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Summary 
The design of effective immunotherapies, using tumour antigens to stimulate a 

functional effector cytotoxic T cell (CTL) response in a tumour bearing host, requires an 

understanding of the ‘real time’ in vivo relationship between the host immune system 

and antigens expressed by the developing tumour.  However, effector function of 

endogenous anti-tumour CTLs generated during tumour progression has largely been 

assessed by indirect ex vivo assays and often focused on a single antigen. Therefore, 

studies in this thesis evaluated the endogenous in vivo CTL response to multiple tumour 

antigenic epitopes in murine tumour models using Lewis lung carcinoma cells 

transfected with ovalbumin (an antigen that contains several intra-molecular MHC class 

I epitopes with a defined hierarchy) or a polyepitope (that contains a string of 

immunodominant MHC class I epitopes).   

 

Potent effector CTLs were generated to multiple dominant tumour antigenic epioptes 

early in tumour progression.  However, in general, these CTL effectors only transiently 

retarded tumour growth, and at the later time points of tumour growth they were no 

longer generated in tumour draining lymph nodes. This coincided with diminished 

tumour antigen presentation in the same nodes which was found to be due to antigen 

loss.  In both models antigen loss was the result of two processes; immuno-editing of 

the tumour by the host immune response and genetic instability resulting in antigen loss 

variants that could evade immune surveillance.  A third model was generated that 

maintained low level tumour antigen expression throughout tumour progression. 

Interestingly, a CTL response was initially generated to the dominant epitope which 

then spread to a subdominant epitope.  These data suggest that prolonged expression 

and presentation of antigen promoted epitope spreading.  Nonetheless, despite the 

ongoing CTL response the tumour was able to progress albeit at a slower rate, and even 

in this model tumour antigen loss eventually occurred. 

 

The impact of pre-existing endogenous dominant-epitope specific CTLs on tumour 

expressing the same epitope was also assessed, and resulted in a reduced tumour 

incidence and a CTL response restricted to a single antigen of the same MHC allele.  

 



 xvii

Finally, the effects of two different immunotherapy regimens were examined.  Intra-

tumoural IL-2 treatment enhanced pre-existing CTL responses to the dominant epitopes 

leading to tumour regression.  In addition, use of a multiple peptide vaccination regimen 

that avoided T cells competing for peptide-MHC complexes on APC was far more 

likely to be effective than one that did not. These results demonstrate that 

immunotherapies targeting tumours that express several dominant neo antigenic 

epitopes can be effective. The caveat for this approach is that it will only be effective in 

tumours that have generated an endogenous CTL response and must be used before 

antigen loss variants emerge.  
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Terms and Definitions  
 

Antigen  

 

A substance usually a protein or carbohydrate that is recognised by 

the immune system and capable of stimulating an immune 

response. 

Anergy 
The inability of a T cells to respond to the same stimulus that 

initially activated the response (Deeths, Kedl et al. 1999).  

Angiogenesis Growth of new blood vessels. 

Apoptosis Programmed cell induced death. 

Avidity 

The steady state association between multiple cell bound receptors 

and their ligands which is determined by the binding affinities of 

multiple TCRs and their peptide-MHC complexes (Nikolich-

Zugich, Slifka et al. 2004).  

Affinity 

 

Refers to the steady state association constant between a 

monovalent receptor and its ligand i.e.  a T cell receptor and its 

peptide MHC complex (Delves and Roitt 2000a) 

CD 

Monoclonal antibodies raised against lymphocytes have allowed 

lymphocytes to be grouped into subsets according to the 

combination of markers that they express.  These surface markers 

have been designated clusters of differentiation (CD). 

Chemokine Low molecular weight (m.w.) chemoattractant cytokines 

Co-stimulatory 

signal 

A signal to a T cell (as a soluble factor or membrane bound 

molecule) that has little or no effect on its own, but either enhances 

or modifies the physiological effect of the primary signal mediated 

by engagement of the T cell receptor (Pardoll 2002).   

Cytokine 

 

A soluble signalling protein released by a cell that affects the 

physiology of other cells in the vicinity in a specific manner 

through specific receptors (Dranoff 2003). 
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Epitope  
The minimal peptide sequence that is recognized by an antigen 

receptor.  

Epitope Spreading  

The broadening or diversification of the epitope specificity of an 

immune response from dominant to subdominant epitopes of 

foreign proteins. 

Heat Shock Proteins 

Intracellular proteins that mediate functions critical for eukaryotic 

cell survival.  They are found in the cytosol, nucleus, mitochondria 

and endoplasmic reticulum. In many cell types under cellular stress 

their level of expression is increased. 

Immunodominance 

B or T cell lymphocyte responses are usually limited to a small 

number of the potential determinants on a protein antigen that are 

recognised preferentially during an immune response (Pardoll 

2002; Sercarz, Lehmann et al. 1993). 

Intra-molecular 

epitopes 
Different epitopes on the one protein 

Intermolecular 

epitopes 

Different epitopes from a macromolecular complex or different 

antigens not physically linked but may be co-localised to a 

particular site (McCluskey, Farris et al. 1998). 

Lymphangiogenesis  Growth of new lymphatic vessels. 
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1.1 Introduction 

 

1.1.1 Background 

Cancer is a leading cause of death in Australia, ranked ahead of heart and respiratory 

disease and accounted for 30% of male deaths and 25% of female deaths in 2001.  The 

predicted trend is a continued increase in the number of cancer cases as the average age 

of the population increases and detection methods become more sensitive leading to 

more accurate diagnoses.  Of all cancer deaths, lung cancer had the highest mortality 

rate in males and second highest in females in 2001 (23.0% and 14.9% respectively) 

and, in general, the prognosis for lung cancer is poor (AACR 2004). 

 

Cancer is characterised by abnormal and uncontrolled division of cells that may invade 

and destroy surrounding tissue.  The localized collection of these cells is referred to as a 

tumour.  Transformation of normal cells into malignant cancer cells is considered to be 

a multi-step process involving successive genetic changes (Hanahan and Weinberg 

2000).  These accumulated changes may have arisen as a consequence of exposure to 

chemical or physical carcinogens (exposure to ultraviolet radiation in the case of 

melanoma), oncogenic viruses (papilloma virus and Epstein Barr Virus resulting in 

cervical cancer and lymphomas respectively), errors in replication, or the effects of 

aging.  The leading cause of lung cancer is considered to be smoking though the 

inhalation of carcinogens present in tobacco.  Subsequent miscommunication between 

the host and tumour cells may lead to signals from the host that promote the survival, 

proliferation and invasion of the tumour cells (Liotta and Kohn 2001).   

 

Treatments for cancer include chemotherapy, radiotherapy, surgery and 

immunotherapy.  A European study of current treatment modalities for lung cancer 

showed that surgical resection where possible was the standard treatment (Janssen-

Heijnen and Coebergh 2003).  Localised radiotherapy was used either alone or in 

combination with surgery for locally advanced non-small cell lung cancer (NSCLC).  

Micrometastatic disease requires treatment with chemotherapy, and chemotherapy in 

combination with radiotherapy is used for treatment of non-resectable advanced disease.  

Radiotherapy and chemotherapy were both listed as palliative therapy for patients. 

Clinical Practice Guidelines for the Prevention, Diagnosis and Management of Lung 
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Cancer approved by the Australian Government National Medical Research Council in 

Australia outline similar treatment practices.   

 

Despite advances and refinements in the treatments described, the 1 year survival rate 

for lung cancer patients in Australia for the period 1992 to 1997 was 34.6% and 37.6% 

for males and females respectively.  Therefore, alternative treatment approaches to 

improve survival outcomes are a high priority.  Current interest is moving towards 

biological therapies including immunotherapies and biological response modifiers; these 

therapies aim to alter the host–tumour interaction to induce or enhance an anti-tumour 

response.   

 

One of the earliest reports of immunotherapy was in the 1890’s when Coley attempted, 

with some success, to boost the immune system of cancer sufferers with bacterial 

extracts (reviewed in Davis, Jefford et al. 2003).  In the early 1900’s Paul Ehrlich 

trialled vaccination therapies successfully in animals using tumour antigens (reviewed 

in Bremers and Parmiani 2000).  An expanding knowledge of the biology of the 

immune system and a rapid increase in the number of human tumour antigens identified 

since melanoma tumour antigen MAGE–1 (melanoma antigen gene) was recognized 

(Knuth, Wolfel et al. 1989; van der Bruggen, Traversari et al. 1991) have led to a 

greater emphasis on the potential use of immunotherapies in the treatment of cancer.  

Immunotherapies have focussed on three approaches; the first is to boost the immune 

system as a whole (adjuvant therapy e.g. administration of cytokines), the second is to 

alert (or target) the immune system to a specific tumour cell (e.g. vaccination protocols), 

and the third approach – (adoptive immunotherapy) supplements the immune response 

with modified immune effector cells (in vitro expanded anti-tumour effector cells).  

 

The design of successful immunotherapies requires a clear understanding of tumours as 

altered normal cells and their interaction with the immune system.  It is particularly 

important to identify immune responses to newly expressed molecular components 

(antigens) or over expressed normal tissue markers on the tumour as these may be the 

best targets for immunotherapies.  It is also important to assess how the immune system 

‘handles’ multiple, co-expressed tumour antigenic epitopes. 
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Rosenberg (Rosenberg 2001) outlined four “sequential questions” that have been asked 

over the past two decades and that have characterized progress in the development of 

human cancer immunotherapy and tumour immunology.   

• What are the antigens involved in the immune recognition of human cancers? 

• What mechanisms limit cancer regression despite the in vivo generation of anti-

tumour T cells?  

• Can immune manipulation cause the regression of established human cancers?  

• Can anti-tumour T cells be generated in patients by immunization with cancer 

antigens?  

 

This thesis aims to address aspects of the first three questions focusing on the specificity 

and duration of the host response to multiple antigens expressed by a lung carcinoma 

using a murine tumour model.  This thesis also investigates the effects of two potential 

clinical immunotherapies on the host immune response to multiple tumour antigens.  

 

1.1.2 Carcinogens 

Many cancer cases can be associated with the environment in which we live and work. 

Environment in this context, is anything that people interact with including lifestyle 

choices, such as what we eat, drink, or smoke; natural and medical radiation (including 

exposure to sunlight); workplace exposures; drugs; socioeconomic factors that affect 

exposures and susceptibility; and substances in air, water, and soil (Tomatis, Huff et al. 

1997; Boffetta 2004; Lichtenstein, Holm et al. 2000).  The environmental factors and 

conditions responsible for the onset and development of cancers are not always known.  

However, in some cases, there is a clear understanding of cancer development 

(Henderson, Ross et al. 1991), especially for cancers related to certain occupational 

exposures (eg asbestos (Tomatis 2004)) or the use of specific drugs. 

 

A number of key alterations required for cellular transformation and malignancy have 

been identified and agents that specifically interfere with mechanisms that regulate the 

life cycle of individual cells are suspected carcinogens.  Chemical carcinogenesis 

typically requires chronic exposure, followed by a period of years during which the 

series of events involved in DNA damage and alterations to gene expression take place. 
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Agents that lead to cancer can be divided into three categories (Bocchetta and Carbone 

2004): 

• a carcinogen - causes the molecular damage that leads to cancer  

• a cocarcinogen – is not normally carcinogenic by itself but enhances the activity 

of a carcinogen (it can also become carcinogenic at high doses or in the presence 

of other cocarcinogens or predisposing factors) 

• a tumour promoter - an agent that is not carcinogenic by itself but enhances the 

activity of an initiator when administered after the initiator  

Other factors that play a major role in cancer development are infectious agents (of 

which inflammation is a critical component), aging, and individual susceptibility, such 

as genetic predisposition (Bocchetta and Carbone 2004).  

 

1.1.3 Malignant transformation of normal cells  

The transformation of normal cells to a malignant state is a consequence of 

dysregulation of growth and developmental processes (Hanahan and Weinberg 2000; 

Loktionov 2004) which result in:  

• self sufficiency in growth signals   

• insensitivity to growth inhibitory signals 

• evasion of programmed cell death  

• limitless replication potential   

• sustained angiogenesis (growth of new blood vessels) and  

• tissue invasion and metastasis.  

 

Alterations to cell characteristics during transformation may be the result of genetic or 

epigenetic mechanisms.  While genetic abnormalities are associated with changes in 

DNA sequence, epigenetic events may lead to changes in gene expression without 

changes in DNA sequence.  Epigenetic changes are mediated through mechanisms such 

as DNA methylation (resulting in gene silencing).  

 

1.1.3.1 Mutations and Cancer 

Induced genetic changes may be irrelevant to the existence of the cell or they may occur 

in a critical gene and be lethal.  However there are two major classes of mutations that 

occur in cancer susceptibility genes: (a) mutations which compromise the control of cell 

proliferation, and (b) mutations in genes responsible for the maintenance of genetic 
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stability (Macaluso, Paggi et al. 2003) which have been associated with progression of a 

cell to a cancerous state.  Two tumour suppressors (retinoblastoma protein (RB) and the 

p53 transcription factor) which serve as controllers of genetic instability and cell growth 

(Sherr and McCormick 2002) are commonly reported to be altered in many tumours.   

 

Protein microarray studies which compare protein expression levels between normal 

and transformed cells have shown that one of the early events occurring in the cell 

microenvironment of a developing prostrate cancer is the suppression of downstream 

apoptotic caspases associated with apoptosis (programmed cell death) (Paweletz, 

Charboneau et al. 2001). 

 

In addition to the potential carcinogens (such as viruses, UVB irradiation, chemicals, 

asbestos fibres and cigarette smoke) unresolved inflammation resulting from 

viral/bacterial infection, heat stress or tissue trauma leading to chronic damage may also 

contribute to carcinogenesis (Landi, Moreno et al. 2003).  At the site of inflammation 

there is a marked increase in cell proliferation, altered signalling of growth to promote 

tissue repair, angiogenesis, and DNA damage through the production of reactive oxygen 

species (ROS) by infiltrating neutrophils and macrophages (Weitzman, Weitberg et al. 

1985; Clevers 2004).  

 

A single tumour cell can undergo an estimated 10,000 or more mutations (Stoler, Chen 

et al. 1999; Tomlinson, Sasieni et al. 2002) which will inevitably lead to the expression 

of many novel antigens.  As a result of these genetic alterations many new (or neo) 

tumour antigens may be exclusively expressed by a tumour cell.  There is currently no 

published information assessing in vivo host immune interactions with progressing 

tumour that expressed multiple neo tumour antigens.  The work in this thesis addresses 

this issue. 

 

1.1.4 Mechanisms protecting against cancer 

Intrinsic resistance mechanisms at the level of both the cell and the organism restrict 

DNA damage that may lead to transformation.  Cellular mechanisms in place to protect 

against proliferation of transformed cells include the expression of tumour suppressor 

genes such as p53, and DNA repair processes. 
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Antioxidants (e.g. vitamin A, C and E, uric acid and glutathione) and enzymes (such as 

superoxide dismutase and catalase) inactivate potentially harmful ROS formed as a 

result of normal cellular respiration and produced by some chemical carcinogens, 

ultraviolet radiation and activated phagocytes which can also induce DNA damage 

(reviewed in Jakobisiak, Lasek et al. 2003). 

 

1.1.4.1 Angiogenesis, Lymphangiogenesis and Tissue Invasion 

The supply of nutrients and oxygen to a growing tumour are crucial for its survival and 

progression.  Hypoxia leads to the transcription of genes that help supply O2 to tissues 

by inducing glycolysis, erythropoiesis, and angiogenesis (Gerald, Berra et al. 2004).  

Angiogenesis and lymphangiogenesis (growth of new lymphatic vessels) are under the 

control of soluble factors (eg. vascular endothelial growth factors (VEGF) and fibroblast 

growth factors (FGF)), integrins and adhesion molecules involved in cell to cell contact 

and cell to matrix contact.  The balance of signalling between these regulators appears 

to be altered in tumours.  Tissue invasion and metastasis of tumours by direct invasion 

of tissues, via the bloodstream or lymphatics is in part due to increased levels of VEGF 

expression by the tumour or down regulation of angiogenic inhibitors (Ellis and Fidler 

1996; Plate 2001). 

 

In addition, changes in integrin and extracellular protease levels as a result of genetic 

inactivation or altered expression levels, facilitates cell mobility and promotes tumour 

cell invasion into surrounding tissue (Matsumura, Makino et al. 2001). 

 

In summary, transformed cells that have accumulated genetic changes favouring 

growth, maintenance of an adequate supply of metabolic requirements and are poorly 

immunogenic will have a survival advantage in the host.  Altered expression of surface 

markers and molecules secreted by the tumour cell as a consequence of genetic changes 

may identify the tumour cell as aberrant self and act as targets to stimulate an anti-

tumour immune response. 

 

1.1.5 The identification of tumour antigens 

The identification of tumour antigens and a greater understanding of the host immune 

response to tumours have stimulated renewed interest in the use of immunotherapies 

that enhance the host response to tumour antigens. 
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Various methods have been implemented to identify tumour antigens; four of these are 

briefly outlined: 

1. Tumour reactive T cells from cancer patients have been used to identify 

antigenic peptides expressed by tumour cDNA libraries.  These T cells are 

either tumour infiltrating lymphocytes (TILs) or isolated from peripheral blood.  

In some cases these T cells have been associated with tumour regression in 

patients when expanded and used for adoptive transfer to autologous patients 

along with interleukin 2 (IL-2; reviewed in Wang and Rosenberg 1999).  This 

method has been used to identify both CD4+ and CD8+ specific tumour 

antigens, however, it relies on the availability of reactive T cells and tumour 

cells that can be used as targets.  Lymphocytes taken from a melanoma patient 

were used to identify the first human tumour antigens as members of the 

MAGE family using this method (Knuth, Wolfel et al. 1989).  

2. A comparison of gene expression profiles between tumour and normal tissue 

has been used to identify gene products that are over-expressed in tumours and 

may serve as antigens.  Potential tumour antigens identified by this method 

include telomerase catalytic subunit and survivin (reviewed in Paschen, 

Eichmuller et al. 2004).  

3. SEREX (serological screening of recombinant cDNA expression libraries) is 

based on the observation that tumour antigens may be recognised by both B 

and T cells (Chen, Scanlan et al. 1997).  The SEREX method can detect 

surface markers and intracellular antigens and identified NY-ESO-1 as a gene 

expressed in normal testis and ovary but with altered expression in various 

tumours. 

4. Tumour specific peptides have been eluted from the tumour cell surface or from 

purified peptide MHC class I molecule complexes.  These peptides, purified 

with high pressure liquid chromatography, have then been tested for their 

ability to stimulate cytokine production or cytotoxic T cell (CTL) activity when 

presented by antigen presenting cells (APC) to tumour reactive CTLs.  

Reactive peptides have been amino acid sequenced (Storkus, Zeh et al. 1993; 

Hunt, Henderson et al. 1992).  
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1.1.5.1 Classifying Tumour Antigens 

Tumour antigens that have been identified using the methods described above can be 

broadly classified (Boon and van der Bruggen 1996) into the following categories:  

1. Differentiation antigens are over expressed tissue-associated molecules that 

are not constitutively expressed on normal cells.   

2. Unique/foreign antigens are recognized by the host as ‘non-self‘.  These may 

be aberrant self antigens that have arisen from gene mutations, or products of 

viral genes as a consequence of viral infection.  

3. Shared antigens encoded by non-mutated genes and normally expressed by 

some non malignant cells (eg testis, placenta and melanocytes). 

4. Self-antigens that do not differ to those expressed on normal tissues 

however, they may be over expressed on tumour cells.  

5. Additional groups of tumour antigens include the product of genes resulting 

from the use of alternative reading frames during gene translation (Wang and 

Rosenberg 1999) or the product of two peptide fragments possibly arising as 

a result of post-translational protein splicing (identified by human CTLs 

infiltrating a renal cell carcinoma;  Hanada, Yewdell et al. 2004).  

Examples of antigens in these groups are described in Table 1.1  
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Table 1.1  Examples of Tumour Antigens  
 
Tumour Antigen Distribution in Normal Tissue Tumour 

Differentiation Antigens – expressed in normal and neoplastic cells of the same lineage  

MART-1, Melan–
A  
Gp100 
Tyrosinase 
 

Melanocytes  and retina    
Function:  biosynthesis of melanin 
(Wang and Rosenberg 1999) 

Melanoma 
 

Prostate specific 
antigen (PSA) Prostate epithelial cells Prostate cancer (Balk, Ko et al. 2003) 

Tumour Specific Unique Antigens  - Viral or mutated genes 

Papilloma virus  
Epstein Barr virus 
Human T cell 
Leukaemia virus  

 
 
 
 

Cervical cancer 
Lymphomas and nasopharyngeal cancer 
 
Leukaemia 

p53 
 

Ubiquitous 
 

~ 50% of human tumours  (Steele, 
Thompson et al. 1998; Jager, Jager et al. 
2001) 

β-catenin, MUM-1  Melanoma 

Tumour Specific Shared Antigens - Cancer/testis antigens/Differentiation  Antigens 
Alpha-fetoprotein 
(AFP) Foetal Liver Hepatocellular carcinoma 

MAGE, BAGE, 
GAGE,  
NY-ESO-1, 
LAGE-1 

Found on spermatocytes 
/spermatogonia of testis and 
occasional placenta.  Genes are 
normally silent in adult tissue.  
Function: Physiological function 
unknown 

Eg. Melanoma, mammary, colon, sarcoma, 
mesothelioma  & ovarian  
An extensive list can be found in  
Renkvist, Castelli et al. (2001). 

Over Expressed Antigens 

Carcinoembryonic 
Antigen (CEA) 
 

Testes, placenta, heart, skeletal 
muscle pancreas and normal colon 
epithelium 
 

Sarcoma, multiple myeloma, malignant 
melanoma, acute leukaemia, non-
Hodgkin’s lymphoma, and EBV-
transformed B cells 

p53 
 

Ubiquitous 
 

~ 50% of human tumours (Steele, 
Thompson et al. 1998)  

MUC -1 
 

Human milk, glandular epithelial 
cells and cells of the hematopoietic 
system (Bohnenkamp, Coleman et 
al. 2004) 

Breast, ovarian, multiple myeloma, B cell 
lymphoma  
 

Survivin Foetal tissue  
 

Carcinomas of the lung, colon, pancreas, 
prostate, breast, and stomach 

Telomerase 
catalytic subunit 
(hTert) 

Not detected in normal somatic 
cells 

85% of tumours (Kim, Piatyszek et al. 
1994) 

Her2/neu  Epithelial cells  (tyrosine kinase 
protein) 

Melanoma, ovarian, breast, pancreatic 
adenocarcinoma and colorectal carcinomas 

(Van den Eynde and van der Bruggen 1997; Wang and Rosenberg 1999; Renkvist, Castelli et al. 

2001; Paschen, Eichmuller et al. 2004; Novellino, Castelli et al. 2005) 
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1.1.5.2 Tumours Express Multiple Antigens 

A wide range of carcinomas have been shown to co-express multiple, tumour-specific 

antigenic proteins (e.g. MAGE, BAGE and GAGE in melanoma tumours) (Van den 

Eynde and van der Bruggen 1997; Wang and Rosenberg 1999; Mashino, Sadanaga et al. 

2001; Renkvist, Castelli et al. 2001).  These antigens represent whole protein molecules 

and for the purposes of this thesis will be referred to as intermolecular antigens.  Further 

characterisation of tumour antigens to identify the minimal peptide sequence (epitope) 

recognised by the tumour reactive lymphocytes has also lead to the identification of 

multiple epitopes within a single tumour antigen that can stimulate an immune response 

against a target tumour cell, (e.g. 10 HLA-A2 specific epitopes have been isolated from 

the gp100 human melanoma antigen; (Kawakami, Eliyahu et al. 1995; Van den Eynde 

and van der Bruggen 1997; Wang and Rosenberg 1999).  In this thesis these minimal 

epitopes, or peptides within a single tumour antigen, will be referred to as intra-

molecular antigens.  

 

Various immunotherapeutic strategies using peptides derived from a defined tumour 

antigen or whole tumour lysates aiming to initiate or boost an immune response against 

tumour cells have been trialled.  Unfortunately, in the majority of patients these clinical 

trials have not lead to tumour regression (Rosenberg, Yang et al. 2004).  In theory, the 

expression of multiple antigens on a tumour provides a broad repertoire to which an 

immune response may be elicited, however the ability of the host to generate a 

functional immune effector response to multiple tumour antigenic epitopes may be 

subject to factors such as competition or dominance; this issue is addressed in this thesis 

and is further discussed in Section 1.2.9 and Chapter 4.  

 

A criticism of the identification of tumour antigens using TILs taken from patients is 

that these T cells are generally taken from patients with advanced cancer and may 

represent weaker tumour rejection antigens that do not have the potential to induce a 

quality immune response sufficient to lead to tumour cell destruction and are 

consequently of dubious use in immunotherapies (Gilboa 1999).  

 

In summary, techniques using tumour reactive antibodies or CTLs isolated from tumour 

bearing hosts have been used to define tumour specific antigens that can be classified 

into several categories: tissue specific differentiation antigens, tumour specific unique 

antigens from viral or mutated genes, over expressed tissue specific antigens and tumour 
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specific shared antigens.  Characterisation of tumour antigens has revealed that tumours 

may express multiple tumour antigens.  This thesis models the host anti-tumour immune 

response using a murine model of lung cancer (Lewis Lung Carcinoma (LL)) 

transfected to express multiple antigenic epitopes, and hypothesises that the host 

immune response will be restricted to only a few of the epitopes expressed.   

 

1.2 Overview Of The Immune Response 

The immune system is the hosts’ defence against potentially pathogenic events.  Its 

primary function is to continually survey the host to detect foreign organisms or 

aberrant cells and eliminate them with minimal effect on the host.  Molecules that are 

recognized by the host and initiate an immune response are characterized as being 

immunogenic and are referred to as antigens.  This study focuses on immune responses 

to multiple antigenic epitopes co-expressed by tumour cells 

 

1.2.1 The innate and the adaptive immune response  

An immune response occurs at several levels and has been divided into the innate and 

the adaptive immune systems.   

 

The primary innate response is activated immediately upon an encounter with an 

infectious agent, environmental antigen or aberrant cell through a number of 

mechanisms involving phagocytic cells (neutrophils, monocytes and macrophages), 

cells that release inflammatory mediators (basophils, mast cells and eosinophils) and 

natural killer (NK) cells.  

 

Ideally, the innate response is able to discriminate between self (the host) and non-self 

and limit the growth/or replication of the pathogen.  The activation of effector cells of 

the innate response in turn signal the subsequent phase of the immune response referred 

to as the adaptive response. 

 

The adaptive response involves the proliferation of antigen-specific B and T cells and 

their acquisition of specialised effector functions following antigen recognition.  The 

response by B and T cells is influenced by soluble signalling molecules (cytokines) 

released by cells of both the innate and adaptive immune responses.  This adaptive 

response is also modulated with the progression of disease and may lead to a memory 
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response that will result in a rapid and specific immune reaction should there be a 

subsequent exposure to the pathogen.  

 

The major differences between the innate and adaptive immune system are summarised 

in Table 1.2. 

 

Table 1.2  A Comparison of Innate and Adaptive Immunity 
 

Property  Innate immune system  Adaptive immune system  

Receptors  Fixed in genome 

Rearrangement is not necessary 

Encoded in gene segments 

Rearrangement necessary for antigen 

specificity 

Distribution  Non-clonal  

All cells of a class are identical 

Clonal 

All cells of a class are distinct 

Recognition  Conserved molecular patterns  

(lipopolysaccharide (LPS), liptocheic acid, 

mannans, glycans) 

Details of molecular structure: 

proteins, peptides, carbohydrates 

Self-nonself 

discrimination 

Perfect: selected over evolutionary time Imperfect: selected in individual 

somatic cells 

Action time  Immediate activation of effectors Delayed activation of effectors 

Response  Co-stimulatory molecules 

Cytokines (IL-1β, IL-6)  

Chemotactic cytokines (Chemokines) (IL-8)

Clonal expansion or anergy 

 IL-2  

Effector cytokines: (IL-4, IFN-γ) 

(Modified from Janeway and Medzhitov 2002) 

1.2.2 Innate immune response 

Features of the innate immune system can be seen in most multi-cellular organisms 

suggesting its origin early in evolution.  

 

1.2.2.1 Immune Response to Foreign Antigens 

Innate immune effector function is triggered by pathogen recognition receptors (PRR) 

on effector cells (macrophages, dendritic cells (DC), mast cells, neutrophils, eosinophils 

and NK cells) that recognize pathogen associated molecular patterns (PAMPs) shared 

by large groups of micro-organisms (Delves and Roitt 2000b).  The cellular components 

on which PAMPs are found are usually essential for the survival or pathogenicity of the 

infecting organism (Medzhitov and Janeway 2000). 
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Three types of PRRs have been described: (Figure 1.1): 

• Secreted PRRs bind to infecting organisms tagging them for recognition and 

elimination by a complement pathway or phagocytes.   

• Endocytic PRRs are expressed on phagocytes and upon recognition of PAMPs 

expressed on micro-organisms they are taken into lysosomes and destroyed.  

Antigenic peptides from these pathogens may then be processed and presented 

on major histocompatibility complex (MHC) molecules on the cell surface of the 

phagocyte.  

• Signalling PRRs which include a group of receptors referred to as Toll Like 

Receptors (TLR) activate signal transduction pathways that lead to the 

expression of a range of immune response genes including inflammatory 

cytokines (Medzhitov and Janeway 2000) and costimulatory molecules.  

In this way the innate immune system can not only discriminate self from non-self, but 

can also discriminate between different types of pathogens and raise the appropriate 

response.  
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Figure 1.1  Pathogen recognition through the pattern recognition receptor (modified from 

Medzhitov and Janeway 1997) 

Pathogen recognition through the PRR induces a set of endogenous signals which lead to (i) 

production of cytokines and chemokines (ii) the migration of inflammatory cells to the local site 

and (iii) the up regulation of co stimulatory molecules required for activation of naïve T cells 

and recruitment of effector cells.  
 

 

1.2.2.2 The Innate Response to Tumours 
 

1.2.2.2.1 The danger signal 

The context in which the host immune system recognises antigen is important in 

understanding the type of immune response generated.  Recognition of pathogens 

according to their PAMPs leads to eradication of a potential threat or danger, however, 

alternative mechanisms operate in circumstances where the threat may be tissue injury 

or transformed cells which do not express PAMPs.  

 

The ‘Danger Model’ put forward by Matzinger (Matzinger 1998) has proposed that 

“professional” APC act as sentinels in the tissues to detect and respond to danger signals 

associated with infections or stress that activate an immune response.  The danger 

Release of cytokines controlling: 
• effector function- IL4,5,10,12 TGFβ 

            and IFN-γ 
• inflammatory response - TNF α IL-6  
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signals activating APC include target cell signalling by surface expression of markers 

such as MHC class I chain-related (MIC)A/B expressed by human cells, or Rae-1 

expressed by murine stressed or neoplastic cells, interferon α (IFN-α) secreted by virus 

infected cells and heat shock proteins (HSPs) often released by damaged and necrotic 

cells (Girardi, Oppenheim et al. 2001; Hickman-Miller and Hildebrand 2004).  The 

context in which the APC encounters an aberrant cell will also determine the APC 

response.  The default position of the immune response to antigens on non-

hematopoietic tissues is tolerance.   

 

Programmed cell death by apoptosis is a physiologic process critical to normal 

development, tissue remodelling, and cell turnover.  Apoptosis is thought to be non-

inflammatory due to containment of the cellular constituents by an intact membrane and 

the subsequent engulfment of apoptotic bodies by surrounding phagocytic cells such as 

epithelial cells.  However, products released during tissue damage provide a "danger 

signal" that may initiate a protective immune response.  

 

The “danger model” argues that the host APC does not see a tumour cell in a “danger” 

context and therefore does not up regulate the co-stimulatory molecules necessary for an 

effective anti-tumour immune response hence, tumours continue to progress.  
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Figure 1.2  Self and non self discrimination (Medzhitov and Janeway 2002) 

Normal cells constitutively express markers of self, e.g. MHC class I molecules which inhibit 

the actions of NK cells, however damaged or transformed cells have altered expression of these 

markers and express activation markers that mark them as targets for NK or other effector cells. 

 

 

 

 

 

 

 

Infected distressed or transformed 
cell 

Normal or 
healthy cell 

Senescent or apoptotic cell 

Assisted 
Apoptosis 

Phagocytosis 

Tissue Repair 

Necrotic cell 
Markers for tissue damage 

Marker of normal self.  Ligand for inhibitory receptor 
 
Marker of infected or transformed cell.  Ligand for activating receptors   
 
Marker of apoptotic and senescent cells.  Ligand for phagocytic receptors. 
 
Markers of tissue damage.  Ligand for receptors that induce tissue repair response. 
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Table1.3  Differences between normal and cancer cells that can affect interaction with the 

immune system 
 

Normal Cell  Cancer Cell Implications of Cancer Immunity 

Stable genome Multiple neoantigens Multiple genetic alterations 

Stable transcriptome Major epigenetic 
instability Altered levels of antigen density 

No tissue invasion Invasion and metastasis 
Potential to induce inflammation 
activating both the innate and adaptive 
immune response  

Stable pattern of 
expression of cytokines 
and growth factors 

Altered expression of 
growth factors  and 
cytokines eg TBF-β 

Potential local inhibitory effects 
activating both the innate and adaptive 
immune response 

(Reproduced from (Pardoll 2003) 

 

An effective innate immune response against a tumour relies on markers that will 

distinguish between self and altered self (Figure 1.2).  The MHC class I complex (a cell 

surface glycoprotein involved in the presentation of antigens to antigen specific T cells) 

and sialic acid are two examples of molecules that can make this distinction: 

• MHC class I is expressed on the cell surface of most nucleated host cells and can 

be absent or poorly expressed on some tumours  

• Sialic acid is bound to glycolipids and glycoproteins on the cell surface of 

vertebrate animals and absent on most micro-organisms, some virally infected 

and transformed cells.  

Failure to engage the receptors for sialic acid (Siglecs) on DCs, macrophages and 

neutrophils may result in a negative signal leading to phagocytosis of the sialic acid 

deficient cell.  Similarly, natural killer cells preferentially kill target cells that express 

little or no MHC class I proteins on the cell surface (Medzhitov and Janeway 2002).  
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1.2.3 Effector cells of the innate immune response 

 

1.2.3.1 Polymorphonuclear Neutrophils and Macrophages: The First Line of Defence 

and Professional Scavengers 

Polymorphonuclear neutrophils (neutrophils) and macrophages are both professional 

phagocytic leukocytes.  Neutrophils are the most abundant circulating blood leukocyte 

providing the first line of cellular defence against infection and implicated in 

immunosurveillance against a number of tumours.  They initiate a response to 

inflammatory stimuli, appearing in the tissue in large numbers within minutes to hours 

and are primarily responsible for the acute phase of an inflammatory response.  

Neutrophils release soluble chemotactic factors and cytokines (i.e. IL-1β, IL-8, IL-12, 

tumour necrosis factor (TNF-α), macrophage inflammatory protein (MIP)-1α and MIP-

1β, and transforming growth factor (TGF-β)) which inhibit angiogenesis and recruit 

both non-specific and specific immune effector cells including DC’s, macrophages, NK 

cells and T and B lymphocytes to the site of inflammation (reviewed in Di Carlo, Forni 

et al. 2001; Cassatella 1995). 

 

Neutrophils recruited to a tumour site produce cytotoxic mediators including ROS, 

proteases and membrane perforating agents leading to tumour cell destruction (reviewed 

in Di Carlo, Forni et al. 2001).  Neutrophils may also exert their anti-tumour effect 

through secretion of TNF–related apoptosis inducing ligand (TRAIL).  Cell membrane 

bound or secreted TRAIL rapidly induces apoptosis in transformed or cancer cells.  

Other immune effector cells that produce TRAIL include activated T cells, B cells, NK 

cells, DC and monocytes. 

 

Macrophages are found in almost every tissue and function as effector cells of the innate 

immune response.  They have a key role in the removal of damaged or senescent cells 

following: 

• injury or infection, 

• hemopoiesis and homeostasis  

• recognition, ingestion and destruction of tumour cells and infectious agents. 

 

They are also a major component of the leucocytes originating from circulating blood 

monocytes that infiltrate malignant tissue.  A significant macrophage infiltrate is often 
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seen in progressing tumours (Kamate, Baloul et al. 2002; reviewed in Mantovani, 

Allavena et al. 2004). 

 

Recruitment and survival of macrophages in situ is directed by macrophage chemotactic 

chemokines and by cytokines which interact with surface receptors leading to 

modulation of macrophage function.  

 

 

Figure 1.3  Immune rejection of a target tumour cell  (Reproduced from Dranoff 2003) 

Immune rejection mechanisms of an established tumour cell may require CD8+ and CD4+ T 

cells, CD1d restricted NKT cells, neutrophils, macrophages, antibodies, Fc receptors, IFN-γ and 

perforin.  

 

 

Activation of the tumour cytotoxic function of macrophages requires stimulation either 

with cytokines such as interferon γ (IFN-γ) and granulocyte-macrophage colony-

stimulating factor (GM-CSF) (classical activation) or microbial stimulation recognised 

through PPR such as TLRs (innate activation) binding of lipopolysaccharide (LPS) or 

muramyldipeptide (reviewed in Gordon 2003). 
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Activated macrophages exert their anti-tumour effects: 

• directly by the release of products such as ROS, nitric oxide and TNF that are 

cytotoxic  

• indirectly through the effects of secretion of cytokines (IL-12 and IL-18) or 

antigen processing and presentation, thereby regulating the immune system. 

Direct macrophage involved tumour cell destruction is thought to occur by two distinct 

mechanisms, i.e. (1) macrophage-mediated tumour cytotoxicity and (2) antibody 

dependant cell cytotoxicity (ADCC).  The susceptibility to macrophage-mediated 

tumour cytotoxicity varies greatly among different tumour cells.  Macrophage-mediated 

tumour cytotoxicity is a slow, cell-to-cell contact-dependent process requiring 1–3 days 

(reviewed in Klimp, de Vries et al. 2002).  

 

1.2.3.2 Natural Killer (NK) Cells 

NK cells are the host’s first line of defence as effector cells of an innate immune 

response that are able to spontaneously lyse (through the release of perforin or 

granzymes) a variety of cells, including tumour and virus-infected cells, in the absence 

of antigen specific recognition and clonal expansion (Street, Hayakawa et al. 2004; 

reviewed in Diefenbach and Raulet 2001).  Their defence against tumour cells is also 

through the production of immunoregulatory cytokines (eg IFN-γ, TNF and GM-CSF) 

and chemokines.  The cytolytic activity of NK cells is augmented by IL-2 and to a lesser 

extent by other cytokines including IL-12 and IFN-α (Granucci, Zanoni et al. 2004).  

 

NK activity is regulated by a balance between opposing activating and inhibitory 

signals.  The best known example of NK effector function (previously mentioned in 

Section 1.2.2.2.1) is its activation by target cells that have lost, or express suboptimal 

levels of MHC class I molecules.  Engaging MHC class I molecules by an NK cell 

blocks the lytic activity of the NK cell.  Additional NK cell inhibitory receptors for 

MHC class I have been identified including human killer cell immunoglobulin–like 

receptors (KIRs) and leukocyte immunoglobulin–like receptors (LIRs), Ly49 (expressed 

on rodent cells) and CD94/NKG2 (reviewed in Ravetch and Lanier 2000; Vivier and 

Anfossi 2004).  
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Down regulation of MHC class I has been documented in a large variety of tumours 

(Pardoll 2003) leaving them vulnerable to NK killing signalled through the KIR or LIR 

pathways, however not all tumours have low levels or lack MHC class I expression. 

 

1.2.3.2.1 NKG2D and effector cells  

Mechanisms are also in place to detect tumour cells that may express MHC class I 

molecules.  These tumours (epithelial tumours, leukaemias, and some melanoma as well 

as T cell lymphoma cell lines (Ferlazzo and Munz 2004)) and transformed cells that 

may signal cellular distress (Bauer, Groh et al. 1999; Soloski 2001; Street, Hayakawa et 

al. 2004; reviewed in Raulet 2003) also express a category of markers of abnormal self 

which are recognised by the NKG2D receptor (a type II disulphide-linked dimer with a 

lectin like extra cellular domain) (Cerwenka and Lanier 2001).  This receptor is broadly 

expressed on the surface of several innate immune effector cells such as NK cells, 

γδTCR+ T cells (found mainly in the epithelia), macrophages and CD8+ αβ T cells.   

 

Natural killer T (NKT) cells are a subpopulation of T cells that also express NK cell 

markers and are present in most tissues where T cells are found.  They have both direct 

anti-tumour effects in vivo following recognition of an MHC class I-like molecule 

CD1d which binds foreign lipid antigens, and indirect effects by activating NK cells 

through production of cytokines (IL-2 and IFN-γ) (Metelitsa, Naidenko et al. 2001; 

Smyth, Godfrey et al. 2001).  

 

Following genetic transformation, cells often express glycolipid epitopes that can be 

recognised by self-antigen–specific CD1-restricted NKT cells. (Vincent, Gumperz et al. 

2003) 

 

1.2.3.3 The Role of the DC in Innate Immunity 

DCs are referred to as professional APC and are considered to be a key component of 

the innate immune response and a link to the adaptive response.  DCs trigger innate NK 

cell-mediated anti-tumour immunity (Fernandez, Lozier et al. 1999) and activate T and 

B cells in the adaptive immune response.  They originate from CD34+ bone marrow 

stem cells and as immature CD11chi precursors migrate to:  

• T cell rich areas of lymphoid tissue and the thymus (plasmacytoid DCs) 

• non lymphoid tissues such as skin epithelia (Langerhans cells), the lung, 

heart, liver and other organs (interstitial DC) 
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•  and mucosal tissues 

where they act as sentinels continuously sampling the antigenic environment (Hart 

1997). 

 

In the steady state, immature DC circulate at a slow rate between the non-lymphoid and 

lymphoid tissues.  In the absence of inflammation or other activating signals they 

continue to sample the environment and present self and/or non-self antigens without 

inducing an effector response.  This lack of response may be due to a number of factors 

including the low density of antigen bearing DC, the low level of co-stimulation 

associated with immature DC and the production of inhibitory cytokines such as IL-10 

(Lanzavecchia and Sallusto 2001).  DC are sensitive to a wide range of stimuli that not 

only serve to activate innate immunity but also trigger activation induced changes in the 

DC from an immature antigen sampling DC to a mature DC dedicated to presentation of 

antigen (reviewed in Stockwin, McGonagle et al. 2000).   

 

1.2.3.3.1 Functional changes associated with DC maturation 

Immature DC express inflammatory chemokine receptors and are recruited to sites of 

inflammation in response to i) direct recognition of pathogens (PAMPS), or ii) indirect 

signalling through surface receptors.  Five categories of surface receptors have been 

reported to activate DC maturation, these include: i) TLR, ii) cytokine receptors 

signalling danger through inflammatory mediators e.g. TNF-α, iii) Fc receptors 

engaging immune complexes, iv) ligation of CD40, Fas and OX40 on T cells, and v) 

release of cellular components such as HSPs and nucleotides (eg ATP and UTP) from 

necrotic cells (reviewed in (Guermonprez, Valladeau et al. 2002). 

 

Immature DCs express receptors including C-type lectin receptors (i.e. macrophage 

mannose receptor and DEC-205) and Fcγ and Fcε receptors which mediate antigen 

capture by adsorptive endocytosis (reviewed in (Banchereau and Steinman 1998).  In 

addition, non-receptor mediated antigen capture mechanisms include: 

• phagocytosis of particles and microbes 

• formation of large pinocytic vesicles in which extracellular fluid and solutes are 

rapidly and non specifically sampled (macropinocytosis).  

DC antigen capture via receptor mediated mechanisms and macro-pinocytosis is so 

efficient that picomolar and nanomolar concentrations of antigen are sufficient for 

antigen presentation compared to the micro-molar levels typically employed by other 
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APC (Sallusto, Cella et al. 1995).  Internalised tumour antigens may be processed in the 

cytosol or endocytic vesicles of DC and re-expressed on their surface in association 

with MHC class I or II molecules for presentation to T cells. 

 

In addition, in vitro studies report that DC readily acquire plasma membrane and 

cytoplasmic proteins from other live cells (including tumour cells) resulting in cross-

presentation of endogenous cytoplasmic antigens to MHC class I-restricted CTLs 

(Harshyne, Watkins et al. 2001; Harshyne, Zimmer et al. 2003). 

 

DC activation and progression towards maturation leads to increased production of 

chemokines such as RANTES, monocyte chemotactic protein (MCP)-1 and MIP which 

attract additional mononuclear cells (including precursor DC) to the site and activate 

NK cells (Figure 1.4) (Cascieri and Springer 2000; Gerosa, Baldani-Guerra et al. 2002; 

van den Broeke, Daschbach et al. 2003; Granucci, Zanoni et al. 2004; Whiteside and 

Odoux 2004).   

 

Reciprocal interaction mediated by cell-to-cell contact and soluble cytokines including 

IL-2 and IFN-α can be demonstrated between NK and DC cells.  IL-2 production is 

necessary both in vitro and in vivo for the efficient production of IFN-γ which 

represents the principal phagocyte-activating factor and has an anti-metastatic function 

(Banchereau and Steinman 1998.; Guermonprez, Valladeau et al. 2002; Figdor, de Vries 

et al. 2004). 

 

Highly phagocytic DCs that reside in non-lymphoid tissues undergo a maturation 

process following antigen activation that leads to: 

• migration of activated peripheral DC from non-lymphoid organs to the T cell 

rich areas of draining lymph nodes via afferent lymph 

• “switching off” the responsiveness of the DC to activation signals such as 

cytoskeletal modifications required for the down regulation of phagocytic 

activity and acquisition of migratory capacity, and 

• a dramatic increase in surface expression of MHC class I, II and co-stimulatory 

molecules.  
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Figure 1.4  Characteristics and signalling accompanying the phases in DC development 

(Modified from Stockwin, McGonagle et al. 2000) 

DC development can be divided into a number of phases, each with discrete cellular function.  

Transition between phases is mediated by a range of signals and changes in surface marker 

expression and secreted factors.  Flt-3 ligand (Flt-3L) is a transmembrane protein on stromal 

cells that sustains DC progenitors.  SCF: Stem cell factor, CCR: Chemokine receptor 

expression. 

 

 

Morphological changes accompanying DC maturation include loss of adhesive 

structures and increased cellular mobility to assist migration of the DC towards the 

draining lymph node.  Once inside lymphoid tissue the DC interacts with T, B and NK 

cells via their extensive dendritic processes (membrane folds - veils) that are acquired 

during DC differentiation/activation and which distinguish DC from monocytes and 

macrophages (Fernandez, Lozier et al. 1999; Ross, Ross et al. 1998; reviewed in 

Banchereau and Steinman 1998; Whiteside and Odoux 2004). 

