bcl-2 expressing cancer cells could be overcome by treatment with 

the cytokines interferonγ (IFNγ) or TNF, in vitro (Weller, Malipiero et al. 1995). This 

suggests that these cytokines have the potential to provide immunotherapeutic benefits against 

tumours expressing the bcl-2 oncogene.  

IFN therapy for cancers was approved for use by the Food and Drug Administration 

(FDA) in 1995 beginning as a therapy for stage IIC primary cutaneous or stage III melanoma 

patients who were at high risk for recurrence after surgery (McMasters and Swetter 2003). 

However, complete response rates remain unacceptably low with combined response rates for 

IFN therapy on average being only around 20-25% (Rosenberg 2000).  

Resistance to IFN induced cytotoxicity is a difficult problem to overcome. Several 

studies carried out within this laboratory have suggested that defects in the IFN signaling 

pathways in cancer cells affect cellular responsiveness to IFN (Ralph, Wines et al. 1995; 

Wong, Krauer et al. 1997; Wong, Hatzinisiriou et al. 1998). Studies have demonstrated that 

all of the immunomodulatory effects that IFNs exert may be regulated by IFN receptor 

expression on the cell surface. Thus, Wagner et al., (2004) found that enhanced expression of 

IFN receptor chains markedly increased the sensitivity of these cells to the anti-proliferative 

effects of IFN’s. This effect may be very important in determining the clinical outcome of 

IFN-based cancer therapeutics by regulating the sensitivity of cancer cells to IFN-dependent 

growth control (Wagner, Velichko et al. 2004). 

Another example of an oncogene that promotes cancer cell survival is v-Rel. It can 

also prevent TNF-induced apoptosis in vitro and is possibly acting by inducing the expression 

of anti-apoptotic oncogenes, such as bcl-2 (Zong, Farrell et al. 1997). 
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1.5.2.2 Down Regulation of the Major Histocompatibility Complex (MHC’s) 

 

Poor cancer cell immunogenicity can result from the expression of low levels of 

antigen presentation function on the cancer cell surface. A number of mechanisms may 

account for this and include the loss of surface expression of one or more MHC (Janeway 

2005). The MHC class I are very important receptor molecules involved in the immune 

system’s recognition of pathogenic and tumour antigens. The MHC molecule presents 

antigenic peptides mainly on the surface of professional antigen presenting cells (APCs). 

CTLs can also recognise these antigens presented by the MHC on the cancer cell surface and 

can mount a targeted immune response. Alterations in MHC class I expression by tumour 

cells has a significant effect on the CTL-mediated immune response. MHC class 1 

deficiencies have been well documented in the literature as a key component of cancer cell 

immune evasion. These molecules may become lost or down-regulated, have structural 

defects in the β-2 microglobulin gene or in the transporter associated with antigen processing 

(TAP), defects in the antigen processing machinery, loss of one copy of chromosome 6 or of a 

fragment of DNA containing the MHC genes, defects in the regulatory mechanisms involved 

in MHC expression or mutations in the MHC class I heavy chains themselves (Khong and 

Restifo 2002).  

Loss of MHC class I expression on tumours has frequently been observed in many 

different cancer types including B cell lymphomas, colorectal, ovarian, melanoma, lung, renal 

and breast cancers (Palmisano, Pistillo et al. 2001; Norell, Carlsten et al. 2006; Romero, 

Aptsiauri et al. 2006). Most of these studies would suggest that loss of the MHC is associated 

with a poorer outcome for patients as a result of enhanced immune evasion by their cancers. 

However, some studies have found that the loss of MHC class I expression may actually be 

associated with a better prognosis and less aggressive tumours, as has been noted in human 

breast cancers (Madjd, Spendlove et al. 2005; Ramnath, Tan et al. 2006). This seemingly 
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paradoxical outcome may be partially explained by the findings of Watson et al., (1996) who 

found that colorectal cancers with reduced but not complete loss of MHC expression 

demonstrated a worse outcome and it was proposed that tumours that maintain low level 

MHC expression avoid killing by both CTLs and NK cells (Watson, Ramage et al. 2006). 

It has been demonstrated that cytokines such as the IFN’s, regulate the expression of 

MHC molecules on cells and play a significant role in restoring MHC expression (Janeway 

2005). In addition it has also been found that IFN’s increase the activity of other cells such as 

NK cells and macrophages, all of which are critical in the immune response to tumours 

(Janeway 2005) 

A number of studies have shown that IFNγ priming of allogeneic tumour cells greatly 

elevated the expression of many of the interacting surface molecules essential for binding and 

activation of CTL’s, particularly the MHC class I complex and co-stimulatory surface 

markers such as B7 (Sgagias, Nieroda et al. 1996; Wong, Hatzinisiriou et al. 1998; Dezfouli, 

Hatzinisiriou et al. 2003; Propper, Chao et al. 2003). However, it has also been proven in 

melanoma models that priming with a combination of IFNγ before treating with IFNβ, a type 

1 interferon, produces an even more powerful effect. This not only elevates, but also prolongs 

expression of these immune activating surface molecules (Dezfouli, Hatzinisiriou et al. 2003). 

This strategy was taken and adapted in this thesis to produce a murine breast cancer cell line 

which highly expressed the MHC class I molecule, in order to increase the capabilities of 

these cells for antigen presentation and use as a whole cell anti-breast cancer vaccine. 

 

1.5.2.3 Lack of co-stimulation 

Another aberration frequently detected in tumour cells involves down-regulation of 

co-stimulatory molecules expressed on the cancer cell surface (Wang, et al., 2004). 

Consequently, the tumour cells cannot function as efficient APC’s because they are unable to 
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deliver the co-stimulatory signals necessary for productive interactions and activation of T- 

lymphocytes. The best characterised and most potent co-stimulatory molecule known to date 

is the B7 family of membrane proteins (Wu, Huang et al. 1995). Interaction of the B7 

molecules B7-1 (CD80) and B7-2 (CD86) with their counter receptors CD28 and CTLA-4, is 

generally regarded as the primary co-stimulatory pathway producing potent activating or 

inhibitory signals to T-cells (Fig 1.3) (Leitner, Grabmeier-Pfistershammer et al. 2010).  

Many studies have outlined the importance of surface expression of the co-stimulator 

B7 in CTL activation resulting in protection from tumour growth in animal models (Chen, 

Ashe et al. 1992; Townsend and Allison 1993; Cavallo, Martin-Fontecha et al. 1995; Hurwitz, 

Kwon et al. 2000; Sartoris, Testi et al. 2003). In a study published by Hodge et al., it was 

found that the expression of B7-1 or B7-2 on carcinoma cells rendered tumours susceptible to 

rejection (Hodge, Abrams et al. 1994).  Further work then went on to show that transfecting 

the B7-1 gene to increase its expression on tumour cells resulted in rejection of the B7-1 

transfectants and, in some cases, systemic immunity to subsequent challenge with the non-

transfected tumour cells (Wu, Huang et al. 1995).  

Down-regulation of co-stimulatory molecules, including members of the B7 family on 

tumour cells leads to immune cell unresponsiveness because MHC class-I-restricted antigen 

presentation without transmission of the critical co-stimulatory signal to leukocytes results in 

their anergic response and ultimately, cell death (Wang and Chen 2004). A good example of 

the effect that the lack of co-stimulation can have is provided by studies with the B16 

melanoma model in mice (Dezfouli, Hatzinisiriou et al. 2003). Here, wild type B16F10 

melanoma tumour cells were shown to be poorly immunogenic and they did not stimulate an 

effective anti-tumour immune response in vivo. The B16F10 tumours were shown to be 

capable of delivering antigen-specific signals to T cells, but did not deliver the co-stimulatory 

signals necessary for full activation of T cells, because of the lack of B7 expression on their 
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surface. However, substantial gains in CTL responses and susceptibility to CTL killing could 

be obtained when syngeneic mice were vaccinated with whole cell vaccines genetically 

modified to express very high levels of surface B7-1 antigen in conjunction with interferon 

induced up-regulation of MHC class-I molecules when compared to vaccines prepared from 

cells with low B7 expression (Dezfouli, Hatzinisiriou et al. 2003). 

 

1.5.3 Cytotoxic T-lymphocyte antigen-4 (CTLA-4) expression 

Recent evidence increasingly supports the proposal that evolution of the malignant 

phenotype is partly characterised by changes in immune-regulatory molecules which render 

the malignant cells invisible to the immune system. CTLA-4 is a member of the 

immunoglobulin super-family that is expressed on activated T and B lymphocytes with 

expression up-regulated on a subpopulation of CD4
+
CD25

+
 regulatory T-cells (Treg) (Pistillo, 

Tazzari et al. 2003; Sojka, Hughson et al. 2009). Although the role of CTLA-4 in Treg 

immunosuppression is controversial many studies have shown that it plays important roles in 

Treg cell function. In 2006, Read et al., found that that using an anti-CTLA-4 MAb inhibited 

naturally occurring Treg function in vivo via direct effects on CTLA-4-expressing Tregs. 

Although the treatment completely inhibited the Treg function, it did not reduce their 

numbers, suggesting the MAb mediates its function by blockade of a signal required for Treg 

activity but not survival (Read, Greenwald et al. 2006).  

CTLA-4 transmits an inhibitory signal to T-cells via interaction with B7-1 and B7-2 

(see Fig 1.3). However, expression of CTLA-4 has also been found on many cancer cell lines 

(Contardi, Palmisano et al. 2005). The role of this interaction is to guard the normal cells in 

tissues against the possibility of unwanted and harmful self-directed immune responses. 

While this is a necessary function which aids in the maintenance of peripheral tolerance and 

preventing autoimmunity, it also acts as a barrier to successful immunotherapies aimed at 
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targeting malignant self-cells that display similar surface molecules (Korman, Peggs et al. 

2006). 

CTLA-4 has a higher affinity for B7-1 and B7-2 than does its competitor, CD28, and CTLA-4 

has the highest affinity for B7-1 than for B7-2 (Collins, Brodie et al. 2002). The greater 

competition for B7 binding of CTLA-4 versus CD28 on the cell surface results in negative co-

stimulatory signals being transmitted to T-cells. CTLA-4 is further enabled by structural 

advantages whereby analysis of cryocrystals of the CTLA-4 and B7-1 complex revealed that 

these molecules form an extended lattice-like network which is in contrast with the 

monovalent interaction between CD28 and B7, allowing CTLA-4 access to B7 from even 

distal positions (Stamper, Zhang et al. 2001). 

The role of CTLA-4 as a key negative regulator of CD28-dependent T-cell responses 

is most poignantly demonstrated by the phenotype of CTLA-4 knockout mice which succumb 

rapidly to lethal polyclonal CD4-dependent lymphoproliferation shortly after birth 

(Chambers, Sullivan et al. 1997). Recently, successful approaches to overcome the negative 

co-stimulatory signal provided by CTLA-4 have been achieved by using MAbs blocking 

CTLA-4 function. Anti-tumour effects of CTLA-4 blockade were first reported in murine 

models of colon carcinoma and fibrocarcinoma (Leach, Krummel et al. 1996) and was also 

shown to markedly enhance T-cell activation and effector cell differentiation when stimulated 

by an antigen (Krummel and Allison 1995).  Many studies have since demonstrated promising 

results using anti-CTLA-4 MAbs in many different cancer settings including breast, ovarian 

and cervical cancers, renal cell carcinoma and melanoma (Demaria, Kawashima et al. 2005; 

Yang, Hughes et al. 2007; Hodi, Butler et al. 2008; Klein, Ebert et al. 2009). After promising 

results obtained in numerous preclinical and clinical trials, Yervoy (the humanised version of 

anti-CTLA-4 MAb or Ipilimumab, produced by the pharmaceutical company, Bristol-Myers 

Squibb) was approved for use by the FDA in 2011 for treating cancer, particularly for patients 
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with late-stage (metastatic) melanoma. The safety and effectiveness of Yervoy was 

established in a single international study of 676 patients with melanoma who received four 

rounds comprising of doses of 3mg/kg body weight MAb given every three weeks for 12 

weeks. All patients in the study had stopped responding to other FDA-approved or commonly 

used treatments for melanoma. In addition, enrolled participants had disease that had spread 

or that could not be surgically removed. The study was designed to measure overall survival 

as the length of time from when the treatment was started until the death of each patient. The 

randomly assigned patients received either Yervoy plus an experimental melanoma antigen-

based tumour vaccine, called gp100, Yervoy alone, or the vaccine alone. Those who received 

the combination of Yervoy plus the vaccine or Yervoy alone lived an average of 10 months, 

while those who received only the experimental vaccine lived an average of only 6.5 months. 

Because severe to fatal autoimmune reactions were observed in 12.9% of patients treated with 

Yervoy, this drug was released with a Risk Evaluation and Mitigation Strategy to inform 

health care professionals about the serious risks (FDA 2011). Future progress in the use of 

anti-CTLA-4 therapy will most likely come from the use of the agent in combination with 

other adjuvants which will target several critical immunoregulatory pathways and molecules 

with the aim of modulating the immune response in a more specific and controlled manner. 
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Figure 1.3 Interactions of CTLA-4 and associated counter receptors. HLA molecules on the 

antigen presenting cell (APC) surface present processed peptide antigens to the TCR on T-

lymphocytes and provide signal 1. CD28 is constitutively present on the T-lymphocyte surface 

and binds to CD80 (B7-1)  or CD86 (B7-2) on the APC. CD28 is monovalent, and interaction 

with its ligands on the APC does not lead to cross-linking of CD28. CD28 activation conveys 

a co-stimulatory signal to the T-lymphocyte known as signal 2. Activation of the TCR and 

CD28 leads to transcription and increased mRNA stability of the CTLA-4 gene. Hence, cell 

surface expression of CTLA-4 is delayed occurring after the initial T-lymphocyte activation. 

CTLA-4 exists as a homodimer on the cell surface and its interaction with CD80 or CD86 

ligands on the APC is bivalent, allowing cross-linking aggregation of CTLA-4. Multivalent 

cross-linking is essential for the immunosuppressive signal conveyed by CTLA-4 (Cranmer 

and Hersh 2007).  
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1.6 Regulatory T-cells (Tregs) and cancer 

1.6.1 Overview 

The human body is a master at regulating the balance and homeostasis of its systems. 

Therefore if an immune response arises at one end of the scale, then it is not too surprising 

that an opposing or counteracting response exists, working in the other direction to maintain 

homeostasis. In this manner, the immune system not only gives rise to activated effector T-

cells but also produces a population of inhibitory T-cells named Regulatory T-cells or Tregs. 

Tregs were found to be a naturally occurring subset of T-cells which constitutively expressed 

CD25 (the IL-2 receptor α-chain) and were also more recently found to express the specific 

transcription factor Forkhead box P3 (FoxP3) (Sakaguchi 2004). Recent studies showed that 

CD4+ T cells constitutively expressing CD25 act in a regulatory capacity by suppressing the 

activation and function of other T cells (Shevach 2001). Tregs have since become recognised 

as the primary mediators of peripheral tolerance and immune regulation (Vignali, Collison et 

al. 2008) as specialised lymphocytes that limit immune responses which would otherwise be 

potentially damaging to the host. Tregs have been found to play pivotal roles in preventing 

auto-immune diseases such as type 1 diabetes and psoriasis (Sakaguchi, Sakaguchi et al. 

2001; Sugiyama, Gyulai et al. 2005), limiting the development of chronic inflammatory 

diseases such as allergies, asthma (Umetsu, Akbari et al. 2003) and inflammatory bowel 

disease (IBD) (Coombes, Robinson et al. 2005). Their induction can also provide a treatment 

for Graft Versus Host Disease (GVD) (Pidala and Anasetti 2010) and autoimmune arthritis 

(Oh, Rankin et al. 2010). However, these cells can also block beneficial responses by 

preventing sterilizing immunity against certain pathogens. More importantly to this project is 

the role of Tregs on the host suppression of anti-tumour immunity (Kosmaczewska, Ciszak et 

al. 2008).  
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Previous studies have shown that elevated numbers of CD4
+
 CD25

+ 
Foxp3

+
 Tregs can 

be found in advanced stage cancer patients (Woo, Yeh et al. 2002) and that high Treg 

frequencies were associated with reduced survival (Curiel, Coukos et al. 2004). The important 

role of CD4
+
 CD25

+ 
Foxp3

+
 Tregs in controlling tumour growth was further highlighted by 

the demonstration that depletion of Tregs using anti-CD25 antibodies has been used to evoke 

effective antitumour immunity in mice (Onizuka, Tawara et al. 1999; Shimizu, Yamazaki et 

al. 1999). 

 

1.6.2 Treg markers and classification 

Initial characterization of these cells identified them as CD4
+
CD25

+
 T-cells 

(Sakaguchi, Sakaguchi et al. 1995) and although mostly correct, such a broad classification 

would also include some activated effector T-cell populations. It was not until the discovery 

of FoxP3, as the master transcription factor specific to Treg development, that isolation and 

characterization of true Tregs was possible and led to the modern definition of typical Tregs 

as CD4
+
CD25

+
FoxP3

+
 cells (Hori, Nomura et al. 2003). 

Tregs can be classified into two broad categories based on their origin, mechanism of 

action and function: 1) Naturally occurring Tregs or nTregs and 2) Adaptive Tregs or aTregs. 

The nTregs are generated in the thymus through MHC class II dependent T-cell receptor 

interactions resulting in high avidity selection (Sakaguchi 2001). Although nTregs comprise a 

small population of only 5–10% of peripheral CD4+ T-cells, their existence is vital. In new 

born mice, nTregs migrate from the thymus into the periphery after day 3 of life, and 

thymectomy of mice at day 3 results in lethal autoimmunity due to the lack of peripheral 

Tregs (Asano, Toda et al. 1996). nTregs express the characteristic Treg markers, CD4, CD25 

and FoxP3
+
. They also express negative effector receptors, such as CTLA-4, LAG-3, CD39 

and CD73, as well as costimulatory molecules CD28, CD80/86 (B7), CD40, OX40 and 4-
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1BB (Vignali, Collison et al. 2008).  Additional surface markers including CD127, GITR, 

CD45RA and CD103 are often used to increase specific Treg isolation (Wan and Flavell 

2007). These cells exert pleiotropic suppressive effects on immune responses to alloantigens, 

tumour antigens and infectious agents (Shevach, DiPaolo et al. 2006). nTregs are non-

responsive when stimulated via the TCR alone, but are able to proliferate when co-stimulated 

by IL-2 (Thornton and Shevach 1998). Upon activation via the TCR, they then suppress the 

proliferation of both CD4
+
 and CD8

+
 T-cells (Shevach, DiPaolo et al. 2006) 

The aTregs are CD4+ T-cells which develop and acquire CD25 (IL-2Rα) expression 

in the periphery, outside of the thymus, and are typically induced by inflammation and disease 

processes such as autoimmunity and cancer. These cells can be further divided into three 

groups depending on their levels of FoxP3 expression and cytokine production, including one 

FoxP3 
+
 and two FoxP3

-
 subtypes. FoxP3

+
 aTreg express and act exactly like FoxP3

+
 nTregs 

except for the difference in their source of origin (thymus versus periphery). The two FoxP3
-
 

aTreg types are induced by and secrete different cytokines and are classified as either type 1 

regulatory T-cells (Tr1) or T helper 3 cells (Th3). Tr1 are activated in the presence of IL-10 

and IL-2 and secrete a profile of cytokines distinct from Th1 and Th2 effector cells in that Tr1 

produce high levels of IL-10 and low levels of TGF-β or IL-5. By contrast, Th3 cells 

preferentially secrete TGF-β, with varying amounts of IL-4 and IL-10. While both subsets of 

aTregs are generated by the presence of different cytokines, they both exert their suppressive 

effects by secreting the same cytokines that are responsible for their induction (IL-10 or 

TGFβ) (Shevach, DiPaolo et al. 2006). Both nTregs and aTregs share cell surface markers 

characteristic of an activated T-cell including CD25, CTLA-4, GITR, CD62L and CD45RB
lo

 

(Zheng 2008).  

 



 58 

1.6.3 Tregs and cancer 

The involvement of Tregs in the maintenance of peripheral tolerance has been well 

documented (Sakaguchi 2001; Sakaguchi, Sakaguchi et al. 2001; Wickelgren 2004). 

However, to the immune system, cancers appear as “self” tissues and the presence of Tregs in 

and around the tumour micro-environment often prevents the initiation of anti-tumour 

immune responses. Thus, many studies have established increased numbers of Tregs present 

in the tumour environment of many different cancer types including melanoma (Viguier, 

Lemaitre et al. 2004), lymphoma (Yang, Novak et al. 2006), and ovarian (Woo, Chu et al. 

2001; Wolf, Wolf et al. 2003), pancreatic, breast (Liyanage, Moore et al. 2002), gastric 

(Kawaida, Kono et al. 2005), and lung cancers (Woo, Yeh et al. 2002). Also of importance is 

the finding that an increased frequency of Tregs in cancer patients is correlated with tumour 

progression (Kono, Kawaida et al. 2006) poorer prognosis and reduced survival (Curiel, 

Coukos et al. 2004; Knutson, Disis et al. 2007) and inversely correlated with the efficacy of 

treatment (Kono, Kawaida et al. 2006). 

In 2006, Zou identified four possible mechanisms whereby Tregs inhibited the 

immune responses at the tumour site: i) Tregs induce B7-H4 expression by dendritic cells 

(DCs) that is able to induce cell cycle arrest in other T cells; ii) activated human Tregs can 

directly kill target effector T cells through perforin or granzyme-B dependent pathways; iii) 

Tregs expressing CTLA-4 can induce the tryptophan degrading enzyme Indoleamine 2,3 

dioxygenase (IDO) expression in DCs to suppress T cell activation and iv) Tregs can release 

IL-10 and TGB-β in vivo that directly inhibit T cell activation and DC function (Zou 2006). A 

further mechanism may involve the expression of CTLA-4 on the surface of Tregs. A recent 

study by Wing et al., (2008) identified that CTLA-4 expression on Tregs mediated the down 

regulation of CD80 (B7.1) and CD86 (B7.2) on APCs thereby reducing CD28 co-stimulation 

and affecting their ability to successfully activate nearby effector cells. This interaction was 
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demonstrated by the fact that a more robust anti-tumour immune response was generated in 

CTLA-4 deficient mice compared to in wild type mice (Wing, Onishi et al. 2008). Evidence 

exists that Tregs interact with APCs and cause them to overproduce IDO such that IDO 

producing plasmocytoid DCs activate Tregs, which then cause the up-regulation of PD-L1 

and PD-L2 on target DCs, resulting in further suppression of effector cells (Sharma, Baban et 

al. 2007). This mechanism resembles a feedback loop whereby Tregs interact with DCs 

through CTLA-4 causing increased IDO production which then increases the number of IDO 

producing pDCs, which then in turn activates more Tregs (Fallarino, Grohmann et al. 2003). 

It is clear from the above section that Tregs play a substantial role in the evasion and 

regulation of the immune response in cancer. Therefore blockade or depletion of this T-cell 

subset represents an exciting area of study with the potential to improve immunotherapeutic 

applications by manipulating Treg populations in cancer. 

1.6.4 Immunotherapeutic strategies targeting Tregs 

 

In murine tumour models, increasingly the evidence indicates that by ablating Treg 

populations, an effective anti-tumour immune response can be mounted. Pioneering work 

showed that tumour regression could be relatively simply achieved by depleting Treg 

populations using a single monoclonal antibody against CD25 (PC61 MAb) (Onizuka, 

Tawara et al. 1999). More recently, at the American Society of Clinical Oncology annual 

scientific meeting Rech et al.,(2010)  reported results from a phase I clinical study where a 

single infusion of anti-CD25 MAb, Daclizumab (the humanised version of anti-CD25 MAb 

manufactured by the pharmaceutical company, Roche) results in rapid, marked, and 

prolonged loss of CD25
+
 FoxP3

+
CD4

+
 Tregs without any sign of toxicity in patients with 

metastatic breast cancer. A combinatorial approach utilising adoptive transfer of activated 

CD8
+
 T-cells coupled with the addition of anti-CD25 MAb in a murine renal carcinoma 
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model has also shown that mice receiving combined treatment had complete regression of 

tumours with no re-growth (Ohmura, Yoshikawa et al. 2008). 

In contrast, some studies have shown that completely knocking out the CD4
+
CD25

+
 

compartment may also hamper immunotherapeutic strategies by unintentionally interfering 

with activation of the anti-cancer immune response. For example, Curtin et al., (2008) found 

no improvement in survival when Tregs were depleted 24 days after tumour implantation, and 

administering anti-CD25 MAb PC61 at 24 days after tumour implantation in fact inhibited the 

T-cell-dependent tumour regression and long term survival. They found that PC61 

administration 7 days after treatment with immune stimulating agents resulted in no 

significant survival benefit over control mice. This was proposed to be due to depletion of 

and/or functionally inactivating tumour antigen-specific T-lymphocytes that had become 

activated in response to prior therapy. These results highlight the possibility that depleting the 

Tregs by targeting CD25 might also interfere with the induction of adaptive immune 

responses against tumour antigens (Curtin, Candolfi et al. 2008). 

J.P. Allison, who pioneered the development of Yervoy initially demonstrated that 

Treg depletion and tumour regression could be achieved by targeting CTLA-4 on Tregs, using 

an anti-CTLA-4 MAb alone or in combination with a granulocyte/macrophage colony-

stimulating factor (GM-CSF)-expressing tumour cell vaccine against melanoma. The 

combination therapy yielded the greatest response with an 80% eradication of established 

tumours (van Elsas, Hurwitz et al. 1999). The constitutive expression of CTLA-4 on Tregs 

has raised the possibility that blocking its function could act by depleting or inhibiting Treg 

activity. However, one recent study has demonstrated that anti-CTLA-4 treatment had no 

effect on the relative number or function of Tregs in patients with renal cell carcinoma or 

metastatic melanoma (Maker, Attia et al. 2005). In addition, it has been shown by other 

groups that anti-CTLA-4 MAb treatment can actually expand the numbers of Tregs 
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(Kavanagh, O'Brien et al. 2008). However, further studies have identified that anti-CTLA-4 

therapy is more likely to act directly on the activation of CD4
+
 and CD8

+
 populations by 

removing a checkpoint on their proliferation and function rather than by depleting Tregs  

(Fong and Small 2008). Recent studies have helped to explain the exact role of CTLA-4 on 

Tregs and suggested that CTLA-4 expression is essential in the maintenance of the 

suppressive function of Tregs. Thus, its expression on these cells is critical for the regulation 

of lymphocyte proliferation, and its blockade on Tregs allows the generation of more effective 

anti-viral and anti-tumour T-cell responses and/or facilitates the emergence of autoimmune 

disease (Wing, Onishi et al. 2008; Sojka, Hughson et al. 2009). Some studies have reported 

that Tregs from CTLA-4-deficient mice showed uncompromised suppressive activity with the 

Tregs having compensatory immunosuppressive mechanisms such as up-regulated IL-10 and 

TGFβ expression. As a result of such observations it was concluded that CTLA-4 regulates 

Treg function by two distinct mechanisms- one required during the functional development of 

Tregs, and the other during the effector phase, when the CTLA-4 signalling pathway is 

required for the suppressive capabilities of Tregs (Tang, Boden et al. 2004).  

Pre-clinical studies with therapies combining Treg depletion by targeting both CD25 

and CTLA-4 are showing promise with greater responses observed in combination than with 

either agent used alone. Combined therapy is aimed at targeting the two immunosuppressive 

mechanisms that control auto-reactive T-cells. Using the B16F10 murine melanoma model, 

combining CTLA-4 blockade with depletion of CD25
+
 Treg cells resulted in greater levels of 

tumour rejection (Sutmuller, van Duivenvoorde et al. 2001). The efficacy of anti-tumour 

therapy correlated with the extent of autoimmune skin depigmentation on treated mice as well 

as with the frequency of tumour associated antigen (TAA) tyrosinase-related protein 2
180–188

 

peptide specific CTLs detected in the blood. Furthermore, tumour rejection depended on the 

induced CD8
+
 CTL subset. The synergism that resulted from the combined effects of CTLA-4 
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blockade and depletion of CD25
+
 Treg cells indicated that CD25

+
 Treg cells and CTLA-4 

signalling could represent two distinct pathways for suppression of auto-reactive T-cell 

immunity (Sutmuller, van Duivenvoorde et al. 2001).  

In another related study, Tuve et al., (2007) found that in a murine cervical cancer 

model, treatment with anti-CD25 MAbs was inefficient in controlling tumour growth. 

Furthermore, systemic CTLA-4 blockade did not effectively inhibit tumour regression but 

lead to spontaneous development of autoimmune hepatitis. Therefore this group tested more 

localised delivery of anti-CTLA-4 treatment, combined with systemic anti-CD25 Treg 

inhibition and found that permanent tumour regression and immunity was induced (Tuve, 

Chen et al. 2007). The results of the two studies with combination therapy above, when 

considered together, indicate that Treg depletion accompanied with anti-CTLA-4 blockade 

may provide a promising new approach for the induction of therapeutic anti-tumour 

immunity.  

1.7 The Galectins and their role in cancer and immunity 

1.7.1 Overview of galectin production and function 

The galectins are a large family of evolutionary conserved carbohydrate binding 

proteins which have recently attracted the considerable attention of immunologists as novel 

regulators of inflammation and autoimmunity (Barondes, Castronovo et al. 1994; Rabinovich, 

Baum et al. 2002; Rabinovich, Rubinstein et al. 2002). Members of the galectin family are 

defined by a conserved carbohydrate-recognition domain (CRD) with a canonical amino acid 

sequence and affinity for β-galactosides (reviewed in (Barondes, Cooper et al. 1994). To date, 

15 mammalian galectins have been identified (Ilarregui, Bianco et al. 2005). Based on their 

molecular architecture, galectins have been classified into three groups; proto-, chimera- and 

tandem repeat-types. This classification proposed by Hirabayashi and Kasai in 1993 was 



 63 

defined mainly according to the architectural features of this protein family, without any 

functional or evolutionary connotation. Prototype galectins function as homo-bifunctional 

cross-linkers able to dimerise in a non-covalent fashion. On the other hand, chimera- and 

tandem repeat-types act as heterobifunctional cross-linkers of glycoconjugates. Chimera-type 

galectins are designed to link carbohydrate and non-carbohydrate biomolecules (e.g., 

polynucleotides and polypeptides). The tandem repeat-type can cross-link different types of 

glycoconjugates (Hirabayashi and Kasai 1993). The architecture of the different galectin 

family members is demonstrated in Figure 2.8 below. 

 

 

Figure 1.4. Architectural types of galectins. (Hirabayashi, Hashidate et al. 2002) 

Some galectins are found in a wide variety of tissues, whereas others have a more 

restricted localisation. The expression of galectins is modulated during the activation and 

differentiation of immune cells and changes under different physiological or pathological 

conditions (Rubinstein, Ilarregui et al. 2004). The galectins can be present and function both 

intracellularly and extracellularly. Although galectins have features of cytosolic proteins, 

some types can be secreted extracellularly by non-classical (non-ER-golgi) pathways (Leffler, 
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Carlsson et al. 2004). The extracellular galectins modulate cell adhesion and induce 

intracellular signals
 
by cross-linking cell-surface and extracellular glycoproteins,

 
possibly by 

forming supramolecular ordered arrays (Sacchettini, Baum et al. 2001).
 
Galectins may also 

bind intracellular
 
non-carbohydrate ligands and play regulatory roles

 
in processes such as 

RNA splicing, apoptosis, and cell cycle regulation (Liu, Patterson et al. 2002). Thus, a huge 

body of evidence
 
points to multifunctional effects of the galectin superfamily (Leffler 2001; 

Gabius, Andre et al. 2002).  

1.7.2 Galectins and the immune response 

Galectins are important because they bind to carbohydrates causing the mediation of 

crucial cell activities including fertilisation, cell growth and apoptosis, cell adhesion and 

migration, endocytosis, and immune mediator production/release (He, Andre et al. 2003). Cell 

surface glycoconjugates on activated T-cells are the primary receptors for extracellular 

galectins and include the TCR, CD45, CD43, CD2, CD3, CD7, CD29 and CTLA-4, whose 

binding to galectin results in a molecular lattice that regulates membrane localisation and 

concentration of glycoproteins at the cell surface and causes a redistribution of many of these 

receptors into segregated membrane micro-domains (Rubinstein, Ilarregui et al. 2004; 

Grigorian, Torossian et al. 2009). Modification of T-cell surface glycoproteins has been 

shown to create T-cells that are resistant to galectin-induced cell death. These surface 

receptors are augmented by enzymes called glycosyltransferases that mask galectin saccharide 

ligands (Rubinstein, Ilarregui et al. 2004). 

In particular, in relation to the role of galectins in immunity, these proteins have been 

found present in high levels in primary and secondary lymphoid organs as well as in 

circulating immune cells (Rabinovich, Baum et al. 2002). Expression of galectins on thymic 

stromal cells functions to promote the apoptosis of self reactive T-cells and in the periphery 



 65 

and galectin-1 (Gal-1), the prototypic member, efficiently induces the apoptosis of activated 

effector T-cells (Perillo, Pace et al. 1995). Within the body the galectins have been shown to 

be important for both adaptive and innate immune responses with family members having 

different roles. Some are capable of acting as amplifiers of the inflammatory cascade, whereas 

others excite homeostatic signals to repress potentially damaging immune responses and stop 

the spread of inflammation (Rabinovich, Baum et al. 2002; Rubinstein, Ilarregui et al. 2004). 

Recently, research has indicated that a particular galectin will have a different or 

contrasting effect on the immune response depending on whether it is found intracellularly or 

extracellularly (see Figure 2.9) (Rubinstein, Ilarregui et al. 2004). For example, in prostate 

cancer cells, localization of galectin-3 (Gal-3) in the cytosol promoted the cancer cell 

invasion, anchorage-independent cell growth, tumour angiogenesis, and inhibited cancer cell 

apoptosis in response to pro-apoptotic triggers. In contrast, localising Gal-3 expression to the 

nuclei of the same prostate cancer cell line had the opposite effect, inhibiting invasion, 

reducing anchorage dependent growth and promoting apoptosis (Califice, Castronovo et al. 

2004).  

In contrast to the anti-apoptotic function of intracellular Gal-3, intracellular Gal-7 

expression was shown to induce apoptosis of colon cancer cells and may involve the pro-

apoptotic function of the p53 gene (Polyak, Xia et al. 1997). In addition, intracellular Gal-7 

expression in damaged keratinocytes sensitized these cells to UV induced apoptosis and was 

proposed as a mechanism for preventing development of skin cancer (Bernerd, Sarasin et al. 

1999). Gal-9 expression, like Gal-7, may inhibit tumour formation and metastasis. The 

intracellular expression of Gal-9 can activate pro-inflammatory cytokines such as IFNγ and 

IL-1 from monocytes (Matsuura, Tsukada et al. 2009). The extracellular expression of Gal-9 

has been associated with down regulating the metastatic potential of tumour cells by 
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suppressing both their attachment and invasion of tumour cells. This is achieved by inhibiting 

the binding of adhesive molecules on tumour cells to ligands on vascular endothelium and the 

extra cellular matrix (Nobumoto, Nagahara et al. 2008). 

Gal-1, Gal-3 and Gal-, 9 have been associated with breast cancer biology (Carlsson, 

Oberg et al. 2007; Nobumoto, Nagahara et al. 2008; Dhirapong, Lleo et al. 2009), although 

their localisation may ultimately dictate their function. Research has found that both normal 

and cancer cells can differ widely in their ability to secrete galectins into the tumour micro-

environment (Hughes 1999).  Thus, it has been shown that Gal-3 secretion by WEHI-3 

murine macrophages, baby hamster kidney (BHK) cells and Madin-Darby canine kidney 

(MDCK) cells is limited, with all three lines shown to secrete little, if any, of their 

endogenous Gal-3, suggesting that under most conditions Gal-3 secretion is gated so that only 

a part of the free cytoplasmic lectin reaches the outside of the cell (Hughes 1999). With 

particular reference to galectin expression in tumour cells, studies incorporating a broad panel 

of tumour cell lines showed that Gal-3 was a cytosolic protein with no detectable levels found 

in the extracellular medium, indicating that cancer cells do not secrete this galectin (Satelli, 

Rao et al. 2008). Although Gal-3 has recently been found to play a significant role in 

immunosuppression when secreted from glioma-associated cancer initiating cells (Wei, Barr 

et al. 2010), Gal-3 levels secreted by breast cancer cells are reportedly low to almost 

negligible (Baptiste, James et al. 2007; Satelli, Rao et al. 2008).  A similar trend of limited 

secretion has been observed for most of the galectin family members (Hughes 1999).  

One exception to this appears to be Gal-1, and in the CHO-K1 cell line, almost all 

newly synthesized Gal-1 was found to be secreted (Cho and Cummings 1995). Secretion of 

Gal-1 has also been confirmed in human serum samples from patients with head and neck 

squamous cell carcinomas and malignant thyroid disease where Gal-1 is readily detected in 
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the serum of these patients with levels sometimes found to be double that of healthy controls 

(Saussez, Glinoer et al. 2008; Saussez, Lorfevre et al. 2008). Based on secretion profiles of 

Gal-3 and localisation profiles of other relevant galectins, most in the family can be excluded 

as likely contributors to the total galectin mediated immunosuppressive function in breast 

cancer, leaving the secreted Gal-1protein as the main contributing galectin in breast cancer 

immunosuppression. Therefore, Gal-1 is identified as an important target for the development 

of novel anti-cancer therapies (Ingrassia, Camby et al. 2006). 

 

Figure 1.5. Diagram showing the reported intracellular and cell surface localization of 

several galectin family members. All galectins are produced in the cytosol. Galectins-1, 3, 7, 

8, and 12 are all localized in the cytoplasm. Galectins-1 and -3 can also be transported to the 

nucleus, with roles in mRNA splicing and transcriptional regulation. In addition, galectin-3 

can associate with the mitochondria following apoptotic stimuli. Galectins-1, 3, 7, 8, and 9 
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are secreted by a non-classical pathway. Once secreted, galectins avidly bind to glycoprotein 

or glycolipid ligands expressed on the cell surface or in the surrounding extra-cellular 

matrix. In addition, galectin-9 can insert into the plasma membrane, where it acts as a ureate 

transporter in renal epithelial cells. The functions of galectins are influenced by the sites of 

localization inside or outside the cell (Stillman, Mischel et al. 2005). 

Gal-1 is one of the more extensively characterised galectins. Gal-1 is a homodimeric 

protein consisting of two identical subunits of 14-kD, each containing 134 amino acids. The 

protein exists in a reversible monomer-dimer equilibrium, binds to lactosamine residues 

present on N- and O- linked glycans, is developmentally regulated and not subject to post-

translational modifications (Cho and Cummings 1995).  

It has become clear that Gal-1 inhibits T-cell effector functions by promoting the 

growth arrest and apoptosis of immature thymocytes as well as activated, (but not resting) 

effector T-cells through Erk phosphorylation and activation of specific transcription factors 

(Rabinovich, Ramhorst et al. 2002). Other immune inhibitory mechanisms mediated by Gal-1 

include inducing partial T-cell activation, and/or blocking pro-inflammatory cytokine 

secretion. Further, it has been shown that Gal-1 can induce apoptosis specifically through 

TCR binding and modulating signal transduction, inhibiting polarised lipid raft formation and 

inducing partial ζ-chain phosphorylation (Vespa, Lewis et al. 1999; Chung, Patel et al. 2000). 

It has also been hypothesised that Gal-1 facilitates apoptosis of activated T-cells by binding 

Fas to activate the Fas/caspase-8 pathway (Matarrese, Tinari et al. 2005). Apoptosis induction 

in vitro, so far, has only been observed using high concentrations of the Gal-1 protein (above 

7µM), when the protein will predominantly exist as a dimer rather than monomeric at 

concentrations <7 μM (Perillo, Pace et al. 1995; van der Leij, van den Berg et al. 2004) 

suggesting that the dimeric form of the protein is required to induce apoptosis. Evidence for 
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this was found by treatment of MOLT-4 T-leukemic cells with mutant monomeric Gal-1 

which could bind but did not induce apoptosis of these cells, unlike the dimeric form (Dias-

Baruffi, Zhu et al. 2003).  

