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Summary 

Cytotoxic chemotherapy is an important and commonly used modality of cancer treatment. 

Although most cytotoxic drugs cause neutropenia and lymphopenia, and are considered 

immunosuppressive, there are few data on the effects of chemotherapy on the humoral and 

cellular immune responses to specific tumour antigens. In order to bring together 

chemotherapy and immunotherapies, it is important to understand the effects chemotherapy on 

the immune response, and how to rationally combine these treatments. 

My first aim was to study the effects of the cytotoxic drug gemcitabine on the humoral and 

cellular response to a specific tumour antigen in a solid tumour model. I used a tumour model 

system in which a murine mesothelioma cell line has been transfected with the influenza 

haemagglutinin antigen (AB1-HA). A gemcitabine-resistant line of AB1-HA was also generated. 

Changes in the immune response to HA were followed using various tools including anti-HA 

TCR transgenic lymphocytes. 

The key findings on humoral and cellular immunity were as follows: gemcitabine reduced 

tumour size of AB1-HA, but re-growth occurred on cessation of treatment. The drug decreased 

tumour-specific humoral immunity and all antibody production, an effect which was independent 

of tumour size. Gemcitabine was selectively toxic to B cells. Conversely, this agent augmented 

several parameters of antigen-specific cellular immunity. Cross-presentation was increased as a 

function of tumour size, but did not induce tolerance, as proliferation of both CD4+ and CD8+ T 

lymphocytes increased to HA peptides, and CTL killing was unchanged. Tumour lymphocyte 

infiltration increased with treatment, but was not HA-specific. The increase in cross-presentation 

only occurred when tumour cell death was induced, and was not mediated by changes in 

lymphocyte or APC function per se. 

My second aim was to combine gemcitabine with immunotherapy to treat an established 

tumour. To examine how to combine these treatments, both HA-specific (HA-expressing PR8 

influenza virus) and non-specific (activating anti-CD40 antibody) immunotherapies were 

examined. Despite a minimal effect of PR8 virus alone in slowing AB1-HA tumour growth, when 

PR8 was given after gemcitabine, a marked slowing of tumour growth occurred, demonstrating 
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an immunological priming effect. This effect was not seen when the treatments were given 

concurrently or when PR8 preceded gemcitabine. 

Established tumours were then treated with gemcitabine together with the activating anti-CD40 

antibody FGK45. Tumour bearing mice treated with FGK45 alone showed minimal growth delay 

and no increase in survival. However, gemcitabine followed by FGK45 cured 40-80% of mice 

with established tumour; this effect required tumour cell apoptosis and did not occur in vitro. 

Having identified a synergistic schedule, the mechanism of synergy was examined. Cross-

presentation, lymphocyte proliferation, and CTL killing did not change with combination therapy; 

however, there was a further marked increase in CD4+ and CD8+ lymphocyte infiltration of the 

tumour. CD4+ depletion in vivo did not eliminate synergy; however, mice depleted of CD8+ cells 

were unable to eliminate tumour. Surgical debulking followed by FGK45 could not cure mice, 

despite reducing tumour bulk more effectively than gemcitabine alone. This combination was 

also effective in AB1 tumour which does not bear the HA antigen. 

Although gemcitabine is known to have general immunosuppressive effects, I have 

demonstrated that in vivo treatment is not detrimental to antigen-specific anti-tumour immunity, 

and indeed can have a priming effect. The decrease in humoral immunity does not have 

negative implications for anti-tumour immunity, but may decrease protection from vaccinations 

requiring a humoral response in gemcitabine-treated patients. Gemcitabine and FGK45 

synergise to cure an established murine solid tumour, an effect which is immunological and 

CD8 dependent, and is not solely due to the chemical debulking effect of the drug. This study 

has important implications for the use of combination chemo-immunotherapy by demonstrating 

that a full cytotoxic dose of chemotherapy can actually prime the immune system for a better 

anti-tumour response to immunotherapy. 
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1.1 Introduction 

Cancer is the second most frequent cause of death in Australia, and a major worldwide health 

problem. Malignant cells are characterised by their differences from normal cells: clonality, or 

genetic changes in a single cell which subsequently proliferates forming a malignant clone; 

anaplasia, or lack of co-ordinated cell differentiation; autonomy from the normal growth 

regulation mechanisms; and the capacity for metastasis and growth in other parts of the body. 

Cell senescence and programmed cell death (apoptosis) are essential to normal organ 

homeostasis. Mechanisms of senescence and the apoptotic pathway may be abnormal in 

cancer cells, allowing them to survive despite receiving death signals, and these characteristics 

are important in malignant transformation. 

Conventional medicine uses three major modalities to cure or palliate cancer. Surgery is used 

for localised cancers, and is the major curative treatment for many patients with early stage 

disease. Radiotherapy is commonly used in palliation, but also plays a role in the multimodality 

curative management of some neoplasms. Chemotherapy is sometimes used with the aim of 

cure in an adjuvant setting, when it is given following definitive surgical treatment to attempt to 

eliminate micro-metastatic systemic disease. However, most chemotherapy is given with a 

palliative intent. Palliative chemotherapy can sometimes result in an apparently complete 

response, with disappearance of all clinically evident disease. In this situation, and following 

adjuvant treatment, recurrence of cancer may still occur despite the presence of a minimal 

tumour burden. 

Tumour immunology studies the recognition of cancers by the immune system and the 

subsequent interaction leading to an immune response. Implicit in the hypothesis that a specific 

anti-tumour response can be generated is the idea that tumours express antigens. An antigen is 

a molecular component of a cell which is a target for antibody or T cell recognition, and may 

allow the immune system to discriminate malignant cells from surrounding normal tissue. The 

notion that tumours are antigenic was suggested by the finding that mice could be immunised 

with syngeneic tumour, and that subsequent growth of tumour inoculum could be prevented 

(Prehn and Main. 1957.). Thus, tumour rejection was not due to rejection of allogeneic tisssue 

incompatibilty antigens contained within the tumour, but rather to tumour-specific antigens 

present in both the vaccination and the subsequent tumour challenge. However, the presence 

23 



of tumour specific antigens and demonstrated T and B lymphocyte recognition is often not 

sufficient to result in tumour destruction. The best example of this is malignant melanoma, 

where numerous tumour antigens together with cellular and humoral responses have been 

identified, yet spontaneous tumour regression is uncommon (Jager, Chen et al. 1998). 

Over the past 15 years, a fourth modality of anti-cancer treatments has evolved: biotherapy. 

Biological substances (such as interferons) or other therapeutics are used to alter the host-

tumour interaction, thus producing an anti-tumour effect. Immunotherapy is one method of 

altering the immune response, and refers to a wide range of strategies. At the point of minimal 

residual disease, following surgery, radiotherapy or chemotherapy, immunotherapy may be able 

to induce a sustained anti-tumour immune response and possibly attain the ultimate goal of 

cure. 

This thesis explores how the cytotoxic drug gemcitabine alters the antigen-specific immune 

response to a solid tumour. It subsequently explores combination chemo-immunotherapy using 

gemcitabine and antigen-specific and non-specific immunotherapies. This chapter will briefly 

review mesothelioma, before a more detailed discussion of the immune response to solid 

tumours and to mesothelioma in particular. The subsequent discussion focuses on cytotoxic 

chemotherapy, gemcitabine in particular, and the known effects of chemotherapy and 

gemcitabine on immune responses, before reviewing immunotherapy in the context of the 

following thesis. The final section of this chapter states the overall aims and hypotheses of this 

thesis. 

1.2 Malignant mesothelioma 

Malignant mesothelioma is an aggressive malignancy arising from the mesothelial cells of the 

pleura, peritoneum or pericardium. About 80% of patients with mesothelioma have documented 

asbestos exposure (Carbone, Kratzke et al. 2002), usually with a very long latency period 

between exposure and diagnosis (Lanphear and Buncher 1992). There is no clear 

dose-response relationship between asbestos exposure and development of mesothelioma; 

above-background exposure appears to carry a higher risk of the disease than the very high 

exposures that lead to asbestosis (Carbone, Kratzke et al. 2002), possibly because very large 
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asbestos exposures induce more mesothelial cell death. Crocidolite asbestos is the most 

carcinogenic form of the mineral. As the fibre is inhaled and reaches the alveoli, alveolar 

macrophages engulf the smaller fibres and remove them from the lung via the ciliated 

epithelium. Larger fibres, however, may be too big to phagocytose and eventually migrate to the 

pleura through lymphatics or direct penetration, where they can be identified in pathological 

specimens of mesothelioma. 

When asbestos fibres reach the pleura, they can be phagocytosed by mesothelial cells, which 

commonly results in cell death rather than transformation (Bocchetta 2000). However, in those 

cells which survive, asbestos can cause DNA damage either physically (Hesterberg, Butterick et 

al. 1986) or by inducing inflammatory cells to produce superoxide anions and hydroxyl radicals, 

which can then lead to DNA strand breaks (Mossman and Churg 1998; Tanaka, Choe et al. 

1998). Asbestos induces autophosphorylation of the epidermal growth factor receptor (EGFR), 

triggering a mitogen-activated protein kinase signal transduction pathway (Zanella, Posada et 

al. 1996), and its fibres also depress immune function in macrophages (Rosenthal, Simeonova 

etal. 1999). 

Simian virus 40 (SV40) has been detected in human mesotheliomas (Testa, Carbone et al. 

1998), although its role in pathogenesis remains controversial. Human mesothelial cells show a 

high rate of malignant transformation when infected with this virus, particularly after co-culture 

with asbestos (Bocchetta 2000). The SV40 large T-antigen (Tag) can bind to the tumour 

suppressor genes p53 and pRb, inhibiting their actions (Pipas and Levine 2001; Testa and 

Giordano 2001). SV40 entered the human population in the 1950s and 1960s due to the use of 

contaminated polio vaccines and adenovirus vaccines, and limited human to human 

transmission may also occur. It has been hypothesised that asbestos and SV40 may be co-

carcinogens in this disease. 

When mesothelioma develops, the tumour cells demonstrate a number of accumulated genetic 

alterations. The most common defect is loss of a copy of chromosome 22, but loss of 

chromosomes 4 and 14 are also observed (Carbone, Kratzke et al. 2002). Deletion of the 9p21 

region which encodes the tumour suppressor gene products p16INK4a and p14ARF is common, 

occurring in more than 80% of mesothelioma cell lines. p16 protein has a role in cell cycle 

regulation through binding the cyclin dependent kinase CDK4, and loss of this protein can lead 
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to loss of inhibition of progression through the cell cycle (Kratzke, Otterson et al. 1995). 

Although p53 is rarely mutated in mesothelioma, it is inactivated by inhibitory binding of Tag 

(Metcalf, Welsh et al. 1992), which can also induce telomerase activity (Foddis, De Rienzo et al. 