 

Mature DCs develop into powerful stimulators of both CD4+ and CD8+ T cells and 

express high levels of the DC-restricted markers CD83 and lysosome-associated 

membrane glycoprotein (DC-LAMP).  They also have a high surface density of antigen 

presentation molecules (MHC class I & II) and co-stimulatory/accessory molecules 

(CD40, CD80 and CD86) required for lymphocyte activation.  Very small numbers of 

activated DCs have been shown to be highly efficient at generating an immune response 

to endogenous tumours (Figdor, de Vries et al. 2004). 
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1.2.3.4 Tumour Antigen Acquisition by DC 

DC presentation of tumour antigens requires two steps: firstly, phagocytosis of tumour 

cells or tumour antigens by immature DCs, to provide the antigenic peptides for MHC 

class I and class II presentation, and secondly, a maturation signal (e.g. exposure to 

necrotic tumour cells).  Immature DCs have been shown to efficiently phagocytose a 

variety of apoptotic and necrotic tumour cells (Sauter, Albert et al. 2000; Larsson, 

Fonteneau et al. 2001).  

 

1.2.3.4.1 Regulation of DC activity 

In vitro studies have shown contact-dependent interactions between activated human 

NK cells and immature DCs provide a "control switch" for the immune system.  At low 

NK/DC ratios, DC responses are amplified (assessed in vitro as exponential increases in 

cytokine production), whereas at high ratios the response is turned off by potent killing 

of DCs by the autologous NK cells (Fernandez, Lozier et al. 1999; Figdor, de Vries et 

al. 2004).  Furthermore in vitro studies have demonstrated that cell-to-cell contact 

between DC and resting NK cells can result in an increase in both NK cell cytolytic 

activity and IFN-γ production (Dranoff 2003). 

 

In summary, the expression of innate receptors on the surface of DCs allow them to 

respond to infected or “altered” self, signalling “danger” by host cells and initiate DC 

maturation.  These DCs capture and process antigen which is presented in complex with 

MHC molecules at their surface.  While concomitantly increasing their expression of 

co-stimulatory molecules and synthesis of cytokines resulting in mature DC they 

migrate to lymphoid organs where they liaise with and are potent stimulators of antigen 

specific T cells.  In the process of activation, additional effector cells (NK cells, 

macrophages, etc) are attracted to the affected site.  NK and DC interactions also serve 

to regulate the immune response.  In this way, DCs link primary innate control to the 

development of long-term adaptive immunity (Fernandez, Lozier et al. 1999).   
 

1.2.4 Cytokines: a link between innate and adaptive immunity 

Cytokines are described as soluble messenger proteins (molecular weight ~8–80 kDa) 

secreted by many different cell types for intercellular communication (see Table 1-4). 

They play a critical role in the maintenance and regulation of an immune response, in 
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particular the interaction of the innate and adaptive response.  Broadly speaking, they 

can be grouped into three categories: 

i. pro-inflammatory, IL-1 and tumour necrosis factor (TNF), and drive leukocyte 

activation;  

ii. recruit immune cells during the early stages of immune and inflammatory 

responses; 

iii. or they can be anti-inflammatory, e.g. IL-10 and TGF-β downregulate expression 

of inflammatory cytokines when the system must return to the basal state 

(Schroder, Meisel et al. 2003). 

 

Cytokines bind to cognate receptors expressed by target cells within the local 

microenvironment (Roitt 1998), thereby activating signal transduction pathways, gene 

transcription and the expression of downstream effector molecules.  A minority enter 

the systemic circulation in biologically relevant amounts.  Cytokines may also directly 

interfere with tumour cell proliferation, pathogen attachment, pathogen gene 

expression, or they may restrict intracellular replication (Smyth, Cretney et al. 2004).  

 

In the early stages and during the progression of cancer, cytokines are produced by host 

stromal and immune cells in response to molecules secreted by tumour cells “danger 

signals” or due to the inflammation that has been shown to accompany growth of some 

tumours.  Tumour cells have also been shown to produce a number of cytokines 

including TGF-β and IL-10 (described in Section 1.2.11).   
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Table 1.4  Cytokines involved in the innate and or adaptive immune response   
 

Cytokine Cellular Source Action 

IL-1 Mononuclear cells  Activation of T cells, promotes DC differentiation and activation and inflammation. 

IL-2 T  helper  type 1 (Th 1) cells, DC Activation of lymphocytes, NK cells and macrophages. Induction and elimination of CTLs. 

IL-12 
DCs, monocytes, macrophages and B 

cells 

Promotes increased IFN-γ production by DC and macrophages, development, growth and increased 

cytotoxicity of NK cells.  Stimulates CD4+ T cell differentiation to Th1 effectors (Schmidt and Mescher 

1999). 

IL-15 
Monocytes, macrophages, DC, 

stromal cells and epithelial cells 

Produced by DC’s in response to IFN-α, chemo-attractant for T cell. 

Promotes: NK cell differentiation, proliferation, cytotoxicity, DC differentiation and activity. 

Extends the life of T cells and promotes the expansion of CD8+ memory T cells in mice. 

IL-18 

Macrophages including Kupffer cells, 

keratinocytes, DC, Langerhans, 

Osteoblastic  stromal, epithelial 

(airway and intestinal) and B cells  

Accelerates Th1 differentiation of T cells, activates cytotoxic activity of NK and CD8+ T cells.  Inhibits 

angiogenesis and induces IFN-γ, GM-CSF, TNF-α and IL-1 production (Nakanishi, Yoshimoto et al. 2001). 

IFN-γ Th1 cells and NK cells 
Activation of macrophages, inhibition of T helper type 2 (Th2) cells. 

Enhances IL-12 production by phagocytes and DC’s to promote cell mediated immunity.  

GM-CSF 
Macrophages, T cells, B cells  and 

mast cells 

Promotes growth of granulocytes and monocytes.  Enhances the phagocytic capacity of DC and migration 

of DCs to lymph nodes.  Stimulates naïve T cells, promotes a primary antibody response. 
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IFN-α 
Monocytes, macrophages, virally 

infected cells 

Induces DC differentiation and maturation.  Increases cytolytic activity and proliferation of NK cells.  

Enhances production of other cytokines by NK cells through an autocrine IFN-γ loop.  Upregulates MHC 

Class I and Class II expression increasing antigen presentation, immune surveillance and CD8+ CTL lysis 

High doses inhibit production of IL-12 by APC.  

TNF-α 

Macrophages, monocytes, neutrophils, 

NK cells, T cells, B cells  and mast 

cells 

Promotes: inflammation, DC differentiation and activity – including co-stimulation between DC’s and T 

cells.  Soluble mediator of target cell killing.  

IL-10 

CD4+ T cells, NK cells, macrophages 

and DC 

Some malignant cells can also 

produce IL-10 

Immunostimulatory: enhances NK cell activity in the early phase of tumour progression, CD8+ T cell 

migration and CTL function by directly acting on T cells.  Promotes survival and proliferation of B cells. 

Immunosuppressive late in tumour progression, decreases innate and adaptive immune response (possibly 

to contain inflammation) by down regulating costimulatory molecules on DC and suppressing Th1 and Th2 

immune responses (reviewed in Mocellin, Marincola et al. 2004). 

TGF-β 
T cells, macrophages NK cells and 

mast cells 

Immunosuppression – inhibits T cell functions by blocking both proliferation and differentiation (Fahlen, 

Read et al. 2005). 

CCL1 
Activated T cells, DCs, monocytes 

and macrophages 

Regulates inflammatory response by modulating the recruitment of regulatory T cells 

IL-12 inhibits CCL1 production by activated T cells (Iellem, Mariani et al. 2001). 

(Delves and Roitt 2000b; Belardelli and Ferrantini 2002; Smyth, Cretney et al. 2004) 
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1.2.5 The adaptive response 

The adaptive immune response is a complex system of antigen presentation, 

recognition, and the proliferation and arming of effector and memory T and/or B 

lymphocytes.  The response evolves over several days following antigen encounter and 

subsequent signalling through the innate response.  In lymph nodes draining the site of 

antigen encounter, antigen-specific effector cells develop into antibody secreting plasma 

B cells, cytotoxic T cells and/or, helper, regulatory or memory cells which then traffic 

back to the “danger” site.  Memory cells will also reside in the secondary lymphoid 

organs (Sallusto and Lanzavecchia 2001).  

 

Important features of the adaptive immune response are that: 

• sufficient antigen specific cells are able to be deployed to combat a threat to the 

host  

• there is a lack of reactivity to self. 

 

1.2.5.1 The Adaptive Response and Cancer 

An understanding of the host immune response to virally infected cells can provide 

insight into the host’s response to cancers in which the malignant process is located 

inside the tumour cell and is generally inaccessible to antibodies therefore placing the 

CTL response in the front position for defence against tumour progression (Davis, 

Jefford et al. 2003; Gilboa 1999).   

 

While the role of B cells and antibodies in the host response to tumours will be 

discussed briefly, this thesis will focus on the CTL response to tumour antigens.  

 

1.2.5.2 Cells Involved in the Adaptive Immune Response 

The significance of lymphocyte involvement in the immune response to tumours has 

been demonstrated in animal studies comparing immunocompetent and 

immunodeficient mice in which the recombination activating gene-2 (RAG2) has been 

disrupted in B and T lymphocytes (thereby preventing an antigen-specific immune 

response).  There is an increased incidence in chemical carcinogen induced tumours in 

RAG2 immunodeficient mice (Shankaran, Ikeda et al. 2001). 
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1.2.5.3 B Cell Responses Against Tumour  

B cells act as immune effectors, primarily through antibody production following 

differentiation and antigen-specific clonal expansion of plasma-cells (Delves and Roitt 

2000b; McHeyzer-Williams 2003).  

B cell responses may:  

• be T-cell independent humoral responses  

• be helper T cell-regulated responses generated in secondary lymph nodes 

leading to somatic hyper mutation and antigen-driven selection to produce 

and maintain high-affinity plasma cells with extended longevity and  

memory  

• lead to complement dependant cytotoxicity or antibody dependant cellular 

cytotoxicity (ADCC).   

 

Antibodies bound to antigens expressed on the tumour cell surface (usually in the form 

of a transmembrane protein) in turn bind to the Fc receptor of effector cells, such as NK 

cells and macrophages, triggering an activation signal that leads to target cell lysis by 

ADCC (Bremers and Parmiani 2000; Curcio, Di Carlo et al. 2003).  It has also been 

proposed that antibodies may bind to vital signalling molecules on the surface of the 

tumour cell hindering tumour cell function (Ochsenbein 2002; Curcio, Di Carlo et al. 

2003). 

 

Antibody responses to tumour antigens have been identified in a range of tumour types, 

e.g. tumour antigens that are targeted for ADCC include: NY-ESO-1, Her2/neu, CEA 

and α-fetoprotein (Bei, Budillon et al. 1999; Zhang, Casiano et al. 2003).   

 

The frequency of cancer patients showing a tumour specific antibody response is 

variable and rarely exceeds 15-20% (Zhang, Casiano et al. 2003).  However, antibodies 

to NY-ESO-1 could be detected in 40-50% of patients with advanced NY-ESO-1 

expressing tumours (Jager, Stockert et al. 1999) and increased antibody levels correlated 

with tumour burden.  It has also been speculated that antibodies binding to tumour 

antigens may hinder T cell responses to tumours by competing with APC for antigen 

(Qin, Richter et al. 1998). 
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1.2.5.4 T Cell Mediated Tumour Destruction 

Tumour reactive T cells have been found in the peripheral blood, lymph nodes and 

tumours of tumour bearing patients.  Elevated numbers of tumour infiltrating 

lymphocytes have, on occasion, correlated with a better prognosis, particularly in 

metastatic melanoma and ovarian adenocarcinoma (reviewed in Dunn, Bruce et al. 

2002; Clemente, Mihm et al. 1996).  In addition systemic transfer of ex vivo-activated 

tumour-sensitized T lymphocytes has mediated immunologically specific regression of 

established tumours (Mukai, Kjargaard et al. 1999).  Unfortunately, more often T cells 

recovered from tumours display lytic activity in vitro but fail to reject the tumours from 

which they were isolated (Rosenberg, Yannelli et al. 1994; Prevost-Blondel, 

Zimmermann et al. 1998).  

 

T cells begin as pleuripotent stem cells in the foetal liver and bone marrow and traffic to 

the thymus to mature as a T cell population poised to respond to a diverse range of 

peptides from pathogens or ‘altered self’.  T cell recognition of an antigen-MHC 

molecule complex is via an antigen binding site; the T cell receptor (TCR).  The TCR is 

a disulphide linked heterodimeric glycoprotein which triggers activation and 

proliferation of T cells through the CD3 polypeptide complex.  

During maturation in the thymus, T cells go through:  

i. a process of random recombination of discrete TCR αβ genes in the 

complimentary determining region that determines the make up of the TCR and 

which leads to a highly diverse TCR receptor pool 

ii. positive and negative selection to remove potentially self reactive T cells that have 

a high affinity for self antigen to ensure that highly reactive anti–self T cells are 

eliminated.  Various autoimmune diseases result from errors in the deletion of self 

reactive T cells.  

T cells that emerge from the thymus have the potential to become highly reactive to 

foreign antigens and are tolerant of self-peptides bound to self MHC molecules. 

 

1.2.5.5 TCR Diversity 

Theoretical estimates put the number of TCR specificities in the mouse TCR repertoire 

at any one time as ~ 1 x 108 and experimental estimates based on polymerase chain 

reaction (PCR) data puts the estimate at 2 x 106 and 2.5 x 107 for mice and humans 

respectively (Nikolich-Zugich, Slifka et al. 2004).  The potential number of antigenic 

peptides that could be presented to a MHC class I and class II molecule is estimated to 
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be up to 1.3 x 1010 and 6 x 1012 respectively.  Theoretical estimates of the T cell 

repertoire required to adequately cover the potential antigenic peptides to which a host 

may be required to respond proves to be prohibitive (Mason 1998).  These estimates 

suggest that each TCR would need to react with multiple peptides to be able to cover all 

potential antigenic targets. 

 

1.2.5.5.1 MHC crossreactivity 

The ability of the TCR to recognise several different peptides bound to self MHC 

(referred to as MHC crossreactivity) has been demonstrated in vitro and could arguably 

increase the size of the antigen repertoire to which the T cell may respond (Speiser, 

Kyburz et al. 1992).  However in vitro assays measuring crossreactive T cell responses 

to antigenic peptides, need to be considered in the light of the conditions of the assay.  

For example, the concentration of peptide used to coat target cells in proliferation and 

CTL assays may be greater than the peptide concentration required for physiological 

recognition (defined by the level of processed antigen generated by endogenous 

presentation pathways) and therefore does not necessarily reflect in vivo responses 

(Milligan, Morrison et al. 1990). 

 

Specificity of the peptide for the TCR becomes more apparent at limiting dilutions of 

the peptide.  In vitro studies with varying concentrations of peptide have shown that as 

the concentration of the peptide used on the target is decreased the percent of specific 

lysis in an in vitro CTL assay diminishes more rapidly for crossreactive peptides than 

for the peptide specific for the CTL TCR (Speiser, Kyburz et al. 1992).   
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Figure 1.5  Dendritic cells are a link between the innate and the adaptive immune response 

for tumour cell destruction.  

DC recognition and acquisition of tumour antigens leads to DC maturation and migration to the 

local lymph nodes where cognate antigen specific CD4+ and CD8+ T cells engage the antigen 

MHC complex presented on the DC, and with adequate co-stimulation, develop effector 

functions enabling tumour cell destruction (Modified from Banchereau, Briere et al. 2000).   

 

 

1.2.5.6 T Cell Effector Function 

Naïve T cells lack most effector functions and antigen specific CD4+ and CD8+ cells 

exist at very low frequencies in a naïve host (Woodland and Dutton 2003).  These cells 

constantly recirculate from blood to lymph node via high walled endothelium and then 

back to the blood via lymphatic drainage, however as naïve T cells they do not enter 

peripheral tissue and sites of inflammation (Weninger, Manjunath et al. 2002). 

 

Antigen loaded DC traffic to local lymph nodes draining the affected tissue where as 

mature APC they are scanned by circulating T cells for MHC–antigen complexes to 

their cognate TCR.  The large surface area and irregular shape of antigen presenting 

DC’s permits contact with multiple cells at any one time and consequently sampling of 

a large fraction of the T cell pool to increase the probability of physically engaging one 

or several of the small number of antigen specific T cells. 

 

Factors which may be limiting in antigen presentation and therefore lead to T cell and 

antigen competition are: 
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• the amount of antigen available for presentation by the DC  

• the surface area of the DC available to engage multiple T cells at one time 

• the avidity of the MHC – antigen – TCR interaction 

(Kedl, Rees et al. 2000; Bousso and Robey 2003). 

 

T cells that recognise antigen in the MHC–antigen complex form a tight synapse with 

the APC and initiate T cell activation.  Two distinct signals are required by naïve T cells 

for activation.  Signal 1 is engagement of the cognate antigen in the correct MHC 

context with the TCR, whilst signal 2 is a co-stimulation signal through the APC which 

acts to amplify or modify signal 1.  Fully mature DC express elevated levels of the B7 

co-stimulatory molecules as described earlier in Section 1.2.3.3.  

 

Activation of the T cell is associated with rapid clustering of TCR binding to the MHC-

antigen complexes on the APC and a local accumulation of intracellular signalling 

molecules through its TCR and associated CD3 polypeptide complex.  Phosphorylation 

of tyrosines in the cytoplasmic tail of CD3 leads to transduction of downstream 

signalling to activate various gene sequences that regulate T cell proliferation and the 

acquisition of a variety of effector functions that ultimately produce a diverse array of 

effector and memory cell types (van Stipdonk, Lemmens et al. 2001). 

 

T cell activation leading to proliferation may result in up to a 1000 fold increase in the 

precursor frequency of a single antigen-specific TCR (Nikolich-Zugich, Slifka et al. 

2004).  In the case of viral or bacterial infection, naïve T cells can undergo up to 15 

divisions within 7 days of antigenic stimulation, at some stages of the response dividing 

every 4 to 8 hours (reviewed in Bevan 2004).  The strength of the stimulation signal (i.e. 

antigen concentration, duration of contact with APC and co-stimulation) determines the 

T cells’ resistance to cell death and responsiveness to homeostatic cytokines.  The two 

extremes of stimulation signalling are: anergy when the signal is weak and activation 

induced cell death (AICD) when there is excessive signalling (Badovinac, Porter et al. 

2002; Moskophidis, Lechner et al. 1993). 

 

Studies have also shown that the primary T cell response is programmed early in the 

contact time with the antigen and that antigen dose determines the magnitude of the T 

cell response but it has little influence on the number of divisions that an activated T 

cell will go through following antigen contact (Badovinac, Porter et al. 2002).   
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Following activation, CTLs down regulate secondary lymphoid homing receptors and 

up regulate CD44, lymphocyte function-associated antigen Type 1 (LFA-1) and/or 

α4β1 integrin surface expression and inflammatory chemokine receptors (e.g. CCR5) 

which facilitate migration to inflammatory sites following release into the circulation 

(Harris, Watt et al. 2002; reviewed in Sprent and Surh 2002; Weninger, Manjunath et al. 

2002).  

 

1.2.5.7 Effector CD4+ and CD8+ cells 

Broadly, T cells are subdivided into CD4+ and CD8+ cells which can be differentiated 

by their various surface markers, cytokine production and effector roles as outlined in 

Table 1.5. 

 

Table 1.5  Differences between CD4+ and CD8+ T cells  
 

Characteristics CD4+ T cells  CD8+ T cells 

MHC complex 

recognized 
Class II Class I 

Principle function cytokine secreting regulatory (helper) cells cytotoxic killer cells 

peptide in MHC  14 – 18 amino acids 8 - 10 amino acids 

Additional 

features 

Provide co stimulation signals for  

• CD8 T cells  (CD40 & IL-2) 

• B cell (CD154/CD40 interaction) 

Facilitates the generation of memory CTL 

and B cells (Behrens, Li et al. 2004) 

Activated T cells migrate 

to and enter peripheral 

solid tissues 

 

CD8+ T cells generally require a shorter antigen exposure time and have a faster rate of 

cell division than CD4+ T cells.  A study in which naïve CTLs were allowed to expand 

in vivo showed that following a short in vitro stimulation time (4hrs) these CTLs 

underwent an abortive clonal expansion with transient IL-2 receptor expression and 

reduced killing efficiency.  However, following a longer (20hr) stimulation, the cells 

proliferated extensively, IL-2 receptor expression was sustained and the CTL were able 

to destroy peripheral target cells (van Stipdonk, Hardenberg et al. 2003).   
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In summary, the amount of antigenic stimulation provided to a naïve CD8+ T cell during 

it’s primary activation is reported to determine the magnitude of the clonal expansion 

and level of effector function (van Stipdonk, Lemmens et al. 2001).  This study also 

reports a 24 hr delay between an antigen signal and proliferation of activated T cells.  In 

vitro studies have shown the time required for CD4+ T cell stimulation has been 

observed to be considerably longer at approximately 20 - 24 hours. 

 

1.2.5.7.1 T cells are further characterized by their cytokine production and 

effector function (Type I and Type II response) 

Both CD4+ and CD8+ T cells can be further characterized into Type I and Type II 

responses by their cytokine secretion patterns which are analogous but not identical for 

CD4+ and CD8+, Th1 and Th2 (CD4) versus type I (Tc1) and Tc2 (CD8). The features 

of these two groups are summarised in Table 1.6. 

 

Table 1.6  Type I and Type II Responses (Carter and Dutton 1996; Banchereau and 

Steinman 1998; Ferrara 2000; Seder and Ahmed 2003) 
 
 Type 1  Type II 

CD4 Th1 Th2 

Differentiation 

factors 

IL-2, signal transducer and activator 

of transcription 4 (STAT 4)  

IL-4, STAT 6 and transcription 

factor GATA 3 

Cytokines produced IFN- γ, IL-2 and TNF α/β 
IL-4, IL-5, IL-6, IL-10, and IL-

13 

Effector function 

Critical to cell mediated immunity  

Protect against intracellular 

pathogens 

Promote humoral immunity 

Protect against extracellular 

pathogens. Activate eosinophils. 

Factors determining 

Th1/Th2 pathway 
IL-12 produced by the APC 

IL-4 

Proposed default state when 

there is a lack of IL-12.  

CD8 Tc1 Tc2 

Cytokines produced IFN- γ and TNF α/β IL-4, IL-5 and IL-10 

Cytotoxic 

Mechanism 
Perforin or Fas Perforin 

 

T cells exiting the thymus are termed Th0 and can secrete both Th1 and Th2 cytokines 

however as they encounter antigen their cytokine profiles can become fixed.  T cell 
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Th1/Th2 responses appear to be more rigidly fixed in rodents, than in humans (Ferrara 

2000). 

 

Th1 and Th2 responses arise in part because these T-cell subtypes suppress each other’s 

function (Ferrara 2000).   More recently PCR studies of the cytokine profiles of single 

cells suggest that this grouping is less well defined with greater heterogeneity in the 

cytokine profiles being observed (Kelso, Groves et al. 1999; Johnson, Costelloe et al. 

2003). 

 

At the tumour site the cytokine milieu can direct an immune response to tolerance or 

immunity.  Type I cytokines (i.e. IFN-γ and TNF) mainly induce a cell mediated 

immune response, in contrast Type II cytokines promote humoral immunity against the 

tumour and/or a non-protective tolerance response (Smyth, Cretney et al. 2004).  

 

Studies using animal models have shown that both CD4+ and CD8+ T cells play 

important roles in tumour eradication (Marzo, Lake et al. 1999; Tham, Shrikant et al. 

2002).  CD8+ T cell responses to tumours can be further subdivided into CD4+ 

independent and CD4+ dependent and are discussed in Section 1.2.5.8.1.  Interestingly, 

adoptive transfer of Tc1 or Tc2 cells induced long term tumour immunity in a murine 

melanoma pulmonary metastases model (Dobrzanski, Reome et al. 2004) using different 

mechanisms.  
 
1.2.5.8 T cell Cytotoxicity  

CD8+ T cells that receive adequate co-stimulation from APC or “helper cells (eg CD4+ 

T cells) will be ‘armed’ to become an effector cell that can facilitate the destruction of a 

foreign organism or cells expressing the cognate antigen.  Cytotoxic CD8+ T cell 

effector function is initiated via pathways activated in response to signals from the TCR 

that stimulate the caspase cascade in the target cell leading to apoptotic death.  Cytolysis 

of infected or transformed cells is induced by two distinct molecular pathways that 

require direct contact between the effector and target cells: 

1. Perforin/granzyme-induced apoptosis is the main pathway used by cytotoxic 

lymphocytes to kill virus-infected and transformed cells.  The granzymes 

trigger several apoptotic pathways in target cells.  Some of them are 

dependent on caspases, but others can kill cells when caspases are inhibited, 

(for example by viral proteins that block intrinsic apoptotic pathways).  
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Efficient lysis by the granule exocytosis pathway requires the coordinated 

delivery of perforin and granule enzymes, such as granzymes A and B, into 

the target cell. 

 

2. The engagement and aggregation of target-cell death receptors, such as Fas 

(CD95), by their cognate ligands, eg. Fas ligand (FasL), on the killer-cell 

membrane, which results in classical caspase-dependent apoptosis (Harty, 

Tvinnereim et al. 2000; Trapani and Smyth 2002). 

 

CD8+ T cells also release IFN-γ and TNF, as well as chemokines that recruit and/or 

activate the microbicidal activities of effector cells such as macrophages, NK cells and 

neutrophils (Smyth, Cretney et al. 2004).  As with cytolytic effector mechanisms, 

expression of cytokine molecules by CD8+ T cells is tightly regulated through TCR-

dependent signals. 

 

To prevent autoimmunity and maintain homeostasis of T cell numbers, the initial 

activation and expansion phase of both CD4+ and CD8+ T cell responses is invariably 

followed by a contraction phase during which most ( 90%) effector cells are 

eliminated.  This is a complex process and multiple pathways appear to be involved in 

the apoptosis of effector T cells.  These include interactions between Fas and FasL, and 

TNF and TNF receptors I and II, as well as co-stimulatory molecules such as CD40 and 

CD40 ligand.  Cytokine withdrawal is also involved in this 'downsizing’; IL-2 treatment 

during the contraction phase can result in both increased proliferation and survival of 

effector CD4+ and CD8+ T cells.  In addition, effector molecules such as perforin and 

IFN-γ are seen to be involved in regulating the effector T cell response; for example, 

mice deficient in perforin or IFN-γ have increased numbers of CD8+ T cells in the 

expansion and/or contraction phase of an effector T cell response (Seder and Ahmed 

2003; Hildeman, Zhu et al. 2002). 

 

Feedback control mechanisms to regulate proliferation or inhibition of the immune 

effector cells include: competition for growth and viability signals, competition for 

access to antigen presenting cells, the number of peptide determinants presented by the 

APC, the strength of signal (co-stimulation), elimination of APC by cytotoxic T cells, 

suppression of the T cell response by regulatory T cells and apoptotic death in response 

to antigen.  Apoptosis can also be induced in peripheral T cells when antigen is 
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continuously or repeatedly encountered.  This antigen driven apoptosis of activated T 

cells is also important in regulating the peripheral T cell pool and maintaining a 

homeostatic T cell population (Bevan and Fink 2001; Grossman, Min et al. 2004).  

CD28 co-stimulation can negatively regulate peripheral T cell responses by enhancing 

apoptosis when TCR ligation exceeds a critical threshold (Yu, Martin et al. 2003). 

 

1.2.5.8.1 CD4 Help 

The classical description of CD4+ cells in the “helper role” is that these T cells 

recognise the MHC class II antigen complex on an APC and provide a stimulatory 

signal to the APC via CD40 thereby “licensing” the APC to prime a naïve antigen-

specific CD8+ T cell and initiate an effective CTL response.  The requirement for the 

co-stimulation signal from CD4+ T cells could be replaced by activating DC with 

agonist anti-CD40 antibody (Bevan 2004).  

 

CD4 help is also provided through the production of cytokines (e.g., IL-2) that promote 

CTL growth, survival and induce their differentiation into effector CTLs (Tham and 

Mescher 2002).  

 

Recent studies using ovalbumin (OVA) coated spleen cells and antigen specific T cells 

in the absence of CD4+ cells showed that a high precursor frequency of antigen specific 

T cells reduced the need for CD4+ help to prime the CTL response (Mintern, Davey et 

al. 2002).  Furthermore, techniques which quantify a CD8+ T cell response (i.e. enzyme 

linked immuno-absorbent spot assay (ELISpot), tetramers and intracellular cytokine 

staining (ICS)) allowing direct ex vivo responses to be measured, have demonstrated 

that the CD8+ T cell response under non inflammatory conditions (i.e. cellular antigens) 

is equivalent with or without CD4+ T cells.  However, CD4+ help is important in the 

final differentiation of a CD8+ T cell response to provide a memory response.  All 

memory CD8+ T cells require the continued presence of a CD4+ T cell population that 

provides an antigen non-specific feeder effect for the maintenance of their numbers and 

functionality (Bevan 2004).  

 

Bevan has proposed three scenarios for CD4 + help: 

1. When antigen exposure is in the absence of an activation or “danger signal” for 

the APC, CD4+ T cells are required to recognize the antigen and bring the CD8+ 

T cell response up to a measurable level. 
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2. When antigen provides overwhelming inflammatory or “danger” signals the 

CD8+ T cell response is totally independent of CD4 + help. 

3. When antigen exposure provides an intermediate level of “danger” signal CD4+ 

help prevents the collapse of the CD8+ response (Smith, Wilson et al. 2004).  

 

Inhibition of CD4+ cell proliferation at high antigen concentration may be the result of a 

second encounter with antigen within 24 hrs of the initial stimulation, resulting in AICD 

(Alexander-Miller, Leggatt et al. 1996). 

 

1.2.5.8.2 Memory  

Not all CD8+ T cells will become effector CTLs, some of these cells may progress 

towards being memory T cells which may ultimately circulate in the peripheral tissue, 

or remain in the spleen or lymphoid compartments thereby increasing their immune 

surveillance (reviewed in Bradley 2003).  Memory T cell populations are maintained 

over time due to homeostatic cell proliferation (a memory response to a murine LCMV 

viral infection model was sustained for 3 years in a steady state; reviewed in Seder and 

Ahmed 2003).  

 

After encounter with their specific antigen, memory cells can rapidly and efficiently 

promote a further CTL response to the antigen-bearing target.  This can be explained by 

an observed increase in the precursor frequency of antigen-specific memory T cells in 

vaccinated animals versus naïve animals.  Furthermore, as naïve T cells differentiate 

into memory T cells their gene profile is reprogrammed so that the genes encoding IFN-

γ production and cytotoxic molecules such as perforin and granzyme become 

constitutively expressed.  Elevated mRNA levels for these molecules allows increased 

production upon antigen stimulation and efficient and rapid effector function (Cordaro, 

de Visser et al. 2002; reviewed in Kaech, Wherry et al. 2002; Seder and Ahmed 2003; 

Sprent and Surh 2002).   

 

Clearly, anti-tumour immune mechanisms are not always effective, resulting in the 

uncontrolled growth of tumours.  Recognition of the tumour as aberrant self by the host 

immune system and the ensuing presentation of tumour antigens to naïve T cells is a 

key part of this thesis. 
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1.2.5.9 Techniques Used to Evaluate Effector T Cell Function 

In human studies there are obvious limitations on the methods that can be used to assess 

in vivo CTL responses during cancer progression and after the delivery of a vaccine or 

other immunotherapy regimens.  To-date methods used for cancer patients include; 

delayed–type hypersensitivity (DTH) testing before and after vaccination, as well as 

characterising TIL and peripheral blood lymphocytes (PBL) using tetramer (quantitation 

of T cells bound to a fluorescent-labelled MHC class I-antigenic peptide complex;  

Klenerman, Cerundolo et al. 2002).   

 

Evaluation of the potential effector function of T cells particularly in human studies 

relies on in vitro methods such as: ELISpot (Miyahira, Murata et al. 1995) and ICS 

which measure secreted mediators of antigen specific T cell activation (e.g. IFN-γ; ICS-

IFN-γ).  Effector function is also assessed by a 51Cr release in vitro CTL assay which 

measures lysis of labelled target cells following co-incubation with cytolytic effector 

cells.  However, each of these methods is only used after effector CTLs are re-

stimulated in vitro (Carter and Swain 1997; reviewed in Davis, Jefford et al. 2003; 

Kern, LiPira et al. 2005).  

 

Butterfield et al. (Butterfield, Ribas et al. 2003) compared ELISpot, ICS-γ and tetramer 

staining in a phase I trial of melanoma patients treated with a MART-1 vaccine 

consisting of peptide pulsed DC administered intradermally.  This study concluded that 

tetramer staining and ELISpot were the most instructive to follow immune responses in 

peripheral blood.  The limitations of each of these methods are: (i) the number of cells 

required to measure responses to multiple epitopes versus the number of cells that can 

be isolated from each patient in a single sample collection and (ii) the methods are ex 

vivo and require antigen re-stimulation (ELISpot and ICS-γ) and therefore may not 

represent in vivo function.   

 

More recently, an in vivo CTL assay has been performed in animal models in which 

lysis of infused peptide pulsed and unpulsed target cells differentially labelled with a 

fluorochrome dye is analysed in various tissues or immune compartments following an 

incubation period (Oehen and Brduscha-Riem 1998, reviewed in Kern, LiPira et al. 

2005).  This method has the advantage of being a direct read out of in vivo CTL activity 

under physiologically relevant conditions which can be investigated in several immune 

compartments. 
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1.2.6 Antigens 

Tumour antigens which potentially identify the tumour as altered self have been 

described in Section 1.1.5.  This section covers antigen processing and presentation by 

APC and the factors that may influence the host immune system’s recognition of 

tumour antigens.  

 

1.2.6.1 Immunogenicity 

The term epitope is used to describe the part of the antigen recognized by the antigen 

receptor, whether on a B cell, an antibody, or the MHC molecule expressed by T cells.  

An epitope is recognized on the basis of its shape and charge. The size of the epitope 

recognized also depends on the immune cells involved: 

• For antibody recognition it may be part of the whole protein in its folded form, 

or as a continuous peptide sequence.   

• Peptides presented by MHC class I and II molecules have been processed by 

intracellular proteolysis and transported to the cell surface in MHC molecules 

(typically MHC class I bind to an 8 – 10 amino acid residues and MHC class II 

bind to a 14 – 18 amino acids residues) (Delves and Roitt 2000b). 

 

For a peptide to be immunogenic and induce a CD8+ cytotoxic T cell response it must 

be generated from its precursor polypeptide by APC draining the local environment of 

the foreign antigen,  and be delivered to peptide receptive MHC class I molecules on the 

APC surface.  The peptide-MHC class I molecule binding affinity needs to be sufficient 

to produce enough cell surface peptide MHC class I complexes to activate naïve CD8+ 

T cells.  The interplay of these requirements determines the strength of the immune 

response to the peptides (Yewdell and Bennink 1999). 

 

1.2.6.2 Antigen capture and Processing 

MHC class I molecules bind to peptides generated from the majority of cellular 

proteins.  All eukaryotic cells continuously turn over their proteins to eliminate 

damaged, unfolded, or incomplete proteins, to regulate cellular processes and to adapt to 

new conditions.  This also allows CD8+ CTLs to identify and eliminate cells that are 

synthesizing abnormal or ‘foreign’ proteins that may arise through mutation or infection 

with viruses (reviewed in Rock, York et al. 2004).  It also restricts CTL activity to 
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infected cells rather than bystander cells that may have endocytosed debris from virally 

infected cells (Heath, Belz et al. 2004).  Most proteins destined for degradation are 

labelled firstly by ubiquitin and then digested into small peptides by large proteolytic 

complexes (Goldberg 2003) which freely diffuse in the cytoplasm and nucleus 

(reviewed in Yewdell, Reits et al. 2003).  During processing, proteosomes destroy many 

more epitopes than they generate; i.e. they generate peptides ranging in size from 2 to 

25 amino acids, leaving only a small fraction of peptides the correct size for antigen 

presentation (reviewed in Rock, York et al. 2004). 

 

In an in vitro study using purified proteosomes, the degradation of OVA (one of the 

protein antigens used in this thesis) destroyed 90% of the dominant MHC class I epitope 

(SIINFEKL) (reviewed in Rock, York et al. 2004).  Generally, the resulting peptides are 

transported to the endoplasmic reticulum (ER) by transporters associated with antigen 

processing (TAP), where they bind to class I molecules which are then transported 

through the Golgi to the cell surface.  However, peptides expressed at high levels (e.g. 

as products of minigenes) can be presented by TAP deficient cells (Yewdell, Reits et al. 

2003; reviewed in Heath, Belz et al. 2004). 

 

Exogenous antigens are taken up by APC via receptor mediated endocytosis, 

phagocytosis or macropinocytosis and are processed and loaded into MHC class II 

molecules in a single compartment (Banchereau, Briere et al. 2000; Watts 2004).  There 

is debate over the size of peptides bound to the MHC class II molecule, two possibilities 

are proposed (Sercarz and Maverakis 2003): 

1. MHC guided trimming in which unfolding antigens are bound to the MHC 

molecule and then trimmed to size while remaining bound, 

2. Cut first bind later – unfolded proteins are cut into smaller fragments and then 

loaded onto MHC molecules. 

The first model is favoured by Sercaz arguing that it can account for the frequency of 

intra-molecular competitive events and the accessibility and affinity of the peptide 

sequences to the MHC class II binding site. 

 

The CD1 molecule (described in Section 1.2.3.2.1) is an MHC-like protein which 

presents antigens collected via the endocytic pathway.  Two classes of CD1 proteins can 

be distinguished i) those that are recognized by αβ T cells (CD1a-CD1c and CD1e) and 

present lipid antigens such as mycolic acid and lipopeptides from mycobacteria, and ii) 
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CD1d which is limited to NKT cells.  By binding to lipid-based molecules, CD1 

proteins diversify the range of determinants in foreign pathogens that the immune 

system can recognize. In addition, CD1d is linked to regulation of antitumour, 

autoreactive and other immune responses through the display of self lipids, although an 

understanding of  these lipid ligands is still limited (Watts 2004). 

 

 

 
 

Figure 1.6  MHC Class I peptide processing  (Reproduced from Rock, York et al. 2004) 

Cytosolic proteins are degraded to peptides mainly by the proteasome.  All peptides can be 

degraded by aminopeptidases (AP) and endopeptidases (e.g. TOP) to generate amino acids.  

Some epitopes escape destruction in the cytosol and are transported to the ER lumen by TAP, 

where they may be degraded by ER aminopeptidases (ERAP) or bind to MHC class I molecules.  

N-extended precursors of MHC class I−binding peptides may be trimmed by aminopeptidases 

in the cytosol (or, after transport by TAP, in the ER lumen) to generate MHC class I−binding 

peptides.  N-extended peptides may also be destroyed by the same mechanisms (reviewed in 

Rock, York et al. 2004). 

 

Peptide binding to the MHC class I molecule is due to two types of binding.  Firstly, the 

amino (N) and carboxy (C) peptide termini interact with the groove residues of the 

Class I molecule and, secondly an antigen binding groove that has two and (less 
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commonly) three pockets bind 1 to 5 of the 20 possible amino acid side chains.  

Additional effects of non-anchor residues on binding and the interaction of peptide 

residues determine the binding affinity of peptides in the MHC class I groove.  Peptides 

transported by TAP to bind to MHC class I molecules may also range from 7 to greater 

than 20 amino acids suggesting that these peptides can be trimmed in the ER as well as 

in the cytosol (reviewed in Rock, York et al. 2004).  

 

The nature of peptides produced by the proteosomes changes after the cell is exposed to 

pro-inflammatory cytokines that enhance antigen presentation.  Proteosomes 

incorporate an additional catalytic unit to become immunoproteasomes which have 

altered cleavage properties that produce peptides favoured for uptake by TAP 

transporters and capable of tight binding to MHC class I molecules (Cascio, Hilton et al. 

2001;  reviewed in Kloetzel 2004).  

 

Secreted or membrane bound proteins are normally targeted to the ER by N terminal 

signal sequences after which the signal sequence is cleaved (reviewed in Rock, York et 

al. 2004). 

 

Understanding the binding patterns of the MHC sites has made it possible to predict 

possible antigenic peptides that may be derived from proteins.  A cautionary note is 

made by Yewdell and Bennick (Yewdell and Bennink 1999) about posttranslational 

changes to natural peptides which will not be seen in synthetic peptides.  

 

Although tumour antigens have been identified and there is evidence to show that they 

may be a target for cytolytic T cells in vitro, in many cases this information is 

insufficient to indicate whether that they can serve as tumour rejection antigens in vivo. 

  

1.2.7 Cross-presentation   
The concept of cross-presentation describes the ability of APC to take up exogenous 

antigen and direct it into the Class I pathway, which is contrary to the traditional 

understanding of exogenous antigen presentation through the Class II pathway 

(described in the previous section).  Cross-presentation may involve fusion of the ER 

with early phagosomes to form organelles in which proteins are degraded by 

proteosomes followed by transport of peptides back into the phagosome by TAP where 

they are loaded onto MHC class I molecules for transport to the cell surface (Heath, 
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Belz et al. 2004).  DC, B cells, endothelial cells and macrophages have been reported to 

cross-present antigens.  Antigens shown to be cross-presented include soluble proteins 

and cellular antigens (Li, Davey et al. 2001) (including those from transfected tumours 

(Robinson, Scott et al. 2001)).  Mechanisms speculated to lead to antigen capture for 

cross-presentation include phagocytosis, nibbling of live cellular material (Harshyne, 

Watkins et al. 2001), uptake of apoptotic cells, transfer of HSPs, and exosome uptake 

(Wolfers, Lozier et al. 2001; Shen and Rock 2004; Heath, Belz et al. 2004).  

 

Cross-presentation has received criticism (Zinkernagel 2002) for not necessarily 

representing a truly physiological event.  Kurts et al. (Kurts, Miller et al. 1998) noted 

that antigen must be at relatively high levels in the periphery to be cross-presented and 

that this antigen presentation pathway focused on antigens released during tissue 

damage.  In two studies which compared cell associated (membrane bound) and soluble 

antigen (in this case OVA), cell associated antigen was cross-presented to CD8+ T cells 

50,000 times more efficiently than soluble antigen (Li, Davey et al. 2001; Shen and 

Rock 2004).  Nonetheless, this remains a controversial issue. 

 

Tumour cells themselves are considered to be poor APC because they often lack the 

required co-stimulatory molecules to initiate an effective CTL response (Chen, Linsley 

et al. 1993; Wroblewski, Bixby et al. 2001).  However, there is strong support based on 

transgenic mouse models for the presentation of tumour antigens by host APCs to the 

CD8+ T cells.  This has also been demonstrated using human DCs (Fonteneau, 

Kavanagh et al. 2003).  Therefore, it is generally believed that tumour antigen must be 

cross-presented before an immune response will be stimulated.  

 

1.2.8 Tumour antigens and the immune response 

Data published by Nelson et al. (Nelson, Mukherjee et al. 2001), have shown that 

tumour cells transfected with a neo antigen (OVA) are capable of generating CD8+ 

CTLs that can effectively lyse target cells expressing the neo antigen in vivo.  

Therefore, tumour-bearing hosts are able to recognise and respond to tumour antigenic 

epitopes, but these responses do not hinder tumour growth.  This is supported by human 

studies showing the tumour-specific CD8+ T cells can be found in tumours. 
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The ongoing identification of tumour antigens has shown that multiple antigens have 

been identified for a range of tumours (Sect 1.1.5.2) e.g. those described for melanoma.  

Studies to date have generally focused on a single tumour antigen, or they have 

investigated the anti-tumour response to multiple targets using techniques which 

identify and quantify antigen specific T cells following exposure to antigen (ICS and 

ELISpot) (Valmori, Dutoit et al. 2003; Kern, LiPira et al. 2005)).  What is not known is 

how a tumour-bearing host responds to multiple co-expressed tumour antigenic 

epitopes.  It is possible that responses to multiple co-expressed epitopes may be 

influenced by micro-environmental conditions such as competition at the level of both 

the APC and the T cell, as well as antigen processing and presentation of each antigen 

by an APC that has phagocytosed, or nibbled a tumour cell.  Although these antigens 

represent individual molecules derived from a tumour cell, factors such as dominance 

hierarchy, peptide competition for binding to MHC molecules, the life span of the 

peptide-MHC complex as well as the digestion and cleavage of the antigen thereby 

exposing the antigenic epitope, will influence the ultimate in vivo CTL response to 

multiple tumour antigens (Sandberg, Grufman et al. 1998).  To further complicate this 

issue, in vitro or ex vivo analysis may not reflect the combined effect of in vivo factors 

which could be operating to limit the ability of these antigen specific T cells to respond 

to target cells.   

 

1.2.9 Immunodominance, competition and epitope spreading 

 

1.2.9.1 Immunodominance and Competition 

Protein antigens contain several potential CTL epitopes, however only a few generate a 

significant immune response in vivo; these epitopes are referred to as immunodominant 

(Sercarz, Lehmann et al. 1993; Johnston, Malacko et al. 1996), Yewdell and Bennick, 

1999).  A logical and economic justification for immunodominance would be a focused 

and efficient response against a pathogen (Nikolich-Zugich, Slifka et al. 2004).   

 

In some instances, the response to a single dominant peptide may be associated with a 

much weaker response to other epitopes (termed subdominant).  A cryptic epitope on 

the other hand has very little impact on the immune response and remains silent.  Latent 

cryptic epitopes have been described (Mitchison 1992; Sercarz, Lehmann et al. 1993) to 

which a response may be seen if a high dose of the determinant peptide is used.  
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Factors determining the immunodominance of a given peptide at the level of antigen 

processing include: 

• the rate of synthesis and degradation of the target antigen, 

• enzymatic degradation of determinants as a consequence of proteolytic activity 

degrading specific peptide bonds more frequently between some amino acids, 

• the quantity of specific epitope liberated by the processing apparatus,  

• the presence of other determinant sites in close proximity which may bind 

preferentially to MHC and result in the trimming away of the amino acid 

sequence of cryptic epitopes, 

• the affinity of the amino acid sequence binding to the MHC allele  

• the affinity of the amino acid sequence to the TCR,  

• the stability of the peptide-MHC complex (Yewdell and Bennink 1999; 

Nikolich-Zugich, Slifka et al. 2004; Sercarz, Lehmann et al. 1993). 

 

There is considerable variation between patients in the antigen specificity of the CD8+ T 

cell response to potential tumour antigens (Nagorsen, Scheibenbogen et al. 2003).  This 

may reflect the neoplastic nature of tumour cells, the frequency of the precursor T cell 

population, the antigen processing capacity or the MHC repertoire to present peptides 

from tumour antigens.  For example, in vitro characterisation of TILs from melanoma 

patients has shown that NY-ESO-1, Melan A/MART–1 and gp100 are the dominant 

antigens recognized, of which MART-1 appears to be the immunodominant antigen (it 

is also highly immunogenic in vitro) (Rosenberg 1997).  With the exception of NY-

ESO-1, all of the above antigens are expressed by normal cells. 

 

The MHC repertoire and number of antigen specific CTL precursors available at the 

time of antigen encounter also influence the immunodominance of a particular epitope 

(Sherritt et al.2000; reviewed in Schreiber, Wu et al. 2002).  Inhibition of the immune 

response to one or more determinants by simultaneous exposure to antigenic epitopes on 

the same or different molecules is referred to as antigenic competition.  This 

competition can be shown to be at the level of the APC as a result of physical exclusion 

or preferential binding of higher affinity T cells (Figure 1.7). 