Studies have shown that in-vivo therapeutic administration of dimeric Gal-1 

suppresses Th1 dependent inflammation in experimental models of autoimmunity by 

increasing T-cell susceptibility to activation-induced-cell-death (ACID) and skewing the 

balance of the immune response toward a Th2 profile. More recent studies have supported 

this and identified Gal-1 as a cross-regulatory cytokine that selectively antagonises Th1 

survival, promoting TCR-induced Th2 cytokine production. It was also found that Th2 

protection from apoptosis correlated with an increase in intracellular expression of Gal-3 

(Santucci, Fiorucci et al. 2003; Motran, Molinder et al. 2008). Further studies identified that 

the skewing of immune stimulation from the Th1 to Th2 immune profile can be attributable to 

differences in glycoprotein expression on Th1, Th17 and Th2 cell surfaces. Thus, it was found 

that although Th1 and Th17–differentiated cells expressed the repertoire of cell surface 

glycans critical for Gal-1–induced cell death, Th2 cells were protected from Gal-1 through 

differential sialylation of cell surface glycoproteins (Toscano, Bianco et al. 2007). 

Gal-1 has also been identified as an autocrine negative regulator of CD8 burst size 

(Liu, Tomassian et al. 2009). By adoptive transfer of Gal-1 deficient TCR transgenic CD8
+
 

cells into wild type hosts, it was found that antigen-induced Gal-1 production by activated 

CD8
+
 cells was responsible for limiting their expansion and effector activity. Gal-1 induced 

the production of the immunosuppressive cytokine interleukin-10 (IL-10), and promoted the 

production of Tregs, when it was shown that treating PBMCs with high concentrations of 

Gal-1 resulted in decreased IFNγ production and a marked, dose-dependent increase in IL-10 

production (van der Leij, van den Berg et al. 2004). It should be recalled that development of 
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the immunosuppressive capacity of peripheral Tr1 Tregs is dependent on the presence of IL-

10 (Groux, O'Garra et al. 1997), supporting the proposed role of Gal-1 in inducing Treg 

populations. 

Studies have shown that Gal-1 is selectively up-regulated on the surface of Tregs 

(Garin, Chu et al. 2007). By transcriptomic and proteomic analysis of activated CD4
+
CD25

+
 

T-cells it was found that Gal-1 expression was up-regulated upon TCR activation. This study 

also showed that when Gal-1 expression is knocked down, the Gal-1-null-CD4
+
CD25

+
 T-cells 

were less capable of inhibiting proliferation of effector T-cells, resulting in higher levels of 

IL-2 produced than in those co-cultures seeded with wild type CD4
+
CD25

+
 T-cells (Garin, 

Chu et al. 2007). These results suggest that Gal-1-null-CD4
+
CD25

+
 T-cells have a reduced 

capacity to inhibit transcription of IL-2 by responder cells and considered in toto the above 

observations implicate Gal-1 as having a significant role in CD4
+
CD25

+
 Treg function. 

1.7.3 The galectins and cancer immunity 

The expression of galectins has been well documented in immune-privileged organs as 

well as in many different tumour types including astrocytoma, prostate, thyroid, colon, 

bladder, ovary and breast carcinomas (Rubinstein, Ilarregui et al. 2004). Interestingly, such 

expression correlated with the aggressive nature of these tumours and the acquisition of 

metastatic disease. Figure 1.6 provides a diagrammatic overview of galectin functions in 

cancer. To date, Gal-1 and Gal-3 over-expression has been detected in several tumours 

(Lotan, Ito et al. 1994; Schoeppner, Raz et al. 1995; Bresalier, Yan et al. 1997; Sanjuan, 

Fernandez et al. 1997; Gillenwater, Xu et al. 1998; Hsu, Dowling et al. 1999). Gal-3 in 

malignant lesions has been reported to be directly associated with more advanced stages of 

the tumours (Lotz, Andrews et al. 1993; Xu, el-Naggar et al. 1995; Castronovo, Van Den 

Brule et al. 1996). In functional studies, it was shown that introducing human Gal-3 
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expression into non-tumourigenic Gal-3-null breast cancer cells led to tumour formation in 

athymic mice. Furthermore, in colon cancer, metastasis formation was increased by elevated 

Gal-3 expression in the cancer cells (Bresalier, Yan et al. 1997). 

Given recent findings that expression of galectins is elevated with neoplastic 

progression in malignancies, it follows that the galectins should provide for reliable tumour 

markers. The use of Galectins as biomarkers for cancer could help to identify the disease and 

serve as a therapeutic target (Balan 2010). For example, Gal-3 may provide a potential 

biomarker to determine the prognosis and metastatic potential of breast tumours, particularly 

when it is histologically difficult to distinguish between metastatic and non-metastatic cancers 

and expression and focal staining for Gal-3 varies according to histological type, correlating 

with prognosis and metastatic potential (Fernandez-Aguilar and Noel 2008). Gal-3 is a 

surrogate diagnostic marker for Matrix Metalloproteinases (MMP) activity in breast tumours 

where specifically, MMP-2 and MMP-9 are important for initiation and development of 

tumour vascularisation. Because Gal-3 is cleaved by MMPs and co-localises with active 

MMPs, antibodies distinguishing the cleaved and non-cleaved forms of Gal-3 indicate the 

presence of active MMPs in a cancer (Nangia-Makker, Raz et al. 2007). As the level of 

cleaved Gal-3 increases during cancer progression, the amount of intact protein decreases so 

that immuno-staining has been suggested as a reliable biomarker for breast cancer 

progression. 

Gal-1 expression levels have also been correlated with the degree of dysplasia in colon 

cancer, suggesting that Gal-1 is related to malignant progression in this tumour type (Hittelet, 

Legendre et al. 2003). Analysis of Gal-1 expression in bladder cancer established that mRNA 

levels greatly increased in high grade tumours compared with that of normal bladder or low 

grade tumours (Cindolo, Benvenuto et al. 1999). Gal-1 expression in prostate cancer again 
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confirmed a significant role in the development of an aggressive phenotype when Gal-1 was 

shown to accumulate in the stroma of increasing metastatic tumours but was not detected in 

the stroma of normal tissue (van den Brule, Waltregny et al. 2001). 

Gal-1 expression on cancer cells has been shown to play key roles in two important aspects of 

tumour progression. Firstly, Gal-1 supports metastatic formation by facilitating tumour cell 

adhesion to endothelial cells (EC) (Lotan, Ito et al. 1994). Secondly, Gal-1 protects the 

tumour against immune attack as it causes apoptosis of activated effector lymphocytes. A 

third key role of Gal-1 in tumour biology was recently shown when it was found that Gal-1 

expression is critical to the process of tumour angiogenesis (Thijssen, Postel et al. 2006). 

Thus, Gal-1 has a direct involvement in EC proliferation and migration in vitro in that Gal-1 

knockdown in cultured ECs inhibits their cell proliferation and migration. However, in vivo it 

was observed that tumour growth was markedly impaired due to insufficient angiogenesis in a 

Gal-1-null mouse model. Furthermore, tumour growth in Gal-1-null mice no longer 

responded to anti-angiogenic treatment by Anginex, an angiostatic peptide that inhibits Gal-1 

function by locking Gal-1 via the CRD onto its bound carbohydrate ligand (Thijssen, Postel et 

al. 2006) It can be concluded from this section that blocking Gal-1 function should have 

strong therapeutic potential to help shift the balance towards a T-cell mediated anti-tumour 

immune response rather than the existing tumour evading T-cell response (Rubinstein, 

Ilarregui et al. 2004). 
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Figure 1.6. Roles of galectins in tumourigenesis. Galectins have important roles during 

various steps of tumour related processes, including tumour cell transformation, cell-cycle 

regulation and apoptosis. A) Gal-1 and Gal-3 promote neoplastic transformation by 

interacting with the oncogene, Ras (H-RAS and K-RAS as shown here), to enhance raft 

formation and Ras-mediated signal transduction (shown here to involve RAF1, extracellular 

signal-regulated kinase (ERK), phosphatidylinositol-3-kinase (PI3K) and the serine/threonine 

kinase AKT. B) Galectins can also control tumour progression by modulating cell-cycle 

progression. Gal-3 regulates the levels of known cell-cycle regulators (including cyclins A, E 

and D), as well as the cell cycle inhibitors p21 (WAF 1) and p27 (KIP1), resulting in cell 

cycle arrest. Gal-1 and -12 induce arrest at an assortment of stages of the cell cycle, although 

the molecular mechanisms of this have not been explained. C) Galectins also regulate 

apoptosis. Gal-1 and Gal–9 can induce tumour cell apoptosis when bound to the cell 
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membrane, whereas Gal-7 and -12 promote apoptosis through intracellular mechanisms. 

Gal-3 prevents apoptotic functions and it translocates to the perinuclear membrane and to the 

mitochondria in cells exposed to apoptotic stimuli. The translocation is dependent on synexin, 

a phospholipid and Ca
2+

 binding protein, which is one of the Gal-3 interacting proteins. Gal-

3 might also function by interacting with intracellular apoptosis regulators such as BCL2, or 

might facilitate the localization of BCL2 to the mitochondria, although there is no definitive 

evidence to establish this (Liu and Rabinovich 2005). 

1.7.4 Galectins and their carbohydrate conjugates 

All galectins recognise two basic disaccharides, Galβ1-3GlcNAc and Galβ1-4Glc 

(NAc), but further branching, repetition, and substitutions can be used to increase/decrease 

the binding affinity of the carbohydrate to a particular galectin. Some of these glycans can 

bind to the galectins in an extended manner, binding to both the N-terminal and the C-

terminal CRDs of the tandem repeat type galectins (Hirabayashi, Hashidate et al. 2002). It has 

been found that many galectins show increased affinity for branched chain N-glycans, and 

when the carbohydrate branching increases to bi-, tri- and tetra-antennary saccharides, the 

affinities towards galectins increased synergistically. However, Gal-3 showed only poorly 

enhanced affinity to branched N-glycans and has an extremely high affinity for the more basic 

saccharides (Hirabayashi, Hashidate et al. 2002).  

Although most mammalian galectins bind preferentially to glycoconjugates containing 

the commonly found disaccharide N-acetyllactosamine (Fig 1.7), binding occurs to individual 

units at relatively low affinity. However, arrangements of lactosamine disaccharides in 

repeated chains increases their binding affinity (Rubinstein, Ilarregui et al. 2004). Galectins 

have a jelly-roll-like folding pattern. The profiles of fine specificities of individual galectins 



 75 

differ when tested against a wide panel of synthetic and natural oligosaccharides and 

dendrimers of glycoproteins (Gabius, Andre et al. 2002).  

 

 

 

Figure 1.7. Carbohydrate molecular structures of (a) N-Acetylglucosamine and (b) N-

Acetylgalactosamine. (Hirabayashi, Hashidate et al. 2002). 

 

Studies of galectin-saccharide binding have shown that multivalency (of the 

saccharide) does not necessarily lead to marked increases of biological activity of the carrier 

immobilised lectin ligands. Also, stepwise increases of inhibitor (saccharide) concentration 

reduced lectin binding to surface presented ligands (Andre, Kojima et al. 1999). 

Studies of Leppänen et al., (2005) have shown that there are inconsistencies in the 

apparent binding affinities of galectins to different saccharides. They unexpectedly found that 

Gal-1 bound free ligands in solution with a reduced affinity and displayed no preference for 
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repeated structures greater than the disaccharide, indicating that Gal-1 preferentially 

recognised extended glycans when they are fixed and surface bound, such as found on cell 

surfaces and when Gal-1 existed as dimers (Leppanen, Stowell et al. 2005). Although the full 

set of natural endogenous ligands for all galectins is not known, for Gal-1 the most likely 

biological candidate is laminin (a component of the extra-cellular matrix) which is one of the 

few complex glycoproteins known to possess multiple polylactosamine chains (Knibbs, Perini 

et al. 1989). 

The TCR binds both peptide-MHC (engagement is critical in T-cell activation and 

antigen specific proliferation) and Gal-1. Unfortunately the affinity of the TCR to peptide-

MHC is similar to that of the Gal-1 affinity for n-acetyllactosamines in n-glycans (2-4 x 10 
-6

 

M) (Hirabayashi, Hashidate et al. 2002). Recent studies have suggested that peptide-MHC 

need to overcome galectin-TCR interactions to induce clustering and T-cell activation 

(Kuball, Hauptrock et al. 2009).  

1.7.5 Galectin-1 inhibition 

 The development of novel compounds that bind to the CRD of galectins is a growing 

research area involving identifying high affinity ligands that will block galectin-mediated 

immunosuppression. Inhibiting galectin function by blocking carbohydrate binding of the 

CRD is an attractive option to achieve therapeutic benefit.  Clinically, disaccharides have 

been routinely used to treat many disorders and have proven to be well tolerated with limited 

toxicity and few side-effects. Lactulose is one such example of a synthetic disaccharide which 

has been extensively used in the treatment of constipation and hepatic encephalopathy. It has 

also been used in the diagnosis of gastrointestinal disorders (Martindale, Reynolds et al. 

1993). Citrus Pectin, a polysaccharide, has been used in complementary medicine to aid in the 

detoxification process for individuals suffering addiction to marijuana, cocaine, heroin, some 
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prescription drugs or other toxins and also to promote healthy cell growth. However, when 

prepared as a lower molecular weight material in the form of  modified citrus pectin (MCP), it 

has shown promise as an anti-cancer agent and in a study of prostate cancer cell lines, MCP 

was shown to inhibit cell proliferation and apoptosis (Yan and Katz 2010). As a specific 

inhibitor of galectins, MCP has shown many and varying effects. Thus, in a murine model of 

acute kidney disease, 1% MCP supplemented in the drinking water resulted in reduced Gal-3 

expression and reduced disease progression (Kolatsi-Joannou, Price et al. 2011). MCP was 

also shown to inhibit metastasis of a spontaneous murine prostate carcinoma and was 

proposed to work by inhibiting galectin activity (Pienta, Naik et al. 1995). D-galactose has 

also been shown to confer some reduction in tumour growth and metastasis, and as early as 

1987, it was shown that when administered intraperitoneally every 8h at 2 mg/g body weight, 

D-galactose completely inhibited the liver metastasis of L-1 sarcoma cells in mice (Beuth, Ko 

et al. 1987).  

Development of higher affinity inhibitory ligands which are more resistant to 

hydrolysis and are not metabolised will extend the bioavailability of these compounds and is 

likely to increase their therapeutic efficacy. To this end, numerous laboratories around the 

world are currently testing not only disaccharides, but also peptides and monoclonal 

antibodies as well as genetic knock-down expression of the Gal-1 gene as improved 

therapeutic measures. Considerable progress has been made whereby short synthetic peptides 

binding the CRD of Gal-3 with high affinity were developed to block Gal-3 from binding β-

galactosides on the surface of target cells and affecting cell adhesion or signalling (Zou, 

Glinsky et al. 2005) .  

The development of galectin-targeting MAbs has provided encouraging results with 

one anti-Gal-3 MAb specifically inhibiting the adhesive interaction of Gal-3 binding to 
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tumour endothelial cells (EC’s) (Glinskii, Huxley et al. 2005). When treated with this MAb, 

in vivo, formation of metastatic breast and prostate carcinoma were inhibited by greater than 

90% in the lungs and bones of test animals.  In a recent study, Ouyang et al., (2011) showed 

that a Gal-1 neutralising MAb significantly inhibited Gal-1 mediated apoptosis of Epstein 

Barr Virus (EBV)-specific CD8
+
 T-cells in the treatment of EBV+, post-transplant 

lymphoproliferative disorders (PTLD). These results indicate that MAb mediated 

neutralisation may represent a relevant immunotherapeutic strategy not only for PTLD, but 

for other Gal-1 expressing tumours as well (Ouyang, Juszczynski et al. 2011).  

  Strategies based on siRNA knock down of the Gal-1 gene are another area of interest 

for therapeutic purposes. These approaches mostly work at the post-transcription levels and 

require transfection into cells such that translation of the targeted gene is switched off and can 

no longer produce the corresponding protein (Ingrassia, Camby et al. 2006). Using an 

invasive glioma model, siRNA knockdown of the Gal-1 gene significantly improved the 

survival of treated mice compared to controls. Interestingly, the decrease in Gal-1 expression 

also significantly improved the responses to the cytotoxic drug, temazolamide in a human 

ototopic xenograft model (Le Mercier, Lefranc et al. 2008). Further to this, using cDNA 

knockdown of the Gal-1 gene in a murine melanoma model, it was shown that blockade via 

genetic knock down promoted tumour rejection and stimulated the generation of a tumour-

specific T cell-mediated response in syngeneic mice, which were then able to resist 

subsequent challenge with wild-type Gal-1-sufficient tumours. These results confirm that 

blockade of this inhibitory signal can allow for and potentiate effective immune responses 

against tumour cells (Rubinstein, Alvarez et al. 2004). 

Inhibiting tumour angiogenesis has been an important development in cancer research, 

and increased expression of Gal-1 in tumours has been shown to facilitate the interaction 
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between tumour cells and ECs (Clausse, van den Brule et al. 1999), so that inhibiting Gal-1 

becomes an attractive option. Anginex is one such drug developed to inhibit tumour growth 

through the specific inhibition of angiogenesis. Exactly how the angiostatic peptide achieved 

this was unknown until Thijssen et al., (2006) found that Gal-1 was the target for anginex 

revealing an important role of Gal-1 in tumour angiogenesis (Thijssen, Postel et al. 2006). 

However, it was later shown that anginex promoted (with a hundred to a thousand-fold higher 

affinity) rather than inhibited Gal-1 binding to various biologically relevant glycoproteins 

(Salomonsson, Thijssen et al. 2011).  

Although the direct mechanism and consequence of this binding will require further 

study, perhaps inhibiting the Gal-1 natural carbohydrate binding may be a more attractive 

option in order to combat its effect on tumour angiogenesis. This approach was recently 

confirmed in a study published by members of this laboratory (Ito et at., 2011) when it was 

demonstrated in both in vivo and in vitro assays that blocking Gal-1 CRD function with 

thiodigalactoside (TDG) as a thiol-linked non-metabolised disaccharide, inhibited tumour 

angiogenesis as well as endothelial tube formation in Matrigel. The treatment withg TDG also 

inhibited the protective effects of Gal-1 on ECs undergoing oxidative stress. In addition, in 

vivo studies showed that intra-tumoural injection of TDG significantly inhibited tumour 

growth while concurrently increasing CD8
+
 T-cell tumour infiltration into the B16F10 

melanoma and 4T1 breast cancer models. Interestingly, Gal-1 knock down experiments also 

showed that cancer cell lines with greatly reduced Gal-1 expression had a significantly 

reduced ability to form solid tumours (Ito, Scott et al. 2011). These studies were completed 

within the Ralph laboratory and confirmed that single agent, carbohydrate based inhibition of 

Gal-1 can significantly prevent many of the tumour promoting effects of Gal-1 on 

angiogenesis, immune dysregulation and protection against oxidative stress. 
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1.8 Cancer Immunotherapy 

Most cancer patients are presently being treated with a combination of either surgery, 

chemotherapeutic, and/or radiotherapeutic strategies, which for the most part are efficient in 

treating the primary tumour masses, but often fail to prevent metastatic spread of the disease 

(Blakemore, Jennett et al. 2001). Recognizing the immune system's remarkable ability to 

defend the body against disease, medical science is realising the potential of more biological 

therapies targeting disseminated disease by harnessing the patient’s own immune system as an 

approach aptly named “immunotherapy”. Cancer immunotherapy is an anti-cancer approach 

whereby the patient’s own immune system is strengthened so that it is better able to combat 

cancer cells. Over time, our understanding of the immune system and tumour immunology 

has considerably improved and this has enabled the development and application of the 

specific immunotherapies designed to enhance the immune response of a particular patient 

against unique cancer related targets. Currently, several forms of immunotherapy are being 

explored in clinical trials and represent an approach which may well complete the therapeutic 

arsenal against cancer. The majority of these approaches use biological substances to activate 

the immune system. Researchers are able to reproduce these substances outside the body 

through genetic engineering and hybridoma techniques. The various forms of immunotherapy 

fall into two broad areas; nonspecific and antigen-specific therapies. 

1.8.1 Nonspecific immunotherapy. 

 

These therapies non-specifically stimulate the immune system by using a substance 

that activate or enhance immune cell function regardless of their antigen specificity. Such 

substances or immune response modifiers used in non-specific immunotherapy include the 

following examples: 
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1) Microbes or microbial derived products such as Bacilli Calmette-Guérin (BCG), 

Cryptosporidium parvum or endotoxin. These have all been shown to modify the immune 

response and, under certain conditions, to cause tumours to regress or grow more slowly than 

usual (Arnold, de Boer et al. 2004). 

2) The biological response modifiers also known as the intrinsic group. These include the 

cytokines IL-1 and IL-2, IFN (alpha, beta, and gamma), TNF, B-cell growth factors and 

hematopoietic growth factors (such as colony-stimulating factors). These agents exert their 

influence at different stages of the immune response (Remick and Friedland 1997).  

3) Immune cell based therapies. Here, the transfer of live, whole immune cells into patients 

is used to achieve non-specific immunotherapy against cancer. For example, in patients with 

metastatic melanoma, human peripheral blood mononuclear cells (PBMCs) are isolated and 

stimulated with IL-2 to generate a class of cells called lymphokine-activated killer (LAK) 

cells. When a combination of LAK cells and IL-2 are re-infused back into patients with either 

advanced metastatic melanoma or renal cell carcinoma, complete tumour regression can be 

achieved in about 10 percent of cases (Tamada, Harada et al. 1995).  

1.8.2 Antigen specific immunotherapies 

 

These involve either adoptive transfer with activated antigen-specific immune cells or 

vaccination with cancer derived antigens. Adoptive transfer involves the physician directly 

transferring into the patient the actual components of the immune system that have already 

been antigen stimulated and are capable of producing a specific targeted anti-cancer immune 

response. Agents used in adoptive transfer include the following: 

 

1) Autologous tumour infiltrating lymphocytes (TIL). These are prepared by the ex vivo 

clonal expansion or application of ex vivo transduced TCR genes that are cancer antigen 
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specific as transgenic T-cells. Two studies have reported that the adoptive transfer of ex vivo-

expanded antigen-specific T-cells can restore immunity against cytomegalovirus (CMV) and 

Epstein–Barr virus (EBV) in immunosuppressed patients after bone marrow transfer (Rooney, 

Smith et al. 1995). Although success has been reported, the translation of preclinical studies 

and animal models into effective treatment for human malignancies has proved to be 

positively challenging in both cost and the intensive workload involved (Tey, Bollard et al. 

2006). 

 

2) Monoclonal antibodies (MAb) targeted to specific cancer antigens, growth factor 

receptors or Treg subsets. Currently, the successful administration of MAbs in the clinical 

setting is increasing and originated with the use of the breast cancer treatment Trastuzumab 

(Herceptin
®

). This antibody therapy targets the HER-2 protein over-expressed on the surface 

of about 30% of breast cancer cells (Pegram, Finn et al. 1997) and has improved the lives of 

many women with breast cancer. It was shown to increase the total disease free survival over 

a three year period by 12% as an adjuvant therapy following surgery and in conjunction with 

chemotherapy (Romond, Perez et al. 2005). However, this treatment has also been associated 

with a 28% increase in the incidence of heart failure in women taking this drug (Gottlieb 

2000). 

Bevacizumab (Avastin) is a recombinant humanised MAb which inhibits angiogenesis 

by reducing new blood vessel growth. This MAb is usually used in combination with other 

chemotherapeutic agents and has been shown to significantly increase progression-free 

survival but showed limited effect on overall survival (Nicolini and Carpi 2009) and has 

recently been withdrawn by the FDA for use in breast cancer. 
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1.9 Cancer vaccines 

Vaccination involves the administration of a particular antigen or combination of 

antigens to induce a specific anti-cancer targeted immune response. Cancer vaccines are at the 

forefront of novel approaches to cancer treatment. The identification and characterisation of 

tumour specific antigens and TAAs has greatly facilitated the development of immune-based 

vaccines as treatments for cancer (Knutson, Curiel et al. 2003). The subject of cancer vaccines 

is very large and they can be divided into protein or polypeptide containing vaccines, viral 

vector vaccines, dendritic cell vaccines or whole cell/cell lysate vaccines. This review will 

only briefly introduce some of the different types of cancer vaccines which are currently 

being developed. 

 

1) Protein or polypeptide vaccination. This involves treating patients with tumour 

associated antigens (TAAs) or peptides (with or without adjuvants or pulsed on autologous 

dendritic cells) derived from proteins expressed by particular cancer cells (Nestle, Alijagic et 

al. 1998). Most trials involving protein and peptide based vaccinations have been for the 

therapy of melanoma, as this type of metastatic disease is the one for which most tumour 

antigens have been identified (Brinckerhoff, Thompson et al. 2000). Heat shock proteins, 

which function as molecular chaperones during MHC assembly in the cytosol, have also been 

shown in animal models to produce tumour-specific protective immunity (Tamura, Peng et al. 

1997). The prevalent TAAs that have been targeted for breast cancer vaccines involve the 

HER-2 extracellular domain, CEA, and MUC-1 (Vlad and Finn 2004).  

 

2) Viral vector vaccines. The recent identification and characterisation of genes encoding for 

TAAs has enabled the design of antigen-specific cancer vaccines based on plasmid DNA and 

recombinant viral vectors. Based on the observation that viral infection results in the 
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presentation of virus specific peptides in association with both MHC class I and II on the 

surface of infected cells, strategies have been designed to use recombinant viruses carrying 

TAA genes as immunization vehicles to elicit tumour specific immune responses (Moingeon 

2004). Viral based vectors were selected to make use of their natural ability to trigger immune 

responses as well as to carry genetic material into cells for the production of cancer target 

antigens. These antigens are then processed intracellularly by APCs and presented on the 

MHC to receptive effector T cells (Soliman 2010). Viruses such as adenovirus, vaccinia, and 

avipox vectors have been used although the high prevalence of antiviral neutralizing 

antibodies may limit use of these vectors, especially where multiple doses are required. 

Immunodominance is also problematic in the development of viral vector vaccines. This 

results when a stronger immune response is targeted toward the viral vector antigens than the 

weaker cancer antigens (Berzofsky, Terabe et al. 2004).  

3) Dendritic cell (DC) based vaccines. DCs are professional APC’s and as such are excellent 

candidates to employ in vaccination protocols. The transfer of antigen pulsed DCs into the 

cancer patient can elicit a significant tumour-specific immune response against the tumour 

cells. The DCs are collected from a patient by leukapheresis and then manipulated ex vivo to 

activate them with the desired tumour antigens. The activated DCs are then reintroduced into 

the patient, and  can thereby activate the effector T cells (Soliman 2010). A DC based vaccine 

for prostate cancer was the first cancer vaccine to receive FDA approval and represented a 

major conceptual advance in the immunotherapeutic treatment of cancer. This prostate cancer 

vaccine, called Provenge (Sipuleucel-T) involves stimulating the patient’s own DCs, in 

culture, with PA2024, a fusion protein consisting of full-length human prostate acid 

phosphatase and full-length human GM-CSF, before the DC’s are re-infused back into the 

patient to stimulate effector T-cells to mount a targeted anti-cancer immune response 

(Harzstark and Small 2008). 
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4) Cell lysate vaccines. These consist of solubilised allogeneic cell membrane particles. The 

allogeneic antigens are ingested by macrophages and presented with the tumour antigens in 

the context of self-MHC to effector cells (Ko, Kawano et al. 2003). With melanoma TAAs 

being most extensively characterized, tumour cell lysate vaccines comprised of whole 

melanoma cell lysates have been developed. Melacine
®

 is an allogeneic melanoma tumour 

cell lysate vaccine combined with an immunologic adjuvant, DETOX
®
. A phase III trial 

indicated a survival benefit for Melacine
®
 in the subset of melanoma patients who express the 

HLA class I antigens, A2 and/or HLA-C3 (Sondak and Sosman 2003) 

5) Whole cancer cell vaccines. These vaccines can be prepared from autologous cells 

extracted from a patient’s own tumour samples or by using allogeneic cancer cell lines. 

Clinical studies with tumour cell based vaccines are based on the concept that autologous or 

allogeneic tumour cells will express many tumour associated antigens, and that their 

inoculation combined with a strong adjuvant or cytokine should activate potent immune 

reactions (Curigliano, Spitaleri et al. 2006). Beard et al., (2004) utilised irradiated autologous 

tumour cells together with BCG adjuvant in a trial as a whole melanoma cell vaccine. In 

addition to the cells and BCG, this group added the hapten, dinitrophenol (DNP) as well as 

treatment with cyclophosphamide, a cytotoxic drug which augments the cell-mediated 

immune responses. Their vaccine was observed to induce inflammatory responses as well as 

T-cell infiltration at the site of injection, and increased survival in melanoma patients (Berd, 

Sato et al. 2004). Further to this, the vaccine, now called M-Vax is currently in clinical trial in 

combination with low dose IL-2 in patients with stage IV melanoma (Berd 2011). 

Difficulties in producing personalised whole tumour cell vaccines for every patient 

have led to the development of cross-reactive allogeneic cell vaccines (Dalgleish and 

Souberbielle 1996). Such genetic based cancer cell vaccines involve the administration of 

irradiated or inactivated cancer cells not taken from the patient’s own tumour, but grown from 
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an outside source and cultured for specific use in immunotherapy (Dols, Meijer et al. 2003). 

The specific allogeneic cancer cell lines selected for the desired tumour type are chosen on the 

basis of many factors. Some of the criteria involve the ability to establish and grow the cells 

in large scale culture, their expression of the desired antigens, their availability as a clinical 

grade cell line, and patent-related or commercial issues. These cancer cells are often modified 

to up-regulate expression of advantageous cell surface molecules and co-stimulatory 

receptors. This up-regulation is often achieved by treatment with specific stimulatory 

cytokines such as IFNs (α, β, γ) and IL-2. Whole cell based cancer vaccines are aimed at 

activating a stronger cytotoxic immune response when injected into the patient  and as 

irradiated tumour cells, in clinical trials, have achieved encouraging immunological and 

clinical results (Janeway 2005). Historically however, non-modified tumour cells have been 

poor inducers of an immune response primarily because of their down-regulation of the co-

stimulatory B7 molecule and MHC class I, both needed for activation of T cells. In addition, 

tumour cells do not secrete cytokines needed to attract professional antigen presenting cells 

(APCs). This fact may have led to the discontinuation of the Phase III clinical trial of 

Canvaxin™. After the second interim analysis of the data from a Stage IV melanoma trial the 

Data and Safety Monitoring Board (DSMB) for Canvaxin™ recommended the trial to be 

discontinued as the data showed no evidence of survival benefit for Canvaxin™ treated 

patients versus those receiving placebo (Kelland 2006).  

To overcome the problems with insufficient immune stimulation by cancer vaccines, 

expression vectors encoding cytokines or co-stimulators were introduced into tumour cells 

with the aim of increasing the anti-tumour immune response (Ko, Kawano et al. 2003). IFNα 

was one of the first cytokine genes to be transfected into tumour cells used as vaccines in 

clinical trials and showed some efficacy against cancers. In this fashion, IL-2, GM-CSF, IL-7 

and IL-12 have been shown to induce tumour rejection after immunization. The engineered 



 87 

cell vaccines highly efficiently halted mammary carcinogenesis, maintaining 83–90% of mice 

up to 52 weeks of age free from mammary tumours (De Giovanni, Nicoletti et al. 2004). 

One area where genetic modification of tumour cells used in vaccines has improved is 

by increasing B7 gene expression on the tumour cells which has been shown to enhance 

immunogenicity of cancer vaccines leading to effective immune responses against resident 

wild type tumours in animal models. For example, previous studies conducted within this 

laboratory using an allogeneic murine melanoma line, B16-F10, showed that increasing 

surface marker expression of molecules such as the MHC class I, the co-stimulator B7-1 and 

ICAM-1 with IFN’s and using these cells as a whole cell vaccine substantially increased the 

CTL activity within vaccinated mice. Furthermore it was also found that upon challenge with 

live viable cancer cells, the majority of mice which had received the vaccine remained tumour 

free (Dezfouli, Hatzinisiriou et al. 2003).  

The ultimate goal of breast cancer vaccines is to reduce the risk of recurrence from minimal 

residual disease in patients after other treatments such as surgery, endocrine therapy, 

chemotherapy, radiotherapy, or immunomodulation (Baxevanis, Perez et al. 2009). A major 

aim of this project was to not only develop a potent immune stimulating anti-breast cancer 

vaccine, but also to increase the efficacy of vaccination by overcoming two potent 

immunosuppressive factors; Tregs and galectins. 

 

1.10 Aims  

The first aim of the research in this study (Chapter 3) was to develop a highly 

immunogenic murine breast cancer cell line which could be used as an allogeneic whole cell 

vaccine against murine breast cancer. In previous studies within this laboratory it had been 

shown that clinically relevant immune recognition and anti-tumour responses could be 

generated in mice receiving an allogeneic whole cell melanoma vaccine consisting of 
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melanoma cells treated to express high levels of MHC class I molecules and transfected to 

present increased B7-1 co-stimulatory surface receptors to the hosts immune cells (Dezfouli, 

Hatzinisiriou et al. 2003). This basic principle was extended into a murine model of 

spontaneous breast cancer. The goal was to firstly apply and assess its viability in a 

prophylactic fashion to prevent the onset of spontaneously arising tumours and secondly in a 

treatment setting to evaluate the efficacy of the breast cancer vaccine to inhibit the growth of 

established breast cancers. 

A further aim of this study was to develop a highly sensitive CTL assay as an 

alternative to the traditional radioactive chromium release assay in order to provide not only a 

safer alternative, but a higher throughput, more simple and robust system with increased 

sensitivity for detecting even slight differences in CTL responses between the vaccinated and 

non-vaccinated mice. 

The immune modulatory effect of galectins on the generation of tumour immunity has 

been well established (Perillo, Pace et al. 1995; Rabinovich, Baum et al. 2002; Rubinstein, 

Ilarregui et al. 2004; Garin, Chu et al. 2007) see section 1.7). Hence, a major focus of this 

study (Chapter 4) was to investigate the role of Gal-1 expression by tumour cells and more 

importantly, the effect of inhibiting Gal-1 function on the immune response generated by anti-

cancer vaccination. Several approaches were used to asses this aim. Firstly Gal-1 expression 

was characterised and the affinity for its disaccharide inhibitors was established. In vitro 

assays were then performed to assess the extent of Gal-1 blockade by TDG and the effect this 

had on immune cell populations. Finally, using an in vivo murine breast cancer model, the 

effect of Gal-1 blockade on tumour growth in conjunction with anti-cancer vaccination was 

analysed by in vivo tumour growth and changes lymphocyte populations in immune organs 

and in the tumours themselves. 
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The role of Tregs and CTLA-4 expression was analysed in a breast cancer model as 

other immunoregulatory mechanisms also responsible for limiting the generation of effective 

anti-cancer immune responses. The aim of Chapter 5 was to determine whether depletion of 

Tregs and reduction in CTLA-4 positive immune cells could promote the responses to cancer 

vaccination and translate into further reductions in tumour growth. Firstly, Treg populations 

in relation to size and tumour burden were assessed by FACS analysis of isolated lymphocyte 

populations. In vivo assays were then performed to assess the extent and kinetics of Treg 

depletion using MAbs against CD25 and CTLA-4. Further in vivo experiments determined 

whether either of these MAb treatments showed significant effects on the extent of tumour 

growth or TIL populations 

Finally, it was aimed to establish whether a combinatorial approach, combating 

several immunosuppressive mechanisms at the same time could further enhance the responses 

to anti-cancer vaccination. In vivo assays in this chapter (chapter 6) analysed tumour growth, 

survival and changes in TIL populations in mice receiving different combination treatments 

including Treg depletion, CTLA-4 inhibition and Gal-1 blockade with additional anti-cancer 

vaccination. A further aim of this chapter was to determine the role of Gal-1 and CTLA-4 

expression in the conversion of naïve CD4
+
CD25

+
FoxP3

-
 T-cells into the regulatory 

CD4
+
CD25

+
FoxP3

+
 phenotype. FACS sorting and analysis was used to isolate naïve Tregs, 

which were then co-cultured in the presence of Gal-1, TDG and anti-CTLA-4 MAb or 

combinations of the three and then analysed for the conversion to the immunosuppressive 

phenotype. 
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2.1 Materials 

2.1.1 Mice  

 

 Mice aged 8-14 weeks were used for analysis. FVBN-MMTV rat C-erbB2 mice were 

originally obtained from the Jackson Laboratory, Bar Harbor, Maine, USA. These mice were 

maintained and bred under a sterile Specific Pathogen Free (SPF) environment at the Griffith 

University, Gold Coast Campus Animal Facility. 

Experiments using animals were approved by the Griffith University animal ethics committee, 

and followed the procedures and guidelines of the Australian NHMRC and ANZCAART 

regarding animal welfare. 

 

Table 2.1 Tumour and hybridoma cell lines 

Description of tumour cell lines and hybridoma cell lines used in this study. 

Cell line Source Obtained from 

NeuTL FVB/N murine breast cancer Dr Geoff Lindeman, of the 

Walter Eliza Hall Institute, 

Melbourne, Australia 

 

Molt4 Human T-leukemic cell line Prof. A. Boyd, Queensland 

Institute of Medical Research, 

Brisbane, QLD, Australia 

 

B16 C57BL/6J Murine melanoma Laboratory Stocks 

 

9H10 Anti-CTLA-4 MAb producing 

hybridoma cell line 

Ms Jennifer Broom, 

University of Queensland, 

Diamantina Institute, 

Brisbane, QLD, Australia  
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Table 2.2 Reagents for cell culture, tumour implantation, and the preparation of vaccine 

and adjuvant therapies 

Reagent Product number Supplier 

2-Mercaptoethanol M7522 Sigma 

Citrus Pectin P9135 Sigma 

Dimethyl sulphoxide 

(DMSO) 

34869 Riedel-DeHaën 

Dulbecco’s Modified 

Eagle Medium (DMEM) 

11995-065 Gibco  

Foetal Bovine Serum 

(FBS) 

10099-141 Gibco  

Geneticin G418 G-1033 Sigma  

Lactobionic Acid (LBA) L2398 Sigma 

Mitomycin C M4287 Sigma  

Murine Interferon beta 

(IFNβ) 

M-0050 Toray Industries 

Murine Interferon Gamma 

(IFNγ) 

10098 Peprotec 

Mycoplasma Removal 

Reagent 

30-500-44 MP biomedicals 

Newborn Calf Serum 

(NBCS) 

16010 Gibco 

Penicillin/Streptomycin 15140 Gibco  

RPMI 1640 21870-076 Gibco 

Sodium pyruvate  11360 Gibco 

Thiodigalactoside (TDG) T4012-100mg Sigma  

Trypan Blue T8154 Sigma  
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Table 2.3 Equipment used for cell culture and vaccine preparation 

Equipment Product number Supplier 

Cell Scrapers 

24cm 

 

99002 

 

TPP 

Centrifuge tubes 

15mL 

50mL 

 

430791 

430291 

 

Corning 

Corning 

Cryo 1°C freezing 

container 

5100-0001 Nalgene™ 

Cryotubes  430488 Corning 

Filter units 

22µM 

 

SLGP033RS 

 

Millipore 

Heamocytometer 717805 Wertheim 

Needles 

26 G x
1/2

 

 

NN*2613R 

 

Terumo 

Serological pipettes 

5mL 

10mL 

25mL 

 

4487 

4488 

4489 

 

Corning  

Corning  

Corning  

Syringes 

1mL Tuberculin 

 

302100 

 

BD 

Tissue Culture Flasks 

25cm
2 

75cm
2 

 

430639 

430641 

 

Corning 

Corning 

Tissue Culture Plates 

6 well 

12 well 

24 well 

96 well 

 

3506 

3512 

3527 

3598 

 

Corning 

Corning 

Corning  

Corning 
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2.1.2 Reagents and equipment used for flow cytometry and cell sorting.  