2002). The proto-oncogenes c-fos and c-jun can be induced by crocidolite asbestos, activating 

genes necessary for DNA synthesis (Robledo and Mossman 1999). Thus both asbestos and 

SV40 could contribute to the genetic alterations leading to cell cycle dysregulation and 

malignancy. 

The incidence of mesothelioma is continuing to rise in industrialised countries, with an 

increasing incidence predicted until 2020 (Peto, Hodgson et al. 1995). In Western Australia, the 

incidence of mesothelioma rose from 8 to 45 per million from 1972 to 1990, principally due to 

the mining and transport of crocidolite asbestos at Wittenoom Gorge, with the number of new 

cases expected to peak in 2010 (deKlerk, Armstrong et al. 1989) with more than 650 cases 

expected between 1986 and 2020. Although it is a rare malignancy, the lack of successful 

treatment even for early disease, together with the high incidence in Western Australia, has 

stimulated a vigorous research interest in this State. 

Patients with pleural mesothelioma present with some or all of the following symptoms: chest 

pain, shortness of breath, cough, weight loss, malaise, or asymptomatic pleural effusion. The 

tumour grows as a rind around the pleural surface, initially as pleural plaques, but may also 

involve the lung and mediastinal structures as it develops into a large solid tumour mass. 

Malignant pleural effusions are common. Although the disease most commonly occurs in the 

pleura, peritoneal and pericardial mesothelioma is not unknown. A diagnosis is made on 

cytology or tumour biopsy, and tumours can be classified on the basis of histology as epithelial, 

sarcomatous, biphasic or anaplastic. 

Mesothelioma is incurable by chemotherapy, surgery, or radiotherapy and is uniformly fatal, with 

a median survival of approximately 12 months from diagnosis for patients entered on clinical 

trials (Curran, Sahmoud et al. 1998) and as little as five months for all patients (Musk and 

Woodward 1982). Clinical trials using conventional cytotoxic chemotherapy have met with 

limited success in this disease, with single and combination chemotherapies giving response 

rates of 15-20% in uncontrolled clinical trials (Ong and Vogelzang 1996; Ryan, Herndon et al. 

1998). Despite these responses there is no apparent increase in long-term survival, and the 
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influence of treatment on patient quality of life is unknown. More recently, encouraging phase II 

trial results have been shown using a combination of cisplatin and gemcitabine (Byrne, 

Davidson et al. 1999). This has been confirmed in a multicentre phase II trial co-ordinated at Sir 

Charles Gairdner Hospital, Western Australia, with a response rate of 32% and benefits in lung 

function and quality of life for patients (Nowak, Byrne et al. 2002). However, despite these 

results, responses seen after cisplatin and gemcitabine chemotherapy are incomplete and short 

lived, and in the absence of a phase III study it remains uncertain whether there are any survival 

benefits to this approach. A trial of the new multi-targeted antifolate drug pemetrexed in 

combination with cisplatin vs cisplatin alone has recently been reported in abstract form, giving 

a response rate of 41% in patients treated with the combination treatment, together with a small 

survival advantage of 3 months (Vogelzang, Rusthoven et al. 2002). 

The lack of a standard effective therapy and the accessibility of the pleural space make 

mesothelioma an ideal platform for the exploration of biologic, immunologic and gene therapies, 

and for investigating combination chemo-immunotherapy. Intrapleural delivery of cytokines 

(Davidson, Musk et al. 1998) and gene therapy (Mukherjee, Haenel et al. 2000) have been 

demonstrated to be feasible at this centre. Chemotherapy with cisplatin and gemcitabine is 

currently the standard treatment modality in Western Australia for symptomatic patients with 

mesothelioma, but its benefits are short lived. Thus, the aim of this thesis was to develop a 

model to examine how chemotherapy may change the immune response to tumour, and how 

best to combine chemotherapy with immunotherapy. Although the tumour model chosen is 

mesothelioma, this research may also have implications for the use of combination chemo-

immunotherapy in other solid tumours. 

1.3 The immune response to a solid tumour 

In order to understand how a cytotoxic chemotherapy agent such as gemcitabine may alter the 

immune response to tumour, it is important to first understand how the immune system 

responds to cancer under normal circumstances. The anti-tumour immune response, like the 

response to a pathogen, consists of an innate or non-specific component and an adaptive or 

specific component. The innate and adaptive immune systems do not act in isolation, each 
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producing soluble factors such as interferon-gamma (IFN-y) and interleukins which may have a 

stimulatory or inhibitory role for cells from the other arm of the immune response. There may be 

cross-talk between cell populations from the innate and adaptive immune systems, adding 

further complexity to this interaction. 

1.3.1 The innate immune response 

The innate immune system originally evolved to produce a rapid, first-line defence against 

pathogens as, unlike the adaptive immune system, it can be activated immediately after 

infection. The innate immune system has not evolved to recognise antigens, but must rely on 

less specific differences between self and pathogens as stimuli. It is programmed to recognise a 

small number of highly conserved structures present on pathogens such as bacterial 

lipopolysaccharide (LPS), bacterial DNA, peptidoglycan, glucans, and double-stranded RNA 

(Medzhitov and Janeway 2000). These bacterial products are not produced by the host, thus 

avoiding the development of autoimmunity. Once these structures have been recognised by the 

innate immune system, the effector cells can perform their functions without the need to first 

undergo proliferation. Innate immunity comprises both cellular and humoral components. 

Macrophages, monocytes, polymorphonuclear neutrophils, natural killer (NK) cells, and mast 

cells make up the cellular arm of this response. Complement, lectins and acute phase proteins 

are the soluble, or humoral arm of the response. 

The innate immune system acts quickly and non-selectively in response to pathogens. When 

resting macrophages are stimulated by viral products they become activated, upregulate 

expression of class II MHC (major histocompatibility complex) molecules, and can become 

antigen presenting cells. If they encounter bacterial components such as LPS or mannose, they 

increase their phagocytic capacity and secrete tumour necrosis factor-alpha (TNFa) and 

hydrogen peroxide. NK cells can recognise and kill some tumour cells and virus infected cells, 

although the exact mechanism of recognition is not well understood. Host cells are normally 

protected from NK killing through expression of killer cell inhibitory receptors (KIRs), a family of 

molecules which probably interact with MHC class I molecules. If malignant cells lose 

expression of MHC class I, the KIRs cannot override the kill signal, and the NK cell can kill the 

target. NK cells are also important in antibody dependent cellular cytotoxicity (ADCC), killing 

targets coated with antibody via their receptor for IgG. Furthermore, they interact with the 
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adaptive immune system by secreting IFNy and other cytokines such as interleukin 1 (IL1) and 

GM-CSF when activated. 

Neutrophils play an important role in acute inflammation and the immediate response against 

infection. They are phagocytic cells which are attracted to the site of injury by a range of stimuli 

including bacterial products, products of complement activation, and fibrinolytic products. 

Neutrophils phagocytose organisms, and then fuse their lysosomes, containing antibiotic 

proteins, acid hydrolases and lysozyme, with the phagosome containing the pathogen, killing 

the organism. Their role in anti-tumour immunity has received little attention, despite the fact 

that neutrophil infiltration of tumours corresponds with a favourable prognosis in some studies, 

and that most cytokine treatments of experimental tumours show a strong neutrophil infiltrate in 

responding sites (Di Carlo, Forni et al. 2001). Once recruited into the tumour, neutrophils can 

produce IL-ip, TNF-a, and interferons as well as reactive oxygen species and perforins, and 

can also kill tumour cells by ADCC (Kindzelskii and Petty 1999). 

The innate immune system also interacts with the adaptive immune system by modulating the 

expression of co-stimulatory molecules needed for antigen presentation and activation of T 

cells. This is particularly important in infection. A family of receptors related to the drosophila toll 

gene has been identified, which are similar to the IL1 receptor in humans, and induce signal 

transduction pathways activating the nuclear factor-KB (NF-KB) family which has an important 

role in the production of inflammatory and immune responses (Belvin MP 1996, Ghosh S 1998). 

These toll-like receptors (TLRs) are present on macrophages and B cells, can be activated by 

bacterial pathogens, and then upregulate the surface expression of the co-stimulatory 

molecules CD80 and CD86 as well as increase the production of IL1, IL6, and IL8 (Medzhitov 

and Janeway 1997; Medzhitov, Preston-Hurlburt et al. 1997). The NF-KB family also has a role 

in stimulation of tumour proliferation, and some experimental tumours can regress if NF-KB is 

inhibited (Sharma and Narayanan 1996). 

In summary, in anti-tumour immunity, NK cells may have some role in surveillance against 

malignant transformation and killing of tumour cells, and macrophages may play a role in 

antigen presentation. Both may assist the adaptive immune system by production of 

immunoregulatory molecules such as IFNy, GM-CSF, and TNF. The role of neutrophils in anti-
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tumour immunity has not been widely studied, but they are capable of responding to and 

producing cytokines, as well as ADCC. 

1.3.2 The adaptive immune response 

The adaptive immune response entails the interaction between B and T lymphocytes and 

antigens. The two arms of the adaptive immune system consist of the cellular or T lymphocyte 

arm, and the humoral or B lymphocyte/antibody arm. Although the adaptive immune system 

responds more slowly than the innate immune system, its advantage lies in its increased 

specificity. Whilst early stages of lymphocyte development are not dependent on the presence 

of antigen, their subsequent survival, differentiation and proliferation become antigen-

dependent, underlying the specificity of adaptive immunity. The components of the adaptive 

immune response will be discussed in more detail. 

1.3.2.1 Antigens and tumour antigens 

Antigens are parts of larger molecules, most commonly proteins, which are able to elicit an 

immune response after recognition by the receptors on T and B cells. They can be present on 

the surface of cells such as self, tumour, or pathogens. The adaptive immune system 

recognises smaller components of the antigen, peptide sequences called epitopes. Each 

antigen may contain several different epitopes recognised by different receptors on the cells of 

the adaptive immune system. An antibody or T cell will be specific for a particular epitope, rather 

than the entire antigen, unless the antigen consists of repeating epitopes such as 

polysaccharides. The T lymphocyte population expresses antigen receptors with specificity for 

as many as 100 million peptide sequences which may or may not be found in their environment, 

but have been generated by recombination of gene segments which together form chains of the 

T cell receptor. Thus each T cell clone expresses a unique receptor, which generally remains 

unchanged during cell division. Specificity for a particular self-antigen or pathogenic antigen is 

not pre-determined, although each antibody or T cell will recognise only its cognate antigen. 

Antibody specificity is acquired through a similar process, with immunoglobulins being produced 

from combinations of four types of gene segments containing multiple genes. They can later 

undergo class switching to alter the class of antibody produced. Following recognition of a 

specific antigen by either antibodies (B cells) or the TCR (T cells), together with the appropriate 
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co-stimulatory signals, members of the adaptive immune system are able to undergo 

proliferation and clonal expansion. These responses are usually polyclonal, as most antigens 

contain more that one epitope to which the adaptive immune system will respond. 