 

A number of studies (reviewed in Kedl, Kappler et al. 2003) have investigated 

competition between low and high affinity T cell clones and demonstrated the ability of 
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higher affinity clones to out compete weaker ones for access to limiting antigen-MHC 

complexes on the APC surface.  This competition could be overcome if the number of 

DC’s presenting antigen was increased.  Kedl et al. (Kedl, Schaefer et al. 2002) have 

also demonstrated in vivo that TCR and CD28 molecules on T cells can mediate the 

removal of peptide/MHC complexes on APC limiting antigen availability and providing 

a further mechanism of competition  between T cell clones.  

 

In addition, studies have also shown that T cells responding to one antigenic epitope can 

interfere with T cells responding to another (Kedl, Rees et al. 2000).  This T cell 

competition may explain the inhibition of responses to subdominant epitopes by other 

‘stronger’, dominant T cells and may be particularly true for secondary T cell responses 

where higher affinity T cells have a competitive advantage for responding to antigen.  

Immunodominance of the high affinity T cell population (for the same peptide or a 

separate peptide on the same APC) could be overcome if the peptides were presented on 

separate DC populations or if the epitopes were presented on higher numbers of APC 

(Figure 1.7).  

 

Furthermore, a study of the CD8+ CTL response to high (LCMV NP 205–212, 

YTVKYPNL) and intermediate (OVA 55–62, KVVRFDKL) MHC binding affinity 

peptides has demonstrated that intermediate affinity peptides require a source of help to 

induce a significant CTL response (Franco, Tilly et al. 2000). 
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Figure 1.7  The effect of competition between T cells and the effect on the T cell response  

(Reproduced from Lanzavecchia 2002) 

 

In a secondary response, or vaccination/rechallenge protocol, there will be a pre-

existing CTL population, with an increased frequency of higher affinity precursor T 

cells to an immunodominant epitope compared to a naïve host.  In a multiple epitope 

rechallenge there may be competition for access to antigen on the DC depending on the 

distribution of the antigen, number of DC presenting the peptides and the affinity of the 

competing T cell clones  

 

Low precursor frequency (primary response) 

(a) T cells do not compete for access to DCs 
presenting conventional antigens  

 

High precursor frequency (secondary response) 

b) If two antigens are presented on different 
DCs, the responding T cells do not compete.  

 

c) If two antigens are presented on the same 
DC, antigen specific T cells compete to some 
extent. 

 

d) By extracting peptide-MHC complexes from 
DCs, high-affinity T cells can efficiently 
compete with low-affinity cells.  

 

e) Competition is alleviated by higher numbers 
of DCs.  

 

f) Other non-antigen-specific mechanisms of 
competition include DC killing or inactivation.  

Antigen = small dot on DC surface.  

Specific T cells are shown in the same colour. 
Out-competed cells are shown in a light color. 
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1.2.9.2 Superdominance 

The phenomenon of superdominance was demonstrated in a murine model in which 

responses to peptides were examined following immunization with a mixture of 

synthetic peptides that represented immunodominant peptides in their respective 

systems.  Unexpectedly, on rechallenge the CD8+ T cells response focussed on two of 

the 5 peptides (Sandberg, Grufman et al. 1998).  This hierarchy of dominance could be 

overcome if mice were treated with separate DC populations bearing individual 

peptides, or if mice were immunised with an excess of bone marrow derived DC.  

Thereby indicating that antigen bearing DC were a limiting component in competition 

between T cells (Kedl, Kappler et al. 2003).  Therefore dominance is not a static 

property; rather it describes the relative CTL response to two or more epitopes in a 

defined setting (Weidt, Utermohlen et al. 1998).  

 

Altogether, the observations described above suggest that the design of vaccination 

protocols which aim to enhance a CTL response to a broad range of tumour antigens 

needs to consider a complex range of factors that could affect the outcome of the host 

response to the tumour antigens (i.e. dominance patterns, numbers of APCs present, 

antigen processing, concentration of epitopes generated, affinity for MHC class I 

molecules and T cell affinity (or avidity) for the antigen/MHC complex).  Many of these 

factors have yet to be addressed in detail in tumour-bearing hosts.  In particular, one 

area that needs to be systematically studied is host responses to multiple tumour 

antigens in vivo, and to determine whether immunodominance and competition occur 

when multiple epitopes are co-expressed either as (i) high MHC class I binding affinity, 

dominant epitopes or (ii) when there is a range of epitopes with differing MHC class I 

binding affinities in association with a clear CTL hierarchy. 

 

These scenarios raise questions about the techniques used to qualitatively and 

quantitatively assess the functionality of antigen specific CD8+ CTLs in vivo to predict 

the outcome of the host response to tumour antigen/s both as a primary response and in 

vaccine protocols as described in Section 1.2.5.9.  In addition, it is difficult to make a 

definitive statement about the dominance (particularly subdominance and crypticity) of 

a peptide based on a single assay as minor changes in the method used may result in 

major variations in dominance as measured by the assay (Yewdell and Bennink 1999).   
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1.2.9.3 Epitope Spreading 

Epitope spreading describes the broadening or diversification of epitope specificity of 

an immune response from dominant to subdominant epitopes of foreign proteins (Ribas, 

Timmerman et al. 2003).  It is a process in which antigenic determinants distinct from, 

and non-cross reactive with an inducing determinant become additional targets of an 

ongoing immune response (Lehmann, Forsthuber et al. 1992; el-Shami, Tirosh et al. 

1999).  The spread of an antigen specific response to different epitopes on the same 

protein is referred to as intra-molecular epitope spreading and to epitopes on other 

proteins as intermolecular epitope spreading (reviewed in McCluskey, Farris et al. 1998; 

Steinman 1999; Sercarz 2000).  The sequential revealing of otherwise silent T cell 

antigens can lead to immunological destruction of tissue, for example the demyelinating 

autoimmune disease of multiple sclerosis in humans which is modelled in the murine 

system of experimental autoimmune encephalomyelitis (Tuohy, Yu et al. 1999).  In this 

disease the initial immune response is to an immunodominant epitope (driver clone) and 

its resulting cytolytic efficacy leads to an inflammatory cascade at the target tissue.  

Tissue debris is then cross-presented to APC which trigger the immunostimulatory 

presentation of previously subdominant or cryptic epitopes (Sercarz 2000).   

 

In animal studies of epitope spreading, particularly in autoimmune disease, the success 

of immune modulation could be attributed to the identification of the driver clone, 

however in human studies it is difficult to identify the point at which disease was 

initiated and the antigen which triggered the response (Steinman 2000). 

 

In a mouse model, pre-vaccination with the dominant OVA peptide SIINFEKL 

protected against viable tumour challenge of an OVA-expressing (EG7) thymoma cell 

line (EL4).  The majority of mice that survived the EG7 tumour challenge also remained 

tumour free following a challenge with the parental tumour line EL4 (mice that had not 

received the EG7 challenge did not survive the EL4 challenge) suggesting that EG7 

tumour challenge broadened the response to additional epitopes on the parental cell line 

(el-Shami, Tirosh et al. 1999). 

 

In patient studies, experimental data suggest that epitope specific CD8+ T cell targeted 

immunotherapy can lead to broad CD8+ and CD4+ T cell responses, which can be 

explained by cross-presentation in vivo and cross priming of T cells to determinants 

present in the tumour but not in the vaccine.  In a clinical trial described by Butterfield 
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et al. (Butterfield, Ribas et al. 2003), in which patients were given DC pulsed with a 

single peptide, one of the 18 patients in the trial exhibited a large tumour infiltrate and 

tumour regression. Epitope spreading could be demonstrated to an additional two 

peptides.  These peptides were not part of the vaccine preparation and were considered 

most likely to be a consequence of cross-presentation of epitopes revealed by tissue 

destruction. 

 

Analysis of clinical and/or immunological responders of several vaccine 

immunotherapy trials (including ovarian cancer and melanoma patients) in which 

patient responses were assessed for epitope spreading showed that of 7 clinical 

responder patients assessed, 6 patients displayed reactivity to intra- or intermolecular 

epitopes (determinant spreading) (Ribas, Timmerman et al. 2003).  In two cases a single 

tumour antigen epitope promoted intermolecular determinant spreading.  

 

In a further example also in a melanoma patient, MAGE (considered a cryptic 

melanoma epitope) reactive T cells were detected post but not pre-vaccination.  This 

was attributed to the loss of gp100 and PMEL 17 antigen specific CTL targeted in the 

vaccination (Lally, Mocellin et al. 2001).  The difficulty that exists in human studies of 

epitope spreading is the identification of the specificity of the initiating antigen. 

 

1.2.10 Immune surveillance 

In 1957 Sir McFarlane Burnet stated: “It is by no means inconceivable that small 

accumulations of tumour cells may develop and because of their possession of new 

antigenic potentialities provoke an effective immunological reaction with regression of 

the tumour and no clinical hint of its existence.”  This concept has come under 

considerable debate over time following epidemiological studies of tumour incidence in 

immunodeficient humans and mice.  The studies did not show the remarkable increases 

in tumour incidence which would have been expected in these groups if their 

immunosurveillance mechanisms were defective (reviewed in Pardoll 2003).  For 

example, tumour incidence in nude mice which have a severely depleted T cell 

repertoire is not significantly increased compared to normal mice (Stutman 1974).  

However, in this example it is important to note that nude mice have increased NK cell 

immunity (Pardoll 2003) which has also been shown to be important in the innate 

immune response and early detection of tumours.  
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Studies in other genetically modified mice deficient in components of immune function, 

such as IFN-γ and STAT-1 and in RAG knockout mice that are truly deficient in B and 

T cell production, have shown small increases in tumour incidence particularly in older 

mice (18–24 months) (Shankaran, Ikeda et al. 2001; Street, Hayakawa et al. 2004).  This  

coincides with a greater incidence of DNA replication errors and less efficient repair 

processes (Seluanov, Mittelman et al. 2004).  Tumours that developed in immuno-

compromised mice were more immunogenic than those that developed in wild type 

mice.  Furthermore, tumours taken from immuno-compromised (RAG-/-) mice and 

injected into wild-type mice were rejected (reviewed in Dunn, Bruce et al. 2002).   

 

Although the possibility of increased infection leading to tumourigenesis cannot be 

excluded in accounting for the observed increase in tumour incidence in immuno-

compromised mice the results suggest that various arms of the immune response play a 

critical role in keeping tumour development in check.  Studies using an IFN-γ 

insensitive parental tumour line which grew in immunocompetent mice demonstrated 

reduced or inhibited growth when transfected with key receptor subunits of the IFN-γ 

receptor.  This result suggested that IFN-γ is a critical component in the regulation of 

tumour cell immunogenicity (Shankaran, Ikeda et al. 2001). 

 

The term ‘immuno-editing’ (Shankaran, Ikeda et al. 2001; Dunn, Bruce et al. 2002) has 

been suggested as a more appropriate term to describe the immunosurveillance process 

proposed by Burnet.  Progressing tumours are edited or “sculpted by the actions of an 

intact immune system”, leaving tumour cells that are less immunogenic and more able 

to escape immune detection (Smyth, Cretney et al. 2004).  Alternatively, a corollary to 

the immune surveillance hypothesis is that progressing tumours in humans and animals 

are not eliminated because they have developed mechanisms of either immune escape or 

resistance (Pardoll 2003).  

 

1.2.11 Tumour escape mechanisms 

The immune system may play multiple roles in tumour initiation (microenvironment, 

tissue architecture, and inflammation), suppression (immunosurveillance and immuno-

editing), and finally progression (immuno-evasion).  Tumour progression is a 

consequence of tolerance which is used to describe all situations in which TCR 
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recognition and activation fail to stimulate a protective immune response.  Mechanisms 

that lead to immunological tolerance of tumours include (reviewed in Overwijk 2005; 

Redmond and Sherman 2005):  

1. Lack of high avidity tumour specific T cells   

Many of the tumour antigens identified are self antigens, over-expressed as a 

result of genetic changes leading to altered signalling and regulation pathways.  

Thymic selection and deletion of highly reactive T cells early in T cell 

development leads to tolerance of these self antigens.  However, the process of 

thymic deletion is not complete and T cells with a low or intermediate affinity 

for self antigens remain.  Some self reactive T cells also escape the thymus and 

reside in peripheral tissue.  These tolerised T cells have a relatively high 

activation threshold due to low or intermediate avidity for the MHC/antigen 

complex resulting in poor proliferation and effector function on antigenic 

stimulation (Touloukian, Leitner et al. 2003). 

 

2. Inefficient priming 

The two signal model for T cell activation requires engagement of the TCR by 

MHC-antigen complex followed by appropriate co-stimulation.  Lack of a 

second co-stimulatory signal leads to anergy, which is tolerance characterised by 

a long lived inability to respond to restimulation with the same MHC-antigen 

complex (Drake and Pardoll 2002).  

 

Tolerance to tissue-restricted self antigens may depend upon apoptotic cell death 

(occurring during development and normal cell turnover) followed by DC 

antigen presentation without associated co-stimulation (Banchereau and 

Steinman 1998).  In addition, many solid tumours lack co-stimulation signals 

required to effectively prime self tumour antigen reactive T cells (reviewed in 

(Yu and Restifo 2002; Antony, Piccirillo et al. 2005) thereby eliciting a 

tolerogenic response (Banchereau and Steinman 1998).  Many of these tolerised 

cells have impaired ability to proliferate and produce IL-2 along with weak 

effector function (Lyman, Nugent et al. 2005; Ohlen, Kalos et al. 2002).  

However, this does not prevent these cells from responding to in vitro antigen 

challenge.  Rechallenge experiments have shown that low avidity T cells can 

respond to antigen and differentiate into effector CTLs and memory T cells in an 

inflammatory setting (Cordaro, de Visser et al. 2002).  
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3. Functional inhibition of primed T cells 

Activated T cells are also controlled by the suppressive effects of regulatory T 

cells (Treg) particularly CD4+CD25+ T cells which have been found in human 

breast, ovarian and lung cancers and melanoma.  Treg can suppress IL-2 

production and T cell proliferation.  Experimental depletion of Treg cells in mice 

with tumours has improved immune-mediated tumour clearance and enhanced 

responses to immune-based therapy (Curiel, Coukos et al. 2004). 

 

4. Deletion of reactive T cells 

It has also been observed that high antigen dose or high avidity TCR ligation can 

attenuate the T cell response by depleting a portion of newly antigen activated T 

cells through apoptotic cell death.  The CD28 signal can down-regulate 

peripheral T cell responses by increasing apoptosis when TCR ligation exceeds a 

critical threshold (Yu, Martin et al. 2003; reviewed in Overwijk 2005). 

 

High avidity effector CTLs against a tumour antigen derived from proteinase 3 

that binds HLA-A2 as a leukaemia-associated CTL antigen have been described 

in chronic myelogenous leukaemia patients who responded to INF-α treatment.  

In contrast, only low avidity effector cells were identified in non responding 

patients, suggesting there has been deletion of high affinity T cells reactive to 

proteinase 3 in patients with progressing tumour (Molldrem, Lee et al. 2003). 

 

5. Production of inhibitory factors such as IL-10 and TGF-β 

Animal models suggest that IL-10 can induce NK-cell activation and facilitate 

target-cell destruction in a dose-dependent manner.  As such IL-10 secretion 

early in tumour growth favours the elimination of tumours by enhancing NK 

activity, restricting tumour growth and by limiting vascular development and 

metastasis.  Both IL-10 and TGF-β are known to be produced by a number of 

tumour cell lines (Gorelik and Flavell 2001; reviewed in Cook and Campbell 

1999).  For example TGF-β is produced by melanoma, neuroblastomas, 

myeloma and leukaemias, and IL-10 has been reported at the tumour site of a 

variety of human cancers, including melanoma, non-small cell lung carcinoma, 

renal cell carcinoma, and bladder cancer (Wang, Redovan et al. 1995; Halak, 

Maguire et al. 1999).  The immune suppressive properties of IL-10 and TGF-β 
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in  progressing tumours may be explained by the ability of these cytokines to 

inhibit APC function and to mediate direct anti-proliferative effects on T cells 

(Maloy and Powrie 2001; Smyth, Cretney et al. 2004).  They have also been 

implicated in the generation and function of Treg cells (reviewed in Vicari and 

Trinchieri 2004).  

 

6. Expression of Fas ligand  

Interaction between FasL on the tumour cell surface and the respective 

receptors, or the Fas molecule on T cells results in apoptosis of the effector cells.  

The expression of FasL or the production of a decoy molecule that also binds to 

Fas has been demonstrated in a number of malignancies and has been proposed 

as a mechanism involved in a diminished T cell anti-tumour response (Bremers 

and Parmiani 2000; reviewed in Cook and Campbell 1999; Smyth, Godfrey et 

al. 2001). 

 

1.2.11.1 Immune Evasion 

To this point the discussion of tumour progression in an immunocompetent host has 

focused on aspects of the host immune response that allows tumours to avoid immune 

recognition.  Equally important are the genetic or epigenetic alterations to the tumour 

(escape mechanisms) that also contribute to its continued growth and insensitivity to 

immunological detection and elimination through immune evasion.  

 

1.2.11.1.1 Down regulation of MHC class 1 

Loss, alteration or down regulation of MHC class I antigen surface expression on 

tumours leading to reduced tumour immunogenicity has been observed in a range of 

human tumours including melanoma, breast and prostrate cancer (reviewed in 

Schreiber, Wu et al. 2002; Seliger, Cabrera et al. 2002).  However, it is unlikely that 

loss or down regulation of MHC class I expression alone is sufficient to reduce the 

immunogenicity of a tumour, as cells lacking MHC class I expression are susceptible to 

the cytolytic effects of NK cells (Levitsky, Lazenby et al. 1994; reviewed in Khong and 

Restifo 2002).  

 

Lehmann et al. (Lehmann, Marchand et al. 1995) isolated two metastases from a single 

patient examined over an interval of several years and observed a loss of tumour antigen 

expression which was due to down regulation of MHC class 1 genes and may have been 
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the result of selective pressure of the anti-tumour immune response.  Importantly, there 

was selective down regulation of class I histocompatibility antigens HLA–A and HLA–

B, while HLA-C and E remained.  In this case HLA-C and E would act as inhibitory 

ligands for NK cells and may allow for escape from CTL detection.  

 

Loss of MHC class I antigen complex expression may occur as a result of a number of 

factors (Khong and Restifo 2002; Ruiz-Cabello, Cabrera et al. 2002) including:  

• defects in the tumour cell antigen processing machinery (for example 

low molecular weight protein 2 (LMP-2) or LMP-7 which are 

components of the proteosome involved in antigen processing)  

• alterations to components of the class I pathway for antigen presentation 

(i.e. down regulation TAP in the ER of the cell) 

• mutations or deletion of the β2m gene which will result in complete loss 

of MHC class  I  

• defects in transcriptional factors regulating the MHC class I gene. 

 

1.2.11.2 Antigen Drift or Loss 

Antigenic variation is an effective mechanism of evading or escaping immune 

destruction that has been seen in viruses, bacteria and parasites.  It is a likely response to 

immune selection (immune surveillance/immune editing; Shankaran, Ikeda et al. 2001) 

leading to outgrowth of less immunogenic variants of the parent population (Schreiber, 

Wu et al. 2002; Spiotto, Rowley et al. 2004).  

 

Altered tumour antigen expression also contributes to the failure of the host immune 

response to eliminate established or progressing tumours.  In two murine studies (a 

mastocytoma tumour model (P815) (Uyttenhove, Maryanski et al. 1983) and CMS5 

methylcholanthrene (MCA) induced fibrosarcoma tumour (Matsui, O'Mara et al. 2003)) 

variants with reduced immunogenicity and which no longer expressed antigens 

originally expressed on primary tumour cells were isolated from the tumour.  

 

Urban et al. (Urban, Kripke et al. 1986) describe a sequences of changes in a 

continuously growing tumour that allowed the tumour to initially develop resistance to 

the cytolytic effects of activated macrophages and subsequently resistance to antigen 

specific CTLs by sequential loss of tumour antigens targeted by the host response.  For 
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example, Melanoma tumour antigen MART-1 is detected in 100% of 1st stage 

melanoma cases and only 75% of stage IV lesions (Khong and Restifo 2002).  

 

The idea that tumours are shaped at the cellular level by ongoing selection of tumour 

variants would suggest that the changes along with inflammation associated with an 

ongoing immune response would not necessarily be seen macroscopically as major 

fluctuations in tumour size (Khong and Restifo 2002).   

 

1.2.11.3 Methylation of DNA 

Methylation of DNA sequences encoding the potential tumour associated antigens has 

been identified as a mechanism of preventing expression of the tumour antigen and 

repressing genes that function to prevent tumour growth (Strathdee and Brown 2002).  

Lengauer et al. (Lengauer, Kinzler et al. 1997) reported that colorectal cells transfected 

with viral DNA displayed variable expression of the DNA gene.  However, absence of 

expression was not due to alterations of the DNA sequence as expression could be 

restored by treatment with a demethylating agent.  

 

1.2.12 Immunotherapy treatments for cancer 

A fundamental difference between a tumour cell and the normal tissue from which it 

may have arisen is the genetic instability of the tumour and as a consequence the likely 

generation of new antigens during tumour progression.  The tumour antigens that are of 

greatest clinical significance are those that will provoke a response from the immune 

system and serve as targets for immune destruction.  Identification of tumour antigens in 

recent years and the subsequent understanding of how tumour antigens are processed 

and presented to the immune system have been milestones in the advancement of 

immunotherapy for the treatment of cancer.  Studies on immunotherapy for cancer have 

also benefited from investigations into chronic viral infections, which evade or 

manipulate the immune system in similar ways to tumour cells. 

 

Immunotherapies can be designed to deliver a systemic tumour specific response which 

deals with metastatic disease.  It is generally believed that the success of vaccine 

therapies relies on: 

• a competent immune system in which the T cell and APC populations are fully 

functional, 
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• a source of tumour antigen and an adjuvant that stimulates a T cell response 

targeted to the tumour (Davis, Jefford et al. 2003),   

• induction of a secondary response to tumour antigen/s and   

• the possibility of epitope spreading to additional tumour antigens.  

 

An extensive list of vaccination strategies trialled including whole cell lysates, DC 

pulsed with tumour lysates, allogenic tumour cells and peptide treatments has been 

listed by Moingeon (Moingeon 2001).  The success rate in vaccine trials is variable with 

an objective response rate of ~2.6%, and may be attributed to any number of factors 

including tumour burden and immunogenicity of the tumour (Rosenberg, Yang et al. 

2004).   

Rosenberg has proposed that for destruction of established tumours the immune cells 

need to: 

• be generated in sufficient number with highly avid recognition of tumour 

antigens in vivo, 

• be able to traffic to and infiltrate the tumour site and 

• remain activated at the tumour site to elicit effector function capable of causing 

tumour destruction. 

 

1.2.12.1 Adoptive Transfer of Antigen Specific T Cells 

Immunotherapy by adoptive transfer involves systemic administration of high numbers 

of tumour antigen-specific T cells which have been activated and expanded in vitro 

(Bremers and Parmiani 2000) in the absence of endogenous regulatory mechanisms.  

Isolation and expansion of multiple TILs derived from a single tumour showed 

considerable functional and phenotypic variation between T cell populations. This 

provided the opportunity to select a pool of antigen specific T cell clones for adoptive 

therapy (Dudley, Wunderlich et al. 2003).  The immune response to the tumours can be 

manipulated by selecting T cells that are highly reactive to antigens expressed by the 

tumour (i.e. high avidity reactive T cells that secrete high levels of IFN-γ).   

 

Evaluation of the potential effector function of T cells prepared for adoptive transfer 

relies on ex vivo methods such as ELISpot and/or intracellular cytokine staining 

discussed in Section 1.2.5.7.  However, while yielding an accurate view of the systemic 

immune response to a vaccine, this approach may not provide sufficient information 
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regarding target/host interactions at the site in which they are needed; i.e. in the tumour 

(Lee, Panelli et al. 1998).  

 

Studies have shown that administration of high numbers of mono-specific CD8+ cells 

(activated and expanded ex vivo) in a short period of time was required to achieve 

tumour regression in mice with large established tumours.  Adoptive transfer of 

suboptimal numbers of T cells lead to tumour regression followed by outgrowth of an 

antigen loss variant of the parental tumour (el-Shami, Tirosh et al. 1999; Dobrzanski, 

Reome et al. 2004).   

 

In addition, strategies may be required in vaccination protocols to overcome the 

inhibitory effects of regulatory cells present or factors produced by the tumour.  Early 

animal studies demonstrated that administration of in vitro expanded TIL along with IL-

2 could mediate the regression of established lung and liver metastases in a variety of 

animal models (reviewed in Rosenberg, Yang et al. 1998).  Furthermore, 

immunosuppression prior to adoptive transfer therapy of antigen specific T cells and IL-

2 resulted in tumour regression in 6 out of 13 melanoma patients (Dudley, Wunderlich 

et al. 2002).  Immunodepletion to remove CD4+CD25+ T cells (which have been shown 

to downregulate CTL activity) followed by adoptive transfer of CD4+CD25- T cells, 

CD8+ T cells and tumour antigen vaccination led to regression of established tumours in 

a murine melanoma model (Antony, Piccirillo et al. 2005). 

 

1.2.12.2 Vaccination Protocols – Enhancing Tumour Specific Lymphocytes 

Vaccination protocols aim to develop or enhance an endogenous immune response to 

tumour associated antigens using the rationale that these antigens will generate a strong 

immune response when presented under optimal conditions.  In many vaccination trials 

evidence of an immune response can be measured by DTH assays, serological and T 

cell responses.  However, despite detectable T cell activation and expansion in 

peripheral blood, a clear relationship between the peak T cell frequency in peripheral 

blood and clinical responses has not been conclusively demonstrated (Ribas, 

Timmerman et al. 2003).  

 

The continuing characterisation of tumour antigens has identified many tumours which 

co-express multiple tumour antigens (Section 1.1.5.2).  However, vaccination protocols 

using multiple tumour antigens such as whole tumour cells, lysates or admixed antigens 
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or peptides may need to overcome the effects of competition and/or immunodominance 

between antigens (see Section 1.2.9.).  These effects are more frequently observed in 

secondary responses, such as those generated after vaccination and therefore have the 

potential to alter the predicted immune response.  

 

Importantly, a broadened anti-tumour T cell response may promote the elimination of 

tumour antigen negative variants as demonstrated by el Shami et al. (el-Shami, Tirosh et 

al. 1999).  These are important considerations for preparing a tumour vaccine and 

potentially influence the make up of tumour vaccines.  Table 1.7 summarises the broad 

range of vaccination strategies that have been trialled (reviewed in Rosenberg 1997; 

Berzofsky, Terabe et al. 2004; Mocellin, Mandruzzato et al. 2004).  
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Table 1.7 Vaccination Strategies 
 

Vaccination Target Vaccine Problems/Advantages 

Polyvalent vaccines 

Whole tumour cells 
Tumour associated antigens 
including those unique to the 
patient 

Autologous tumour cells - irradiated 
In vitro grown tumour cells 

Disadvantage: Obtaining sufficient numbers 
of tumour cells to prepare the vaccine. 
Advantage: May be transfected to express 
additional immune modifiers i.e. IL-2, GM-
CSF, B7.1. 

Tumour lysate As above 
Enzymatically or mechanically lysed autologous 
tumour cells 
 

 

Shed antigens 

Tumour associated antigens 
released from HLA molecules 
on the tumour cell surface 
 

Surface material shed during in vitro culture 
Preparation will not contain irrelevant 
peptides or intracellular immunosuppressive 
factors 

Heat shock proteins 
(HSPs) 

Tumour antigens chaperoned 
by these intracellular proteins 

Isolated from autologous tumour vaccine 
preparations 

DC express a specific receptor for HSP 
which, on engagement, leads to DC 
maturation (Castellino, Boucher et al. 1999). 
 

Antigen defined vaccines 

Tumour antigens Carbohydrates glycoproteins or 
recombinant proteins 

Defined proteins produced by synthetic or 
recombinant  technology 

Overcomes the need to define the antigenic 
peptide sequence. 
 

Peptide based Tumour associated antigens 
Epitopes are easy to produce; the 
immunogenicity of peptides can be enhanced.  
Often requires the use of an adjuvant. 

Restricted to patients who express the 
appropriate HLA molecule. 
 

DC vaccines Tumour antigens/peptides Peptides presented following DC processing of 
tumour cells, lysates, proteins/peptides 

Advantage: DC are a potent APC following 
appropriate co-stimulation. 
Disadvantage: requires ex vivo culturing. 
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1.2.12.3 Cytokine Therapies 

The discovery of cytokines as activators and modulators of immune effector function 

has led to their clinical application in anti-tumour therapies.  Cytokines that generate ‘a 

danger signal’ (i.e. Type I IFNs, TNF, IL-1 and GM-CSF), or promote the 

differentiation and activation of APC and a T cell mediated immune response (i.e. IL-2, 

IL-12 and IL-15), or disrupt tumour vasculature (TNF-α and IFN-γ) have been trialled 

with some success (reviewed in Overwijk, Theoret et al. 2003; Smyth, Cretney et al. 

2004; Bremers and Parmiani 2000).   

 

IL-2 has been used extensively in clinical trials as an immunotherapeutic agent by virtue 

of its capacity to promote an immune response at both the innate and adaptive level.  In 

the innate response, IL-2 is involved in communication between DC and NK cells and 

primes NK cell effector function.  These cells act against tumour initiation, growth and 

metastasis through the perforin/granzyme pathway, the death-receptor pathway and the 

IFN-γ-mediated pathway (Fernandez, Lozier et al. 1999; Granucci, Zanoni et al. 2004).  

In the subsequent adaptive response, CD8+ T cells also make IL-2 to support an 

autocrine driven clonal expansion of CD8+ T cells following activation in the presence 

of co-stimulation.   

 

IL-2 effects are mediated through a heterotrimeric IL-2Rα/β/γ complex (IL-2R) or 

individual components of the receptor IL-2Rα (CD25), IL-2Rβ or IL-2Rγ.  The IL-2Rγ 

also forms part of the receptor to other cytokines including IL-4, IL-7, IL-9, and IL-15, 

(IL-2β is also shared by the IL-15 receptor) indicating that IL-2 may modulate an 

immune response by its influence on a number of effector molecules (Cheng, Ohlen et 

al. 2002). 

 

Equally IL-2 can exert a regulatory role in CD8+ T cell activation as it appears that 

CD8+ T cells lose the ability to produce IL-2 within a few days of activation and reach a 

state of activation induced non-responsiveness (AINR).  However, these cells retain 

their antigen specific effector function and proliferate in response to IL-2 (Cheng, Ohlen 

et al. 2002; Tham, Shrikant et al. 2002).   
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Figure 1.8  IL-2 is involved in the regulation of T cell effector function and fate 

(Modified from Lenardo, Chan et al. 1999; reviewed in Schluns and Lefrancois 2003) 

In an adaptive immune response, CD8+ T cells make IL-2 to support an autocrine driven clonal 

expansion of CD8+ T cells following activation in the presence of co-stimulation.  However, IL-

2 also has a key role in the late clonal-expansion phase by inducing T-cell death. 
 
 

IL-2 may also exert its regulatory effects indirectly by activating CD4+ helper T cells 

which in turn increase the overall lytic activity of antigen-specific CTLs during the 

effector phase of the immune response, while also increasing the death receptor FasL 

expression on CD4+ T cells leading to AICD (Waldmann, Dubois et al. 2001) (Figure 

1.8).  Importantly, apoptotic death of activated T cells as a result of prolonged use of IL-

2 has been reported as a potential disadvantage of it’s use as a therapeutic agent 

(Shrikant and Mescher 2002).  

 

Although early clinical studies which used IL-2 alone and in conjunction with tumour 

antigens showed promising results with adoptively transferred tumour antigen-specific 

CTLs trafficking to the tumour sites and causing tumour regression (Smyth, Godfrey et 

al. 2001) the overall the benefits of IL-2 therapies have been limited.  

 

More recent murine studies using the intra-tumoral (i.t.) route (Jackaman, Bundell et al. 

2003) of IL-2 administration have demonstrated tumour regression that was dependant 

on the presence of CD8+ T cells and limited by the stage of tumour progression.  

Characterisation of the CTL response to a single tumour antigen following i.t. IL-2 

therapy revealed enhanced CTL effector function.  In addition, studies incorporating 
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vaccination with an altered higher affinity peptide, cytokine treatment and adoptive 

therapy have been successful in eradicating established tumour in both mouse and 

human models (Overwijk, Theoret et al. 2003).   

 

This thesis will investigate the CTL response to co-expressed tumour antigenic epitopes 

following i.t. IL-2 therapy in two murine tumour models and investigate potential 

immunodominance and epitope spreading that may arise as a consequence of the 

enhanced CTL activity. 

 

1.3 Research Aims Of This thesis 

 

It is clear that tumours express many antigens and there is evidence that cancer patients 

can have an endogenous T cell response to multiple tumour antigenic epitopes.  

However, in many cases the patient's immune response is unable to eliminate tumour 

cells and the tumours continue to progress.  Furthermore, the use of immunotherapy 

protocols to enhance the host response to multiple target antigens has not led to greatly 

improved prognosis.  Yet, very little is known about interactions that may occur 

between the host immune response and a progressing tumour that expresses multiple 

antigenic epitopes.  This lack of knowledge makes it difficult to sensibly design 

immune-based anti-cancer regimens.  One factor that has hindered such studies is the 

lack of suitable models and the use of ‘real time’ in vivo analysis techniques that dissect 

out host anti-tumour immune responses to multiple antigenic epitopes expressed by 

progressing tumours.  

 

Therefore, studies in this thesis investigated the host response to multiple antigenic 

epitopes co-expressed by two murine tumour models and the role of immunodominance 

(of these antigenic epitopes) during (i) tumour progression and (ii) tumour regression 

after immunotherapeutic intervention.  

 

Two models were generated to investigate the in vivo effector function of the 

endogenous T cell response to neo “tumour antigens”.  Lewis Lung carcinoma cells 

were transfected with cDNA coding for the well characterised whole OVA protein 

(LLsOVA) which has an established dominance hierarchy of epitopes for the MHC 

class 1 Kb allele (Lipford, Hoffman et al. 1993).  The second Lewis Lung carcinoma 
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model co-expressed 10 dominant MHC class I peptides (LLpoly).  Both models were 

used to monitor any altered responses to multiple tumour antigenic epitopes that may 

occur during normal tumour growth versus immune-based anti-cancer therapies.  

 

The principle hypothesis of this thesis is that: a tumour bearing host will generate an 

immune response to only one or a few of the multiple antigenic epitopes expressed by 

the tumour. 

Investigation of this hypothesis requires an understanding of: 

• the antigenic epitopes expressed on a developing tumour 

• interactions between the tumour and the host immune system  

• antigen presentation in vivo. 

 

The specific aims of the thesis are: 

1.  To characterise the endogenous in vivo CTL responses to: 

i. co-expressed dominant, high affinity tumour antigenic epitopes 

ii. weaker (low affinity) tumour antigenic epitopes  

during tumour progression and treatment with two different immunotherapeutic 

regimens (i.e. use of a cytokine (IL-2) or peptide vaccination). 

 

2.  To determine whether pre-existing tumour antigenic epitope specific T cells limit the 

anti-tumour immune response. 

 

3.  To determine if an immune response to tumour antigenic epitopes has the potential to 

sculpt tumours and permit the survival and outgrowth of antigen loss variants. 
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Chapter Two 

2 MATERIALS AND METHODS 
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2.1 Mice 

C57BL/6 (H-2b) and nude Balb/c mice (nu/nu) (specific pathogen free, female, 4 to 8 

weeks old) were obtained from the Animal Resource Centre (Murdoch, Western 

Australia) and maintained under standard specific pathogen free housing conditions in 

the QEII Medical Centre, Animal Care Facility.  Predominantly, female mice aged 

between 6 and 12 weeks of age were used.  

 

The TCR transgenic mouse line, OT-1 (expressing a TCR recognising the dominant H-

2Kb restricted OVA epitope: SIINFEKL) was obtained from Dr W Heath (The Walter 

Eliza Hall Institute, Melbourne, Victoria, Australia), and Dr F Carbone (University of 

Melbourne, Melbourne, Victoria, Australia) (Hogquist, Jameson et al. 1994; Kurts, 

Heath et al. 1996).  A colony of OT-1 transgenic mice was maintained by the Animal 

Resource Centre. 

 

Fluorescence-activated cell sorter (FACS) analysis of triple immunofluorescently 

labelled lymphocytes from OT-1 mice confirmed that approximately 85% of CD8+ cell 

expressed the Vα2+/Vβ5+ TCR phenotype. 

 

All mice were maintained on rat and mouse cubes which were guaranteed to be 

ovalbumin free (Glen Forrest Stock Feeders, Glen Forrest, Western Australia). 

 

Mice were anaesthetised using CO2 or methoxyfluorane (Medical Developments 

Australia, Springvale, Australia) and then sacrificed by cervical dislocation.  

 

2.2 Cell Lines 

The murine Lewis lung (LL) carcinoma cell line, LL2  (CRL-1642) and thymoma cell 

lines, EL4 (TIB-39) and EG7 (CRL-2113), used in this study were obtained from the 

American Type Culture Centre (ATCC, Manassas, VA, USA).  LL arose spontaneously 

in C57BL mice as a highly tumourigenic tumour (Bertram and Janik 1980).  EG7 which 

is a derivative of EL4 yields secreted OVA and has been described previously (Moore, 

Carbone et al. 1988). 
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Cell lines were routinely screened for Mycoplasma and Mouse Hepatitis Virus 

contamination and were consistently found negative.   

 

2.3 Cell Culture And Maintenance. 

Cell lines were maintained in RPMI medium supplemented with 10% foetal calf serum 

(FCS; both supplied by Gibco, Invitrogen, Grand Island, NY), 60 μg/ml penicillin 

(CSL, Melbourne, Australia), 48 μg/ml gentamicin (Pharmacia, Bentley, Australia), 

0.02M N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES; Sigma-Aldrich, 

St. Louis, MO) and 5 x 10-5 M 2-mercaptoethanol (Merck, West Point, PA) pH 7.2 and 

is referred to as complete media (CM).  Transfected cell lines were maintained in CM 

supplemented with 400 μg/L of the neomycin analogue G418 (Geneticin, Gibco).  

Flasks were incubated in a humidified, 5% CO2 atmosphere at 37°C.  Adherent cell 

cultures were passaged when 70 - 80% confluent, usually 3 – 4 days.  

 

2.4 Trypsinising Cells 

To passage adherent cell lines, supernatant was removed, the cell monolayer washed in 

phosphate buffered saline (PBS; Sigma-Aldrich) and detached from the flasks using 1 

ml of trypsin-versene solution (0.03% trypsin, 0.007% versene, CSL) in PBS at room 

temperature (RT).  Trypsin-versene was inactivated with 10 mls of 2% FCS in PBS.  

After centrifugation (275g for 7 minutes), cell pellets were resuspended in fresh media.  

Adherent and non-adherent cultures were generally reseeded at 10% of their original 

density.  

 

2.5 Cell Counts  

Known volumes of cell suspension and 0.2% trypan blue solution (Sigma-Aldrich,) 

were mixed thoroughly and the dilution factor noted.  Ten μl of this suspension was 

transferred to a haemocytometer and viable (unstained) cells were counted within the 

central 1 mm square.  Cell concentration was determined using the formula: 

Cells/ml = Number of cells counted x 104 x dilution factor. 
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2.6 Single Cell Suspensions 

Single cell suspensions of in vitro cultured adherent tumour cell lines were obtained by 

trypsinising tumour cells as described in 2.4.  Single cell suspensions of the spleens, 

lymph nodes (LN) and tumours harvested from mice were obtained by gently mashing 

these organs between 2 frosted glass slides in a small volume of PBS.  Tissue 

homogenates were transferred to 15 ml conical tubes (BD Falcon, Becton Dickinson, 

CA, USA).  The cellular debris was then allowed to settle and supernatants were 

transferred to a fresh tube before being centrifuged (275g for 7 minutes) and finally 

resuspended in PBS/2% FCS or CM as appropriate. 

 

Removal of red blood cells from the single cell suspension was achieved by incubating 

cells with 5 mls of red blood cell (RBC) lysis buffer (0.017 M Tris, (Sigma-Aldrich), 

0.83% NH4Cl pH 7.2; (BDH Chemicals Ltd., Poole, UK.)) for five minutes followed by 

one wash in PBS with an FCS underlay.   

 

2.7 Tumour Challenge And Protection Experiments 

Single cell suspensions of in vitro cultured adherent tumour cell lines grown to 

approximately 70% confluence were prepared by treatment with typsin-versene as 

described in Section 2.4.  The cells were washed twice in PBS and finally resuspended 

in PBS or 0.9% normal saline at the required concentration.  

 

Mice were injected subcutaneously (s.c.) on the right flank (using a 26 gauge needle) 

with 100 μl of cell suspension at a concentration of 5 x 106 viable cells/ml unless 

otherwise stated (greater than 80% cell viability was required for tumour inoculation). 

 

The immunogenicity of selected tumour cell lines was determined by injecting mice s.c. 

with 0.85 – 1 x 106 irradiated tumour cells (with a total dose of 20,000 rad (QEII 

Medical Centre, Radiotherapy Unit)) in 100 μl of PBS.  Fourteen to 24 days later, a 

secondary s.c. challenge with viable tumour cells (5 x 105 cells per mouse in 100μl of 

PBS) was given in the same flank. 

 

Tumour growth was monitored and tumour width and breadth measured with micro-

callipers at progressive time points. Tumour size is expressed as the product of these 

two diameters (mm2).  Mice were euthanized when the tumour became ulcerated or 
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reached the maximum allowable size of 100 mm2 (a requirement of The University of 

Western Australia Animal Ethics Committee; AEC), unless prior permission was 

obtained to allow the tumours to exceed the prescribed size. 

 

2.8  Transfection  

The DNA encoding the secreted form of OVA (sOVA) placed under the control of the 

CMV promoter in the mammalian expression plasmid pCI (kindly donated by Dr 

Andrew Lew, Walter and Eliza Hall Institute, Australia) has been described previously 

(Boyle, Koniaras et al. 1997).  The polyepitope DNA encoding 10 minimal MHC class I 

epitopes (kindly provided by Dr Andreas Suhrbier, QIMR, Queensland, Australia) was 

inserted into the pEF-Bos plasmid under the control of the human EF-1α chromosomal 

promoter gene (Nishimura, Morita et al. 1990) as described in the Appendix .  

 

LL was co-transfected with the polyepitope DNA in the pEFBos plasmid (or sOVA 

DNA in the pCI plasmid) and the plasmid for selection of neomycin resistant tumour 

cells using FuGENETM 6 Transfection Reagent (Boehringer Mannheim, Indianapolis, 

IN).  The neomycin selection allowed co-transfected cells to be cloned to the exclusion 

of parental cell line. 

 

LL was seeded at 2 - 3 x 105 cells/well in 6 well plates (Falcon) in CM 24 hours prior to 

the transfection. 

 

At the time of transfection 6 μl of FuGENETM 6 was mixed with 100 μl of RPMI per 

well and incubated for 5 minutes.  Two μg of both the polyepitope (or sOVA) and the 

neomycin selection plasmid DNA were added to the FuGENETM 6 mix and allowed to 

stand with gentle mixing for a further 15 minutes at RT.  The FuGENETM 6/DNA 

preparation was then added drop-wise to the LL seeded wells.  After overnight 

incubation the media was replaced with CM containing 400 μg/L of the neomycin 

analogue G418.  Viable colonies could be seen approximately 14 days after transfection. 

 

2.9  Cloning 

To achieve a clonal tumour cell line, neomycin resistant polyepitope or sOVA 

expressing LL cells were cloned 3 and 4 times respectively by limiting dilution.  For 
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each cloning, transfected LL cells were detached from flasks or 6 well plates using 

trypsin-versene, collected in CM, centrifuged at 275g for 7 minutes and resuspended to 

a final cell count of 100, 10, 1 and 0.1 cells per well in a volume of 200 μl in 96 well 

microtitre plates (Falcon).  After each cloning, wells were monitored for the presence of 

single colonies.  These colonies were removed from wells using sterile swab sticks or 

by trysin-versene and expanded into 6 well plates.  Cell cultures were further expanded 

into 75cm2 flasks while kept under selection pressure in CM supplemented with G418. 

 

2.10 Screening Polyepitope And sOVA Transfected Clones 

LLsOVA clones were initially screened by OVA specific enzyme linked 

immunoabsorbent assay (ELISA) to detect secreted OVA in culture supernatants 

(Section 2.24).  Expanded LLpoly and LLsOVA colonies were also screened by 51Cr 

release in vitro CTL assay using SIINFEKL specific TCR transgenic OT-1 splenocytes 

as CTL effectors.  OT-1 splenocytes were incubated for 5 days with normal C57BL/6 

mouse splenocytes pulsed with the SIINFEKL peptide at 5 μg/ml for 90 minutes at 

37°C, and irradiated with 2100 rad.  Lysis of transfected tumour cells by OT-I cells 

indicate that the polyepitope and sOVA had been successfully transfected into tumour 

cells, and that one of the epitopes (SIINFEKL) had been processed, complexed with 

MHC Kb class I molecules and transported to the tumour cell surface for presentation to 

specific T cells.   

 

2.11 Peptides 

The dominant peptide OVA257-264 SIINFEKL, subdominant peptides OVA55-62 

KVVRFDKL and OVA176-183 NAIVFKGL and the cryptic peptide OVA11-18  

CFDVFKEL as well as two of the polyepitope peptides Sendai virus nucleoprotein 

(324-332) FAPGNYPAL and Adenovirus 5 E1A (234-243) SGPSNTPPEI were 

manufactured by the Centre for Cell and Molecular Biology (University of Western 

Australia, Perth) at a purity of >89%.  ASNENMDAM was manufactured by Auspep 

(Parkerville Victoria) at a purity of >95%.   

 

Elliot et al. (Elliott, Pye et al. 1999) demonstrated by HPLC that ASNENMDAM 

prepared in an adjuvant (M720) underwent physical changes when stored for 7 days at 

37°C; however an in vitro CTL response to ASNENMDAM could be demonstrated 
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when the peptide was prepared in RPMI.  Consequently ASNENMDAM has been 

prepared in RPMI for all experiments described in this thesis. 

 

2.12 Peptide Vaccination Of Mice 

Peptides resuspended in PBS or RPMI (for NAIVFKGL or ASNENMDAM) were 

mixed with an equal volume of Freunds Adjuvant-Incomplete (IFA; Sigma-Aldrich) and 

prepared as an emulsion by sonication or passing the mixture between two syringes 

until a stable emulsion was formed.  Mice were injected with 100μl of emulsion/site in 

2 sites at the base of the tail.  

 

2.13 DNA Vaccination 

Polyepitope DNA incorporated into the pEFBOS plasmid that had been prepared as 

described in the Appendix was diluted in 0.9% w/v saline (Baxter, Australia) to 

vaccinate mice with 100 μg of polyepitope DNA/mouse intravenously (i.v.) into the tail 

vein.  

2.14 Antigen Presentation  

T cell proliferation following antigen presentation and activation can be monitored in 

cells that have been labelled with an intracellular fluorescent label carboxyfluorescein 

succinimidyl ester (CFSE; Molecular Probes, Eugene, Oregon) which is divided equally 

between daughter cells upon cell division.  The resulting stable fluorescence is 

measured by FACS. 