 

Table 2.4 outlines all antibodies and conjugates used in flow cytometric studies. Table 2.5 

details the reagents and equipment required for flow cytometry and cell sorting. 

 

Table 2.4 Antibodies and conjugates 

Antibody Specificity  Clone Conjugate  Supplier  Product 

number 

CD4 Mouse  GK1.5 FITC BD 

Pharmingen 

557307 

CD8a Mouse 53-6.7 PE BD 

Pharmingen 

553032 

CD25 Mouse 3C7 PE BD 

Pharmingen 

553075 

CD73 Mouse  Ty/23 PE BD 

Pharmingen 

550741 

CD80 Mouse RM80 PE Serotec MCA1586PE 

H2Kq Mouse  KH114 FITC BD 

Pharmingen 

553597 

Regulatory 

T-cell 

isolation kit 

Mouse  FoxP3-FJK-

16s 

CD4- 

RM4.5 

CD25- 

PC61 

APC 

FITC 

PE 

eBioscience 88-8118 

IgG2a 

(Isotype 

control) 

Mouse  R35-95 PE BD 

Pharmingen 

553930 

IgG2b 

(Isotype 

control) 

Mouse  A95-1 FITC BD 

Pharmingen 

553988 

Annexin-V - - FITC BD 

Pharmingen 

556420 

Propidium 

Iodide 

- - - BD 

Pharmingen 

556463 

 



 96 

Table 2.5 Reagents and equipment used for flow cytometry and cell sorting. 

 

Reagent/Equipment Product number Supplier  

Cell Strainer 352350 BD Falcon 

Collaganase  C-0130 Sigma 

Ficoll-Paque ™ Plus 17-1440-02 GE Healthcare 

FACS tubes 35-2008 BD Falcon 

Flow Cytometers 

   FACS Callibur 

   MoFlo cell sorter 

 

- 

 

 

Beckton Dickenson 

Dako 

Sorftware 

   Cell Quest Pro  

   Kaluza analysis software 

 

 

- 

 

Beckton Dickenson 

Beckman Coulter 

 

2.1.3 Reagents and equipment used for molecular biological techniques such as PCR, 
DNA amplification and extraction and DNA transfection 

 

Table 2.6 details primers and plasmid DNA used in this study. Table 2.7 outlines reagents 

required and 2.8 the equipment required to carry out these experiments. 
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Table 2.6. Primers and plasmids used in PCR reactions and DNA transfections  

Primer/plasmid DNA Final 

concentration in 

PCR/transfection 

Reference/supplier 

c-neu sense 

5’AGGGCAACTTGGAGCTTACCTAC

G3’ 

0.4µM Pro-Oligo 

c-neu anti-sense 

5’GGGTTCTGCCTGGGGTGGA3’ 

0.4µM Pro-oligo 

Mycoplasma sense  

5’GGGAGCAAACAGGATTAGATAC

CCT 3’ 

0.4µM Laboratory stocks 

(K.Powell) 

Mycoplasma anti-sense 

5’TGCACCATCTGTCACTCTGTTAA

CCTC 3’ 

0.4µM Laboratory stocks 

(K.Powell) 

mB7-1pSRI-neo (pB7.1) 1µg Cavallo et al. (Cavallo, 

Martin-Fontecha et al. 

1995) 

pEF-MC1neo-Fluc+ 1µg Laboratory stocks 
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Table 2.7 Reagents used for molecular biological techniques including PCR, DNA 

amplification, purification and transfection 

Reagent Product number Supplier  

Ampicillin  A939 Sigma 

Agar  L11 Oxoid 

Agarose  0710 Amresco 

Lipofectamine™2000 11668-027 Invitrogen 

MassRuler DNA ladder SMO403 Fermentas  

Opti-MEM 1 Media 31985 Gibco 

 

Table 2.8 Equipment used for DNA mini/maxi preparations, PCR and gel 

documentation 

Equipment  Supplier  

Bio-Rad iCycler  Bio-Rad 

Bio-Rad laboratory power pack Bio-Rad 

Centrifuge  

         Beckman J2-HS 

         Beckman Optima™ L90k Ultra     

centrifuge 

 

Beckman Coulter 

Beckman Coulter 

GelDoc imaging system  

 

Bio-Rad 

Night owl CCD camera 

 

Berthold 

Optiseal™ tubes Beckman Coulter 

Propylene tubes  Beckman Coulter 
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2.1.4 Reagents and equipment used for immunohistochemical analysis of tumour 
samples 

 

Table 2.9 outlines the antibodies and Alexa dyes used in conjugation. Table 2.10 details the 

reagents and equipment required to carry out these experiments. 

 

Table 2.9. Antibodies and Alexa dyes used for immunohistochemistry 

Antibody/Alexa Clone Product number Supplier 

Affinity purified 

anti-mouse CD8a 

53-6.7 14-0081 eBioscience 

Affinity purified 

anti-mouse CD4 

GK1.5 14-0041 eBioscience 

Affinity purified 

anti-mouse CD25 

PC61.5  eBioscience 

Affinity purified 

anti-mouse/rat 

FoxP3 

FJK-16s 14-5773 eBioscience 

Alexa Fluor
©

 594 - A20004 Invitrogen 

Alexa Fluor
©

 488 - A20000 Invitrogen 

Alexa Fluor
©

 405 - A30000 Invitrogen 

Alexa Fluor
©

 647 - A20006 Invitrogen 

 

Table 2.10. Reagents used for immunohistochemistry  

Reagent Product  number Supplier  

Bovine serum albumin 

(BSA) 

30036-578 Gibco 

Dimethyl sulphoxide 

(DMSO) 

34869 Riedel-DeHaën 

FLUOVIEW FV1000 

confocal laser scanning 

biological microscope 

- Olympus® 

OCT compound IA018 TissueTek 

Triton-x 100 807421 ICN biomedicals 
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Table 2.11 Equipment used for immunohistochemistry 

Equipment  Product number Supplier  

Cryostat - Leica 

Gas tight syringe 100µL - SGE 

HPLC vials 5182-0714 Agilent Technologies 

Microbiospin® 30 

columns 

732-6202 Bio-Rad 

Microtome Blades S35 Feather safety razor 

NanoDrop 

spectrophotometer 

- Thermo Scientific 

Pap Pen 

 

- Daido Sangyo 

Poly L-lysine coated 

Superfrost® glass slides 

SF41296SP Lomb Scientific 

U-tube 500-30 

concentrator 

71874-4 Novagen® 
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2.2 Methods 
 

2.2.1 Cell lines and culture conditions 

 

 The NeuTL breast cancer cell line was established using tumour sections removed 

from an FVB/N MMTV rat c-Neu female mouse. At times throughout the study the wild type 

NeuTL cell lines were re-derived by passing through mice and in vitro culturing the cells 

from the resultant tumour. A sub-line was derived by transfecting with a mB7-1pSRI-neo 

(pB7.1) cDNA expression vector to obtain the NeuTL B7-Hi murine breast cancer cell line 

expressing high levels of B7.1 protein by analysis using flow cytometry. The murine breast 

cancer and melanoma cell lines used in this study were maintained in DMEM supplemented 

with 6% heat inactivated FBS, 4% heat inactivated NBCS, 50 IU/ml Penicillin, 50 IU/ml 

Streptomycin, 2mM Sodium pyruvate 20mM Hepes buffer and 1.6mM L-Glutamate and were 

cultured at 37°C and 5% CO2. Media was refreshed every three-five days and cells were 

passaged at confluence. The NeuTL B7-Hi cell lines were selected and maintained by growth 

in the presence of the antibiotic Geneticin (G418) at a concentration of 300 g/ml. Molt-4 

human T-leukemic cells, 9H10 hybridoma cell lines and splenic lymphocytes were 

maintained in RPMI-1640 medium supplemented with 6% heat inactivated Foetal Bovine 

Serum (FBS), 4% New Born Calf Serum (NBCS), 50 IU/ml Penicillin, 50 IU/ml 

Streptomycin, 2mM Sodium Pyruvate, 20mM Hepes buffer and 1.6mM L-Glutamate. All cell 

lines were screened regularly (at 3-6 month intervals) to ensure that they remained 

mycoplasma free by using an in-house developed mycoplasma polymerase chain reaction 

(PCR) detection kit. If found to be positive, cultures were either discarded or treated with 

mycoplasma removal reagent until negative by PCR. 
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2.2.1.1 Cryopreservation and resuscitation of cells 

 

 A cryovial of cells was thawed firstly by hand, then by adding fresh, pre-warmed 

complete media until the frozen cell pellet had thawed completely. The thawed cell solution 

was then transferred into a sterile 15mL centrifuge tube containing 10mL pre-warmed fully 

supplemented media. Cells were pelleted by centrifugation at 1000 rpm for 5 mins and 

washed once in a fresh aliquot of warmed supplemented media. The solution was then 

transferred to a 25cm
2
 tissue culture flask and allowed to adhere and grow for two days. After 

this initial period media was replaced with fresh media to remove any dead cells or debris. 

 Cells for freezing and storage were harvested from tissue culture flasks and pelleted 

down by centrifugation at 1000 rpm for 5minutes. Cells were then counted and resuspended 

in a solution of 10% (v/v) DMSO in FBS at a concentration of 2-5x10
6
 cells/ml. 1.5mL of the 

cell suspension was added to cryovials and placed in a NALGENE cryo 1°C freezing 

container to gently freeze the cells at -1°C/minute. Cells were stored at -80°C until transfer 

into liquid nitrogen tanks for longer term storage. 

2.2.1.3 Cell viability assay by trypan blue dye exclusion 

 

 Cell suspensions were diluted with trypan blue dye working solution (10% trypan blue 

in PBS) in a 1:1 ratio (10µl cells to 10µL trypan blue dye working solution) and mixed gently.  

10µL of this mix was then added to a chamber of a Neubauer haemocytometer and viable 

cells counted. Counts were performed in triplicate and calculated as per the following 

equation  
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Cells/mL = (VC x DF) x 1x10
4 

x ml 

Where VC = viable cells counted 

DF = Dilution factor 

ml = volume of cell suspension 

 

2.2.1.4 In vivo tumour cell implantation 

 

 NeuTL wild type cells were harvested from flasks using a 24cm cell scraper. Cells 

were centrifuged at 1000 rpm for 5 minutes and the cell pellet was resuspended in 5ml fresh 

media ready for counting. Cells were counted as per the trypan blue method and resuspended 

at an appropriate concentration for implantation. For subcutaneous (SC) implantation, wild 

type tumour cells were resuspended at a concentration of 1x10
6
 cells/100µL of sterile 1 x 

Phosphate Buffered Saline (PBS). Mice were prepared for implantation by shaving the rear 

hind quarter and swabbing the site of injection with an alcohol wipe. Using a 1mL Terumo 

syringe and a 26 gauge needle 100µL (1x10
6
cells) were implanted SC. Tumour growth was 

monitored every 2 days using micro-callipers.  Mice were followed post tumour implantation 

to analyse tumour growth over time for up to 70 days. A number of mice were sacrificed at 

various time points and used to analyse effector and regulatory T-cell populations across the 

different treatments. Mice were humanely euthanased by CO2 asphyxiation when tumour 

masses reached the ethical allowable limit of 20mm. 
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2.2.1.5 Preparation and culture of lymphocytes and splenocytes from whole blood, 
lymph node, spleen and tumour tissue 

 

Preparation of blood 

 Whole blood was collected from animals by performing cardiac puncture using a 1ml 

Terumo syringe and 26 gauge needle. Briefly mice were anaesthetised by inhalation of 

isoflurane then pinned onto a polystyrene board. A 26 gauge needle was then inserted by 

cardiac puncture into the animal and slight backward pressure applied to the plunger of the 

syringe to withdraw blood into the barrel, exsanguinating the animal. The blood was collected 

and transferred to an EDTA containing blood collection tube. Whole blood was then placed 

on top of a cushion of Ficol-Paque Plus (5mL). Lymphocytes were then recovered from the 

interface after the tube was centrifuged at 2000rpm for 20 minutes. Cells were then washed 2-

3 times with 1 x PBS before use in population analysis and immunoassays.  

Preparation of lymph nodes (LNs) 

 A 2.5% Evans blue dye solution was used to identify and isolate LNs in vivo. 

Temporarily, mice were anaesthetised by isoflurane inhalation and 25µl of dye was injected 

subcutaneously (SC) into the rear footpad with the needle pointed in a caudal direction. Dye 

was also injected SC into the lateral tail base at 1cm caudal to the rectum and medial to the 

tail vein. The dye was allowed to be taken up into the lymphatic vessels while injected mice 

were left to move freely from 30 min to 1hour to allow the dye to travel through the 

lymphatics. Mice were then euthanased by CO2 asphyxiation and dissected to locate the LNs 

of interest. 

 LNs were then diced with a sterile needle and passed through a fine sieve to create a 

single cell suspension. The resulting lymphocyte populations were then used for population 

analysis and CTL assays. 
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Preparation of spleen cells 

 Spleens were removed aseptically from euthanased mice before single cell 

suspensions were prepared in complete RPMI–1640 medium by dicing the tissue with a 

sterile needle before breaking up the cell clumps further using a sterile 1 mL syringe. The 

resulting suspension was centrifuged at 1200rpm for 5 min. Red blood cells were then 

removed by lysis using a buffered ammonium chloride solution (ACK lysis buffer (8.29g 

NH4Cl, 0.07g KHCO3, 2 mL Na2EDTA mixed into a total volume of 1 L using dd (H2O) 

adjusted to pH 7.4 with HCl) and the remaining lymphocyte suspensions were washed twice 

(1200rpm for 5 minutes) in complete RPMI-1640 medium. Cells were then used in mixed 

lymphocyte culture (MLC) and for sub-population analyses. 

 

Preparation of tumours 

 Tumours were surgically removed from tumour burdened mice before being 

homogenised by finely chopping with sterilised surgical scissors. Tissue was then digested by 

incubation in DMEM containing 70U/mL of collaganase at 37°C for 1 hour. Tumour 

infiltrating lymphocytes (TILs) were then isolated using a cushion of Ficol-Paque Plus. 

Lymphocytes were recovered from the interface after the collection tube was centrifuged at 

2000 rpm for 20 minutes. Cells were then used for subtype population analysis and in 

immunoassays. 

2.2.2 PCR and Gel Electrophoresis 

2.2.2.1 DNA isolation 

 

 DNA was isolated from ear pieces surgically excised from FVBN-MMTV rat C-erbB2 

mice. The ear skin tissue samples were added to 100μl of sterile dH2O and boiled for 5 

minutes.  The samples were then centrifuged at 4500 rpm. The supernatant containing the 

DNA was removed ready for PCR.  
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2.2.2.2 PCR 

 

 The basic PCR protocol was adapted from “Current Protocols in Immunology”, Unit 

15.1 basic protocol: enzymatic amplification of DNA by PCR: standard procedures and 

optimization (Current Protocols in Immunology, 2003). See Table 3.1 for concentrations and 

reagents used. PCR was used routinely to ensure mice and cell lines remained positive for the 

c-neu transgene or mycoplasma negative. 

 

Table 2.12 PCR master mix 

Reagent Amount per sample Final concentration 

10X PCR Buffer 2.5μl 1X 

MgCl2 (50mM) 1μl  2mM 

dNTPs (2mM) 2.5μl 0.2mM 

Primer forward  1μl 0.4µM 

Primer reverse 1μl 0.4µM 

Taq polymerase (5U/μl) 0.2μl 1U 

Sterile water 3.8μl  

Betaine (5M) 4μl 0.8M 

DNA 5μl 1ug 

Total 25μl  

 

Table 2.13 PCR cycling conditions 

Number of cycles Temperature Time Stage 

1 95ºC 10 min Hot start 

30 95ºC 30 sec Denaturation 

30 58ºC 30 sec Annealing 

30 72ºC 1 min Extension 

1 72ºC 10min Final elongation 

 

2.2.2.3 Gel Electrophoresis 

 

 Final products from PCR used to check the presence or absence of the c-neu transgene 

or mycoplasma contamination were analysed by gel electrophoresis. A 2% (w/v) agarose gel 

was prepared with 2g agarose, 100ml TAE (40mM Tris, 1.1% v/v Glacial Acetic Acid and 
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1mM EDTA, pH 8.0). 2μl of 6 x concentrated loading dye solution (0.25% bromophenol blue, 

0.25% xylene cyanol, 30%glycerol in H2O) was added to each 10μl DNA sample to make a 

final volume of 12μl. MassRuler DNA ladder was used as a molecular weight marker to 

measure product sizes in base pair (bp). Bands corresponding to gene fragments of interest 

were detected under UV light and gels photographed using the Bio-rad gel doc apparatus.  

2.2.3 Preparation of B7.1 DNA for Cell Transfection  

2.2.3.1 Bacterial Transformation 

 

 Competent DH5α cells were removed from storage at -80°C and thawed on ice for 5 

mins. 50-100ng of the transforming vector, mB7-1pSRI-neo (pB7.1) (Cavallo et al., 1995) 

was added to the thawed cell suspension and vortexed briefly. The cells were chilled on ice 

for a further 20min, heat shocked at 42°C for 2 min, before returning again on ice for a further 

10 min. 1ml of LB broth (0.5% yeast extract, 1% tryptone, 1% NaCl in 1L of H2O) was added 

to the cells which were then incubated at 37°C for 1hour with gentle mixing every 15 min. 

The cell suspensions were centrifuged at 6000rpm for 4 min after which the supernatant was 

discarded. The cell pellet was resuspended in 200μl of LB broth and spread in aliquots of 

10μl, 40μl and 150μl onto pre-warmed LB agar plates (LB broth plus 1.5% agar) containing 

ampicillin (50ng/ml). A control plate containing competent cells without transforming vector 

was also prepared. The plates were then incubated overnight at 37°C to allow for colony 

growth. 

2.2.3.2 Plasmid DNA mini-preparations (Alkaline lysis method) 

 

 Single bacterial colonies were used to inoculate culture tubes containing 10ml LB plus 

ampicillin (50ng/ml) and were grown overnight, shaking at 37°C.  1.5ml of bacterial culture 

was centrifuged in microfuge tubes at 6200rpm for 4 min.  The supernatants were discarded 

and the pellets fully resuspended in 150μl ice-cold solution I [50mM glucose, 25mM Tris-Cl 
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(pH 8), 10mM ethylenediamine tetraacetic acid (EDTA)].  250μl of solution II [0.2M NaOH, 

1% sodium dodecylsulfate (SDS)] was added and mixed by inverting the tubes 5 times to lyse 

the cells.  250μl of ice-cold solution III [3M KAc, 11.5% glacial acetic acid, pH 4.8] was 

added and mixed by vigorous shaking to precipitate the bacterial proteins and chromosomal 

DNA.  Cell lysates were incubated on ice for 5 min, followed by centrifugation at 13000rpm 

for 10 min.  Supernatants were transferred to fresh tubes containing 300μl equilibrated phenol 

and 300μl chloroform and mixed by vortexing.  After centrifugation at 13000rpm for 5 min, 

the upper aqueous phase (containing DNA and RNA) was transferred to fresh tubes 

containing 600μl chloroform, taking care to avoid transfer of any precipitated material at the 

interface between the upper and lower phases.  The tubes were again vortexed and centrifuged 

at 13000rpm for 5 min.  Plasmid DNA was precipitated by transferring the aqueous phase to 

fresh tubes and adding an equal volume of isopropanol.  The contents of the tubes were mixed 

by inversion several times and chilled on ice for 10 min.  Plasmid DNA was pelleted by 

centrifugation at 13000rpm for 10 min.  The pellets were washed with 80% ethanol, 

centrifuged, air-dried and dissolved in 30μl Milli-Q purified water.  1μl RNase solution 

(10μg/ml) was added to each minipreparation. DNA was then digested with appropriate 

restriction enzymes before being electrophoresed to analyse if transformation was successful 

and the gene in question was present. 

2.2.3.3 Plasmid DNA maxi-preparations (alkaline lysis method) 

  

 100ml Terrific Broth containing ampicillin was inoculated with a single bacterial 

colony and incubated overnight at 37°C whilst shaking gently. Bacterial cells were pelleted by 

centrifugation for 10mins at 7500rpm. The supernatants were discarded and the pellets 

resuspended in 5ml ice-cold solution I (50mM glucose, 25mM Tris-Cl (pH 8), 10mM EDTA). 

Cell suspensions were transferred to 30ml polypropylene tubes to which 10ml of solution II 

(0.2M NaOH, 1% SDS) was added and mixed by inversion 5 times using parafilm to seal the 
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open ended tubes. 7.5ml ice-cold solution III (3M Kacetate, 11.5% galacial acetic acid, pH 

4.8) was added and the tubes were again mixed by inversion. The tubes were left to stand on 

ice for 10 mins and then centrifuged for 10 mins at 14000rpm at 4°C using the Beckman JA-

20 rotor in a Beckman J2-HS centrifuge. The supernatants were transferred to fresh 

polypropylene tubes and the centrifugation step was repeated. An equal volume of 

isopropanol was added to the supernatants, mixed by inversion, and left on ice for 10 mins. 

The plasmid DNA was pelleted by centrifugation for 10 mins at 14000rpm at 4°C as above. 

The pellets were washed with approximately 20ml 80% ethanol and centrifuged again. 

Supernatants were discarded; the pellets were briefly air-dried, and dissolved in 2ml 1 X TE 

buffer (10mM Tris, pH 8.0, 1mM EDTA, pH 8.0). DNA solutions were transferred in 500μl 

aliquots to microfuge tubes and incubated at 37°C for at least 1 hour in the presence of 50ng 

RNase per aliquot. At this stage, either the RNase was removed by phenol/chloroform 

extraction following the plasmid minipreparation protocol (2.2.3.2) and the DNA was 

precipitated, washed in 80% ethanol and dissolved in 500μl 1XTE or the DNA solutions were 

subjected to further purification on a caesium chloride density gradient.  

2.2.3.4 Caesium chloride density gradient centrifugation 

 

 The RNase digests from a single plasmid maxipreparations described in section 2.3.3 

were pooled together in a sterile 10ml tube and the volume was made up to 2.2ml with TE. 

4.4g ultra pure CsCl was added and dissolved. Dissolution of CsCl required incubation and 

frequent mixing. Upon complete dissolution of the CsCl, 50μl or 10mg/ml ethidium bromide 

was added and mixed. A solution of CsCl with density 1.47g/ml was prepared by dissolving 

31.5g CsCl in 42ml TE. 4ml of this solution was added to an optiseal™ tube (Beckman 

Coulter). The plasmid DNA solution was added to the optiseal™ tube underneath the 

1.47g/ml CsCl layer by pipetting through a glass Pasteur pipette. The tube was filled as far as 

far as the stem base with 1.47g/ml CsCl and accurately balanced before centrifugation. 
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Establishing the CsCl gradient and separation of the plasmid DNA from impurities was 

achieved by centrifugation at 50000rpm for 20 hours on a type 90-Ti rotor, using a Beckman 

Optima™ L-90K ultracentrifuge. The lower of the two resultant bands was extracted with an 

18 gauge needle and distributed in aliquots of 500μl to microfuge tubes. Ethidium bromide 

was removed by at least 4 rounds of butanol extraction using 500μl TE-saturated butan-1-ol. 

The aliquots for each maxipreparations were pooled in two 10ml tubes. 1ml TE was added to 

each tube and the DNA was precipitated with 2.5 volumes of ethanol and 0.1 volume of 3M 

sodium acetate, pH5.2. The tubes were incubated at -20°C for 10min, followed by 

centrifugation at 5000g. The supernatants were removed and the pellets air dried and 

dissolved in 300μl of TE. 

2.2.4 Cell Transfection 

 

 Transfection complexes were formed using a ratio of 1μg vector DNA (mB7-1pSRI-

neo (pB7.1) or pEF- MC1neo-Luc+) to 1μl Lipofectamine™ 2000 (Invitrogen Corp.) for 20-

40 mins. Then 50μl DNA transfection reagent mix was added to 50μl serum free Opti-

MEM™ I media (Invitrogen Corp.) using a procedure based on the manufacturer’s 

instructions, without the presence of antibiotics. NeuTL cells were cultured for 24 hours prior 

to transfection at a density of 2.5 x 10
5
 cells per well in a 24 well plate (TPP, Switzerland) 

with 2ml complete DMEM per well. Culture media was replaced with 100μl of transfection 

complexes. This was left to incubate for 24-48 hours after which, the media was replaced with 

approximately 2ml of fresh complete DMEM. After a further 24 hours cells were placed in a 

selective medium containing complete DMEM and Geneticin (G418) antibiotic at a final 

concentration of 300μg/ml to select for positively transfected cells. 

 Luciferase positive cells were identified by adding firefly luciferase assay buffer 

containing 80mM tricine (pH 8.0), 8mM MgCl2, 1% tergitol NP-9 detergent, 1mg/ml BSA, 

40mM DTT, 200μM EDTA, 10% glycerol, 600μM co-enzyme A, 1mM beetle luciferin and 
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1mM ATP at pH8.2 to wells of transfected cells. Co-enzyme A, luciferin and ATP are not 

added to the firefly luciferase assay buffer until just prior to measurement. Luciferase levels 

were detected using the Fluostar OPTIMA microplate reader (BMG) set to luminescence 

mode. 

2.2.5 MHC class I induction  

2.2.5.1 MHC class I receptor up-regulation by IFNs. 

 

 To up-regulate expression of the MHC class I molecule on the surface of the NeuTL 

B7-Hi cell line, the cells were treated with murine IFNγ or  or both. At 80% confluence, 

cells were treated with IFN γ and IFN  alone or in different combinations for differing time 

periods from 24 to 96 hours (see Table 2.14) at a concentration of 1000 IU/ml to determine 

which IFN treatment produced the greatest level of induction of MHC class I receptor 

expression. MHC up-regulation was monitored by fluorescent immunostaining and FACS 

analysis (Sections 3.6 and 3.7).  
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Table 2.14. The different interferon treatments tested with incubation time and their 

combinations on MHC class I expression 

For example: Well 1 received IFNγ treatment alone for 96 hours before analysis. Well 5 

received IFNβ treatment alone for 96 hours before analysis and well 9 received IFNγ pre-

treating for 96 hours before IFNβ treatment for 24 hours before analysis. 

Well 

Number 

96 Hours 

Incubation 

72 Hours 

Incubation 

48 Hours 

Incubation 

24 Hours 

Incubation 

1 IFN-γ - - - 

2 - IFN-γ - - 

3 - - IFN-γ - 

4 - - - IFN-γ 

5 IFN-β - - - 

6 - IFN-β - - 

7 - - IFN-β - 

8 - - - IFN-β 

9 IFN-γ - - IFN-β 

10 - IFN-γ - IFN-β 

11 - - IFN-γ IFN-β 

12 - - - IFN-γ & IFN-β 

13 IFN-β - - IFN-γ 

14 - IFN-β - IFN-γ 

15 - - IFN-β IFN-γ 

16 - IFN-γ IFN-β - 

17 - IFN-β IFN-γ - 

18 - - IFN-γ & IFN-β - 

19 - IFN-γ & IFN-β - - 

20 IFN-γ & IFN-β - - - 

21 - - - - 

22 - - - - 

23 - - - - 

24 - - - - 

Note wells 21 – 24 were used as controls. 
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2.2.6 Flow Cytometry 

 Flow cytometric analysis was performed by using the Becton Dickinson FACS 

Calibur machine (Becton Dickinson, Mountain View, CA, USA). Mean Fluorescence 

Intensity (MFI) was obtained using the manufacturers statistical software analysis program 

histogram statistics, Cell Quest Pro©, Becton Dickinson, USA. Non-stained and isotype 

stained cells were used as negative controls and to set gates. Single stained cells were used to 

set positive gate settings and the double stained cells for setting compensations. 

 Fold Increases (FI) in surface marker expression and tumour cell death were 

calculated using the following equation; 

 

FI =            MFI (treated cells) – MFI (isotype stained control cells) 

                   MFI (untreated cells)–MFI (isotype stained control cells) 

 

2.2.6.1 Fluorescent immunostaining for surface located antigens 

 

 The protocol used was adapted from Current Protocols in Immunology (Coligan 

2003). Cells were removed from tissue culture vessels and washed once with phosphate 

buffered saline (PBS) (8g NaCl, 0.2g KCl, 1.44g Na2HPO4, 0.24g KH2PO4 in 1L H2O pH 

7.4). For surface located antigens including CD4, CD8, CD25, MHC class I and B7: the 

antibody was diluted 1:100 (in PBS + 0.5%FCS) and incubated with cells for 40-60 min on 

ice, in darkness. Cells were then washed twice with PBS and resuspended in 300-500μl of 

FACS fix (3.7% paraformaldehyde in PBS). The level of surface marker expression was then 

analysed by flow cytometry. 
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2.2.6.2 Intra-cellular immunofluorescence staining  

 

 For intracellular staining to determine the level of expression of FoxP3, the Mouse 

Regulatory T-cell Staining Kit (eBioscience) was used after the cells had previously been 

stained with anti-CD4 FITC and/or anti-CD25 PE conjugated MAbs were pelleted and 

resuspended in 1mL of freshly prepared Fixation/ Permeabilization working solution and 

incubated at 4ºC for 2 hours in the dark. Cells were then washed twice with Permeabilization 

buffer and 0.5µg/test of anti-mouse/rat FoxP3 Ab was added in a final volume of 100µl of 

Permeabilization buffer. Cells were incubated for 30mins at 4ºC in the dark. Cells were then 

washed twice and resuspended in a FACS tube to a final volume of 1mL of flow cytometry 

sample buffer and analysed by FACS. 

2.2.6.3 B7 Expression and MoFlo cell sorting 

 

 Transfected NeuTL B7 positive cells were initially analysed by flow cytometry on the 

BD FACS Callibur post transfection for levels of surface B7 expression. The MoFlo cell 

sorter (Dako, Glostrup Denmark) was used to select for those cells in the population that most 

highly expressed the B7 molecule (top 2%) after transfection. This machine is situated at the 

Princess Alexandria Hospital in Brisbane and was used with the assistance of the trained 

operator Dr Ibtissam Abdul-Jabbar.  

 Once the top 2% of highly expressing cells were isolated they were returned to culture 

in fully supplemented media in the presence of 300µg/mL G418 selection antibiotic and 

allowed to grow and expand. The resulting cells are here in referred to as NeuTL B7-Hi (Hi 

pertaining to high level B7 expression). Other cell populations were also selected for, 

including NeuTL B7 medium (NeuTL B7-M1) with medium level B7 expression and NeuTL 

B7 low (NeuTL B7-L1). 
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2.2.6.4 Flow Cytometric Analysis of Apoptosis  

 

 Flow cytometric analysis of apoptosis was carried out using the FACSCalibur
TM

. 

Mean Fluorescence Intensity (MFI) was obtained using the manufacturers histogram 

statistical analysis software package Cell Quest Pro
©

 (Becton Dickinson). For the detection of 

apoptosis induction, 1 x 10
6
 MOLT 4 cells were resuspended in 750µL of 1x Annexin V 

binding buffer (BD Pharmingen, USA). Cells were stained with FITC-Annexin V for 10 

minutes followed by Propidium Iodide (PI) (1µg/mL working solution) and immediately 

analysed using the BD FACSCaliburTM. Analysis was undertaken by assessing quadrant 

statistics as demonstrated in figure 2.1 

 

 

Figure 2.1. Annexin V (AV) P.I. staining for the analysis of cell death and apoptosis. 

Quadrant 1 represents % live cells (AV-/PI-). Quadrant 2 represents Annexin V positively 

stained cells or % apoptotic cells (AV+/PI-). Quadrant 3 represents doubly stained annexin V 

and PI positive cells which constitute % dead cells in a population (AV+/PI-). 
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2.2.6.5 Flow cytometric analysis of CD8/CD4/CD25/FoxP3 T-cell Populations 

 

 For the in vitro analysis of CD4+/CD8+/CD25/FoxP3 T cell populations from MLC, 1 

x 10
6
 splenic lymphocytes were harvested each day from MLCs and assayed. The level of 

surface marker and intracellular FoxP3 expression was analysed using the BD 

FACSCaliburTM as obtained previously (see Methods 2.2.6.2 and 2.2.6.3). Rat IgG2b FITC 

and rat IgG2a RPE (BD Pharmingen) were used as negative/isotypic controls. Isotype 

matched controls were used to set gates for positively stained populations using the Cell 

Quest Pro© (Becton Dickinson) software. FACS caliBRITE beads were used to set up 

compensation for tri-colour experiments. 

For the analysis of tumour infiltrating lymphocytes (TILs) and circulating T-cell populations 

in the peripheral blood, tumour and blood samples were collected from control and tumour 

bearing mice and assayed for the CD8/CD4/CD25 and FoxP3 positive populations.  

 Tumour samples were surgically removed from euthanized mice and laterally 

bisected. One half of the tumour was used for immunohistochemical analysis while the other 

half was treated with collagenase to liberate the TILs. These lymphocytes were then analysed 

for markers to distinguish T-cell sub-populations. 
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2.2.7 Vaccine Preparation and Vaccination Protocol 

 

 Each vaccine dose comprised freshly prepared cells as follows: NeuTL B7-1 Hi cells 

in complete DMEM supplemented with 1000 IU/ml IFNγ and IFN  (1000 IU/ml). The 

optimal time period for incubation with each IFN to maximize MHC class I expression was 

determined by combination trials over 24 hours to 96 hours of IFN treatment (Table 2.14). 

Cells were then dislodged from culture flasks using cell scrapers, pelleted by centrifugation 

(1000 rpm for 5 min), resuspended and washed twice in fresh 1x PBS. Cell viability and 

numbers were analysed by trypan blue exclusion. Cells were then treated with 30μg/ml 

mitomycin C in non-complete DMEM and incubated for 25 minutes to arrest cell growth 

before being pelleted and washed three times with fresh 1x PBS. All mice received 2 doses of 

vaccine as intra-peritoneal injections (each dose contained 1x10
7
 cells/200μl PBS) on day 1 

and 7 for preventative studies and day 4 and 11 post injection with the tumour burden for 

studies analysing the treatment of small established tumours. Control groups were vaccinated 

with 200μl of sterile PBS. 

2.2.8 Preparation of Splenocytes for mixed lymphocyte culture MLC and CTL Assays 

 

 Three to four days after the second (booster) vaccination, splenic lymphocytes were 

prepared as a source of responder cells for use in a MLC as follows. For splenocyte isolation 

see Section 2.2.1.5. 

 The final splenic derived mixed lymphocyte cell pellets were used to establish MLCs 

in 12 well plates, to a final volume of 4-5mls of complete RPMI-1640 medium in each well 

containing a previously established confluent lawn of IFNγ48/ 24 treated mitomycin C 

inactivated NeuTL B7-Hi cells as antigenic stimulators to promote lymphocyte proliferation. 

4x10
6
 splenic derived lymphocytes were added into each well containing the stimulator cells 
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and then the MLCs were incubated over several days at 37°C, 5% CO2.  All assays were 

repeated in triplicate. 

 The general scheme followed for each experiment consisted of three stages (Fig 2.2)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2.2. General MLC scheme followed throughout this study. Vaccination for a period of 2 

weeks before preparation and in vitro incubation of splenic derived effector cells. Final 

analysis of the cytotoxic activity of effector cells as shown represents the three major steps for 

experiments performed in this study to determine anti-cancer cytolytic activity induced by 

vaccination. 

 

 

CTL Assay 

 MLC 
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2.2.9 In Vitro Addition of Galectin-binding disaccharides and recombinant human 
(rh) Gal-1 protein 

 

 Stock solutions of disaccharides used to bind to Gal-1 including lactobionic acid 

(LBA) and thiodigalactoside (TDG) (Figure 2.3) were prepared fresh by dissolving them in 1 

x PBS before addition at final concentrations of 10µM, 20µm or 1mM to the MLC. rhGal-1 

was added to wells as required at final concentrations of between 2.5-20µM. For those MLC 

wells receiving rhGal-1 and disaccharides, rhGal-1 was first pre-incubated with the 

disaccharide for 10 mins before addition to the MLC. Cell counts were performed using 

trypan blue dye exclusion every day for 5 days in triplicate to determine the level of 

lymphocyte proliferation. If required, when growth was significant, half the volume of the 

MLC/stimulator medium was replenished by replacing with fresh, complete media. 

Disaccharides were also replenished when media changes occurred. 

 

 

Figure 2.3. Related chemical structure of A. Lactobionic acid and B. Thiodigalactoside 

(Chembase 2011). 

 

 

A B 
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2.2.10 Treatment of MOLT-4 cells with rhGal-1 

 

 For investigating the effect of rhGal-1 protein to induce early apoptosis, 1.5x 10
5
 

MOLT-4 cells were incubated with or without purified rhGal-1 (final concentration 5,10 or 

20µM) in the presence or absence of TDG (10µM) in complete RPMI media using 12 well 

plates (2mL/well). Cells were collected at 4 and 9 hour intervals during treatment and pelleted 

by centrifugation. The cells were resuspended and examined for their level of phosphatidyl-

serine (PS) exposure (as the marker of early stages of apoptosis) by binding with Annexin V-

FITC and PI staining of apoptotic and dead cells determined using flow cytometry. 

2.2.11 Treg induction assay 

 

 Phenotypic analysis of Tregs and cell sorting was performed using a Beckman Coulter 

MoFlo XDP flow cytometer and the MoFlo XDP Summit Software version 5.2. Briefly, cells 

were immunostained with both CD4-FITC and CD25-PE conjugated antibodies. The 

CD4
+
CD25

-
 cell population were selected and sorted. Next, the purified CD4

+
CD25

-
 T-cells 

(1x10
5
) were cultured in 96 well plates containing conditioned medium collected from 

cultured NeuTL WT cells grown to confluence in a 75cm
2
 flask and concentrated 10 fold 

using a Novagen® U-Tube 500-30 concentrator. Cells were also cultured in the presence of 

either conditioned media alone, 100µg/mL rhGal-1, 1mM TDG, 10µg/mL anti-CTLA-4 

MAb, combined anti-CTLA-4 MAb and TDG or fresh, complete RPMI medium alone. After 

72 hours of cultivation, the proportion of CD4
+
FoxP3

+
 Tregs was detected using flow 

cytometry. 
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2.2.12 Study protocols used in testing immunotherapies on animals models of breast 
cancer 

2.2.12.1 In vivo anti-breast cancer vaccination study 

 

 Before determining the prophylactic effect of vaccination with the whole cell 

allogeneic breast cancer vaccine, the transgenic FVBN-MMTV rat C-erbB2 mice were first 

monitored to detect early the formation of any spontaneously developing tumours. Once 

tumours were visible, but not greater than 5mm in diameter, the mice were used in 

vaccination studies. Mice received the prime/boost regimen plus additional vaccine doses at 

monthly intervals as outlined in Section 2.2.7. 

 To analyse the preventative effect of vaccination on tumour development vaccinated 

mice were challenged with a wild type (WT) tumour cell burden. Approximately 1 week after 

receiving the second (booster) vaccination, vaccinated and control FVB/N mice cohorts were 

challenged by subcutaneous injection of live tumour cell burdens (1 x 10
6
 NeuTL wild type 

cells, non-transfected with B7, in 100µL PBS) on the rear hind quarter. Mice were then 

monitored for evidence of tumour growth by palpation and inspection every 2 days. Tumour 

size was measured using callipers and changes in growth size recorded. When the tumour 

diameter in any direction reached 20mm, the mice were humanely killed. As mentioned 

earlier (section 2.2.1) at times throughout the study the wild type cell line used in tumour 

challenge studies were re-derived to changes in growth pattern and cellular morphology over 

long periods of time in culture. This resulted in small changes to growth rate with the newly 

derived cells becoming more aggressive. This variability between cell lines was countered by 

running all vaccine treatements (wild type control, vaccine alone, TDG, anti-CD25, anti-

CTLA4 and combination treatments) with each resultant cell line and combining growth 

curve data to ensure the validity of results and limit variability between experiments. 