Tumour antigens recognised by T cells can be categorised into four general groups. Type I 

antigens result from somatic mutations in normal gene products. Examples are the point 

mutations in connexin 37 discovered in Lewis lung carcinoma. The antigenic peptides, derived 

from these mutations, have been used to immunise and protect mice against tumour challenge, 

as well as mediate regression of established lung cancer (Mandelboim, Bar-Haim et al. 1997). 

Type II antigens are defined as those resulting from mutated oncogenes, although it seems 

unlikely that an activating mutation will commonly result in an immunodominant epitope. The 

ras proto-oncogene is mutated in about 15% of all human tumours, resulting in uncontrolled cell 

growth. In animal models, immunisation with mutant ras protein can elicit CD8+ CTL that 

protect against challenge with ras-mutation expressing tumours (Fenton, Keller et al. 1995). In 

humans, ras-specific immune responses can be generated by priming normal peripheral blood 

mononuclear cells (PBMC) with the mutated ras peptide (van Elsas, Nijman et al. 1995), 

demonstrating the potential for research into ras and other similar vaccines. Viruses that cause 

cancer will provide another source of Type II antigens. Many experimental tumours are induced 

by oncogenic viruses, and have been shown to express antigens which are restricted to the 

transformed cell, and are thus ideal for immunotherapy approaches. In human tumours, 

epitopes from Epstein Barr virus have been shown to provide antigenic peptides in lymphomas 

(Burrows, Misko et al. 1990; Gavioli, de Campos-Lima et al. 1992) as have proteins from human 

papilloma virus in cervical cancer. Normal gene products that have a restricted tissue 

distribution, including the MAGE and GAGE antigen families, constitute Type III antigens, also 

designated the cancer-testis or oncofoetal antigens. Several of these antigens are expressed in 

mesothelioma including MAGE 1-3 and GAGE 1-6, with individual tumours expressing up to 

four of these antigens concomitantly (Sigalotti, Coral et al. 2002). Type IV antigens consist of 

normal tissue-specific gene products; in melanoma they include tyrosinase and MART1. These 

are also present in normal tissues, and hence an immune response against the tumour antigen 

may lead to evidence of autoimmunity. 
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antigen only in the context of presentation by other cells expressing self-MHC proteins, and are 

thus MHC-restricted. These cells are referred to as antigen presenting cells (APCs). CD4+ 

lymphocytes recognise antigen presented by MHC class II molecules, whilst CD8+ lymphocytes 

require antigen presentation by MHC class I molecules. In general, class I MHC molecules bind 

intracellular or endogenous antigens that have been cut into smaller peptides in the cytosol. 

Class II MHC molecules bind extracellular or exogenous antigens endocytosed by the APC. 

However this dogma has been challenged by evidence that dendritic cells (DCs) are able to 

cross-present exogenous antigens in the context of MHC class I molecules, thus activating 

CD8+ effector cells (Watts 1997). An adaptive cellular immune response cannot be mounted 

without appropriate presentation of antigen to effector T cells. It is not sufficient for the antigen 

to be presented with the right MHC molecule (signal one), as other co-stimulatory and adhesive 

molecules (signal two) are also required to initiate an immune response. These accessory 

molecules are abundantly present on APCs. 

1.3.2.3 Antigen processing and presentation. 

Antigen presenting cells 

APCs may be professional or non-professional. The term professional APC refers to DCs and 

macrophages, both expressing class II MHC molecules. B cells are non-professional APCs. 

DCs were first identified when a novel leukocyte was purified from mouse lymphoid tissue, and 

was so named due to its appearance with circumferential processes or 'dendrites' (Steinman, 

Cohn et al. 1974). Immature DCs capture and process antigen efficiently but are poor activators 

of T cells. Environmental signals such as bacterial products (LPS), chemokines, and cytokines 

(GM-CSF, IL-4, TNFa, IL-1|3) promote DC maturation with increased costimulatory molecule 

and MHC class II expression. This is followed by maturation and migration to secondary 

lymphoid organs where they select and stimulate antigen-specific resting T cells. Final 

maturation occurs after interaction with CD4+ T cell surface molecules (CD40-CD40L 

interaction) and cytokines such as IFNy. At this point, DCs lose their phagocytic capacity and 

express further co-stimulatory molecules, allowing them to prime CD8+ T cells. Activated CD8+ 

T cells are then able to exit the lymph node and go to the periphery as functional immune 

effector cells, although they may subsequently require further interaction with CD4+ T cells to 
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maintain C D 8 + numbers and infiltrate the tumour environment (Marzo, Kinnear et al. 2000). 

Immature DCs are four to five times more efficient at phagocytosis than mature DCs, and have 

been shown to phagocytose apoptotic cells and process and present antigen efficiently on class 

I MHC molecules (Albert, Pearce et al. 1998). In contrast, although macrophages are efficient at 

engulfing apoptotic cells and express more receptors to mediate this function, they are not able 

to generate effective levels of peptide - MHC class I complexes and thus cross-present 

antigenic material from the apoptotic cell (Albert, Pearce et al. 1998). However, this issue is 

contentious as other investigators have demonstrated cross-presentation of apoptotic material 

by macrophages (Bellone, lezzi et al. 1997), and macrophages have also been shown to 

enhance the ability of DCs to present antigen (Nair, Buiting et al. 1995). 

Tumour cells, like virtually all cells, usually express MHC class I molecules and thus should be 

able to present peptides from endogenous proteins. These peptide-MHC complexes should 

then be recognisable by CD8+ T cells. However, tumour cells have been shown to evade the 

immune system by downregulation of MHC class I molecules (Ferrone and Marincola 1995), 

defective antigen processing pathways (Khanna, Busson et al. 1998), and they lack the potent 

accessory molecules of the B7 family needed to deliver signal two. Thus, even if they are able 

to present antigen in the appropriate MHC context, they may not elicit a cytotoxic response. 

These concepts will be discussed in more detail later. 

Pathways of antigen presentation 

Antigen presentation by DCs occurs by three major intracellular pathways: 1. presentation of 

intracellular antigens by class I MHC molecules (endogenous pathway); 2. presentation of 

extracellular antigens by class II MHC molecules (exogenous pathway); and 3. cross-

presentation of extracellular antigens by class I MHC molecules. 

The endogenous pathway of antigen presentation 

MHC class I molecules present short fragments of peptide antigen, usually 8-10 amino acids 

long, to CD8+ T cells. These peptides are derived from endogenous antigens which are 

hydrolysed in the cytosol by proteosomes and then actively transported into the endoplasmic 

reticulum (ER) where they associate with the MHC class I molecules. Transport into the ER is 

by the transporter associated with antigen processing 1 and 2 proteins (TAP-1 and TAP-2). TAP 
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al. 2000). Exogenous antigens may enter the M H C class I pathway by three main mechanisms. 

Firstly, bacteria or viruses may inject their antigenic material into the APC cytosol (Yewdell, 

Bennink et al. 1988). Secondly, peptides generated in the endosomal compartment may be 

loaded onto preformed MHC class I molecules (Schirmbeck, Melber et al. 1995). The third 

mechanism is as yet poorly defined, but probably involves diversion of exogenous proteins from 

endosomes or extracellular fluid into the cytosol and hence into the classical class I pathway. A 

variety of antigenic material can be cross-presented, including both apoptotic and necrotic 

cells, heat shock proteins, exosomes and immune complexes (Heath and Carbone 2001). 

Cross-presentation has been demonstrated to result in both priming (cross-priming) (Pulaski, 

Yeh et al. 1996; Chiodoni, Paglia et al. 1999; Green, Wong et al. 2000) and tolerance (cross-

tolerance) (von Boehmer and Hafen 1986; Kurts, Kosaka et al. 1997; Merkenschlager, Power et 

al. 1999) in vivo and in vitro; maturation or activation of DC may determine whether priming or 

tolerance occurs in a given situation. 

7.3.2.4 CD4+T cells. 

The focus of tumour immunology studies has traditionally been on the CD8+ T cells, which are 

able to recognise antigen in the context of MHC class I molecules that are expressed by tumour 

cells. However, it is becoming clear that CD4+ lymphocytes, whilst they may not be the final 

effectors of the cellular immune response, have an important role at numerous points along the 

pathway of initiating, maintaining and directing the activation of CD8+ T lymphocytes. T cell 

subset depletion studies have generally shown that both CD4+ and CD8+ T cells are required 

for rejection of tumour in vaccination studies (Pardoll 1998). 

Initially, CD4+ T lymphocytes recognise peptides presented by MHC class II molecules, which 

are predominantly expressed on professional APCs. Upon recognition of an antigenic epitope, 

the TCR binds to the MHC class ll/peptide complex, and may be activated. This leads to the 

coupling of the CD40 ligand on the CD4+ cell, and the CD40 receptor on the APC, which may 

then activate DCs to enable them to prime CD8+ T cells (Ridge, Di Rosa et al. 1998; 

Schoenberger, Toes et al. 1998). Ligation of CD40 on DCs, macrophages and B cells increases 

their ability to present antigen (Cella, Scheidegger et al. 1996) and upregulates co-stimulatory 

molecules, giving signal two. Indeed, CD40 ligation alone on APCs in the absence of CD4+ T 

cells can be sufficient to allow activation or licensing of CD8+ T cells (Schoenberger, Toes et al. 
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1998). Thus the previously postulated 3-cell simultaneous interaction is neither likely nor 

necessary for the activation of CD8+ T cells (Ridge, Di Rosa et al. 1998). Help can also be 

provided by CD40 independent pathways and direct lymphokine-dependent CD4+-CD8+ T cell 

communication (Lu, Yuan et al. 2000). 

The nature of a subsequent immune response is shaped by the pattern of cytokine production 

by the APC and CD4+ cells. CD4+ T cells can be divided into two subsets, defined by their 

cytokine secretion profile. Type 1 (Th1) cytokines include IFN-y, IL-2, TNF-cc, and IL-12 tend to 

stimulate a cytotoxic response. Type 2 (Th2) cytokines include IL-4, IL-5, IL-10 and transforming 

growth factor-beta (TGF-6), and upregulate humoral immunity (Mosmann and Coffman 1989). 

Following CD8+ T cell activation, one role of the CD4+ T cell is in production of cytokines such 

as IL-2, which are important for CD8+ T cell growth and proliferation. It has been shown in 

vaccination experiments that CD4+ T cells can simultaneously induce both Th1 and Th2 

responses which are both required for maximal anti-tumour immunity, activating eosinophils and 

macrophages in addition to CD8+ T cells (Hung, Hayashi et al. 1998). In this system, it was not 

sufficient for CD4+ T cells alone to be present at the time of vaccination and CTL priming in 

order to generate maximal anti-tumour immunity. This has been demonstrated in other 

experimental models (Pardoll and Topalian 1998; Zajac, Murali-Krishna et al. 1998). 