 

CFSE labelling was performed as previously described (Lyons and Parish 1994). Briefly 

LN cells from OT-1 mice were prepared as a single cell preparation in CM at a cell 

concentration of 1.5 x 107 cells/ml and incubated in 2.5 μM CFSE for 10 minutes at RT.  

Cells were washed 3 times in CM with an FCS underlay, followed by 2 washes in PBS 

and finally resuspended in PBS; 107 cells were injected i.v. into recipient mice.  CFSE 

labelled CD8+ cells were recovered (3 days after adoptive transfer) from the draining 

LN (DLN), non-draining LN, spleen and tumour.  Approximately 2000 CFSE+/CD8+ 

lymphocytes were collected for analysis of CFSE labelled T cells. 
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2.15 In Vitro 51Cr Release CTL Assay 

Effector cells were prepared from the spleens of either OT-I TCR mice (used to screen 

polyepitope transfected clones), or pooled experimental groups of C57BL/6 non-

transgenic mice. Splenocytes from an equal number of C57BL/6 mice were washed and 

resuspended in CM with 5 μg/ml of peptide for 90 minutes at 37°C.  The cells were 

irradiated with 2100 rad and mixed at a 1:1 ratio with washed splenocytes taken from 

OT-1 or experimental mice and incubated for 5 – 7 days in 75 cm2 flasks (Falcon) in 30 

mls of CM per flask at 37°C with 5% CO2 in a humid environment. 

 

Target cells which included sOVA or polyepitope transfected LL tumour clones, EG7, 

or EL4 cells pulsed with 10μg/ml of peptide were labelled with 100µCi of sodium 

chromate (51Cr; Amersham Health PLC, North Ryde, NSW, Australia) for 90min then 

washed with PBS + 2% FCS through an FCS underlay four times before use. 

 

Expanded effector splenocytes were purified over a Ficoll-Paque Plus gradient 

(Amersham Biosciences, UK) and washed 3 times with PBS through an FCS underlay.  

Effector cells were added to target cells at varying effector/target ratios ranging from 

100:1 (1 x 106 effector cells to 104 target cells) to 0.8:1, in a 200μl volume in U well 

microtitre trays (Falcon) and incubated at 37oC for 4h.  Following the incubation period, 

the microtitre plates were centrifuged for 10mins at 425g, 50μl of each supernatant was 

harvested onto Unifilter 96 well plates (Perkins Elmer, Boston, MA, USA), and 51Cr 

release determined (Packard Topcount, Zurich, Switzerland).  The mean of duplicate 

spontaneous and maximum lysis samples was calculated and the percentage of specific 
51Cr release/well determined as follows: 

 

Percentage of              (experimental 51Cr release – control 51Cr release)            

specific lysis               (maximum 51Cr release – control 51Cr release) 

 

Experimental 51Cr release represented counts from target cells mixed with effector cells, 

control 51Cr release represented counts from targets incubated with medium alone 

(spontaneous release), and maximum 51Cr release represents counts from targets 

exposed to 5% triton X-100.  
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2.16 In Vivo CTL Assay  

Targets cells for in vivo evaluation of CTL were prepared as described by Oehen and 

Brduscha-Riem (Oehen and Brduscha-Riem 1998).  LN and spleens collected from 

C57BL/6 mice (2 normal mice were used for every 3 test mice) were prepared as single 

cell suspensions.  Spleens were treated with RBC lysis buffer for 5 minutes at RT and 

washed in PBS through an FCS underlay.  Spleen and LN cells were pooled, washed 

and divided into six equal populations. Four of the populations were pulsed with 5 

μg/ml of one of each of the polyepitope or sOVA peptides, a fifth and sixth population 

(reference peak) were not pulsed with peptide and all groups were incubated at 37°C for 

90 minutes, washed with PBS and counted.  Each group was resuspended at 1.3 x 107 

cells/ml in RPMI and differentially labelled with CFSE for 10 minutes at RT in the 

dark.  SIINFEKL and FAPGNYPAL (or SIINFEKL and KVVRFDKL) pulsed targets 

were labelled with CFSE at 2.5μM final concentration (high intensity).  SGPSNTPPEI 

and ASNENMDAM (or NAIVFKGL and CFDVFKEL) pulsed target cells were 

labelled with 0.025μM CFSE (low intensity). The uncoated target cells were labelled 

with a medium intensity of CFSE at 0.25 μM final concentration.  Labelled cells were 

washed 3 times in CM with an FCS underlay and twice in PBS alone.  Targets cells 

labelled with SIINFEKL and SGPNTPPEI (or SIINFEKL and NAIVFKGL) were 

combined with uncoated targets in equal proportions and 107 cells of each population in 

a final volume of 200μl of PBS were i.v. injected through the tail vein of recipient mice.  

Similarly FAPGNYPAL and ASNENMDAM (or KVVRFDKL alone or with 

CFDVFKEL) coated targets were pooled with uncoated target cells and injected into a 

second group of mice. 

 

Specific in vivo cytotoxicity was determined by collecting the DLN, non-draining LN 

and spleens from recipient mice a minimum of 15 hours after adoptive transfer.  The 

organs were prepared as single cell suspensions in PBS with 2% FCS (Section 2.6) and 

the number of cells in each CFSE labelled target cell population determined by flow 

cytometry.  Approximately 2,000 reference (Ref) CFSE labelled targets were collected 

for analysis. The percentage of peptide coated compared to uncoated reference targets 

remaining was calculated to obtain a numerical value of cytotoxicity for each peptide.  

To normalize data allowing inter-experimental comparisons, ratios were calculated 

between the percentage of peptide coated targets in transfected tumour bearing mice, 
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compared to the targets remaining in control parental tumour bearing mice or untreated 

mice.  

 

2.17 FACS Analysis And Phenotyping 

LN, spleen and tumour cells were stained for two colour FACS analysis using  anti-CD8 

monoclonal antibody (mAb) conjugated to phycoerythrin (PE) (clone 53 – 6.7; 

Pharmingen, San Diego, CA) or Tri-colour conjugated rat anti-mouse CD8a mAb 

(Caltag Laboratories, Burlingame, CA.).  Lymphocytes were gated on forward and side 

scatter for FACS analysis. 

 

Approx 1 x 106 tumour cells prepared as single cell suspensions were incubated for 30 

minutes on ice with primary antibodies against: mouse MHC class I (H-2Kb/Db) 

(biotinylated: Pharmingen), mouse MHC class II (TIB 120 from Professor P. Holt, 

Institute of Child Health Research, Perth, Australia)), mouse B7.1 or B7.2 (Pharmingen;  

Clones G10 and GL1 respectively) or mAb against SIINFEKL – MHC class I complex 

(Clone 25-D1.16; Porgador, Yewdell et al. 1997) in PBS/2% FCS.  Cell preparations 

were sequentially labelled with secondary biotinylated sheep anti–rat Ig (Jackson 

ImmunoResearch Labs, West Grove, PA, USA) or anti-mouse IgG (Amersham, Life 

Sciences, UK) and streptavidin/PE (Pharmingen).  Cells were washed with PBS 

supplemented with 2% FCS between labelling steps.  Control groups were labelled with 

isotype control antibodies.  In order to exclude non viable cells from the FACS analysis 

propidium iodide (PI; Sigma-Aldrich; at final concentration of approx 50 μg/ml) was 

added to cell suspensions labelled with 25-D1.16 mAb just prior to FACS analysis.  

Analysis was performed on a FACScan (Becton Dickinson, Mountain View, CA) using 

CellQuest software.   

 

2.18 Intra-Tumoural Injection Of IL-2  

C57BL/6 mice which had received 5 x 105 tumour cells s.c were given intra-tumoural 

(i.t.) IL-2 therapy (Jackaman, Bundell et al. 2003) when the majority of mice in the 

group had palpable tumours. Recombinant human IL-2 (hu rIL-2: Cetus Corporation, 

Emeryville, CA) was diluted in PBS to a final concentration of 0.2 mg/ml (equivalent to 

50,000 U; 1U = 0.4 ng/ml)) and 100 μl injected via a 26 gauge needle directly into 

tumours (i.t.).  This was performed three times per week.  Control mice were injected 
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with 100 μl of PBS.  If tumours were not palpable at the start of treatment the IL-2 was 

administered at the approximate site of tumour injection.  

 

2.19 Peptide Rechallenge 

Pooled or single sOVA or polyepitope peptides were prepared as 1 mg/ml solutions in 

PBS or RPMI and injected at 4 sites around the tumour (50 μl/site; 200μg 

peptide/mouse) or at the site of tumour injection in C57BL/6 mice which had previously 

received 5 x 105 tumour cells s.c.  Control mice were injected in the same manner with 

PBS or RPMI alone.  Peptide therapy was commenced when the majority of mice in the 

group had palpable tumours and tumour growth monitored until tumours had reached 

the maximum allowable size or tumour was not palpable in responding mice.   

 

2.20 Tetramer Staining 

Quantitative analysis of peptide specific CD8+ T cells was measured using SIINFEKL 

bound MHC class I tetramers (Burrows, Kienzle et al. 2000).  Tumours and DLN were 

collected from tumour inoculated mice at day 15 or 22/23 of tumour growth and 

prepared as single cell suspensions.  Approximately 106 cells were incubated in 0.5 

μg/ml Fc blocking reagent CD16/32 (Caltag Laboratories) for 30 minutes on ice, 

washed and resuspended in 50 μl of SIINFEKL-β2m-tetramer-PE (kindly provided by 

A Brooks, or the NIAID Tetramer Core Facility, Atlanta, GA) and finally labelled for 

30 minutes at RT with Tricolour labelled rat anti-mouse CD8a mAb.  Cell suspensions, 

antibody and tetramer dilutions were all prepared in PBS supplemented with 0.1% 

bovine serum albumin (BSA; Sigma-Aldrich) and 0.02%NaN3 (Sigma-Aldrich).  

Antibodies and tetramers dilutions were optimised by titration using OT-1 LN single 

cell suspensions which was also used as a positive control.  

 

Tetramer staining was also performed on samples collected from mice used in the in 

vivo CTL analysis.  Cells were resuspended in PBS supplemented with 0.1% BSA and 

0.02%NaN3 and stained by the method described above.  For FACS analysis, the 

endogenous lymphocyte population was selected by gating on forward and side scatter 

and excluding CFSE+ cells. 
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2.21 Intracellular Staining   

Single cell preparations of LN or splenocytes (approx 1 x 106) were cultured in CM 

supplemented with 2 μg/ml human (hu) rIL-2 and 10 μg/ml Brefeldin A (Sigma- 

Aldrich) in the presence or absence of 1 μg/ml of peptide as described (Belz, Stevenson 

et al. 2000).  Following a 5 hour incubation, cultured cells were centrifuged and 

resuspended in 1 μg/ml anti-mouse CD16/32 (to prevent non-specific Fc binding), 

washed and stained with anti-CD8-Tri-Colour (Pharmingen), washed again, and fixed in 

1% formaldehyde.  Washes were done between staining steps with PBS supplemented 

with 2% FCS.  The fixed cells were resuspended and permeabilised in PBS 

supplemented with 0.5% Saponin (Sigma- Aldrich) for staining with anti-IFNγ-PE 

(Pharmingen).  Cells were analysed by FACS using forward and side scatter to select 

the lymphocyte population.  In each assay, the % without peptide was subtracted from 

the % CD8+IFN-γ+with peptide to give the % of CD8+T cells responding to peptide 

restimulation.  Data is expressed as the percent of CD8+ lymphocytes that are CD8+IFN-

γ+.   

 

2.22 Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) 

RNA was isolated from ex vivo tumour tissue and in vitro cultured tumour cells using 

the Ultraspec RNA Isolation System (Fisher Biotec, Australia).  Briefly, 1 ml of 

Ultraspec was added to 5 x 105 – 1 x 106 cells and passed through a pipette several 

times, alternatively tumour tissue was homogenised using a hand held 1.5 ml Pellet 

Pestle Tissue Grinder (Quantum Scientific Pty Ltd, Australia).  Following a 5 minute 

incubation on ice, 200 μl of chloroform was added to the cell preparation, shaken 

vigorously for 15 seconds and then held on ice for a further 5 minutes.  The lower 

organic phases and upper aqueous phase were separated by centrifugation for 15 minute 

at 12,000g at 4°C and the upper phase carefully removed. RNA in the aqueous phase 

was precipitated with an equal volume of isopropanol while standing on ice for 10 

minutess and then collected by centrifugation at 12,000g for 10 minutess at 4oC, washed 

twice with 75% ethanol and resuspended in water.  The RNA concentration was 

calculated by spectrophotometric analysis and its purity determined by the ratio 

A260/A280.  

 

cDNA was prepared from 2μg of RNA using the Qiagen Omniscript Reverse 

Transcriptase kit (Qiagen, GmbH, Germany) with Oligo(dt) 15 primer (Promega, 
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Madison, USA) in a final volume of 20 μl.  The reverse transcriptase reaction was 

incubated sequentially at 37°C for 1 hour and 93°C for 5 minutes followed by rapid 

cooling on ice. 

 

The polymerase chain reaction (PCR) to measure both the polyepitope and sOVA was 

carried out in a final volume of 25 μl using the Quantitech TM SYBR® Green Kit 

(Qiagen) and performed on a Biorad Icycler Real Time PCR machine (Biorad, Hercules, 

CA).  For sOVA a 174 base pair (bp) amplicon was generated using the nucleotide 

primers (5’ – 3’) AAG GAT GAA GAC ACA CAA GCAA and CAG GCA ACA GCA 

CCA ACA (Geneworks, Australia).  A second amplicon of 443 bp (OVA 448f and 

OVA 931r) was used in the early OVA PCR experiments (Nelson, Mukherjee et al. 

2001). For the polyepitope a 228bp amplicon was generated using the nucleotide 

primers (5’ – 3’) GGA TCC CCA CCA TGT CTA GA and GGC GCT TGG GAT GTA 

GCT CA (Life Technologies, Victoria, Australia).  The cDNA was co-amplified with 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) using nucleotide primers (5’ – 

3’) CGG AAG GGG CGG AGA TGA TGA and GAA GGT CGG TGT GAA CGG 

ATT (Geneworks) to yield a 362 bp amplicon.  

 

Two μl of a 1/10 dilution of the cDNA (prepared as described above) was used per 

reaction along with 0.5μl of each primer and 0.25 μl of fluorescein dye (Biorad).  The 

polyepitope PCR was run with a 15 minute hot start at 95°C followed by 40 cycles each 

with 30 s steps at 95°C, 52°C and 72°C followed by a melt curve stepping down by 

0.5°C from 99°C to 65°C.  The OVA PCR was run with a 15 minute hot start at 95°C 

followed by 40 cycles each with 30 s steps at 95°C, 64°C and 72°C, a 10 minute 

extension step at 72°C followed by a melt curve stepping down by 0.5°C from 99°C to 

70°C.  PCR products were visualised on a 1.5% agarose gel (Ameresco, Solon, Ohio) 

run at 75V and containing 2μl/120ml of a 10mg/ml Ethidium Bromide (EtBr) solution 

(Sigma- Aldrich).  A 100bp or 1kb ladder was also run on each gel to confirm the size 

of the PCR product.  

 

Real time PCR values were initially standardised by determining the difference between 

the threshold cycle (CT) of the polyepitope or sOVA gene and the CT for the reference 

gene (GAPDH) followed by subtraction of the calibrator ΔCT (LLpoly, LLsOVA or 1.3 
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grown in CM supplemented with G418) and expressed as -ΔΔCT (relative 

expression)(Livak and Schmittgen 2001; Huggett, Dheda et al. 2005). 

 

2.23 Tumour Lysates 

Excised tumours were prepared as single cell suspensions as described in Section 2.6 

and following centrifugation the pellet was resuspended in 1 ml PBS/100 mm2 of 

tumour area determined from tumour size at the time of sacrifice.  Tumour cell 

suspensions were snap frozen in liquid nitrogen and stored at -20°C until required.  

Thawed samples were centrifuged to remove tissue debris prior to analysis by ELISA. 
 

2.24 OVA Detection  

OVA levels were determined by a capture ELISA (van Halteren, van der Cammen et al. 

1997). Microtiter plates (96-well flexible assay plate, Falcon) were coated overnight 

with 2 µg/ml anti-OVA antibody (Cappel-Organon Technica, Durham, NC) in 0.1M 

H2PO4 buffer (pH 8.2) at 4°C.  Plates were washed in PBS, blocked with PBS and 1% 

BSA (Sigma-Aldrich) for 1 hr at 37°C and washed thoroughly with PBS supplemented 

with 0.05% polyoxyethylene (20) sorbitan monolaurate (Tween 20; Sigma-Aldrich) 

(PBS/Tween;).  Cell culture supernatants and tumour lysates were tested neat or diluted 

in PBS supplemented with 0.05% Tween 20 and 1% BSA (PBS/Tween/BSA).  OVA 

(chicken OVA fraction V; Sigma-Aldrich) was used to prepare a standard curve (250 

ng/ml – 1 ng/ml).  Standards, blanks and test samples were added to test wells in a 

volume of 100μl and incubated overnight at 4°C or for 2hrs at 37°C.  This was followed 

by sequential incubations at 37°C for 1hr each of rabbit anti-OVA (2 µg/ml; Harlan 

Sera-Lab, Loughborough, England), anti-rabbit immunoglobulins conjugated to horse 

radish peroxidase (HRP; DakoCytomation, Glostrup, Denmark) both prepared in  

PBS/Tween/BSA and finally the horse radish peroxidase (HRP) substrate 2,2'-azino-bis-

3-ethylbenzthiazoline-6-sulfonic acid (ABTS; Sigma-Aldrich) containing 0.03% 

hydrogen peroxide for 10mins.  Plates were washed thoroughly with PBS/Tween 

between incubations.  Quantification of OVA was determined by a Spectromax 250 

spectrophotometer at  405nm, using a 4 parameter curve fit with Softmax Pro, version 

2.2.1, software (both Molecular Devices, Sunnyvale, CA).  
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2.25 OVA Antibody Detection (Qualitative assessment) 

Microtitre plate wells (Falcon) were coated with OVA Fraction V (Sigma-Aldrich) in 

PBS (10 μg/ml) and incubated overnight at 4°C.  Following washing in PBS and 

blocking for 1 hour at 37°C with PBS and 1% BSA, serum samples diluted in 

PBS/Tween/BSA were incubated in test wells for 2hrs at 37°C and sequential 

incubations at 37°C for 1 hour with biotinylated anti-mouse Ig (Amersham Life 

Science, UK) (2.5 μg/ml), streptavidin horseradish peroxidase (SA/HRP) 

(DakoCytomation Denmark) and HRP substrate ABTS with 0.03% hydrogen peroxide. 

Wells were washed thoroughly between incubations with PBS/Tween.  A reference 

control mouse anti-OVA serum collected from mice 14 days after vaccination with 200 

μg of OVA emulsified in IFA was included in each assay to monitor assay performance.  

Plates were read on a Spectromax Spectrophotometer at 405 nm using Softmax Pro 

(version 2.2.1) software. 
 

2.26 Immunohistochemistry 

Frozen sections (5 μm) of tumour were prepared (with the assistance of Ms I. Van 

Bruggen) from tissue embedded in the freezing medium (O.T.C. compound; Sakura 

Tissue-Tek, IMEB), fixed in cold absolute alcohol, washed and endogenous peroxidase 

activity blocked using 1% hydrogen peroxide.  Endogenous avidin and biotin activity 

was blocked using an Avidin Biotin blocking kit (Vector Laboratories Inc., Burlingame, 

CA, USA).  Primary antibodies directed against murine CD4+ and CD8+ T cells (clones 

MT310 and MT25 respectively; Pharmingen, San Diego, CA, USA), MHC class II 

molecules (TIB-120), macrophages (F4/80; McKnight, Macfarlane et al. 1996; kindly 

supplied by Dr. A. McWilliam, University of Western Australia, Perth, Australia), and 

CD11c (N418; expressed on dendritic cells; Metlay, Witmer-Pack et al. 1990; 

Pharmingen) were applied for 75 minutes at RT, and sequentially linked to the 

secondary biotinylated antibody, sheep anti-rat Ig (Jackson ImmunoResearch Labs, 

West Grove, PA, USA) and SA/HRP (DakoCytomation).  Slides were washed with 

three changes of PBS between each staining step.  Staining was visualized by 

precipitating 3,3 diaminobenzidine (DAB; Sigma-Aldrich) and haematoxylin 

counterstaining.  Sections were mounted in Immunomount (Shandon, Pittsburgh, PA, 

USA).   
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2.27 Statistical analysis 

Data is expressed as the mean ± the standard error (SE). Statistically significant 

differences were evaluated by the Student’s t test, one or two way ANOVA using 

GraphPad PRISM (San Diego, CA) software.  Differences were considered significant 

when the p value was less than 0.05. 
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3.1 Introduction 

 

Studies in the 1930s showed that tumours could be antigenic (Gorer 1937; Gross 1943).  

In these experiments, vaccination with tumours protected mice against the same 

tumours.  However, skin graphs from mice in which the tumour used as a vaccine were 

generated did not protect against tumour challenge in recipient mice suggesting the 

presence of tumour-specific antigens (reviewed in Jaffee and Pardoll 1996).   

  

The identification of tumour antigens became the foundation for a range of 

immunotherapy-based treatment strategies.  The hypothesis for these therapies is that 

following immune recognition of tumour antigens, CTLs capable of destroying tumour 

cells are generated, leading to tumour regression.  However, the results of clinical trials 

have been disappointing and this thesis proposes that it is because the tumour-bearing 

host already has an immunological relationship with a progressing tumour.  This 

relationship is likely to be complex and includes the generation of CTL responses to 

multiple antigenic epitopes co-expressed by the tumour. 

 

3.1.1 Developing experimental models to investigate the immune response to 

multiple neo tumour antigenic epitopes  

Systematic studies examining the kinetics of T cell responses to human cancers cannot 

be easily undertaken and analyses have generally been restricted to tumour antigen-

specific lymphocytes in peripheral blood, tumour samples and/or lymph nodes excised 

from patients.  Furthermore, effector function of antigen-specific T cells is usually 

determined ex vivo following antigenic restimulation using methods such as ELISpot 

and ICS. 

 

In contrast, using murine models, evaluation of the host response to progressing 

tumours with or without immunotherapies is more controlled.  Furthermore, in 

transplantable subcutaneous models, tumour size and survival can be readily monitored.  

Importantly, it is possible to follow the effects a progressing tumour has on the host 

immune system, and responses in specific compartments such as tumour DLN and 

contralateral LN, spleen and tumour can be thoroughly examined.   
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In the absence of known tumour antigens, tumour cells can be transfected with well 

characterized antigens and the antigen-specific T cell response serially assessed in 

genetically identical animals (Jaffee and Pardoll 1996).  In addition, TCR transgenic 

mice provide a powerful tool to assess epitope-specific immune responses, particularly 

in vivo tumour antigen presentation.  These murine models provide a starting point from 

which we can extrapolate to the human situation (Mestas and Hughes 2004).  

 

The ultimate aim of this thesis is to understand how the tumour-bearing host responds to 

tumours that express multiple antigenic epitopes.  These antigenic epitopes can be 

dominant epitopes and/or subdominant epitopes co-expressed by a developing tumour.  

Two tumour models using the transplantable Lewis Lung Carcinoma tumour model 

were established to achieve this aim.  

 

In the first model (referred to as LLsOVA) LL secretes the OVA protein.  The OVA 

protein consists of a number of class I-restricted antigenic epitopes that bind to MHC 

class I (Kb) molecules.  SIINFEKL (OVA 257-264) is recognized as dominant, whilst 

KVVRFDKL (OVA 57–62) and NAIVFKGL (OVA 176-183) have been described as 

subdominant (Chen, Khilko et al. 1994) and CFDVFKEL as cryptic epitopes (Lipford, 

Hoffman et al. 1993).  Hence, the LLsOVA model will be used to assess endogenous 

immune responses to multiple tumour antigenic epitopes with differing (hierarchical) 

affinities to Kb.  

 

The second model (LLpoly) will be used to investigate the immune response to multiple 

co-dominant epitopes.  In this model, LL is transfected to express a polyepitope (kindly 

provided by Dr Andreas Suhrbier, QIMR, Queensland, Australia) encoded within the 

pEF-BOS plasmid.  The polyepitope is an artificial polyepitope protein containing 10 

contiguous minimal CTL epitopes, which are restricted to 5 MHC alleles and derived 

from five viruses, a parasite and ovalbumin (Thompson et al, 1996).  Table 1 describes 

the epitopes recognised by MHC class I H2-Kb and H2-Db expressed by C57BL/6 mice.  

All of the epitopes defined in the polyepitope are known to be dominant epitopes in 

their original context. 
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Table 3.1  CTL epitopes comprising the polyepitope which are recognised by the Kb/Db 

MHC allele C57BL/6 mice 

 

Source Sequence 
MHC Class I 

Restriction 

Influenza nucleoprotein (366-

374)  
ASNENMDAM H2-Db 

Adenovirus 5 E1A (234-243) SGPSNTPPEI H2-Db 

OVA 257-264 SIINFEKL H2-Kb 

Sendai virus nuclear protein 

(324 – 332) 
FAPGNYPAL H2-Kb 

 

In summary, this chapter describes the development of the 2 murine tumour models that 

will used throughout this thesis. 
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3.2 Results 

 

3.2.1 Developing and characterising the tumour models   

The LLpoly tumour model was generated from the parental tumour line LL transfected 

with the polyepitope encoded within the pEF-Bos expression vector.  The LLsOVA 

tumour model was generated by transfecting LL with the OVA cDNA fragment under 

the control of the CMV promoter in the pCI expression vector that yielded the naturally 

secreted OVA (Boyle, Koniaras et al. 1997).  FuGENETM 6 Transfection Reagent was 

used to generate the transfectants as described in Materials and Methods Section 2.8.  

Potential tumour lines were cloned by limiting dilution 3 and 4 times for LLpoly and 

LLsOVA respectively.  

 

3.2.2 Polyepitope and sOVA genes are expressed in LL transfected cell lines 

SIINFEKL is the common epitope in the sOVA and polyepitope models, and hence 

selected clones were assayed as targets in an in vitro CTL assay that used activated 

SIINFEKL-specific CD8+ CTLs from OT-1 mice as effector cells (Figure 3.1A and B).  

An example is shown in Figure 3.1A using polyepitope transfected LL clones as targets.  

In this experiment Clone 11 was particularly susceptible to lysis by OVA-specific 

CTLs.  After intensive screening, the clones chosen for the purposes of this thesis were 

all readily lysed by OT-I cells as shown in Figure 3.1B; the clones are referred to as 

LLsOVA and LLpoly.  These data confirm that SIINFEKL is transported to the cell 

surface in MHC class I molecules to levels that render the tumour cells recognizable by 

CTLs.  Hence, LLsOVA and LLpoly have the capacity to be lysed in vivo by antigen-

specific CTLs.   
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Figure 3.1  Screening transfected tumour cells for lysis by SIINFEKL-specific CTLs 
 

The parental LL cell line was transfected with cDNA coding for secreted OVA (LLsOVA) or 

the polyepitope (LLpoly).  A. Expanded LLpoly colonies selected from each round of limited 

dilution cloning were screened using primed SIINFEKL-specific effector T cells from OT-1 

mice in a 51Cr release in vitro CTL assay.  B. Selected tumour cell clones for both LLpoly and 

LLsOVA were further screened by in vitro CTL assay. The graphs represent the percent of 

targets lysed with increasing effector:target ratio.  LL and LL pulsed with SIINFEKL were 

included in the assay as negative and positive controls respectively.  

 

3.2.3 OVA secreted by LLsOVA 

To determine the level of tumour antigen generated by LLsOVA, supernatants removed 

from in vitro cultured LLsOVA cells that had been plated at 1x105 cells/ml and left for 

24hrs were tested by ELISA.  LLsOVA produced 0.28 pg OVA/cell in 24 hours.   
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3.2.4 sOVA and polyepitope constructs can be detected by PCR  

Transcription of RNA coding for either sOVA or the polyepitope in transfected cell 

lines was confirmed by RT-PCR.  A titration of cDNA prepared from 5 x 105 and 1 x 

106 tumour cells of selected LLpoly and LLsOVA tumour cell lines respectively showed 

that PCR product could be visualised after a 1:105 dilution (Figure 3.2A).  

 

In addition, RT-PCR of cDNA prepared from 10 fold decreasing numbers of transfected 

cells mixed with 1 x 106 LL parental cells showed that at a ratio of 1:10,000 (transfected 

: parental tumour cells), both LLpoly and LLsOVA transfected cells could be detected 

by RT-PCR as shown in Figure 3.2B. 

 

In summary, both LLpoly and LLsOVA transfected tumour cells were detectable by 

RT-PCR even when they represented a minimum of 0.01% of a heterogenous tumour 

cell population.  

 

3.2.5 MHC Class I & II and co-stimulatory molecule expression on tumour cell 

lines 

Expression of MHC class I, MHC class II and the co-stimulatory markers B7.1 and 

B7.2 on tumour cells will affect the tumours’ ability to directly present antigenic  

epitopes to T cells such that T cell proliferation and effector function are activated.  

Therefore, tumour cell lines were analysed by FACS to measure expression of the above 

markers.  Each of the cell lines, including parental LL expressed moderate levels of 

MHC class I and no detectable class II.  B7.1 was not detected on LL, however, low 

levels were seen on LLpoly.  In contrast, LLsOVA expressed high B7.1 levels (Figure 

3.3). 
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Figure 3.2  Polyepitope and sOVA cDNA can be detected in transfected cell lines by RT-

PCR 

Specific PCR product could be demonstrated for both cell lines using OVA and polyepitope 

specific primers.  GAPDH primers were included as controls. A.  PCR of 10 fold serial dilutions 

of cDNA from the reverse transcriptase reaction of 2 μl of RNA prepared from 5 x 105 LLpoly 

and 1 x 106 LLsOVA tumour cells was performed to determine the minimum level of 

polyepitope cDNA detectable by RT-PCR.  B. RT-PCR was performed on RNA extracted from 

ten fold increasing numbers of LLpoly or LLsOVA tumour cells added to 106 LL tumour cells.  

RT-PCR was carried out according the method described in the Section. 2.22. 

 



 93

Isotype
Control 
(Mouse IgG1)

MHC Class I

Isotype
Control 
(Mouse IgG2a)

MHC Class II

B7.1

B7.2

Ev
en

ts

LL                    LLpoly           LLsOVA
Isotype
Control 
(Mouse IgG1)

MHC Class I

Isotype
Control 
(Mouse IgG2a)

MHC Class II

B7.1

B7.2

Ev
en

ts

LL                    LLpoly           LLsOVA

 
Figure 3.3  Expression of MHC Class I and II and co-stimulation markers B7.1 and B7.2 

In vitro cultured LL, LLsOVA and LLpoly tumour cells were analysed for surface expression of 

MHC class I, MHC class II, B7.1 and B7.2.  The relevant isotype controls were included.  In 

these experiments non viable cells were excluded using PI.  FACS profiles for each cell line and 

marker are presented.  Representative data is from one of two experiments.  

 

 

3.2.6 MHC Class I bound SIINFEKL was detectable in LLpoly tumour cells  

The monoclonal antibody 25-D1.16, which binds specifically to H2-Kb-SIINFEKL 

peptide complexes (Porgador, Yewdell et al. 1997) provides a further indication of the 

level of SIINFEKL presented in MHC class 1 molecules on the tumour cell surface.  

FACS analysis of in vitro cultured LLsOVA, LLpoly and LL showed detectable levels 
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of SIINFEKL-MHC on LLpoly tumour cells.  However, there was no obvious staining 

for LLsOVA tumour cells (Figure 3.4).   
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Figure 3.4  Cell surface expression of MHC Class I -SIINFEKL complex  

In vitro cultured tumour cells were sequentially labelled with a monoclonal antibody directed 

against SIINFEKL bound to MHC class I (25-D1.16), biotinylated anti-mouse Ig antibody and 

SA/PE for FACS analysis to determine expression of SIINFEKL-MHC class I.  Non-viable 

cells were excluded using PI.  FACS profiles represent the fluorescence intensity of cells stained 

with the isotype control (mouse IgG1)      and overlayed with the profile for SIINFEKL-MHC 

class I mAb fluorescence intensity  for each of the tumour lines.  The change in percent of 

cells is indicated for each tumour line. 

 

3.2.7 Transfected tumour clones grow in syngeneic mice  

The polyepitope and sOVA tumour clones most efficiently lysed by OT-1 SIINFEKL 

specific CTLs (shown in Figure 3.1B) were also assessed for their capacity to grow in 

normal C57BL/6 mice following subcutaneous injection of tumour cells into the lower 

flank (Figures 3.5A and 3.5B).  Mean tumour incidence at day 22 for LL and LLsOVA 

was 97 ± 1.6% and 95 ± 2.4% respectively, whilst LLpoly tumours progressed in 80 ± 

4.8% of mice at the same time point (Figure 3.5B).  Both LLsOVA and LLpoly grew at 

a slightly slower rate than the parental LL cell line (Figure 3.5A).  
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Figure 3.5  LLsOVA and LLpoly grow in C57BL/6 mice 

5 x 105 viable LL, LLpoly or LLsOVA tumour cells were s.c inoculated into naïve C57BL/6 

mice and their tumour growth rates monitored.  A. The growth kinetics of LLpoly and LLsOVA 

were slower than the parental line LL.  B. All LL and LLsOVA inoculated mice developed 

tumours.  Twenty percent of LLpoly injected mice did not develop tumours.  
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Figure 3.6  Vaccination with irradiated tumour cells offers protection to mice if the 

tumour cell expresses multiple dominant antigenic epitopes 

Mice were given 106 irradiated (20,000 rads) tumour cells s.c. in PBS and rechallenged with 5 x 

105 viable tumour cells 12 – 24 days later (LL = 12days (n = 5), LLsOVA = 18 days (n = 5) and 

LLpoly = 24 days (n = 8)).  Control mice received only the challenge inoculation of 5 x 105 

viable tumour cells (LL n = 9, LLpoly n = 3 and LLsOVA n = 5).  Tumour incidence and mean 

tumour area were measured.  Graphs represent mean tumour size in tumour bearing mice.  

 

3.2.8 LLpoly vaccination protects against tumour challenge 

The data described above suggests that these cell lines may differ in their capacity to 

generate a host immune response to the tumour.  To assess the immunogenicity of the 

cell lines, mice were vaccinated with irradiated tumour cells and challenged 14 to 24 

days later with viable tumour cells.  Figure 3.6 shows that 80% of mice vaccinated with 

LL do not generate a protective response; however 40% of mice given LLsOVA were 
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protected from a viable LLsOVA rechallenge.  In contrast, mice vaccinated with LLpoly 

offered complete protection against subsequent challenge with LLpoly.   

 

3.2.9 Characterization of immune cell types present in the tumour 

An effective immune response requires host immune cells to traffic to and from the 

tumour site.  Immunohistochemistry on alcohol fixed frozen sections of Day 19 LL, 

LLpoly and LLsOVA tumours was used to identify tumour-infiltrating DC (CD11c), 

macrophages (F4/80), B cells (B220), CD4+ and CD8+ T cells (Figure 3.7).  

 

Low numbers of CD4+, CD8+ and B220+ cells were sparsely scattered through each of 

the tumours, while DC and macrophages were readily observed particularly on the outer 

rim of the tumour.  FACS analysis of tumours prepared as single cell suspensions and 

fluorochrome labelled, approximates 0.6 ± 0.1%, 1.7 ± 0.4% and 2.8 ± 0.7% of cells in 

LL, LLsOVA and LLpoly tumours respectively are CD8+ at day 15 and 0.5 ± 0.2%, 0.8 

± 0.1% and 2.7 ± 2.1% respectively at day 21 of tumour progression (Figure 3.8).  

These results indicate that the proportion of CD8+ cells remains at a similar level or 

decreases with tumour progression.  
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Figure 3.7  Infiltrating immune cells are identified within the tumour microenvironment 

Fixed frozen tumour sections mounted in OCT were prepared from tumours removed at day 19 

of LL, LLsOVA and LLpoly tumour growth.  Sections were stained by immunohistochemistry 

as described in Section 2.26 to detect tumour infiltrating DC (CD11c), macrophages (F4/80), B 

cells (B220) and T cells expressing CD4 or CD8.  Isotype controls for the antibodies were also 

included. 
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Figure 3.8  CD8+ lymphocytes are detected in tumours 

A. Representative FACS profiles of tumours prepared as single cell suspensions and stained 

with anti-CD8 tricolour (Materials and Methods Sections 2.6 and 2.17)  B. Mean percent of 

CD8+ T cells in the tumour mass determined by FACS analysis of single cell suspensions 

prepared from tumours taken at day 15 and 22 or 23 post tumour inoculation. 

 

3.2.10 OVA specific antibody production in tumour treated mice 

Serum samples collected at the time of sacrifice of mice inoculated with LLsOVA and 

LL tumour cells were screened by ELISA to assess the anti-OVA antibody response 

during tumour progression.  To ensure that each of the main antibody classes would be 

measured an anti-mouse Ig antibody was used.  Antibody levels were compared to 

background levels measured in naïve C57BL/6 mice and in mice inoculated with LL 

tumour cells.  A reference serum collected from mice 14 days after s/c injection of 200 

μg of OVA in IFA was included on each plate for inter-assay comparisons and as a 

positive control (Figure 3. 9).  
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In LLsOVA tumour bearing mice, OVA antibody levels were seldom above the 

background levels measured for LL and normal mice.  Figure 3.9 includes serum 

collected from mice sacrificed at day 24 of tumour progression.   
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Figure 3.9  Anti-OVA antibodies were not detected in the serum of LLsOVA-bearing mice 

Serum collected from LLsOVA tumour bearing mice were serially diluted and assayed by 

ELISA (Materials and Methods 2.24) to detect anti-OVA specific antibodies. Serum from LL 

tumour bearing mice and naïve C57BL/6 were include as controls to determine background 

antibody levels.  All samples were run in duplicate on a single ELISA plate to eliminate inter-

experimental variation.  The plots are indicative of the variation in antibody response in naïve, 

parental and LLsOVA tumour bearing mice.  A positive control serum from OVA/IFA 

vaccinated mice was included in the assay.   

  

3.3 Discussion 

Tumour epitope-specific CTLs can be isolated from cancer patients and their specificity 

determined by in vitro assays, however there is a paucity of information about the 

kinetics and effector function of these CTL in vivo.  Often these studies focused on 

responses to a single epitope despite clear evidence that tumours express many epitopes 

at any one time.  Importantly, there is little information about immune responses to co-

expressed, multiple tumour epitopes; this is true for co-expressed immunodominant 

epitopes, as well as for co-expressed epitopes with differing affinities for MHC class I 

molecules (i.e. weaker epitopes that are described as subdominant).  As human studies 
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of tumour-specific CTL effector function are (necessarily) limited to in vitro analyses 

(Kern, LiPira et al. 2005) this thesis established two murine models of lung carcinoma 

(LL) to evaluate the effector function of CTLs generated in response to multiple neo-

antigenic epitopes in tumour-bearing mice. To do this LL was transfected with the 

chosen neo tumour antigens OVA and polyepitope.  Expression of the two constructs 

was readily detected by RT-PCR even when the transfectants represented 0.01% of a 

heterogeneous tumour cell population.  

 

The first model generated in this study expresses a secreted neo tumour antigen 

(LLsOVA) and may be considered similar to prostate specific antigen (PSA) in prostrate 

cancer (Gurova, Roklin et al. 2002) and Alpha Feto-protein (AFP) in hepatic 

carcinomas (Butterfield, Koh et al. 1999).  The second model expresses a string of 

multiple dominant epitopes (a polyepitope; LLpoly) and may represent tumour antigens 

of viral origins (such as the E6 and E7 antigens from papilloma virus in cervical cancer; 

(Chen, Mizuno et al. 1992; Thornburg, Boczkowski et al. 2000) which are known to be 

immunogenic.  Importantly, the second model examines the ‘best case’ scenario in 

which a tumour should be readily recognized by the immune system. 

 

3.3.1 LLpoly expresses a relatively high level of SIINFEKL  

The common epitope in both models is SIINFEKL as it is the dominant epitope in the 

LLsOVA model and a co-dominant epitope in the LLpoly model.  Hence, where 

relevant, SIINFEKL has been used as the ‘readout’ epitope.  A monoclonal antibody 

directed against the MHC class I-SIINFEKL complex (Porgador, Yewdell et al. 1997) 

showed that the level of SIINFEKL/MHC expression was higher on LLpoly tumour 

cells than on the sOVA transfected tumour line.  This result is consistent with the 

relative levels of lysis measured for LLpoly and LLsOVA by in vitro CTL using 

SIINFEKL-specific effector cells taken from OT-1 mice.   

 

FACS analysis showed similar levels of MHC class I Kb/Db expression on the cell 

surface of the parental and transfected tumour cell lines.  Interestingly, surface 

expression of the co-stimulation marker B7.1 was detected on LLsOVA tumour cells 

suggesting that LLsOVA could directly present MHC class I epitopes derived from 

tumour antigens to T cells and provide the necessary co-stimulation to induce T cell 
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activation.  There was a weaker level of B7.1 expression on the LLpoly tumour cell line.  

None of the tumour cell lines expressed detectable levels of MHC class II.  

 

3.3.2 Transfected tumours grow in C57BL/6 mice 

In vivo growth rate and tumour incidence were monitored in syngeneic C57BL/6 mice.  

Both the sOVA and polyepitope expressing tumour cell lines grew at a slower rate than 

the parental line (20% of LLpoly bearing mice did not develop tumour) suggesting that 

an immune response to the neo tumour antigens had been generated, but that this 

immune response was generally unable to prevent tumour growth.  Both tumours 

reached maximum allowable tumour size (stipulated by the UWA AEC) at 

approximately day 28 of tumour growth.  The in vivo tumour growth curves also 

indicate that LLpoly tumour progression is retarded relative to LLsOVA suggesting that 

LLpoly is more immunogenic and its growth is initially limited by a more potent 

immune response.  Vaccination studies using irradiated tumour cells support this 

observation and show that LLpoly is protective against a viable tumour challenge in 

100% of mice, while LLsOVA vaccination only protected 40% of mice rechallenged.  

This data is also consistent with the susceptibility of the tumour cells to be lysed as 

targets and the level of SIINFEKL-MHC complex expressed on the cell surface.   

 

3.3.3 Infiltrating APCs and lymphocytes are detected in the transfected tumours 

Immunohistochemistry on tumour sections show the presence of professional APC (DC, 

macrophage and B cells), along with CD8+ T cells in the tumour microenvironment, 

albeit in relatively small numbers.  These results also show that APC reach the tumour 

offering the potential for antigen uptake and cross-presentation of tumour antigens to 

naïve T cells when they traffic to the DLN.  It has recently been shown in two different 

murine models, that tumour-associated antigens are continuously presented in sentinel 

lymph nodes as tumours progress, and that even when a potent, endogenous, CTL 

response is generated to the immunodominant epitope of a single tumour antigen, the 

effect on tumour growth is minimal (Marzo, Lake et al. 1999; Nelson, Mukherjee et al. 

2001).   

 

The poor antibody response assayed by ELISA late in tumour development despite the 

presence of B cells in the tumour sections suggests that a B cell mediated response is 

not a major contributing factor in the immune response to the LLsOVA tumour (Preiss, 
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Kammertoens et al. 2005).  This is consistent with the observation that anti-tumour 

responses are predominantly T lymphocyte mediated (Curcio, Di Carlo et al. 2003).   

 

3.3.4 Summary 

In summary, this chapter describes the establishment of the two tumour models that will 

be used to investigate the in vivo effector CTL response to defined multiple co-

expressed antigenic epitopes on growing tumours.   These tumour cells lines express the 

common epitope, SIINFEKL, in MHC class I molecules on the cell surface and are 

readily lysed by SIINFEKL specific CTLs.  Furthermore, APC and CD8+ lymphocytes 

infiltrate progressing tumours and may contribute to the slower growth of the 

transfected tumour lines (compared to the parental LL cell line).   
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4.1 Introduction 

 

4.1.1 Tumour antigens and immunodominance 

There are only a few studies examining CTL responses to multiple tumour antigens 

despite clear evidence that a wide range of carcinomas co-express multiple tumour-

specific antigenic proteins (e.g. MAGE, BAGE and GAGE in melanoma tumours) 

(Mashino, Sadanaga et al. 2001; Van den Eynde and van der Bruggen 1997; Renkvist, 

Castelli et al. 2001).  Each of these antigens may consist of numerous class I-restricted 

epitopes (e.g. 8 HLA-A2 specific epitopes have been isolated from the gp100 human 

melanoma antigen; (Van den Eynde and van der Bruggen 1997; Wang and Rosenberg 

1999; Kawakami, Eliyahu et al. 1995 and Section 1.1.5.2).  However, only a few 

epitopes are likely to generate a significant immune response in vivo; these epitopes are 

referred to as immunodominant (Johnston, Malacko et al. 1996), whilst weaker and 

silent epitopes are termed subdominant and cryptic respectively (Section 1.2.9).  This is 

a systematic in vivo study of hierarchical responses to multiple tumour antigenic 

epitopes.   

 

4.1.2 Immunotherapies that target multiple tumour antigens 

Despite a lack of understanding of immune responses to multiple co-expressed tumour 

antigens during tumour progression many studies have already used tumour antigens (or 

peptides) as a therapeutic vaccine.  A variety of approaches have been used including 

multiple peptides, as well as live or lysed tumour cells.  The aim of these therapies was 

to induce tumour-specific CD8+ CTLs that destroy solid tumours.  CTL responses to 

these tumour antigenic epitopes could be generated, but they were often weak and 

ineffective (Jaeger, Bernhard et al. 1996; Reinhard, Marten et al. 2002).  Overall, results 

have generally been disappointing and in some cases tumour growth was accelerated 

(Toes, Offringa et al. 1996).  

 

The use of tumour lysates should (theoretically) expose the host to a broad array of 

tumour antigens including dominant, subdominant, or even cryptic epitopes.  However, 

responses to vaccination with tumour lysates have also been inconsequential (Section 

1.2.12).  It is possible that vaccinating patients with a large number of antigens to which 
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an immune response is already present may not broaden the CTL response.  However, 

this is difficult to predict without understanding the ‘normal’ host immune response to 

multiple tumour antigens during tumour progression. 

 

Vaccines consisting of a mixture of multiple immunodominant peptides have also been 

used believing that a CTL response to each peptide will be generated.  Elliot et al.  

(Elliott, Pye et al. 1999) observed a response to a mixture of peptides at an equivalent 

level to that seen when the peptides were delivered individually.  However, a 

phenomenon described as ‘superdominance’ has also been reported where the CTL 

response focused on only two of five pooled immunodominant epitopes (Sandberg, 

Grufman et al. 1998).  Furthermore, others have shown that competitive interactions 

between epitope-bearing APC and T cells can interfere with T cell responses to co-

expressed epitopes (Kedl, Rees et al. 2000; Chen, Anton et al. 2000; Section 1.2.9.1).  