The effects of cancer vaccination were also examined whereby animals were first 

given a tumour burden (1 x 10
6
 WT NeuTL cells) on day 0 by SC injection on the rear hind 
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quarter. Mice then received doses of vaccine 2-4 days post tumour implantation and before 

the visible tumour mass had reached 5mm in diameter. Animals also received a booster 

injection of vaccine on day 7. The group of treated and untreated mice were followed for 70 

days post tumour implantation to determine their tumour growth over time. A number of mice 

were sacrificed at various time points to determine levels of effector and regulatory T-cell 

populations across the different treatments.  

 

2.2.12.2 Determining the effect of blocking Gal-1 with TDG in combination with 
vaccine therapy 

 

 Mice received vaccine schedules as per Section 2.2.12.1. For mice receiving TDG 

therapy, animals received 120mg/kg of TDG solution injected intra-tumourally (IT) every 3-5 

days.  

2.2.12.3 Determining the effect of Vaccine therapy combined with Treg inhibitory 
antibodies 

 

 Mice in this group received challenge with WT NeuTL cells and vaccine (V) plus 

100µg of either anti-CD25 (PC61) or anti-CTLA-4 (9H10) MAbs (AbSolutions, Perth, 

Western Australia) in 200µL PBS injected IP. Combination groups received vaccine and 

100µg of both PC61 and 9H10 Treg inhibitory antibodies. The following schemas show the 

vaccination regimens followed in this study: 

 

Vaccine plus anti-CD25 MAb treatment 

0     2         4            9                11   Day 

 

WT αCD25         V       αCD25             V   Treatment 
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Vaccine plus anti-CTLA-4 MAb treatment  

0             2    5                  9   12  Day 

 

WT    V         αCTLA-4                      V          αCTLA-4  Treatment 

 

 

Vaccine plus anti-CD25, anti-CTLA-4 MAb combination treatment 

0    2        4      7            9       11   Day 

 

WT αCD25        V  αCTLA-4       αCD25         V   Treatment 

 

Mice were followed for 70 days post tumour implantation (on day 0) to analyse 

tumour growth over time. A number of mice were sacrificed at various time points and used 

to determine levels of effector or regulatory T-cell populations across the different treatments.  

At times throughout the course of these studies it was required that the wild type cell 

line used for control tumour growth and tumour challenge to be re-derived by inoculating 

mice with a tumour burden and re-culturing the resultant tumour cells in vitro. As a result the 

aggressiveness and growth rate of tumours changed over time. To counter any inter-

experimental variability, all vaccine treatments were re-run with the newly derived cell line to 

ensure the validity of results and limit variability. This variability specifically pertains to 

results obtained in chapter 4. For updated tumour growth and survival data for vaccine and 

TDG treatments which were ran in parallel with anti-CD25, anti-CTLA-4 MAb treatments 

and combinations please refer to appendix 1.    
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2.2.13 Development of a CTL assay  

 

 Lymphocytes from the MLCs were harvested and separated from the dead cells and 

the tumour cell antigenic stimulators by overlaying gently onto a 5mL cushion of isotonic 

Ficoll-Paque plus (Sigma Aldrich Chem. Co.). After centrifugation at 1100rpm for 30 minutes 

lymphocytes were collected from the interface, they were then washed in PBS and 

resuspended at 1 x 10
7
 cells/ml ready for use as effectors in CTL assays. 

2.2.13.1 DELFIA Cytotoxicity Assay 

 

 The DELFIA cytotoxicity assay is based on target cells loaded with the ligand 

BATDA and releasing this when they are killed. The BATDA is then detected by complexes 

formed with Eu
3+

. The DELFIA cytotoxicity assay is a commercially available kit (Perkin-

Elmer Life Sciences). 

 2.2.13.1.1 Preparation of target cells for cytotoxicity assay 

 

 To assess the cytotoxic activity of T-cells induced by vaccination, non-mitomycin C 

treated, IFNγ48/ 24 NeuTL B7-Hi target cells were harvested by using cell scrapers. Cells 

were then centrifuged at 1000 rpm for 5 min and carefully resuspended in sterile phenol red-

free complete media. The number of cells was determined and adjusted to approximately 1 x 

10
6
 cells/ml in culture medium. 5μl of the fluorescence enhancing ligand (BATDA) was 

added to 2-4 ml of cell suspension which was then incubated for 25 min at 37°C, 5% CO2. 

Next, the cells were centrifuged at 1000 rpm for 5 min before resuspending in wash buffer 

containing 10mM probenecid (Sigma) in 1 x PBS to prevent further spontaneous leakage of 

BATDA out of the cells into the reaction. Cells were then washed 3-5 times in 1 x PBS, 

resuspending the pellet carefully between each wash. At the final wash cells were 

resuspended in culture medium and adjusted to approximately 5 x 10
4

 cells/ml. 
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 2.2.13.1.2 Preparation of Effector lymphocytes 

 

 Splenic lymphocytes from each well of the MLC were resuspended gently in the 

culture media, harvested and separated from dead or stimulator cancer cells by overlaying on 

a 5mL cushion of isotonic Ficoll-Paque (Sigma, USA). After centrifugation at 1200rpm for 

30min, the cells were collected from the interface. Cells were then washed 3 times in 1 x PBS, 

counted and resuspended at a stock concentration of 1x10
4
 cells/100μl as effectors for use in 

the DELFIA EuTDA CTL assay. 

 2.2.13.1.3 DELFIA Cytotoxicity assay protocol 

 

 100μl of BATDA loaded target cells (5000 cells) were added to each well of a round 

bottom sterile 96 well tissue culture plate (TPP). 100μl of effector (E) cells were then added at 

varying cell concentrations to the wells. Effector: Target (E:T) cell ratios included were 50:1, 

25:1, 12.5:1, 6.25:1, 3.125:1, 1:1 and 0.5:1. Replicate wells were also prepared to provide the 

values for either background, spontaneous release or maximum release measurements (see 

Table 3.3). The CTL reaction was then allowed to proceed by incubating for 2 hours in a 

humidified 5% CO2 atmosphere at 37°C. The reaction plate was then centrifuged for 5 min at 

500 x g. 20μl of each supernatant was transferred to a clean flat-bottomed 96 well test plate. 

200μl of Europium ion solution (Eu
3+

) was then added and the plate incubated for 15 min at 

room temperature on a plate shaker. The peak fluorescence was then measured on the 

Fluorostar Optima plate reader (BMG Labtech, Melbourne Australia) set on the time-resolve 

fluorescence mode. 
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Table 2.15 Definition of test samples analysed 

Background An aliquot of target cells loaded with BATDA fluorescence 

enhancing ligand was taken and centrifuged. These samples were 

not labelled or incubated with the effectors. 100μl of supernatant 

was removed by pipetting and transferred to the wells of a fresh 96 

well plate. 100μl of phenol red free RPMI was added to bring the 

final reaction volume to 200μl. From this 20μl aliquot was 

transferred to a 96 well flat-bottom reaction plate (Perkin-Elmer) 

and 200μl of the DELFIA Europium solution (Eu
3+

) was added, the 

plate was then shaken for 15min and the fluorescence was measured 

on the Fluorostar OPTIMA (BMG).  

Spontaneous 

release 

100μl of target cells were incubated with 100μl of cell culture 

medium (phenol red free). A sample of 20μl of this culture 

supernatant was transferred to a flat bottom 96 well reaction plate. 

200μl of the DELFIA Europium solution was then added, mixed for 

15 min and measured at the peak fluorescence emission of 613nm. 

Maximum 

release 

100μl of Target cells alone was incubated with 100μl of cell culture 

medium (phenol red free) supplemented with 10μl of cell lysis 

buffer (0.03% digitonin and 19% DMSO) and left for 5-10 minutes. 

A sample of 20μl of the resulting supernatant was transferred to a 

flat-bottom 96 well reaction plate and 200μl of the DELFIA 

Europium solution added, mixed for 15 min and measured at the 

peak fluorescence emission of 613nm to determine the values for 

the 100% maximum release. 
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Formulas used for calculation of spontaneous and specific release 

% spontaneous release =   spontaneous release (counts) – background (counts)     

                                           maximum release (counts) – background (counts)        

 

% specific release =   experimental release (counts) – spontaneous release (counts) 

                                   maximum release (counts) – spontaneous release (counts)   

 

2.2.13.2 Europium Diethylenetriaminopentaacetate (EuDPTA) cytotoxicity assay 

 2.2.13.2.1 Preparation of Target cancer cells for cytotoxicity assay 

 

 Target breast cancer cells used were as described in the previous Section 2.2.12.1.1 

except that in the last stage of resuspension after centrifugation, the cells were counted and 

the number of cells adjusted to approximately 5 x 10
6 

cells/ml in sterile Europium loading 

buffer (50mM HEPES, 93 mM NaCl, 5mM KCl, and 2mM MgCl2) and supplemented with 

20μM EuCl3, 100μM DPTA and 500μg/ml dextran sulphate (pH adjusted to 7.4 with NaOH). 

The cell suspension was then incubated for 15-20 min at 4°C to allow for loading of Eu
3+

 ion. 

During the incubation, cells were gently mixed occasionally using a sterile transfer pipette. 

After the incubation time 100mM CaCl2 was added to the cell suspension and incubation was 

continued for a further 5 min. Target cells were then washed 5 times with wash buffer 

(labelling buffer supplemented with 2mM CaCl2 and 10mM glucose) and finally, the target 

cells were resuspended in complete RPMI medium at a concentration of 5 x 10
4
 cells/ml 

ready for use. 

 2.2.13.2.2 Preparation of Effector lymphocytes 

 As outlined in Section 2.2.13.1.2 

 

X 100 

X 100 
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 2.2.13.2.3 EuDPTA Cytotoxicity assay protocol 

 

 As outlined in Section 2.2.13.1.3., at the completion of the reactions after 

centrifugation, 20μl of each supernatant was then transferred to a fresh flat-bottom 96 well 

test plate before 200μl of DELFIA enhancement solution (DELFIA ™, LBK Wallac, USA) 

was added. The plate was gently shaken for 15 min and fluorescence emission detected using 

the time-resolved fluorescence mode of the Fluorostar optima plate reader. 

 

Table 2.16 Definition of samples 

Spontaneous release 

 

See Table 2.15. After centrifugation 20μl of supernatant was 

transferred to a clean flat bottom 96 well reaction plate. 

200μl of the DELFIA enhancement solution (Perkin-Elmer) 

was then added. The plate was shaken for 15 mins and the 

peak fluorescence emission measured at 613nm. 

Maximum release 

 

See Table 2.15. After centrifugation 20μl of the supernatant 

was transferred to a fresh flat-bottom 96 well reaction plate. 

200μl of the DELFIA enhancement solution was then added, 

and the plate shaken for 15 mins and fluorescence measured. 

 

 

Formula used to determine specific marker release 

As for Section 2.2.13.1.3 
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2.2.13.3 Development of a CTL assay based on luciferase enzyme activity being 
released from lysed Target cells 

 2.2.13.3.1 Preparation of Targets 

 

 NeuTL B7 H2 luciferase positive cells were used as target cells for this CTL assay. As 

these cells are already “labelled” with the luciferase luminescent enzyme by transfection, no 

formal labelling step is required. NeuTL B7 H2 luc
+ 

cells
 
are harvested using cell scrapers. 

Cells were then washed with complete phenol red free media and resuspended to a 

concentration of 1 x 10
5
 cells/ml. 

 2.2.13.3.2 Preparation of effectors 

 As for Section 2.2.12.1.2 

 2.2.13.3.3 Luciferase cytotoxicity assay protocol 

 

 As outlined in Section 2.2.13.1.3, at the completion of the reactions after 

centrifugation, 20μl of supernatant was then added to a flat-bottom 96 well test plate and 

100μl of firefly luciferase assay buffer (80mM tricine (pH 8.0), 8mM MgCl2, 1% tergitol NP-

9 detergent (Sigma), 1mg/ml BSA, 40mM DTT, 200μM EDTA, 10% glycerol, 600μM co-

enzyme A, 1mM beetle luciferin and 1mM ATP at pH8.2) was added. Co-enzyme A, luciferin 

and ATP were not added to the firefly luciferase assay buffer until just prior to measurement 

of the luciferase activity on the plate reader. Luciferase levels were detected using the 

Fluostar OPTIMA microplate reader (BMG) set on luminescence mode. Measurements were 

obtained over a time interval of 1sec and the average values taken from triplicate wells for 

each sample. This assay can also be analysed using a CCD camera (Berthold, USA) on 

luminescence mode and using winlight software. This approach analyses difference in light 

intensity in photons per cm
2
. 
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Table 2.17 Definition of samples 

Maximum release 

 

See Table 2.15. After centrifugation 20μl, of the 

supernatant was transferred to a clean flat-bottom 

96 well reaction plates and 100μl of Luciferase 

assay buffer was added. Luminescence was then 

measured. 

 

Minimum/spontaneous release 

 

See Table 3.3. After centrifugation 20μl of the 

supernatant was transferred to a clean flat bottom 

96 well reaction plate and 100μl of Luciferase 

assay buffer was added on top. Luminescence was 

then measured. 

 

 

Calculation of percent specific release 

As for Section 2.2.13.1.3 

2.2.13.4 SytoxGreen® Cytotoxicity assay  

 2.2.13.4.1 Preparation of effectors 

 For lymphocyte isolation from MLC, refer to Section 2.2.12.1.2. For assays using 

lymphocytes isolated from LNs, refer to Section 2.2.1.5. LN lymphocytes were then counted 

and plated directly onto a confluent lawn of NeuTL B7-Hi Target cells and seeded in numbers 

as indicated.  

 2.2.13.4.1 Preparation of Target cells 

  1 x 10
5
 IFN γ/β treated NeuTL B7-Hi target cells were cultured into wells of a black 

side/clear bottom 96-well plate (Greiner Ltd). Isolated Effector cells were then added on top 
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at Effector: Target ratios ranging from 3.125:1 to 25:1 and incubated for 3.5 hours. After 

incubation, 50µL of 4mM SYTOX
®

Green was added and incubated for a further 30 minutes 

to visualise dead cells which take up SYTOX
®

Green. Fluorescence was measured using a 

Flexstation
®
 3 (Molecular Devices) plate reader. Readings were taken at 5 minute intervals 

for up to 1 hour and results analysed using the SoftMax®Pro 5.2 microplate data analysis 

software. 

 

Percent specific lysis was calculated using the following formula: 

% specific lysis = 100 x (Experimental release – minimum release)          

                                          (Maximum release – minimum release) 

 

Where minimum release corresponds to wells containing 100% live Target cells and 

maximum release corresponds to wells containing 1% Tergitol-NP9 to induce 100% Target 

cell death.  

 

 2.2.13.4.2 Definition of lytic units 

 

 Quantitative analysis of the relative efficiencies of killing of target cells by Effector 

lymphocytes derived from cultures containing TDG, or rhGal-1 combined with TDG, or 

control wells was determined based on the slopes of the curves from the cytotoxicity assay 

using the methods outlined in Current Protocols in Immunology, (2003).  Thus, 1 lytic unit 

was assigned on the basis of the number of Effectors required to produce 15% lysis of tumour 

Target cells, determined by plotting percentage maximum lysis versus log10 of the number of 

Effector cells in each well and applying regression analysis using GraphPad Prism (version 

3.0, GraphPad Software Inc., USA) to determine the line of best fit. Comparisons of different 
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E:T ratios were determined and analysed for statistical significance using the students T-test 

to evaluate whether two groups were significantly different according to their means. 

2.2.14 Immunohistochemical analysis of tumour samples 

 

 2.2.14.1 Antibodies, dyes and reagents. 

 

 For immunohistochemical analysis of tumour samples antibodies recognising either 

CD8, CD4, CD25 or FoxP3 were conjugated using AlexaFlour
©

 carboxylic acid, succinimidyl 

ester dyes. The purified conjugates were then used for detection of expression on cells in 

freshly isolated frozen tumour sections or cell samples. 

2.2.14.2 Conjugation of antibodies to Alexa fluor© carboxylic acid, succinimidyl ester 
dyes. 

 Antibodies at a stock concentration of 0.5mg/mL were concentrated using a Novagen
®

 

U-Tube 500-30 concentrator until the final concentration of antibody to be conjugated was 

1mg/mL in a final volume of 100µL in PBS. Since this reaction is extremely pH sensitive, 

and all reactions must be carried out at pHs between 7.5-8, the pH of PBS solutions was 

adjusted by the addition of 1M NaHCO3.  

 Alexa
©

 dyes were aliquoted into 1mg/mL aliquots in DMSO and stored under argon 

filled HPLC tubes to avoid hydrolysis of the dyes. For conjugation, dyes were used at 

10µg/conjugation/reaction. Therefore, 10µl was removed from the HPLC tubes using a 100µl 

SGE gas tight syringe and added to the Ab solution. The Ab/Dye reaction was incubated in 

the dark at RT for 2-5 hours with pipette mixing every 10-15 mins. 10mins before the end of 

incubation, Bio-Rad Microbiospin
®
 30 columns (cat # 732-6202) were prepared. Briefly, the 

caps of the Microbiospin
®
 30 columns were removed so that the packing buffer could freely 

run though the gel and out of the column. The column was then centrifuged for 2min at 1000g 

to remove any remaining packing buffer. Columns were then placed in a clean 

microcentrifuge tube. Without disturbing the gel bed, the Ab/dye mix was added drop-wise to 
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the centre of the gel bed. After loading the sample, the column was centrifuged twice, each at 

2000g for 5 mins. The flow through from the column containing the Ab/dye conjugates was 

collected and stored in the dark at 4°C.  

 

2.2.14.3 Calculating Degree of Labelling (DOL) 

 1µL of conjugated Ab solution was spectrophotometrically analysed using a nanodrop 

spectrophotometer. A280 and Alexa dye absorbance maximum (Amax) were noted for each 

sample and used to calculate the DOL using the following equation; 

DOL = 

Amax 

Extinction coefficient x (A280-(Amax x correction factor)) / IgG extinction coefficient 

(which is equal to 203000) 

 

 

Each particular Alexa Fluor
©

 dye is designated a distinct extinction coefficient and correction 

factor. The values for the dyes used in this study were as follows: 

 

Table 2.18. Alexa Fluor
©
 extinction coefficients and correction factors 

Alexa Fluor
©

 Extinction coefficient  Correction factor 

594 90,000 0.43 

488 71,000 0.30 

405 34,000 0.23 

647 239,000 0.03 
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2.2.14.4 Tissue sectioning and staining. 

 

 2.2.14.4.1 Tissue embedding 

 

 Freshly isolated tumour samples were measured and descriptive details of the 

appearance were recorded. A small section of parafilm was cut and made into a cylindrical 

shape for use as a cryo-mould for tissue block assembly. The mold was then placed upon a 

flat steel surface which had been pre-cooled in dry ice. The mold was then filled part-way 

with OCT compound (cryo-embedding media) and left to partially set. The tissue sample was 

then bisected with one half of the tumour being placed cut face down on the layer of pre-iced 

OCT The sample was then covered with the cryo-embedding media and left to set on dry-ice. 

The tissue block was kept at -80°C until ready for sectioning. 

2.2.14.4.2 Tissue sectioning 

 

 After embedding the frozen tissue block was attached face-up to the cryostat (Leica) 

sectioning chuck by securing in position with a small amount of OCT media. The chuck was 

then placed back into the cryostat pre-cooled sectioning chamber until the block was securely 

attached to the chuck. The chuck was then placed into its holder and sectioning was 

performed at -25
o
C to -15

 o
C. 10-15µm sections were cut from the samples in a consecutive 

series and sections placed onto poly-L-lysine coated Superfrost
©

 glass slides (Lomb Scientific 

Pty. Ltd., Aus). The slides were kept at -80°C until ready for staining. 

 2.2.14.4.3 Tissue staining 

 

 Slides were immersed in pre-cooled acetone (-20
o
C) for 10 min to fix and 

permeabilize the tissue. Acetone was allowed to evaporate from the slides at RT for 20 

minutes before they were washed three times with 1 x PBS. Using a PAP pen, a hydrophobic 

barrier was drawn around the tissue samples on each slide to ensure the buffers and 

immunostaining dyes did not run. 500µL of blocking buffer containing 3% BSA and 0.25% 
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Triton-X in PBS (PBST) was added to each slide and incubated overnight at 4°C. The 

following day the slides were washed three times in 1 x PBS. 

Alexa Fluor
©

 conjugated antibodies were prepared by diluting the Ab stock 1:500 in PBST. 

250µL of the Ab/PBST mix was added to the tissue sections and incubated overnight at 4°C. 

For tissue sections stained with multiple Alexa Fluor
©

 conjugated antibodies, multiple 

Ab/Alexa conjugates were added as a combined mixture on the section and incubated 

overnight. The next day, slides were washed three times in 1 x PBS and mounted with anti-

fade mounting media. The sections were then covered with a glass cover-slip and sealed using 

clear nail varnish. Sections were analysed using the Olympus
®
 FLUOVIEW FV1000 confocal 

laser scanning biological microscope 

 

2.2.15 Statistical analysis. 

 

 All data is presented as the mean ± SEM. Statistical analysis including t-tests, one-way 

ANOVAs and survival analyses were performed using the SPSS version 12 software (SPSS 

inc., Chicago, IL) and GraphPad Prism version 3.0 (GraphPad Software Inc., USA). All 

graphs are plotted using the prism GraphPad software 
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Chapter 3: 

Enhancing antigenicity of a breast cancer vaccine to 

increase CD8
+
 CTL immune responsiveness in a 

transgenic mouse breast cancer model 
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3.1 Introduction. 

Immunotherapy of cancers requires that the immune system be sufficiently stimulated 

in order to promote strong reactivity against cancer cells. By definition, immune surveillance 

must fail for development of tumours to occur. Immunotherapy of cancer aims to restore the 

balance. Immune-cell mediated antigen specific tumour rejection has been proposed to consist 

of three essential elements: appropriate antigens, specific for the tumour; efficient antigen 

presentation; and the generation of potent effector cells (Tabi and Man 2006). This chapter 

will outline the development of a highly immunogenic breast cancer cell line that when used 

as a vaccine is capable of initiating potent anti-cancer immune responses. 

 

3.1.1 The HER-2/neu murine breast cancer model 

 

Mice which transgenically express MMTV/activated HER-2/neu proto-oncogene have 

been extensively used and have proven to be a clinically relevant and useful model for the 

immunotherapeutic studies of breast cancer. MMTV/activated HER-2/neu transgenic mice 

express the rat HER-2/neu proto-oncogene under the control of the mouse mammary tumour 

virus (MMTV) promoter (Guy, Webster et al. 1992). Consequently MMTV/activated HER-

2/neu female mice spontaneously develop focal mammary adenocarcinomas by 

approximately 6-8 months of age and upon sexual maturity when the MMTV promoter is 

activated by the sex steroid hormone, oestrogen. Although the mouse HER-2/neu protein 

differs from the rat by <6% of amino acid residues, evidence shows that the rat variant can be 

immunogenic in the mouse (Nagata, Furugen et al. 1997). Both the immunological responses 

and the development and histology of the tumours themselves in this mouse breast cancer 

model have been characterised and shown to closely mimic that seen in human breast cancer 

(Reilly, Gottlieb et al. 2000; Ercolini, Machiels et al. 2003). 
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The NeuTL breast cancer cell line used throughout this study was derived from 

spontaneous tumours that formed in HER-2/neu animals and is positive for HER-2/neu 

surface expression. This cell line is poorly immunogenic and readily produces tumours when 

injected into syngeneic FVB/N mice. The poor immunogenicity of this cell line reflects a low 

pattern of cell surface expression of MHC class I, B7 and significant tolerance to the neu 

transgene expressed in this mouse strain (Reilly, Gottlieb et al. 2000). These observations are 

all considered as important mechanisms by which tumour cells evade recognition by immune 

surveillance and resemble the significant challenges faced when developing successful 

immunotherapies for human breast cancer.  

3.1.2 Role of the IFNs: increasing the ability of cancer cells to be recognised by 
immune killer cells. 

 

The IFNs α, β and γ represent a protein family with pleiotropic functions including 

immunomodulatory, cytostatic, and cytotoxic activities (Seliger, Ruiz-Cabello et al. 2008). 

They are involved in the innate as well as adaptive immune responses, thereby helping to 

shape the tumour-host immune responses. Used alone or in combination, they have been 

successfully used to treat some cancers (Ruiz-Ruiz, Munoz-Pinedo et al. 2000; Ishikawa 

2008) and more recently studies have highlighted their important role in tumour immunity 

(Seliger, RuizCabello et al. 2008). It has been well documented that both IFNα/β and IFNγ 

increase the expression of major histocompatibility (MHC) class I complexes on the cell 

surface (Fellous, Nir et al. 1982; Sugita, Miyazaki et al. 1987). Previous studies both within 

this laboratory and by others have identified the ability of B16-F10 melanoma cells primed 

with IFNγ then stimulated with IFNβ to promote anti-cancer immune responses when the 

treated cells were used as an immunotherapeutic vaccine (Dezfouli, Hatzinisiriou et al. 2003). 

IFNγ was shown to up-regulate the expression of MHC class I molecules on B16-F10 cancer 

cells so that that cells became susceptible to CTL-mediated specific lysis and prevented 
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melanoma growth when mice were vaccinated with these cells as an anti-melanoma vaccine 

(Bohm, Thoma et al. 1998).  Previous studies from this laboratory showed that the priming of 

B16-F10 cells with IFNγ for 24 hours before adding IFNβ for a further period of 48 hours 

greatly increased the expression of B7-1, ICAM-1 and particularly MHC class I, whose 

increased expression was then sustained for several days (Dezfouli, Hatzinisiriou et al. 2003). 

As a whole tumour cell vaccine, the IFNγ72/β48 treated B16-F10 cells produced greater 

levels of CTL responses compared to vaccines prepared using either type of IFN alone. 

Furthermore, B16-F10 cells which were genetically modified to express high levels of the co-

stimulatory molecule B7, as well as using the IFNγ72/β48 treatment produced substantially 

increased CTL responses. When the IFN treated B7 positive cells were used to vaccinate, 

90% of mice remained tumour free after subsequent challenge with 5 x 10
5
 live melanoma 

cells. (Dezfouli, Hatzinisiriou et al. 2003). 

 

 



 141 

3.1.3 Combined effects of B7 expression and IFN treatment of tumour cells on the 
CTL response 

As outlined in Chapter 1, section 1.5.2.3, although many studies have shown that 

expression of the co-stimulatory receptor CD80 (B7-1) on cancer cells enhanced immune 

responses against tumours, it has since been shown that B7-1 or B7-2 expression alone is 

insufficient by itself to induce immunity against poorly immunogenic tumours (Chen, 

McGowan et al. 1994; Cavallo, Martin-Fontecha et al. 1995; Martini, Testi et al. 2010). 

Increasing the expression of the MHC receptors and B7 co-stimulation was previously shown 

by Dezfouli et al., (2004) to provide an effective melanoma whole cell vaccine. Thus, whether 

the previous strategy for the B16-F10 murine melanoma vaccine could be extended and 

applied to prepare a NeuTL, FVB/N-MMTV rat C-neu murine breast cancer vaccine was the 

aim of the studies outlined in this chapter. 

Firstly, studies described in this chapter were designed to address the work up of 

initial methodology for standard vaccine cell preparation and inactivation. The development 

of the breast cancer cell line used in the vaccine as a suitable, highly immunogenic target for 

anti-cancer immune responses is also described. This involved determining the most 

appropriate method for inactivating the cancer cell growth before use as a vaccine and 

examining the most suitable IFN treatment regimen to induce the greatest level of MHC class 

I induction on the murine breast cancer cell line. The vaccine cell line was also modified to 

increase the level of B7 expression, as well as to study the effects of B7 and increased MHC 

expression on the production of CD8
+
 CTLs when injected into mice. The studies identified 

that treatment with mitomycin C (30µg/ml) to inactivate cellular proliferation was a suitable 

alternative to gamma irradiation. Cell line development studies further revealed that 

IFNγ48/β24 treatment of the B7 expressing NeuTL breast cancer cell line, greatly enhanced 

lymphocyte numbers obtained in cultures of splenic derived lymphocytes from vaccinated 

mice. In addition, when used as a prophylactic vaccine, the IFNγ48/β24 treated, B7-Hi 
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expressing NeuTL cells induced greater numbers of splenic and circulating CD8
+
 CTLs and 

moderately increased the survival of mice that spontaneously developed breast cancer in the 

FVB/N-MMTV rat C-neu model. However, when used as a therapy for pre established 

NeuTL cells given as a tumour burden, the vaccine was capable of significantly reducing 

tumour growth rates and increased the median survival time of tumour-burdened mice 

receiving vaccine immunotherapy. Furthermore, development of methods for assessing the 

levels of CTL activity induced in the vaccinated mice are documented. 
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3.2 Results 

3.2.1 Comparison of mitomycin C treatment and irradiation in the preparation of 
cells used in vaccination or MLC 

 

Mitomycin C is an anti-neoplastic antibiotic; it inhibits DNA synthesis by causing 

cross-linking in the DNA strands and is commonly used to create mitotically inactive feeder 

cells for cell culture experiments and producing non-replicating cancer cells for live whole 

cell cancer vaccines (Verweij and Pinedo 1990; Tomasz 1995). Mitomycin C was trialled to 

examine whether it could be used as an alternative to irradiation which can be costly and time 

consuming. Cells were either treated with 30µg/ml mitomycin C for 30mins or exposed to a 

lethal dose of gamma radiation using a Cs
137

 radioactive gamma source (~260rads/min, 

~16,000 rads total) (Compagnie, ORIS self-shielding irradiator, Royal Brisbane Women’s 

Hospital). The cells were then plated at a concentration of 1.2 x 10 
5
 cells /well in a 6 well 

plate and analysed for survival and changes in cell number over a period of 7-10 days. The 

results (Fig. 3.1) showed that treatment with 30µg/ml of mitomycin C not only inhibited cell 

proliferation but also significantly maintained cellular viability of the time course of the 

experiment compared to gamma irradiation (p < 0.001). Results also show that exposing the 

cells to lethal doses of gamma radiation caused these cells to die earlier after re-culture. 

Cellular viability is an important parameter to consider when using these cells in long term 

culture systems and when incorporating them as antigen presenters to stimulate the immune 

response as whole cell anti-cancer vaccines. Other studies have suggested that mitomycin C 

may reduce antigenicity of cells due to alterations in cellular metabolism (Roy, Krzykwa et al. 

2001). However, further investigation proved that treatment with mitomycin C did not alter 

the antigenicity of the vaccine cells because the MHC class I (post IFN treatment) and B7-1 

expression were found not to be affected by the antibiotic (K. Stannard, personal 

observations). 
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Figure 3.1. Mitomycin C treatment of breast cancer cells successfully prevents cellular 

replication and prolongs cell viability post treatment. NeuTL B7-1 Hi cells were either 

treated with 30µg/ml mitomycin C for 30mins or exposed to a lethal dose of gamma radiation 

using a Cs radioactive gamma source (~260rads/min, ~16,000 rads total). The cells were 

then plated at a concentration of 1.2 x 10
5
 cells /well in a 6 well plate and analysed for cell 

number over a period of 7-10 days. Cell counts were performed by trypan blue dye exclusion 

of live cells every 2 days. 
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3.2.2 Optimisation of IFNγ/β treatment to enhance the MHC class I antigen 
presentation on cells for inclusion in a breast cancer vaccine. 

 

Previous studies from this laboratory showed that IFNγ priming of B16-F10 

melanoma cells before the addition of IFNβ produced a whole cell vaccine with much higher 

MHC class I expression and resulted in synergistic increases in CTL responses above those 

obtained with a vaccine prepared with either no IFN stimulation or using a single IFN 

treatment alone (Dezfouli, Hatzinisiriou et al. 2003). The aim of IFN treating the breast cancer 

NeuTL cells was to optimally enhance the expression of surface markers in order to promote 

a greater immune reactivity and increased CTL activity. Therefore various incubation periods 

and combinations of IFN treatment were tested to establish which IFN treatment provided the 

highest sustained levels of MHC class I surface expression on the NeuTL cells. The results 

showed that priming with IFNγ for 24 hours before treatment with IFNβ for a further 24 hours 

(henceforth referred to as IFNγ48/β24) produced the highest and most sustained MHC class I 

induction by the NeuTL cell line (Table 3.1) Therefore the IFNγ48/β24 treatment was used 

routinely for preparing the standard breast cancer vaccine used for the majority of studies 

reported in this thesis. 
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Table 3.1. Fold increase in Mean Fluorescence Intensity (MFI) of MHC class I antigen 

expression on the surface of NeuTL breast cancer cells treated over different time 

periods and with different IFNs.  

Well 

Number 

IFN-γ 

Treatment 

Time (Hrs) 

IFN-β 

Treatment 

Time (Hrs) 

 

Fold 

Increase 

1 96 -  

2 72 -  

3 48 - 21.08 

4 24 - 21.09 

5 - 96 21.43 

6 - 72 16.4 

7 - 48 14.85 

8 - 24 14.82 

9 96 24 14.63 

10 72 24 14.69 

11 48 24 14.83 

12 24 24 15.06 

13 24 96 16.78 

14 24 72 11.41 

15 24 48 12.15 

16 72 48 14.17 

17 48 72 15.7 

18 48 48 15.6 

19 72 72 14.86 

20 96 96 24.94 

21 - - - 

22 - - - 

23 - - - 

24 - - - 

    

 

MFI results were confirmed by repeating the experiment in triplicate for each sample and 

used to calculate the fold increase in surface levels of treated versus non-treated cells (for the 

formula used in the calculation refer to the methods section 2.2.6). 
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From the results in Table 3.1, the greatest fold increase in surface expression of MHC 

class I was achieved by priming with IFNγ for 96 hours and also treating with IFNβ for the 

same time period (24.94 fold increase in expression). However, by 4 days of IFN exposure, 

this treatment regime was found to result in widespread cell death, attributable to the 

sensitivity of this cell line to the toxic effects of IFNs and IFNβ in particular. 

From the results in Table 3.1 it was revealed that treatment with IFNγ alone induced 

high levels of MHC class I expression. Indeed this approach up-regulated expression, but it 

has previously been established that the combination of priming with IFNγ before treatment 

with IFNβ not only increased, but also prolonged the expression of the MHC class I molecule 

(Dezfouli, Hatzinisiriou et al. 2003). Therefore, IFNγ priming for 48 hours before treating 

with IFNβ for a further 24 hours was selected as the most appropriate treatment regime which 

would provide increased and sustained MHC class I expression without compromising cells 

remaining whole and intact for potent antigen presenting function. 
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Figure 3.2 Example of flow cytometric analysis of IFN-treated NeuTL cells immunostained 

for MHC class I expression. Flow cytometric analysis was performed using the FACS 

Calibur (Beckton Dickenson) in order to assess the up-regulation of MHC class I expression 

post IFNγ/β treatment. The profile of the non-treated or control cell population is shown in 

purple. The IFNγ48/β24 treated cells are indicated by the green line and were immunostained 

with an FITC conjugated rat anti-mouse H2Kq MAb. 
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3.2.3 Production of transfected NeuTL cell lines expressing increased surface levels 
of B7-1 

 

Cells lacking in B7 expression have been found to be poor inducers of immune 

responses (Dezfouli, Hatzinisiriou et al. 2003; Zang and Allison 2007). Therefore, to increase 

the immunogenicity of NeuTL cells used for cancer vaccination studies, the level of B7-1 was 

increased by stably transfecting the cells with the pB7-1 expression vector and then culturing 

the positively transfected cells in G418 selection media for several weeks. The surviving cells 

were immunostained with a PE conjugated rat anti-mouse CD80 (B7-1) MAb and assessed 

for B7-1 expression by FACS analysis (Figure 3.2). When stable expression was detected, the 

positive cells were then subjected to cell sorting (XDP MoFlo, Becman Coulter. Insitute for 

Glyomics, Griffith University) to select for the population of cells which most highly 

expressed the B7-1 cell surface marker. As shown in Figure 3.3, cells were sorted for the top 

2% of highly expressing cells, thereby helping to ensure against selection of non-expressors. 

The resulting cell line, NeuTL B7-Hi was thereafter routinely analysed every 2-3 months by 

FACS in order to monitor the status of B7-Hi expression on the cells in culture to ensure that 

the B7-1 levels remained at a constant high level. 
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Figure 3.3. Flow cytometric analysis of pB7-1 transfected versus wild type NeuTL breast 

cancer cells immunostained for B7-1 antigen expression. Flow cytometric analysis was 

performed using the FACS Calibur in order to assess the expression levels of B7 post 

transfection with the pB7-1 expression vector. Both WT and pB7-1 transfected cell lines were 

stained with a PE conjugated rat anti-mouse CD80 MAb. 

 

Cell type MFI Fold increase 

NeuTL WT 2.94 1 

NeuTL B7-1 598 203.4 

 

The increase in B7-1 expression on NeuTL B7-Hi cells was over 200 fold higher than 

that observed on wild type NeuTL cells. The background levels were based on values 

obtained by analysing cells either unstained or that were immunostained with an isotype 

matched rat anti-mouse MAb. Mean Fluorescent Intensity (MFI) values were recorded after 

gating out background fluorescence values. 
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B                                                          C 

            

   D 

 

Figure 3.4 Isolation and gating of highly positive B7-1 NeuTL cells after transfection on 

the MoFlo (Beckman Coulter) cell sorter. Scatter plots displaying the total population of 

NeuTL positive cells using the gates A:R3 for the tumour cell population; B: R4 selecting the 

2% highly expressing B7-1 positive population and C: R5 selecting for single cells whilst 

excluding aggregates within the positive population. D Histogram displaying the population 

selected (R1) as highly positive for B7-1. 
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From this sorted population, it was then possible to increase the purity of the sample 

and refine the population for stable high level B7-1 expression by amplification in cell culture 

and a second round of cell sorting of the previously isolated B7-1 positive population. 

 
   

 

 

 

 

 

 

 

 

 

 

Figure 3.5. Repeat flow sorting to enrich for highly stable B7-1 positive NeuTL cells.  

Scatter plots displaying the population selected from the previous, first round of sorting (Fig 

3.3) after repeating the sort using the same gate settings (A: R3; B: R4; C: R5) to select for 

the highest B7-1 expressing population. Populations outside of these selected gate regions 

were considered either to be dead cells or cellular debris or cells with low or no B7-1 

expression. This second round of selection resulted in a stable population of pure, highly 

expressing B7-1 positive NeuTL cells NeuTL B7-Hi.  
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3.2.4 Increased levels of MHC class I and B7-1 expression promote the survival of 
lymphocytes in mixed lymphocyte culture (MLC). 