CD4+ T lymphocytes, under some circumstances, can also mediate tumour regresion in the 

absence of CD8+ T cells (Greenberg 1991). The exact mechanism of this effect remains 

unknown, although it may be a result of secretion of cytokines such as IFN-y by the CD4+ T 

cells (Mumberg, Monach et al. 1999; Qin and Blankenstein 2000) or recruitment and activation 

of other effector cells such as macrophages and eosinophils (Greenberg 1991; Hung, Hayashi 

etal. 1998). 

Presence of CD4+ T cells throughout the effector phase may also be important in maintaining 

CD8+ tumour infiltration and trafficking into the tumour. In the model antigen system used in 

this thesis, the addition of tumour specific CD4+ T cells greatly enhances eradication of tumour 

as compared with mice adoptively transferred with tumour specific CD8+ T cells only, and their 

presence is also necessary at the time of tumour challenge for effective tumour rejection 
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(Marzo, Lake et al. 1999b). This corresponds to an increase in tumour infiltration with both 

CD4+ and CD8+ T cells when CD4+ T cells are given. 

1.3.2.5 CD8+T cells 

CD8+ T cells recognise antigen presented in the context of MHC class I molecules, which has 

made them a focus of studies in tumour immunology due to the expression of these molecules 

on many tumour cells. Murine tumour models using in vivo depletion studies and adoptive 

transfer systems have demonstrated an important role for tumour specific CD8+ T cells in anti-

tumour immunity (Melief 1992). Activated CTLs can mediate tumour rejection in the absence of 

CD4+ T cells in some experimental systems (Kast, Bronkhorst et al. 1986; Rodolfo, Zilocchi et 

al. 1999), atlhough naive CTLs require CD4+ T cells or equivalent co-stimulation to cause an 

anti-tumour effect. Depletion of CD8+ T cells can reduce the efficacy of IL12 against established 

tumours (Brunda, Luistro et al. 1993), and reduces protection induced by experimental tumour 

vaccines in murine models. 

A CD8+ T cell response produces both effector and memory T cells. Effector cells are cytotoxic 

to viruses and tumour cells, whilst memory T cells show limited cytotoxicity without prior 

restimulation. Memory T cells can persist without antigen presence (Mullbacher 1994; Ke, Ma et 

al. 1998), whilst most effector cells apoptose after antigen has been cleared (Razvi and Welsh 

1993; Tripp, Lahti et al. 1995). There are two subsets of CD8+ effector T cells. Tc1 Cells 

secrete a Th1 type cytokine pattern, producing IFN-y and IL-2. Tc2 cells secrete Th2 type 

cytokines, IL-4, IL-5, and IL-10 (Carter and Dutton 1996). Both groups can have cytotoxic 

activity (Carter and Dutton 1995) although Tc2 cells have been reported to show suppressor 

functions (Erard, Wild et al. 1993). 

The cytotoxic effector function of CD8+ T cells is mediated through two main mechanisms. 

Firstly, they can use perforins. These molecules can insert into lipid bilayers and then aggregate 

to form pores, which allows the passage of a group of serine proteases known as granzymes. 

Granzymes enter the target cell cytoplasm and can activate the caspase enzymes, causing the 

induction of the apoptosis cascade. Secondly, they can use the Fas system. Activated CTLs 

express the Fas ligand (FasL) on their surface (Nagata and Golstein 1995). FasL can then 

interact with Fas receptors on the target cell, which also activates caspases and leads to target 
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cell death by apoptosis (Osborne 1996). CTLs can also secrete the cytotoxic cytokines TNF-oc, 

IFN-y, and lymphotoxin, which may be able to cause target cell death. 

1.3.2.6 The Humoral Immune Response 

The humoral arm of the adaptive immune response consists of B lymphocytes and their 

differentiation into antibody-secreting mature plasma cells, antibodies, and the complement 

system. Naive B cells generally require interaction with the cellular or innate immune systems to 

induce proliferation and differentiation: either accessory signals from a CD4+ T cell or, in some 

cases, directly from microbial constituents such as bacterial polysaccharides. The B cell must 

first bind unprocessed antigen to its surface immunoglobulin, internalise the antigen, and return 

it to the surface as peptide bound to class II MHC molecules (Clark and Lane 1991). CD4+ T 

cells with specificity for the same antigenic complex can then recognise the MHC-peptide 

complex and deliver necessary activating signals such as CD40-CD40L interaction and IL-4. 

This triggers B cell proliferation, and IL-5 and IL-6 production from the CD4+ T cell drive 

differentiation to antibody secreting plasma cells. T cell production of cytokines also directs 

isotype switching of B cell antibody production. Antibodies consist of a hypervariable amino acid 

sequence region that makes up the antigen binding site, and a second domain which 

determines the isotype of the antibody and thus the spectrum of biological functions. The 

binding site is able to generate wide diversity in antigen specificity by varying the amino acid 

sequences of these regions. 

B cells express relatively high levels of class I MHC molecules and may have a potential role in 

presenting antigen to CD8+ T cells, although it has been shown in B cell deficient mice that they 

are not necessary for effective CD8+ responses (Epstein, Di Rosa et al. 1995). They have also 

been shown to be less efficient and important APCs than DCs for activating T cells. This may be 

partly because T cell adhesion to B cells must be mediated by an antigen specific signal and 

forms a small contact zone, whereas T cells do not need antigen presence to form conjugates 

with DCs, but then form a larger contact zone upon antigen recognition which increases the 

amplitude of the T cell response (Delon, Bercovici et al. 1998). B cells can also induce 

secondary unresponsiveness in CD8+ T cell clones (Hollsberg, Batra et al. 1996) and directly 

tolerise CD8+ T cells via Fas-mediated activation-induced deletion (Bennett, Carbone et al. 
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1998). Resting B cells may also tolerise C D 4 + T cells (Croft, Joseph et al. 1997). Thus their role 

as potential APCs is not necessary for an efficient immune response, and may on occasion be 

detrimental to T cell activation and tumour recognition. Although antibody responses do not 

generally correlate with response against tumour, in some experimental situations immune sera 

have been shown to enhance tumour growth, ostensibly by blocking access of tumour specific 

lymphocytes to their target (Hellstrom and Hellstrom 1974). The possibility that B cells and their 

products might inhibit the induction of T cell-dependent tumour immunity has been more 

recently revisited by analysing tumour immunity in B cell-deficient mice (Qin, Richter et al. 

1998). These mice controlled tumour growth more readily than their normal littermates, allowing 

the authors to conclude that the low immunogenicity of tumours is compounded by B cells 

whose presence in the priming phase results in disabled CD4+ T cell help for CD8+ CTL. 

Whilst in vivo antibody production probably has a limited role in anti-tumour immunity (Lattime, 

Lee et al. 1996), the highly specific binding properties of antibodies make them therapeutically 

attractive, as anti-tumour effects may be able to be maximised whilst host toxicity is limited. The 

two anti-tumour antibodies that are currently clinically available for use in breast cancer 

(trastuzumab (anti-HER/2-neu mAb)) and B-cell lymphomas (rituximab (anti-CD-20 mAb)) 

appear to act via a receptor-specific transduction effect and interference with ligand-receptor 

interactions, rather than an immunological effect (Weiner 1999). Other unconjugated mAbs are 

still under investigation, such as mAbs directed against ganglioside antigens in patients with 

melanoma and neuroblastoma, which possibly effect cell death through complement-mediated 

cytotoxicity (Handgretinger, Baader et al. 1992). Antibodies directed against the epidermal 

growth factor receptor (EGFR) have been shown to inhibit tumour growth in vitro and in vivo, 

and may synergise with antineoplastic agents (Baselga and Mendelsohn 1994). These are 

undergoing clinical trials (Baselga, Pfister et al. 2000). Other strategies using mAbs against 

tumours involve conjugation of antibodies with cytotoxic drugs, toxins, or radionuclides. Whilst 

these strategies rely on tumour antigen expression for their target specificity, they are using 

modalities other than the immune system to effect tumour killing. There are several limitations to 

mAb therapy of established tumour masses. One is that mAbs are large molecules 

(approximately 150 kd) with limited tissue penetration properties compared with smaller 

molecules such as cytotoxic chemotherapy drugs (Jain 1990). Tumours also show antigenic 
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heterogeneity, an inhomogeneous blood supply, elevated central interstitial pressures, and may 

shed or internalise the target antigens (Weiner 1999). An earlier barrier to monoclonal antibody 

therapy was the use of hybridoma technology producing murine mAbs, and the occurrence of 

human anti-mouse antibody responses. This has now been largely overcome by the use of 

humanised chimeric human-mouse antibodies (LoBuglio and Saleh 1992). 

1.3.3 Models of anti-tumour immunity 

Concepts of the initiation and control of the immune response, both to pathogens and to 

tumours, have evolved over the last 30 years. The first global model of the rules governing the 

immune response was the "self-non-self" theory, proposing that an antigen encounter before 

birth led to clonal deletion of specific lymphocytes, but when antigens were first encountered 

after birth, the lymphocyte clones could be activated and initiate and immune response. Thus, 

the immune system could distinguish between the self, present antenatally, and the non-self, 

which may be encountered post-natally. However, it is now clear that neonates are 

immunocompetent, and this theory has evolved into two important and overlapping schools of 

thought: the expanded self-non-self theory (Medzhitov and Janeway 2000) and the danger 

theory (Matzinger 1998). Whilst these models of control of immunity are most readily applied to 

the response to a pathogen, they also have important implications in anti-tumour immunity and 

autoimmunity. 

1.3.3.1 The expanded self-non-self model 

The expanded self-non-self model proposes that the adaptive immune system is fundamentally 

under the control of the innate immune system. As antigen receptors specificities are randomly 

generated, there must be a mechanism to prevent immune responses to the abundant self 

antigens and innocuous environmental antigens encountered every day. This model proposes 

that co-stimulatory molecules and cytokines have this important regulatory role (Medzhitov and 

Janeway 2000). Pattern recognition receptors (PRRs) expressed by cells of the innate immune 

system recognise pathogen-associated molecular patterns (PAMPs), activating innate immune 

effectors and production of cytokines and chemokines, and inducing expression of co-

stimulatory molecules on APCs (Medzhitov, Preston-Hurlburt et al. 1997). Self antigens, not 

being recognised by the innate immune system, should not induce the expression of co-
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stimulatory signals, and thus when they are presented to lymphocytes in the absence of co-

stimulation, apoptosis or anergy occurs (Jenkins 1994). Although self antigens may also be 

presented by APCs which have simultaneously upregulated co-stimulatory molecules due to 

concurrent recognition of PAMPs, this theory proposes that autoimmunity is uncommon due to 

antecedent clonal deletion in the thymus of any potentially autoreactive lymphocytes (Sprent 

1995). In addition, it suggests that mechanisms of peripheral tolerance, such as suppression or 

induction of anergy, are uncommon. This theory also explains why APCs, once they have 

upregulated costimulatory molecules, lose their capacity for antigen uptake, and thus cannot 

erroneously take up and present self antigens. It suggests that tumours are ineffective in 

stimulating an immune response because they do not express any PAMPs that may be able to 

stimulate PRRs on the APC, and thus up-regulate co-stimulation. However, it does not offer any 

explanation for the rare but documented ability of the immune system to eradicate an advanced 

tumour. 