This ‘T cell competition’ could explain the inhibition of responses to subdominant 

epitopes by ‘stronger’, dominant epitopes and may be particularly true for secondary T 

cell responses where higher affinity cells have a competitive advantage for responding 

to antigenic epitopes.  

 

Hence, when multiple antigens are co-expressed by a tumour, the presence of one or 

more immunodominant or superdominant epitope/s may influence the immune response 

to ‘weaker’ epitopes during tumour progression, or when immunotherapies targeting 

tumour antigens are used. 

 

4.1.3 Analysing the endogenous response to multiple tumour antigenic epitopes  

This chapter uses the two models described in the previous chapter to examine the 

kinetics and antigen specificity of CTL responses to dominant, subdominant and cryptic 

epitopes expressed within the same tumour antigen (intra-molecular epitopes), as well 

as to several co-expressed ‘dominant’ tumour-associated epitopes.  In the first model, 

LL secretes OVA (LLsOVA) and is used to investigate intra-molecular CTL responses 

to the class I-restricted dominant (SIINFEKL), subdominant (KVVRFDKL, 

NAIVFKDL) and cryptic (CFDVFKEL) epitopes derived from OVA (Lipford, Hoffman 

et al. 1993).  LLsOVA tumour-bearing mice showed a clear CTL response that focused 

on the dominant epitope, and not on the subdominant or cryptic epitopes. 
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The second model (LLpoly) is used to investigate CTL responses to co-expressed 

multiple, dominant tumour antigenic epitopes (Thomson, Elliott et al. 1996) in the LL 

cell line.  A strong in vivo CTL response was detected early in tumour progression to 

three of the four epitopes and there was some evidence for ‘superdominance’ for each 

MHC Class I allele by CTLs specific for SIINFEKL and SGPSNTPPEI. 

 

4.2 Results 

 

4.2.1 Detecting in vivo effector CTL function to polyepitope and sOVA epitopes   

Prior to conducting the tumour experiments, it was important to ensure that a detectable 

in vivo effector CTL response could be measured to each of the polyepitope and OVA-

derived peptides.  Polyepitope peptides were assessed in C57BL/6 mice seven days after 

s.c. vaccination with 10 μg of each individual polyepitope peptide prepared in RPMI or 

PBS and emulsified in IFA.  Analysis of effector CTLs was conducted using an in vivo 

CTL assay; i.e. 15 hrs prior to sacrifice, vaccinated and control mice were infused (i.v.) 

with CFSE-labelled reference (uncoated low level CFSE expression) and peptide-coated 

target cells (high CFSE expression) as described in Section 2.16.  The peptides bind to 

MHC class I molecules on the target cell surface; hence this peptide/MHC complex will 

be recognised by antigenic epitope-specific CTLs and the target cell lysed.   

 

The advantages of this assay are that it is a direct, ‘real-time’ in vivo assay that may be 

a more physiologically relevant measure of epitope specific effector CTL function than 

the widely used 51Cr release in vitro CTL assay.  In addition, the in vivo CTL assay 

does not involve peptide restimulation or addition of cytokines, such as IL2, for the 

expansion and maintenance of effector CTL function.  Finally, it can be used to 

investigate the in vivo location and duration of a CTL response.   

 

Single cell preparations of DLN collected from individual mice vaccinated with each 

peptide expressed by the polyepitope were analysed by FACS to determine the percent 

of CFSE-labelled peptide-coated target cells lysed in vivo by endogenous effector CTLs 

relative to control mice.  Pooled data is shown in Figure 4.1A & B and representative 

FACS profiles are shown in Figure 4.1C.  Detectable in vivo target lysis can be 

demonstrated for each of the polyepitope peptides however, the response to the 
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ASNENMDAM peptide (15% killing) was noticeably less than the responses seen to 

SGPSNTPPEI (86% killing), FAPNYPAL (45% killing) and SIINFEKL (61% killing). 
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Figure 4.1  In vivo CTL effector cells are generated to the OVA and polyepitope peptides  

Naïve mice were injected s.c with A. 10 μg of polyepitope peptide SIINFEKL (SIIN), 

FAPGNYPAL (FAP), SGPSNTPPEI (SGP) or ASNENMDAM (ASN) emulsified in IFA or B. 

100 μg or 20 μg of the subdominant OVA peptides NAIVFKGL (NAIV) and KVVRFDKL 

(KVV) respectively in IFA.  Control mice were injected with a PBS/IFA or RPMI/IFA emulsion 

(ASNENMDAM and NAIVFKGL peptides were prepared in RPMI).  Six days later peptide 

coated and control targets (Ref) differentially labelled with CFSE were adoptively transferred 

into peptide treated and control mice and target lysis measured in the DLN as described in 

Section 2.16. The histograms represent the percent of targets lysed in peptide/IFA mice relative 

to IFA only treated mice.  Each peptide was measured in a single experiment with n = 2-3 

treated or control mice (with the exception of FAPGNYPAL which was tested twice n = 5). 

Representative FACS plots are shown of the CFSE+ targets collected in the DLN of peptide 

treated or control mice (C.).    
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Similar experiments were conducted for the subdominant OVA-derived peptides in 

which mice were treated with 20 μg and 100 μg of peptides KVVRFDKL and 

NAIVFKGL respectively and lysis of adoptively transferred reference and peptide-

coated, CFSE labelled targets measured after 7 days.  For both peptides a low level of in 

vivo peptide-coated target lysis was measured in the peptide vaccinated mice as shown 

in Figure 4.1B (KVVRFDKL = 18% and NAIVFKGL = 5%).  Representative FACS 

profiles are shown in Figure 4.1C. 

 

An alternative source of all of the intra-molecular epitopes of OVA is the OVA protein 

itself.  Thus, a further series of experiments were conducted in which mice were given 

OVA in IFA and their subsequent CTL responses measured by in vivo and in vitro CTL 

assays.  The in vitro CTL assay confirmed the previously reported lysis of SIINFEKL 

and KVVRFDKL targets (Nelson, Bundell et al. 2000) however, lysis of NAIVFKGL 

targets was not revealed following peptide-specific restimulation for 6 days (Figure 

4.2A, B and C).  These results are supported by data from the in vivo CTL assay in 

which a high level of killing (57 ± 9.2%) was seen for SIINFEKL.  Low levels of lysis 

were seen for KVVRFDKL targets (3.4 ± 2.7%) and minimal lysis was seen for 

NAIVFKGL targets (0.7 ± 0.7%) in OVA/IFA vaccinated mice (Figure 4.2D).  These 

data suggest that only KVVRFDKL is subdominant and contradicts studies by others in 

which NAIVFKGL is described as a subdominant epitope (Lipford, Hoffman et al. 

1993).   

 

4.2.2 Polytope DNA vaccination leads to effector CTLs that lyse SIINFEKL and 

SGPSNTPPEI coated targets 

Confirmation that the polyepitope peptides would be generated and recognised by the 

host immune system was provided by assessing in vivo effector CTL function following 

DNA vaccination of naïve mice.  The preparation of the polyepitope plasmid DNA in 

the pEF-BOS expression vector used for transfection into LL was also used for DNA 

vaccination and its preparation is described in the Appendix.  Following four rounds of 

i.v. priming and boosting (day 13, 29 and 41 post priming) with 100μg of polyepitope 

DNA (prepared in normal saline), in vivo lysis of SIINFEKL and SGPSNTPPEI coated 

target lysis was assessed 15 days after the final vaccination.  Control mice were given 

saline i.v.  Mean target cell lysis was 38.4 ± 9.3% and 20.4 ± 8.9% for SIINFEKL and 



 112

SGPSNTPPEI respectively in DNA vaccinated mice relative to the control saline treated 

mice (Figure 4.3).   
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Figure 4.2  OVA/IFA treated mice generated effector CTLs capable of lysing SIINFEKL 

and KVVRFDKL coated targets 

Splenocytes (pooled from 6 mice) taken at day 7 from mice given 200 μg of OVA emulsified in 

IFA s.c. were restimulated in vitro for 6 days with A. the dominant (SIINFEKL) or subdominant 

OVA peptides (B. KVVRFDKL or C. NAIVFKGL).  Antigen specific effector CTL lysis of 

restimulation peptide coated EL4 targets was measured using a 51Cr release in vitro CTL assay.  

Control mice received PBS/IFA (n = 6 mice).  Background lysis of control EL4 uncoated target 

lysis was subtracted from the percent lysis for each of the target values in the treatment and 

control groups.  The graphs show target lysis at various effector:target ratios for each peptide 

restimulation/target group.  D. Mice treated as described above were included in an in vivo CTL 

assay at day 7 using CFSE labelled SIINFEKL (n = 6), KVVRFDKL (n = 3) or NAIVFKGL (n 

= 3) targets and percent target lysis determined as described in Section 2.15. The data is 

represented as mean values (normalised against PBSIFA treated mice) ± SE.  
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Figure 4.3  Effector CTLs are generated to SIINFEKL and SGPSNTPPEI targets in 

polyepitope DNA vaccinated mice 

Naïve mice were primed then boosted 3 times (day 13, 29 and 41) with 100μg/mouse of 

polyepitope DNA (n = 3) or saline (n = 2) delivered i.v.  Effector CTL function against 

SIINFEKL (SIIN) and SGPSNTPPEI (SGP) coated targets differentially labelled with CFSE 

was assessed by an in vivo CTL assay as described in Section 2.15, and the percent of targets 

lysed in the polyepitope DNA vaccinated mice expressed relative to control saline mice. Pooled 

data shown as the mean ± SE lysis of SIINFEKL and SGPSNTPPEI targets is indicated on the 

histogram A.  Representative FACS plots are shown for B. control and C. DNA treated mice.   
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In summary, individual polyepitope peptides can generate effector CTLs following 

either a peptide in adjuvant injection or DNA vaccination.  However, the response to the 

ASNENMDAM peptide was lower than the response to the other three polyepitope 

peptides.  

 

Similarly, a strong lytic effector CTL response was seen to the dominant SIINFEKL 

epitope of OVA following vaccination with the peptide or OVA in adjuvant.  However, 

although a weak response to the subdominant KVVRFDKL and NAIVFKGL peptides 

was detected following vaccination with the peptides in adjuvant, only KVVRFDKL 

effector CTLs were detected by in vitro CTL assay following vaccination with the 

whole protein OVA.  

 

4.2.3 Presentation of the neo tumour antigenic epitope (SIINFEKL) occurs in the 

DLN early in tumour development 

The induction of an effector CTL response requires antigenic epitopes to be presented to 

naïve T cells in the LN.  Thus, since both the LLsOVA and LLpoly tumour models 

express SIINFEKL as a tumour antigen, the first series of experiments using the tumour 

models were designed to assess where and when SIINFEKL is presented to the host 

immune system during tumour progression using Lyons Parish analysis (Lyons and 

Parish 1994), described in Section 2.16.  Proliferation of adoptively transferred, CFSE-

labelled OT-1 lymphocytes (indicating antigen presentation) was detected in the DLN 

of mice bearing the transfected tumours at levels clearly above the background 

measured in mice given the parental tumour.  Representative FACS profiles for mice 

bearing the LL, LLsOVA and LLpoly tumours are shown in Figure 4.4A whilst pooled 

data is seen in Figure 4.4B.   

 

In the sOVA model, SIINFEKL-specific CD8+ lymphocyte proliferation was observed 

in the DLN within the first 9 days following tumour inoculation in 83% of mice (n = 6).  

This indicates that SIINFEKL is presented in the early stages of tumour development, 

even when the tumour is not necessarily palpable.  At day 16 of tumour progression OT-

1 T cell proliferation was detected in 50% of mice.   
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Figure 4.4  The tumour antigen is presented in tumour-draining lymph nodes  

CFSE-labelled, SIINFEKL specific T cells from OT-1 mice were adoptively transferred at days 

5/6 or 12/13 into mice inoculated s.c. on day 0 with Lewis Lung (LL), LLsOVA or LLpoly 

tumour cells.  A.  CFSE+CD8+ cells were re-isolated from the DLN three days post transfer for 

analysis.  Representative FACS profiles from individual mice are shown (n = 6 mice/time 

point).  B.  The mean (± SE) percentage of CFSE+CD8+ cells proliferating in the DLN and LN is 

indicated on the histogram.  

 

 

Similarly, T cell recognition of SIINFEKL in the polyepitope model was detected in the 

DLN in 83% and 50% of mice at days 8 and day 15 of tumour growth respectively.  

Again, this is despite the fact that tumours were not always detectable within the first 14 

          LL                            LLpoly                        LLsOVA 
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days of tumour development.  These results confirm that both transfected tumour cell 

lines express SIINFEKL as a tumour antigen, and that this epitope is readily transported 

to the DLN, and presented to naïve T cells within the first 2 weeks of tumour growth.   

 

The next series of experiments investigated whether or not an in vivo effector CTL 

response was generated to the multiple neo tumour epitopes, including SIINFEKL, 

expressed by sOVA or polyepitope tumour cells. 

 

4.2.4 In the presence of dominant and subdominant intra-molecular epitopes, 

tumour antigen-specific CTL activity is focused on the dominant epitope in 

vivo 

The LLsOVA model was used to assess whether or not endogenous CTL responses 

were generated in vivo to the intra-molecular epitopes of OVA (SIINFEKL, 

KVVRFDKL and NAIVFKGL).  Endogenous CTL activity was measured using the in 

vivo CTL assay.  CFSE labelled peptide-pulsed targets were adoptively transferred into 

the host for 15 hours prior to collection for analysis as described in Section 2.15.  CTL 

activity (shown as percent of peptide-pulsed targets lysed) directed against SIINFEKL 

could be detected by day 7 after tumour cell injection in all the lymphoid compartments 

investigated; representative FACS profiles of the parental LL cell line and the OVA 

transfectant, LLsOVA are shown in Figure 4.5A, and pooled data for each peptide 

shown in Figures 4.5B, C and D.  Endogenous effector CTLs readily lysed SIINFEKL 

targets in vivo (DLN = 28 ± 8.4%, contralateral LN = 22 ± 5.4%) 7 days after tumour 

cell inoculation.  However, at day 14 of tumour progression, lytic activity had 

diminished in both the DLN (17.6 ± 2.3%) and LN (11 ± 3.8%).  In contrast, lysis of 

SIINFEKL targets in the spleen was similar for days 7 and 14 (21.8 ± 7.7 and 28.5 ± 

5.9% respectively).   

 

There was an occasional weak response to the subdominant peptides, NAIVFKGL and 

KVVRFDKL however, overall the responses were not significantly above background 

(p >0.05). The cryptic peptide was not included in these in vivo studies.  
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Figure 4.5  Effector CTLs recognize the dominant and not the subdominant epitopes in 

vivo  

Targets cells pulsed separately with SIINFEKL (SIIN), KVVRFDKL (KVV) or NAIVFKGL 

(NAIV) were differentially labelled with CFSE.  Control uncoated target cells were labelled 

with an intermediate concentration of CFSE (shown as *).  107 cells of each population were 

pooled before i.v. injection into recipient mice that had been previously injected s.c. with 5 x 

105 tumour cells.  Specific in vivo cytotoxicity was determined by collecting DLN, LN and 

spleens from recipient mice 15 hours after i.v. injection, for analysis.  A.  Representative FACS 

profiles from individual mice at Day 7 are shown.  B, C and D.  In vivo lysis is restricted to the 

dominant epitope (SIINFEKL).  Data, shown as mean (± SE) is from 2-3 experiments with 3 

mice/peptide.  
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4.2.5 Multiple tumour antigenic epitopes can be recognized simultaneously by the 

immune system 

A notable difference between the sOVA and polyepitope models is the relationship 

between the epitopes that are co-expressed.  In the sOVA model there is a previously 

demonstrated hierarchy of dominant, subdominant and cryptic epitopes for OVA-

derived peptides.  However, each of the epitopes in the polyepitope model is considered 

dominant in its original context, i.e. as a viral antigen (SGPSNTPPEI, FAPGNYPAL 

and ASNENMDAM) and a protein antigen (SIINFEKL).  The same polyepitope 

construct administered to mice in a viral vector demonstrated a clear CTL response to 

each peptide measured in a 51Cr release CTL assay (Thomson, Elliott et al. 1996) and 

DNA vaccination described in Section 4.2.2 resulted in lysis of the two targets 

(SIINFEKL and SGPSNTPPEI) tested.   

 

In this polyepitope tumour model, endogenous CTL activity was seen against three of 

the four polyepitopes recognized by either the Kb or Db C57BL/6 MHC class I alleles.  

In vivo CTL activity was systemic at days 7 and 15 of tumour growth (representative 

profiles are shown in Figure 4.6A and pooled data in Figure 4.6B).  Maximum lysis was 

detected early in tumour progression (day 7), diminishing by day 15.  The highest level 

of CTL activity was seen against SIINFEKL-specific targets.  On day 7, the level of 

CTL activity to SGPSNTPPEI coated targets was lower (45.6% ± 10.8%) than 

SIINFEKL (80.7% ± 11.8%) and FAPGNYPAL (77.3% ± 6.7%).  The response to 

ASNENMDAM (6.8% ± 2%) was very poor and not significantly above background 

levels of lysis seen in LL tumour bearing mice. 
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Figure 4.6  In vivo CTL activity is directed against three of the polyepitopes expressed by 

LLpoly 

Targets cells were pulsed separately with each polyepitope peptide and differentially labelled 

with CFSE.  ASENMDAM, FAPGNYPAL, SGPSNTPPEI and SIINFEKL are referred to as 

ASN, FAP, SGP, and SIIN respectively. Control uncoated target cell populations were labelled 

with an intermediate concentration of CFSE (shown as *).  107 cells of each population were 

pooled as 2 groups with 2 peptides/group before i.v. injection into recipient mice that had been 

previously injected s.c. with 5 x 105 LLpoly tumour cells.  Specific in vivo cytotoxicity was 

determined by FACS 15 hours after i.v. injection.  A.  FACS histograms are from representative 

individual animals.  B.  Pooled data, shown as mean (± SE) with n ≥ 3 mice/target peptide 

group. 
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4.2.6 CD8+IFN-γ+ cell are observed in the DLN of LLpoly and LLsOVA tumour 

treated mice 

Intracellular IFN-γ cytokine staining (ICS-γ) is frequently used to report T cell effector 

function.  Hence, in this series of experiments CD8+ lymphocytes in DLN from LL, 

LLpoly and LLsOVA tumour inoculated mice (5 x 105 cells/mouse) were analysed for 

intracellular IFN-γ production after 7 and 15 days of tumour growth.  FACS plots and 

the percent of CD8+ lymphocytes expressing IFN-γ are shown in Figure 4.7 (LLpoly) 

and Figure 4.8 (LLsOVA).   

 

In the LLpoly model, CD8+IFN-γ+ lymphocytes were detectable above background 

levels when restimulated in vitro with SIINFEKL, FAPGNYPAL and SGPSNTPPEI 

peptides.  This is consistent with the results of the in vivo CTL assay in which targets 

coated with each of these peptides were lysed at both days 7 and 15.  Furthermore, ICS-

γ staining shows a reduced number of IFN-γ+CD8+ cells at day 14 compared to day 7.   

 

The lack of response to the ASNENMDAM peptide at both time points in the ICS-γ 

protocol is also consistent with the in vivo CTL assay in which ASNENMDAM target 

lysis was not detected in LLpoly tumour inoculated mice.   

 

In LLsOVA tumour-bearing mice, ICS-γ staining was also consistent with the in vivo 

CTL assay and demonstrated a response that was restricted to SIINFEKL in the DLN.  

However, the percent of CD8+IFN-γ+ cells detected at days 7 and 15 were similar, while 

the in vivo CTL assay showed peak activity at day 7 that then diminished by day 15. 
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Figure 4.7  Intracellular IFN-γ was detected in lymphocytes from the DLN of LLpoly 

inoculated mice  

Pooled lymphocytes were collected from the DLN of groups of 2 or 3 mice, 7 & 15 days after 

inoculation with 5 x 105 LL (n = 2) and LLpoly (n = 3) tumour cells.  Following a 5 hour 

restimulation either with or without peptide (1 μg/ml) in the presence of 2 μg/ml hu rIL-2 and 

10 μg/ml Brefeldin A (described in Section 2.21) cells were labelled with anti-IFN-γ PE.  Ex 

vivo restimulated cells were then fixed with formaldehyde and labelled with anti-CD8 tricolour 

to identify CD8+ lymphocytes that had produced IFN-γ in response to specific antigen 

encounter.  FACS plots for each peptide restimulation are shown for day 7 in A.  Results shown 

in histogram B. represent the percent of CD8+ lymphocytes isolated from the DLN of each 

group that were ICS-γ+ following peptide restimulation.  The data was normalised by 

subtracting the percent of IFN-γ+CD8+ lymphocytes in unstimulated cultures from the percent of 

IFN-γ+CD8+ lymphocytes in cultures restimulated with peptide. 
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Figure 4.8  Intracellular IFN-γ was detected in lymphocytes from the DLN of LLsOVA 

inoculated mice  

Pooled lymphocytes were collected from the DLN of groups of 2 or 3 mice, 7 & 15 days after 

inoculation with 5 x 105 LL (n = 2) and LLsOVA (n = 3) tumour cells.  IFN-γ production by 

CD8+ lymphocytes was determined following peptide restimulation as described in Figure 4.7.   

FACS plots for each peptide restimulation are shown for day 7 in A.    Results shown in the 

histogram B. were normalised as described in Figure 4.7. 
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4.2.7 Generation of precursor CTLs is restricted to the dominant epitope of an 

intra-molecular tumour antigen 

The next series of experiments used an in vitro 51Cr release assay to examine precursor 

CTL populations in the spleens of tumour-bearing mice.  No CTL response was 

observed to any of the OVA peptides 4 days after tumour cell inoculation (data not 

shown).  In contrast, 3 days later (i.e. 7 days after tumour cell inoculation) effector 

CTLs to SIINFEKL were readily detected in SIINFEKL re-stimulated splenocytes from 

LLsOVA tumour bearing mice; a similar response was seen at day 14 of tumour growth 

(Figure 4.9A).  No responses were observed to the subdominant (KVVRFDKL) or 

cryptic (CFDVFKEL) epitopes (Figures 4.9 B & C).   

 

In addition to an antigen specific CD8+ T cell response, the influence of peptide 

crossreactivity (discussed in Section 1.2.5.5.1), or a bystander effect as a consequence 

of exposure to certain cytokines (e.g. IL-15; Sprent, Zhang et al. 1999) or IL-2 as 

discussed in Section 1.2.11.3) resulting in detectable responses to other epitopes was 

also assessed.  To do this, CTL responses to KVVRFDKL or CFDVFKEL were 

measured in splenocytes from LLsOVA tumour-bearing mice that had been re-

stimulated with SIINFEKL.  However, as expected, the response was restricted to 

SIINFEKL and no response was seen to the subdominant or cryptic epitopes.  Similarly, 

re-stimulation with the subdominant or cryptic peptides did not enhance a CTL response 

to the other peptides (Figures 4.9B & C).  
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Figure 4.9  Precursor CTLs are also limited to the dominant peptide in LLsOVA tumour-

bearing mice 

Splenocytes were taken from LLsOVA-bearing mice at day 7 and 14 and re-stimulated in vitro 

with SIINFEKL, KVVRFDKL or CFDVFKEL peptide.  Five days later, a standard 51Cr release 

in vitro CTL assay was performed using EL4 target cells pulsed with the same peptides.  EG7 

was used as a positive target control; data not shown.  Negative controls included LL tumour-

bearing mice.  Data (shown as mean ± SE) are from 2 experiments (10 & 6 mice/experiment) at 

an effector:target ratio of 25:1.  Re-stimulation of splenocytes from LLsOVA tumour-bearing 

mice with SIINFEKL generated CTLs that lysed SIINFEKL-coated targets (statistically 

significant differences between LL and LLsOVA tumour-bearing mice are indicated by *; p = 

0.002 at day 7, and p < 0.001 at day 14), but not KVVRFDKL or CFDVFKEL targets.  Lysis of 

KVVRFDKL/CFDVFKEL coated targets was not significantly different (p > 0.05) following 

re-stimulation with each peptide. 
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4.2.8 Precursor CTL responses are generated to multiple co-dominant tumour 

antigenic epitopes 

Polyepitope peptide restimulated splenocytes from LLpoly-bearing mice readily lysed 

targets labelled with the same peptide (including ASNENMDAM; shown in Figure 

4.10).  The level of CTL activity for each peptide varied from 40% to 20% killing.  

These results support the in vivo CTL studies (Figure 4.6) and show that 

ASNENMDAM is processed and presented in vivo to levels that generate a precursor 

CTL population, however, these CTLs are not functional in vivo after encounter with 

their cognate antigen.  

 

In contrast to the results from LLsOVA-bearing mice, crossreactivity or bystander 

responses were seen in LLpoly-bearing mice.  That is, following re-stimulation with one 

peptide, instead of losing responses to the other epitopes, CTL responses to some 

peptides were maintained (or co-expanded), despite the fact that they did not encounter 

re-stimulation with the specific peptide (Figure 4.10).  When splenocytes were re-

stimulated with the FAPGNYPAL (H2-Kb) peptide, these effectors lysed targets coated 

with the same (FAPGNYPAL) peptide, as well as SGPSNTPPEI and ASNENMDAM 

peptides (both H2-Db).  Similarly, in cultures expanded with SGPSNTPPEI (H2-Db) the 

greatest CTL response was against SGPSNTPPEI-coated targets, and a weaker 

(statistically significant) response could be detected against FAPGNYPAL coated 

targets.  When effector cell populations were expanded with ASNENMDAM, the target 

cells coated with the SGPSNTPPEI and FAPGNYPAL peptides were also killed.  In 

contrast, re-stimulation with SIINFEKL resulted only in lysis of SIINFEKL targets.  

These data suggest that some precursor CTLs are either offered a specific form of ‘help’ 

or they are present in large numbers and are not ‘out-competed’ by the population that is 

expanded by secondary contact with its specific peptide.  Interaction between peptides 

and the TCR, and the peptide concentrations used in the 51Cr release assay may also 

permit some crossreactivity between peptides and CTL effector populations.  These data 

may be particularly important when considering the use of tumour antigen vaccination 

regimens that involve ex vivo expansion.  
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Figure 4.10  Potent precursor CTLs are detected to all epitopes in LLpoly tumour bearing 

mice 

Splenocytes from LLpoly-bearing mice were in vitro re-stimulated (Restim) with SIINFEKL 

(SIIN), FAPGNYPAL (FAP), SGPSNTPPEI (SGP) or ASNENMDAM (ASN) peptides and a 
51Cr release in vitro CTL assay performed using EL4 target cells pulsed with the same peptides.  

Controls included mice given LL.  Pooled data from 2 experiments at a 25:1 effector:target ratio 

(calculated as the difference between EL4 plus peptide and EL4 without peptide); is shown as 

mean ± SE.  Significant differences (p < 0.05 indicated by *) were seen between LL versus 

LLpoly tumour-bearing mice for the re-stimulation to target pairs, SIINFEKL to SIINFEKL 

(A), FAPGNYPAL to FAPGNYPAL (B), SGPSNTPPEI to SGPSNTPPEI (C) and 

ASNENMDAM to ASNENMDAM (D).   
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4.2.9 The effect of MHC class 1 restricted effector populations  

The in vivo CTL data implied that responses to SIINFEKL and FAPGNYPAL (H2-Kb) 

were stronger than the response seen to the SGPSNTPPEI (H2-Db) epitope (no response 

was seen to ASNENMDAM which is also H2-Db), suggesting that some form of 

dominance by H2-Kb was occurring (Figure 4.6).  Note that vaccination with the 

individual peptides discussed in Section 4.2.1 showed high killing levels to 

SGPSNTPPEI and SIINFEKL (i.e. a different pattern to the tumour responses).  In 

addition, the H2-Kb peptides appeared to influence the pattern of responses seen to each 

other in the in vitro CTL assay (Figure 4.10): that is when there is an effective 

SIINFEKL (H2-Kb) specific CTL population; lysis of FAPGNYPAL (H2-Kb) targets is 

not detected.  Similarly, when there is a FAPGNYPAL (H2-Kb) specific effector CTL 

response, a response is not detected by SIINFEKL (H2-Kb) specific effectors.  

However, (as mentioned above) in the case of FAPGNYPAL, responses are also seen to 

the H2-Db peptides.  In contrast, this dominance is not apparent with the H2-Db peptide 

ASNENMDAM as re-stimulation with this peptide resulted in low level lysis of 

SGPSNTPPEI (H2-Db) and FAPGNYPAL (H2-Kb) peptide coated targets.  Re-

stimulation with the SGPSNTPPEI peptide resulted in an effector population 

predominantly against SGPSNTPPEI coated targets and a weak response to 

FAPGNYPAL targets. 

 

4.2.10 A pre-existing CTL population alters tumour incidence and antigenic 

epitope specificity of the host immune response  

Dominance patterns are often acquired after the first antigen exposure (McHeyzer-

Williams and Davis 1995; Lanzavecchia 2002) or when there is a pre-existing antigen 

specific T cell population (Kedl, Rees et al. 2000).  To assess the latter, i.e. the influence 

of a pre-existing SIINFEKL specific CD8+ CTL population on tumour incidence and 

growth rate, OT-1 mice (in which > 60% of CD8+ T cells are SIINFEKL specific) were 

inoculated with 5 x 105 LLpoly or LLsOVA tumour cells and tumour growth monitored 

(Figure 4.11).  In the LLpoly and LLsOVA models 67.5% and 50% of OT-1 mice 

remained tumour free respectively.  In mice with progressing tumours, the onset of 

palpable tumours was delayed.  However, once established the tumours grew at a 

similar rate to that observed in C57BL/6 mice.   
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The effectiveness of the pre-existing CTLs was further enhanced to 100% survival of 

OT-1 mice when they were primed i.p. with 100 ng of SIINFEKL (prepared in PBS) 3 

days prior to inoculation with LLsOVA.  Mice were monitored for 36 days to ensure 

late onset of tumour growth did not occur.  

 

These results indicate that a pre-existing unstimulated CTL population directed against 

a single antigen is able to protect 50% or more of mice inoculated with tumour 

expressing the same antigen.  In addition, if the effector CTLs are activated prior to 

tumour inoculation, complete protection is conferred on mice inoculated with LLsOVA 

tumour. 
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Figure 4.11  SIINFEKL specific CTLs do not inhibit tumour growth 

Naïve C57BL/6 and OT-1 mice were inoculated with 5 x 105 LLpoly (n = 14 and 12 

respectively) or LLsOVA (n = 13 and 14 respectively) tumour cells s.c.  Tumour incidence A. 

and tumour growth rates B. were monitored.   
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In a second series of experiments C57BL/6 mice were infused with 1.2 x 107 OT-1 

lymphocytes prior to tumour cell inoculation.  Mice inoculated with LLpoly tumour 

cells were completely protected in this experiment, while tumours grew in control mice 

given an equal number of lymphocytes from naïve C57BL/6 mice prior to tumour 

inoculation (Figure 4.12A).  ICS-γ staining of pooled DLN of these mice on day 22 or 

29 of tumour growth showed a persistent SIINFEKL and SGPNTPPEI specific CD8+ 

lymphocyte population which was not detectable in control mice.  Interestingly, the 

FAPGNYPAL specific CD8+IFN-γ+ lymphocytes detected in C57BL/6 mice tested at 

day 14 were not detected at day 22 or 29 in mice infused with either OT-1 or normal 

lymphocytes.  FACS plots of ICS-γ staining and the percent of CD8+ cells expressing 

ICS-γ are shown in Figure 4.13A & B. 

 

Adoptive transfer of OT-1 lymphocytes into mice prior to LLsOVA tumour cell 

inoculation protected 40% of mice (Figure 4.12B).  Tumour progression in mice that 

were not protected was similar to the growth rate seen in control mice.  ICS-γ staining 

showed that a greater proportion of CD8+IFN-γ+ lymphocytes were isolated from the 

DLN following SIINFEKL restimulation (progressors = 0.71% CD8+IFN-γ+of total 

lymphocytes, non-progressors = 0.55%) compared to KVVRFDKL or NAIVFKGL 

restimulation.  Interestingly, these results also show a detectable KVVRFDKL 

(progressors = 0.26%, non-progressors = 0.12%) and NAIVFKGL (progressors = 

0.17%, non-progressors = 0.08%) specific CD8+ lymphocyte population in the mice that 

have received adoptively transferred OT-1 lymphocytes and not in mice that had 

received naive C57BL/6 lymphocytes (Figure 4.14A & B). 

 

In summary, these results show that a pre-existing antigen specific CTL population can 

protect against tumour challenge and that the pre-existing CTL population influences 

the expansion of CTLs directed against additional tumour antigenic epitopes restricted 

by the same MHC class I allele suggesting a dominance effect.  
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Figure 4.12  Pre-existing CTLs alter tumour incidence  

Naïve C57BL/6 mice were infused with 1.2 x 107 C57BL/6 or OT-1 (1.5 x 106 cells/mouse were 

SIINFEKL specific) lymphocytes.  Mice were inoculated with 5 x 105 A. LLpoly or B. 

LLsOVA tumour cells s.c. 2 days later.  Tumour growth rate and incidence were monitored. 
 

 

 

 

 

 

Tumour Incidence                                     Tumour Growth 
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Figure 4.13  Pre-existing CTLs lead to immunodominant peptide responses  

Mice given naive C57BL/6 lymphocytes as described in Figure 4.12 were separated by tumour 

size into small (0 - 12 mm2, n = 3) and large tumours (>90 mm2, n = 2) at day 22 of tumour 

growth.  DLN were pooled for each group and stained for IFN-γ following peptide restimulation 

as described in Section 2.21.  Mice that received OT-1 lymphocytes (n = 6) were assessed at day 

22 (n = 3) and day 29 (n = 3) of tumour growth.  Representative FACS plots are shown in A.  

The percent of CD8+ lymphocytes isolated from the DLN of each group that were ICS-γ+ are 

represented graphically in B. 
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Figure 4.14  A SIINFEKL specific CTL response persisted in LLsOVA tumour treated 

mice which had a pre-existing SIINFEKL specific CTL effector population 

Mice described in Figure 4.12 given OT-1 lymphocytes and inoculated with LLsOVA were 

separated into progressors (n = 3) and non–progressors (n = 2) at day 22 of tumour growth and 

DLN were pooled for each group.  IFN-γ production by CD8+ lymphocytes was measured by 

ICS following peptide restimulation as described in Materials and Methods Section 2.21.  FACS 

plots for each group are shown in A.  The percent of CD8+ lymphocytes isolated from the DLN 

for each group that were ICS- γ+ are represented graphically in B. 
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4.3 Discussion 

 
Chapter 3 confirmed that the LL cell lines expressed the transfected neo tumour 

antigens to levels that enabled recognition and lysis by antigen-specific effector CTLs.  

Nonetheless, the tumours grew in syngeneic C57BL/6 mice albeit at a slightly slower 

rate than the parental line (20% of LLpoly bearing mice did not develop tumour) 

suggesting an immune response to the neo tumour antigens had been generated 

however, this immune response was generally unable to prevent tumour growth.   

 

4.3.1 Tumour antigen presentation in the DLN leads to the generation of 

functional effector CTLs  

This chapter examined the effector function of CD8+ CTLs generated in response to the 

multiple neo antigenic epitopes expressed by the 2 tumour models.  Lyons Parish 

analysis showed that SIINFEKL (the ‘readout’ epitope) was presented to CD8+ T cells 

in regional lymph nodes in vivo during tumour growth; this is consistent with previous 

studies (Marzo, Lake et al. 1999; Nelson, Bundell et al. 2000; Nelson, Mukherjee et al. 

2001; Jackaman, Bundell et al. 2003).  SINFEKL presentation occurred at similar levels 

in the DLN of LLsOVA and LLpoly tumour-bearing mice early in tumour progression. 

 

Many studies of effector CTLs have relied on tetramer staining, or ex-vivo methods that 

require antigen re-stimulation (i.e. 51Cr release in vitro CTL assay, ELISPOT, or ICS-

IFN-γ production) to evaluate the CTL response to tumour antigens (Speiser, Miranda et 

al. 1997; Butterfield, Meng et al. 2001).  While these assays are a measure of potential 

effector function they are not a direct readout of the in vivo lytic capability of CTLs.  In 

this thesis, an in vivo CTL assay was used as a direct measure of the capacity of 

endogenous CTLs to lyse antigen-coated targets in tumour-bearing mice.  In vitro CTL 

assays and ICS-γ staining were also carried out as a comparison.   

 

Peptide vaccination experiments were initially used to confirm that effector CTL 

generated against polyepitope and OVA peptides could be detected by the in vivo CTL 

assay.  Strong CTL lysis was demonstrated in mice vaccinated with SIINFEKL, 

FAPGNYPAL or SGPSNTPPEI emulsified in IFA.  Only a weak in vivo CTL response 

could be demonstrated to the ASNENMDAM peptide emulsified in IFA.  These results 



 134

are similar to in vitro CTL data reported by Elliott et al. (Elliott, Pye et al. 1999) which 

shows lysis of each of the peptides following vaccination.   

 

OVA dominant (SIINFEKL) and subdominant (KVVRFDKL and NAIVFKGL) 

peptides emulsified in IFA were also used to vaccinate mice to confirm that target lysis 

could be detected.  Vaccination with SIINFEKL generated effector CTL that were 

capable of lysing a greater proportion of SIINFEKL labelled targets when compared to 

lysis of subdominant peptide coated targets in mice vaccinated with higher 

concentrations of their respective subdominant peptides.  This is not surprising as 

characteristics of subdominant epitopes such as relative efficiencies of processing and 

presentation, peptide half life and differences in their affinities to Class I molecules 

(Chen, Khilko et al. 1994) are factors which contribute to the weaker CTL response 

(Section 1.2.8.1).   

 

When whole OVA protein prepared as an emulsion in IFA was used in a vaccination 

protocol, in vivo and in vitro CTL assays demonstrated a strong host effector CTL 

response to SIINFEKL coated targets cells and a weak reproducible CTL response to 

KVVRFDKL-coated targets (Nelson, Bundell et al. 2000).  However, a response to the 

cryptic epitope, CFDVFKEL, was not detected by either method.   

 

Novel work in this thesis showed that a CTL response to NAIVFKGL could not be 

detected in vitro or in vivo in mice vaccinated with OVA in IFA.  The in vitro CTL 

responses to NAIVFKGL and KVVRFDKL are not consistent with results reported by 

Lipford et al. (Lipford, Hoffman et al. 1993).  In their studies, vaccination with OVA in 

an adjuvant (ISCOMS) induced a strong lytic CTL response for NAIVFKGL and not 

KVVRFDKL targets when using DLN taken 4 days after vaccination and restimulated 

for a further 4 days in the presence of IL-2.  In contrast, the experiments described here 

involved splenocytes taken 7 days after vaccination followed by peptide restimulation 

for a further 5 days.  The different methodologies may explain the contradictory results; 

however they also highlight the care that needs to be taken when examining responses 

to the nature of subdominant and cryptic epitopes.           

 

In the LLsOVA model, tumour-specific CTL readily lysed SIINFEKL-coated targets 

early in tumour development.  CTL activity was seen throughout the secondary 

lymphoid system suggesting that tumour-specific CTL were generated in the DLN and 
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then migrated to other sites.  This is supported by responses seen in the spleen, which, 

in contrast to the LNs, remained high at days 7 and 14.  However, these data may be the 

result of secreted OVA being transported directly to the spleen via the blood, and cross-

presented to naïve T cells by splenic dendritic cells (Pooley, Heath et al. 2001).  A 

response was not seen to either of the subdominant epitopes confirming that the 

hierarchy of dominance (described when OVA is used as a native protein) is maintained 

when OVA is seen as a tumour antigen; i.e. the tumour did not appear to significantly 

alter responses to OVA.   

 

The level of OVA secreted by the tumour may also influence the antigen specificity of 

CTLs generated.  Previous studies (Nelson, Bundell et al. 2000; Chen, Khilko et al. 

1994) demonstrated that generating a CTL response of mixed specificity to the OVA 

epitopes required priming with 20μg or more of OVA in the presence of an adjuvant, or 

with splenocytes electroporated with greater than 2 mg/ml of OVA.  Under these 

conditions SIINFEKL peptide was presented 20 to 50 times more efficiently than 

KVVRFDKL.  Therefore these data suggest that either OVA (as a tumour antigen) did 

not reach a threshold concentration that may be required before responses to a 

subdominant epitope will be seen, or that the presence of a tumour alters one (or more) 

of the factors involved in antigen processing, presentation and/or generation of antigen-

specific CTL.   

 

In vivo CTL analysis of the endogenous effector CTL in LLpoly mice shows that at day 

7 there is a high level of killing to 3 of the 4 epitopes in the polyepitope and that the 

response reached its peak before day 15.  Intracellular IFN-γ staining of CD8+ T cells in 

the DLN of tumour inoculated mice is consistent with in vivo CTL data. 

 

These results clearly demonstrate that if several dominant epitopes are expressed by a 

tumour, then the host immune system can recognize and respond to each of the epitopes.  

The lack of an in vivo response to the ASNENMDAM peptide suggests that in this 

polyepitope model ASNENMDAM may be a subdominant epitope; thus 

‘superdominance’ may be occurring (Sandberg, Grufman et al. 1998).  In contrast, in 

vitro analysis showed effector CTL activity against all 4 peptides; hence 51Cr release in 

vitro CTL analysis may not represent functionality in vivo.  Furthermore, these data 

suggest that an anti-tumour immune response is generated which peaks early in tumour 
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progression and retards the initial growth of tumours.  However, this response was 

generally unable to prevent tumour growth.   

 

The continued tumour growth in association with diminished in vivo CTL activity in the 

DLN and reduced levels of tumour antigen presentation at the later time point was 

consistent in both models.  A number of explanations may account for these 

observations.  Firstly, these effector CTL may have been anergized and only able to act 

as effectors after in vitro re-stimulation (Deeths, Kedl et al. 1999; Schwartz 2003).  

Secondly, antigen-specific T cells may have lost their ability to proliferate in response 

to antigen whilst retaining their ability to kill target cells (Ohlen, Kalos et al. 2002).  

Finally, there may be a rapid emergence and outgrowth of antigen loss variants; in this 

case, splenocytes (which were functional in the in vitro CTL assay) could represent 

memory cells.  These issues are discussed in the following chapter. 

 

The in vitro CTL analysis suggests that ex vivo re-stimulation of anti-tumour CTL by a 

single peptide may result in a broad pattern of CTL effector activity.  It is not clear from 

these experiments whether this is due to TCR crossreactivity (as discussed in Section 

1.2.5.5.1.) or to bystander effects such as IL-2, IL-15 or IFN-γ production by 

neighbouring cells which indirectly lead to target lysis.  Furthermore these experiments 

cannot rule out the possibility that some of the effector CTL (not restimulated by the 

added antigen) were maintained in culture to a level that they were able to exert a 

detectable level of CTL activity in the 51Cr release assay.   

 

In addition, there is evidence of interference or dominance imposed by non-antigen 

specific competition between T cells, possibly for soluble factors secreted by APC 

(Kedl, Kappler et al. 2003).  This is supported by vaccination studies showing that IFN-

γ is required for normal patterns of immunodominance, and suggests that IFN-γ may 

have a role in the immunosuppression of subdominant responses (Rodriguez, Harkins et 

al. 2002).  However, this suppression is highly localized as immunodominance can be 

overcome when multiple epitopes are presented on separate APC populations in vivo 

(Grufman, Wolpert et al. 1999; Kedl, Rees et al. 2000). 

 

Hence, the frequency of precursor effector cells available for peptide re-stimulation, the 

affinity of the T cell receptor for peptides presented on APC and cytokine levels such as 
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IFN-γ in the microenvironment may influence the pattern of effector T cells that persist 

in an in vitro expanded culture.   

 

4.3.2 Pre-existing effector CTL can protect against tumour progression 

An in vivo prime and boost protocol has shown that a pre-existing effector CTL 

population to a single epitope can restrict the expansion of additional similar MHC 

allele epitope-specific CTL (Sherritt, Gardner et al. 2000).  Evidence of allelic 

inhibition was also observed in this study following in vitro restimulation and in mice 

which received adoptively transferred SIINFEKL-specific OT-1 effector cells.  Re-

stimulation with APC labelled with a single Kb epitope (FAPGNYPAL) offered 

preferential co-existence of Db epitope specific effectors and excluded the other Kb 

(SIINFEKL) specific CTL.  Similarly, re-stimulation with SIINFEKL (Kb) excluded 

FAPGNYPAL (also Kb) and appeared to weakly support the Db epitopes; however, the 

response did not reach statistical significance.  Others have also shown that adoptively 

transferred, high affinity CTL can abrogate the hosts’ pre-existing CTL response to both 

dominant and subdominant epitopes (Kedl, Rees et al. 2000).   

 

The influence of a tumour antigen specific precursor CTL population on the anti-tumour 

immune response was tested in OT-1 mice challenged with LLsOVA and LLpoly 

tumours.  Reduced incidence of both LLsOVA and LLpoly tumours in OT-1 mice 

confirmed that a pre-existing CTL population directed against a single tumour antigen 

can confer protection on the host.  50% and 67% of OT-1 mice inoculated with 

LLsOVA and LLpoly respectively remained tumour free (Section 4.2.10).  Protection 

against LLsOVA tumour progression could be increased to 100% in OT-1 mice when 

they were primed with SIINFEKL prior to tumour inoculation, thereby generating an 

activated T cell population free to migrate to the tumour cell injection site (van 

Stipdonk, Lemmens et al. 2001).  

 

LLpoly tumour bearing C57BL/6 mice infused with OT-1 lymphocytes prior to tumour 

inoculation had a persistent SIINFEKL (Kb) and SGPSNTPPEI (Db) specific CD8+ T 

cell response and were protected from developing tumour.  These results show a 

response restricted to a single epitope from each of the two MHC alleles represented in 

the polyepitope.  The strong response to both SIINFEKL and SGPSNTPPEI was not 

detected in mice given naïve C57BL/6 lymphocytes.  The dominant response of 
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SIINFEKL at the exclusion of FAPGNYPAL is consistent with previously reported 

studies (Kedl, Rees et al. 2000; Sherritt, Gardner et al. 2000).  Sherritt demonstrated by 

in vitro CTL analysis in a recombinant virus infection model (using the polyepitope) 

that adoptively transferred pre-existing OT-1 CTL enhanced responses to SIINFEKL, 

SGPSNTPPEI and ASENMDAM while restricting the response to the FAPGNYPAL 

epitope .  Kedl et al demonstrated, by tetramer staining in an OVA model, that antigen 

exposure in the presence of a high affinity CD8+ T cell population, resulted in 

competition between APC and antigen specific T cells in which the high affinity CD8+ 

T cells dominated the response (Kedl, Rees et al. 2000).  The strong response to 

SGPSNTPPEI in mice pre-treated with OT-1 lymphocytes may be related to the 

efficient lysis of the LLpoly tumour cells in a “danger” context by pre-existing 

SIINFEKL specific CTL leading to an increased level of antigen exposure (van 

Stipdonk, Hardenberg et al. 2003) and the generation of a persistent SGPSNTPPEI 

specific effector CTL.   

 

Forty percent of C57BL/6 mice infused with OT-1 lymphocytes were protected from 

LLsOVA tumours.  SIINFEKL-specific CD8+ T cells were detected in both progressor 

and non progressors, however a similar population was not detected in the mice given 

naïve C57BL/6 lymphocytes which also had a progressing tumour. 