 

Previous experiments from this laboratory showed that using IFNs to induce increased 

levels of MHC class I and B7-1 expression on melanoma cells lead to potent immune 

response activation when these cells were used as a vaccine in a murine melanoma model 

(Dezfouli, Hatzinisiriou et al. 2003). The aim of this study was to determine whether similarly 

increased MHC class I and B7-1 expression on NeuTL cells could act as potent stimulators of 

splenic lymphocytes from naïve mice when the IFNγ48/β24 NeuTL B7-Hi cells were used for 

antigenic stimulation in a mixed lymphocyte reaction (MLC) with splenic derived 

lymphocytes prepared from naïve mice. The results (Fig 3.2) revealed that increasing the 

expression of surface levels of MHC class I and B7-1 produced almost a 2.5-fold greater 

induction of lymphocytes when compared to using the wild type (WT) NeuTL cells as 

antigenic stimulator cells expressing minimal surface antigens. This result supported the 

proposal that the IFNγ48/β24 B7-1 Hi NeuTL cells would promote enhanced immune cell 

production when administered as a whole cell vaccine into mice.  
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Figure 3.6. Expression of the B7-1 antigen enhances the proliferation of naive splenocytes 

when expressed on antigenic stimulator cancer cells in MLC. Naive splenocytes from 

FVB/N c-neu mice were cultured in the presence of mitomycin C-treated IFNγ48/β24 NeuTL 

B7-Hi or mitomycin C-treated NeuTL wild type antigenic stimulator cells. Splenocytes were 

counted every day for 5 days using trypan blue exclusion of live cells and distinguished from 

dead stimulators based on cell size and trypan blue dye uptake. 
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 3.2.5 Determining the extent of production of splenic derived lymphocytes post 
vaccination with IFNγ48/β24 NeuTL B7-1 Hi cells 

 

As the FVB/N-MMTV rat C-neu mice demonstrate profound tolerance to the neu 

expressing tumours in vivo, it was sought to determine whether or not an immune response 

could be induced by vaccination using the IFNγ48/β24 treated NeuTL B7-1 Hi cells as an 

allogeneic whole cell vaccine. To determine the extent of immune stimulation post 

vaccination, mice were divided into two groups, vaccinated and control. Vaccinated groups 

received priming and booster vaccinations containing approximately 1 x 10
7
 mitomycin C 

inactivated, IFNγ48/β24 treated NeuTL B7-1 Hi cells according to the protocol outlined in 

section 2.2.7. The control mice received equivalent volume control PBS vaccinations I.P. 

Four days later mice were sacrificed and spleens harvested for MLC and analysis of CD8
+
 T-

cell populations. MLC immunoassays were used in which the mitomycin C inactivated, 

IFNγ48/β24 treated NeuTL B7-1 Hi cancer cells used in the vaccine were also used as the 

lawn of antigenic stimulators for the MLC. Cell samples from the MLC’s were counted every 

24 hours and analysed for percent viability as live versus dead cells. As can be seen in Figure 

3.8, vaccination significantly increased the number and expansion of live lymphocytes in 

culture compared to non-vaccinated controls (p<0.05 on all days) demonstrating a specificity 

of naive splenocytes for activation by the stimulator cells in the MLC. To assess for the direct 

immune activation of CD8
+
 T-cells, samples of splenic lymphocytes were harvested from 

mice 4 days post injection with vaccine and compared to splenic lymphocytes from non-

vaccinated control mice. The results indicated that vaccination with an anti-breast cancer 

vaccine significantly increased CD8
+
 populations in the spleen (P<0.05), resulting in a greater 

percentage of T-cells more highly expressing the CD8 marker.  
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Figure 3.7. Vaccination with a syngeneic anti-breast cancer vaccine significantly increased 

immune responses in vaccinated mice. FVB/N-MMTV rat C-neu mice were vaccinated with 

an anti-breast cancer vaccine comprising 1 x 10
7
,
 

IFNγ48/β24 treated, mitomycin C 

inactivated NeuTL B7-Hi cells in a prime/boost regimen injected approximately 7 days apart. 

Mice were sacrificed 1 week later and the splenic-derived lymphocytes were used for MLC or 

CD8
+
 analysis. MLC’s were established from mice immunised with a whole breast cancer 

vaccine and were cultured on IFNγ/β-treated NeuTL B7-Hi cells as the source of antigenic 

stimulation. A) 4 day cell proliferation of lymphocytes in MLC. B) Analysis of CD8
+
 

populations of vaccinated mice 4 days after vaccine administration by flow cytometric 

analysis of gated, positively stained cells. Samples were gated as described in materials and 

methods and all assays were performed in triplicate and reported as the mean ± SD. All 

results shown are representative of at least two independent experiments, n = 6 mice. 



 157 

3.2.6 Preclinical trial of breast cancer vaccine in preventative and therapeutic 
settings 

 

 Two differing types of pre-clinical trials were undertaken to assess the efficacy of the 

anti-breast cancer vaccine. The first aim was to analyse the effect of vaccination either as a 

preventative to stop the onset or as a treatment of small already established spontaneous 

breast tumours. However the time required for these studies was too long. Therefore the 

second aim was to assess of the effect of vaccination, again as a preventative or treatment, but 

this time using an induced transplantable tumour burden model into mice without pre-existing 

cancer to assess the vaccine potency in a more timely fashion. 

3.2.6.1 Use of breast cancer vaccine to prevent or treat spontaneously developing 
breast tumours in the FVB/N c-neu transgenic mouse model. 

 

15 female FVBN-MMTV rat C-neu mice at approximately 8 weeks of age received a 

vaccine comprising 1 x 10
7
 IFNγ48/β24 NeuTL B7-1 Hi cells. At 8 weeks of age the mice 

have not yet reached sexual maturity. Over-expression of the erbB2/Her2/neu oncogene (and 

therefore spontaneous development of breast cancer) only occurs after the female mice have 

reached sexual maturity (Hutchinson and Muller 2000). 

The mice were vaccinated according to a 6 week cycle; in the first two weeks mice 

received two (once weekly) intra-peritoneal (I.P.) priming vaccinations with 1 x 10
7
 vaccine 

cells. Two weeks later the mice received booster vaccinations in weeks 5 and 6 as outlined in 

Figure 3.9. 
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                          1    2     3     4     5    6     weeks 

                                                                   Injection regime 

 

Figure 3.8. Vaccination regime employed in pre-clinical trial 1. This diagram indicates the 

time outline over which mice received vaccinations at two weekly intervals. 

 

The mice also received subsequent regular booster injections on a monthly basis. This 

vaccination regime was based on previous experiments in the Ralph laboratory which found 

that employing only one prime/boost round of vaccination resulted in no detectable immune 

response by 6 weeks. The administration of booster injections spaced at intervals of several 

weeks apart enhanced CTL responses analysed in assays on the seventh week. 
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Figure 3.9. Statistical analysis of age of onset for spontaneously developing breast cancer 

in the background population of the c-Neu transgenic mouse strain. Mice were followed 

and analysed for tumour development. Age of onset was noted and tumour size was measured 

manually using micro-callipers and mice were sacrificed when tumour masses reached sizes 

outlined by ethical standards. The results are representative from analysis of 129 individual 

mice. 

 

Results of preliminary experiments to determine the age of onset of spontaneous 

breast tumours in the population of mice used in this study revealed that mice developed 

tumours at a mean age of 9.55 months. Results obtained from preventative vaccination trials 

were compared to this curve to determine the extent of prevention or delay of onset of 

spontaneously developing tumours. 
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Figure 3.10. Statistical analysis of age of onset for spontaneously developing breast cancer 

in c-Neu transgenic mice treated with preventative vaccination with an anti-breast cancer 

vaccine. Mice were vaccinated as per the regimen outlined in Figure 3.8 and assessed for 

tumour development. Tumour size was measured manually using micro-callipers and mice 

were sacrificed when tumour masses reached sizes outlined by ethical standards. n=15. 
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Results obtained from vaccination with the anti-cancer vaccine (Fig 3.10) revealed a 

modest increase in mean age of onset of spontaneous breast tumours (9.55 compared to 

10.93). The age of onset of mammary carcinoma in vaccinated mice was not significantly 

different to that of non-vaccinated mice with a p value of 0.0883. Although the numbers of 

mice are significantly reduced in the vaccination groups, this is consistent with modest 

outcomes reported by other groups (Reilly, Gottlieb et al. 2000) suggesting that the 

endogenous expression of the neu tumour antigen allows for the development of significant 

tolerance, thereby resulting in a limited ability to develop neu-specific anti-tumour immunity 

following vaccination as compared with the parental (non-transgenic) FVB/N mice (Ercolini, 

Machiels et al. 2003).  

3.2.6.2 Use of a breast cancer vaccine to prevent or treat cancer in a transplantable 
tumour model. 

Cancer cells used to challenge the immune response in tested animals should grow and 

develop into tumours in the control, non-vaccinated mice every time that they are injected 

(providing a 100% positive tumour development/growth). Therefore, a number of different 

NeuTL cell lines varying in their B7 expression were tested to determine those producing 

tumours in 100% of control mice. Thus, the NeuTL wild type, NeuTL B7 Low (L1), Medium 

(M1) and high (Hi) cell lines were all tested for tumour growth in FVB/N c-neu mice. 

Mice were implanted subcutaneously (S.C.) with 1 x 10
6
 wild type, NeuTL B7-L1, 

M1 and Hi breast cancer cells on the rear hind quarter resulting in the development of solid 

tumours. Mice were analysed and measured for tumour growth every 3-4 days using manual 

callipers. The results (Fig. 3.14) revealed that in those mice challenged with 1 x 10
6
 live wild 

type NeuTL breast cancer cells, all (8/8) required euthanizing due to the development of 

extensive tumour burdens by day 35 after wild type challenge, with a median survival of 31.5 

days. However in marked contrast, analysis of the growth of the B7 transfected NeuTL 

variants revealed that all of these cells did not produce tumours indicating that the cell lines 
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became highly immunogenic when B7 is expressed on the cell surface. Mice inoculated with 

B7 expressing cell lines were followed for an extended period of time which revealed that at 

approximately 100 days post tumour inoculation, small tumours started to develop in some 

(n=3 out of 8) of the mice challenged with the lowly expressing B7 cell line variant. This may 

be attributable to the loss of expression of B7 on a small number of “escapee” cells within the 

tumour inoculation which would allow these cells to go unrecognised by the immune system 

although this was not tested. 
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Figure 3.11. NeuTL Wild Type cells grow and progress into solid tumours in 100% of mice.  

Mice were implanted S.C. at day 0 with 1 x 10
6
 NeuTL wild type cells suspended in sterile 

PBS.  Tumour size was measured manually using callipers every 3-4 days and mice were 

sacrificed when tumour masses reached 20mm in any direction. All groups are representative 

of n =8 mice each. Results are reported as the mean ±SEM of tumour measurements for all 

mice in each group recorded on the indicated days. 

 

 

 

 



 164 

3.2.6.3 Breast cancer vaccination reduces tumour progression and increases 
survival outcomes of tumour bearing mice. 

In initial studies, the aims were to test breast cancer vaccination for its ability as 

following: 

1) To prevent the growth of inoculated tumours in previously vaccinated mice (prophylaxis) 

and  

2) To activate the immune system as a treatment for small, already established tumours.  

 During prevention studies, mice were first immunised and boosted with the syngeneic 

whole breast cancer vaccine before challenge with live wild type breast cancer cells and 

analysed for tumour growth. The mice received a priming vaccination containing growth 

inactivated, IFNγ/β-treated NeuTL B7-Hi cells (1 x 10
7
) followed by a booster with the 

vaccine approximately 7-10 days later. They were then subcutaneously challenged on the rear 

hind quarter with 1 x 10
6
 live wild type NeuTL breast cancer cells. Treatment regimens 

followed the same basic principle as before (Figure 3.8) except that the vaccine was 

administered 5-7 days post inoculation with the wild type cells. The results show that tumour 

onset and initial growth in mice receiving vaccine as a treatment for small established 

tumours were reduced slightly when compared to wild type controls. As can be seen from 

both vaccination modalities (preventative and treatment) vaccination alone was insufficient in 

preventing tumour outgrowth. However, either regimens provided a small level of protection, 

as tumour growth was slowed. The most marked response can be seen in Figure 3.12B where 

the overall survival of mice was significantly higher in mice receiving either the prophylactic 

or treatment based vaccine compared to those receiving only the inoculation of wild type 

cancer cells alone (32 days, 40 days compared with 24 days median survival respectively). Of 

interest in this study was the initial higher protective effect in the group receiving the 

prophylactic vaccine, which indicates that although small, priming the immune system to 

recognise cancer antigens can produce noticeable effects in treated animals by allowing a 
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window of opportunity for the immune system to respond before multiple immunosuppressive 

factors predominate in the growing tumour. Interestingly, once these tumours establish 

themselves and begin to tip the balance in favour of tumour progression, the effects of the 

pre-vaccination appear to be overtaken and tumours seem to then rapidly progress, 

uninhibited. However, administering vaccine after wild type tumour inoculation as a 

treatment therapy appears to provide a wider window of immune/tumour equilibrium, 

allowing mice receiving treatment-based vaccinations to survive for longer periods of time. It 

is noticeable that after day 15, when both doses of vaccine have been administered, there is a 

slowing of the tumour growth rate (indicated by a less steep gradient), perhaps indicating 

some extent of tumour/immune equilibrium. 
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Figure 3.12. Tumour growth and survival analysis of mice receiving prophylactic or 

treatment based vaccination regimens. Mice in control groups received the wild type cancer 

cell challenge only (1x10
6
 NeuTL wild type cells in 100µL of PBS injected SC on the rear left 

flank. Vaccine groups received the breast cancer vaccine alone in a prime boost regimen 

outlines in section 2.2.7 either pre-(prophylactic) or post-(treatment) wild type inoculation. A. 

Tumour growth curves for the different treatments. B. Survival curves of control versus 

vaccinated animals. Increased survival between Control and Vaccine treated animals was 

calculated by Log rank test for each curve (p<0.001). Tumour measurements are reported as 

the mean ±SD of tumour measurements recorded on the indicated days. 
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3.2.7 Development of CTL assays for monitoring immune cell responses to 
vaccination. 

 The development of a non-radioactive, highly sensitive, high throughput assay to 

analyse CTL responses to vaccination has been an area of major focus for this laboratory. As 

an alternative to the traditional radioactive chromium release assay, which can be expensive 

and hazardous, four different approaches to analyse CTL activity were trialled as follows; 

1) The DELFIA cytotoxicity assay. 

2) The Europium Diethylenetriaminopentaacetate (EuDPTA) cytotoxicity assay. 

3) Bioluminescent target cell CTL assay. 

4) The SYTOX
®
Green CTL assay. 

3.2.7.1 The Dissociation-Enhanced Lanthanide Fluorescent Immunoassay (DELFIA) 
Cytotoxicity Assay  

 The DELFIA cytotoxicity assay is commercially available from Perkin-Elmer Life and 

Analytical Sciences, USA and offers a non-radioactive method that can be used in cell 

mediated cytotoxicity studies. The assay principle is similar to that of the commonly used 

radioactive chromium release CTL assay. This assay is based on loading target cells with a 

fluorescence enhancing ligand, BATDA (bis (acetoxymethyl) 2,2’:6,2”-terpyridine-6,6”-

dicarboxylate). This hydrophobic ligand penetrates the cell membrane quickly. Within the 

cell, the ester bonds of BATDA are hydrolysed to form a hydrophilic ligand (TDA, 2,2’:6,2”-

terpyridine-6,6”-dicarboxylic acid) which no longer passes across the cell membrane. After 

cytolysis the ligand is released and thereby measured by adding supernatant samples to the 

DELFIA europium development solution. The europium solution and the ligand then 

complexes to form a highly fluorescent and stable chelate (EuTDA). The measured emission 

signal correlates directly with the extent of cell lysis in the CTL assay.  

 Results obtained with this assay revealed that labelling target cells with the 

fluorescence enhancing ligand BATDA did not produce high level incorporation, providing 
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relatively low maximum release readings compared to control, non-lysed cell samples. 

Labelling with BATDA also induced sufficient cell damage to cause a large level of 

spontaneous release from the control target cells. A high spontaneous release value can mask 

killing above this background level and more importantly between vaccinated and non-

vaccinated control groups. In experiments conducted, the spontaneous release values were 

actually higher than that of the test release values. These results led to the conclusion that this 

system was not sufficiently reliable and robust to be suitable for use in the present studies. 

The NeuTL target cells were not easily labelled with the BATDA reagent and of those target 

cells that were being labelled, membranes were significantly compromised so as to cause 

leakage of BATDA enhancing ligand release and resulting in high spontaneous backgrounds. 

Based on this, the DELFIA cytotoxicity assay, although being successful in many other 

settings, was not pursued further for this research project. 

3.2.7.2 Europium Diethylenetriaminopentaacetate (EuDPTA) cytotoxicity assay. 

 

 The EuDPTA assay was the second method employed to analyse the cytotoxic activity 

of lymphocytes from vaccinated versus non-vaccinated mice. The detection of target cell 

cytolysis here involved the same principles as for the DELFIA cytotoxicity assay described 

above. However, a different chelating agent was used. In this case, target cells were labelled 

with both DPTA and Europium ions to form a complex of Europium 

Diethylenetriaminopentaacetate (EuDPTA) chelates inside the target cells.  

 When target cells became lysed, the EuDPTA chelates are released from the cell, and 

are then mixed together with an enhancement solution. The enhancement solution contains 2-

naphthol trifluoroacetone (2-NTA) and when the Eu
3+

DPTA combines with NTA, they form a 

highly fluorescent chelate (Eu-2-NTA) which is measured using time-resolved fluorometry.  

 Based on the previous studies, initial tests focused on loading target cells alone. This 

demonstrated that target cell uptake was more easily achieved with EuDPTA than BATDA, 
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producing relatively higher maximum release readings above spontaneous release by control 

cells. However spontaneous release was still very high, indicating cellular toxicity by the 

label. These relatively high background readings may be due to the higher fluorescence 

intensity which is produced by the Eu-2-NTA chelate when compared to the Eu-TDA chelate. 

This in turn reduced the sensitivity of this assay, masking differences between the maximum 

and spontaneous release. 

 This system was again deemed inappropriate for use in our setting. The breast cancer 

target cells were once again, too sensitive to the labelling methods. 

3.2.7.3 Bioluminescent cytotoxicity assay in Target Cells. 

 

 Cytotoxicity assays based on bioluminescence detection to quantify CTL activity have 

been reported by others and were assessed here for their efficacy in detecting minute 

differences in CTL activity. In 1997, Schäfer et al., developed an assay which involved 

detection of released luciferase from killed/lysed luciferase-expressing target cells (Schafer, 

Schafer et al. 1997). They found that the assay showed a much higher signal-to-noise ratio, 

i.e., low background and high induced release when the spontaneous release and detergent-

induced maximal lysis were comparatively measured. This approach involved several 

development and optimisation parameters to be established before the assay could be 

routinely used for the present study. These are outlined in the following sections of this thesis. 

3.2.7.3.1 Development of the luminescent target cells  

 

 Given that the assay relied on bioluminescence emitted by target cells, a target breast 

cancer cell line expressing a luminescent gene was required. The NeuTL B7-Hi cells were 

chosen as suitable targets and were transfected to express the Photinus pyralis or “Firefly 

luciferase” gene, (FLuc+) using the pEF-MC1neo-Fluc+ construct (Ghazawi, Cutler et al. 

2005). The Firefly luciferase gene reacts with the co-factor D-luciferin and ATP substrate, 
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producing green light at a wavelength of 560nm. This reporter gene has been used extensively 

for a range of cellular assays particularly in procedures involving cytotoxicity assays. The 

vector also encoded the geneticin (G418) resistance gene, which was used as a selection 

marker. Luciferase was chosen as the transfected reporter gene for three reasons: (1) the 

luciferase assay is very sensitive, and this enzyme is detectable in concentrations down to 10
-

20
 moles; (2) the luminescence signal obtained after enzymatic cleavage of luciferin/ATP is 

linear over a very wide concentration range of ATP; and (3) there are no intracellular enzymes 

in the target or effector cells that are able to similarly react with luciferin and ATP. Therefore, 

any background signal will only be due to the spontaneous release of intracellular enzymes 

from the target cells. Transfected cells were analysed to assess for their level of luciferase 

activity (see Fig 3.7). 
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Figure 3.13. Detection of Fluc
+
 target cells by CCD camera imaging. pEF-MC1neo-Fluc+ 

transfected and non-transfected control target cells were plated at 1x10
5
 cells per well in a 96 

well plate and treated with luciferase assay buffer containing D-luciferin and ATP. Luciferase 

expression was measures by CCD camera detection after a 1 minute maximum exposure time. 

Upper wells contain control Fluc
-
 cells, lower wells contain Fluc

+
 target breast cancer cells.   

 

  



 172 

3.2.7.3.2 Improving bioluminescent target cell viability for CTL assays 

 

The assay is based on the following principle; 

ATP + D-luciferin + O
2
  oxyluciferin + PPi + AMP + CO2 + light 

From this equation, the amount of light produced is directly proportional to the amount of 

luciferase released and thus, the amount of cytolysis occurring in the CTL assay. 

Preliminary experiments were carried out to determine whether differing cell numbers 

corresponding to differences in luciferase release could be detected over a range from 10
5 

-10
3
 

cells per well in a 96 well plate. The cell numbers were plated out by serial dilution and 

treated with lysis buffer (0.03% digitonin and 19% DMSO in PBS) mimicking killing events 

in a CTL assay. Supernatants were removed and transferred to Firefly development buffer in a 

clean black walled, clear bottom plate and read using the FluoStar Optima (BMG) plate 

reader set to luminescence mode. 
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Figure 3.14. Analysis of luciferase release from decreasing numbers of lysed cells. pEF-

MC1neo-Fluc+ target cells were plated at varying concentrations from 2 x 10
5
 to 6.25 x 10

3
 

in a 96 well plate. Cells were treated with lysis buffer and supernatants transferred to a clean 

96 well plate. Luciferase release was measured by plate reader analysis of luminescent 

signal. All wells were run in triplicate and reported as the mean ± SD. All results shown are 

representative of at least two independent experiments.
 

This result demonstrates that 

differences can be detected in cell numbers ranging from 2 x 10
5
 - 6.25 x 10

3
 cells.  
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 During these initial experiments it was noted that the luciferase signal was 

significantly lower than the values obtained for other F.luc
+
 cell lines within the laboratory. 

Due to the lower than expected luciferase signals (Fig. 3.8), other detergents in the reaction 

lysis buffer were tested for their effect on the activity of the released luciferase enzyme. For 

this experiment, all other conditions remained the same, except that the cells were not lysed 

using 0.03% digitonin and 19% DMSO in PBS, but instead using tergitol-NP9, a mild 

detergent which aids the luciferase release without affecting enzyme activity. In addition, 

control wells receiving no tergitol were set up as shown in Table 3.2 below. 

 

Table 3.2. Schematic of treatment regimens to determine the effect of detergents on 

luciferase signal output.  denotes treatments received . 

Treatment/ group Lysis buffer Firefly buffer containing 

tergitol-NP9 (1% final 

concentration) 

1 -  

2   

3 - - 
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Figure 3.15. The effect of different lysis buffers on luciferase reporter activity.  

pEF-MC1neo-Fluc+ target cells were plated at varying concentrations from 2 x 10
5
 to 6.25 x 

10
3
 in a 96 well plate. Cells were treated as per the schedule outlined in Table 3.2 and 

analysed for luciferase release. All wells were run in triplicate and reported as the mean ± 

SD. All results shown are representative of at least three independent experiments. 

 

 

 

 

 

 

 The results shown in Fig 3.15 indicate that the addition of lysis buffer containing 

DMSO and digitonin did significantly affect luciferase reporter activity when compared to 
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cells treated with Firefly buffer containing tergitol-NP9 as a cell lysis agent (p < 0.001). This 

result also demonstrates that tergitol-NP9 works efficiently in the substrate buffer to aid in 

detecting luciferase activity.  

 Because the IFNs were used to increase the level of MHC class I expression on the 

target cells to enhance their T-cell recognition during the CTL assay, it was important to 

determine whether the IFN treatment would affect the level of luciferase signal. To test for 

this possibility cells were plated at varying concentrations and treated with the IFNγ48/β24 

regimen previously shown to induce optimal MHC up-regulation and resulting luminescent 

signal in the treated cells was then analysed. 

 The results in Figure 3.16 demonstrated that IFN treating the cells significantly 

impacted on the luciferase signal produced in the treated cells. At the highest cellular 

concentration, an approximate 15 fold decrease in luminescent signal could be observed in 

cells when treated with IFN.  The results in Fig. 3.16 lead to the conclusion that if the 

luciferase assay was to become routinely used as the CTL assay of choice, it would not be 

possible to treat target cells with high levels of IFNs over prolonged periods to increase their 

immunogenicity. Previous studies showed that treatment with Type I IFNs (IFNα/β) reduced 

luciferase expression where as IFNγ treatment alone had no effect. This effect was proposed 

to involve a post-transcriptional mechanism (Ghazawi, Cutler et al. 2005). Hence, the Type I 

IFN suppression of luciferase presented a significant problem in using this assay for detecting 

CTL activity. 
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Figure 3.16. Effect of IFN treatment on the levels of luminescent signal produced by target 

cells. Cells were initially treated with the specified IFN treatment regimen of IFNγ (1000 

IU/ml) for 48 hours and IFNβ for (1000 IU/ml) 24 hours. A population of greater that 95% 

live pEF-MC1neo-Fluc+ target cells (as determined by trypan blue dye exclusion) were 

plated at varying concentrations from 2 x 10
5
 to 6.25 x 10

3
 in a 96 well plate and analysed by 

luminescent assay. All wells were run in triplicate and reported as the mean ± SD. All results 

shown are representative of at least two independent experiments. 

  

 

 

 

 

3.2.7.4 Use of fluorescent dyes as indicators of target cell death in CTL assays   
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 A fourth assay based on the staining of dead cells by a fluorescent dye was developed. 

This assay did not require the loading of fragile target cells and was not subject to intense 

work up such as creating highly expressing bioluminescent target cells. Quite simply, all that 

was required in this assay was to add the fluorescent dye into the assay 30 minutes prior to 

reading the test plate. 

 The dye selected for this assay was SYTOX
®

Green (Molecular Probes, Invitrogen 

corp.). SYTOX
®
Green, is a high-affinity nucleic acid stain that easily penetrates cells 

(Hutchinson and Muller 2000) with compromised plasma membranes and yet will not cross 

the membranes of live cells. SYTOX
®
Green stain is a cationic unsymmetrical cyanine dye 

which upon binding to cellular nucleic acids, exhibits a large enhancement in fluorescence at 

504/523nm wavelength (Jones and Singer 2001). After brief incubation with SYTOX® 

Green, the nucleic acids of dead cells fluoresce bright green (emission maxima at 523nm) 

when excited with the 488 nm spectral line of an argon-ion laser, or any other 450–490 nm 

source. Initial trials were undertaken by other laboratory members which indicated that this 

particular dye was fast, easy to use and produced a high degree of sensitivity for detecting 

small differences in signal. When compared to other commercially available CTL assay kits, 

such as the TOXILITE 
®
 cytotoxicity assay kits, the SYTOX

®
Green method of analysis 

showed comparable levels of sensitivity but gave less variability in replicates leading to 

tighter error bars and was more economically viable  (E.Gabutero, K.Powel, personal 

communication). More importantly, as can be seen in Figure 3.18, SYTOX
®
Green was shown 

to be significantly impermeable to live cells (represented by ■ in Figure 3.17) even after 

prolonged periods of (i.e. several hours) incubation with the dye. These observations with 

SYTOX
®
Green in cell culture proved it was superior to other dead cell stains tested such as 

TOTO and TO-PRO dyes which proved to be cell permeant and unreliable. Therefore the 
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SYTOX
®
Green based CTL assay method was adopted throughout this study for analysis of 

CTL responses to cancer vaccination.  

 Further evidence of tumour-specific effector function induced by vaccination and the 

efficacy of SYTOX
®

Green as a viable cytolysis indicator was demonstrated by cytotoxicity 

assay using NeuTL B7-Hi cells as targets. Splenic T-cells were isolated from vaccinated 

animals and cultured as a MLC. The mixed lymphocytes (effector cells) were then harvested 

on day 5 from the MLC’s and placed on top of freshly prepared lawns of IFNγ/β-treated 

NeuTL B7-Hi breast cancer cells (viability > 90%) as targets for the CTL assay at varying 

effector: target (E:T) ratios. After 3.5h, cultures were stained with SYTOX
®

Green and 

fluorescence levels analysed to determine cell killing. 

 As shown in Figure 3.18 A and B, splenocytes from vaccinated mice demonstrated 

CD8
+
 T-cell dependent lysis that was not obtained with splenocytes derived from non-

vaccinated control mice with a two-fold increase in cytolytic activity by the T-cells from the 

vaccinated mice and regression analysis demonstrating a significant difference between the 

two slopes (p<0.0001) 
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Figure 3.17. SYTOX
®
Green uptake profile of TritonX-100 lysed (dead) versus non-treated 

live NeuTL murine breast cancer cells. 1 x 10
4
 NeuTL wild type breast cancer cells were 

plated into separate wells of a 96 well plate. Test wells were treated with 0.1% TritonX-100 

v/v to render the cells 100% dead. 1000nM SYTOX
®

Green was then added to the wells 

including control (either 100% live cells, TritonX-100 only or media alone) wells and left to 

incubate for 75-180 minutes. Readings were taken at 75, 90, 120 and 180 mins post 

SYTOX
®

Green addition. All wells were run in triplicate and are reported as mean ± SD. All 

results are representative of at least 2 independent experiments. 
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Figure 3.18. Analysis of the effect of vaccination on the cytolytic activity of lymphocytes 

isolated from vaccinated versus non-vaccinated animals A and B. Quantitative analysis of 

the cytolytic activity derived from mice receiving BCV. Mice were vaccinated as outlined in 

materials and methods and lymph node derived lymphocytes were isolated before analysis of 

levels of cytotoxic activity. Target cells used were IFNγ48/β24-treated NeuTL B7-1 High 

murine breast cancer cells. Results obtained in (A) were background subtracted for % cell 

lysis using target only controls. Results obtained in (B) were background subtracted using 

target only controls and analysed as the normalisation of slope compared to effector alone 

control wells. 
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3.3 Discussion 

3.3.1 Vaccine development and optimisation 

 

 The ability of cancer cells to evade recognition by the host’s immune system and to 

grow unchecked into lethal masses continues to be a hurdle in the successful treatment of 

cancer. Although cancers induce little to no immune response, it is not often the immune 

system itself that is impaired in cancer patients because it has been shown in studies of cancer 

patients and healthy controls that the immune system often remains functional even when a 

subject has advanced stage cancer. A study by Schiffman et al., (2002) found that even 

patients with advanced HER-2/neu over-expressing breast and ovarian cancers were still able 

to mount successful cell-mediated immune responses against recall antigens stimulated by 

tetanus vaccination (Schiffman, Rinn et al. 2002). Their results showed no significant 

difference between the responses observed in cancer patients and that of healthy volunteer 

donors. These observations infer that patients with metastatic disease can be vaccinated and 

immune responses subsequently generated as long as the antigenic stimulus is sufficiently 

potent to excite the immune system.  

 Initial experiments aimed to extend upon previous findings which indicated that 

vaccination with a highly immunogenic whole cell vaccine could result in increased immune 

responses targeted toward murine melanoma cells (Dezfouli, Hatzinisiriou et al. 2003). The 

present studies aimed to translate results with the melanoma model to a murine breast cancer 

setting. Preliminary experiments aimed to characterise and generate a highly immunogenic 

cell line for use as a whole cell vaccine against murine breast cancer. Many studies have 

proven that impaired expression of MHC class I molecules by the tumour contributes greatly 

to poor anti-tumour immunity and that using cytokines such as the IFNs, expression can be 

restored and immune responses greatly enhanced (Seliger, Ritz et al. 2001; Dezfouli, 

Hatzinisiriou et al. 2003). 



 183 

 In this chapter, type I and type II IFNs, applied in combination, were shown to greatly 

enhance expression of MHC class I molecules on the surface of the NeuTL breast cancer 

cells. Optimal up-regulation of MHC class I antigen was achieved by analysing different 

combinations of IFNγ and IFNβ treatment over different periods of time. The results indicated 

that the most efficient protocol involved priming with IFNγ for 48 hours, then treating with 

IFNβ for a further 24 hours. This combination produced the highest level of induction of 

MHC class I molecules, without being toxic to the cells or causing unacceptable levels of 

cellular death and therefore, was adopted for the remainder of the studies in this thesis.  

 B7-1 expression has been associated with promoting CTL survival and expression as 

opposed to T cell anergy that occurs in the absence of B7.1 expression (Leitner, Grabmeier-

Pfistershammer et al. 2010).  Induction of the co-stimulatory molecule B7 was achieved by 

transfection with the pB7.1 vector. By using flow cytometry, transfected cells could be sorted 

for those which most highly expressed the molecule and a homogenous population of highly 

B7 positive cells stably growing in culture could be established. The transfection process 

itself did not appear to alter cell responsiveness to IFN treatment by either affecting IFN 

pathways or sensitising cells to the toxic effects that IFNs can have (results not shown). By 

using this same antigen optimisation technique, Dezfouli et al., (2001) were able to produce a 

murine melanoma vaccine which was highly immunogenic, and produced an increased 

cytotoxic immune response when injected into mice. 

 Initial results (Fig. 3.6) revealed that expression of high levels of B7 co-stimulatory 

molecules and MHC class I on stimulator cells in MLC could induce significantly more CTL 

precursor cells than using stimulators that poorly expressed surface markers. 

 To break tolerance against the rat neu antigen in FVB/N c-neu mice and to address the 

issue of host tolerance to naturally occurring tumour antigens, the allogeneic whole cell anti-

breast cancer vaccine was used to determine the extent of protection afforded by vaccination 
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of young transgenic breast cancer mice prior to spontaneous tumour development. Initial 

experiments highlighted that vaccinated mice were capable of generating significantly higher 

proportions of CD8
+
 T-cells, which survived longer and produced a positive proliferative 

response to antigenic stimulation in MLC (Fig. 3.8). The prevention studies (Fig. 3.11) 

identified that it was possible to induce protective immunity capable of delaying the 

development of spontaneous mammary tumours in the transgenic mice. The modest delay, 

although being non-significant is consistent with delays reported by others using the tumour 

challenge model with virgin c-neu mice (Amici, Venanzi et al. 1998; Reilly, Gottlieb et al. 

2000). Although being statistically non-significant, the fact that even a slight delay in tumour 

onset in the c-neu transgenic mice was obtained, could be considered “conceptually” 

significant in that it suggested that the profound in vivo tolerance found in the transgenic mice 

to c-neu could be slightly impacted upon. These initial building blocks provide 

encouragement that further optimisation and improvemnt of therapy can increase the small 

delays in onset observed here and perhaps, in the future, produce statistically significant 

delays in tumour onset.  These findings demonstrate that despite tolerance to the transgene, c-

neu and a host of other tumour antigens, whole cell vaccination approaches can serve to 

provide a target recognised by the immune system in vivo to promote tumour rejection. 

 It has been noted that the use of transplantable tumour models are a “far cry” from 

studying autochthonously derived tumours in vivo (Quaglino, Mastini et al. 2008). However, 

in the studies reported here the NeuTL cell line was isolated directly from a spontaneously 

derived FVB/N c-neu tumour to provide the transplantable cancer model. This type of 

strategy has been termed clinically relevant because the recently derived tumour cells should 

be syngeneic with their spontaneous tumour counterparts. These cells will ultimately behave 

the same antigenically as those in the autochthonous tumours. Moreover, the tolerance to the 
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c-neu transgene remains intact simulating the spontaneous setting and the situation 

encountered clinically in human breast cancer (Wolpoe, Lutz et al. 2003). 

 The results presented in Figure 3.13, incorporating the use of the transplantable 

NeuTL wild type cells as the challenge cell line, demonstrated that treatment of mice with a 

modified syngeneic whole cell vaccine administered before and after live challenge can help 

to reduce the rate of tumour growth in tumour challenged mice. Furthermore, the reduction in 

tumour growth corresponded to an increased survival for the vaccinated mice. It was shown in 

Figure 3.13 that incorporating either a prophylactic or therapeutic vaccine approach can 

induce T-cell responses potent enough to delay the further development of established neu 

expressing tumours, although no regression in tumour size was detected. These results 

indicate that immune activation is occurring to an extent which is allowing tilting of the 

balance back in favour of the immune system. It is also possible that the tumour and immune 

system enter the “equilibrium phase” of immunoediting where-by the tumour cells are kept in 

check, or remain dormant while immune recognition occurs. It is then postulated that the 

tumour cells continue to generate further genetic mutations and secrete immunosuppressive 

factors into the tumour microenvironment. Consequently, in combination with an activated 

immune system, tumours begin to recruit regulatory T-cells to rein in any further immune 

stimulation, inhibiting the immune attack, thereby generating immune escapee tumour cells 

and tilting the balance back toward an immunosuppressive, pro-growth environment at the 

tumour site.  

 Therefore, results from initial vaccination studies suggest that developing an 

immunotherapy, which is clinically effective in these transgenic mice and humans displaying 

tolerance to tumour antigens, will be challenging and will require additional immune-

activating approaches. For example, inactivating cells that suppress immune responses and 

blocking the effect of other tumour-derived immunosuppressive factors. 
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3.3.2 CTL assay development 

 

 Generation of highly active anti-cancer cytotoxic T-cells is the major goal of current 

approaches to cancer immunotherapy. Although cytokine ELISA and conventional chromium 

or calcein–release assays are widely used in cytotoxicity screening, the need exists for a 

highly sensitive, non-radioactive, high-throughput and user friendly assay and this goal has 

great importance to the clinic. In this study, a number of CTL assays were trialled for their 

ability to fit the criteria outlined above.   

 Two Europium based CTL assays were tested. However, the results have shown that 

these particular assays are not suitable for use in the current system. Firstly, the NeuTL B7-Hi 

target cell line appears to be overly sensitive to the labelling procedure involved in both 

assays. This results in cellular toxicity and large spontaneous release readings. Also, using the 

BATDA and EuDPTA labelling reagents did not produce uniform incorporation of label 

evident by low and highly variable maximum release readings. These factors combined to 

reduce the sensitivity of such assays presenting significant problems when trying to determine 

very small differences in killing such as would be involved in the low E:T ratios in CTL 

assays comparing responses in vaccinated versus non-vaccinated groups of mice. Since the 

time of carrying out these experiments, BMG Lab technologies (supplier of the FluoStar 

Optima) have advised that the technology in the 2005 model Fluostar Optima, although being 

advised of its proficiency and being optimally set-up by BMG technicians, was not 

sufficiently advanced at the time to pick up the minute differences over background signal in 

the DELFIA cytotoxicity assay. Although newer technology is now available, the cytotoxic 

and labelling difficulties associated with these assays still render this approach not viable in 

this setting.  

 The investigation into new light-based CTL assays centred around luminescent target 

cells showed promise in preliminary tests indicating detection of signal in minimal cell 
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numbers. However, the results also indicated that the use of lysis buffer in the luciferase 

release assay can affect the luminescence readings by possibly affecting the activity of the 

released luciferase enzyme. It has also been shown that treating target cells with the IFNγ/β 

combination inhibited firefly luciferase expression. This particular assay was dependent on 

the generation of stably transfected luciferase expressing target cells, which can be time 

consuming. The reliability and robustness of this assay although showing some promising 

early results is questionable especially when target cells cannot be treated with IFNs for MHC 

up-regulation and small changes in assay reagents can dramatically affect signal output. 

 Due to the need for an easy to use, robust cytotoxicity assay members of the 

laboratory group developed a new system incorporating the use of SYTOX
®
Green nucleic 

acid fluorescent dye. SYTOX
®

Green nucleic acid stain is a high-affinity probe that easily 

penetrates eukaryotic cells and both gram-positive and gram-negative bacteria with 

compromised plasma membranes, yet is completely excluded from live cells. This dye had 

been proven to provide sensitive detection of cell mediated cytotoxicity. The fluorescence 

response and reliability of the assay is superior to that of luciferase or europium release assays 

trialled earlier. The high signal intensity produced by the SYTOX
®

Green stain in response to 

increasing CTL mediated target cell death provided improved discrimination between small 

differences in low E:T ratios. Using this assay, it was possible to accurately determine 

differences in the cytolytic activity between vaccinated mice versus non-vaccinated mice. The 

results showed that vaccination produced an almost 2 fold increase in cytolysis compared to 

non-vaccinated controls. These results not only support earlier findings of targeted immune 

stimulation after cancer vaccination but also provide proof of principle for the use of 

SYTOX
®
Green as an appropriate dead cell stain in cytotoxicity assays. The only disadvantage 

of this assay is that the dye is also taken up into dying lymphocytes. However, with 
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appropriate controls in place this issue can be easily background-subtracted from test well 

analyses.   