1.3.3.2 The danger model 

The danger model proposes that it is not the foreign-ness of a pathogen or event that triggers 

an immune response, but whether it causes tissue damage. It hypothesises that healthy cells or 

those dying quietly through apoptosis and subsequently efficiently scavenged are not able to 

elicit an immune response. In contrast, cells that are stressed, damaged, or undergo necrosis 

do initiate a response (Matzinger 1998). This model suggests that it is the signals from stressed 

or damaged cells that upregulate the co-stimulatory molecules needed for lymphocyte 

activation. Thus, a foreign antigen may not stimulate an immune response if it does no damage; 

and conversely, injury, stress or infection in a normal tissue can generate auto-immunity. 

Matzinger suggests that one of the mechanisms for alerting the immune system may be 

intracellular components including mitochondria, which are released from damaged cells but 

also have structures in common with bacteria. DNA (Yi, Tuetken et al. 1998), RNA and 

mannose are also cell contents which may serve as signals of danger and are not usually 

present outside of an intact cell. Other signals may be those induced by damage to a cell, such 

as the heat-shock family of proteins (Srivastava, Menoret et al. 1998). This model readily 

explains the normally observed tolerance to self, as signal one (antigen presentation in the 

context of MHC class I) is presented without co-stimulation (signal two) in the absence of any 
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danger signals, and thus leads to anergy or apoptosis of the lymphocyte recognising signal one 

alone. 

According to the danger model, tumours escape destruction because they are healthy growing 

cells that are neither dying necrotically nor producing danger signals through stress. They are 

able to induce tolerance to themselves by presenting antigen in the context of MHC class I 

(signal one) without co-stimulation. When necrosis does occur, it is often in the inaccessible 

centre of a large tumour, and thus physically sequestered from the immune system. By the time 

the immune system does gain access to this area, the tumour is too large and has already 

induced tolerance (Matzinger 1998). 

7.3.4 How do tumours escape immune destruction? 

Early theories of anti-tumour immunity suggested that there was constant immune surveillance 

for tumours, which arose frequently but were then eliminated as tumour antigens were 

recognised as foreign or non-self. Tumours that did grow were felt to have escaped immune 

surveillance. However, this theory was challenged by the observation that immunodeficient mice 

did not have a higher incidence of tumour occurrence compared with immunocompetent mice. 

More recent work has suggested that immunosurveillance does occur, and that the earlier 

models were flawed because mice were not sufficiently immunodeficient (Crowe et al 2002; 

Shankaran et al 2001). However, immunosurveillance clearly fails in many cases, and there are 

several possible explanations as to why the immune system fails to eradicate many tumours, 

even those expressing foreign antigens. 

7.3.4.7 Down-regulation of MHC molecules 

The expression of MHC class I molecules is necessary for antigen presentation to CD8+ T 

lymphocytes. Most cells express MHC class I molecules, including tumour cells. However, 

tumours have been shown to down-regulate class l expression, with about 16% of primary and 

58% of metastatic melanomas lacking class I when stained (Ruiter, Mattijssen et al. 1991). This 

finding suggests that progressive loss of class I antigens may have a role in tumour progression 

or metastatic potential, or that early selection pressure was applied when a class I dependent 

immune response was induced. Loss of class I has been demonstrated to increase resistance 

to CTL lysis (Wolfel, Klehmann et al. 1989). Lack of expression of class II, as previously 
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discussed, may also contribute to the inability of tumours to elicit the important CD4+ 

lymphocyte response, although melanoma often expresses class II. 

1.3.4.2 Anergy induction and lack of co-stimulation 

Because tumour cells express MHC class I molecules, they can present antigen to CD8+ T 

cells. However, they often do not express co-stimulatory molecules of the B7 family and are 

therefore unable to provide signal two. Engagement of the TCR in the absence of signal two 

can lead to induction of anergy (DeSilva, Urdahl et al. 1991), and the T cell will not proliferate or 

produce IL-2. This model draws some support from studies transfecting experimental tumours 

with B7 molecules, which demonstrate that this strategy can protect from tumour development 

and mediate regression in distant metastases (Chen, Ashe et al. 1992; Townsend and Allison 

1993). However, recent studies of human tumour tissues have shown that the majority of 

cancers express at least some B7-1, and in some it is highly expressed (Si, Si et al. 1999). 

1.3.4.3 Physical exclusion from the tumour site 

Tumours may provide an inhospitable environment for effector lymphocytes. They may be large 

and poorly vascularised, and in addition the endothelium may prevent T cell infiltration if 

adhesion molecules such as L-selectin are downregulated (Onrust, Hartl et al. 1996). The 

extracellular matrix may also prevent lymphocyte infiltration of solid tumours (Hersey 1999). 

1.3.4.4 Suppressor factors produced at the tumour site 

Tumour cells can produce numerous immunosuppressive cytokines, including TGF-B, IL-10, 

and vascular endothelial growth factor (VEGF) (Czarniecki, Chiu et al. 1988; Becker, Czerny et 

al. 1994). 

TGF-p is a polypeptide growth factor which regulates cell growth and differentiation (Rifkin, 

Kojima et al. 1993), and has been isolated from a variety of tumour cell lines. It is one of the 

most potent immunosuppressive cytokines, and is thought to play a role in tumour-induced 

immunosuppression and the ability of tumours to evade host immune responses. In the early 

stages of neoplastic development, TGFP is a potent suppressor of malignant transformation in 

epithelial tissues and can induce apoptosis in epithelial tissues in vivo (Bursch, Oberhammer et 

al. 1993; Glick, Lee et al. 1994). However, advanced cancers can become resistant to the 
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growth-inhibitory effects of TGFp. In vivo, TGFp promotes invasion and metastasis, but the 

most likely mechanism for TGFP induced tumour progression is via suppression of host immune 

surveillance. TGFp inhibits in vitro growth and activation of B cells, inactivates LAK and NK 

cells, and inhibits antigen-specific CTL responses (Inge, Hoover et al. 1992; Arteaga, Hurd et al. 

1993) and CTL differentiation (Ruegemer, Ho et al. 1990). It also opposes the 

immunostimulatory effects of IL-2 on T lymphocytes (Cook, Campbell et al. 1999), possibly by 

impairing the responsiveness and expression of IL-2 receptors (Maeda and Shiraishi 1996) as 

well as by blocking signal transduction pathways for IL-2 and IL-4 (Pazdrak, Stafford et al. 

1995), thus suppressing IL-2 production (Reinhold, Bank et al. 1994). TGFP production in many 

human tumours has been demonstrated to be an adverse prognostic factor, and circulating 

plasma TGFP levels have been correlated with disease progression (reviewed in Wojtowicz-

Praga 1997). 

IL-10 is produced by many human tumours (Gastl, Abrams et al. 1993). It inhibits synthesis of 

IL-2 and IFNy cytokines by Th1 cells (de Waal Malefyt, Yssel et al. 1992) and can promote 

insensitivity to CTL lysis and downregulate MHC class I and II expression (Matsuda, Salazar et 

al. 1994). 

1.3.4.5 Expression of Fas ligand 

Fas ligand is expressed on CTLs and NK cells, but was otherwise thought to be restricted in 

distribution. However, Fas ligand can be expressed on tumours and may contribute to their 

escape from immunological destruction (O'Connell, O'Sullivan et al. 1996). Tumour-reactive 

CTLs may enter the apoptotic pathway on contact with tumour due to the expression of Fas 

ligand on the tumour cell surface, but may also concurrently down-regulate Fas receptors and 

thus escape Fas-mediated cytotoxicity themselves (Strand, Hofmann et al. 1996). 

7.3.4.6 Down regulation of antigen expression. 

Loss of antigen expression is another potential mechanism of evasion of immune destruction. 

Tumours may lose expression of tumour-specific antigens yet still maintain MHC class I 

expression, becoming an "antigen loss variant" that continues to grow despite an appropriate 

immune response (Dudley et al. 1996). 
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1.3.4.7 Tumour progression outpacing the immune response 

By the time tumours have stimulated an immune response, they may be too large for effective 

immunological destruction. A recent investigation used adoptive transfer of tumour-specific 

CD8+ T lymphocytes to assess the requirements for induction of an anti-tumour response 

(Cordaro, de Visser et al. 2000). They showed that CD8+ T lymphocytes were activated, 

differentiated into effector cells, and infiltrated the tumour bed, but still failed to induce rejection 

of a small tumour mass. Rejection did occur, however, when the same immunogenic tumour 

was growing as a larger tumour mass as the specific lymphocytes were activated earlier and 

proliferated more. The authors hypothesised that the tumour must reach a certain critical mass 

to activate naive cells, trigger expansion, and induce effector function. It is possible that 

tumours are ignored early in their development because antigen presentation levels remain 

below a certain threshold. Necrosis and apoptosis are more likely to occur in larger tumours, 

with tissue damage activating host DCs to acquire antigen and present it to tumour specific T-

cells in the draining lymph node. However, by the time an effective anti-tumour response has 

been stimulated it may be too late. 

It is likely that some or all of these factors contribute in varying degrees to the ability of 

individual tumours to escape immune destruction. The expression of MHC class I molecules or 

Fas and Fas ligand varies between tumours, as does the ability to produce cytokines and the 

composition of the tumour matrix. This problem is almost certainly multifactorial. 

1.4 The immune response to malignant mesothelioma. 

Although mesothelioma is not generally considered an immunogenic cancer like malignant 

melanoma or renal cell carcinoma, with their well-described instances of spontaneous 

regression, there is evidence for immune recognition. Early studies described a relationship 

between tumour infiltrating lymphocytes and prognosis in mesothelioma, suggesting that if 

some patients mounted a helpful immune response, similar responses might be induced in 

other patients (Leigh and Webster 1982). There is also evidence of a humoral response against 

mesothelioma, with serum mesothelioma autoantibodies being detected by western blot in 28% 

of patients, and the titre increasing with progression of disease in some patients (Robinson, 
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Robinson et al. 1998).The number of serum reactivities has been shown to correlate with 

patient survival and with an index of systemic inflammation (Robinson, Callow et al. 2000). 

Spontaneous regression has been observed occasionally, and this has been associated with 

tumour infiltration with mononuclear cells and serological reactivity against mesothelioma 

antigens (Robinson, Robinson et al. 2001). 

There is considerable evidence that malignant mesothelioma patients as well as asbestos-

exposed persons without mesothelioma have impaired immune responsiveness. Although they 

maintain normal white cell counts, total serum proteins and immunoglobulin levels, mitogen 

responsiveness is reduced, and lymphokine-activated killer (LAK) cell activity against 

mesothelioma tumour targets is depressed to about 60% of normal (Haslam, Lukoszek et al. 