 

Makki et al. (Makki, Weidt et al. 2002) showed that a pre-existing CTL to subdominant 

epitopes can provide protection against viable tumour challenge.  In the study described 

neither vaccination with irradiated (OVA-secreting) EG7 tumour cells, nor infusion 

with OT-1 lymphocytes prior to tumour inoculation protected against the OVA 

secreting EG7 rechallenge.  However, vaccination with the non-OVA expressing 

parental EL4 tumour cells protected against both EL4 and EG7 challenge suggesting 

that the CTL generated in response to EL4 tumour vaccination were protective. In this 

case EL4 antigens were considered to be subdominant intermolecular epitopes.   

 

4.3.3 Epitope spreading may have occurred in the presence of a potent pre-

existing effector CTL response 

The detection of a small percent of ICS-γ+CD8+ T cells following restimulation with the 

subdominant peptides KVVRFDKL and NAIVFKGL in lymphocytes collected from the 

DLN of LLsOVA progressor and non progressor mice pre-treated with OT-1 
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lymphocytes suggests that epitope spreading may have occurred.  The exact mechanism 

of epitope spreading is not known however, under enhanced stimulatory conditions 

reactive T cells may respond more effectively to tumour antigen and the level of 

subdominant epitopes generated exceed the threshold required to activate KVVRFDKL 

and NAIVFKGL antigen specific CTL (Chen, Khilko et al. 1994; el-Shami, Tirosh et al. 

1999; Sercarz 2000; Lawson, Man et al. 2001; Knutson 2005; Lyman, Nugent et al. 

2005).  A similar CTL profile was reported by El-shami et al. (el-Shami, Tirosh et al. 

1999) in which a protective CTL response (measured by an in vitro CTL assay) was 

demonstrated to the dominant and subdominant OVA epitopes (KVVRFDKL and 

NAIVFKGL) in mice vaccinated with SIINFEKL prior to EG7 tumour challenge.  

Epitope spreading was attributed to an inflammatory milieu leading to cross 

presentation of tumour antigens taken up by APC following tumour cell destruction.  

Interestingly, epitope spreading has been described in a number of vaccination protocols 

in clinical trials (Butterfield, Ribas et al. 2003; Ribas, Timmerman et al. 2003; 

Mittendorf, Gurney et al. 2006).  
 

Further investigation, including a kinetic study of in vivo effector CTL, tetramer 

staining and ICS analysis, as well as tumour rechallenge experiments, would be required 

to confirm intra-molecular and intermolecular epitope spreading in mice with pre-

existing CTL.  
 

4.3.4 Summary 

Work in this chapter showed that CTL are generated to multiple antigenic epitopes 

expressed by a progressing tumour, and that these CTLs are capable of lysing target 

cells expressing the specific epitopes; however, they are unable to eradicate the tumour.  

The CTL response to these tumour epitopes is restricted by their dominant nature.  

Should several dominant epitopes co-exist on a tumour, the host can generate a response 

to most of them; although this study has shown that ‘superdominance’ may be occurring 

i.e. SIINFEKL (Kb) was dominant over FAPGNYPAL (Kb) and SGPSNTPPEI (Db) was 

dominant over ASNENMDAM (Db).   

 

In addition, a pre-existing CTL effector population restricts the antigen specificity of an 

MHC class I allele response to tumour expressing multiple co-dominant epitopes 

(LLpoly).  However, in the presence of a single dominant epitope in the LLsOVA 

model spreading to subdominant epitopes may also occur (Figure 4.14). 
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Chapter Five  

5. IMMUNOSURVEILLANCE AND IMMUNO-EDITING BY T 

CELLS 
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5.1 Introduction 

The previous chapter demonstrated tumour antigen presentation and tumour-specific 

CTL activity in the LN early in LLSOVA and LLpoly development (at day 7).  

However, these responses appear to diminish with continuing tumour growth which 

could be explained by: 

• CTL anergy  

• deletion of tumour-reactive T cells (Hildeman, Zhu et al. 2002) 

• an outgrowth of tumour cell variants which no longer express antigens to 

which the T cells respond.  

 

This chapter investigates both the possibility of anergy and outgrowth of antigen loss 

variants as a means of escaping a potent immune response enabling tumour progression. 

 

5.1.1 Anergy 

Anergy of both CD4+ and CD8+ T cells has been observed in cancer patients and in 

murine tumour models (Deeths, Kedl et al. 1999; Lee, Yee et al. 1999; Marzo, Lake et 

al. 1999; Rosic-Kablar, Chan et al. 2000) and can be broadly defined in two categories.  

The first category is mainly observed in previously activated T cells and describes a 

long lasting inability of antigenic epitope-specific T cells to proliferate upon rechallenge 

with fully competent APC (reviewed in Schwartz 2003; Mocellin; Marincola et al. 

2004).  Anergy in this case is induced when T cells receive signal 1 (stimulus via the 

TCR) in the absence of signal 2 (via a co-stimulatory receptor), and they are 

subsequently unable to produce IL-2 in response to full stimulation.  In tumour-bearing 

hosts the CTL–tumour cell interaction at the tumour site may not meet the two signal 

requirement to provide the necessary co-stimulation signals to fully arm epitope-specific 

T cells (Cuenca, Cheng et al. 2003; Marincola, Wang et al. 2003). 

 

The second category of anergy is seen in naïve T cells and can be induced in the thymus 

or in the periphery.  It is more likely to result in complete loss of proliferation and 

effector function and is a consequence of stimulation in an environment deficient in co-

stimulation or high in inhibitory factors such as cytotoxic T lymphocyte antigen-4 

(CTLA-4).  The cells proliferate and differentiate to varying degrees and then down 
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regulate both proliferation and effector function in the face of persistent antigen 

(Schwartz 2003). 

 

T cell anergy can also be induced when CD4+ or CD8+ T cells receive a weak activation 

signal in the presence of IL-10; a cytokine found in a number of tumours (Section 

1.2.11).  IL-10 induced anergy cannot be reversed by the addition of exogenous IL-2 

(Akdis and Blaser 2001; reviewed in Mocellin, Marincola et al. 2004).  
 

5.1.2 Altered or loss of antigen expression 

One escape mechanism employed by tumours in the face of a potent immune response 

is antigen loss that can occur by mutational events (e.g. point mutations that result in 

single base pair changes) or translocation events (Restifo, Antony et al. 2002; Bai, Liu 

et al. 2003).  
 

Immune surveillance of a progressing tumour can lead to the elimination of 

immunogenic tumour cells and escape of less immunogenic tumour cells (reviewed in 

Smyth, Dunn et al. 2006).  This phenomenon, also described as ‘immuno-editing’, is 

closely examined in this chapter as an alternative explanation for the data discussed 

above.  
 

This chapter shows that antigen presentation and CTL effector function continue to 

decline as tumours progress and that the local tumour microenvironment does not render 

antigenic epitope-specific T cells in the DLN non-responsive.  However, antigen loss 

does occur in tumour cells and may account for the diminished effector CTL response.  
 

5.2 Results 

5.2.1 Antigen presentation declines with tumour development 

In the previous chapter, SIINFEKL presentation in LLpoly and LLsOVA tumour-

bearing mice was shown to decline from day 7/8 to day 14/15 during tumour 

progression.  To determine whether this trend persisted, Lyons Parish analysis of 

tumour-bearing mice was performed at the later time point of day 22/23 in mice 

inoculated with 5 x 105 LL, LLsOVA or LLpoly.  
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Mean tumour antigen (SIINFEKL)-specific CD8+ T cell proliferation in the DLN of 

LLpoly and LLsOVA tumour-bearing mice was not significantly above the background 

levels (p < 0.05) seen in LL-bearing mice at day 22/23 of tumour growth (Figure 5.1A).  

Although, a low level of tumour antigen presentation was observed in the DLN in a few 

individual tumour-bearing mice (i.e. 15% of LLsOVA; n = 13 and 20% of LLpoly; n = 

5) at day 22/23.   
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Figure 5.1  Tumour antigen presentation in tumour DLN is greatest in small tumours and 

disappears with increased tumour size  

A. CFSE labelled SIINFEKL specific OT-1 lymphocytes were adoptively transferred into mice 

that had been injected with 5 x 105 LL, LLpoly or LLsOVA tumour cells 19 or 20 days 

previously.  Lymphocytes isolated from DLN and LN three days post adoptive transfer were 

analysed by FACS.  Data is shown as mean percent (± SE) of proliferating CFSE+CD8+ cells 

relative to the total number of CFSE+CD8+ cells collected.  B. The percent of CFSE+CD8+ OT-1 

lymphocytes proliferating in the DLN of individual mice inoculated with 5 x 105 LL, LLpoly 
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and LLsOVA tumour cells is compared to tumour size at the time of sacrifice in individual 

mice. 

 

 

There is a clear inverse relationship between tumour size (mm2) and antigen 

presentation in the DLN of both the LLpoly and LLsOVA models (Figure 5.1B), with 

the highest levels of antigen presentation detected in mice with small, or non-palpable 

tumours in the early stage of tumour progression.  However, in a single LLsOVA 

tumour-bearing mouse antigen presentation was detected at day 29 of tumour 

development.  

 

5.2.2 Adoptively transferred tumour antigenic epitope-specific T cells retain their 

proliferative ability in mice bearing late stage tumours 

Data represented in Figure 5.1 showed that adoptively transferred OT-1 lymphocytes 

did not proliferate in the majority of mice bearing large LLpoly and LLsOVA tumours.  

One possible explanation for this outcome is that these lymphocytes had been 

tolerised/anergised by factors arising from the tumour.  Therefore, the next series of 

experiments assessed the effect that the local tumour microenvironment has on the 

capacity of adoptively transferred OT-1 cells to proliferate.  To do this, groups of four 

mice were injected s.c. with 200 μg of OVA in PBS on either the left tumour-bearing 

flank (in mice with late stage tumours; i.e. LL mean tumour area = 139.4 mm2, 

LLsOVA mean tumour area = 149.0 mm2), or right (no tumour) flank at the time of 

adoptive transfer of CFSE labelled OT-1 lymphocytes (see diagram Figure 5.2).  

Control (tumour-bearing) mice received only CFSE labelled OT-1 cells.  CFSE+CD8+ 

lymphocytes were isolated from the axillary LN draining the tumour and contralateral 

LN 3 days after adoptive transfer and were FACS analysed.   

 

The results presented in Figure 5.2 demonstrate that antigen-specific T cell proliferation 

of adoptively transferred lymphocytes was not inhibited in the draining and contralateral 

LN in the presence of a well-established tumour.  Hence, local tumour-associated 

products do not contribute to the reduced OT-1 proliferation seen in the tumour antigen 

presentation studies shown in Figure 5.1. 
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Figure 5.2  Antigen presentation is not suppressed in late stage tumour bearing mice  

Mice with 21 day old established s.c. LL or LLsOVA tumour on the left flank were given 200 

μg of OVA in PBS s.c. on the left or right flank and 1 x 107 CFSE labelled OT-1 lymphocytes 

i.v..  Antigen specific T cell proliferation was measured by FACS analysis 3 days later in the 

left tumour DLN and the right tumour non-draining LN.  Results are presented as the mean 

percent of CFSE+CD8+ cells proliferating in the lymph nodes from each group  (n = 3 or 4 

mice/group). 
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5.2.3 Tumour progression is accompanied by a loss of in vivo CTL activity  

Along with the diminished antigen presentation described in Section 4.2.1, reduced in 

vivo CTL lysis of targets was also observed for day 14/15 in both LLsOVA and LLpoly 

tumour bearing mice (described in Section 4.2.3).  In vivo CTL activity was therefore 

investigated at the later time point of day 22. 

 

Minimal CTL lysis of targets for all of the LLpoly targets epitopes was seen (Figure 

5.3A); i.e. SIINFEKL 1.6 ± 4.0%, SGPSNTPPEI 7.3 ± 4.0%, FAPGNYPAL 4.3 ± 4.8% 

and ASNENMDAM 1.7 ± 1.2%.  

 

The diminished in vivo CTL response to SIINFEKL labelled targets observed in the 

LLsOVA model at days 14/15 and 21/22 was not as dramatic as the response seen in the 

polyepitope model and a low level of lysis (9.6 ± 3.9%) was still detectable in the DLN 

at Day 21 (Figure 5.5).  This result is consistent with the observation that antigen 

presentation is detected in the DLN of ~15% of LLsOVA mice at day 22 of tumour 

growth.  

 

Lysis of targets labelled with the subdominant peptides was not significantly above 

background at any of the time points assessed in the LLsOVA tumour bearing mice 

(Figures 4.5, 4.9 and 5.5).  

 

5.2.4 Precursor CTL activity is also reduced as LLpoly tumours progress 

Polyepitope peptide restimulated splenocytes taken from tumour-bearing LLpoly mice 

after 23 days of tumour growth were also assayed by 51Cr release in vitro CTL assay.  

Lysis of SIINFEKL, FAPGNYPAL and SGPSNTTPEI targets occurred when the 

restimulation peptide was also used as the target peptide.  However, consistent with the 

observations described above (Section 5.2.3), the level of target lysis in these mice was 

significantly lower (p<0.001) than the level observed at day 9 for each peptide (Figure 

5.3B and Table 5.1).  Lysis of ASNEMDAM targets by ASNENMDAM restimulated 

splenocytes was not significantly above the background level detected in LL.  
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Figure 5.3  Endogenous in vivo CTL activity diminishes by day 22 or 23 of tumour 

progression despite precursor CTLs in the spleen   

In vivo and in vitro CTL lysis of peptide pulsed target cells was measured at day 22/23 

in mice that had received 5 x 105 LLpoly tumour cells. A. Specific in vivo cytotoxicity 

was determined by FACS analysis of CFSE+ target cells harvested from secondary 

lymphoid organs 15 hours after i.v. injection as described in Section 2.16.  Pooled data 

is shown as mean (± SE) with 4 - 5 mice/target peptide group normalised for inter-

experimental comparison.  B. In vitro CTL activity was measured in splenocytes 

restimulated with each of the polyepitope peptides as described in Section 2.15.  Pooled 

data from 4 experiments at a 25:1 effector:target ratio (calculated as the difference 

between EL4 with and without peptide) are shown as mean ± SE.  
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Target  Lysis  
SIIN SGP FAP ASN Restimulation  

Peptide 

Days of    
Tumour 

Progression LL LLpoly LL LLpoly LL LLpoly LL LLpoly 
Day 9 1.4 ± 0.5 39.4 ± 1.6 -1.6 ± 0.6 10.0 ± 5.9 -3.7 ± 2.2 0.7 ± 1.0 -0.6 ± 1.1 15.3 ± 5.9 

SIIN 
Day 23 -0.4 ± 1.3 23.6 ± 5.6 -3.5 ± 1.1 7.8 ± 4.0 -1.4 ± 0.4 -0.5 ± 0.7 -1.8 ± 0.6 0.2 ± 0.8 

                    
Day 9 -1.5 ± .06 6.5 ± 3.2 -0.5 ± 0.2 31.4 ± 1.5 -2.1 ± 2.1 5.2 ± 1.5 1.0 ± 0.8 5.6 ± 2.9 

SGP  
Day 23 -3.4 ± 0.04 2.2 ± 2.6 -3.9 ± 1.0 12.7 ± 3.7 0.2 ± 1.1 1.1 ± 1.2 -2.8 ± 0.5 0.2 ± 1.0 

                    
Day 9 -1.7 ± 1.1 -0.3 ± 0.3 0.6 ± 0.3 30.7 ± 2.6 3.1 ± 0.5 37.5 ± 1.6 1.2 ± 0.8 28.8 ± 1.0 

FAP  
Day 23 -2.9 ± 0.2 0.01 ± 1.0 -3.9 ± 0.6 17.7 ± 2.6 3.1 ± 0.8 24.3 ± 3.0 -2.2 ± 0.4 4.7 ± 1.9 

                    
Day 9 -2.2 ± 0.8 0.4 ± 0.9 -0.6 ± 0.3 12.0 ± 0.4 -3.4 ± 2.1 11.1 ± 1.8 0.8 ± 0.1 18.3 ± 3.6 

ASN  
Day 23 -3.1 ± 0.3 -1.6 ± 1.1 -3.5 ±  0.9 -0.6 ± 0.7 0.7 ± 1.2 0.8 ± 1.5 -2.2 ± 0.6 3.3 ± 1.5 

 

Table 5.1  Percent target lysis of LL and LLpoly splenocytes restimulated with the polyepitope peptides  

In vitro CTL target lysis measured in splenocytes restimulated with each of the polyepitope peptides as described in Section 2.15.  Pooled data is from 2 and 4 

experiments for Day 9 and 23 respectively at a 25:1 effector:target ratio (calculated as the difference between EL4 with and without peptide) shown as mean target 

lysis ± SE.  
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5.2.5 A single peptide restimulation maintains multiple effector CTL precursor 

populations 

Splenocytes taken at day 9 of LLpoly tumour growth and restimulated with a single 

polyepitope peptide lysed targets labelled with peptides other than the restimulation 

peptide (with the exception of SIINFEKL) (Section 4.2.7); e.g. splenocytes restimulated 

with  FAPGNYPAL were able to lyse SGPSNTPPEI and ASNENMDAM labelled 

targets, similarly splenocytes restimulated with ASNENMDAM were able to lyse 

FAPGNYPAL labelled targets.  A similar effect was observed in splenocytes taken 

from day 23 LLpoly tumour-bearing mice.  However, at this time point the effect was 

restricted to splenocytes restimulated with FAPGNYPAL which were able to lyse 

SGPSNTPPEI and ASNENMDAM labelled targets (Figure 5.3B).  As described in 

Section 5.2.4, lysis at day 23 was significantly less than the levels measured at day 9 

(Figure 5.3 and Table 5.1) (comparing FAPGNYPAL restimulated effector lysis of a) 

SGPSNTPPEI targets at days 9 and 23 p < 0.0001 and b) ASNENMDAM targets p = 

0.0010). 

 

5.2.6 A similar CTL response is seen in mice that did not develop tumours 

As previously mentioned, the mean tumour incidence in the LLpoly model is 80%.  The 

possibility that tumour-free mice (non-progressors) may have developed a potent anti-

tumour immune response was investigated in the limited number of mice available.  In 

vivo CTL lytic levels of SIINFEKL (n = 2), SGPSNTPPEI (n = 2) and FAPGNYPAL 

(n = 1) labelled targets in non-progressor mice at day 22 of tumour growth were similar 

to those detected in progressor mice in both DLN and spleen (Figure 5.4A).  No lysis of 

ASNENMDAM targets was detected (n = 1).  

 

A further comparison was made between day 23 LLpoly progressor and non-progressor 

mice using the 51Cr release in vitro CTL assay (Figure 5.4B).  Interestingly, the only 

statistically significant difference between the two groups was increased lysis of 

SIINFEKL-labelled targets (p < 0.001) by SIINFEKL restimulated effectors in the non-

progressor group.  Precursor CTL lysis of the other polyepitope peptide-labelled targets 

in day 23 LLpoly mice with progressing tumour was similar to the response measured in 

LLpoly non-progressors (Figure 5.4B).   
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Figure 5.4  Precursor CTLs are detected at similar levels in mice that did or did not 

develop tumours  

Data represents in vivo CTL target lysis in A. DLN and spleen of mice that had not developed 

LLpoly tumours (non-progressors) and LLpoly tumour bearing mice (progressors) at day 22 

after inoculation with 5 x 105 tumour cells/mouse.  Data has been normalised as described in 

Section 2.15.  In vivo CTL lysis of SIINFEKL (SIIN) and SGPSNTPPEI (SGP) targets was 

assessed in n = 4 progressors and n = 2 non-progressors as well as lysis of ASNEMDAM (ASN) 

and FAPNYPAL (FAP) in n = 5 progressors and n = 1 non-progressor.  B. Splenic effector cells 

from LLpoly non-progressors and LL and LLpoly progressors at day 23 were included in an in 

vitro CTL assay as described in Sec 2.15.  The data shown is from 2 experiments, n = 18 and 16 

mice with LL and LLpoly tumours respectively and n = 14 non-progressor mice.  Data is shown 

as pooled mean % target lysis (± SE) for each of the restimulation/target peptide groups at a 

25:1 effector:target ratio (calculated as the difference between EL4 plus peptide and EL4 

without peptide). * denotes a significant difference in the response in LLpoly mice with and 

without tumour (p<0.001).   
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Taken together, these data show that antigen-specific CTL effector function diminishes 

with LLpoly tumour progression.  As mentioned above, one possible explanation for 

these data is antigen loss, and this is supported by observations in the non-progressor 

mice.  Non-progressor mice never developed tumour, thus tumour antigen levels could 

not have increased as would be expected in progressor mice.  However, 22 days after 

tumour cell inoculation progressor and non-progressor mice demonstrated (at least) an 

equivalent CTL response.  Hence the response that is being measured could represent a 

memory response in both groups.   
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Figure 5.5  Precursor CTLs are detected in the spleens of LLsOVA tumour bearing mice 

21 days after tumour injection   

A. In vivo and B. in vitro CTL lysis of peptide labelled target cells measured at day 21/22 in 

mice that had received 5 x 105 LLsOVA tumour cells.  In vivo CTL pooled data is shown as 

mean target lysis (± SE) with 7 - 10 mice/target peptide group normalised for inter-experimental 

comparison.  * denotes a level of lysis significantly above zero (p=0.036).  In vitro CTL activity 

was measured by 51Cr release in vitro CTL assay using splenocytes restimulated with 

SIINFEKL, KVVRFDKL, or CFDVFKEL as described in Section 2.15.  Control mice 

inoculated with LL were included in each experiment.  Pooled data is from 3 experiments at a 

25:1 effector:target ratio (calculated as the difference between EL4 plus peptide and EL4 

without peptide) and is shown as mean target lysis ± SE.  
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5.2.7 Precursor SIINFEKL-specific CTLs are detected in the spleens of LLsOVA 

bearing mice at day 21 of tumour growth 

The presence of precursor SIINFEKL specific CTLs in the spleens of LLsOVA-tumour 

bearing mice at the later time point of day 21 of tumour growth was also investigated by 
51Cr release in vitro CTL assay.  Splenocytes from these mice were in vitro restimulated 

and expanded with the OVA-derived peptides (SIINFEKL, KVVRFDKL and 

CFDVFKEL).  As seen at day 7 and 14 of tumour growth, specificity of the CTL 

effectors was restricted to the dominant SIINFEKL peptide (Figure 5.5).  These results 

suggest that the level of SIINFEKL-specific precursors is maintained during tumour 

progression. 

 

5.2.8 Tumour specific CD8+ lymphocytes are in the DLN and tumours 

The next series of experiments used tetramers to assess the proportion of SIINFEKL-

specific CD8+ T cells in the DLN and tumours of mice at days 15 and 22/23 of tumour 

growth.  

 

SIINFEKL-specific CD8+ T cells were detected in the DLN of LLpoly mice at day 15, 

but not at day 23, indicating that these cells were eliminated or migrated away from the 

DLN as tumours progress (Figure 5.6B).  In contrast, there was no detectable 

CD8+tetramer+ response in the DLN of LLsOVA-bearing mice on days 15 or 22/23.   

 

The percent of tumour-infiltrating CD8+ cells (expressed as a proportion of the total 

cells in the tumour) was greater in the LLpoly and LLsOVA tumours than in the less 

antigenic parental LL tumour (Figure 5.6D).  However, when expressed as a proportion 

of the total number of lymphocytes, the percent of CD8+ cells in the tumour and DLN 

(data not shown) was similar in the three tumour groups at day 15 and 22/23 (Figure 

5.6C).  Interestingly, SIINFEKL-tetramer+CD8+ lymphocytes (expressed as percent of 

CD8+ lymphocytes) could be found in both LLsOVA and LLpoly tumours at days 15 

(LL = 2.3 ± 0.5%, LLpoly = 4.1± 1.2% and LLsOVA = 6.3 ± 4.3%) and day 22/23 (LL 

= 1.7 ± 0.4%, LLpoly = 6.2 ± 2.8% and LLsOVA = 9.8 ± 1.8%) (Figure 5.6A).  
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Figure 5.6  SIINFEKL tetramer+ T cells can be found in LLpoly and LLsOVA tumour-

bearing mice  

DLN and tumours removed from C57BL/6 mice 15 and 22/23 days after inoculation with 5 x 

105 LLsOVA, LLpoly or LL tumour cells/mouse (n = 4 to 10 mice/group) were prepared as 

single cell suspensions and labelled with SIINFEKL-tetramer PE and tricolour antiCD8 

antibody for FACS analysis as described in Section 2.20.  Data is represented as mean percent 

(± SE) of CD8+ lymphocytes that are SIINFEKL tetramer+ in A. tumour and B. DLN.  The 

mean percent (± SE) of lymphocytes in the tumour that are CD8+ cells is shown in C. (also 

Figure 3.8) and the mean percent (± SE) of total cells in the tumour that are CD8+ is shown in 

D.  * denotes a significant difference compared to LL (p<0.05).  E. Representative FACS 

profiles of tetramer staining on CD8+ lymphocytes in the DLN and tumour. 
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These results suggest that in both models SIINFEKL-specific CD8+ CTLs generated in 

the DLN migrate to the tumour during tumour progression where they accumulate or 

proliferate.  The latter is indicated by the increasing proportion of SIINFEKL-specific 

CD8+ T cells despite the percent of TIL that are CD8+ remaining constant between days 

15 and 22/23.   

 

Unfortunately, tetramer studies for each of the polyepitope peptides and subdominant 

and cryptic epitopes of OVA could not be carried out due to problems encountered with 

the tetramer preparation.  In preliminary screening studies, positive staining was not 

detectable in mice vaccinated with peptide in IFA despite the presence of peptide-

specific effector CTLs (Section 3.2.1).  These data suggest that the tetramers were 

faulty.  Extended delays experienced during the importation of the tetramers from the 

NIH Tetramer Facility (USA) may have contributed to poor TCR-tetramer binding.  

Time prevented manufacturing new tetramers. 

 

5.2.9 Antigen Loss 
The next series of experiments were designed to investigate whether antigen loss 

variants had developed over time, resulting in reduced antigen expression and 

contraction of effector CTLs in tumour DLN.   

 

To explore the hypothesis that the tumour cell population was no longer homogenous in 

its neo antigen expression, ex vivo cultured tumour cells were expanded in vitro in CM, 

and when confluent, transferred to CM supplemented with G418 (the selection marker 

co-transfected with cDNA coding for the tumour antigens).  Thus, only cells expressing 

the transfected antigens could survive in G418.  Expanded ex vivo populations in CM, 

or CM with G418, were then assessed for expression of the transfected polyepitope or 

OVA construct.  

 

5.2.10 Ex vivo tumours do not readily grow in CM media supplemented with G418 
Tumours excised at days 7, 13/15, 21 and 25 days of tumour growth were gently 

mashed between frosted glass slides as described in the materials and methods (Section 

2.6) to give a mixed preparation of single cells and disaggregated tumour tissue which 
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was centrifuged and the pelleted tumour material cultured in CM.  Tumour cells could 

be distinguished from other cells in the culture by size, adherence to plastic and colony 

formation.  When expanding colonies were clearly visible in either 6 well plates or 

25cm2 flasks they were prepared as single cell preparations (Section 2.4) and divided 

between CM and CM supplemented with G418. 

 

Day 7 LLpoly tumours could be expanded in vitro in CM and CM + G418 in 83% (n = 

6) of tumours taken.  However, LLpoly tumours taken between days 13 and 16 of 

tumour growth did not grow in CM + G418. 

 

Only 33% of LLsOVA tumours collected at day 7 (n = 3) or day 14 to 16 (n = 6) could 

be cultured in CM and subsequently in CM + G418.  LLsOVA tumours collected at day 

21 or day 25 did not grow in CM + G418 within a month of establishing cultures in 

vitro in CM.  

 

Ex vivo LLsOVA and LLpoly cultured tumours that were not readily established were 

monitored and maintained for an extended period (up to 2 months) in CM.  If these long 

term cultures became confluent and were able to be split they were tested in G418 

supplemented media.  In some instances (e.g. 25% of LLsOVA cultures from day 21 

tumours (n = 4)) cultures were established that could grow in CM + G418.  In the 

example above OVA was also detected in the culture supernatant.   

 

5.2.11 Ex vivo LLpoly tumours cells collected at Day 7 of tumour growth are lysed 

by SIINFEKL specific effector cells 

Cultures prepared from tumours taken early in tumour progression were more likely to 

establish colonies in CM + G418.  However, since the cells were co-transfected with the 

neomycin selection marker as a separate construct, screening cells in G418 was not 

sufficient to confirm that the isolated cells would continue to co-express the neo tumour 

antigens. Therefore, ex vivo tumours taken at day 7 post LLpoly tumour cell inoculation 

were cultured for 13 days in CM and 2 days in CM + G418 before being screened as 

targets in a SIINFEKL-specific 51Cr release in vitro CTL assay with a mean percent 

lysis of 19.7 ± 4.4%.  These same tumour cell lines cultured for a further 28 days in CM 

+ G418 were tested again in the SIINFEKL-specific 51Cr release in vitro CTL assay 
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with a mean percent lysis of 50.4 ± 3.5%.  Background lysis of the parental line LL was 

8.9% (Figure 5.7A). 

 

All of the tumours taken at day 25 and 33 of tumour growth grew in CM.  However, at 

each time point only one third of these could be cultured in CM with G418.  

Furthermore, in vitro CTL analysis of these cells as targets showed that both prior to, 

and after the addition of G418, they were poor targets for SIINFEKL-specific CTLs 

(Figure 5.7A).   

 

To confirm that the tumour cells continued to express the neo tumour antigens when 

grown in vivo, day 7 and day 25 ex vivo LLpoly tumour cells grown and expanded in 

CM with G418 were reinjected into C57BL/6 mice at 5x105 cells/mouse.  Only 

expanded cells isolated from day 7 ex vivo tumours induced proliferation of CFSE 

labelled OT-1 CD8+ cells after 6 to 7 days of tumour growth, as shown in Figure 5.7B, 

suggesting that these cells expressed the polyepitope.  This was confirmed by RT-PCR 

analysis in which day 7 ex vivo tumours cultured in CM for 2 weeks showed expression 

of the polyepitope (Figure 5.7C).  Expression of the polyepitope construct was not 

detected by RT-PCR in cDNA prepared from Day 33 ex vivo tumour cultures.   

 

These results demonstrate that polyepitope transfected tumour cells are present in the 

tumour mass at day 7 of tumour growth, however they are more difficult to isolate from 

the tumour mass with tumour progression, consistent with the antigen loss hypothesis.  

 

5.2.12 Ex vivo LLsOVA tumours are lysed by SIINFEKL specific effector cells 

In a similar series of experiments to those described above, LLsOVA tumours cultured 

ex vivo from day 7 (n = 2) and day 14 (n = 6) were readily established in CM.  

However, only 50% and 30% of the tumour cells from day 7 and 14 respectively, could 

be cultured in G418 supplemented CM; suggesting that the majority of LLsOVA 

tumours lost the growth selection marker expression over time.  The ex vivo cultures 

from day 7 and 14 tumours that were G418+ were also positive for OVA production 

when screened by ELISA (Figure 5.8A): data for the day 7 sample is not shown as the 

sample was assessed qualitatively.  Furthermore, a single day 14 ex vivo G418+ culture 

was effectively lysed in vitro by SIINFEKL specific CTLs taken from OT-I mice 

(Figure 5.8B).   
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Figure 5.7  Ex vivo tumour cells collected early in tumour progression express the 

polyepitope 

A. Ex vivo tumours collected at day 7 (n = 4), 25 (n = 3) and 33 (n = 3) were cultured in CM 

before supplementation with G418 and expanded cultures used as targets in an in vitro CTL 

assay.  LL and LLpoly cell lines maintained in vitro in CM and CM + G418 respectively were 

included as controls (TC).  B. Tumours taken at day 7 (n = 4) and day 25 (n = 1) were expanded 

in vitro and 5 x 105 tumour cells reinjected into naïve C57BL/6 mice. Representative FACS 

plots show presentation of SIINFEKL in the DLN of these mice at day 7 of tumour progression 

using the Lyons Parish analysis.  Mice inoculated with 5 x 105 LL were included as a negative 

control.  C.  Ex vivo tumour cells expanded in culture were assessed by RT-PCR for 

polyepitope construct and reference gene GAPDH expression.  In vitro cultured LLpoly (TC) 

was included as a positive control. 
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Figure 5.8  There is variable expression of OVA in ex vivo cultured LLsOVA tumour cells 

A. Supernatants from ex vivo cultures of 2 x 105 cells/ml cultured for 24hrs were assayed for 

OVA by ELISA and the OD at λ = 405 measured.  In vitro cultured LL and purified OVA (125 

μg/ml) were included as controls. B. Tumours collected at days 14 (n = 1) and 25 (n = 3) of 

tumour development from mice inoculated with 5 x 105 LLsOVA were expanded in CM before 

supplementation with G418.  Ex vivo LL tumours were expanded in CM.  Tumours taken at day 

21 (n = 4) of tumour growth grew only in CM at the time of testing.  Expanded cultures were 

used as targets and co-incubated with OT-1 splenocytes as effectors in a 51Cr release in vitro 

CTL assay.  In vitro maintained LL and LLsOVA cell lines (TC) were included as controls.  C. 

OVA specific RT-PCR analysis of ex vivo cultures of tumours removed 13, 20 and 27 days 

after tumour inoculation.  GAPDH primers were included as a control for the cDNA quality and 

quantity. 

 

 

 

 

 



 159

 

Ex vivo tumour cells from the later time points of days 21 and 25 of tumour growth 

were also examined.  Ex vivo cultures from day 21 LLsOVA inoculated mice did not 

secrete OVA and could not be lysed by OT-I T cells.  In contrast, OVA secreting 

tumour cells retrieved from 2 of 3 ex vivo cultures of day 25 tumours were lysed by 

OT-1 CTLs (at a 25:1 effector:target ratio killing was 10.2% and 8.7%).  However, two 

months later only one of the cultures could be maintained in G418 media and was lysed 

as a target (15.2% lysis) by OT-1 T cells.  In addition, when these two day 25 ex vivo 

expanded cultures were reinjected into naïve C57BL/6 mice only one generated 

CD8+CFSE+OT-1 T cell proliferation in the DLN (Figure 5.9A).   

 

RT-PCR analysis of transfected OVA antigen expression by LLsOVA ex vivo tumours 

demonstrated that OVA expression was detectable in one of two ex vivo day 13 tumour 

lines tested, while it was not detectable at day 20 or 27 (Figure 5.8C). 

 

5.2.13 Antigen presentation is observed in LLsOVA tumours at day 22 

The data above shows that a small precent of late stage tumours retained OVA 

expression.  This was confirmed using Lyons Parish analysis which showed in vivo 

SIINFEKL presentation leading to CD8+ T cell proliferation occurring within the 

tumour itself in 38% of LLsOVA-bearing mice (n = 8) (Figure 5.9B).  Antigen 

presentation was not seen in the DLN of these mice (Figure 5.9B) suggesting that 

antigen presentation was restricted to the tumour, or that the number of antigen-

expressing tumour cells represented only a small percent of the total tumour cell 

population and the level of antigen reaching the DLN was insufficient to activate 

adoptively transferred OT-1 lymphocytes residing there. 

 

These results suggest that ex vivo cultured solid tumours are heterogenous in their 

antigen expression and that OVA transfected tumour cells may be retrieved at a reduced 

frequency with tumour progression. 

 

Overall, these data imply that OVA expression is not stable in vivo and a significant 

number of tumours will lose OVA expression as they progress.  However, the time 

point at which OVA loss occurs varies considerably between individual hosts and this 

may be a reflection of the initial anti-OVA response that is generated early in tumour 
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progression; i.e. a potent anti-OVA response will lead to rapid antigen loss and an 

outgrowth of tumour cells which may or may not express the selective growth marker. 

 

Polyepitope transfected tumour cells are present in the tumour mass at day 7 of tumour 

growth; however they are more difficult to isolate with tumour progression.  RT-PCR 

data confirmed antigen loss at the later times of tumour growth.  
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Figure 5.9  SIINFEKL specific CD8+ T cell proliferation is detected in large 

LLsOVA tumours 

Representative FACS plots of Lyons Parish analysis are shown of CFSE labelled OT-1 CD8+ T 

cell proliferation in LLsOVA tumour-bearing mice.  A. In the DLN of mice given day 25 ex 

vivo tumour cells that were expanded in CM with G418 before being reinjected into mice.  

FACS analysis is at day 6 of tumour growth.  Mice inoculated with LL were included as a 

negative control.  B. Lyons Parish analysis in LLsOVA tumours and the DLN from 3 mice at 

day 22 of tumour growth.   
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5.2.14 Establishing an OVA-secreting tumour model that does not undergo 

antigen loss in vivo  

Given the antigen instability problems discussed above, additional transfected tumour 

cell clones were investigated to find a model that retained tumour antigen expression 

throughout in vivo tumour growth.   
 

It was not possible to isolate a cell line that would grow in mice and maintain 

expression of the polyepitope (checked by RT-PCR with polyepitope specific primers).  

However, a second LLsOVA cell line termed LLsOVA 1.3 was established and is 

described below. 

 

5.2.15 Characterisation of LLsOVA 1.3 

LLsOVA 1.3 was cloned by LDA (described in Section 2.9) and selected for its ability 

to grow in CM + G418 and OVA production (detected by ELISA).  Expression of the 

sOVA construct was confirmed by RT-PCR (Figure 5.10A). 

 

LLsOVA 1.3 secreted lower levels of OVA than the LLsOVA cell line used in all the 

experiments described above; OVA production was determined to be 0.01 pg/cell in 24 

hrs compared to LLsOVA which produced 0.28 pg/cell in 24 hrs in CM.  LLsOVA 1.3 

grew at a similar rate to LLsOVA in vitro (data not shown) however it grew in C57BL/6 

mice at a slower rate than both LL and LLsOVA (Figure 5.10C).  Tumour incidence in 

LLsOVA 1.3 at day 21 was 75%, however by day 25 all mice had developed tumours 

(Figure 5.10D).  

 

LLsOVA 1.3 was a poor target for OT-1 CTL effectors with 3.4% lysis of targets in the 

in vitro CTL assay compared to the parental cell line LL (1%) and the transfected cell 

lines LLpoly (61%) and LLsOVA (24%) at an effector:target ratio of 25:1.  These data 

imply that LLsOVA 1.3 is less immunogenic than LLsOVA and LLpoly.  Hence, this 

tumour may not provoke a potent anti-OVA immune response in vivo which may 

account for retention of the OVA antigen expression in vivo.  
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Figure 5.10  Characterisation of the LLsOVA 1.3 

A stable cell line (LLsOVA 1.3) was generated following transfection of LL with cDNA coding 

for secreted OVA and the neomycin selection marker.  A. RT-PCR using sOVA specific 

primers showed that the sOVA construct is expressed by LLSOVA 1.3 and LLsOVA.  GAPDH 

primers were included as controls.  B. Both cell lines were included as targets and compared to 

LL and LLpoly in a SIINFEKL specific 51Cr release in vitro CTL assay using OT-1 cells as 

CTL effectors.  C. & D. Tumour growth rate and tumour incidence in C57BL/6 mice given 5 x 

105 LLsOVA 1.3, LLsOVA or LL cells/mouse s.c. (n = 8, 10 & 12 respectively).  E. & F. 

Growth and tumour incidence in LLsOVA 1.3 mice vaccinated s.c. with 8.5 x 105 irradiated 

LLsOVA 1.3 (20,000 rads) 18 days previously and rechallenged with 5x105 LLsOVA 1.3 viable 

tumour cells. 
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5.2.16 MHC Class I and SIINFEKL expression is increased following IFNγ 

treatment 

Tumour cells cultured in the presence of IFN-γ have been shown to upregulate MHC 

class I expression (Wong, Clark-Lewis et al. 1983; Shimonkevitz, Luescher et al. 1985).  
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Figure 5.11  MHC Class I and antigen expression are upregulated following 

treatment with IFN-γ  

In vitro cultured tumour cells incubated with or without 12.5 ng/ml of IFN-γ in CM for 48 hrs 

were prepared as targets for a SIINFEKL-specific 51Cr release in vitro CTL assay A.  OT-1 

splenocytes restimulated for five days with SIINFEKL-pulsed naïve C57BL/6 splenocytes 

prepared as effector cells were co-incubated with 51Cr labelled tumour cells for 4 hours to 

measure CTL lysis.  The graphs show percent target lysis at varying effector:target ratios for 

IFN-γ treated and untreated target groups.  B. Target cells were also analysed for MHC class I 

expression by FACS following sequential labelling with anti-mouse H2-Kb/Db biotin and 

streptavidin PE.  * indicates treatment with IFN-γ. 
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Therefore, tumour cell lines cultured in vitro in the presence or absence of IFN-γ for 48 

hrs were used as targets in a SIINFEKL-specific in vitro CTL assay.  Lysis of LLsOVA 

and LLsOVA 1.3 cell lines increased from 23.6 to 36.3% and 3.4 to 16.3% respectively 

(Figure 5.11).  Lysis of LL targets remained at 1% and the level of target lysis for 

LLpoly was similar to the level determined for the untreated targets (60%), suggesting 

that LLpoly was already expressing the maximum number of SIINFEKL-MHC 

complexes that could be recognised by OT-1 effector cells.   

 

5.2.17 LLsOVA 1.3 is isolation from ex vivo tumour cultures 

Ex vivo LLsOVA and LLsOVA 1.3 day 26 & day 30 tumours were prepared as single 

cell suspensions, placed in CM or CM with G418 at 1000 and 100 viable cells/well and 

monitored for colony growth.  LLsOVA colonies grew readily in the CM however, they 

did not grow in CM supplemented with G418 (Table 5.1).  In contrast, approximately 

one third of the number of colonies counted from ex vivo LLsOVA 1.3 tumours in CM 

were counted in CM with G418.  Supernatants from these wells were screened by OVA 

ELISA and showed that 75% of colonies from CM and 100% of colonies in G418 

supplemented media continued to produce OVA.  However, only 6.2% of wells from 

LLsOVA ex vivo tumours showed detectable OVA in the supernatant.  

 

Colonies growing  % of wells with OVA  

Tumour 
CM 

CM + 

G418 
CM CM + G418 

Mean 

Tumour Size 

(mm2) 

LLsOVA 152 nil 6.25% N/A 132 

LLsOVA 

1.3 
91 30 75% 100% 33 

 
Table 5.2. Frequency of OVA producing LLsOVA and LLsOVA 1.3 colonies following 

limiting dilution of ex vivo tumours 

Ex vivo tumours prepared as single cell suspensions were seeded into 96 well plates at limiting 

dilutions in both CM and CM + G418 (described in Section 2.9).  Supernatants from wells with 

colonies were screened by ELISA to detect OVA secretion.  Colonies from LLsOVA tumours 

did not grow ex vivo in CM + G418.  
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5.2.18 Continuous in vitro culturing of tumour lines leads to loss of antigen 
expression 

The possibility that the tumour cell lines lose expression of the transfected genes during 

culture if they are not maintained under G418 selection pressure was investigated by 

serially passaging LLpoly, LLsOVA and LLsOVA 1.3 in vitro.  Tumour cells were 

passaged every 2-3 days in CM or CM + G418.  At intervals of 1, 10, 15 and 20 

passages RNA was prepared from the cultured cells and OVA or polyepitope expression 

measured by RT-PCR.  With increasing passage number the percent of viable cells 

recovered from culture in CM + G418 media following continuous culture in CM 

decreased for LLsOVA and LLpoly (Figure 5.12B) while >50% of LLsOVA 1.3 were 

frequently recovered under the same conditions.  Similarly, antigen expression levels 

measured by RT-PCR decreased with increasing passage numbers for LLpoly and 

LLsOVA (Figure 5.12C).  This trend was not evident for LLsOVA 1.3.  

 

5.2.19 Expression of sOVA and polyepitope constructs persists in tumours grown 

in nude mice 

Continuous culturing of tumour cells in the absence of selection pressure leads to a 

gradual reduction in antigen expression in the LLsOVA and LLpoly tumour lines.  

However, immuno-editing by the host immune response may also result in an outgrowth 

of less antigenic tumour cells.  Hence, C57BL/6 and nude mice (which have an 

extremely limited TCR (Maleckar and Sherman 1987) and cannot mount an adaptive 

immune response) were inoculated with LLpoly, LLsOVA or LLsOVA 1.3 tumour cells 

and tumour growth and antigen expression were measured.  LL, LLpoly, LLsOVA and 

LLsOVA 1.3 grew at an equal or faster rate in nude mice compared to C57BL/6 mice as 

shown in Figure 5.13.   

 

Tumour antigen expression was measured by RT-PCR analysis using the polyepitope or 

sOVA specific primers as described in Materials and Methods Section 2.22.  LLpoly, 

LLsOVA and LLsOVA 1.3 tumour cells cultured in vitro in CM + G418 have 

maximum expression of their respective construct and were therefore used as the 

reference point for other tumour samples. 
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Figure 5.12  Serially passaged LLsOVA and LLpoly tumour cell lines lost expression of 

sOVA and polyepitope mRNA  

Tumour cell lines were serially passaged in vitro in CM or CM + G418.  Tumour cells were 

harvested and viable and total cell number determined every second day.  An equal number of 

cells grown in CM at each passage were also transferred to CM + G418 and cultured for the 

same period. CM and CM + G418 wells were reseeded at 2 x 105 cells/well in 2 ml of media; 

schematically represented in A.  B. represents the % of viable tumour cells growing in CM + 

G418 two days after transfer from continuous culture in CM and is expressed relative to the 

viable cell number in CM. C.  After 1, 10, 15 and 20 passages mRNA levels were measured by 

RT-PCR as described in Section 2.22.  Data represented graphically is expressed as the change 

in the level of expression of each construct in cultures grown in CM relative to the level of 

expression measured in CM + G418.  
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Figure 5.13  Tumour growth in nude mice   

C57BL/6 and nu/nu mice were inoculated s.c. at day 0 with 5 x 105 LL (n = 8 & 5 respectively), 

LLsOVA (n = 6), LLpoly (n = 6) or LLsOVA 1.3 tumour cells/mouse (n = 9) and their tumour 

growth monitored. ♦ marks the time points at which 3 mice were removed from both the 

C57BL/6 and nude mice groups thereby accounting for the reduced tumour size. * denotes a 

significant difference (p<0.05). 

 

 

 

Tumours taken from C57BL/6 mice showed a reduction in polyepitope construct 

expression over time.  By days 31 & 36 polyepitope expression had completely 

disappeared.  In contrast, tumours taken from nude mice maintained detectable 

expression levels over time.  Note that tumour progression in nude mouse was 

terminated at day 26 as tumours would have exceeded the maximum ethically (UWA 

AEC conditions) allowable size (Figure 5.14).  
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Figure 5.14  Detection of mRNA for the polyepitope construct extracted from LLpoly 

tumours grown in C57BL/6 mice and nude mice 

Tumours growing in naïve C57BL/6 and nude (nu/nu) mice inoculated with 5 x 105 LLpoly 

tumour cells were collected in Ultraspec at specified time points and prepared for RT-PCR as 

described in the Materials and Methods Section 2.22.  PCR product (visualised with EtBr) for 

polyepitope and GAPDH specific primers from C57BL/6 and nude mice is shown in A.  LL ex 

vivo tumour and in vitro cultured LLpoly (TC) were included in the RT-PCR as controls.  B. 