The SYTOX
®
Green cytotoxicity assay is a simple, non-radioactive alternative cytotoxicity 

assay with increased sensitivity over other tested techniques. This assay is not restricted to 

any specific target cell and can be performed with commonly used laboratory equipment and 

cell handling techniques. 
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4.1 Introduction 

 
 Galectins are a family of carbohydrate binding proteins with a conserved carbohydrate 

recognition domain (CRD) and a basic specificity for β-galactosidses (Barondes, Castronovo 

et al. 1994; Rabinovich, Baum et al. 2002). These proteins have recently been identified as 

major factors involved in immunity and down regulating the immune response against certain 

cancers (Ilarregui, Bianco et al. 2005; Rabinovich, Liu et al. 2007). They also contribute to 

tumour angiogenesis, migration and metastasis (Levy, Arbel-Goren et al. 2001; Thijssen, 

Postel et al. 2006; Nobumoto, Nagahara et al. 2008). Galectins, specifically Gal-1 as the 

prototypic galectin, was shown to be secreted by tumour cells and bind via the CRD to 

surface glycoproteins on activated T-cells, directly impairing their effector function by 

providing pro-apoptotic signals,  thereby dampening down any potential anti-tumour immune 

responses which may be generated by anti-cancer vaccination (Rabinovich, Rubinstein et al. 

2002; van den Brule, Califice et al. 2003; Rubinstein, Alvarez et al. 2004; Stillman, Hsu et al. 

2006). Therefore, Gal-1 has become an attractive target for the generation of anti-cancer 

therapeutics (Ingrassia, Camby et al. 2006). 

 In this published chapter, Gal-1 was examined for its effects on T-cell subpopulations 

and the induction of CTL responses against breast cancer cells. Importantly, disaccharides 

which can inhibit binding of Gal-1 to carbohydrates and glycoproteins on activated T-cells 

were examined for their ability to enhance immune responses to anti-breast cancer 

vaccination and inhibit tumour growth in tumour burdened animals. Results of these studies 

identified that thiodigalactoside (TDG), a thiol containing disaccharide with high affinity to 

the Gal-1 CRD, can be used to inhibit Gal-1 mediated apoptosis of activated T-cells and 

improve immune responses to breast cancer vaccination, significantly inhibiting tumour 

growth and improving survival outcomes in tumour burdened animals.  
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 The results presented in this chapter represent data collected from an initial wild type 

cell line. As experiments in further chapters progressed, there was a need to re-derive the wild 

type (challenge) cell line due to changes in morphology and cellular characteristics over long 

periods of time in culture. Therefore, as updated data cannot be added to published papers to 

reflect changes in tumour growth and survival as more individuals are added to the study, 

results in this chapter do vary to those in following chapters. To account for this variability all 

treatments in this study were re-run with newly derived wild type challenge cell lines. For 

updated vaccination results for these treatments and a comparison of these to treatments in 

further chapters please refer to Appendix 1.  
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Chapter 5: 

Enhancing the potency of a breast cancer vaccine by 

combining therapy with antibodies inhibiting 

regulatory T-cell function  
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5.1 Introduction 
 

 CD4
+
CD25

+
FoxP3

+
 regulatory T-cells (Tregs) are important for immune regulation, 

maintaining peripheral tolerance and protect against the generation of autoimmunity. 

However, increased occurrence of Treg cells has been associated with certain cancers where 

they can prevent the elicitation of immune responses against tumours (Kosmaczewska, Ciszak 

et al. 2008). Many studies have highlighted the importance of Tregs in supporting tumour 

growth and progression (Woo, Chu et al. 2001; Liyanage, Moore et al. 2002; Curiel, Coukos 

et al. 2004; Viguier, Lemaitre et al. 2004). These findings have resulted in studies where this 

immunosuppressive cell population is depleted with the aim of enhancing anti-tumour 

immunity, thereby allowing a targeted immune response against the tumour. In one such 

study using a murine melanoma model and comparing different approaches for Treg depletion 

the most effective method was concluded to be by administering a monoclonal antibody 

(MAb) against the IL-2 α-receptor (CD25). This approach did not reduce CD8
+
 T-cell 

populations or abrogate tumour antigen-specific immunity elicited by dendritic cells (DCs) 

when compared to the use of other reagents such as cyclophosphoamide (CY) and denileukin 

diftitox (DD) (Matsushita, Pilon-Thomas et al. 2008). The efficacy of anti-CD25 MAb 

therapy has since been proven in many murine models, including melanoma, fibrosarcoma, 

leukaemia, myeloma and breast cancer (Onizuka, Tawara et al. 1999; Shimizu, Yamazaki et 

al. 1999; Sutmuller, van Duivenvoorde et al. 2001; Needham, Lee et al. 2006). Due to its 

success in animal cancer models, the use of an anti-CD25 MAb is currently being explored in 

human clinical trials (Rech and Vonderheide 2009). Daclizumab, when used as a single 

intravenous transfusion has resulted in marked and prolonged elimination of CD25
+
, FoxP3

+
 

Tregs in peripheral blood of patients with metastatic breast cancer. In addition, when 

administered in combination with an antigenic peptide vaccine, the generation of CTLs was 
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observed suggesting that anti-CD25 MAb treatment to remove Tregs can promote anti-cancer 

immune responses against cancer vaccines (Rech and Vonderheide 2009). 

 CTLA-4, a homologue of CD28, is an inhibitory receptor that binds B7 family 

members as ligands and is expressed mainly on activated T-cells as well as being expressed 

constitutively on a subset of Tregs (Takahashi, Tagami et al. 2000). CTLA-4 competes with 

CD28 for binding to B7-1 and B7-2 on antigen presenting cells and as a result the CD28-

mediated costimulatory signal is inhibited preventing T-cell activation (Klein, Ebert et al. 

2009). A number of studies have now shown that combining cancer vaccine approaches with 

anti-CTLA-4 neutralizing MAb can greatly enhance anti-cancer immune responses. For 

example, periodic infusion of anti-CTLA-4 MAb after vaccination with a GM-CSF secreting, 

whole cell melanoma vaccine (GVAX), showed that anti-tumour immunity could be 

generated without severe toxicity in a majority of metastatic melanoma patients (Hodi, Butler 

et al. 2008). These findings paved the way for the use of anti-CTLA-4 MAbs in cancer 

clinical trials. Ipilimumab, a humanized Ig1 anti-CTLA-4 neutralising MAb, applied either 

alone or in combination with a human leukocyte antigen (HLA)-restricted glycoprotein 100 

(gp100) peptide vaccine expressed on melanoma, improved survival compared to peptide 

vaccine alone. Severe immune-related adverse events such as diarrhoea, colitis and skin 

rashes were often noted although most were reversible with the appropriate treatment (Hodi 

2010). The results generated in clinical trials lead to Ipilimumab (or Yervoy, Bristol Meyers 

Squib), being approved by the FDA for use in melanoma therapy. 

 The aims of the studies outlined in this chapter were to compare anti-CD25 and anti-

CTLA-4 MAbs for their ability to deplete Tregs, removing inhibitory checkpoints and 

enhancing anti-tumour immunity, with particular focus on treating breast cancer using the 

murine NeuTL cell model.  
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5.2 Results 

5.2.1 Size of breast cancers shows a direct correlation with levels of CD25+ T-
lymphocytes isolated from the tumours  

 

 It is known that CD4
+
CD25

+ 
regulatory T cells can exert a broad suppressive effect on 

anti-tumour immunity (Sakaguchi, Sakaguchi et al. 2001), and such immunosuppression has 

been clearly demonstrated in breast cancer models (Liyanage, Moore et al. 2002; Hueman, 

Stojadinovic et al. 2006). To examine whether this hypothesis also applied to the present 

study with the FVB/N C-neu breast cancer model, mice were inoculated with 1x10
6
 NeuTL 

wild type breast cancer cells on the rear hind quarter. Tumours were left to grow for 14, 21, 

28 or 35 days before tumours or spleens were isolated form tumour bearing mice, as well as 

spleens from healthy controls for comparison. Splenic lymphocytes were isolated by 

mechanical disruption of the tissue and enzymatic degradation with removal of red blood cells 

(see section 2.2.1.5). The Treg cell subset was determined as the percentage of total 

lymphocytes that were CD4
+
CD25

+
FoxP3

+
 isolated by flow cytometry using tri-colour 

fluorescence. The results (Figure 5.1) indicated that the Treg population increased in 

proportion to the tumour size (represented by the open bar in Fig. 5.1). This correlation is 

most marked for the tumour infiltrating lymphocyte (TIL) populations isolated from the 

growing tumour with a correlation coefficient of almost 1 ( r = 0.9818).  The proportion of 

CD25
+ 

Tregs in the spleen also indicated a strong relationship between tumour size and the 

level of splenic Tregs, with significant increases (P< 0.05) in Treg numbers of larger sized 

tumours when compared to the level of splenic Tregs in the control, tumour free mice. 
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Figure 5.1. Tumour size is directly correlated with levels of CD25
+
 lymphocytes isolated 

from the tumour or spleens of tumour bearing mice. FVB/N C-neu mice were inoculated 

S.C. with approximately 1 x 10
6
 NeuTL wild type breast cancer cells on the rear hind quarter. 

Tumours were allowed to grow for 14, 21, 28 or 35 days. Tumour masses and spleens were 

then harvested and lymphocytes were isolated from both tissues by mechanical dissociation, 

enzymatic degradation and removal of red blood cells. Lymphocytes were isolated by 

gradient density centrifugation. Isolates were analysed by flow cytometry for the presence of 

the CD4, CD25 surface marker and the FoxP3 transcription factor by intracellular 

immunostaining. TILs were gated by size and forward and side scatter using Cell Quest Pro 

software to remove interference from residual tumour cells. TIL and tumour size correlation 

coefficient was r = 0.98, demonstrating a highly significant relationship between sumour size 

and Treg populations. All samples were analysed in triplicate and are representative of at 

least 4 independent experiments.  
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5.2.2 Levels of Treg populations present in tumour bearing mice with either 
spontaneous FVBN-MMTV rat C-neu or Wild Type NeuTL cell induced tumours 

 The levels of Tregs in tumour bearing mice with spontaneous or NeuTL wild type 

induced origins were compared to those present in naïve (non-tumour bearing) mice. The 

numbers of CD4
+
CD25

+
FoxP3

+ 
T-cells within spleens, tumours and lymph nodes was 

determined by flow cytometry. The spontaneously developing tumours were harvested from 

mice when the tumour sizes reached 20mm in any diameter. For the induced tumours, the 

non-tumour bearing FVBN-MMTV rat C-neu mice were inoculated S.C. with 1x10
6
 NeuTL 

Wild Type (WT) breast cancer cells on the rear hind flank. Mice were sacrificed 

approximately 24 days after cell inoculation or when their tumour sizes reached 20mm. The 

number of CD4
+
CD25

+
 were significantly higher in all tissue types in both spontaneous and 

inoculated tumour burdened mice compared to the corresponding control mice with no 

tumours (Figure 5.2 A, B and C) (p< 0.05 for all tissue types from mice with induced tumours 

and p< 0.001 for tissue types from mice with spontaneous tumours). Hence, increased Treg-

mediated immune suppression was likely in the animals with breast cancers. It was also noted 

that CD4
+
CD25

+ 
FoxP3

+
 Treg populations isolated from LNs and tumours were significantly 

higher (twice the levels) in the spontaneously derived tumours than that of the 

induced/inoculated tumours (P<0.05 for each tissue type). This may be attributable to the 

inherent features of the spontaneously developing tumours which grow more slowly and show 

greater degrees of vascularisation (personal observation). Visually, the difference in 

vascularisation is readily observable with the spontaneous tumours appearing to be very 

bloody and softer in texture whereas the induced/inoculated tumours were more solid and 

flesh coloured, with little or no visible venule development.   
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Figure 5.2. Levels of CD4
+
CD25

+
FoxP3

+
 T-cells in lymphocyte populations from 

spontaneously derived versus induced/inoculated tumour burdened animals. Lymphocyte 

populations from Spleen (A), LN (B) and tumour (C) tissues were isolated (methods section 

2.2.1.5.) and then triple stained for CD4 (FITC), CD25 (PE)  and FoxP3 (APC) expression to 

denote the regulatory T-cell phenotype. Cells were analysed by flow cytometry using Cell 

Quest Pro software. All samples were analysed in triplicate and are representative of at least 

3 separate experiments and reported as the mean ± SD. p < 0.05 for all tissue types from mice 

with induced tumours compared to control while p < 0.001 for all tissue types from mice with 

spontanerous tumours compared to control mice. Further to this samples from spontaneous 

tumours were significantly higher in Treg number than those from induced tumours (p<0.05 

for all tissue types). 
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5.2.3 Treatment with Treg inhibitory MAb does not affect the level of CD8+ T-cells, 

but significantly reduces Treg populations. 

 Recently, it was hypothesized that depleting the Treg population by targeting CD25 or 

CTLA-4 could possibly hamper the ability of therapeutic strategies to promote anti-cancer 

immune responses by interfering with the development of adaptive immunity (Curtin, 

Candolfi et al. 2008). Therefore, studies were designed to test whether the anti-CTLA-4 MAb 

or anti-CD25 reduced Treg numbers by analysing the relative numbers of CD4
+
CD25

+
FoxP3 

and CD8
+
 T-cells determined using flow cytometric analysis of splenic-derived lymphocytes 

from the treated mice. The results indicated that treatment with either anti-CTLA-4 or anti-

CD25 MAb did not significantly affect the CD8
+
 cell compartment (Fig 5.8A) (p = 0.2010) 

when compared to splenic populations from the non-treated mice.  The use of the anti-CD25 

MAb significantly decreased the levels of Treg populations (Fig. 5.8B) (p<0.001) resulting in 

a nearly 90% reduction in Treg cell numbers. Interestingly, anti-CTLA-4 MAb treatment did 

not significantly affect the numbers of Treg cells. A small decrease could be detected (Fig 

5.8B) and this may have been attributable to complement fixation by those CD25
+
 Tregs 

highly expressing CTLA-4, or by limiting the natural production of Tregs by preventing 

CTLA-4 activation. Hence, the results indicated that Treg depletion through MAb 

administration should not interfere with the initiation of an effective anti-tumour immune 

response involving CD8
+
 T-cells. It should also be noted that although significant Treg 

depletion occurred, the treated mice remained visibly healthy with no signs of any toxic side 

effects. 
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Figure 5.3. Treatment with Treg inhibiting MAbs does not affect levels of CD8
+
 T-cells 

but significantly reduced the Treg populations. FVBN-MMTV rat C-neu mice without 

tumours were injected I.P with 100µg of either anti-CTLA-4 or anti-CD25 MAb in 200µL of 

PBS. Mice were sacrificed 4 days later and splenic lymphocyte populations were analysed for 

(A) CD8
+
 or (B) CD4

+
CD25

+
FoxP3

+
 expression by flow cytometric analysis. No significant 

effect on CD8
+
 populations was detected after treatment with either MAb (p > 0.05 for both 

treatments). Anti-CTLA-4 MAb treatment does not significantly affect CD25
+
 populations (p 

> 0.05) whereas anti-CD25 MAb treatment significantly decreased the levels of CD25
+
 Treg 

cells (P < 0.001). The results represent 4 individual mice analysed for each treatment group. 
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5.2.4 Single treatment with anti-CD25 MAb significantly reduces CD25+ T-cell levels 
for prolonged time periods whereas anti-CTLA-4 MAb treatment does not 
significantly affect this population 

 

 To determine the extent and duration of Treg depletion, FVBN-MMTV rat C-neu 

mice were injected I.P with 100µg of either anti-CTLA-4 or anti-CD25 MAb in 200µL of 

PBS on day 0. Mice were then sacrificed 4, 6, 8, 12 or 19 days after injection and splenic 

lymphocyte populations were analysed for CD4
+
CD25

+
FoxP3

+
 expression by flow cytometric 

analysis. The results (Figure 5.4) indicated that treatment with 100µg of the anti-CTLA-4 

MAb did not significantly deplete Tregs (p > 0.05). However, after injection with 100µg of 

anti-CD25 MAb, Treg levels declined rapidly by day 4 post-injection. This depletion 

remained significant up to 12 days post-injection with Treg levels beginning to return to 

normal by day 19. Taken together, these results give an insight into determining the optimal 

regimens and timing for injection protocols and also demonstrate that after only 1 injection of 

100µg of anti-CD25 MAb, residual effects can still be detected up to 19 days later. These 

results also concur with previous findings which showed that anti-CTLA-4 MAb should not 

be used as a Treg depletion therapy (Read, Greenwald et al. 2006). 
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Figure 5.4. Treatment with anti-CD25 MAb significantly reduced CD25
+
 T-cell levels for 

prolonged periods of time whereas anti-CTLA-4 MAb does not. FVBN-MMTV rat C-neu 

mice were injected I.P with 100µg of either anti-CTLA-4 or anti-CD25 MAb in 200µL of PBS 

on day 0. Mice were sacrificed 4, 6, 8, 12 or 19 days later and splenic lymphocyte 

populations were analysed for CD4
+
, CD25

+
 and FoxP3

+
 expression by flow cytometric 

analysis. Each group is representative of n = 3 mice. All samples were repeated in triplicate 

and are reported as the mean ±SD. No significant effect was seen in mice receiving anti-

CTLA-4 MAb therapy (p > 0.05) where as anti-CD25 MAb therapy significantly reduced Treg 

populations from day 4 through day 12 ( p < 0.001) however both treatments were not 

significantly different from control samples by day 19 post MAb administration ( p > 0.05 for 

both MAb therapies). 
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5.2.5. Combined therapy by vaccination with a whole syngeneic breast cancer 
vaccine together with anti-Treg MAb increases levels of CD8+ cells in the spleen.  

 

 In the previous section (5.2.3), it was demonstrated that single dose administration of 

anti-CD25 or anti-CTLA-4 MAbs did not significantly affect the CD8
+
 effector T-cell 

compartment in naive mice. However it was possible that the MAb therapy could affect the 

function of the activated lymphocytes produced in response to treatment with the breast 

cancer vaccine, affecting the level of immune response, as had been previously proposed 

(Curtin, Candolfi et al. 2008). To determine whether or not MAb-induced Treg depletion 

affected anti-tumour immune responses by activated lymphocytes in response to vaccine, 

mice were vaccinated with an anti-breast cancer vaccine and then treated with a single dose of 

either anti-CD25 or anti-CTLA-4 MAb. Female FVBN-MMTV rat C-neu mice at 

approximately 6-8 weeks of age received vaccinations with breast cancer vaccine using a 

prime/boost regimen of two treatment doses injected approximately 7 days apart, as well as 

injection with anti-CD25 MAb. The single antibody dose was administered 4 days after the 

initial priming vaccination with the anti-breast cancer vaccine. Mice were euthanased 14 days 

after initial vaccination and splenic levels of CD4
+
, CD8

+
 and CD25

+
FoxP3

+
 lymphocytes 

were analysed. The results showed (Figure 5.4) that vaccination with an anti-breast cancer 

vaccine significantly increased the level of CD8
+
 populations in the spleen (P<0.05) resulting 

in greater numbers of cells more highly expressing CD8
+
. Moreover, the addition of the anti-

CD25 Treg MAb treatment between the priming and booster injections with the anti-breast 

cancer vaccine further significantly enhanced the level of CD8
+
 cells (P<0.001), improving on 

treatment with vaccine administered alone (P<0.01). However, the greatest increase in CD8
+
 

levels resulted with the use of anti-CTLA-4 MAb (100µg) (P<0.001 compared to control and 

vaccine alone samples and p < 0.01 compared to vaccine plus anti-CD25 MAb therapy). It 

should also be noted that a relatively small effect of MAb treatment was found on the levels 
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of the CD4
+
 T-cells, indicating no real impact on T-helper cell function. A reduction of 

approximately 42% of CD25
+
 cells in mice receiving vaccine together with anti-CD25 MAb 

treatment was detected compared to control levels or other vaccine groups indicating that the 

anti-CD25 MAb treatment successfully reduced the CD25
+
 T-cell populations. This indicates 

that MAb therapy efficiently depletes CD25
+
 T-cells even in the presence of immune 

stimulation with vaccine. Also of interest was the limited effect of the anti-CTLA-4 MAb 

treatment on the CD25
+
 T-cell populations, suggesting that this MAb may act to inhibit the 

negative co-stimulatory signal being delivered by CTLA-4 to the activated effector T-cells, 

thereby allowing enhanced generation of CD8
+
 T-cells during the immune response to the 

cancer vaccine.  
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Figure 5.5. Combined treatment with vaccination using a whole syngeneic breast cancer 

vaccine together with anti-Treg MAbs increases the level of CD8
+
 populations in the spleen. 

FVBN-MMTV rat C-neu mice were vaccinated with the breast cancer vaccine in a 

prime/boost regimen of two doses approximately 7 days apart. Mice received anti-CD25 MAb 

(100µg in 200µl of PBS) on day 4 between the two vaccine doses. Control groups received 

either no vaccine or MAb treatment alone. Mice were then sacrificed on day 14 and splenic 

lymphocytes were analysed by flow cytometry for CD4
+
, CD8

+
 and CD25

+
FoxP3

+
 T-cell 

populations. All assays were performed in triplicate and reported as the mean ±SD. All 

results shown are representative of at least 3 independent experiments. Results indicate that 

Vaccination can significantly increase CD8
+
 populations in the spleens of treated mice ( p < 

0.05) and the addition of anti-CD25 MAb and anti-CTLA-4 MAb to vaccination regimens can 

further this increase (p< 0.001 for both treatments). 
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5.2.6 Determining the optimal dose of anti-CD25 MAb to inhibit Treg cells for use in 
in vivo cancer vaccination trials. 

 

 During the course of these studies, it became apparent from the work of others that in 

a murine model of mesothelioma (AE17), use of high doses of anti-CD25 MAb (100µg) 

accelerated growth of inoculated tumours, whereas lower doses (1µg) resulted in increased T-

helper cell recruitment and activation of anti-cancer intra-tumoural CD8
+
 T-cells (Kissick, 

Ireland et al. 2009). Although the results described in earlier sections above (5.2.3 and 5.2.5) 

showed that high doses (100µg) did not affect the CD8
+
 T-cell compartment in the murine 

NeuTL breast cancer model, given the results with the AE17 cancer model, varying doses of 

anti-CD25 MAb were examined for their effects on tumour growth. Mice were initially 

inoculated with 1 x 10
6
 NeuTL wild type cells on the rear hind quarter and received varying 

doses of the anti-CD25 MAb, including 1, 25, 50 or 100µgs either on day 3 after inoculation 

with the cancer cells or when the tumours measured 9mm
2
. Mice were either sacrificed at day 

7 to analyse for lymphocyte levels or allowed to grow until tumours reached a humane 

endpoint of 20mm
2
 to determine the ability of MAb treatment to slow tumour growth. 

 The administration of anti-CD25 MAb at any of the doses used was shown to reduce 

the tumour growth of the NeuTL breast cancers. However, it was noted that a 50µg dose 

resulted in the greatest reduction in tumour growth and 100µg doses were much less effective 

(p < 0.001 across both curves). Doses of 50µg and 25µg were not significantly different 

(p>0.05 across both curves). Based on this data, it was likely that when used at doses greater 

than 50µg, tumour progression was enhanced by depleting the subsets of CD8
+
 T-cells and 

NK, cells which can both express CD25 when activated (Herndler-Brandstetter, Schwaiger et 

al. 2005; Ladd, Sharma et al. 2010). Removing these subsets would negatively impact on 

tumour regression as both are required to mount effective anti-tumour immune responses.  
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Figure 5.6 Determining the optimal dose of anti-CD25 MAb for tumour growth inhibition. 

Mice in control groups received the wild type (WT) cancer cell challenge only (1x10
6
 NeuTL 

wild type cells in 100µL of PBS injected SC on the rear left flank). MAb treatment groups 

received the cancer cell inoculation plus treatment with either 100, 50, 25 or 1µg of the anti-

CD25 MAb in 100µl PBS. Tumour size was measured manually by use of callipers and mice 

were sacrificed when tumour masses reached 20mm in diameter in any direction. All groups 

are representative of at least 8 individual mice. Results are reported as the mean ±SD of 

tumour measurements recorded on the indicated days. Results indicated that 50µg doses of 

anti-CD25 MAb produced the greatest decrese in tumour growth (p<0.001). 
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5.2.7 Combination therapy with a breast cancer vaccine together with anti-CD25 
MAb promotes CD8+ TILs and reduces level of Tregs in tumours.  

 

 To determine the effects of anti-Treg MAb treatment alone or combined with a breast 

cancer vaccine, the CD4
+
CD25

+
FoxP3

+
 Tregs and CD8

+
 effector cells in the TIL population 

was examined. Mice with established tumours at approximately day 20 after cancer cell 

inoculation (the point determined to provide the greatest difference in tumour sizes between 

the treatment versus control groups) were examined and TILs analysed by flow cytometry as 

well as by in-situ immunofluorescent staining of frozen sections. The results (Figure 5.7A-E) 

showed that a significant decline (p<0.001) occurred in the number of tumour infiltrating 

CD4
+
CD25

+
FoxP3

+
 Tregs (0.7425% ± 0.15 of total TILs isolated) when compared to in the 

control, untreated tumours (2.847% ± 0.35 of total TILs isolated). This was likely attributable 

to the depletion of the Treg subset of lymphocytes with the anti-CD25 MAb therapy. 

Treatment with the breast cancer vaccine did not affect intra-tumoural Treg levels when 

compared to control, untreated tumours (p > 0.05), or when the vaccine was used in 

combination with anti-CD25 MAb therapy. Thus, the relative numbers of Tregs in the MAb 

treated or combined MAb treatment plus breast cancer vaccine did not significantly change 

(Fig. 5.7A p>0.05), indicating that the vaccine therapy neither enhances nor inhibits the 

targeting and mechanism of action of the anti-CD25 MAb therapy. 

 By contrast, the results when comparing CD8
+
 effector cell populations in treated mice 

were markedly different. The results (Figure 5.7F-J) showed that CD8
+
 effector cell 

populations in mice receiving the anti-CD25 MAb therapy alone were not significantly 

different (p>0.05) to those from the control, untreated tumours (Fig. 5.7F 0.58% ± 0.09 

compared to 0.38% ± 0.09 respectively). However, mice receiving either vaccine alone or 

vaccine combined with anti-CD25 MAb therapy both resulted in significantly higher levels of 

CD8
+
 TILs than was isolated from the control, untreated tumours (Fig 5.7F p<0.05 for both 
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treatments). From these studies it was noted that the use of anti-CD25 MAb therapy did not 

by itself significantly enhance the infiltration of the CD8
+
 effector cells into tumours by 

comparing its use in combination with the vaccine versus vaccine alone therapy suggesting 

that these two therapies were distinct in their mechanism of action to promote the CD8
+
 T-cell 

response. Analysis of immunostaining of thin sections of tumours, albeit supportive of the 

flow cytometry data, was not so apparent. 
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5.7 Combination therapy with a breast cancer vaccine together with anti-CD25 MAb 

therapy promotes CD8
+
 TILs and reduces levels of Tregs in tumours. Mice were inoculated 

on day 0 with 1 x 10
6
 NeuTL breast cancer cells with or without treatment with anti-CD25 

MAb (50µgs) at days 2 and day 9 after live cancer cell inoculation. The breast cancer vaccine 

was administered on day 4 and day 11 after inoculation with tumour burden following the 

regimen outline in section 2.2.12.3. TILs were harvested from tumours excised on day 20 and 

analysed by flow cytometry and immunofluorescent staining for the presence of 

CD4
+
CD25

+
FoxP3

+
 Tregs and CD8

+
 effector cells. Tregs are visualised as green dots in 

photo microscope images (B-E) and CD8
+
 effector cells are visualised as red dots (G-J). A. 

Flow cytometric analysis of the relative numbers of CD4
+
CD25

+
FoxP3

+
 Tregs extracted from 

tumours. * represents a p value of < 0.001 compared to control samples B. 

Immunofluorescent Treg staining of untreated control tumour. C. Immunofluorescent Treg 

staining of vaccine alone treated tumour. D. Immunofluorescent Treg staining of anti-CD25 

MAb (50µg) treated tumour. E. Immunofluorescent Treg staining of vaccine plus anti-CD25 

MAb (50µg) therapy. F. Flow cytometric analysis of CD8
+
 levels in the total TIL population. 

* represents a p value of < 0.05 compared to control samples G. Immunofluorescent CD8
+
 

staining of control tumour. H. Immunofluorescent CD8
+
 staining of vaccine alone treated 

tumour. I. Immunofluorescent CD8
+
 staining of anti-CD25 MAb (50µg) treated tumour. J. 

Immunofluorescent CD8
+
 staining of vaccine plus anti-CD25 MAb (50µg) therapy. 
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5.2.8 Combined cancer immunotherapy using a breast cancer vaccine together with 

anti-CD25 MAb treatment increases survival of mice with breast cancer. 

 Based on data from the studies outlined in the previous section (5.2.7), it was 

hypothesized that depletion of Tregs combined with immune stimulation delivered by 

vaccination should translate to more effective anti-tumour immune responses and survival of 

mice receiving live tumour cell burdens before treatment. Although the two 

immunotherapeutic approaches used in combination gave no additive effects detectable in the 

individual TIL sub-populations the combination of increased CD8
+
 and reduced Treg cells 

was likely to translate into an enhanced anti-cancer immune response. Therefore, studies were 

carried out to determine whether injection of anti-CD25 MAb alone or in combination with 

the vaccine could reduce tumour progression and increase the survival of the treated animals. 

Firstly, mice were given a live burden of 1 x 10
6
 wild type (WT) NeuTL murine breast cancer 

cells by S.C. injection before treatment with anti-CD25 MAb (50µg) I.P. on day 2 and 

vaccine administered according to the prime/boost regimen (outlined in section 2.2.12.3). 

Control mice received only the tumour burden alone. The results (Figure 5.8A) showed that 

tumour growth in all three groups did not vary significantly. However, the combined therapy 

of vaccine and anti-CD25 MAb therapy resulted in slightly smaller tumour growth. Similarly, 

vaccine therapy plus anti-CD25 MAb treatment did not provide significant increases (p>0.05) 

in median survival compared to those animals receiving vaccine alone (median survival of 

41.5 and 37 respectively). The vaccine therapy alone did provide significantly increased 

survival (P<0.01) when compared to either anti-CD25 MAb treatment alone or control tumour 

growth (median survival 39.5 and 24 days respectively. Together these results suggested that 

depleting Tregs with anti-CD25 MAb therapy may not be the ideal approach for increasing 

cellular responses to cancer vaccination. As proposed by previous studies (Kissick, Ireland et 

al. 2009) this form of Treg depletion may also interrupt CD8
+
 T-cell priming by inadvertently 
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depleting other cells of the immune system including “resting” Tregs and CD4
+
 helper cells 

(Kissick, Ireland et al. 2009).  

 

 

 

 

 

 

 

 

 

  



 233 

0 10 20 30 40 50
0

5

10

15

20

25

Control

50 g anti-CD25 MAb
alone

Vaccine alone

Vaccine + 50 g
anti-CD25 MAb

A

Day

T
u

m
o

u
r 

s
iz

e
 i
n

 m
m

 

 

0 10 20 30 40 50
0

10

20

30

40

50

60

70

80

90

100

110
Control

Vaccine alone

50 g antiCD25 alone

Vaccine + 50 g antiCD25

Days elapsed

P
e
rc

e
n

t 
s
u

rv
iv

in
g

 a
n

im
a
ls

B

 

 

 

 

Treatment group Median survival 

Control 24 days 

Vaccine alone 39.5 days (p< 0.001) 

50µg anti-CD25 MAb 37 days (p< 0.001) 

Vaccine plus 50µg anti-CD25 MAb 41.5 days (p< 0.001) 
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Figure 5.8.  Combination treatment with a whole cell breast cancer vaccine plus anti-CD25 

MAb treatment significantly reduces tumour growth in mice given tumour burdens. Mice in 

control groups received live cancer cell burden only (1x10
6
 NeuTL wild type breast cancer 

cells in 100µL of PBS injected SC on the rear left flank). Vaccine groups received vaccine 

alone using the prime/boost regimen (outlined in section 2.2.7). Mice given combined vaccine 

plus anti-CD25 MAb treatment (50µg) received the MAb dose injected I.P. on day 2 after the 

live burden. Tumour size was measured manually by use of callipers and mice were sacrificed 

when tumour masses reached 20mm across in any direction. Statistical analysis of differences 

in survival between control and vaccine alone, anti-CD25 MAb alone or vaccine plus anti-

CD25 MAb were assessed by Log rank test comparing all curves relative to control 

(p<0.001). Tumour measurements are reported as the mean ±SD of tumour measurements 

recorded on the indicated days. 
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5.2.9 Anti-CTLA-4 MAb therapy used either alone or in combination with breast 
cancer vaccination significantly increases tumour infiltrating CD8+ effector cells but 
does not affect levels of  CD4+CD25+FoxP3+ Tregs in tumours. 

 

 Results generated in the previous section (5.2.8) suggested that depleting Tregs using 

anti-CD25 MAb therapy may not be the most suitable approach to overcome the 

immunosuppressive Treg mechanisms in tumours. Therefore, a different approach was 

undertaken to determine whether stronger immune responses against small tumours could be 

generated by using an anti-CTLA-4 MAb alone or in combination with the breast cancer 

vaccine. For analysing the intra-tumoural effects of these treatments, the number of intra-

tumoural CD4
+
CD25

+
FoxP3

+
 Tregs and CD8

+
 effector cells were determined in mice around 

day 20 after inoculation with the live tumour burden. TILs were analysed by flow cytometry 

and visualised in situ by immunofluorescent staining of frozen sections. The results (Figure 

5.9A) were consistent with previous studies (Quezada, Peggs et al. 2006) which showed that 

anti-CTLA-4 MAb therapy does not deplete the Tregs but acts to inhibit their 

immunosuppressive function. The levels of Tregs from the treated animals were slightly, 

although not significantly lower when compared to those in control, untreated tumours 

(p>0.05). However, the ratio of Tregs to CD8
+
 effector T-cells was shown to increase 

dramatically upon immunotherapeutic intervention with either anti-CTLA-4 MAb therapy or 

vaccine alone from a ratio of 0.18 for control mice to 0.4 for vaccine alone and 0.37 for anti-

CTLA-4 MAb treated animals. Interestingly, the greatest increase in CD8
+
 effector TIL 

populations was found in mice receiving the combined therapy with both vaccine plus anti-

CTLA-4 MAb therapy pushing the Treg to CD8
+
 T-cell ratio out forther to 0.64. This result 

indicates that priming the immune system with vaccine and removing the negative Treg 

function can induce significantly greater levels of CD8
+
 tumour infiltration than using either 

agent alone. Immunostaining of tumour sections revealed similar trends in population 

numbers, however differences were not as marked. 



 236 

 

 
 
 
 

 

 

 

 

 

 

  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

  

C
ontr

ol

Vac
ci

ne 
al

one

an
ti-

C
TLA

-4
 M

A
b a

lo
ne

Vac
ci

ne 
+ a

nti-
C
TLA

-4
 M

A
b

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

%
 C

D
4

+
C

D
2
5

+
F

o
x
P

3
+

T
IL

A 

B C 

D E 



 237 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

  

C
ontr

ol

Vac
ci

ne 
al

one

an
ti-

C
TLA

-4
 M

ab

Vac
ci

ne 
+ a

nti-
C
TLA

-4
 M

ab

0.00

0.25

0.50

0.75

1.00

1.25
*

* p < 0.05

%
 C

D
8

+
 T

IL

F 

G H 

I J 



 238 

 

 

Figure 5.9 Anti-CTLA-4 MAb therapy used either  alone or in combination with breast 

cancer vaccination significantly increases tumour infiltrating CD8
+
 effector cells but does 

not affect levels of  CD4
+
CD25

+
FoxP3

+
 Tregs in tumours. Mice were inoculated on day 0 

with 1 x 10
6
 NeuTL live breast cancer cells. Treatment groups consisted of mice receiving 

anti-CTLA-4 MAb (100µg) on day 2 and day 9 after tumour burden and given vaccine on day 

5 and day 12 after tumour burden. A third group received the combination of anti-CTLA-4 

MAb therapy plus vaccine using the regimen outlined in Section 2.2.12.3. TILs were 

harvested from tumours excised on day 20 and analysed by flow cytometry and 

immunofluorescent staining for the presence of CD4
+
CD25

+
FoxP3

+
 Tregs and CD8

+
 effector 

cells. Tregs are visualised as green dots in photo microscope images (B-E) and CD8
+
 effector 

cells are visualised as red dots (G-J). A. Flow cytometric analysis of the relative numbers of 

CD4
+
CD25

+
FoxP3

+
 Tregs extracted from tumours. B. Immunofluorescent Treg staining of 

untreated control tumour. C. Immunofluorescent Treg staining of vaccine alone treated 

tumour. D. Immunofluorescent Treg staining of anti-CTLA-4 (100µg) treated tumour. E. 

Immunofluorescent Treg staining of vaccine plus anti-CTLA-4 (100µg) therapy. F. Flow 

cytometric analysis of CD8
+
 levels in the total TIL population. * represents a p value of < 

0.05 compared to control samples G. Immunofluorescent CD8
+
 staining of control tumour. H. 

Immunofluorescent CD8
+
 staining of vaccine alone treated tumour. I. Immunofluorescent 

CD8
+
 staining of anti-CTLA-4 (100µg) treated tumour. J. Immunofluorescent CD8

+
 staining 

of vaccine plus anti-CTLA-4 (100µg) therapy. 
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5.2.10 Combining immunotherapy using a breast cancer vaccine together with anti-CTLA-

4 MAb therapy significantly increases survival in mice with tumour burdens.  

 

 Whether injection of the anti-CTLA-4 MAb therapy would promote the survival of 

mice with breast cancer when combined with a syngeneic whole cell breast cancer vaccine 

was examined. Mice were first challenged with a live burden of 1 x 10
6
 wild type NeuTL 

murine breast cancer cells before being immunised and boosted with the syngeneic whole cell 

cancer vaccine. Anti-CTLA-4 MAb (100µg) was administered 2-4 days post immunisation 

with vaccine designed to coincide with the likely immune activation and up-regulation of the 

CTLA-4 molecule on T-cells in vivo (Rowe, Johanns et al. 2009). The control mice received 

tumour burden alone whereas the vaccine alone groups received vaccine with no anti-CTLA-4 

MAb treatment. The results (Figure 5.9A and B) indicated that mice given the 1 x 10
6
 live 

wild type NeuTL breast cancer cells alone all (8/8) required euthanazing due to extensive 

tumour burden by day 24, with a median survival of 24 days. Vaccine treatment alone 

prolonged survival with a median survival of 40 days. However, mice receiving the 

combination of prime/boosting with tumour cell vaccine plus treatment with an anti-CTLA-4 

MAb almost doubled survival times compared to the untreated controls, inducing a 

statistically significant prolongation in overall survival (p<0.0032) to provide a median 

survival of 49 days. Comparisons of survival curves for the control versus vaccine alone show 

significant increases by log rank test (p<0.001). Further to this, anti-CTLA-4 MAb therapy 

used in combination with the breast cancer vaccine showed significant increases in survival of 

tumour burdened animals when compared to those animals receiving vaccine therapy alone 

(p<0.01). 
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Treatment group Median survival 

Control 24 days 

Vaccine alone 39.5 days (p< 0.001) 

100µg anti-CTLA-4 MAb 33.5 days (p< 0.001) 

Vaccine plus 100µg anti-CTLA-4 MAb 49 days (p< 0.001) 
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Figure 5.10. Combining immunotherapy using a breast cancer vaccine with anti-CTLA-4 

MAb therapy significantly increases survival in mice with tumour burdens. Mice in the 

control groups (n= 10) received the wild type cancer cells only (1x10
6
 NeuTL wild type cells 

in 100µL of PBS injected SC on the rear left flank). Vaccine groups (n=8) received vaccine 

alone using the prime/boost regimen according to the protocol outlined in Section 2.2.7. Mice 

given vaccine plus anti-CTLA-4 MAb treatment (n=8) received tumour burdens before the 

prime/boost vaccination strategy was administered in addition to anti-CTLA-4 MAb (100µg) 

in 200µl PBS injected 2-4 days after each vaccine dose. A. Tumour size was measured 

manually by use of callipers and all mice were euthanized when tumor burdens reached 

20mm size in any direction. B. Statistical analysis of differences in survival between control 

and vaccine alone, CTLA-4 MAb alone or vaccine + anti-CTLA-4 MAb therapy were assessed 

by Log rank test comparing all curves relative to control (p<0.001). Tumour measurements 

are shown as the mean ±SD of tumour measurements recorded on the indicated days. 
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5.3 Discussion 
 

 The results presented in this section clearly demonstrated that removing the 

immunosuppressive activity of Tregs by targeting their CTLA-4 surface receptor function is 

clearly preferable to broadly targeting Tregs through CD25 expression. This is demonstrated 

by enhanced the anti-tumour immune activity and increased survival in mice receiving anti-

CTLA-4 MAb therapy. Tumour induced immune suppression can be mediated by a number of 

different mechanisms including the tumour producing increased levels of IL-10, TGFβ, 

VEGF or Gal-1 (Li, Takiuchi et al. 1993; Borg, Kerry et al. 2005; Ilarregui, Bianco et al. 