1978; Bowman, Manning et al. 1991; Manning, Davis et al. 1991). The CD4+ subset of 

lymphocytes is reduced in number while the CD8+ subset remains unchanged, NK cell activity 

is reduced, and abnormal humoral and cell-mediated antibody-dependent cellular toxicity has 

been observed (Lew, Tsang et al. 1986). Asbestos alone can also suppress the function of NK 

cells and LAK cells in vitro (Robinson 1989; Bielefeldt-Ohmann, Jarnicki et al. 1996). 

Despite the fact that both asbestos and mesothelioma can impair immune responsiveness, 

many patients do mount a measurable humoral response against this tumour, and tumour 

lymphocyte infiltration suggests the presence of a cellular response. The reported spontaneous 

regression of mesothelioma also suggests that immunotherapy may be a possible therapeutic 

approach. 

1.5 Cytotoxic chemotherapy 

This thesis examines how cytotoxic chemotherapy can alter the immune response to tumour. 

Cytotoxic chemotherapy refers to antineoplastic drugs which can potentially act on all cells, both 

normal and abnormal, but exploit the more rapid proliferation of malignant cells to preferentially 

kill these and to some extent spare normal cells. Many of these agents act during the cell cycle, 

and the final common pathway of cell death is most commonly DNA damage sufficient to 

mandate entry into the apoptotic cascade. Unfortunately, cancer cells are metabolically more 

similar than different to their normal counterparts from which the neoplastic clone was originally 
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derived. Thus, many of these drugs have low therapeutic indices and are often highly toxic with 

a broad spectrum of unwanted side effects. The bone marrow is particularly susceptible to 

damage by chemotherapy due to the constant proliferation of haematopoietic stem cells under 

normal circumstances, and thus the majority of these drugs cause neutropenia and, to some 

degree, lymphopenia, thrombocytopenia, and anemia. 

7.5.7 Effects of cytotoxic chemotherapy on the immune system 

Many forms of cytotoxic chemotherapy cause neutropenia and subsequent susceptibility to 

bacterial infections. Agents used to treat, in particular, haematological malignancies, can also 

cause severe lymphopenia and profound defects in cell-mediated immunity leading to 

opportunistic infections (Wijermans, Gerrits et al. 1993). What has been less clear is the effect 

of lymphopenia or defects in lymphocyte proliferation and function on anti-tumour immunity. The 

effects of chemotherapy on lymphocyte numbers and function, in particular on cell-mediated 

immunity, have been investigated in a variety of studies: in patient populations, in vitro, and in 

vivo in murine model systems. However, none of these studies has been able to examine the 

antigen-specific immune response in detail. 

The majority of studies in patient populations have been performed in groups who have 

received combination chemotherapy, and thus it is difficult to separate the effects of any one 

particular agent. Children and young adults undergoing intensive chemotherapy for solid 

tumours and lymphomas have been examined for changes in peripheral blood lymphocyte 

(PBL) populations following maximal haematological recovery after several treatment cycles. It 

was reported that although the time between cycles was sufficient for recovery of granulocytes, 

monocytes, and platelets, lymphocyte recovery did not occur between cycles in these patients, 

leading to severe B and T cell depletion (Mackall, Fleisher et al. 1994). B cells were nearly 

undetectable, and serum IgM was absent in 50% of patients studied, although serum IgG levels 

were normal. There was a progressive decline in CD4 and CD8 lymphocyte numbers, with CD4 

cells showing a disproportionate decrease. The decrease in CD4 T cells predominantly affected 

the subgroup of naive CD45RA+ cells rather than cells of a memory phenotype, and persisted 

for at least four months following chemotherapy in all patients studied. 
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The same group studied patients with advanced breast cancer undergoing intensive 

chemotherapy with 5-fluorouracil (5FU), leucovorin, adriamycin, cyclophosphamide, and 

paclitaxel. All patients showed a dramatic decrease in naive CD4 T cell populations, and 

increased susceptibility to apoptosis was observed in CD4 cells stimulated by mitogens post 

chemotherapy (Hakim, Cepeda et al. 1997). Apoptosis has been shown to play a role in the 

regulation of activated lymphocyte populations (Clerici, Sarin et al. 1994). These findings are 

consistent with a state of chronic activation post chemotherapy, further supported by an 

increase in expression of CD25, CD38, and HLA-DR on CD3+ T cells. The authors also 

hypothesised that this phenomenon could lead to T cell decline rather than expansion when 

environmental pathogens or tumour antigens were encountered. Thus, attempts at 

immunotherapy in this situation may result in deletion from the T cell repertoire of the tumour-

specific T cells that were targeted for activation and expansion. 

Peripheral blood samples from breast cancer patients receiving adjuvant treatment with CMF 

(cyclophosphamide, methotrexate, and 5FU) were examined for lymphocyte proliferation to 

autologous tumour associated antigens and other mitogens. The majority of patients had lower 

responses to both pokeweed mitogen (B lymphocytes) and phytohemagglutinin (T lymphocytes) 

following six cycles of chemotherapy. However, 50% of patients tested showed an increase in 

autologous tumour antigen reactivity following chemotherapy; in other words anti-tumour 

immunity may have been augmented (Head, Elliott et al. 1993). Another group studying the 

same chemotherapy regimen showed preservation of CD8 cell numbers, with a decrease in 

CD4 cell numbers over successive cycles, and a rapid decrease in B cell numbers. NK cell 

numbers were retained; however, NK function was significantly depressed (Sewell, Halbert et 

al. 1993). Patients treated with CMF also show diminished antibody production following 

vaccination (Zielinski, Muller et al. 1990). 

In a study comparing the effects of 5FU/leucovorin with 5FU/IFNa, 5FU/leucovorin significantly 

depressed NK cell function and LAK cell function (Nichols, Ward et al. 1994). This was 

independent of changes in numbers of circulating lymphocytes, which were in fact reduced in 

the group treated with 5FU/IFNcc, implying that changes in function may sometimes be 

independent of changes in absolute cell numbers. This study also demonstrated that 
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immunotherapy (IFNa) may under some circumstances reverse chemotherapy-mediated 

immunological defects and maintain or enhance cellular immunity. 

The effects of chemotherapeutic agents on the immune system are not always detrimental. 

Cyclophosphamide is a widely used chemotherapeutic agent which is known to have 

immunomodulatory effects against murine and human tumours. It has been found to increase 

delayed-type hypersensitivity reactions (DTH), increase the antibody response to some 

antigens, and reverse immunological tolerance (Askenase, Hayden et al. 1975; Glaser 1979; 

Mowat, Strobel et al. 1982; Turk and Parker 1982). This reversal of tolerance may be due to 

selective toxicity to a suppressor T cell population (Yu, Lannin et al. 1980), now known as 

regulatory T cells. Cyclophosphamide has also been shown to sustain the proliferation, survival, 

and activity of adoptively transferred immune T lymphocytes when given prior to the adoptive 

transfer, resulting in tumour eradication independent of the cytotoxic effects of the 

cyclophosphamide itself (Proietti, Greco et al. 1998). CD4 lymphocytes were the important 

component of the transferred cell population, and in this study there was no evidence of 

selective toxicity to suppressor T cells. 

There is little work demonstrating any beneficial effect of other cytotoxic agents on anti-tumour 

immunity; however, sub-toxic doses of irinotecan, cisplatin and 5FU have been shown to up-

regulate ICAM-1 and Fas on some cell lines, making them more susceptible to antigen-specific 

CTL-mediated lysis (Bergmann-Leitner and Abrams 2001), and pre-treatment with cisplatin has 

been shown by other investigators to increase the sensitivity of tumour cells to CTL lysis 

(Collins and Kao 1989). The newer agent paclitaxel may also have beneficial effects, with pre-

treatment of an erythroleukemic cell line with sub-cytotoxic concentrations of paclitaxel 

increasing NK cell mediated lysis of tumour (Mehta, Blackinton et al. 1997). However, other 

studies have shown that paclitaxel, while promoting macrophage-mediated anti-tumor effects, 

suppresses CD4+ anti-tumour reactivity (Mullins, Walker et al. 1997). These studies have all 

been performed in vitro. The work in this thesis is, to my knowledge, the first evidence that 

cytotoxic agents other than cyclophosphamide can provide beneficial effects on anti-tumour 

immunity in vivo. 

1.5.2 Gemcitabine 
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This thesis examines the effects of one cytotoxic drug, gemcitabine, on anti-tumour immunity. 

The preliminary experiments leading to the selection of this drug are presented and discussed 

in detail in Chapter 3. 

Gemcitabine (2',2'-difluorodeoxycytidine) is a cytotoxic agent which is now in widespread 

clinical use. It is one of the drugs most commonly used in the treatment of non-small cell lung 

cancer, malignant mesothelioma, pancreatic cancer and bladder cancer (Comis and Finley 

1999; Lima, Urbanic et al. 2001; von der Maase 2001; Heinemann 2002; Kindler and van 

Meerbeeck 2002). In addition, it has been used in breast cancer, some lymphomas, and ovarian 

cancer (Burstein, Bunnell et al. 2001; Lima, Urbanic et al. 2001; Ozols 2001). 

Gemcitabine is a synthetic pyrimidine nucleoside analogue which exerts an anti-tumour effect 

via multiple mechanisms of action. It is a pro-drug which is activated intracellular^ by 

deoxycytidine kinase adding multiple phosphate groups to the 5' position. Phosphorylation is 

essential for cytotoxic activity, and produces gemcitabine monophosphate, diphosphate and 

triphosphate which are substrates for DNA polymerase (Plunkett, Huang et al. 1996). 

Difluorodeoxycytidine diphosphate (dFdCDP) is a potent irreversible inhibitor of ribonucleotide 

reductase, resulting in depletion of deoxynucleotide pools necessary for DNA synthesis and 

repair. Gemcitabine triphosphate is incorporated into DNA by DNA polymerase and at least one 

base is then added to the DNA strand. This gemcitabine-containing strand then inhibits DNA 

polymerase a, stopping DNA synthesis. In DNA primer excision assays, the rate of excision of 

the fraudulent nucleotide by DNA polymerase is approximately eight-fold less compared with 

primers terminating in a normal nucleotide. It is hypothesised that incorporation of the 

gemcitabine nucleotide is masked by an additional nucleotide delivered by DNA polymerase, 

allowing the fraudulent nucleotide to be hidden and not removed by excision repair (masked 

chain termination). Gemcitabine can also inhibit DNA synthesis by incorporating into cytosine 

sites within the elongating DNA strand (Plunkett, Huang et al. 1996; Storniolo, Allerheiligen et 

al. 1997). 

Gemcitabine is metabolised by two pathways which are regulated by cytosine deaminase and 

pyrimidine nucleoside phosphorylase. Deactivation occurs via conversion to 2',2'-

difluorodeoxyuridine by cytosine deaminase, and less importantly through cleavage of the 
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pyrimidine base from the furanose ring by pyrimidine nucleoside phosphorylase. Gemcitabine 

monophosphate is also cleared by deoxycytidine monophosphate deaminase (Plunkett, Huang 

etal. 1996). 