Shows mean relative expression of the polyepitope construct determined by RT-PCR in tumours 

taken at each time points.  Data has been normalised against LLpoly cultured in vitro in CM + 

G418.  * denotes nil PCR product detected for the polyepitope primers.   
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Figure 5.15  Kinetics of OVA expression in progressing tumours measured by OVA 

specific RT-PCR in C57BL/6 and nude mice. 

Tumours growing in naïve C57BL/6 and nude mice inoculated with 5 x 105 LLsOVA or 

LLsOVA 1.3 tumour cells were collected in Ultraspec at specific time points and prepared for 

RT- PCR as described in the Materials and Methods Section 2.22. The graphs represent the 

mean relative expression of the sOVA construct in tumours taken at each of time point and 

normalised against LLsOVA or LLsOVA 1.3 cultured in vitro in CM + G418.  

 

Similar comparisons were made for LLsOVA and LLsOVA 1.3 tumours grown in 

C57BL/6 and nude mice.  LLsOVA tumours collected from C57BL/6 mice showed a 

decline in expression of the sOVA construct with tumour progression to day 26.  

However, expression levels in nude mice remained steady with tumour progression.  

Palpable tumours developed later in LLsOVA 1.3 compared to LLsOVA and were 

therefore not sampled until day 20.  In contrast to the LLpoly and LLsOVA models, the 

level of OVA expression was similar in both C57BL/6 and nude mice despite the 

difference in tumour size.  

 

Interestingly, a weak decline in the expression level of the polyepitope and OVA 

construct in LLpoly and LLsOVA 1.3 tumours at the last timepoint measured suggests 
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that even in immunocompromised mice repeated division of the tumour cells in vivo 

may lead to an increased number of antigen loss variants in the tumour.   

 

These results suggest that in the absence of an effective immune response the proportion 

of tumour cells in the tumour mass is similar as the tumour progresses and that tumour 

antigen loss does occur in the face of a potent tumour antigen-specific immune 

response. 

 

5.2.20 OVA is detected in the supernatant of tumour lysates of LLsOVA 1.3  

OVA in lysates of ex vivo LLsOVA and LLsOVA 1.3 tumours was measured by 

ELISA (Figure 5.16).  OVA was detected in 17% of LLsOVA tumour lysates taken at 

day 28 (mean tumour area = 185 ± 11 mm2; n = 6) however, the concentration did not 

exceed 0.2 ng/ml.  At the same time point 100% of tumour lysates of LLsOVA 1.3 

which grew at a slower rate and had a mean tumour area of 60.7 ± 6.8 mm2 (n = 10) 

yielded a mean OVA concentration of 2 ± 0.8 ng/ml, indicating that the concentrations 

of OVA were higher in the smaller LLsOVA 1.3 tumours compared to the large 

LLsOVA tumours (Figure 5.16). 
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Figure 5.16  OVA is detected in LLsOVA 1.3 tumour lysates 

LLsOVA and LLsOVA 1.3 tumours taken from mice at day 28 and 35 (LLsOVA 1.3 only) of 

tumour progression following inoculation with 5 x 105 tumour cells were prepared as single cell 

suspensions in 1 ml PBS/100 mm2 of tumour (measured at the time of sacrifice) and snap frozen 

in liquid nitrogen.  Tumour suspensions lysed by freeze/thawing were centrifuged and the 

supernatants assayed by ELISA to detect OVA (Materials and Methods Sections 2.23 and 2.24).  

The data is presented as the level of OVA detected relative to the size of the tumour from which 

it was collected. 
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OVA was also detected in 56% (n = 9) of LLsOVA 1.3 tumours at day 35.  These data 

indicate that the slower growing LLsOVA 1.3 retains OVA expression as a progressing 

tumour for longer than LLsOVA.  However, the inability to detect > 0.5 ng/ml of OVA 

by ELISA in 44% of day 35 LLsOVA 1.3 tumours suggests that loss of antigen 

expression may also be occurring in the late stages of tumour development of some 

LLsOVA 1.3 tumours.  

 

5.2.21 Antigen presentation persists in the DLN of LLsOVA 1.3  

The next series of experiments assessed differences in the effector CTL response when 

there is a persistent tumour antigen versus antigen loss early during tumour progression. 
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Figure 5.17  Kinetics of tumour antigen presentation in the DLN relative to tumour size 

SIINFEKL specific CFSE labelled OT-1 lymphocytes were adoptively transferred into mice that 

had been previously injected with 5 x 105 LLsOVA (loses antigen expression) or LLsOVA 1.3 

(retains antigen expression) tumour cells.  Lymphocytes were isolated from DLN and analysed 

by FACS on the specified days post tumour inoculation. The histograms represent the 

proportion of CFSE+CD8+ proliferating cells relative to the total number of CFSE+CD8+ cells 

collected.  Mean tumour size at the time of sacrifice is shown on the right hand axis. 
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Lyons Parish analysis showed increasing levels of antigen presentation with increasing 

tumour size to day 28 in LLsOVA 1.3 inoculated mice (Figure 5.17); the difference 

between day 7 versus day 28 LLsOVA 1.3 tumours was statistically significance (p = 

0.0006, by student t-test).  This result contrasts with the diminishing antigen 

presentation described in Section 5.2.1 for LLsOVA.  However, at the final time point 

investigated for LLsOVA 1.3 (day 35) antigen presentation was reduced to below the 

level seen for day 28 which further suggests that antigen loss starts to occur at this point 

in tumour progression.  

 

5.2.22 In vivo effector function is maintained in LLsOVA 1.3 mice with 

progressing tumour 

The in vivo CTL assay described in Section 2.15 showed increasing CTL activity 

against SIINFEKL labelled targets in mice bearing LLsOVA 1.3 tumours (Figure 5.18).  

This response contrasted with the diminishing lysis of SIINFEKL-labelled targets in 

mice with progressing LLsOVA tumours.   

 

A weak in vivo CTL response was also detected against the subdominant KVVRFDKL 

epitope in both LLsOVA and LLsOVA 1.3 tumour-bearing mice (Figure 5.19).  

Interestingly, a one way ANOVA of target lysis showed a statistically significant 

difference (p = 0.04) across the time points in LLsOVA 1.3 tumour-bearing mice; i.e. 

the CTL response against KVVRFDKL increases over time.  This statistical difference 

was not observed in LLsOVA tumour-bearing mice (p = 0.56).  Importantly, in 

LLsOVA 1.3 tumour-bearing mice the CTL response to KVVRFDKL targets (day 14) 

was not detected until 7 days after the initial response to SIINFEKL targets (day 7).  

These data suggest that prolonged expression and processing of OVA antigen has 

allowed the KVVRFDKL epitope to reach the threshold level required to activate 

KVVRFDKL-specific CTLs.    

 

In summary, although LLsOVA 1.3 produces a lesser amount of OVA per tumour cell 

and is a poor target for SIINFEKL specific CTLs, the majority of tumour cells retain 

expression of the sOVA construct during tumour progression.  This was evident firstly 

from the continued detection of the OVA primer specific RT-PCR product in day 35 

LLsOVA 1.3 tumours, and secondly by the higher levels of soluble OVA detected in 

LLsOVA 1.3 tumour lysates compared to LLsOVA lysates.  These results support the 
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conclusion that a greater proportion of LLsOVA 1.3 tumours retain antigen expression 

at the later time points of tumour growth.  The sustained OVA production by the tumour 

cells leads to an ongoing strong response to the dominant SIINFEKL epitope and a 

weak response to the subdominant KVVRFDKL epitope. 
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Figure 5.18  LLsOVA 1.3 shows continued SIINFEKL-specific CTL lysis with tumour 

progression. 

The kinetics of in vivo CTL lysis of SIINFEKL-specific targets in mice given 5 x 105 LLsOVA 

or LLsOVA 1.3 tumour cells was measured by FACS analysis of CFSE-labelled peptide-coated 

targets adoptively transferred 15 hrs previously.  Values have been normalised against naïve 

C57BL/6 mice to enable comparisons between experiments.  Mean tumour size at the time of 

sacrifice of mice is included.  Each time point represents a single experiment comprising of n = 

3 LLsOVA mice, n = 4 – 5 LLsOVA 1.3 mice, and n = 2-3 naïve C57BL/6 mice. 
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Figure 5.19  Increasing effector CTLs are generated against a subdominant epitope in 

LLsOVA tumour bearing mice 

The kinetics of in vivo CTL lysis of KVVRFDKL-specific targets in mice injected with 5 x 105 

LLsOVA or LLsOVA 1.3 tumour cells was measured by FACS analysis as described in Figure 

5.18.  Values have been normalised against naïve mice to compare between experiments.  Mean 

tumour size at the time of sacrifice of mice has also been included in the graph.  Each time point 

represents a single experiment comprised of n = 3 LLsOVA mice, n = 5 – 9 LLsOVA 1.3 mice 

and n = 2 - 3 naïve mice.  One way ANOVA analysis comparing target CTL levels across the 

time points was significant (p<0.05) in the LLsOVA 1.3 tumour bearing mice. 
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5.2.23 Precursor CTLs are detected in the spleens of mice with persistent antigen 

producing tumours 

Splenocytes were collected from mice inoculated with either LLsOVA (subject to 

antigen loss) or LLsOVA 1.3 (persisting antigen) and restimulated with the dominant, 

subdominant or cryptic peptides of OVA.  In both tumour models precursor SIINFEKL-

specific CTL populations could be detected at day 14 and 24 (n = 5 mice/group).  Target 

lysis by splenocytes from day 14 mice was 15.5 ± 0.5% at an effector:target ratio of 

25:1 against SIINFEKL coated targets in LLsOVA 1.3 (tumour not palpable) and 24.5 ± 

1.5% in LLsOVA mice (mean tumour size of 31.4 ± 3.4 mm2).  Similar levels of target 

lysis (15.5 ± 5.2% and 24.0 ± 1% in LLsOVA 1.3 and LLsOVA respectively) were 

measured in splenocytes prepared from day 24 tumour bearing mice (mean tumour area 

of LLsOVA 1.3 and LLsOVA = 55.6 ± 15.4 and 55.1 ± 15.7 mm2 respectively) (Figure 

5.20A).  No lysis of subdominant and cryptic peptide coated targets was seen in 

splenocytes of LLsOVA or LLsOVA 1.3 mice at day 14 or day 24 (KVVRFDKL lysis 

is represented in Figure 5.20A, data for NAIVFKGL and the cryptic peptide 

CFDVFKEL is not shown).   

 

The percent of SIINFEKL target lysis in the in vitro CTL data is consistent with the 

levels of OVA production reported for these two tumour lines i.e. LLsOVA > LLsOVA 

1.3.  The weak response to KVVRFDKL observed in the in vivo CTL assay is not 

reflected in the in vitro CTL result and may be due to a localised response restricted to 

the DLN of the tumour and contralateral LN (and not the spleen) at the time points 

shown in Figure 5.20B.  This is in contrast to the systemic response seen to the 

dominant epitope by day 14 of tumour progression (measured by in vivo CTL) allowing 

expansion of SIINFEKL specific effector CTLs in the spleen following in vitro 

SIINFEKL restimulation.  Furthermore, a threshold level of sOVA required for a 

splenic response to the subdominant epitope may not have been achieved in either 

model due to the out growth of antigen loss variants (LLsOVA) or the low level of 

OVA secretion (LLsOVA 1.3).  
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Figure 5.20  Peptide specific in vitro CTL analysis of LLsOVA and LLsOVA 1.3 tumour 

bearing mice  

A. Splenocytes from mice 14 and 24 days after inoculation with 5 x 105 LLsOVA or LLsOVA 

1.3 tumour cells were restimulated with SIINFEKL or KVVRFDKL as described in Section 

2.14.  The histograms represent percent lysis of SIINFEKL or KVVRFDKL pulsed EL4 target 

cells at an effector:target ratio of 25:1 in a single experiment at day 14 and 1 and 2 experiments 

for LLsOVA and LLsOVA 1.3 respectively at day 24 (n = 5 per group pooled at each time point 

for in vitro restimulation).  Background lysis of unpulsed EL4 cells has been subtracted from the 

% lysis of SIINFEKL and KVVRFDKL coated EL4 cells.  B. Kinetics of in vivo CTL lysis of 

SIINFEKL and KVVRFDKL coated target cells in LLsOVA and LLsOVA 1.3 inoculated mice 

as described in Sect 2.16.  Data has been normalised against target lysis in naïve C57BL/6 mice.  
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5.3 Discussion  

 

5.3.1 Antigen presentation and tumour-specific effector CTL function are lost as 
tumours continue to grow 

Data from this chapter shows that as tumours expressing the polyepitope or OVA 

antigens progressed in immunologically intact mice both tumour antigen presentation 

and the resulting specific CTL response declined to undetectable levels in the majority 

of mice.  In fact, ex vivo tumour antigen characterisation revealed that neo tumour 

antigen expression was lost as early as day 14 of tumour progression in all LLpoly and 

66% of LLsOVA tumour-bearing mice.  However, in a second OVA model (LLsOVA 

1.3) tumours retained neo tumour antigen expression for up to 35 days post tumour cell 

inoculation and demonstrated a persistent CTL response to dominant and subdominant 

OVA epitopes. 

  

The decrease in antigen presentation and effector CTL function raised a number of 

possibilities including the generation of local or systemic suppression (or tolerance) 

and/or antigen loss; both were addressed in this chapter.   

 

5.3.2 The tumour microenvironment does not suppress antigen presentation in 
draining lymph nodes 

In this thesis, in vivo tumour antigen presentation was measured by adoptively 

transferring labelled tumour antigen-specific (SIINFEKL) T cells into tumour bearing 

mice and measuring their ability to proliferate (in response to antigen presentation) in 

situ.  However, as mentioned above, reliable proliferation was only observed in the 

early stages of LLpoly and LLsOVA tumour growth.  As the tumours progressed the 

SIINFEKL-specific T cells no longer proliferated in regional LN.  It is possible that 

local factors released by tumours, such as TGF-β (Section 1.2.11) and VEGF 

(Gabrilovich, Chen et al. 1996), suppress antigen presentation.  In this scenario the 

transferred T cells do not proliferate because they do not encounter their cognate 

antigen in the appropriate context.  Another possibility is that the tumour antigen 

(SIINFEKL) is presented, but the T cells are rapidly anergised and cannot respond.   

 

Both possibilities were investigated in this chapter by transferring SIINFEKL-specific 

CD8+ T cells into LLsOVA tumour bearing mice and then immediately injecting OVA 
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s.c. close to large LLsOVA tumours.  These T cells trafficked to the same LN that co-

drained both the tumour and the OVA injection site where they readily proliferated in 

response to the injected OVA.  No proliferation was seen in tumour-bearing animals 

without exogenous addition of OVA.  These data strongly imply that the tumour 

microenvironment cannot suppress (i) antigen transport to DLN, (ii) antigen 

presentation in the DLN, nor can it (iii) suppress T cell proliferation in the DLN. 

 

Furthermore, adoptively transferred tumour-specific CD8+ T cells proliferated within 

the tumour itself in the small precent of late stages tumours that retained OVA 

expression (see below for more detail).  These data clearly show that the local 

microenvironment does not inhibit intra-tumoral tumour antigen presentation or T cell 

proliferation.   

 

Taken together, these data indicated that the presence of large tumours did not inhibit 

antigen presentation in tumours or DLN.  Furthermore, adoptively transferred tumour-

specific T cells were able to respond to this antigen presentation by proliferating within 

tumours as well as in DLN.  Thus, these T cells were clearly not anergised and this is 

consistent with other reports (Ganss and Hanahan 1998; Nelson, Mukherjee et al. 2001).  

These data suggest that antigen loss may account for the diminishing tumour-antigen 

specific T cell proliferation and consequent in vivo CTL effector function seen as 

tumours continue to grow. 

 

5.3.3 Tumour antigen loss occurs in vivo in response to a potent anti-tumour 
immune response 

The potential for in vivo antigen loss during LLpoly and LLsOVA tumour growth was 

assessed by characterisation of ex vivo cultured tumour cells using RT-PCR, ELISA 

(LLsOVA only) and a SIINFEKL-specific in vitro CTL assay incorporating ex vivo 

tumour cells as targets.  These studies demonstrated that the transfected neo antigen was 

occasionally detected in end stage LLsOVA tumours and never in LLpoly tumours.  A 

kinetic study of OVA or polyepitope expression during tumour progression in C57BL/6 

and nude mice revealed that the transfected tumour antigens continued to be expressed 

in nude mice while the level of detection declined with tumour progression in C57BL/6 

mice.  These results suggest that the loss of antigen expression is an active T cell 

meditated selection process.   
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The LLsOVA model demonstrated more variability in the degree of antigen loss than 

the LLpoly model.  This may be because there is a single dominant epitope to which the 

immune system can respond in the LLsOVA model versus the multiple dominant 

epitopes expressed by the polyepitope.  Furthermore, in vitro screening (using 

SIINFEKL-specific effector cytotoxic T cells taken from OT-1 mice and FACS analysis 

of MHC class I bound SIINFEKL expression (Section 3.2.6.); suggests that LLpoly 

tumour cells express higher levels of SIINFEKL-MHC class I complexes than LLsOVA 

tumour cells.  Lysis of LLsOVA cells could be further enhanced by pre-treatment with 

IFN-γ.  In contrast, pre-treatment with IFN-γ did not alter the already high levels of 

killing of LLpoly tumour cells. 

 

Given the apparent genetic instability of the tumour cells (as discussed above) and the 

generation of a potent anti-tumour immune response early in tumour progression, it 

appears that an outgrowth of antigen loss variants occurs rapidly in vivo.  The highest 

level of antigen specific T cell proliferation was detected in mice with tumours that 

were small or not palpable and suggests that highly antigenic tumour cells such as the 

LLpoly are immunoedited within 14 days and only tumours cells that are able to avoid 

immunosurveillance progress to form a solid subcutaneous tumour (reviewed in Smyth, 

Dunn et al.  2006).   

 

Interestingly, in vivo and in vitro CTL effector function in mice with progressing and 

non progressing LLpoly tumours were very similar.  These data suggest that an effector 

CTL response is rapidly generated which either completely eradicates the tumour or 

eliminates neo tumour antigen expressing cells while allowing antigen loss variants to 

progress.  

 

As tumour antigen presentation decreased in the DLN of LLsOVA and LLpoly tumour-

bearing mice, SIINFEKL-specific tetramer numbers also decreased.  In contrast, 

increased numbers of SIINFEKL tetramer+ CD8+ T cells were seen within the tumours.  

Thus, T cells generated in the DLN after tumour antigen presentation must leave and 

traffic into the tumour bed.  These T cells may place the tumour under intense immune 

pressure and lyse SIINFEKL-expressing tumour cells leaving antigen loss variants.  

Interestingly, adoptive transfer studies have described the successful elimination of 

established tumours if a high dose of antigen specific T cells is delivered to the host, 

while a suboptimal dose resulted in the outgrowth of antigen loss variants (Matsui, 
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O'Mara et al. 2003).  Once the antigen has been lost it (obviously) cannot be presented 

in DLN for the generation of new specific CTLs.  Hence, there are no SIINFEKL-

specific CTLs in the DLN as they have migrated to the tumour microenvironment; 

interestingly they remain there even when the antigen is no longer expressed.   

 

5.3.4 Tumour-specific memory CTLs can be found in the spleen 

The reduced levels of in vivo CTL lysis at the later time point (i.e. day 22/23) of LLpoly 

tumour growth is consistent with the contraction of a primary CTL response associated 

with a reduced antigen load arising from elimination of tumours expressing neo antigens 

(and outgrowth of antigen loss variants).  Despite the loss of in vivo effector function 

there is evidence of a recall memory response.  The response seen in both ICS-γ staining 

and in vitro CTL target lysis is indicative of an epitope specific, high affinity, memory 

T cell response that is expanded on ex vivo antigen restimulation (Busch and Pamer 

1999; Kedl, Rees et al. 2000).  Interestingly, the broad pattern of CTL activity observed 

in mice bearing 9 day old LLpoly tumours (Sections 4.2.8 and 5.2.4) contracted in mice 

tested 23 days post tumour cell inoculation.  For example, FAPGNYPAL restimulation 

at day 9 triggered lysis of FAPGNYPAL, SGPSNTPPEI and ASNENMDAM targets 

however, by day 23 this had diminished to lysis of FAPGNYPAL and SGPSNTPPEI 

targets in progressor and non progressor mice (Table 5.2).   

 

The activation and memory status of these T cells remains to be confirmed by 

characterising the expression of markers such as CD127, CD62L and CCR7 on the TIL 

and lymphocytes in the DLN (Huster, Busch et al. 2004; reviewed in van Panhuys, 

Perret et al. 2005).  

 

The similarity of the in vitro and in vivo CTL response (Badovinac, Porter et al. 2002) 

in both progressor and no-progressor mice supports the hypothesis that there is a loss of 

tumour antigen expression in the progressing tumours.   

 

5.3.5 Antigen loss can occur in vitro 

The tumour lines used in this study were prepared by co-transfecting LL with the 

polyepitope or sOVA construct and the G418 (neomycin) selection marker.  The latter is 

used for selection, recloning and in vitro maintenance of the cell lines.  Continuous 

culture of the cell lines for up to 20 passages in CM without G418 resulted in a gradual 
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loss of RT-PCR signalling for each of the neoantigen constructs.  There are two 

hypothetical reasons for this result.  The first is that the cell lines were never clonal and 

that, in the absence of selection media, the antigen negative tumour cells eventually 

outgrow the antigen positive cells.  However, each cell line was cloned by LDA at least 

three times to ensure clonality.  The second reason is genetic instability of the tumour 

cells; in this situation the transfected genes are actively expelled.  Note that just to 

become a tumour cell involves substantial genetic alteration (speculated to be the result 

of as many as 10,000 mutations; Stoler, Chen et al. 1999). 

 

LLpoly and LLsOVA were maintained in G418 at all times during in vitro passage and 

it was not initially anticipated that the tumour cells would be genetically unstable once 

they had been cloned.  However, given the in vitro and in vivo instability of the LLpoly 

and LLsOVA, an endeavour was made to generate stable transfectants.  All attempts to 

generate a stable LLpoly cell line failed.  However, one stable sOVA line was 

generated, and is referred to as LLsOVA 1.3.  This cell line was maintained in CM and 

periodically passaged in CM supplemented with G418.  

 

LLsOVA 1.3 secreted lower levels of OVA (0.01 pg/cell in 24 hrs) compared to 

LLsOVA (0.28 pg/cell in 24 hrs) during in vitro culture.  It was also shown to be a poor 

target in a SIINFEKL-specific in vitro CTL assay when compared to the LLsOVA and 

LLpoly tumour lines.  Whilst incubation with IFN-γ increased its MHC class I 

expression and susceptibility to lysis by SIINFEKL specific CTLs the levels remained 

lower than those measured for unstable LLpoly and LLsOVA models.   

 

5.3.6 Tumour antigen expression is only stable if antigen expression is low 
The stable in vitro tumour model, LLsOVA 1.3 was also investigated in vivo.  LLsOVA 

1.3 grew at a slower rate in syngeneic mice compared to the LLpoly and LLsOVA 

tumours.  However, LLsOVA 1.3 retained its OVA expression during in vivo growth 

for an extended period of time (relative to LLsOVA).  This was confirmed by Lyons 

Parish analysis which demonstrated antigen presentation in the DLN of LLsOVA 1.3 

tumour cell inoculated mice throughout tumour progression.  OVA was also detected in 

the tumour lysates prepared from tumours taken at the later time points of tumour 

progression (day 28).  Contrary to the LLsOVA tumour model, in vivo CTL lysis of 

SIINFEKL targets occurred at each of the time points investigated.  Interestingly, a 

weak CTL response was detected to the subdominant KVVRFDKL peptide; this 
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response was limited to the DLN from day 14 to 35 during tumour progression.  

However, this result was not seen in the in vitro CTL assay using splenocytes taken 

from tumour-bearing animals as effector cells.  The lack of KVVRFDKL target lysis in 

the spleen suggests that reactive T cells are restricted to LN.   

 

Surprisingly, even this model showed a diminishing in vivo CTL response late in 

tumour progression despite RT-PCR evidence showing that antigen is still expressed by 

the tumour.  Prolonged antigen exposure may also lead to tolerance of SIINFEKL 

exposure (Zinkernagel 2000).  This result was not investigated further in this study.  

 

5.3.7 Evidence of Intra-molecular Epitope Spreading 

Interestingly, the spread of the CTL response from the dominant SIINFEKL antigen to 

include the subdominant KVVRFDKL is consistent with the occurrence of epitope 

spreading (Vanderlugt and Miller 2002).   This observation needs to be confirmed using 

ICS-γ staining of the CTLs in the DLN and possibly in the tumour following 

KVVRFDKL specific restimulation.  Furthermore, a higher tumour cell inoculum may 

increase the KVVRFDKL response in this model.  

 

5.3.8 Summary 
Work in this chapter showed that the diminished tumour antigenic epitope presentation 

and epitope specific effector function seen during tumour progression can be attributed 

to antigen loss.  In the LLsOVA and LLpoly models this was likely to be the result of 

two processes.  The first is immuno-editing of the tumour by the host immune response.  

The second is the inherent genetic instability of the tumour resulting in the generation of 

antigen loss variants that could evade immunosurveillence.  A weakly immunogenic 

tumour which expressed a significantly lower level of tumour antigen maintained 

expression of this antigen and generated a CTL response to the dominant SIINFEKL 

epitope throughout tumour progression.  Interestingly, a delayed weak in vivo CTL 

response was also seen to the subdominant KVVRFDKL epitope suggesting that the 

prolonged expression of antigen promoted CTL responses spreading to a weaker 

epitope.  However, despite the ongoing CTL response the tumour was able to progress 

albeit at a slower rate and even in this model tumour antigen loss may eventually occur.  
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Chapter Six  

6. TUMOUR PROGRESSION AND HOST CTL RESPONSES TO 

TUMOUR ANTIGENS FOLLOWING IMMUNOTHERAPY 
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6.1 Introduction 

The previous chapters show that a potent antigen specific CTL response is generated 

early in tumour progression however, immuno-editing as a result of this CTL response 

can also lead to outgrowth of antigen loss variants that are able to progress unhindered.  

This chapter assesses the anti-tumour immune response after the use of two different 

immunotherapeutic regimens: i.e i.t. IL-2 and s.c. peptide vaccination administered 

early in tumour progression.  

6.1.1 Cytokine immunotherapy with intra-tumoural IL-2  

The cytokine IL-2, first identified as a T cell growth factor, is one of the molecules that 

plays a major role in immune regulation and has been used extensively in anti-cancer 

immunotherapy protocols.  IL-2 does not have a direct impact on cancer cells and has 

been shown to mediate its anti-tumour effects by: 

• stimulating host immune reactions to the growing cancer through NK cells, DC 

and antigen-specific T cells (Schneeberger, Koszik et al. 1999; Carbone, 

Ruggiero et al. 1997; Hodge, Hodge et al. 2000)   

• inducing necrosis, leading to an effective immune response (Cordier, Duffour et 

al. 1995; Maas, Van Weering et al. 1991) 

• affecting blood vessels by increasing (Epstein, Hendricks et al. 1990; Lee, 

Fenton et al. 1998) or decreasing vasculature (Maas, Dullens et al. 1993; 

Sakkoula, Pipili-Synetos et al. 1997) or triggering the vascular leakage system, 

which results in endothelial cell damage (Rafi, Zeytun et al. 1998).  

• acting as a second costimulatory signal in the activation of CTL or by further 

activating DCs expressing IL-2Rs (Fukao and Koyasu 2000) 

Interestingly, in vivo analyses of antigen-specific, tumour-reactive CD8+ T cell 

proliferation in IL-2Rα deficient and wild type mice have shown that T cell 

proliferation on antigen encounter is IL-2 independent within the local lymph node.  

However, continued CD8+ T cell proliferation in non-lymphoid tissues is IL-2-

dependent (D'Souza and Lefrancois 2003).  The latter may also apply to tumours.  Thus, 

i.t IL-2 may directly benefit tumour-infiltrating T cells as work from this group has 

already shown (Jackaman, Bundell et al. 2003).   
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Clinical trials using IL-2 have demonstrated variable results.  Systemic administration 

of recombinant IL-2 to patients with metastatic melanoma or renal cell carcinoma 

showed significant anti-tumour activity in 15 to 25% of patients, with 5 to 10% of 

patients exhibiting complete responses.  These cancers would otherwise have a poor 

prognosis.  The disadvantage of systemic IL-2 treatment is the side effects associated 

with the administration of high-dose bolus IL-2 which includes a vascular leak 

syndrome and transient dysfunction in multiple organ systems (Rosenberg, Yang et al. 

1998).  These side effects can be avoided by i.t. injections of IL-2, and Jackaman et al. 

have shown that serial i.t. injections of IL-2 into murine MM mediated complete tumour 

regression when treatment was started early in tumour progression and the tumours 

were relatively small (i.e. tumour size < 25mm2) (Jackaman, Bundell et al. 2003).  This 

i.t. approach reduced tumour-associated vasculature and enhanced in vivo effector CTL 

activity against the dominant epitope of the same marker tumour antigen used in this 

study (i.e. SIINFEKL); however the response to subdominant and cryptic epitopes was 

not investigated.  It is possible that IL-2 enhanced NK and/or T cell activity could lead 

to increased tumour cell death.  As a result, presentation of tumour antigenic epitopes 

may reach the threshold required to generate CTL responses to weaker epitopes in a 

process described as epitope spreading (reviewed in McCluskey, Farris et al. 1998; 

Vanderlugt and Miller 2002).  

 

Thus, the results of the study described above led to the hypothesis for this chapter: i.e. 

i.t. administration of IL-2 will result in increased effector CTL to all epitopes derived 

from tumour antigens including weaker (or subdominant) epitopes.   

 

6.1.2 Immunotherapy - vaccination protocols 

The identification of tumour antigens and the isolation of tumour antigen-specific CTL 

from patients with tumour have resulted in a broad range of vaccination protocols 

trialled for immunotherapy (Section 1.2.11.2).  The aim of these protocols is the long 

term eradication of tumour cells by augmenting an existing host immune response to 

antigens expressed by the growing tumour.  However, whilst vaccination protocols can 

generate or enhance CTL responses to tumour antigenic epitopes they rarely offer a cure 

or lengthen survival times (Jaeger, Bernhard et al. 1996; Reinhard, Marten et al. 2002; 

Mocellin, Mandruzzato et al. 2004).   
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A number of vaccination strategies have been tried, including the use of tumour lysates 

which should expose the host to a broad array of tumour antigens including dominant, 

subdominant and cryptic epitopes.  However, responses to vaccination with tumour 

lysates have been inconsequential (Section 1.2.12).  It is possible that vaccinating 

patients with a large number of antigens to which an immune response is already 

present (as shown in Chapters 4 and 5) may not broaden the CTL response and is 

addressed in this chapter.  

 

In this chapter IL-2 and multiple peptide vaccination regimens were tested in LLsOVA 

and LLpoly tumour-bearing mice early in tumour progression.  IL-2 administered i.t. 

resulted in a slowed overall rate of tumour progression and an enhanced CTL response 

to dominant epitopes however, it did not induce a response to subdominant epitopes.  

Interestingly, vaccination of LLpoly mice with a protocol which minimised T cell 

competition led to improved survival. 
 

6.2 Results 

 

6.2.1 Effect of i.t. IL-2 treatment on LLpoly and LLsOVA tumours  

The first series of experiments assessed the efficacy of i.t. IL-2 in the tumour models 

established in Chapters 3 and 5.  To do this mice inoculated with 5 x105 LL, LLpoly or 

LLsOVA tumour cells s.c. were give serial i.t. doses of 20 μg of IL-2 in PBS 3 

times/week (as described in the Materials and Methods Section 2.18) and tumour 

growth monitored.  IL-2 did not significantly alter growth of the parental LL tumour; 

however, tumour growth was retarded in LLsOVA and in LLpoly tumour bearing mice 

(Figure 6.1A).  In addition, 20% of tumours were resolved and these mice remained 

tumour free.  In one case, an LLsOVA mouse given IL-2 treatment remained tumour 

free for more than 14 months and resisted rechallenge with the parental LL tumour line 

suggesting that an immune response was generated to antigens expressed by LL and 

was not restricted to OVA.  
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Figure 6.1  Intra-tumoural IL-2 treatment slows tumour growth and reduces tumour 

incidence in LLpoly and LLsOVA tumour bearing mice 

At the commencement of treatment palpable A LL, LLpoly, LLsOVA or B LLsOVA 1.3 

tumours were given 20 μg of IL-2 in 100 μl of PBS or PBS alone; treatment was repeated 3 

times per week and tumour growth monitored.  The arrow denotes start of treatment.  IL-2 

treated LLsOVA 1.3 mice were divided into two groups with a tumour size of ≤ or > 25 mm2 at 

the commemcment of treatment. 
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6.2.2 IL-2 treatment of LLsOVA 1.3 tumours 

The LLsOVA 1.3 tumour line which expresses a low level of OVA (is more stable and 

has a slower growth rate than both the LLsOVA and LLpoly tumours in vivo; as 

described in Chapter 5) commenced IL-2 treatment at day 15 of tumour progression.  

Mice were separated into two groups according to tumour size, tumour size >25 mm2 

(38.6 ± 2.9, n = 9) and ≤ 25 mm2 (21.0 ± 1.2 mm2, n = 7) however, irrespective of the 

tumour size at the commencement of IL-2 treatment, tumour progression was not 

altered (Figure 6.1B).   
 

6.2.3 IL-2 treatment enhances in vivo CTL lysis that is restricted to the dominant 

epitope 

The next series of experiments assessed the impact of i.t. IL-2 on the CTL response to 

epitopes derived from a single tumour antigen with a clearly defined immunological 

hierarchy.  LLsOVA tumour bearing mice commenced IL-2 treatment on day 7 of 

tumour growth when tumours were palpable in 50% (n = 6) of PBS treated mice and 

70% (n = 20) of IL-2 treated mice.  All mice had developed tumour by day 19 when 

they were sacrificed for in vivo CTL analysis.  At this time point the mean tumour areas 

of IL-2 treated mice (47.0 ± 3.3 mm2) versus PBS treated mice (60.6 ± 6.6mm2) were 

not significantly different (p>0.05).  Complete regression was not observed in any IL-2 

treated mice (Figure 6.2A).  However, on dissection some tumours appeared to be 

thickened, tough, white tissue rather than the bulky, soft vascular tissue seen in PBS 

treated mice and it is possible that (had these mice been allowed to survive) their 

tumours would have completely resolved.  

 

In vivo CTL activity was restricted to SIINFEKL-coated targets in IL-2 treated mice 

and was significantly above the levels detected in PBS treated and naïve mice in the 

DLN (IL-2: 65.46 ± 12.78%, PBS controls: 1.0 ± 4.9%, p = 0.0009), LN (IL-2: 59.5 

±13.4%, PBS control: 1.5 ± 6.5%, p = 0.0307) and spleen (IL-2: 58.4 ± 13.6%, PBS 

control: 3.8 ± 0.99%, p = 0.0018) (Figure 6.2B).  Therefore, while IL-2 treatment does 

not change the pattern of CTL antigen specificity, their effector function is enhanced 

and target cell lysis is seen in all lymphoid organs.  
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Figure 6.2  In vivo CTL activity within the secondary lymphoid system following i.t IL-2 
treatment 
 
A. Mice inoculated with 5 x 105 LLsOVA tumour cells commenced i.t. IL-2 treatment at day 7 

of tumour growth and tumour size and incidence monitored.  B. On day 18 of tumour growth 

CFSE-labelled peptide-coated (SIINFEKL, KVVRFDKL, NAIVFKGL or CFDVFKEL) targets 

(as described in Section 2.16) or uncoated reference cells were given i.v.  Fifteen hours later the 

mice were sacrificed and antigen specific target lysis analysed.  Naive C57BL/6 (normal) mice 

were used to establish background lysis.  

 

Tumours were also collected for CTL analysis however, despite collection of > 1 x 105 

total events for FACS analysis, less than 250 CFSE+ events in the reference target peak 

could be detected and did not provide a reliable estimate of target lysis in the tumour 

(generally 2x103 reference events are collected for all analyses).  Note that analysis of 

tumour cell suspensions on a FACScan Flow Cytometer (maximum collection rate of 

~2,000 events/sec) was frequently reduced to 200 – 500 events/sec to minimise 
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blockages.  Unfortunately, the limited flow rate reduced the number of events that could 

be collected.  An example of the total number of events and the number of CFSE+ 

events collected from FACS analysis of individual tumour samples following adoptive 

transfer of CFSE labelled targets is shown in Table 6.2.1.  

 

Table 6.1  Low numbers of CFSE+ events were collected from tumour samples in LLsOVA 

mice treated with i.t. IL-2 or PBS and infused with CFSE+ SIINFEKL/NAIVFGKL 

labelled targets   

CFSE+ Events Collected/Target 
Treatment Mouse 

# Reference 
Peak 

SIINFEKL NAIVFKGL 

Total 
Events     
x 103 

Gated 
Lymphocytes 

x103 

PBS 1 57 31 99 1,343 33.7 

 2 242 209 302 1,242 28.7 

 3 4 2 33 272 12.6 

IL-2 1 14 2 36 531 10.5 

 2 93 6 106 543 8.3 

 3 1 0 17 458 10.4 

 4 18 2 25 1,089 15.0 

 5 9 1 18 614 17.4 

 6 2 1 18 360 11.7 

 7 10 10 11 570 4.9 

 8 23 12 20 407 5.0 

 9 27 12 37 1,040 28.6 

 

6.2.4 I.t. IL-2 treatment increased SIINFEKL CTL effectors but did not lead to 

intra-molecular epitope spreading  

To assess whether a response to a subdominant epitope (KVVRFDKL) occurred earlier 

(i.e. day 16) or later (i.e. day 27) during the course of IL-2 treatment, in vivo CTL lysis 

was measured after 3, 5 and 9 IL-2 treatments in LLsOVA bearing mice (coinciding 

with days 16, 19 and 27 of tumour growth respectively).  In vivo CTL lysis of 

KVVRFDKL targets was not detected in either the IL-2 or PBS treatment groups at any 

of the time points investigated (Figure 6.3).   
 
In contrast, there was a potent and durable systemic response to the dominant epitope 

(SIINFEKL).  Note, that at day 16 this response is slightly higher than that seen in PBS 

treated mice; i.e. IL-2 enhances the pre-existing SIINFEKL-specific CTL response 

(described in Chapter 4.2.4).  However, if tumour-bearing mice are left untreated this 
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response diminishes rapidly (as described in Section 5.2.3).  Importantly, IL-2 treatment 

maintains the enhanced SIINFEKL-specific CTL response.  Furthermore, the highest 

level of CTL lysis in PBS treated mice was seen in the DLN.  This is in contrast to the 

enhanced systemic response in IL-2 treated mice, which suggests CTL induced by IL-2 

may be initiated in the DLN and migrate to other secondary lymphoid compartments. 
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Figure 6.3  SIINFEKL specific CTL lysis is maintained in LLsOVA mice that received i.t. 

IL-2  

Mice given 5 x 105 LLsOVA tumour cells s.c. received 20 μg of IL-2 in 100 μl of PBS (n = 4 - 

10) or PBS alone (n = 3 - 4) i.t. from day 7 or day 9 of tumour growth 3 times/week. CFSE-

labelled, peptide-coated target lymphocytes were adoptively transferred into recipient mice at 

day 15, 18 or 26 of tumour growth and mice sacrificed for analysis 15 hrs later.  Target lysis is 

expressed as the percent of targets lysed relative to the uncoated reference targets and has been 

normalised against naïve mice for each in vivo CTL assay. Only LLsOVA mice treated with IL-

2 were assayed at day 27 as mice receiving PBS alone reached the maximum allowable tumour 

size prior to day 27 and could not be included. 
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In vitro restimulation experiments were also undertaken.  Splenocytes from LLsOVA 

mice 21 days after tumour inoculation and following five IL-2 or PBS treatments 

(commenced on day 9 as described in Section. 2.18) were pooled and restimulated with 

the individual OVA peptides in vitro.  ICS IFN-γ staining showed a small increase in 

the number of antigen-specific IFN-γ producing CD8+ cells in mice treated with i.t. IL-2 

(0.25%) compared to PBS treated mice (0.17%) (Figure 6.4A) and 0.03% in naïve mice; 

these data suggest an increase in effector CTL.  
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Figure 6.4  Enhanced lysis and IFN-γ production is observed in splenocytes from LLsOVA 

mice treated with i.t. IL2  

Splenocytes from LLsOVA tumour-bearing mice given 5 treatments of i.t IL-2 (n = 4) or PBS 

(n = 4) starting on day 9 of tumour growth were in vitro restimulated with peptide A. in the 

presence of IL-2 and Brefeldin A for 5 hours before staining for ICS-IFNγ (described in Section 

2.21).  Data is represented as percent of CD8+ lymphocytes producing IFN-γ following peptide 

restimulation. B.  Splenocytes were expanded for 5 days in vitro to be used as effectors for an in 

vitro 51Cr release CTL assay as described in Section 2.14.  The histogram represents target lysis 

following restimulation with the same peptide (background lysis subtracted).   
 

 

 

The same splenocyte populations were analysed by a 51Cr release in vitro CTL assay as 

described in Section 2.15.  CTL lysis of SIINFEKL targets by splenocytes taken from 

IL-2 treated mice (31 ± 0%) showed an increase compared to PBS treated mice (23 ± 

3%).  Lysis of KVVRFDKL and NAIVFKGL targets were not increased in IL-2 treated 

compared to control mice (Figure 6.4B). 
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In summary, these results demonstrate that IL-2 treatment leads to a sustained level of 

increased CTL activity which is restricted to the dominant epitope of the OVA protein 

and does not lead to intra-molecular epitope spreading.  

 

6.2.5 IL-2 enhances the pre-existing in vivo CTL activity in LLpoly tumour 

bearing mice 

The effect of IL-2 immunotherapy on LLpoly inoculated mice was assessed at day 21 

(Figure 6.5) and day 28 of tumour growth.  The strongest response was measured to 

SIINFEKL and FAPGNYPAL coated targets which was maintained from day 21 to 28 

(SIINFEKL: 39.9 ± 3.8% to 33.7 ± 8.4% and FAPGNYPAL: 25.8 ± 7.0% to 33.2% ± 

14.8% at day 21 and day 28 respectively) as shown in Figure 6.6.  The response to 

SGPSNTPPEI targets was weaker and not sustained to day 28 (18.8 ± 1.9% to 1.2 ± 

4.2%).  Lysis of ASENENMDAM targets was very poor at day 21 (5.1 ± 0.2%) and not 

detected above background at day 28.  This is the same hierarchy observed during 

untreated tumour progression (described in Section 4.2.5).  However, the levels of lysis 

are enhanced relative to the PBS controls.  

 

These results confirm that IL-2 treatment targets the pre-existing CTL response which is 

enhanced and prolonged however, it does not lead to the induction of new CTL 

specificities.  In summary these results show that IL-2 treatment can lead to altered 

tumour growth kinetics and tumour regression, however the effectiveness of IL-2 is 

dependant upon the immunogenicity of the tumour cell lines.  
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Figure 6.5  Tumour growth is restricted and peptide-specific CTL lysis is enhanced in 

LLpoly mice following treatment with i.t. IL-2 

Mice injected s.c with 5 x 105 LLpoly tumour cells commenced i.t. IL-2 treatment three 

times/week (20 μg of IL-2 in 100 μl of PBS/treatment) at day 7 of tumour progression.  Control 

mice were treated with PBS alone.  A. Tumour growth was monitored in individual mice.  B. In 

vivo CTL lysis of polyepitope peptide coated targets was assessed (as described in Section 2.16) 

in LLpoly mice after 21 days of tumour growth and 7 i.t. IL-2 treatments.  Data represents mean 

target lysis in the IL-2 treatment group (n = 3-5) and PBS control group (n = 3). 
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Figure 6.6  Comparison of target lysis after 21 and 28 days of tumour growth in mice 

receiving IL-2 intra-tumoural immunotherapy   

LLpoly tumour-bearing mice were given IL-2 or PBS alone i.t. from day 7 of tumour growth as 

described in Section 2.18.  CFSE-labelled, peptide-coated, target lymphocytes were adoptively 

transferred into recipient mice at day 20 or 27 of tumour growth and LN and spleens collected 

for analysis 15 hours later.  Target lysis was determined by FACS analysis and percent target 

lysis normalised relative to naïve mice as described in Section 2.16. The histograms represent 

mean target lysis of day 21 (n = 5) and day 28 (n = 3 to 5 mice) IL-2 treated mice and day 21 

control PBS (n = 3) mice. Mice receiving PBS alone reached the maximum allowable tumour 

size prior to day 27 and could not be included.  
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6.2.6 Peptide vaccination in tumour bearing mice 

The expression of defined antigenic epitopes in the LLpoly and LLsOVA tumour 

models facilitates investigation of vaccination protocols as an immunotherapy of 

established tumours.  However, the use of vaccination protocols to induce a secondary 

immune response may be subject to the limiting effects of dominance by high affinity 

binding peptides and peptide competition when multiple peptides are presented by the 

same APC as described in Section 1.2.9.  This competition could be overcome if the 

peptides were presented on a large number of APC, or the individual peptides were 

presented on different APC.  

 

Therefore, the next series of experiments investigated tumour growth rates in LLsOVA, 

LLsOVA 1.3 and LLpoly tumour-bearing mice vaccinated with 50 - 60 μg of each of 

the OVA-derived or polyepitope peptides.  Peptides were administered 7 or 15 

(LLsOVA 1.3) days after tumour cell inoculation.  Two vaccination protocols were 

trialled.  In the first protocol pooled peptides were injected s.c at four sites around the 

tumour (referred to as pooled peptide/site).  In this scenario, the peptides are likely to be 

captured by the same pool of APC, and T cells engaging the MHC-peptide complexes 

on the APC surface may interfere or compete with each other for access (discussed in 

Section 1.2.9).  In the second protocol, each peptide was injected at a separate site 

around the tumour (single peptide/site).  Hence, in this protocol each type of peptide 

will be presented in MHC-peptide complexes on different APC thereby minimising 

factors leading to T cell competition. 
 

6.2.7 Peptide vaccination of LLsOVA or LLsOVA 1.3 tumour bearing mice  

In a single experiment 20% of LLsOVA mice vaccinated with a single peptide/site 

showed tumour regression.  In contrast, tumours continued to grow in all mice given 

pooled peptides or RPMI alone (Figure 6.7).  The impact of vaccination on tumour 

growth is summarised in Table 6.2.   
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Figure 6.7  Tumour growth rate in peptide vaccinated mice  

Mice bearing LLsOVA, LLsOVA 1.3 or LLpoly tumour cells (n= 4 - 5 mice/group) were given 

peri-tumoral s.c vaccinations with 50-60 μg of each OVA peptide (SIINFEKL, KVVRFDKL, 

NAIVFGKL, CFDVFKEL) or polyepitope peptides (SIINFEKL, SGPSNTPPEI, FAPGNYPAL 

and ASNENMDAM) prepared in RPMI.  Peptides were either pooled and injected at 4 sites 

around the tumour or injected as a single peptide/site at 4 sites around the tumour.  Control mice 

were vaccinated with RPMI.  Data presented shows A. survival curves for each treatment group 

and B. mean tumour size (mm2) of mice with progressing tumour following peptide vaccination.  