2005; Itakura, Huang et al. 2011). Mounting evidence is also demonstrating that intrinsic, T-

cell mediated mechanisms of immunosuppression can also contribute significantly to tumour 

evasion and escape (Zou 2006). Thus, consistent with previous findings (Ichihara, Kono et al. 

2003; Ormandy, Hillemann et al. 2005), Tregs were abundantly present in the tumour 

draining lymph nodes (TDLNs), spleen and tumour in the presently studied model of murine 

breast cancer. Also of importance was the observation of a clear correlation between tumour 

size and Treg population numbers within the spleen and tumours of cancer burdened mice. 

This correlation was most markedly shown for the TIL populations, suggesting a potential 

mechanism exists for Treg attraction or homing to the tumour site as the tumour mass 

expanded. In support of this hypothesis, recent studies of pancreatic carcinomas has identified 

that tumour-induced expression of addressins, including the mucosal adressin cell adhesion 

molecule-1 (MAdCAM-1); vascular cell adhesion molecule-1 (VCAM-1); CD62-E; and 

CD166 on the surface of endothelial cells in tumours promotes a selective transmigration of 

Treg cells from the peripheral blood into tumour tissues (Nummer, Suri-Payer et al. 2007). 

However, such an effect was not detected in the non-malignant adjacent pancreatic tissue 

from the same patients. These observations may help to determine the underlying mechanism 
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for the selective Treg tumour infiltration, although this mechanism has not yet been examined 

in breast cancer models. 

 Consistent with the observed increased Treg frequencies in the spleens and blood of 

tumour burdened animals, a recent study by Yuan et al., (2011) showed conversion of 

CD4
+
CD25

-
 to a CD4

+
CD25

+
 Treg phenotype induced by human gastric cancer cells. This 

Treg transduction involved tumour production of TGF-β1 which was associated not only with 

the tumour tissue, but was also dispersed throughout the periphery with higher serum levels of 

TGF-β1 found in the gastric cancer patients compared to matched controls (Yuan, Chen et al. 

2011). Taken together these results suggest ways in which Tregs can be induced in the 

periphery and localised to tumour tissue. These results not only exemplify the potential of 

Tregs to suppress the proliferation and IFNγ secretion of activated T-cells in the tumour 

micro-environment but also suggest that higher Treg populations in the periphery and spleens 

of tumour burdened mice may contribute towards the general suppression of immunity by 

stopping newly activated effector T-cells from developing in lymphoid organs. 

  The results presented in this chapter (Fig. 5.2) also highlight differences in the 

angiogenic capabilities of tumours, because tumours with greater blood supplies contained 

significantly higher levels of Tregs. Whether this is an effect of greater opportunity to 

infiltrate or a further mechanism of tumour-induced Treg homing is yet to be identified. 

However, in a recent report by Wada et al., (2009) it was shown that vascular endothelial 

growth factor (VEGF), a signalling factor produced by tumour cells that stimulates 

vasculogenesis and angiogenesis, can increase the percentage of the Tregs in tumours and the 

periphery and that this increase could be suppressed by the addition of an anti-

VEGF/angiogenesis MAb, Bevacizumab (Avastin) (Wada, Suzuki et al. 2009). Similar results 

were also reported in breast cancer studies (Gupta, Joshi et al. 2007; Lynn, Roland et al. 2010) 
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indicating that in the process of vasculature formation, Tregs could be stimulated to 

proliferate in parallel to the vasculature by the same or related signals. 

 It is now becoming more widely recognised that in order to mobilise T-cells reactive 

to specific targets on cancerous tissues, it is necessary to break multiple mechanisms of 

peripheral tolerance in which the Tregs and CTLA-4 play a large part. The results presented 

in this chapter showed that with the treatment regimen used, CD8
+
 T-cell numbers were 

significantly increased when immunisation with a breast cancer vaccine was combined with 

anti-Treg MAb treatment (Figs 5.7F and 5.9F). Upon reflection of the contrasting results 

reported by Curtin et al.,(2008), the importance of timing of the MAb treatment is raised 

because in their study, anti-CD25 MAb treatment was applied late at 7 days post-

immunotherapeutic vaccination and 24 days after tumour burden inoculation. According to 

studies of immune cell population kinetics, Treg levels increase relatively quickly in tumour 

burdened mice (Fig. 5.3 and (Darrasse-Jeze, Bergot et al. 2009)). Hence, it is very likely that 

Treg depletion therapy was applied too late in the regimen of Curtin et al., to have a 

meaningful effect on the resulting anti-tumour immune responses. Furthermore, using anti-

CD25 MAb post-immunotherapy may eliminate not the only Tregs but also other beneficial 

T-cells because CD25 is expressed on most T-cell populations during the early stages of 

activation, including the CD8
+
 T-cells. However, it is most likely that in the Curtin study, the 

Treg population was already established within the tumour burden which then affected the 

ability to mount an anti-tumour immune response using immunotherapy. The timing of anti-

Treg MAb treatment in the present study was carefully considered and optimised to 

correspond with peak fluctuations in population sizes of the target cells and successfully 

translated into significantly increased CD8
+
 populations in MAb treated, vaccinated mice 

when compared to the control or vaccine alone treated mice (Fig 5.7F). 
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 Other studies have also highlighted the need to optimise the use of anti-Treg MAbs. 

For example, in a study by Kissich et al., (2009), it was found that high doses of anti-CD25 

MAb (greater than 50µg) could result in the depletion of other immune cell types which 

expressed CD25 and higher doses were also found to accelerate tumour growth. In the present 

study (Fig. 5.6) although, it was found that higher doses of anti-CD25 MAb (100µg) did not 

accelerate tumour growth, they were less effective on tumour growth when compared to lower 

doses used. Also of interest was the relative toxicity associated with higher doses of anti-

CD25 MAb (100µg). Thus, of 15 mice receiving 100µg of anti-CD25 MAb, 5 mice were 

found to succumb to massive internal haemorrhage within 24 hours of administration, an 

effect that was not detected with any doses below 100µg. In addition, doses in the mid-range 

(25-50µg) provided the greatest inhibition of tumour growth (Fig 5.6) and must be sufficient 

to exert an influence on Treg function whilst being sufficiently low as to not interfere with the 

production of the effector cell populations, including the CD4
+
 T-helper and CD8

+ 
cells 

expressing CD25. Kissich et al., suggested that high doses of anti-CD25 MAb resulted in 

residual MAb remaining in the system which would deplete such effector cell populations 

once they became activated. This hypothesis is supported by the findings presented in this 

chapter (Fig. 5.4) whereby a single administration of high dose anti-CD25 MAb (100µg) 

resulted in Treg depletion which persisted for more than 19 days. The increase in effector cell 

populations with the mid-range doses of anti-CD25 MAb also coincided with the inhibition of 

tumour growth. These results support the proposal that Tregs are exerting 

immunosuppression, overcoming anti-tumour immune responses and that by removing this 

population it is possible to inhibit tumour growth. It has been recently shown that Foxp3
+
 

Tregs, under certain conditions, can be induced to express cytokines such as IL-17, IFN-γ, or 

IL-2, which are typically associated with helper/effector CD4
+
 T cell phenotypes (Mellor and 

Munn 2011). It was shown that under in vitro IL6 and TCR stimulation, Tregs from the 
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thymus and periphery could down regulate FoxP3 expression and convert Tregs to Th17 cells 

(Yang, Nurieva et al. 2008), a population which has been positively correlated with patient 

outcomes and slower disease progression (Wilke, Kryczek et al. 2011).  To further 

demonstrate this switch in activity, several studies have identified large numbers of pro-

inflammatory cells derived from former Tregs at sites of inflammation (Zhou, Bailey-

Bucktrout et al. 2009; Esposito, Ruffini et al. 2010; O'Connor, Leech et al. 2010), and in a 

model of lethal infection, Tregs lost Foxp3 expression and up-regulated proinflammatory 

cytokines (Oldenhove, Bouladoux et al. 2009). If this switching is occurring in this model of 

murine breast cancer, then it is plausible that depleting Tregs using the anti-CD25 MAb will 

also eliminate any Tregs that have undergone switching to an immunostimulatory phenotype 

thereby also diminishing any positive effects which could arise when used in combination 

with an immune stimulating cancer vaccine.  

 The mechanism of action of CTLA-4 and anti-CTLA-4 MAb therapy still remains 

controversial. Many studies have highlighted the fact that CTLA-4 expression on Tregs is 

required for their suppressive activity so that inhibiting this molecule may inhibit the 

suppressive functions of Tregs. Mirroring the results found in many recent studies, it was 

shown here that treatment with anti-CTLA-4 MAb does not significantly reduce the Treg 

populations in the treated mice (Fig 5.9A), thereby suggesting a more dominant role for 

CTLA-4 in immunosuppression. It is known that CTLA-4 has a higher affinity for its ligand, 

CD28 than do its competitors B7-1 and B7-2, and it is this competition that is hypothesized to 

be the main contributing factor in immunosuppression caused by CTLA-4 expression. A 

recent study explored a molecular basis for CTLA-4 function and found that CTLA-4 can 

capture its ligands from opposing cells by a process of trans-endocytosis (Qureshi, Zheng et 

al. 2011). It was shown that CTLA-4 expression conferred the ability to capture and remove 

B7 from the surface of APCs. Following removal, the co-stimulatory ligands, B7-1 (CD80) 
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and B7-2 (CD86), were degraded within CTLA-4 expressing cells resulting in impaired 

costimulation via CD28. Based on these results CTLA-4 appears to act as an effector 

molecule that inhibits CD28 co-stimulation by the cell extrinsic depletion of CD28 ligands. 

Importantly, this study also showed that blocking CTLA-4 on CD25
+
 Tregs maintained the 

stimulatory capacity of APCs compared to when CTLA-4 was available to deplete CD28 

ligands (Qureshi, Zheng et al. 2011). These findings suggest that CTLA-4 can have the same 

function whether expressed on T-cells or on Tregs. As highlighted in Figure 5.9F, after 

treatment with combined vaccine and anti-CTLA-4 MAb, increased numbers of CD8
+
 T-cells 

were identified in the tumours of the treated mice, and when these results are considered in 

combination with the previous studies above suggest that effective immune activation and 

tumour infiltration can be achieved by antigenic stimulation coupled with CTLA-4 blockade 

to not only halt the sequestration of co-stimulatory ligands from APCs but also to remove the 

immunosuppressive capabilities of the Tregs.  

 The up-regulation of CD8
+
 T-cells in the tumours of treated mice consistently 

translated into significantly slower growing tumours in the breast cancer mouse model and it 

was noted that administration of the breast cancer vaccine combined with anti-CTLA-4 

treatment provided additive effects on inhibiting tumour growth. The resulting increased 

median survival times were significantly greater in the combination treated mice compared to 

either group treated with vaccine or anti-CTLA-4 MAb alone. Interestingly, results obtained 

from updated data on vaccine alone and vaccine and TDG treated mice indicate that mice 

receiving vaccine in combination with intra-tumoural TDG administration gained a 

significantly higher (p<0.001) survival advantage when compared to that of mice receiving 

vaccine and anti-CTLA-4 therapy (55 days and 49 days respectively). For updated data 

comparing survival of mice receiving vaccine and TDG therapy from that displayed in 

Chapter 4, please refer to data presented in Appendix 1. These results suggest that Gal-1 and 



 249 

specifically inhibiting Gal-1 may have a greater role in immune suppression than that of 

Tregs. This idea and the potential synergism of combining vaccine therapy with both Treg 

blockade and Gal-1 inhibition as well as the role of Gal-1 in the conversion of naive 

CD4
+
CD25

-
 T-cells into the CD4

+
CD25

+
FoxP3

+
 regulatory phenotype is explored in the 

following chapter. 

These results again highlight the fact that antigenic stimulation with vaccines alone is 

likely to be insufficient by itself in treating cancers. In addition, Treg depletion has relatively 

insignificant effects when not coupled with targeted antigenic stimulation. Although most 

activated T-cells also express CTLA-4 (Castan, Tenner-Racz et al. 1997), and targeting this 

molecule may inhibit some aspects of effector function, it is hypothesized that this impact is 

minimal, as it has been found that CTLA-4 is more abundantly expressed on the CD4
+
CD25

+
 

and CD8
+
CD25

+
 Tregs than on the CD8

+
CD25

-
 effector T-cells (Cosmi, Liotta et al. 2003).  

  Taken together, the results of this chapter indicate that vaccination with a whole cell 

breast cancer vaccine in combination with removal of Treg immunosuppression induces 

increased CD8
+
 TIL infiltration which translates into inhibited tumour growth and 

significantly increased survival of tumour bearing mice. The fact that these tumours, albeit 

slowed, continued to reach the critical point where euthanasia was required further highlights 

the fact that in order to achieve meaningful long term tumour immunity and elimination, 

cancer treatment must be modified to simultaneously combat many different facets of tumour-

induced immunosuppression. 
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6.1 Introduction 
 

 By administering the syngeneic whole cell vaccine against murine breast cancer, 

partial responses could be obtained including slight increases in the mean age of onset for 

spontaneous tumours to emerge in the FVB/N-MMTV rat C-neu mouse strain (Chapter 3, 

3.11). In addition, a significant increase in the median survival of animals was obtained when 

they were treated with vaccine after tumour burden inoculation (Fig. 3.13 A and B). However, 

even when given multiple doses of vaccine, all the animals eventually succumbed to their 

tumour burden (Chapter 3).  Although using anti-cancer vaccination was shown to increase 

the levels of CD8
+
 T-cells, it was evident that even in the face of strongly induced anti-tumour 

T-cell responses, distinct mechanisms used by the tumours enable them to escape immune-

mediated destruction. Tumours are known to secrete many immunosuppressive molecules 

into the tumour micro-environment, such as VEGF, TGFβ and IL-10 (Zhang, Choi et al. 

2011) as well as to express negative co-stimulatory and inhibitory surface receptors such as 

programmed death ligand 1 (PD-L1 or B7-H1), CTLA-4 and T-cell immunoglobulin and 

mucin domain 3 (TIM3) that can each contribute to the down regulation of immune responses 

by limiting the expansion or survival of effector or helper T-cells (Cranmer and Hersh 2007; 

Pilon-Thomas, Mackay et al. 2010; Ngiow, von Scheidt et al. 2011). Of specific importance 

to the current study was the increasing evidence showing that Gal-1 (Chapter 4) and Tregs 

(Chapter 5) play crucial roles in immunosuppression and immune evasion by tumours and 

that Gal-1 could potentially have a greater effects on immune suppression than that of Tregs 

as  demonstrated by survival data (Chapter 5 and Appendix 1). 

6.1.2 Relationship of Gal-1 to Treg function 

 Recombinant human Gal-1 (rhGal-1) used in immunoassays has been shown to reduce 

pro-inflammatory cytokine production (Rabinovich, Ariel et al. 1999; Santucci, Fiorucci et al. 

2003) as well as promoting TCR-induced Th2 cytokine production (Motran, Molinder et al. 
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2008) which in vivo would create a tolerant ‘‘pro-tumour growth” response and also promote 

Treg production and expansion. In addition, Gal-1 expression is significantly up-regulated in 

Tregs upon TCR engagement and inhibiting this Gal-1 expression reduces the function of 

human and mouse Treg cells (Sugimoto, Oida et al. 2006; Garin, Chu et al. 2007). 

Furthermore, treatment of mice with rhGal-1 was shown to significantly increase the levels of 

splenic Treg cells (Liu, Lee et al. 2011). Further studies have highlighted an additional crucial 

relationship between Gal-1 and Treg immune suppression in that it was shown that Gal-1 

expression on Tregs may have a more direct effect on the secretion of pro-inflammatory 

cytokines than was previously realised. Thus, studies have shown that cross-linking of GM1 

gangliosides on the effector T-cells is mediated by Gal-1 expressed by Treg cells (Wang, Lu 

et al. 2009). This cross-linking was proposed to inhibit the proliferation of the effector cells 

and reduce pro-inflammatory cytokine production by reorganising cell surface lipid rafts. The 

effect was to increase the T-cell activation threshold and selectively impact upon the balance 

of Tregs versus the effector T-cells (Wang, Lu et al. 2009). The latter ratio of Treg to effector 

T-cells is an important indicator of cancer progression and prognosis (Sinicrope, Rego et al. 

2009). 

6.1.3 Relationship between CTLA-4 expression on T-cells and Gal-1. 

 A novel role for CTLA-4 expression on Tregs in Gal-1 induced immune suppression 

has been proposed in that CTLA-4 expression on effector T-cells and Treg cells can 

contribute to Gal-1 mediated immunosuppression, and vice versa, Gal-1 expression can 

increase expression of CTLA-4 (Grigorian, Torossian et al. 2009). Thus, it was shown that 

CTLA-4 expression enhanced surface retention of Gal-1 on effector T-cells, and that this 

retention resulted in amplified and sustained arrest of growth signalling delivered by Gal-1 

binding to the effector T-cells (Grigorian, Torossian et al. 2009). Other studies showed that 

addition of exogenous Gal-1 enhanced the production of CTLA-4 on immune cells (Cedeno-
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Laurent, Barthel et al. 2010) although the mechanism was not elucidated. Whichever comes 

first, CTLA-4 or Gal-1 expression, it is clear that targeting Gal-1 to inhibit its function would 

be expected to abrogate either aspects of the Gal-1/CTLA-4 functional interaction and roles in 

T-cell development and function.  
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6.2 Results  

6.2.1 Combining anti-CD25 MAb therapy with CTLA-4 blockade and anti-breast 
cancer vaccination does not further improve survival or tumour growth 
inhibition. 

 As shown in the previous chapter (Chapter 5, Fig 5.9) cancer vaccine 

immunotherapies can be significantly enhanced when combined with anti-CTLA-4 MAb 

therapy to counteract the negative co-stimulatory effects of this Treg surface receptor. 

Although this treatment did not deplete the Treg populations, it has been shown to reduce 

their immunosuppressive function (Takahashi, Tagami et al. 2000). Other studies showed that 

CTLA-4 deficient mice still produce functional Tregs through an IL-10 dependent mechanism 

and these cells compensate for the loss of the CTLA-4 mediated suppressive pathways (Read, 

Greenwald et al. 2006). Based on the above findings, it was proposed that combining the anti-

cancer vaccine therapy with both anti-CTLA-4 and anti-CD25 MAb therapies could eliminate 

all arising Treg populations and block CTLA-4 function to allow for more effective anti-

cancer immune responses. Using the previous vaccination regimen (outlined in Section 

2.2.12.3), mice received a tumour burden of wild type NeuTL breast cancer cells on day 0 and 

anti-CD25 MAb (50µg) therapy to deplete Tregs two days prior to the start of vaccine 

therapy. On day three after vaccination with the anti-breast cancer vaccine, mice received 

anti-CTLA-4 MAb (100µg), aimed at coinciding with antigenic stimulation of the immune 

response and the up-regulation of the Treg CTLA-4 response. The results (Figure 6.1) 

demonstrated that combination immunotherapy incorporating Treg depletion with vaccine and 

CTLA-4 blockade was not more effective than vaccine plus anti-CD25 MAb therapy alone. In 

fact, the triple treatment reduced median survival time to 38 days compared to 49 days when 

combining vaccine with anti-CTLA-4 MAb therapy. Together this data suggests that, as in 

earlier studies, Treg depletion using the broader spectrum anti-CD25 MAb therapy can 
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hamper the anti-tumour immune responses, perhaps by depleting other essential helper 

immune cells which also express CD25. 
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Figure 6.1 Efficacy of vaccine plus anti-CTLA-4 MAb therapy is decreased by the 

additional inclusion of anti-CD25 MAb therapy. Mice received a wild type tumour burden 

inoculation ( 1 x 10
6
 cells) on day 0 and treatment groups received vaccine on day 5 and 12 

and either anti-CD25 MAb therapy on days 2 and 9 or anti-CTLA-4 blockade on day 7 and 

14. The triple combination group received vaccine, anti-CD25 and anti-CTLA-4 therapy 

according to the regimen outlined previously in Section 2.2.12.3. Tumour size was measured 

manually by use of callipers and mice were sacrificed when tumour masses reached 20mm 

across in any direction. Statistical differences in survival between treated groups and controls 

were analysed by Log rank test comparing all curves relative to controls (p<0.001). Tumour 

measurements are reported as the mean ±SD of tumour measurements recorded on the 

indicated days. 
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6.2.2 Combination therapy incorporating Gal-1 inhibition significantly increases the 
efficacy of an anti-cancer vaccine in the tumour burdened animals. 

 Recent research has highlighted the inhibitory effect of Gal-1 on anti-tumour immune 

responses (Saussez, Camby et al. 2007; Thijssen, Poirier et al. 2007; Stannard, Collins et al. 

2010; Wei, Barr et al. 2010). A greater understanding of the role of Gal-1 in Treg function has 

been obtained recently with the finding that Gal-1 is up-regulated upon activation of Tregs 

and that Gal-1 can skew the T-cell balance towards a Th2/Treg immunosuppressive 

phenotype (Toscano, Commodaro et al. 2006; Garin, Chu et al. 2007). As discussed earlier, 

the precise mechanism of the CTLA-4/Gal-1 interaction has not been fully elucidated. 

However, expression of Gal-1 increases CTLA-4 expression and vice versa. Hence, targeting 

Gal-1, before it binds to either CTLA-4 or promotes Treg function could greatly improve 

immunotherapeutic strategies. Previous results (Chapter 4) showed that the addition of TDG 

could block Gal-1 and enhance cancer vaccine approaches. Therefore, it was assessed whether 

the addition of TDG could enhance the effect of using vaccine, anti-CD25 and anti-CTLA-4 

combination therapies.  

 For these studies, mice received tumour burdens of wild type NeuTL cells before 

being vaccinated and treated with the different MAb therapies. In addition, in these 

experiments, test mice received intra-tumoural injections of TDG (120mg/kg), every 2-3 days 

after live tumour cell inoculation. Tumour growth was then measured every 2-3 days using 

micro-callipers and all mice were euthanased when tumours reached the humane endpoint of 

20mm across in any direction. The results (Figure 6.2A) showed that during the stage of 

active immunotherapeutic intervention, tumour growth became effectively halted in animals 

receiving combined vaccine, anti-CTLA-4 MAb (100µg) and TDG treatment which was not 

found to occur in any other treatment group. In addition, growth of tumours in animals treated 

with vaccine, anti-CD25 MAb and TDG was significantly slowed. The inclusion of TDG to 
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block Gal-1 significantly increased the effect of the combined therapy which previously, 

without TDG (Chapter 5), showed a limited success. 

 Analysis of Kaplan-Meier survival curves (Figure 6C) showed that the optimal 

treatment regimen consisting of vaccine plus anti-CTLA-4 MAb (100µg) and injection of 

TDG (120mg/kg) resulted in a highly significant (p<0.001) increase in median survival of all 

the animals in this treatment group. Compared to the controls (median survival of 24 days) the 

triple combination therapy increased the median survival to 61.5 days. The response to the 

triple therapy was also statistically greater than the other combinations trialled, with the next 

best treatment resulting from vaccine, anti-CD25 MAb (50µg) and TDG. Interestingly, when 

all four agents (vaccine, anti-CD25 MAb, anti-CTLA-4 MAb and TDG) were included 

together, they did not produce greater results than those for the triple combination 

immunotherapies using either of the anti-Treg MAbs.  
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Control  24 days  

Vaccine alone 39.5 days (p< 0.001) 

Vaccine + anti-CD25 MAb + TDG 49 days (p< 0.001) 

Vaccine + anti-CTLA-4 MAb + TDG 61.5 days (p< 0.001) 

Vaccine + anti-CTLA-4 MAb + anti-CD25 

MAb 

40 days (p<0.001) 

Vaccine + anti-CD25 MAb + anti-CTLA-4 

MAb + TDG 

42 days (p< 0.001) 

 

Figure 6.2 Triple combination immunotherapy with vaccine, anti-CTLA-4 and TDG most 

effectively inhibits tumour growth in mice with breast cancer. Mice were given live tumour 

burdens of 1 x 10
6
 wild type NeuTL cells on day 0. Test animals received combinations of 

vaccine, anti-CD25 (50µg) and anti-CTLA-4 MAb (100µg) therapy (as outlined in Section 

2.2.12.3) as well as intra-tumoural injections of TDG (120mg/kg) in PBS every 2-3 days. A) 

Growth of tumours over the early stages in mice receiving active immunotherapeutic 

intervention. B) Growth of tumours over the entire period of treatment. Tumour size was 

measured manually by use of callipers and mice were sacrificed when tumour masses reached 

20mm across in any direction. C) Kaplan-Meyer survival curves. Statistical analysis of 

significant differences between treated groups and controls were analysed by Log rank test 

comparing all curves relative to control (p < 0.001). Tumour measurements are reported as 

the mean ±SD recorded on the indicated days. 
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6.2.3 The effects of combination immunotherapies on the intra-tumoural levels of 
effector T-cells and Tregs  
 
 Recent studies have highlighted the importance of the ratio of effector T-cells to Tregs 

as an indicator of progression and prognosis. It has been shown that higher Treg populations 

compared to effector T-cells can be associated with shorter patient survival times (Watanabe, 

Katou et al. 2010). Previous results had shown that vaccination combined with anti-Treg 

MAb therapy increased the ratios of CD8
+
 T-cells to Tregs. In this chapter, to evaluate the 

impact of the vaccine combined with anti-CD25 and anti-CTLA-4 MAbs and TDG treatment 

on the CD8
+
 T-cell and CD4

+
CD25

+
FoxP3

+
 Treg compartments during cancer treatment, the 

degree of infiltration of these cells into the breast cancers was determined. Mice each received 

a live tumour burden of 1 x 10
6
 NeuTL wild type breast cancer cells before 

immunotherapeutic intervention as outlined in Section 6.2.2. All mice were sacrificed at about 

day 20 and TILs were analysed by flow cytometry and immunofluorescence. The results 

(Figure 6.3A) showed that whereas untreated tumours comprised 0.5% CD8
+
 T-cells and 

2.847% FoxP3
+
 Tregs, this changed significantly upon triple therapy (vaccine/anti-CTLA-

4/TDG) with CD8 
+
 T-cells reaching 1.3% and the ratio of CD8

+
 T-cells to Tregs increasing 

from 0.23 to 0.73 (p<0.001). Immunofluorescent staining of tumour sections confirmed that 

tumours from the untreated mice showed a greater presence of Treg cells with minimal levels 

of CD8
+
 T-cells whilst tumours from the mice receiving the triple combination therapy (Fig. 

6.3D vaccine/anti-CTLA-4/TDG) showed the opposite with a much greater presence of CD8
+
 

T-cells than Tregs.  
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Figure 6.3. Combination immunotherapy increases the ratio of effector T-cells to T-regs in 

the treated breast cancers. 20 days after tumour burden and upon cessation of treatment 

tumours were harvested and either used for A) CD8
+
 populations and G) 

CD4
+
CD25

+
FoxP3

+
 Tregs. CD8

+
 effector T-cells are presented as red cells (B-F). Tregs are 

presented as the green cells (G-L). A. Flow cytometry of the relative numbers of CD8
+
. * 

represents a p value of < 0.05 compared to control samples B. Control tumour. C. 

Vaccine/anti-CD25/TDG D. Vaccine/anti-CTLA-4/TDG E. Vaccine with both MAbs and F. 

Vaccine/both MAbs/TDG. G. Flow cytometry of populations of CD4
+
CD25

+
FoxP3

+
 Tregs. * 

represents a p value of < 0.001 compared to control samples. ** represents a p value of < 

0.01 compared to control samples. *** represents a p value of < 0.05 compared to control 

samples  H. Control tumour. I. Vaccine/anti-CD25/TDG J. Vaccine/anti-CTLA-4/TDG K. 

Vaccine and treatment with both MAbs and L. Vaccine triple therapy/both MAbs/TDG. Bars 

are representative of at least 3 independently analysed mice/group. 

 

 

 

 

 

6.2.4 Treatment with breast cancer cell supernatants or recombinant Gal-1 protein 
promotes  the conversion of CD4+CD25- naive T-cells to CD4+CD25+FoxP3+ Tregs 
which can be  prevented by TDG. 

 Studies have shown that Treg populations after curative resection of tumours return to 

normal levels (Tokuno, Hazama et al. 2009) suggesting that cancer cell related factors 
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strongly affect the accumulation of Tregs in the tumours. Here, in a preliminary investigation 

to determine how the tumour Treg accumulation may occur, cell supernatants from cultures of 

NeuTL wild type murine breast cancer cells were tested for their effects on the conversion of 

CD4
+
CD25

-
 naive splenic T-cells to CD4

+
CD25

+
FoxP3

+
 Tregs and whether anti-CTLA-4 

MAbs or Gal-1 blocking with TDG could affect the conversion. Supernatants from confluent 

flasks of cancer cells should, in theory, contain the necessary soluble immunosuppressive 

factors secreted by cancer cells as they grow and replicate. One of these factors, Gal-1, which 

was previously shown to dramatically affect the effector T-cell populations (Chapter 4) is 

present in abundance in NeuTL cell supernatants (Stannard, Collins et al. 2010). Although 

Gal-1 is up-regulated and secreted by mature Tregs to induce apoptosis of activated CD4
+
 and 

CD8
+
 effector cells,  the studies described in this section were aimed to determine the role that 

Gal-1 has in the induction of the Treg immunosuppressive cell phenotype. Anti-CTLA-4 

MAb was also analysed for its ability to inhibit the process by blocking CTLA-4 given that it 

is required for induction of the suppressive function of Tregs. The source of CD4
+
CD25

-
 T-

cells used was splenic lymphocyte preparations derived from naive mice by flow cytometric 

cell sorting on the XDP-MoFlo (Beckman Coulter). Cells were sorted based on positive CD4 

and negative CD25 and FoxP3 marker expression. Co-culture experiments were performed 

where the isolated CD4
+
CD25

-
FoxP3

-
 cells were cultured in high density conditioned culture 

medium (CM) from the culture of breast cancer cells including in the presence or absence of 

added exogenous recombinant human (rh)Gal-1 protein, anti-CTLA-4 MAb or TDG or 

combinations thereof. The results (Figure 6.4) showed that NeuTL breast cancer cell 

supernatants induced an increased population (p<0.001) of CD4
+
CD25

+
FoxP3

+
 Tregs within 

72 hours of culture and that the addition of rhGal-1 further increased this conversion 

(p<0.001), suggesting that Gal-1 binding to carbohydrate receptors on the surface of Tregs is 

a potent inducer of Treg cells. The addition of anti-CTLA-4 MAb to co-culture experiments 
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reduced the conversion to FoxP3
+
 to similar levels as that found in control cultures (p>0.05) 

and adding a combination of TDG and anti-CTLA-4 MAb reduced the conversion further 

again. However, the most potent agent for reducing Treg conversion was found to be TDG. 

This disaccharide reduced conversion to well below the levels obtained in control cultures 

(p<0.05). These results suggest that targeting immunosuppressive factors such as Gal-1 in CM 

or produced by the growing tumours themselves using TDG could significantly reduce the 

numbers of activated Tregs present in the tumour microenvironment and should promote 

increased CD8
+
 T-effector cell infiltration due to the lack of Treg influence. 
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Figure 6.4. Tumour cell conditioned supernatant and/or rhGal-1 protein mediate the 

conversion of CD4
+
CD25

-
 naive T-cells to CD4

+
CD25

+
FoxP3

+
 Tregs. Flow cytometric 

analysis of the levels of CD4
+
CD25

+
FoxP3

+
 Tregs following co-culture of splenic 

lymphocytes with either fresh complete RPMI, Conditioned Media, rhGal-1, anti-CTLA-4 

MAb and/or TDG. Sorted CD4
+
CD25

-
 naive T-cells were cultured in the presence or absence 

of combinations of the above agents for 72 hours before analysis for the levels of 

CD4
+
CD25

+
FoxP3

+
 Treg cells by flow cytometry. All samples were analysed in triplicate and 

are representative of at least two independent experiments. * represents a p value of < 0.001 

relative to control samples. 
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6.3 Discussion 
 

 The results presented in this chapter were aimed at demonstrating that combination 

immunotherapy consisting of an immunostimulating whole cell cancer vaccine, blockade of 

negative co-stimulation delivered by CTLA-4 and inhibition of tumour secreted galectin is a 

far superior approach for enhancing anti-tumour immune responses than the use of stand-

alone therapies. Assisted by the Food and Drug Administration approval of Provenge for 

prostate cancer, cancer vaccines are beginning to show clinical promise as immunotherapeutic 

treatments for cancer. While encouraging, the slight increases in progression free survival and 

overall survival highlight the need to further optimise approaches to target the multiple 

immunosuppressive factors that are produced by cancer cells which may otherwise 

completely abrogate any potential immune activation provided by cancer antigenic 

vaccination. Previously, it was described that combining cancer vaccination with the Treg 

depleting anti-CD25 MAb or anti-CTLA-4 MAb therapy increased responses to cancer 

vaccination (Chapter 5). In addition, intra-tumoural administration of TDG produced a 

substantial improvement in CD8
+
 T-cell activation and vaccination outcomes (Chapter 4). The 

present chapter showed that the efficacy of both of these other approaches (anti-Treg MAbs 

and TDG) can be markedly improved by combining them together into one cocktail 

immunotherapy to greatly enhance the efficacy of cancer vaccination, overcoming multiple 

tumour-induced immunosuppressive factors. 

 Contrary to studies which suggested a synergistic effect exists between Treg depletion 

and anti-CTLA-4 therapy (Saha and Chatterjee 2010), the results of Figure 6.1 showed that no 

additional benefit could be obtained by adding anti-CD25 MAb therapy to an already 

successful approach obtained by combining vaccine with anti-CTLA-4 MAb (Fig 5.9). In 

fact, not only was there no synergy between the approaches, but it actually appeared to 

hamper anti-tumour responses compared with the use of vaccine and anti-CTLA-4 MAb 
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therapy. Although many studies have indicated synergistic effects are obtained with anti-

CD25 MAb therapy in a prophylactic setting, perhaps this is not the most clinically relevant 

assessment of therapy compared to the cancer therapeutic setting. The present study has 

examined the more realistic therapeutic application of Treg depletion in the tumour burdened 

host. In this model, anti-CD25 MAb therapy was applied after mice were given a live tumour 

burden but before vaccine or anti-CTLA-4 MAb therapy. Keeping in mind the long half-life 

that this MAb has within the body (Amlot, Rawlings et al. 1995; Kissick, Ireland et al. 2009) 

it could be hypothesized that anti-CD25 MAb administration could be eliminating the naive 

CD8
+
CD25

+ 
and Th populations needed to mount effective responses once vaccine is 

introduced. Another factor to consider is that anti-CD25 MAb therapy could be affecting 

production of activated effector cells that would normally arise after vaccination and anti-

CTLA-4 MAb therapy. A further possibility to account for the discrepancy with previous 

studies is as a result of the timing of each therapy, such that depleting Tregs before 

inoculating with a tumour burden could quite possibly allow for the generation of greater anti-

tumour immune responses. Nevertheless, the clinical relevance of such an approach is 

questionable. 

 Increasingly, the use of anti-CD25 MAb as a cancer therapy is proving to be too broad 

an application for specific applications designed to deplete Tregs. A more appropriate 

approach to eliminating the Treg population in the future may be to target the FoxP3 

promoter, which would deplete all Tregs and suppressive CD8
+
FoxP3

+
 cells, whilst leaving 

CD25
+
 T-cells effector cells alone. 

 The relatedness of function between Tregs, CTLA-4 and Gal-1 and their effects on 

tumour immunology is only now starting to be elucidated. As stated earlier, it has been shown 

that Gal-1 expression is up-regulated in Tregs resulting in further recruitment and increased 

CTLA-4 expression. It has also been shown that CTLA-4 expression can increase Gal-1 
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expression and causes sustained inhibitory signals being delivered to effector T-cells by 

increasing the contact time on the cell surface. All of this recent data leads one to hypothesise 

that targeting Gal-1 could have multiple actions including 1) reducing Treg numbers, 2) 

reducing Treg function, 3) reducing CTLA-4 expression and 4) reducing CTLA-4 signalling. 

Four critical immunosuppressive functions abrogated by inhibiting one protein make it a very 

attractive target for cancer immunotherapy. 

 The addition of TDG blocking of Gal-1 combined with anti-cancer vaccine and MAb 

therapy approaches confirmed that the combined triple therapy is by far the most superior of 

all (Figure 6.2). Not only did this approach increase median survival times but also halted 

tumour growth during the period of active intervention. It appears that this therapy allowed 

the balance to be tipped back in favour of the anti-cancer immune response where it was able 

to keep the growth of the tumour in check. However, upon cessation of treatment the tumour 

regained control and began to grow until eventually all animals were humanely sacrificed 

(Figure 6.2B). This could be a result of resumption of Gal-1 expression and secretion and/or 

by the return of CTLA-4 expression or both. The return of CTLA-4 expression would play a 

pivotal role in regulating peripheral tolerance and in a mouse model in which profound 

tolerance to the c-Neu antigen exists, its expression would actively inhibit the generation of 

new and residual CD8
+
 effector T-cell populations. A recent study showed that even a single 

dose of anti-CTLA-4 MAb can induce significant expansion of memory CD8
+
 T-cells 

(Pedicord, Montalvo et al. 2011). Without specifically analysing for this population, it could 

be hypothesized that extensions of survival and slower tumour growth rates at the cessation of 

active treatment necessitates higher proportions of memory cells established in mice receiving 

therapies involving the use of anti-CTLA-4 MAb. As demonstrated by these results, it is 

evident that tumour growth can be slowed, however optimisation of the timing of treatment 

and the length of active therapy requires determination. Variables such as the duration of 
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vaccine, MAb and TDG administration on response rate, resumption of growth, escape of 

therapy resistant tumour cells and generation of tolerance and host derived neutralising Ab 

production requires further attention in a hope that it might lead to a complete response and 

tumour immunity. 

 TILs have been proposed to demonstrate the host’s immune reactivity against cancer 

(Odunsi and Old 2007). Patients with high lymphocyte infiltrates are often correlated with 

better outcomes after resection of their primary tumour (Wada, Nakashima et al. 1998). 