7.5.3 Effects of gemcitabine chemotherapy on the immune system 

Few data are available on the immunotoxicity of gemcitabine. Related nucleoside analogues 

such as fludarabine are known to cause alterations in the CD4/CD8 lymphocyte ratios, 

increasing the rate of opportunistic infections (Wijermans, Gerrits et al. 1993). A study 

investigating the effects of gemcitabine in 16 patients with solid tumours showed no decrease in 

total peripheral blood lymphocyte numbers after gemcitabine therapy, with T cells increasing 

from 68% to 77% of total lymphocytes, NK cells decreasing from 15% to 10% of total 

lymphocytes, and the CD4/CD8 ratio increasing from 1.7 to 2.2. B cell percentages were 

unchanged (Daikeler, Maas et al. 1997). The authors concluded that these changes were 

unlikely to confer an increased risk of opportunistic infections. 

One study has investigated the effect of gemcitabine on human haematopoietic progenitor cells 

using clonogenic assays of colony-forming units-granulocyte-macrophage (CFU-GM) and burst-

forming units-erythroid (BFU-E) (Botta, Castello et al. 1998). They have shown potent inhibition 

of both progenitor lineages with continuous exposure to gemcitabine in a 13-day culture; 

however, this was 1000-fold less with one-hour exposure to gemcitabine, an exposure which is 

more consistent with its clinical use. This group also examined levels of CFU-GM and BFU-E in 

four patients undergoing a standard gemcitabine chemotherapy regimen, with only one patient 

showing marked and sustained decreases in levels of haematopoietic progenitors. In the other 

cases, short-lived decreases in peripheral blood progenitor levels alternated with dramatic 

increases. The lack of significant neutropenia seen clinically in patients undergoing 

chemotherapy with single-agent gemcitabine is in keeping with these results. It is, however, 

doubtful whether the results of a 13-day culture with gemcitabine are in any way relevant to the 

clinical situation. 

Another group investigated in vitro immunotoxicity of gemcitabine on human NK cells, LAK 

cells, and CTL activity tested against human haematopoietic tumour cell lines (Alvino, Fuggetta 

et al. 1998). They found that gemcitabine markedly inhibits LAK or CTL generation and 
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expansion, but is less efficient at inhibiting mature LAK or CTL lymphocyte function, and only 

slightly impairs NK cell activity. In fact, the survival of tumour cells co-incubated with 

gemcitabine and NK cells was lower than survival of tumour cells incubated with gemcitabine 

alone. They concluded that gemcitabine was less immunotoxic to mature effector cells than to 

precursor cells in this model. Whilst NK cells have been shown to kill cancer cells in vitro, and 

are thought to play a major role in destruction of circulating tumour cells in vivo, they are mainly 

active against hematological malignancies, and there is little evidence of significant activity 

against solid tumours (Goldstein and Laszlo 1986). In these studies, however, incubation of 

haematopoietic cells with gemcitabine was performed for 16 to 72 hours, which does not mirror 

the in vivo scheduling of this drug. Gemcitabine is usually given to patients as a one-hour 

infusion every seven days. 

A major shortcoming of all these studies was their inability to assess specific antigen dependent 

anti-tumour immunity. It may be expected that tumour-antigen specific lymphocytes are 

proliferating more actively than lymphocytes of other specificities in the context of tumour 

challenge and antigen presentation. Indeed, antigen presentation to tumour-specific CD8+ 

lymphocytes and subsequent proliferation in the draining lymph node has been shown to occur 

in a murine model even in the absence of detectable CTL activity (Marzo, Lake et al. 1999a). 

Therefore, one cannot assume that a lack of toxicity to non-tumour-specific lymphocytes can be 

extrapolated to include proliferating tumour-specific lymphocytes. Similarly, the in vitro model 

does not account for tumour death induced by gemcitabine, with possible simultaneous 

increased antigen availability to immune effector cells shortly after cell death, and a subsequent 

decrease in tumour bulk and thus total antigen load. 

7.5.4 Apoptosis and cytotoxic chemotherapy 

Apoptosis is an important cause of cell death in health and disease, and is a final common 

pathway in the cytotoxic mechanisms of most chemotherapeutic drugs (Thompson 1995). 

Whilst necrosis involves the passive rupture of cell membranes and subsequent release of 

intracellular contents, apoptosis triggers a defined sequence of cellular events. 

Phosphatidylserine (PS) is relocated to the cell surface (Fadok, Voelker et al. 1992), DNA is 

fragmented or laddered (Wyllie 1980), and membrane-bound cell fragments called apoptotic 

bodies and blebs are released (Godman, Miranda et al. 1975; Casciola-Rosen, Anhalt et al. 
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1994). Fragments of apoptotic cells are phagocytosed by neighbouring cells, scavenger cells, 

macrophages and DCs via receptors that recognise PS and other ligands on apoptotic material. 

This rapid clearance of apoptotic fragments avoids the generation of an inflammatory response 

to the many potentially inflammatory factors contained by dying cells (Savill 1997; Savill 1998; 

Mills, Stone et al. 1999). Macrophages are the major mediators of clearance of apoptotic cells 

(Savill, Hogg et al. 1992), increasing their secretion of anti-inflammatory mediators such as IL-

10, TGF-P and prostaglandin E (PgE) and decreasing secretion of pro-inflammatory cytokines in 

the presence of apoptotic cells (Voll, Herrmann et al. 1997; Fadok, Bratton et al. 1998; Reiter, 

Krammer et al. 1999; Stuart, Lucas et al. 2002).Thus apoptosis may be an anti-inflammatory 

and tolerising event, whereas macrophage exposure to necrotic cells causes stimulation and is 

a pro-inflammatory event. In the context of Matzinger's danger theory (Matzinger 1998), this is a 

possible mechanism by which growing tumours are immunosuppressive and may add to the 

immunosuppressive effects of anticancer therapies such as chemotherapy and radiotherapy, 

which kill cells predominantly by apoptosis. 

There is also evidence that apoptotic cell death may not be a tolerising event. In some studies 

apoptotic cell death is a trigger for antigen uptake by DCs, macrophages and B cells, and may 

lead to cross-presentation and priming of CD8+ T cells (Albert, Sauter et al. 1998). The results 

of cross-presentation after loading APCs with apoptotic cells has been variable, with some 

investigators finding tolerance induction (Reiter, Krammer et al. 1999; Sauter, Albert et al. 2000; 

Steinman, Turley et al. 2000; Fonteneau, Larsson et al. 2001) whilst others have demonstrated 

CD8 priming (Albert, Sauter et al. 1998; Henry, Bretaudeau et al. 1999; Restifo 2000; Kotera, 

Shimizu et al. 2001). This is a controversial area of current research. 

Although many cytotoxic drugs, including gemcitabine, kill by apoptosis, there have been no 

studies examining whether apoptotic killing by chemotherapy is a tolerising or a priming event. 

This is one of the questions addressed in this thesis. 

1.6 Biological therapies in solid tumours 

Biological therapies are currently the subject of intensive laboratory and clinical investigation 

worldwide. They are attractive in that they may be either able to harness the immune system to 
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kill tumour itself, or be so specifically targeted to the tumour that collateral toxicity is minimised. 

A low-toxicity biotherapy could be used to provide long-term control or even cure of minimal 

residual disease in an adjuvant setting. A wide range of different treatment modalities can be 

considered as "biological therapies". Table 1 represents my classification of these treatments. 

The aim of immunotherapy is to initiate or stimulate host defences in order to kill tumour cells. 

Immunotherapy strategies can be divided into active and passive approaches. Active 

immunotherapy is immunisation of the tumour-bearing host with substances designed to elicit 

an immune reaction which could eliminate tumour or retard its growth. Active immunotherapy 

can be subdivided into nonspecific or specific immunisation. Treatment with recombinant 

cytokines such as interferons or IL-2 is a form of non-specific active immunotherapy, as it does 

not aim to stimulate a particular antigen-specific cohort. Active specific immunotherapy aims to 

elicit an immune response against known or unknown tumour antigens, and thus must 

incorporate use of tumour antigenic peptides or DNA, tumour cell lysates, or whole autologous 

or allogeneic tumour cells. Passive approaches to immunotherapy include transfer to the host of 

previously sensitised T lymphocytes or antibodies which may be able to mediate anti-tumour 

responses. 

For any immunotherapy to be effective, the tumour must be to some extent immunogenic, in 

other words it must express antigens that can be recognised by the immune system. In addition, 

for active immunotherapy to be effective, the patient must have intact cell-mediated immunity 

and be able to mount a response to these tumour antigens. Immunotherapy is also more likely 

to succeed if the tumour volume is small. This has been demonstrated in numerous 

experimental systems where it is possible to eradicate tumour in the early stages after 

experimental inoculation, but becomes more unlikely with increasing tumour growth, although 

this dogma has recently been challenged by the demonstration in one model that larger tumour 

size allows more effective treatment with adoptive transfer of CD8+ T cells (Cordaro, de Visser 

et al. 2000). 

There is a vast literature concerning immunotherapy and biotherapy of cancer. The relevant 

areas will be reviewed later in Chapters Six and Seven. 
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Table 1: Classification of biotherapies 

Broad 
classification 

Immunotherapy 

Gene therapy 

Vaccines 

Novel targeted 
biological agents 

Mode of action 

Active 

Other 

Specific 

Comments and examples 

Peptide immunisation 

Immunisation with viral vectors 
expressing tumour antigens 

D C s pulsed with peptide/tumour 

Non-specific Co-stimulatory molecules such as 
activating anti-CD40 antibody 

Cytokines 

Non-specific stimulants such as 
B C G 

Passive Adoptive transfer of specific CTLs 

Adoptive transfer of NK, LAK cells 

Adoptive transfer of antibodies 

Gene replacement 

Gene inactivation 

Suicide gene therapy 

Immunomodulatory 
gene therapy 

Autologous tumour 
vaccines 

Allogeneic tumour 
vaccines 

Anti-angiogenic 
compounds 

Tyrosine kinase 
inhibitors 

Tumour 
suppressor 
genes 

Oncogenes 

. ,' • :-
:/-."... .v.- •' •..'•. '.• .'••. :•'.'.':-':,., . 

Processed 
autologous 
tumour 
lysate, 
irradiated 

From cell 
culture 

Inhibit 
signals for 
proliferation 

P16, NF2 

Viral vectors transduced with HSV-
tk, introduced into tumour, patient 
then treated with ganciclovir 

Cell transduction with cytokines, 
co-stimulatory molecules 

May be potentiated using cytokines 
such as G M - C S F or transduced 
with costimulatory molecules 

Vascular endothelial growth factor 
(VEGF) inhibitors 

Epidermal growth factor receptor 
(EGFR) inhibitors 
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1.7 The tumour model 

This thesis uses a solid tumour model of murine malignant mesothelioma to examine antigen-

specifc anti-tumour immunity. Murine mesotheliomas were generated by inoculating BALB/c 

(H-2d) mice with crocidolite asbestos intraperitoneally. Animals were culled when they 

developed ascites, and cell lines were established from cultured ascites. Tumours were 

confirmed as mesothelioma on cytology and ultrastructural analysis (Davis, Manning et al. 