The arrow denotes the time treatment commenced. 
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Table 6.2  Tumour progression following peptide vaccination in LLsOVA mice 
 

Peptide 
Treatment 

# of 
mice/group 

Mice in which 
tumour 
resolved 

Mice with delayed 
tumour growth 

Mice with normal 
tumour 

progression 

LLsOVA 

Single 5 1 nil 4 

Pooled 5 nil nil 5 

RPMI 5 nil nil 5 

LLsOVA 1.3 

Single 5 nil nil 5 

Pooled 5 nil nil 5 

RPMI 5 nil nil 5 

 
 

A comparison of tumour growth in mice with progressing tumour following treatment 

(Figure 6.7B) did not show a significant difference between treatment groups.  Tumour 

progression occurred at a similar rate in all LLsOVA 1.3 mice regardless of treatment as 

shown in Figure 6.7.   
 

6.2.8 Peptide vaccination of LLpoly treated mice  

In two experiments (with a total of 9 - 11 mice per treatment group) tumour progression 

was monitored in LLpoly mice following peptide vaccination 7 days after tumour cell 

inoculation.  The results are summarised in Table 6.3.  

 

Vaccination with single peptides around the tumour injection site resulted in tumours 

resolving in 18% of mice.  In contrast, no mice treated with pooled peptides were cured.  

However, tumour growth rates were slowed in 27% and 30% of mice following single 

peptide/site or pooled peptide treatment respectively.  Statistical analysis by a two way 

ANOVA showed a statistically significant difference between the treatment groups.   

 

These results suggest that a vaccination therapy with peptides can lead to a reduced rate 

of tumour progression.  Interestingly, peptides administered simultaneously at separate 

sites were more likely to result in tumour regression implying that competition was 

occurring leading to epitope specifc silencing of one or more T cell populations.  The 
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effect on tumour growth was most effective in the more antigenic LLpoly tumour line.  

This suggests that the co-dominant antigen-specific effector CTL populations have a 

greater effect on tumour progression than a single dominant epitope effector CTL 

population (i.e. SIINFEKL in the LLsOVA models). 
 
Table 6.3  Tumour progression following peptide vaccination in LLpoly mice.  
 

Peptide 
Treatment 

# of 
mice/group 

Mice in which 
tumour 
resolved 

Mice with delayed 
tumour growth 

Mice with 
normal 
tumour 

progression 
Single 11 2 3 6 

Pooled 10  3 7 

RPMI 9  1 8  
 

6.3 Discussion 

In this chapter two immunotherapy protocols (i.t. IL-2 and s.c. peptide vaccination) 

were examined for their effect on tumour growth and tumour antigen-specific effector 

CTL function.  IL-2 treatment of mice with LLsOVA and LLpoly tumours resulted in a 

reduced tumour growth rate and complete tumour regression in 20% of mice but had no 

beneficial impact on LL or LLsOVA 1.3 tumour bearing mice.   

 

6.3.1 Immunogenic tumours respond to IL-2 therapy 

A number of factors may contribute to the increased survival of LLpoly and LLsOVA 

treated mice following IL-2 immunotherapy compared to the parental LL treated mice.  

Firstly, LL grows faster in vivo than the transfected tumour cell line (Section. 3.2.7) and 

may therefore outpace any potential therapeutic effect of exogenous IL-2.  Secondly, LL 

is non-immunogenic relative to the transfectants (Section 3.2.8) and may not generate 

an endogenous CTL response that could be enhanced by IL-2.  LLsOVA is weakly 

immunogenic and LLpoly is more strongly immunogenic; both tumours generate 

effector CTLs that target the transfected antigens resulting in retarded growth rates.  IL-

2 clearly promotes this CTL response (see below).  

6.3.2 IL-2 enhances the pre-existing CTL response 

The study of the host response to neo tumour antigens described in Chapter 4 showed 

that early in tumour progression a potent CTL response was generated to dominant 

tumour epitopes.  However, the response to subdominant and cryptic epitopes was not 
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evident.  The data in this chapter shows that i.t. IL-2 enhances pre-existing responses to 

dominant epitopes and does not induce a functional CTL response to weaker and ‘silent’ 

epitopes.  This was demonstrated by a failure to induce detectable lysis of 

KVVRFDKL, NAIVFKGL and CFDVFKEL in the sOVA model and ASNENMDAM 

coated targets in the polyepitope model following IL-2 treatment.  These in vivo data 

were confirmed by in vitro peptide restimulation studies; i.e. in IL-2 treated mice there 

was an increase in IFN-γ producing CD8+ T cells which correlated with increased lysis 

levels of SIINFEKL and not KVVRFDKL, NAIVFKGL or CFDVFKEL targets.  This 

is consistent with the observation that exogenous IL-2 can sustain CTL proliferation 

(Tham, Shrikant et al. 2002; D'Souza and Lefrancois 2003; Overwijk, Theoret et al. 

2003).  

 

One example of the effect of IL-2 on tumour progression and CTL effector function is 

described in an i.p. tumour model also expressing OVA as a tumour antigen (EG7) 

(Shrikant and Mescher 2002).  IL-2 treatment commenced 1 to 2 days after adoptive 

transfer of (SIINFEKL-specific) effector cells (derived from OT-I TCR mice) did not 

alter tumour progression.  However, two IL-2 doses administered 4 to 6 days or even 

later following adoptive transfer led to a decrease in the number of tumour cells 

recovered from the peritoneal cavity.  Shrikant et al. speculated that this was because 

the CD8+ T cells had reached a state of AINR losing their ability to produce sufficient 

IL-2 to support further proliferation.  Importantly, this non-responsive state could be 

reversed by administration of 2 i.p. doses of exogenous IL-2.  In the LLsOVA model, 

enhanced CTL lysis was measured at day 16 following 3 IL-2 treatments.  Nevertheless, 

the impact of IL-2 treatment on tumour growth both in the LLsOVA and LLpoly tumour 

bearing mice was not apparent until after 4 or 5 treatments.  At the time of sacrifice 

most tumours were still palpable in mice showing tumour regression and their 

macroscopic appearance was clearly different from PBS treated control mice.  These IL-

2 treated tumours had the appearance of thickened, white tissue lacking vasculature 

indicting that the tumour was indeed resolving although this may not be immediately 

reflected in the tumour measurements.  A similar result has been described with MM 

and is consistent with the anti-angiogenic properties of IL-2 (Jackaman, Bundell et al. 

2003).  
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6.3.3 IL-2 treatment did not lead to epitope spreading 

It has been suggested that cancer patients may benefit from therapies that induce epitope 

spreading (Section 1.2.8.3).  In vivo CTL analysis early in tumour progression hinted 

that there may be a very weak, response to the subdominant epitopes, which was not 

altered by the IL-2 regimen.  Thus, there was no evidence of intra-molecular epitope 

spreading in tumours regressing after IL-2 immunotherapy.   

 

6.3.4 Peptide vaccination can retard the growth of strongly immunogenic 

tumours 

Peptide vaccination in cancer therapy aims to induce a CTL response or enhance a pre-

existing effector CTL response.  The choice of vaccination protocol may need to 

consider factors such as dominance and T cell competition for antigens presented by 

APC, as well as the “danger” context in which the antigen is presented (i.e. the use of 

adjuvants).  In this study, the vaccination strategy was designed to compare the 

effectiveness of pooled, multiple, epitopes (dominant and subdominant epitopes of the 

polyepitope and OVA) in which T cell competition for peptide-MHC complexes on the 

APC cell surface may play a role, versus a single peptide per injection site in which 

separate APC were targeted for each peptide thereby minimising T cell competition at 

the APC surface (Sandberg, Grufman et al. 1998); reviewed in (Kedl, Kappler et al. 

2003);  (Suhrbier 2002).  The peptides were administered close to the tumour site so that 

they targeted the same LN in which an immune response has been previously 

demonstrated (Section 5.2.2).  Hence, T cell competition may also occur between pre-

existing epitope-specific CTLs and newly activated T cells.  

 

The most effective peptide vaccination protocol for both the LLpoly and LLsOVA 

models was the one which minimised the effects of competition for peptide (i.e. single 

peptide/site vaccinations).  This resulted in tumour regression in 18 and 20% of mice in 

the LLpoly and LLsOVA models respectively, and retarded growth of LLpoly tumours 

in 27% of mice.  Overall, the LLpoly model demonstrated a stronger response to the 

peptide vaccines and even the pooled peptide protocol led to a reduced tumour growth 

rate in LLpoly mice.   

 

The outcome of these vaccination protocols are likely to have been influenced by the 

anti-tumour CTL response already present in tumour bearing mice prior to peptide 
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vacination.  Studies of immunodominance and competition between multiple peptides in 

vaccination protocols have identified altered responses when peptides are presented on 

the same versus separate DC in the presence of pre-existing CTLs.  The competition for 

T cell access to MHC-antigen complexes on the APC is greatest between peptides 

presented by the same MHC (reviewed in Kedl, Kappler et al. 2003).  Immunodominant 

peptides for each MHC class I allele will have a competitive advantage in their ability to 

respond to the vaccination peptides (based on their precursor frequency and affinity for 

the epitope,) thereby allowing them to outgrow the clones of weaker affinity epitopes. 

This will be particularly evident when multiple epitopes are presented on a single APC 

(pooled peptide vaccination) (Sherritt, Gardner et al. 2000; Kedl, Schaefer et al. 2002).  

In vivo CTL data described in Chapter 4.2.4-5 demonstrate that there is an established 

polyepitope or OVA specific CTL population prior to peptide vaccination.  The 

increased survival advantage for polyepitope tumour bearing mice following 

vaccination with either protocol may be the result of an enhance CTL response to 

peptides presented by both Kb (SIINFEKL or FAPGYNPAL) and Db (SGPSNTPPEI or 

ASNENMDAM), in contrast to the OVA vaccination in which all 4 peptides are 

presented by the Kb allele.  Interestingly, a human trial (Rosenberg, Sherry et al. 2006) 

which assessed CTL responses to two peptides showed that there was a clear decrease in 

the ability to immunize against one peptide when the peptides were mixed in the same 

emulsion compared to the peptides injected separately.  

 

Unfortunately, the study described in this chapter was only a preliminary investigation 

into potential therapeutic vaccination protocols using multiple epitopes and did not look 

at the antigen specificities of the in vivo CTL response.   

 

6.3.5 Antigen loss cannot be excluded in these immunotherapy trials 

Both of the immunotherapies used in this work could alter tumour growth and induced a 

beneficial outcome in 20% of LLsOVA and LLpoly tumour bearing mice.  While anti-

tumour responses were seen in LLpoly bearing mice after peptide vaccination the 

majority of mice demonstrated only transient anti-tumour activity and others were 

completely non-responsive.  There are several possible reasons for this outcome.  

Firstly, the magnitude of the CTL response generated after peptide vaccination was 

insufficient to result in tumour cell destruction.  Secondly, the CTLs were effective 

killers and destroyed antigen-expressing tumour cells leaving behind antigen loss 
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variants.  Finally, antigen loss may have occurred early in tumour progression (Section 

5.1.2) and the peptide-specific CTLs were irrelevant.  Thus, the delivery of IL-2 or 

peptide-based vaccines must occur early in tumour progression so that they will enhance 

antigen specific effector CTL function such that tumours are eliminated before antigen 

loss variants become a problem (Spiotto, Rowley et al. 2004). 

 

In summary, this chapter has shown that i.t. IL-2 treatment enhanced pre-existing CTL 

responses to the dominant epitope/s of OVA and the polyepitope leading to tumour 

regression however, it did not lead to epitope spreading.  In addition, use of a multiple 

peptide vaccination regimen that avoided T cells competing for peptide-MHC 

complexes on APC was far more likely to be effective than one that did not; i.e. 

administration of different peptides at different sites compared to pooled peptides at 

multiple sites resulted in greater rates of tumour resolution.  These results demonstrate 

that immunotherapies targeting tumours that express several dominant neo epitopes can 

be effective.  Hence, these data should assist in the choice of the most useful 

immunotherapy for a particular cancer; i.e. immunogenic tumours that have generated 

an endogenous CTL response are more likely to respond favourably to a cytokine or 

peptide-based therapy, whilst non-immunogenic tumours may require a multimodal 

approach (Speiser, Lienard et al. 2005) to induce and maintain a potent CTL response.   
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Chapter Seven 

7. FINAL DISCUSSION 
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Advancing studies of tumour immunobiology have clearly demonstrated that many 

tumours express multiple antigens.  These antigens may be broadly classified as 

differentiation antigens, self antigens and neo antigens.  Multiple antigens may be 

further classified as intermolecular or intra-molecular antigenic epitopes.  Until now, no 

studies had systematically compared the immune response to multiple tumour antigens 

focussing on these last two classifications.  Nonetheless, the host’s ability to recognise 

and respond to tumour antigens has been demonstrated by characterisation of CTLs 

isolated from peripheral blood, tumour and LN biopsies (as reviewed in Chapter 1).  

These CTLs are important mediators in the host’s adaptive response against tumours.  

However, analysis of the host CTL response to protein or viral antigens has shown that 

the effector CTL response is often restricted to a single or limited number of dominant 

epitopes (Chen, Khilko et al. 1994; reviewed in Yewdell, Reits et al. 2003).  Yet studies 

of host anti-tumour CTLs have generally focussed upon responses to a dominant epitope 

derived from a single tumour antigen.  Furthermore, investigation of the host response 

to tumour antigens in human and animal models has been largely based on ex vivo 

analysis of effector T cells following in vitro restimulation using various technologies 

such as tetramers, antigen-specific proliferation assays and in vitro cytotoxic effector 

cell assays.  These assays do not reflect local immuno-regulatory effects (i.e. lack of co-

stimulation or cytokine induced immunosuppression) imposed by the tumour 

microenvironment on T cell function.   

 

Many of these studies have shown that despite the generation of effector CTLs, tumours 

continue to progress.  The explanations to account for a weak or ineffective immune 

response include: an effector CTL response that is inappropriately targeted (i.e. directed 

against shed antigens), induction of T cell tolerance, altered antigen expression of 

progressing tumours or a tumour growth rate that outpaces any host response targeting 

the tumour.  As a result numerous immunotherapeutic regimens have been employed 

that aim to enhance the host anti-tumour immune response.  The choice of target 

antigens for immunotherapies has involved the use of a single peptide, single antigen, 

multiple peptides or even whole tumour cell preparations; the latter resulting in the 

presentation of a broad array of antigens.  However, with a paucity of knowledge about 

the host response to multiple tumour antigens it is difficult to predict which of these 

approaches represents an optimal immune-based strategy.  
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Thus, there has been a lack of published reports on the in vivo response to multiple 

tumour antigens.  This is particularly true for the host’s response to multiple tumour 

antigens which may be subject to the effects of immunodominance and competition (as 

described in (Tsai, Southwood et al. 1997; Palmowski, Choi et al. 2002; reviewed in 

Schreiber, Wu et al. 2002).  Therefore, this thesis investigates the normal and 

manipulated host in vivo, effector CTL response in tumour models which express 

multiple intra-molecular antigens.  

 

7.1 Immune Recognition Of Dominant Tumour Antigenic Epitopes In Two 

Murine Lung Carcinoma Models  

This thesis investigated the hypothesis that the host immune response to a tumour is 

restricted to one or a few dominant antigens amongst multiple co-expressed antigens.  

These studies were conducted using two LL transfected murine models.  Firstly, the 

LLpoly tumour model was generated in which 4 antigenic epitopes are expressed (each 

dominant in its original context as a viral or egg-derived protein antigen).  A second 

model, LLsOVA was also generated and expresses the whole (egg-derived) OVA 

protein antigen which has a well characterised hierarchy of intra-molecular epitopes.  

Two variants of the LLsOVA tumour line were subcloned: one is a genetically unstable 

high expressor, whilst the other is more stable but expresses much lower levels of OVA.  

All of the cell lines and the parental LL tumour cell line form solid tumours following 

subcutaneous inoculation.  Thus, tumour incidence, growth rates and the local and 

systemic immune response can be assessed during tumour progression.   

 

A novel aspect presented in this thesis is the systematic use of in vivo assays to 

investigate tumour antigen presentation, as well as effector CTL specificity and function 

during progression of tumours expressing multiple antigens.  This study demonstrated 

that an endogenous CTL response to dominant epitopes is generated early in tumour 

progression (Chapt. 4.); often before the tumours are palpable.  Whilst tumour antigen 

presentation was largely restricted to LN draining the tumours (Figure 4.4), the 

consequent tumour-specific CTLs were detected in DLN, as well as in non-draining LN, 

spleen (Figures 4.5 and 4.6) and even within tumours (Figures 3.7, 3.8 and 5.6).  These 

data imply that after being generated in DLN tumour-specific CTLs leave, and not only 

populate the entire secondary lymphoid system but also migrate into tumours.  Hence, 

these models are different to other tumour models in which tumour-specific CTLs are 
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reported to remain ‘locked’ within DLN unless ‘released’ by immunotherapies such as 

agonistic anti-CD40 Ab ((van Mierlo, den Boer et al. 2002; Stumbles, Himbeck et al. 

2004)).  However, in many human cancers tumour-specific CTLs can be detected in 

patient blood and in tumours; thus these models may be more representative of the 

human disease.    

 

In the intra-molecular epitope OVA model, an endogenous CTL response capable of 

lysing target cells expressing the dominant epitope of OVA (SIINFEKL) is generated 

within 7 days of tumour growth.  A very limited endogenous CTL response to the 

subdominant epitope (KVVRFDKL) could be detected in the DLN and LN in vivo and 

at an early timepoint in splenocytes following in vitro re-stimulation suggesting that this 

epitope had been processed and presented at some stage during tumour growth.  

Therefore, this response is governed by the same rules of dominance seen when these 

antigens are presented to the host as non tumour-associated, protein antigens.   

 

Co-dominant epitopes expressed by the LLpoly tumour induced in vivo CTL lysis of 

targets expressing three of the four antigens by day 7 of tumour growth.  This 

demonstrates that the host immune response is able to respond to multiple co-expressed, 

co-dominant tumour antigenic epitopes.  However, failure to detect in vivo CTL lysis of 

ASNENMDAM targets despite ex vivo evidence of their presence shows that the 

response is not equivalent in lytic capacity for each of the antigens.  These findings 

imply that this epitope was subdominant relative to the other 3 epitopes comprising the 

polyepitope.   

 

7.2 Tumour Progression Despite An Anti-Tumour CTL Response 

Despite the generation of a functional CTL response that occurred before the tumours 

were palpable, the tumour cells were not eradicated.  This may also be true for humans 

as tumour antigenic epitope-specific T cells can be found in blood, and in the tumour 

itself (Evans, Man et al. 1997; Kawakami, Dang et al. 2000).  There is evidence that this 

immune response may restrain tumours until an event occurs that allows the tumour to 

progress.  In one case, after a routine X-ray a 40 year old woman was diagnosed with 

malignant mesothelioma, however the tumour spontaneously regressed only to emerge 

in a different location two months later (Robinson, Robinson et al. 2001).  This may 

apply to many cancers as autopsies of individuals who died of trauma often reveal 
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microscopic colonies of cancer cells, referred to as in situ tumours (Folkman and Kalluri 

2004).  Indeed, virtually all autopsied individuals aged 50 to 70 have in situ carcinomas 

in their thyroid gland, whereas only 0.1% of individuals in this age group are diagnosed 

with thyroid cancer.   

 

7.3 Tumour Antigen Presentation Wanes As Tumours Progress   

The levels of in vivo antigen presentation (SIINFEKL) and CTL effector function were 

also monitored during the later stages of tumour progression in the LLpoly and 

LLsOVA tumour models (Chapter 5).  Both antigen presentation and CTL effector 

function had significantly declined in the LN by day 15 of tumour growth.  A similar 

decline was seen in the spleens of LLpoly tumour-bearing mice and this was supported 

by in vitro studies.  A slightly different response was observed in the spleens of 

LLsOVA tumour bearing mice; CTL activity declined later (beyond day 14).  One 

possible explanation is that the secreted OVA was retained within the spleen where it 

continued to be presented by resident DC to circulating naive T cells trafficking through 

the spleen. 

 

Factors that could account for the diminishing CTL response seen after the initial burst 

of CTL activity included: defective antigen presentation in the DLN, inability of T cells 

in the DLN to proliferate in response to antigen presentation, secretion of tumour-

associated soluble factors leading to T cell anergy and, finally, outgrowth of antigen 

loss variants.  These issues were investigated in both models.   

  

7.4 The Tumour Microenvironment Does Not Suppress Antigen Presentation 

Or T Cell Proliferation In The DLN  

Tumour antigen-specific proliferation of CD8+ lymphocytes 3 days post adoptive 

transfer was investigated in mice with late stage LLsOVA tumours that had also 

received peri-tumoral OVA (Chapter 5).  These experiments indicated that the tumour 

micro-environment did not prevent antigen presentation, nor did it lead to T cell anergy 

in the DLN.  This infers that the decline of CTL responses seen during normal tumour 

progression could be attributed to a decrease in the amount of antigen reaching the DLN 

late in tumour development.  This was confirmed by PCR analysis of tumours (taken 

from immunocompetent mice) which demonstrated that the diminished CTL response 

was due to a decrease in the number the tumour cells expressing the transfected antigens 
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in the tumour mass.  Antigen loss was further verified by the inability to isolate viable 

LLpoly and LLsOVA tumour cells from excised tumours.   

 

7.5 Immuno-editing Allows Antigen Loss Variants To Progress  

The mechanisms leading to antigen loss were then investigated.  Continued tumour 

antigen expression in immuno-deficient (nude) mice indicated that the antigen-specific 

CTL effector cells detected early in tumour progression in both LLsOVA and LLpoly 

tumour-bearing mice actively contribute to the elimination of antigen expressing tumour 

cells (Chapter 5).  However, long term in vitro passaging of the tumour lines in the 

absence of the selection agent G418 (neomycin resistance DNA which was co-

transfected with the polyepitope or sOVA DNA) demonstrated that these cell lines were 

not genetically stable, and gave rise to antigen loss variants which were not targeted for 

immune destruction.  

 

A third tumour cell line, LLsOVA 1.3 was generated which did not lead to the 

outgrowth of antigen loss variants.  This tumour line had reduced, yet sustained, 

expression of OVA in immuno-competent mice and during extended in vitro passaging.  

Antigen presentation and in vivo CTL analysis of mice with progressing LLsOVA 1.3 

tumours showed that persistent antigen presentation generated a systemic in vivo CTL 

response to the dominant SIINFEKL epitope.  However, an unexpected localised 

response to the subdominant KVVRFDKL epitope was also observed; i.e. the response 

was restricted to the LN in vivo, and was not detected in the spleen even after peptide 

restimulation of splenocytes.  This indicates that when antigen reaches a threshold 

duration and/or concentration, effector CTLs to subdominant epitopes can be generated 

which are able to lyse target cells in vivo.  

 

7.6 Efficient Elimination Of Immunogenic Tumour Cells Is Necessary To 

Prevent Antigen Loss Variants In A Progressing Tumour 

The in vivo CTL assay results (Section 4.2.4-5) and tetramer studies (Section 5.2.8) 

suggest that tumour antigen-specific T cells generated in the LN migrate to the tumour 

where, instead of undergoing apoptosis (as might be predicted by other studies; 

reviewed in Frey and Monu 2006; Rivoltini, Carrabba et al. 2002), they accumulate 

(Skitzki, Craig et al. 2004).  Interestingly, these T cells may even migrate there despite 

the decline or complete loss of their cognate antigen by tumour cells.  In vivo CTL 
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analysis was conducted on tumour samples to assess the functional status of these 

tumour-infiltrating CTLs.  However, the results were hampered by the low number of 

adoptively-transferred target cells that migrated into the tumour site and it was difficult 

to confidently assess the in situ effector function of CTLs located in the tumour (Table 

6.2.1).  Based upon the data, it could be predicted that these CTL retain their effector 

function once in the tumour microenvironment and lyse antigen-expressing tumour cells 

leaving antigen loss variants to proliferate.   

 

The immunogenicity of each tumour cell line was measured by their susceptibility to 

lysis by SIINFEKL-specific OT-1 CTLs, and protection experiments in which mice 

were vaccinated with irradiated tumour cells prior to a viable tumour challenge.  LLpoly 

was readily lysed by OT-1 CTLs and mice vaccinated with irradiated LLpoly tumour 

cells were completely protected on rechallenge; ranking LLpoly as highly antigenic.  

Furthermore, up to 20% of naïve mice given LLpoly did not develop tumour also 

indicating that early events following tumour inoculation could lead to tumour rejection.  

A few tumour free (non-progressor) mice were available for analysis.  A comparison of 

progressor and non-progressor mice showed that the anti-tumour CTL responses in 

these groups were very similar.  This suggests that the early immune response generated 

after tumour cell inoculation is at a near critical threshold level and that if the conditions 

are correct (e.g. a slightly lower number or reduced viability in the tumour cell inocula), 

the response can completely eliminate tumour cells.  However, the immune response 

may only destroy antigen-expressing tumour cells allowing antigen loss variants to 

grow out.  This is supported by the delayed growth rate of LLpoly in C57BL/6 mice and 

their accelerated growth in immunodeficient nude mice.  It is possible that the rate at 

which antigen loss occurs and the numbers of antigen loss variants generated determines 

whether a tumour would progress in the presence of an endogenous, or 

immunotherapeutically enhanced, anti-tumour immune response.  

 

Similar analyses of LLsOVA and LLsOVA 1.3 showed that these tumour lines were 

moderate to weakly immunogenic while LL was poorly immunogenic.  Consistent with 

these observations was an increased tumour incidence in LLsOVA (95%), LLsOVA 1.3 

(98%).  Furthermore, OVA+ tumour cells were present in 17% of late stage LLsOVA 

tumours (demonstrated by PCR and proliferation of OT-1 T cells).  In contrast, all late 

stage LLsOVA 1.3 tumour cells (day 28) retained their OVA expression which was 

readily detected by PCR and ELISA (in the supernatants of ex vivo tumour lysates).  
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However, it was not possible to detect LLpoly tumour cells by PCR in any late stage 

tumours.   

 

Taken together, these results demonstrate that the process of immuno-editing by effector 

CTLs generated in the tumour-bearing host eliminate immunogenic tumour cells 

(reviewed in Smyth, Dunn et al. 2006).  However, tumours that are not genetically 

stable give rise to antigen loss variants that are able to evade immunosurveillance and 

progress.  Weakly immunogenic tumours cells are also targeted however, they may not 

be efficiently eliminated and the resulting tumour is a heterogeneous mix of tumour 

cells which is consistent with the genetic instability of tumours.  These data are 

supported by human and animal studies of progressing tumours which have identified 

the outgrowth of antigen loss variants during disease progression and following 

immunotherapy (Bai, Liu et al. 2003; Matsui, O'Mara et al. 2003; Schmollinger, 

Vonderheide et al. 2003; Aisner, Maker et al. 2005; Trefzer, Herberth et al. 2005).   

 

7.7 There Is A Loss Of In Vivo CTL Function Despite An Apparent Memory 

Response  

 
The outgrowth of antigen loss variants coincided with a loss of in vivo CTL activity.  

However, once precursor CTLs (prepared from splenocytes of tumour-bearing mice) 

were restimulated in vitro, they were able to lyse antigen-bearing targets.  Hence, these 

CTLs are clearly memory cells.  These data suggest that the loss of CTL function in 

vivo is due to antigen withdrawal and that the adoptively transferred peptide-coated 

target cells could not offer appropriate restimulation.   

 

Many studies (particularly human studies) rely on in vitro assays to measure anti-

tumour immune responses.  Often these assays involve at least one round of in vitro 

restimulation.  Whilst these data give useful information relating to tumour immune 

surveillance they may not be indicative of the ‘real time’ functional status of tumour-

reactive CTLs.  Furthermore, these data flag a potential pitfall for T cell adoptive 

transfer immunotherapy protocols.  Assessment of adoptively transferred ex vivo 

restimulated CD8+ T cells in a murine melanoma model (Gattinoni, Klebanoff et al. 

2005) highlighted similar concerns about the lack of correlation between in vitro CTL 

effector function (assessed by in vitro cytotoxicity and IFN-γ release) and in vivo 

antitumour effector function.  Hence, careful consideration needs to be given to 
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adoptive transfer protocols where there may be a disparity between the in vitro and in 

vivo effector function and/or (importantly) altered tumour antigen expression during 

tumour progression.   

 

7.8 Pre-Existing CTLs Influence The CTL Response To A Progressing Tumour 

This thesis focused on immune responses to neo antigens.  However, many of the 

tumour antigens that have been identified are self antigens that are over-expressed on 

the tumour or differentiation antigens to which potentially reactive high affinity T cells 

have been eliminated as a result of negative selection in the thymus (Perales, Blachere 

et al. 2002).  Consequently, there may be an existing CTL effector population of 

tumour-reactive T cells to low affinity self antigenic epitopes which are non responsive 

and/or require increased levels of antigen exposure before they can be activated 

(Lyman, Nugent et al. 2005).  Thus, cancer vaccines could be required to boost pre-

existing tumour-specific immunity or overcome tumour-induced tolerance 

(Bohnenkamp, Coleman et al. 2004).  In this context, studies have shown that epitope 

dominance and competition for MHC molecules on the APC surface limit the 

effectiveness of the CTL response following antigen re-exposure in the presence of a 

pre-existing CTL population (i.e. an endogenous CTL to a self antigen or in a 

vaccination protocol; (Kedl, Kappler et al. 2003).   

 

The influence of pre-existing tumour antigenic epitope-specific CTLs was investigated 

in this thesis.  In these experiments the tumour antigenic epitope was SIINFEKL and 

CD8+ T cells from SIINFEKL TCR specific transgenic OT-I mice were used to model a 

pre-existing CTL response.   

 

Complete protection against LLpoly tumour challenge was observed in mice adoptively 

transfused with OT-1 lymphocytes prior to tumour inoculation (Chapter. 4).  

Characterisation of the CTL response by ICS-IFN-γ staining in these OT-1 infused mice 

showed a skewed CTL response as previously described (Kedl, Rees et al. 2000; 

Palmowski, Choi et al. 2002); i.e. the Kb-restricted CTL response was limited to 

SIINFEKL while CTLs specific for the second Kb peptide FAPGNYPAL were not 

detected.  This contrasts to the significant CTL responses seen to FAPGNYPAL in 

LLpoly-bearing C57BL/6 mice that did not have pre-existing SIINFEKL-specific 

immunity.  Hence, the immune response remained focussed upon pre-existing CTL 
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responses.  Furthermore, these pre-existing CTL responses appeared to suppress the 

generation of CTL responses to new antigens co-expressed by tumours and recognised 

by the same MHC allele. 

 

Partial protection was observed in OT-1 mice as well as in OT-1 infused C57BL/6 mice 

inoculated with LLsOVA tumour cells.  ICS-IFN-γ staining of the OT-1 infused mice 

showed persistent SIINFEKL-specific IFN-γ+CD8+ cells in the DLN.  Interestingly, 

these mice showed a weak response to the subdominant OVA-derived epitopes.  This 

result is not consistent with previous reports using peptide-pulsed DC or virus in which 

responses to subdominant epitopes of the same MHC allele was inhibited (Kedl, Rees et 

al. 2000).  However, the difference observed may be due to the timing of the analysis; 

i.e. in the presence of a high precursor frequency of SIINFEKL-specific CTLs, the level 

of antigen released from a lysed bolus of LLsOVA tumour cells early in tumour 

progression resulted in the spreading of the response to each of the subdominant 

antigens detected at a later time point (Ribas, Timmerman et al. 2003).  Interestingly, 

despite the broad CTL response, mice were not protected from developing tumour.  The 

protective effect was increased to 100% in OT-1 mice primed with SIINFEKL prior to 

LLsOVA tumour inoculation.  Thus, if sufficiently activated, these CTLs can eradicate 

tumour cells before they develop into established tumours. 

 

The lack of available OT-1 mice and inability to bring transgenic mice that express 

OVA as a self antigen into the animal holding facilities prevented further investigation 

of the influence of OVA as a self antigen on CTL responses to tumours co-expressing 

SIINFEKL with other antigens.  Initial experiments suggest that the response in the 

LLpoly model would be restricted to a single Kb and Db epitope, while the response in 

the LLsOVA may have extended to the subdominant epitopes. 

 

7.9 Immune Manipulation Can Cause Regression Of Established Cancers  

Two approaches were undertaken to enhance an anti-tumour response in mice with 

progressing tumours.   
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7.9.1 Peptide immunotherapy 

The identification of tumour antigens led to a number of vaccination protocols which  

aimed to elicit a strong anti-tumour response; some of these used multiple peptides.  

However, if multiple peptides are co-administered the effectiveness of the protocols 

may be influenced by factors such as T cell access to antigens presented on the same 

APC and pre-existing CTL populations arising from the primary response to the tumour.  

Studies have shown that high affinity CTLs are preferentially expanded following 

antigen rechallenge (Kedl, Rees et al. 2000) as would be the case in a vaccination 

protocol.  During a primary response factors such as competition lead to a CTL 

response to dominant epitopes which, on multiple antigen rechallenge, is preferentially 

expanded (Bousso, Lemaitre et al. 2000; Palmowski, Choi et al. 2002).  A similar 

phenomenon was evident in the LLpoly tumour model; a broad antigenic epitope 

specificity was observed in in vitro expanded splenocytes taken early in LLpoly tumour 

progression.  In contrast, CTLs isolated from the spleens of mice with progressing and 

non-progressing mice 23 days after tumour inoculation demonstrated restricted 

specificity.  This result suggests that over time these CTL become high affinity T cells 

that either outgrow the T cells specific to other peptides, or they become less 

crossreactive.  

 

LLsOVA, LLsOVA 1.3 or LLpoly tumour-bearing mice were vaccinated with the 

OVA-derived or polyepitope peptides.  This approach mimics a multiple peptide 

vaccine.  In theory, the use of peptides ensures their delivery to MHC molecules on the 

surface of APC without the need for processing the whole protein (which may lead to 

poor levels of presentation of the subdominant and cryptic epitopes).  Peptides were 

administered as individual peptides at separate sites around the tumour (to minimise the 

effects of T cells competing for peptide-MHC complexes on a single APC), or as pooled 

peptides at multiple sites.  While there was an increased survival rate in the LLsOVA 

model in mice that had received single peptides, neither tumour growth rate nor survival 

were affected by either vaccination protocol in the weakly immunogenic LLsOVA 1.3 

tumour model.  In contrast, the immunogenic LLpoly tumour model showed a 

marginally slower tumour growth rate and an increased survival advantage in mice 

given individual peptides at separate sites compared to mice given pooled peptides.  

These results suggest that an immunotherapy protocol which avoids T cell competition 

and enhances the CTL response to multiple dominant tumour antigenic epitopes has a 

greater capacity to alter tumour progression. 
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Unfortunately, time constraints prevented studies assessing whether the in vivo CTL 

effector populations were skewed towards a single peptide for each Class I allele, or 

whether epitope spreading had occurred. 

 

7.9.2 Intra-tumoral IL-2 immunotherapy 

The second immunotherapy approach undertaken in this study was the use of IL-2 as an 

adjuvant therapy.  IL-2 has been extensively trialled particularly in conjunction with 

vaccination protocols.  This is because IL-2 can enhance naïve and memory T cell 

proliferation (reviewed in Lotze 2000).  Many investigations have delivered IL-2 

systemically with a poor success rate (Rosenberg 2000).  IL-2 delivered intra-

tumourally in a MM murine model showed tumour regression and increased in vivo 

tumour antigen specific CTL effector function (Jackaman, Bundell et al. 2003).  This 

study used the same route of IL-2 administration based on the hypothesis that 

exogenous IL-2 delivered directly to the tumour site would lead to enhanced CTL 

effector function and epitope spreading, resulting in tumour destruction.   

 

Intra-tumoural IL-2 treatment in the LLsOVA and LLpoly tumour bearing mice resulted 

in tumour regression.  However, it did not modify tumour growth in the weakly 

immunogenic LLsOVA 1.3 or parental LL.  Analysis of in vivo CTL effector function 

in LLsOVA mice following i.t. IL-2 confirm enhanced CTL activity by the existing 

SIINFEKL-specific T cells.  No CTL activity was seen to the subdominant epitopes of 

OVA.  Similarly, in the LLpoly model, enhanced CTL activity was observed to each of 

the 3 reactive polyepitope peptides; however, it did not lead to lysis of ASNENMDAM-

coated targets.  Thus, IL-2 maintains a pre-existing CTL response.  With this in mind, 

early IL-2 intervention therapy against LLpoly and LLsOVA tumours (and other 

immunogeneic tumours) may be more effective as it avoids the emergence of antigen 

loss variants.  In addition, it reduces the likelihood of enhancing an existing CTL 

response against a target antigen no longer expressed by the progressing tumour.  

 

Future work to investigate the use of cytokine therapies in these models is 

characterisation of tumours that progressed despite IL-2 treatment; in particular, to 

assess the generation of antigen loss variants. 
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7.10 Epitope Spreading 

Epitope spreading refers to “the diversification of epitope specificity from the initial 

focused, dominant epitope-specific immune response to subdominant epitopes on that 

protein’ (Vanderlugt and Miller 2002).  Immune destruction of tumour cells leading to 

increased levels of tumour antigen presentation could lead to epitope spreading, as 

described in autoimmune disease (Wierecky, Muller et al. 2006; reviewed in Sercarz 

2000; Vanderlugt and Miller 2002).  However, in this thesis, in vivo lysis of targets 

labelled with the subdominant OVA epitopes was not observed in LLsOVA tumour-

bearing mice.  Recall that this cell line expresses high levels of OVA which leads to 

transient OVA presentation and a potent (but short-lived) CTL response that results in a 

rapid outgrowth of antigen loss variants.  This end result is the product of two 

processes; i.e. T cell immuno-editing and genetic instability.  In contrast, the persistent 

antigen presentation seen during progression of antigenically and genetically stable 

LLsOVA 1.3 tumours resulted in an in vivo CTL response to the subdominant OVA-

derived, KVVRFDKL epitope 7 days after the CTL response was detected to the 

dominant SIINFEKL antigen; these data suggest that epitope spreading may have 

occurred.  Interestingly, the subdominant epitope-specific CTLs remained within the LN 

and could not be detected in the spleen.  Similarly, mice infused with SIINFEKL-

specific CTLs prior to tumour challenge also demonstrated responses to subdominant 

epitopes (KVVRFDKL and NAIVFKGL) in the DLN of mice with progressing and 

non-progressing LLsOVA tumours.  Thus epitope spreading can occur if there is 

persistent low level tumour antigen presentation (LLsOVA 1.3) or a potent immune 

response leading to the rapid destruction of tumours.  In the latter case there is a caveat; 

i.e. that pre-existing, dominant epitope-specific CTLs must be present.  However, this 

needs to be confirmed by a kinetic study of the CTL response in mice with a pre-

existing SIINFEKL CTL response.  

 

7.11 Summary 

The tumour models generated in this thesis proved to be useful approximations of the 

neoplasticity of tumours and their ability to evade the host immune response.  Two 

tumour cell lines were shown to be genetically unstable and readily lost antigens over 

time.  This result may not be surprising as genetic alteration reflects the very nature of 

tumours.  Furthermore, highly immunogenic tumours were readily detected by the host 

immune response and could be eliminated.  This immune response consisted of CTL 
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responses to multiple, co-expressed tumour antigens and focused upon dominant 

epitopes and ignored weaker subdominant and cryptic epitopes.  However, 

immunogenic tumour cells that were sufficiently unstable resulted in the emergence of 

antigen loss variants that evaded immune defence mechanisms and allowed an immune-

edited tumour to progress.  In the meantime, CTLs specific to antigens expressed early 

in tumour progression ceased to be generated in DLN due to diminishing numbers of 

tumour cells expressing this antigen.  In contrast, the antigen-specific T cells that 

trafficked to tumours remained there, despite a lack of antigen stimulation; however, 

their presence was no longer a threat to the tumour.   

 

LLpoly tumours were highly immunogeneic and 3 of 4 co-dominant antigens were 

readily targeted by the immune response.  LLpoly tumours responded well to the 

immunotherapies used in this thesis.  LLsOVA tumours which expresses a single 

dominant epitope and were less immunogenic than LLpoly (but more immunogenic 

than the parental cell line and LLsOVA 1.3) did not respond as reliably to the 

immunotherapies.  However, both LLpoly and LLsOVA tumours generated antigen loss 

variants at a rate that allowed them to progress despite a targeted immune response.   

 

Interestingly, the host immune response to antigenically stable LLsOVA 1.3 tumours 

that were only weakly immunogeneic progressed at a slower pace.  CTLs in this model 

were continuously generated as a result of persisting antigen presentation in DLN as 

tumours cells were not destroyed.  These CTLs were not restricted to the dominant 

epitope and subdominant-specific CTLs could also be detected. 

 

The immunogenicity and genetic instability of tumours, as well as immuno-editing by 

the host immune response influences tumour progression.  The effectiveness of CTL 

populations and the potential for epitope spreading are dependent upon antigen dose and 

antigen presentation persistence during tumour progression.  However, a pre-existing 

effector CTL population may alter the development of an endogenous anti-tumour CTL 

response; it could focus the response to the pre-existing CTLs or spread the CTL 

response to subdominant epitopes which may protect the host against tumour.  Thus, 

prior to the use of immunotherapies that boost an existing CTL response and target 

specific tumour antigens rigorous assessment of CTL specificity, effector function and 

tumour antigen profile at the time of treatment (Lehmann, Marchand et al. 1995; 

Spiotto, Rowley et al. 2004) must be conducted. 
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The findings of this thesis (a) offer a deeper understanding of the immunobiology of 

tumours that express multiple tumour antigenic epitopes, and (b) have important 

implications in the design and timing of immunotherapy protocols.  Importantly, this 

study has shown that the antigen specificity of effector CTLs must match the antigen 

profile of the progressing tumour at the commencement of immunotherapy to ensure an 

antitumour response. Application of a cytokine or exogenous antigen can clearly 

enhance an existing endogenous CTL response to tumour antigen/s.  However, these 

therapies will ultimately fail if the progressing tumour is ‘sculpted’ by the immune 

response so that only antigen loss tumour cells remain.  Importantly, if therapies 

targeting the adaptive immune response are initiated early in tumour progression and are 

able to eliminate the bulk of the tumour before the sculpting can be initiated there is an 

increased likelihood that the tumour can be eliminated. 
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8.1 Preparation of Polyepitope and pEF-BOS vector DNA for transfection.  

 
Prior to using the polyepitope DNA for transfection into LL and to enable expression of 

the epitopes it was inserted into the mammalian expression vector pEF-BOS 

(Mizushima and Nagata 1990) using the method described below.  

 

Polyepitope DNA was provided in ethanol.  This was washed in 70% ethanol, allowed 

to dry and prepared at a stock concentration of 1μg/ml in TE buffer (10mM Tris-Cl; 

Sigma-Aldrich; 1mM EDTA; Sigma-Aldrich; pH 8.0). 

 

Competent Escherichia coli (E coli) were prepared and transformed with polyepitope 

DNA according to the method described by Nishimura et al.(Nishimura, Morita et al. 

1990) (pEF-BOS transformed E coli were available in the laboratory) .  Briefly, 

competent E coli were transformed with 20ng of polyepitope DNA on ice for 30mins, 

subjected to a heat pulse at 42°C for 60 secs and chilled on ice for a further 2 minutes.  

One ml of 2YT broth was then added and the preparation incubated at 37°C for an 

additional hour.  Fifty and 10μl aliquots of the suspension were then plated onto Luria 

Bertani (LB) agar plates containing 100μg/ml ampicillin overnight.  Selected colonies 

were picked and cultured overnight at 37°C with shaking in 5ml of 2YT broth 

containing 100μg/ml of ampicillin.  Plasmid DNA was purified using the QIAGEN mini 

prep kit following the manufacturer’s directions for the small scale purification.  

 

Restriction digests of isolated plasmid DNA were performed using the BAMH and Sal 1 

restriction enzymes (both Promega) in Promega Buffer D. Cut and uncut preparations 

were run on a 1.2% agarose gel containing EtBr (Sigma-Aldrich) (2μl of a 10mg/ml 

solution in 120ml of agarose) to visualize the DNA.  The pEF-BOS vector and 

polyepitope insert had a molecular size of 5.8 kb and 340bp respectively.  Selected 

colonies with the correct size and cleanest bands on the agarose gel following the mini 

prep protocol were expanded and used for a QIAGEN Maxi prep. 

 

Polyepitope and pEF-BOS DNA from the maxi preps were digested with the BAMH 

and Sal1 restriction enzymes (Promega) using the buffer provided with the restriction 
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enzymes.  The Sal1 reaction continued for 112 minutes at 37°, the BAMH enzyme was 

added after 37 minutes and was allowed to proceed for 75 minutes.   

 

The samples were run at 90V on a 1.2% agarose gel containing approx 0.01% EtBr until 

the markers had moved 1cm through the gel, after which the voltage was reduced to 

65V.  Gel containing the polyepitope and pEF-BOS DNA segments were excised from 

the gel and DNA extracted using the QIAquick gel extraction protocol and reagents 

(Figure 8.1A).   

 

Extracted DNA was prepared at 100 ng/ml in QE (QIAGEN) buffer and combined at 

1:1, 1:3 and 1:5 molar ratios of pEF-Bos to polyepitope DNA ratio respectively.  The 

ligation mix was prepared with T4 ligase and 10x T4 buffer and incubated at 15°C for 

17 hours.  The ligation mix was then used to transform competent E coli.  

 

Transformed E coli colonies were screened by QIAGEN miniprep for plasmid 

production and size of polyepitope and vector plasmid.  The size was confirmed by 

restriction digestion of the plasmid with the BAMH and Sal1 restriction enzymes 

(Figure 8.1B).  Following confirmation that the plasmid was the correct size, the 

selected colony was expanded and a QIAGEN maxi prep used to generate a stock of the 

polyepitope in pEF-Bos DNA for transfection into cell lines and DNA vaccination. 
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                                   1Kb     Polyepitope                    pEF-Bos  
                                     Marker     ii         i                          i               ii 
 
 

 
                                                1Kb   Colony#  1               2  
                                             Marker                i    ii        i     ii 

 
 

Figure 8.1 Polyepitope DNA was inserted into the pEF-Bos mammalian vector ready for 

transfection into LL 

A. pEF-Bos and polyepitope DNA were prepared in competent E coli and digested with the 

BAM 1 and Sal 1 restriction enzymes.  The 340 bp polyepitope band and 5.8kb pEF-Bos vector 

were extracted from agarose gel after purification and separation on a 1.2% agarose gel 

containing EtBr.  Polyepitope and pEF-Bos DNA were ligated and expanded in competent E 

coli.  B.  Plasmid DNA isolated from selected colonies was screened (ii) before and (i) after 

digestion with BAM1 and Sal 1 restriction enzymes to ensure that the construct was the correct 

size.  
 
 
 
 
 

B 

A 
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