However, upon analysis of populations of TIL’s in cancer patient tumours they were found to 

be functionally defective, incompletely activated, and included a high proportion of 

regulatory subtypes, which varied with the types of cancer (Chiou, Sheu et al. 2005; Yu and 

Fu 2006). It has been shown that the presence of CD3
+
, CD4

+
 and CD8

+
 TIL’s made no 

difference to disease free survival or overall survival (DFS and OS) in a trial of head and neck 

cancer patients. However, the presence of low intra-tumoural Tregs in combination with high 

intra-tumoural activated CD8
+
 T-cells was an independent prognostic indicator for both 

improved DFS (p <0 .001) and OS (p <0.0001) (Boucek, Mrkvan et al. 2010). In keeping with 

these findings, the results in Figure 6.3A and B support the proposal that the ratio of Tregs to 

CD8
+
 T-cells is paramount for regulating the balance between tumour inhibition and escape. 

It is shown here that the ideal combination of vaccine with anti-CTLA-4 MAb blockade and 

TDG resulted in an increased ratio of CD8
+
 T-cells to Tregs (from 0.23 to 0.73), a result 

which was accompanied by arrested tumour growth. Although the ratios obtained from the 

Treg depleted animals were impressive, no corresponding increase in CD8
+
 T-cells was found 

and may well have limited tumour growth inhibition. CD8
+
 T-cells in mice receiving triple 

therapy (vaccine/CD25 MAb/TDG) showed an average CD8
+
 T-cell infiltration of 0.75% 

versus 1.3% in mice receiving the triple therapy (vaccine/anti-CTLA-4 MAb/TDG). 
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 Recent evidence has shown that Gal-1 functions to restore immune cell tolerance and 

to act as an anti-inflammatory factor by facilitating the secretion of immunosuppressive 

cytokines (Perillo, Pace et al. 1995; Toscano, Commodaro et al. 2006). In addition, TGFβ has 

also been shown to promote the secretion of Gal-1 (Daroqui, Ilarregui et al. 2007) and favours 

the expansion of Tregs. However, to date, there has been no report to demonstrate the direct 

relationship of high Gal-1 concentrations to the increased frequency of Tregs. Given the 

obvious correlation of Gal-1 with Treg number and function, tumour derived Gal-1 may 

contribute to the development of the suppressive phenotype of Tregs during tumour 

progression. Here, it is shown that Gal-1 can act directly on Treg populations by converting 

naive CD4
+
CD25

-
 T-cells into suppressive CD4

+
CD25

+
FoxP3

+
 Tregs. The complete 

mechanism of action is unknown although it is known that Gal-1 binding to CTLA-4 

increases CTLA-4 surface expression by inhibiting endocytosis (Grigorian, Torossian et al. 

2009). The mechanism may involve the P85 regulatory subunit of phosphoinositide 3-kinase 

(PI3K) binding to a motif on the cytoplasmic tail of CTLA-4 resulting in accumulation of 

CTLA-4 at the cell surface. It is also known that CTLA-4 is absolutely required for TGFβ to 

induce FoxP3 expression (Zheng, Wang et al. 2006). With this in mind, it stands to reason 

that increased CTLA-4 expression caused by Gal-1 binding could increase TGFβ signalling, 

which will in turn induce FoxP3 expression and conversion to a suppressive Treg phenotype. 

TGFβ, in this case, should be present in the culture medium secreted from the Gal-1 treated 

cancer cells, although the levels were not analysed here. In keeping with this hypothesis, it 

was shown that inhibiting Gal-1 through the addition of TDG completely abrogated the 

conversion of naive T-cells to the immunosuppressive Treg phenotype. Conversion 

percentages were significantly lower in TDG containing cultures than in control cultures 

grown in fresh RPMI suggesting that background conversion (perhaps caused by the cellular 

stresses of culture or flow-cytometric sorting) could be inhibited by TDG. Conceivably, once 
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a few cells are converted, then a cascade of conversion could follow which can be inhibited 

by TDG. Also of interest was the fact that the addition of the anti-CTLA-4 MAb only induced 

partial protection from this conversion process, possibly because of the ability of Gal-1 to 

bind to cell surface glycoproteins other than CTLA-4. Hence, Gal-1, may also cause the 

conversion to occur in the absence of CTLA-4 expression and therefore, in the absence of 

TGFβ signalling.  

 Although this result may raise more questions than it answers, these studies 

considered together suggest that incorporating a Gal-1 inhibitor into anti-cancer vaccination 

strategies, together with anti-CTLA-4 MAb therapy should greatly enhance the anti-tumour 

responses in treated subjects. By adding Gal-1 inhibition, not only does it provide protection 

against apoptosis of activated T-cells (Stannard, Collins et al. 2010) and prevent angiogenesis 

(Ito, Scott et al. 2011), but also provides protection from the conversion of naive T-cells into 

immune suppressive Tregs. 
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 In 2011, with the advent of the anti-CTLA-4 MAb, Yervoy
®

 (Ipilimumab) and 

Provenge (Sipulcel- T
®
) the prostate cancer vaccine, as the first FDA approved 

immunotherapies for cancer came the realisation that after many decades of research it has 

now been established that the immune system can be used to eliminate cancer. Cancer 

immunotherapy is based on the premise that the host immune system must be sufficiently 

stimulated to enable strong cellular response that seek out and destroy cancer cells in much 

the same way that the body overcomes infection. However, unlike infection, tumour cells do 

not appear as foreign invaders. Cancers arise from self cells, often displaying much the same 

antigenic profile as their neighbouring normal cell counterparts. Therein lies one of the major 

problems facing effective cancer immunotherapy; overcoming the issue of tumour/immune 

self-tolerance. In contrast to vaccines targeting bacterial infection whose efficacy depends 

mainly upon the elicitation of protective antibodies, cancer vaccines must also boost cell 

mediated immunity and more specifically, the production of cytotoxic T-lymphocytes capable 

of targeting and killing the cancer cells. 

 The history of cancer vaccines in clinical trials has often involved promising phase I 

results which fail to hold up in follow-up trials. This may be due to many factors including 

differences in vaccine manufacture or lack of control over patient enrolment when proceeding 

from phase II to the phase III stage of development (Dalgleish and Whelan 2006). Several 

years ago, in 2004, a high profile, worldwide phase III study with an allogeneic melanoma 

vaccine consisting of three melanoma cell lines was suspended after several months by the 

data safety monitoring board when it was found that the treatment arm receiving the cancer 

vaccine called Canvaxin, performed worse than the control arm of the trial (Kelland 2006). 

Many related early studies with vaccine approaches produced the same limited responses 

when used as standalone therapies. However, since a greater understanding of the role of 

Tregs in the immunosuppressive tumour environment has been developed, it is now possible 
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to explain that the early failures were possibly having a tolerizing effect on the anti-cancer 

immune response by promoting Treg induced immunosuppression.  

 Based on the previous lack of success when anti-cancer vaccination was applied alone 

as a therapy and armed with the knowledge of such repeated vaccination likely inducing 

tolerance, it becomes imperative to improve on anti-cancer vaccine treatments to overcome 

such tolerizing effects as well as prevent tumour immunosuppressive factors such as Treg 

induction. The results presented in this thesis demonstrate that combination immunotherapy 

using a syngeneic whole cell anti-breast cancer vaccine together with Treg and galectin 

inhibition is the most beneficial approach found for generating potent anti-tumour immune 

responses. Moreover, the results from these studies considered together demonstrate that the 

use of a combinatorial approach targeting multiple immunosuppressive factors at the same 

time can break immunological tolerance and inhibit the growth of established tumours. 

Initial results presented in Chapter 3 outlined that when the anti-breast cancer vaccine 

was used, either in a prophylactic or therapeutic setting alone with no accompanying adjuvant 

therapy, targeted anti-tumour CD8
+
 effector T-cells could be generated. These results confirm 

the previous studies with a related melanoma anti-cancer vaccine (Dezfouli et al., 2004) 

suggesting wide application of the strategy for preparing potent anti-cancer vaccines. 

However, minimal, long term therapeutic benefit was observed because all of the animals 

despite attempts to treat pre-established cancers, eventually succumbed to their tumour 

burdens. Although these results may at first appear uninspiring, they in fact demonstrate key 

points. 1) That the IFN induced treatment and increased surface B7 expression can create a 

highly immunogenic cell line that can be successfully used in the short term as an immune 

stimulating vaccine; 2) that the cancer vaccine strategy produces targeted anti-tumour CD8
+
 

effector T-cells and 3) that this approach is relatively safe, with no adverse immune events 

being observed in treated animals. Although preliminary, these results are encouraging and 
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show that an immune response can be induced against essentially self-cells even in the 

presence of profound in vivo tolerance. Further to this, it is becoming apparent that the 

immune stimulation generated by vaccination could provide the foundation needed on which 

to build upon with newer approaches to further potentiate anti-tumour responses by blocking 

tumour-mediated immunosuppression. 

 These results establish that merely stimulating the immune system alone is insufficient 

in clearing larger established tumours, or significantly inhibiting the development of 

spontaneous malignancies. However, the possibility still remains that in clinical situations 

with very low levels of minimal residual disease or even during complete remission, immune 

stimulation with vaccine alone may be capable of inhibiting the return or recurrence of the 

tumour, especially if the therapy then elicits a strong memory T-cell response (Klebanoff, 

Gattinoni et al. 2006). 

Whether an immunotherapy indices partial or complete responses is an area which is 

not completely clear. Partial responses to cancer vaccines may be a result of numerous factors 

including the induction of tolerance to the therapy, outgrowth of escape tumour cells, 

development of neutralising antibodies, depletion of activated effector cells and poor timing 

of subsequent doses of therapeutic agents. Recently it has become clear that studies reporting 

complete tumour clearance induce potent memory responses (Connor, Bannerji et al. 1993; 

Perret and Ronchese 2008; Kissick, Ireland et al. 2012). A hallmark of efficient CD8
+
 T-cell 

response is the balance between the prompt manifestation of effector functions and the 

generation of long-living memory cells which provide lasting protection from subsequent 

antigenic challenge (Wherry, Teichgraber et al. 2003; Wherry and Ahmed 2004). A recent 

study by Kilinc et al., described the critical role of tumour resident memory cells on 

secondary CD8
+
 effector T-cell responses and subsequent tumour immunity. By selectively 

depleting CD8
+
 TILs and monitoring T effector priming the researchers demonstrated that in 
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the absence of tumour resident CD8
+
 effector memory cells, secondary T effector cell 

expansion was completely abrogated and that restoration of CD8
+
 effector memory function 

was critical to the induction of secondary T effectors (Kilinc, Gu et al. 2009). Further to this it 

has been demonstrated that the balance of effector to regulatory memory T-cells plays an 

equally important role in determining secondary T-cell responses. In a study of concomitant 

tumour immunity in a murine colon cancer model, researchers showed that tumour immunity 

generated by intratumoural IL-12 injection gradually decayed as the primary tumor 

progressed. During this period, both effector (CD4
+
 CD25

+
 FoxP3

+
) and memory Treg cell 

counts also increased. These cells initially accumulated around the tumour but also traveled to 

other sites including the spleen. These cells were also shown to suppress secondary CD8
+ 

T-

cell responses both in vitro and in vivo with the study concluding that effector/memory Treg 

cells are responsible for the loss of concomitant tumor immunity associated with tumor 

progression (Lin, Chang et al. 2009). With further implications for the generation of effective 

tumour immunity, a recent study has demonstrated that the appearance of tumour cells is 

immediately sensed by CD44
hi

 memory Tregs that are specific for self-antigens. The rapid 

response of these Tregs preceded and prevented the activation of naive antitumor CD8
+
 

effector T-cells. In addition to this the group also studied the population kinetics of effector 

and regulatory memory cells in the generation of secondary immune responses. Interestingly 

they found that the relative speed of the Treg versus the T effector response within the first 2–

4 days determined the outcome of the antitumor immune response: tolerance or rejection. If 

antitumor memory T effectors were present at the time of tumour emergence, both Tregs and 

T effectors were recruited and activated with memory kinetics; however, the Tregs were 

unable to control the T effectors, which eradicated the tumour cells. This balance between 

effector and regulatory responses did not depend on the number of Tregs and Teffectors, but 

rather on their memory status. Thus in an immunosuppressive tumour setting, dominant 
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tolerogenic immunosurveillance by self-specific memory Tregs protects tumours and allows 

then to continue to progress (Darrasse-Jeze, Bergot et al. 2009). Thus the generation and 

identification of tumour associated memory T-cells may be a potential determinate of 

outcome of vaccination strategies and may in the future provide a possible cellular target to 

overcome the lack of sustained tumour immunity, tipping the balance back toward tumour 

associated a CD8
+
 effector memory profile and secondary cytotoxic CD8

+
 T-cell priming.  

One obstacle which will also need to be addressed is the generation of immunological 

tolerance produced by repeated exposure to vaccine antigens and continued immune 

activation, as a problem which has been observed in many pre-clinical and clinical trials 

(Degl'Innocenti, Grioni et al. 2008; Marigo, Dolcetti et al. 2008). An additional problem is the 

contribution that the vaccine responses have towards causing antigenic selection of cancer 

cells, resulting in the escape and survival of cancer cells which have down regulated their 

antigen expression to avoid recognition, most likely through the process of immune editing 

(Dunn, Bruce et al. 2002). To this end, the route and timing of administration will be 

paramount to prevent the onset of such phenomena.  

 The inability of the immune system to overcome cancer, even when enhanced by 

vaccination, is rapidly beginning to highlight the multiple mechanisms by which cancer cells 

manipulate their environment to prevent their destruction. As discussed above, cancer 

vaccination as a stand-alone therapy can generate potent short-term immune responses. 

However these are relatively ineffective as they often fail to address the multiple evasion 

strategies that tumours employ to negate any response which may result in stimulating 

immune cell recognition and attack. In Chapter 4 the focus was the potent immunosuppressive 

function of the carbohydrate binding protein, Gal-1 and its functions in tumour biology were 

described. Many other studies have also described the role of Gal-1 in the elimination of 

activated effector T-cells, as well as in the migration, metastasis and angiogenesis of cancers 
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(Rubinstein, Ilarregui et al. 2004; Thijssen, Postel et al. 2006; Banh, Zhang et al. 2011). It is 

becoming increasingly clear that the Gal-1 protein provides a protective barrier around the 

growing tumour which facilitates its growth and angiogenic capabilities (Rubinstein, Alvarez 

et al. 2004; Ito, Scott et al. 2011). These essential functions of Gal-1 in tumour biology seem 

to mirror the natural function of Gal-1 in the maintenance of immune privilege at certain 

tissue sites such as in the eye (Phillips, Knisley et al. 1996; Wollina, Schreiber et al. 1999; 

Dettin, Rubinstein et al. 2003). Thus, it becomes readily apparent that inhibiting this protein 

should produce measurable anti-tumour effects when the inhibition of Gal-1 can be delivered 

directly to the tumour site. 

 Other studies have highlighted the beneficial effect of inhibiting Gal-1 on tumour 

growth  (Rubenstein et al. 2004) and in particular it was demonstrated that genetic knock 

down of Gal-1 expression levels allowed for and potentiated active immune responses against 

tumour cells (Rubinstein, Alvarez et al. 2004). More recently, Ouyang et al., (2011) found 

that by using an anti-Gal-1 MAb, Gal-1-mediated apoptosis of EBV-specific CD8
+
 T cells 

could be prevented. Many in vitro studies have taken advantage of the natural disaccharide 

binding affinity of Gal-1 and demonstrated the capacity of certain Gal-1 binding 

carbohydrates to inhibit the protein function (Pienta, Naik et al. 1995; Iurisci, Cumashi et al. 

2009). Consistent with these findings, crystallography and biological assay data presented in 

Chapter 4 show that TDG, a relatively inexpensive, non-metabolised and non-toxic 

disaccharide, binds Gal-1 with a higher affinity (~78µM) than its natural N-acetyllactosamine 

ligand. In contrast to other reported studies, the results presented in Chapter 4, show for the 

first time the biological consequences of inhibiting Gal-1 on lymphocyte function both in 

vitro and in vivo. Thus, inhibiting Gal-1 using TDG resulted in higher CD8
+
 T-cell 

populations in MLC and targeted cytolytic activity. However, of particular importance to this 

study and to immunotherapy as a whole, is the discovery that Gal-1 inhibition through 
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preferential Gal-1/TDG binding can be used as an immunotherapeutic adjuvant for enhancing 

cancer vaccine therapy. When used as a combination of vaccine with intra-tumoural TDG 

administration, significant responses occurred including decreased tumour growth and 

increased survival times. These substantial responses were observed to be well above those 

obtained with the use of either agent alone, highlighting the point that by generating a potent 

immune response with a suitable antigenic vaccine and targeting a known 

immunosuppressive factor, the balance can begin to be tipped back in favour of the anti-

tumour immune reaction. However, in the clinical setting intra-tumoural administration of 

TDG will be unlikely due to the position or dissemination of tumour masses so that the route 

of administration must be considered carefully. 

Recently in the Ralph research laboratory, intravenous TDG administration was found 

to also be effective as a cancer therapy (Ito et al., 2011). Delivery of TDG in or around the 

tumour site would obviously be preferential because in its concentrated form it will directly 

and more readily target “tumour derived/secreted Gal-1”. This is crucial, as it has recently 

been shown that tumour derived Gal-1, as opposed to natural host Gal-1, is mainly 

responsible for mediating the tumour progression through intra-tumoural immunomodulation 

(Banh, Zhang et al. 2011). Therefore, delivery at distal sites or through the blood stream may 

result in limited disaccharide reaching the tumour site, where it is needed the most. Another 

limitation of successful TDG administration is dissemination of the inoculums through the 

surrounding tissue and the ability to maintain levels of disaccharide at the tumour site for 

longer periods of time so as to enhance greater levels of Gal-1 inhibition. This could possibly 

be achieved by periodic administration of TDG through the use of an osmotic or infusion 

pump inserted in or close to the tumour region or engineering the active agent to be suspended 

within non-or slowly metabolising gel that could be injected as a bolus into the tumour site. 

Encouragingly, the more recent results from within this laboratory are beginning to 
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demonstrate that traditional clinical delivery routes such as intravenous injection are 

successfully able to halt progression of several different cancer types (Koichi Ito, personal 

communication, September 9, 2011). Thus, for example, it has been found in preliminary 

experiments that this approach can significantly decrease the incidence of lung metastasis in 

murine melanoma and breast cancer models. 

 With mounting evidence for overlapping immunoregulatory mechanisms and the 

direct link between Gal-1 over-expression by Tregs, this research has aimed to determine the 

role of Treg inhibition in the response to cancer vaccination. Chapter 5 of this thesis was 

devoted to studies investigating the role of Treg depletion with anti-CD25 MAb therapy 

versus functional inhibition of Tregs through CTLA-4 blockade for their ability to augment 

tumour growth and responses to cancer vaccination. Chapter 5 of this thesis demonstrated that 

Treg depletion with an appropriate dose of an anti-CD25 MAb induced slight reductions in 

tumour growth and some increased survival of tumour-burdened animals. Based on this 

finding, it was hypothesized that targeting CTLA-4, which is essential for Treg suppressive 

function might provide a more effective means of blocking Treg function than widely 

depleting the populations of immune cells that express CD25.  

More recent studies of others have supported the divergence away from using anti-

CD25 broad spectrum depletion and have confirmed that anti-CD25 MAb therapy can 

actually hamper anti-cancer immune responses by depleting necessary effector cells involved 

in activity and promoting the response (Curtin, Candolfi et al. 2008). Although studies by 

Kissick et al., which showed an increase in CD8
+
 effector T-cell function as a result of 

releasing anti-tumour effector T-cells from Treg immunosuppression (Kissick, Ireland et al. 

2009, 2010), this study demonstrated that treatment with anti-CD25 MAbs did not 

significantly increase CD8
+
 TILs when compared to control tumours, nor did this treatment 

significantly affect tumour growth rate (Fig. 5.7). Interestingly, at concentrations of 100µg, 
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fatal toxicity was observed in 5 out of the 15 mice trialed. This level of toxicity has not been 

noted in other published murine trials with this MAb which has often been used at such levels 

before and sometimes with even higher doses (Cassan, Piaggio et al. 2006; Imai, Saio et al. 

2007; Curtin, Candolfi et al. 2008; Kissick, Ireland et al. 2009). Toxicity has also not been 

reported in current human clinical trials with anti-CD25 MAbs, Basiliximab (Simulect
®
) or 

Daclizumab (Zenapax
®
) which have interestingly (considering its application in cancer) been 

approved for use in Australia as immune suppressants for preventing rejection during and 

after renal transplantation into patients.  

 The results presented in Chapter 5 which are consistent with findings reported by 

others, suggest that the potential benefit of depleting Tregs is lost by the concurrent 

elimination of activated effector lymphocytes and the regeneration of de novo Treg cells that 

has been observed in some settings (Woller, Knocke et al. 2011). With this in mind, it would 

therefore be more appropriate to more specifically and functionally inactivate the tumour Treg 

populations. It is possible that maintaining their presence in sufficient numbers, is important 

given that these cells have been shown to be required for the generation of anti-tumour 

responses (Woller, Knocke et al. 2011). 

 Studies have demonstrated that anti-CTLA-4 MAb therapy (anti-CTLA-4 blockade) 

does not deplete the Treg populations (Friedline, Brown et al. 2009), but rather diminishes 

their immunosuppressive function. These results were further confirmed in Chapter 5 when it 

was demonstrated that anti-CTLA-4 MAb therapy did not dramatically reduce Treg numbers 

in the treated mice (Fig. 5.3 and 5.4). However, its administration was importantly associated 

with a significant increase in the CD8
+
 T-cell populations both peripherally and within the 

tumour, a result that was not observed to occur in the studies with anti-CD25 MAb. These 

results would suggest that anti-CTLA-4 MAb therapy has multiple positive effects on the 

ensuing anti-cancer immune response. Firstly, it reduces the suppressive capacity of Tregs 
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and secondly, it also removes the transduction of negative co-stimulatory signals to the 

effector T-cells, thereby allowing for expansion of this vital population. A third and further 

benefit with CTLA-4 inhibition was revealed in a recent study which demonstrated that 

CTLA-4 expressed on Tregs was able to capture and acquire CD80 or CD86 from APC cell 

surfaces and degrade them by a process of trans-endocytosis, thereby further impairing co-

stimulation via CD28, resulting in T-cell anergy (Qureshi, Zheng et al. 2011) 

 In this thesis, significantly elevated CD8
+
 T-cell infiltration into tumours was 

positively translated into significant decreases in tumour growth and increases in survival 

times of animals receiving anti-CTLA-4 MAb therapy. In addition, it was found that by 

combining the breast cancer vaccine with anti-CTLA-4 MAb therapy, an additive affect was 

obtained, with tumour growth and median survival becoming significantly greater with the 

combination therapy than when either therapy used alone. These results once again highlight 

the fact that stand-alone therapies are not sufficient by themselves for the treatment of cancer 

and that the potential of immunotherapy lies in its capability to add or synergise with other 

agents to overcome the many facets of tumour induced immune suppression. 

 Interestingly, anti-CTLA-4 MAb therapy used in the current setting did not induce any 

measurable toxic side effects. This is in stark contrast to observations commonly found in 

clinical trials with Tremelimumab (CP675,206) and Ipilimumab (Yervoy 
®

). Both of these 

MAb therapies are associated with severe and sometimes fatal immune-mediated adverse 

reactions due to their promotion of T-cell activation and proliferation. These adverse auto 

immune reactions occur in any organ or system (Bhatia, Huber et al. 2009). However, they 

most commonly occur in the gastro-intestinal tract, resulting in diarrhoea and inflammation of 

the colon (colitis). Other side-effects can include skin rashes and inflammation of the skin. 

Less frequently occurring side effects include hepatitis, inflammation of the pituitary gland 

(hypophysitis), eye inflammation (uveitis), and kidney problems (nephritis). Side-effects have 
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been noted to occur in up to 84% of patients, but are generally mild and treatable (Bristol-

Myers Squib, 2011). It is possible that differences in the route of administration (I.V. versus 

I.P.) or small differences in the role of CTLA-4 in the murine system to that in humans could 

account for the lack of adverse immune reactions in mice when the doses of MAb therapy 

used are essentially at the same amount per body weight (3-4mg/kg).  

The issue of timing of administration of these therapies is paramount in inducing the 

strongest anti-cancer targeted immune responses without inadvertently inhibiting or adversely 

affecting other important immune cell populations. In the present study both the anti-CD25 

and anti-CTLA-4 MAb therapy were delivered at times when the cell population of interest 

was proposed to be beginning to proliferate (i.e. 2-3 days post inoculation with live tumour 

burden when combined with anti-CD25 MAb therapy and 2-4 days after breast cancer 

vaccination treatment when combined with anti-CTLA-4 MAb therapy). As the use of anti-

CTLA-4 MAb is at present an area which is rapidly being explored in combinatorial clinical 

trials, the issue of timing of treatments will be a critical factor which will need to be 

considered carefully and may determine the successes or failures of this therapy. 

Traditionally, the maximal CTLA-4 expression is detectable within 2-3 days post immune 

activation (Egen, Kuhns et al. 2002). Therefore, vaccine strategies which plan to incorporate 

anti-CTLA-4 MAb therapy into their regimens will be required to take this into account or 

they may run the risk of inhibiting immune cell functions necessary in the generation of the 

immune response. 

 Although previous studies from others had reported synergistic effects from prior Treg 

depletion combined with anti-CTLA-4 MAb therapy, no such synergism was observed here 

because it was demonstrated that adding anti-CD25 MAb therapy had a negative effect on the 

success with the breast cancer vaccine when used in combination with anti-CTLA-4 MAb 

therapy (Fig 5.9). Given the clinical application of Zenapax (Dacluzimab) as an 
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immunosuppressant used in preventing transplant rejection, it follows that Treg depletion 

using anti-CD25 MAb therapy could be providing an immunosuppressed niche for tumour 

growth. As outlined in the product information for Zenapax,  “while in circulation, Zenapax 

impairs the response of the immune system to antigenic challenges” (Roche 2005). Therefore 

it is conceivable that any residual anti-CD25 MAb in circulation at the time of vaccination 

and in association with anti-CTLA-4 therapy could render the latter approaches futile. 

 The studies presented in Chapter 6 investigating the potential of a triple 

immunotherapy combining cancer vaccination with Treg inhibition and Gal-1 blockade are 

highly novel. This combines together the three distinct approaches showing significant 

promise which were individually tested in previous chapters. The highly significant results 

with the triple therapy confirm that adding TDG to breast cancer vaccination and anti-CTLA-

4 MAb therapy is by far the most superior of all combinations trialled. Not only did this 

approach increase median survival times, but also halted tumour growth (Fig. 6.2A) during 

the period of active intervention. The resumption of tumour growth in this group following 

the cessation of therapeutic intervention suggests that the remaining tumour retains the ability 

to overcome the immune system, even despite multiple rounds of therapy. Future analysis of 

this therapy should include investigations of extended treatment over longer periods to 

determine whether the tumour can eventually be overcome, or whether numerous rounds of 

therapy induce tolerance to the whole approach. 

 It was also interesting that the triple combination therapy outperformed approaches 

combining all four agents, breast cancer vaccine, anti-CD25, anti-CTLA-4 MAb therapies and 

TDG. The reason for this is not completely understood although it could be possible that the 

effects of breast cancer vaccine and anti-CD25 MAb therapy became more potent in the 

presence of TDG and probably reflects that the addition of TDG exerts a protective effect on 

the CD8
+
 CTL effector cells which is not apparent when suppressive Tregs can still remain 
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functional in the absence of TDG. Regardless, the application of all four agents must 

somehow begin counteracting each other and start negating their individual positive effects. It 

is also worth noting that recent studies showed the significance of having a positive ratio of 

CD8
+
 T-cells to Tregs in the prognosis of cancer patients (Yu and Fu 2006) and this is 

supported by the results with the triple therapy (combination of breast cancer vaccine, anti-

CTLA-4 MAb therapy and TDG) which induced the greatest level of CD8
+
 TIL infiltrates, 

whilst limiting the number of Tregs present in tumours.  

 As the ratio of immune cell infiltrates has such an important bearing on the resulting 

anti-cancer immune response and prognosis, and the fact that large numbers of tumour 

infiltrating Tregs are often found present within more aggressive tumours, the overlapping 

relationship between Gal-1, Tregs and CTLA-4 expression is intriguing. The studies in 

Chapter 6 which explored the induction of the FoxP3
+
 suppressive Treg phenotype for the 

first time document that the switch from a naive to suppressive Treg phenotype is partly 

initiated by Gal-1 and that inhibiting Gal-1 with TDG could block this switch. These results 

imply that Gal-1 is an essential perquisite for the development of the suppressive Treg 

phenotype. However, further cell signalling analysis will be required to fully understand the 

exact mechanism by which Gal-1 exerts such effects. The addition of anti-CTLA-4 MAb in 

the conversion studies resulted in the suppressive switch being inhibited, although to a lesser 

extent (Fig. 6.4). These results help to explain why Gal-1 continues to signal, even in the 

absence of CTLA-4 expression. They may also reflect the ability of Gal-1 to bind to 

numerous other glycoproteins on the immune cell surface.  Nevertheless, TDG plus CTLA-4 

blockade produced the greatest inhibition of phenotypic conversion. These results also show 

that Gal-1 is likely to be not the only factor involved in promoting a suppressive Treg 

phenotype, although inhibiting it can significantly impair this process. 
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Conclusion and Future directions  

The concept that the immune system can be harnessed in such a way as to fight and eliminate 

cancer has been speculated upon throughout history. It is the success and failure of 

experimental procedures and trials that will ultimately one day help us to discover whether 

one single therapy or a combination of approaches could help to crack the problem of cancer 

therapy. Cancer is a multifaceted disease which employs a vast array of evasion strategies in 

order to overwhelm and remain undetected by the host’s immune system. With this in mind, it 

makes sense that in order to improve on the current available cancer therapies, including 

immunotherapies, a combinatorial approach must prevail in order to combat as many tumour 

immune evasion strategies as possible so as to tilt the balance back in favour of tumour 

elimination. This approach is beginning to form the basis of many clinical trials which are 

experimenting with the use of traditional treatments such as chemo or radiotherapy combined 

with immunotherapies (reviewed in (Demaria, Bhardwaj et al. 2005; Frazier, Han et al. 2010). 

Of specific interest to this study are the development of trials which are based on results 

generated from single agent therapies now proposed for use in combination, including 

Yervoy
®

 and dacarbazine in chemotherapy-naive melanoma patients (Robert, Thomas et al. 

2011), Yervoy
®
 in combination with Roche’s experimental drug, vemurafenib (a BRAF 

inhibitor) in the treatment of metastatic melanoma (Pharmaceutical-Business-Review 2011), 

Trastuzumab (Herceptin, Genentech, Inc.), in combination with cisplatin and 

fluoropyrimidine for the treatment of patients with HER2 over-expressing metastatic gastric 

or gastroesophageal (GE) junction adenocarcinoma (Gravalos, Gomez-Martin et al. 2011) and 

Epratuzumab an anti-CD22 MAb, combined with Rituximab, a chimeric anti-CD20 MAb for 

the treatment of recurrent or refractory non-Hodgkin’s lymphoma (Strauss, Morschhauser et 

al. 2006).  
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 Of specific importance to the current study are results that are being generated which 

may complement the triple immunotherapy described herein. For example, these could 

include the further inclusion of a TGF-β blocking MAb (Kissick, Ireland et al. 2009) or IDO 

inhibition by using 1-methyl-DL-tryptophan (1-MT), a tryptophan analog which blocks the 

enzymatic activity of IDO (Okamoto, Tone et al. 2007; van der Marel, Samsom et al. 2007). 

However, the right balance must be struck between the combination of inhibitors and immune 

stimulants so that the overall response is tipped unwaveringly in support of anti-tumour 

immune activation, but also avoiding the toxic side-effects or inducing fatal auto-immunity. 

In light of the research presented and the direction of results toward the end of chapter 6, 

studies illuminating the role of Gal-1 in inducing the Treg phenotype and the 

immunosuppressive tumour environment should be studied closer to ascertain the exact role 

and signalling pathway used to induce the regulatory phenotype in this population. Further to 

this, could Gal-1 present at the tumour site add to the accumulation of tumour associated 

memory Tregs? With the research of Darrasse-Jeze et al 2009, describing the association of 

higher numbers of memory Tregs and poorer responses to secondary or booster vaccinations 

(Darrasse-Jeze, Bergot et al. 2009), it is recommended that the role of Gal-1 and the 

proportions of effector and regulatory memory cells be analysed. Further elucidation of the 

number and role of other suppressive immune cell populations should also be examined such 

as the myeloid derived suppressor cells (MDSCs), suppressor CD8
+
 T-cells, tumor-associated 

macrophages (TAMs), and regulatory natural killer (NK)/NKT cells (Schlom 2012).  

Although encouraging, this and many cancer immunotherapy studies like it have failed to 

show a complete response to cancer vaccination. However, these studies have progressed 

knowledge and have highlighted that a fundamental understanding of the underlying biology 

of the tumour and the immunological criteria that govern complete tumour clearance is 

needed to develop treatments which will induce consistently robust immune responses with 
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lasting tumour immunity.  A review by Rosenberg et al., published in 2004 outlined the 

immunological criteria necessary for complete tumour clearance : (i) sufficient numbers of 

immune cells with highly avid recognition of tumour antigens must be generated in vivo (ii) 

these cells must traffic to and infiltrate the tumour stroma, and (iii) the immune cells must be 

activated at the tumour site to manifest appropriate effector mechanisms such as direct lysis or 

cytokine secretion capable of causing tumour destruction (Rosenberg, Yang et al. 2004). 

While these criteria still stand true today, in order to induce long lasting tumour immunity 

some thought must be given to the biological barriers to effective tumour immunity as a 

whole.  Thus the balance between tumour clearance and partial responses may be further 

improved in the future by addressing the above criteria in reference to the following 

implications for immunotherapy. These include 1.)Addressing escape mechanisms used by 

tumours. 2.) Overcoming suppression. 3.) Inducing a strong CD8
+
 memory response, and 4) 

Improving patient selection by defining predictive biomarkers 

1. Escape mechanisms used by tumours 

The development of strategies to overcome the tendency of tumours to vary their antigenic 

profile and to suppress the immune response is a key issue in the design of immunological 

therapies for cancer. It is well established that changes occur in the antigenic profile of 

tumours as they progress and metastasise (Garcia-Lora, Algarra et al. 2003). These escape 

mechanisms allow tumours to evade therapies based on antigen specific, mono-valent 

therapy, highlighting the need for a multi-valent approach to cancer immunotherapies. 

Although the vaccine used throughout this study displayed a wide variety of cancer antigens 

induced by increasing MHC expression, perhaps as the tumour progresses or escape mutants 

are selected, an updated version of this vaccine displaying a different range of antigens to 

reflect antigenic shifts in the tumours may provide more lasting responses.  
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It is also well known that tumours down regulate MHC on their surfaces (Ferris, Hunt et al. 

2005). It is also known that NK cells target tumours that lack MHC. Therefore, vaccine driven 

tumour escape (through MHC, antigen down-regulation or shifts in antigenic profiles) may be 

combated by manipulation of innate immune responses such as incorporating NK cells into 

vaccine approaches (Ljunggren and Malmberg 2007). 

2. Suppression induced by tumours 

As outlined throughout this thesis, the tumour environment is generally immunosuppressive 

due to mechanisms such as the induction and recruitment of suppressor cells, the presence of 

immunosuppressive cytokines, Gal-1 and hypoxia to name but a few. Although it has been 

shown that tumour specific CTLs invade tumour tissue, they are frequently anergic and 

unresponsive due to the presence of immunosuppressive factors and regulatory cells. The 

mechanisms of immunosuppression provide a fundamental reason why immunotherapy fails 

to induce consistently robust immune responses (Copier, Dalgleish et al. 2009). Therefore in 

order to induce lasting tumour clearance and immunity, the issue of tumour induced immune 

suppression must be addressed. An example of the potential synergy of approaches has been 

outlined here with the inhibition of regulatory markers and Gal-1 however a further study into 

hypoxia and NK cells provides a new approach to protecting immune cells from oxidative 

stress. Harlin et al., 2007 demonstrated that NK cells of the CD56
dim

 phenotype, which is the 

subset mediating efficient anti-tumour cytotoxicity, are particularly sensitive to oxidative 

stress by H2O2.  This mirrors the similar sensitivity of CD8
+
effector/memory T-cells to 

oxidative stress (Takahashi, Hanson et al. 2005). A novel approach to the protection of such 

effector cells has been suggested in which ex vivo cultured TILs or lymphokine-activated 

killer (LAK) cells are modified with a catalase-encoding retrovirus, which would protect them 

against the effects of oxidative stress (Harlin, Hanson et al. 2007).  The study presented here 

and those like it exemplify ways in which a greater understanding of the biology of tumour 
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induced immunosuppression is leading to new and improved therapies with an aim to 

synergise and enhance current immunotherapeutic strategies. 

3. Inducing a strong memory T-cell response 

As outlined on pages 277-278, CD8
+
 memory T-cell responses are becoming increasingly 

important to the maintenance of immunity and the induction of secondary immune responses 

to tumours. Therefore to ensure complete and lasting tumour immunity, immunotherapeutic 

approaches must ensure adequate memory CD8
+
 T-cell induction and maintenance in order to 

rapidly respond to further tumour challenge should the cells arise. 

4. Improving patient selection by defining predictive tumour microenvironment 

parameters 

Immunological biomarkers have the potential to predict clinical outcome. Furthermore the 

pre-screening of patients may identify those who are more likely to respond to vaccination 

strategies. Unfortunately there is limited validated evidence of specific biomarkers for many 

tumour types (Copier, Dalgleish et al. 2009). However, there is evidence that the presence of 

both CD4
+
 and CD8

+
  T-cell infiltrates predict improved clinical outcome in 

melanoma(Hakansson, Gustafsson et al. 2001; van Houdt, Oudejans et al. 2005), and that the 

presence of tumour infiltrating Tregs correlated with poor prognosis in ovarian cancer (Curiel, 

Coukos et al. 2004). Moreover, improved secondary responses and tumour clearance of 

murine breast cancer cells were observed when the resident memory cells were of the CD8
+
 

phenotype (Darrasse-Jeze, Bergot et al. 2009). This data indicates the importance of 

determining the responses within the tumour micro-environment and not just genetic and 

biochemical changes in the tumour state and suggest that it is these immunological parameters 

that may determine clinical response. Thus establishing immune parameters in the tumour 

may be important in patient selection and understanding the responses to immunotherapy. 
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 Considered together, the results from this study clearly demonstrate that a triple 

combination therapy comprising of an immune stimulating cancer vaccine with Gal-1 

inhibition and the removal of negative co-stimulatory signals and Treg functionality through 

CTLA-4 blockade can be applied to significantly improve outcomes for tumour challenged 

animals. The resulting responses are well above those which can be achieved when these 

intervention strategies are applied separately. These findings confirm the proposal that in 

order to improve on the efficacy of current immunotherapies, then other agents must be used 

in combination as cocktail therapies to target tumour induced immune suppression and 

promote anti-cancer immune responses. 
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Intratumoural injection of galectin blocking TDG alone or in combination with a whole 

syngeneic breast cancer cell vaccine significantly increases survival of tumour challenged 

mice. 

Treatment Group Median survival 

Control  24 days  

Vaccine alone 39.5 days (p< 0.001) 

TDG alone 35.5 (p< 0.001) 

Vaccine + TDG 55 (p< 0.001) 

Vaccine + anti-CD25 MAb + TDG 49 days (p< 0.001) 

Vaccine + anti-CTLA-4 MAb + TDG 61.5 days (p< 0.001) 

Vaccine + anti-CTLA-4 MAb + anti-CD25 

MAb 

40 days (p<0.001) 

Vaccine + anti-CD25 MAb + anti-CTLA-4 

MAb + TDG 

42 days (p< 0.001) 

 

 