1992). The cell line AB1 was derived from a BALB/c mouse, and an inoculum of 1 x 106 cells of 

AB1 is tumorigenic in 100% of mice. This cell line shares several characteristics with human 

mesothelioma. It is asbestos induced, with a variable and long latency, and produces an 

effusion within a cavity. It is ultrastructurally similar to human mesothelioma, and is class T and 

class II", and poorly immunogenic. 

The cell line AB1-HA was derived by transfecting AB1 with the plasmid DNA encoding the 

influenza virus haemagglutinin (HA) molecule as a tumour neo-antigen. HA is stably expressed 

on the cell surface, and other characteristics such as tumour morphology and class I and II 

expression do not vary from the parent cell line (Marzo, Lake et al. 1999b). 

Two T-cell receptor (TCR) transgenic mouse lines are used to examine the antigen-specific 

response to the HA neo-antigen. The CL4 line is class I restricted and recognises residues PR/8 

HA; 518-526 (sequence; IYSTVASSL).)(Morgan, Liblau et al. 1996). The HNT line is class II 

restricted and recognises its epitope PR/8 HA; 126-138 (sequence: HNTNGVTAACSHE) (Scott, 

Liblau et al. 1994). Peptides of these sequences are also available. Adoptive transfer of small 

numbers of TCR transgenic mouse lymphocytes into tumour bearing recipients does not 

aberrantly skew the normal immune response, but the fate of these lymphocytes can be 

followed to study this response. 

This transfectant-transgenic model has enabled me to study the antigen-specific immune 

response to tumour in the context of cytotoxic chemotherapy. 
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1.8 Aims of this thesis 

Despite the extensive research on both tumour immunology and cytotoxic chemotherapy, there 

has been little work studying the effect of chemotherapy on the immune system and, to my 

knowledge, no previous work examining these changes in the context of antigen specificity. 

Indeed, it has been assumed that most cytotoxic chemotherapy is detrimental to anti-tumour 

immunity. Without understanding how chemotherapy affects anti-tumour immunity, it is difficult 

to design rational combinations of chemo-immunotherapy. Using this murine model of malignant 

mesothelioma expressing a defined tumour neo-antigen, and with the tools of transgenic CD4+ 

and CD8+ T lymphocytes specific for this antigen available, this research has addressed 

changes to antigen-specific anti-tumour immunity in the context of gemcitabine treatment. 

Furthermore, gemcitabine has been combined with immunotherapy to further understand and 

characterise the immune response with treatment, and to develop an appropriate treatment 

model for combined chemo-immunotherapy. 

The specific research aims were: 

1. To establish a model of chemotherapy in a murine model of malignant mesothelioma 

1a. To test the murine MM AB1-HA for sensitivity to a panel of cytotoxic chemotherapy drugs 

and select the most effective drug for further study. 

1 b. To establish efficacy of this drug treatment against the AB1 -HA tumour in vivo. 

1c. To develop a clone of AB1-HA which is resistant to the chosen drug. 

2. To characterise how cytotoxic chemotherapy changes the immune response to a 

murine model of malignant mesothelioma 

2a. To examine parameters of humoral anti-tumour immunity in the context of drug treatment of 

tumour-bearing mice, namely: antibody production; B lymphocyte numbers 

2b. To examine parameters of cellular anti-tumour immunity in the context of drug treatment, 

namely: T cell numbers, T cell proliferation, antigen presentation, cellular infiltrate of 

tumour, and cytotoxic T lymphocyte killing ability. 
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2c. To use comparisons with the gemcitabine resistant clone to further examine the mechanism 

of changes in the immune response. 

3. To examine combination chemo-immunotherapy and address the mechanisms of 

synergy behind this treatment. 

3a. To identify an immunotherapy which acts synergistically with chemotherapy to control 

tumour. 

3b. To identify an optimal schedule for the combination of chemo-immunotherapy. 

3c. To examine the mechanism of synergy of combination therapy. 
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Chapter 2: Materials and Methods 
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2.1 Animals 

2.1.1 BALB/c (H-2d) mice were obtained from the Animal Resources Centre (Western Australia, 

Australia) and maintained under standard conditions in the University Department of Medicine 

animal holding area. 

2.7.2 HA-Transgenic mice 

The CL4 line is restricted by H-2Kd and recognises residues PR/8 HA; 518-526 (sequence; 

IYSTVASSL). The derivation of the CTL clone-4 TCR transgenic line (CL4) has been described 

previously. Breeding pairs were obtained from Dr L.Sherman (The Scripps Research Institute, 

La Jolla, CA)(Morgan, Liblau et al. 1996). CL4 transgenic progeny were typed by flow 

cytometry using mAbs anti-CD8-PE (53-6.7) and anti-Vp8.1-FITC (MR5-2) (Pharmingen). 

The HNT line is class II restricted and recognises its epitope PR/8 HA; 126-138 (sequence: 

HNTNGVTAACSHE) in the context of l-Ad and breeding pairs were obtained from Dr D.Lo (The 

Scripps Research Institute, La Jolla, CA)(Scott, Liblau et al. 1994). HNT mice were typed using 

anti-CD4-PE (RM4-5) and anti-Vp8-FITC (F23.1) (Pharmingen, San Diego, USA.). 

Both HA transgenic lines were backcrossed for a minimum of five generations onto BALB/c 

genetic background and bred in the University SPF animal facility. For all experiments female 

mice between six and 12 weeks of age were used. 

2.2. Murine tumour cell lines 

2.2.1 AB1, AB12, AB22 

The derivation and characterisation of these murine malignant mesothelioma (MM) cell lines 

has been described previously (Davis, Manning et al. 1992). In brief, the cells were generated 

by inoculating crocidolite asbestos i.p. into BALB/c mice and the peritoneal exudate passaged in 

vitro and in vivo until stable clonal cell lines were obtained. All three cell lines are class l+, class 

II" and poorly immunogenic, and form solid tumour when inoculated subcutaneously (Leong, 

Marleyetal. 1997). 
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2.2.2 Lewis Lung 

Lewis Lung carcinoma (LL2 ATCC; CRL-1642) arose spontaneously in C57BL/6J mice as a 

highly tumorigenic, weakly metastatic tumour that has been used extensively in many studies. 

2.2.3 AB1 HA 

The AB1 tumour cell line was transfected with the haemagglutinin gene from the Mt Sinai strain 

of PR8 influenza virus as described previously (Marzo, Lake et al. 1999b). Briefly, the HA gene 

was subcloned into the expression vector phpApr-1-neo. The AB1 tumour cell line was 

transfected using cationic lipid DOTAP, selected by culturing in media containing the neomycin 

analogue genetecin, and cloned by limiting dilutions. The level of HA expression on transfected 

cells was measured by fluorescence activated cell (FACS) analysis, using the biotinylated HA 

specific monoclonal antibody H18, originally obtained from Dr Walter Gerhard (The Wistar 

Institute, Philadelphia, PA). Two clones expressing different levels of HA by FACS analysis, one 

expressing relatively low levels of HA (AB1-HAL0) and one expressing relatively high levels of 

HA on the surface (AB1-HAHI) were then chosen for further experiments. In this study, only 

AB1-HAL0 was used, and will hereafter be referred to as AB1-HA. 

2.2.4 AB1-HA-GR 250 

The AB1-HA cell line was grown continuously in culture, and gemcitabine resistance was 

induced by exposing the cell line to gradually increasing concentrations of the drug, according 

to a previously described method (Ruiz van Haperen, Veerman et al. 1994). AB1-HA was first 

exposed to a gemcitabine concentration of 0.001 ucj/mL, approximately 30% of the IC50 for this 

cell line. Cells were maintained in each concentration of gemcitabine until the growth rate was 

normal, and the drug concentration was then increased. This process was repeated over 

approximately 50 passages until the cells were grown continuously in a drug concentration of 

1.7 ug/mL.. The cell line was named "GR 250" as 250/vl of stock solution of gemcitabine was 

added to 15 ml of media and the cells were Gemcitabine Resistant. 

2.3 Cell culture and maintenance 

Cell lines were maintained in RPMI 1640 (Life Technologies, Inc., Gaithersburg, MD) 

supplemented with 20mM hepes, 0.05 mM 2-mercaptoethanol, 100 U/mL penicillin (CSL, 
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Melbourne, Victoria., Australia.) 50 ug/mL gentamicin (David Bull Labs, Victoria., Australia.) 

(complete medium) and 5% FCS (Life Technologies, Inc.) (R5: complete medium + 5% FCS). 

Cells were cultured at 37°C in a 5% C02 atmosphere and passaged twice weekly. Transfected 

cell lines were cultured in the above media with the addition of the neomycin analogue geneticin 

(Life Technologies, Inc.) at a concentration of 400 ug/mL. Unless otherwise indicated, all cells 

were cultured using these conditions. Mycoplasma testing was performed routinely every three 

months. Cells were grown in antibiotic-free media for 72 hours, following trypsinisation, 

washing and resuspending in PBS. The cell suspensions were then tested in the Department of 

Medicine, University of WA using standard protocols. 

2.4 Trypsinising cells 

Cell monolayers (70-80% confluent) were washed once with 5 mL of PBS. Approximately 1 mL 

of a 1:3 dilution in PBS of trypsin-versene solution (CSL) was added for 3 minutes at 37°C to 

dislodge adherent cells after which time they were resuspended in 10 mL of media, RPMI + 5% 

FCS. 500 JJ\ of cell suspension was then transferred to 15 mL of fresh medium and subcultured 

into fresh flasks (80 cm2). 

2.5 Cell counts using trypan blue exclusion 

Twenty microlitres of typsinised cell suspension were added to an equal volume of 0.2% trypan 

blue solution (Sigma) and mixed thoroughly. Ten microlitres of this suspension was then 

transferred to a haemocytometer and viable (unstained) cells contained in the central 1mm 

square was counted. Cell numbers were calculated using the following formula: 

N° viable cells x 104 x dilution x volume = Total number of cells. 

2.6 MTT assay. 

Drug sensitivities were determined using the colorimetric MTT assay. MTT [3-(4,5-

dimethylthiazo-2-yl)-2,5-diphenyltetrazolium bromide] is reduced by mitochondrial enzymes of 

metabolically active cells to its blue reduction product Formazan, which is detected by 

spectrophotometry. Optimal cell seeding densities were first established by seeding cells at 

densities of 50-6400 per well in 96-well flat bottom tissue-culture plates and performing MTT 

assays every 24 hours from 24-96 hours to determine optimal cell seeding density for log 
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growth throughout the 96-hour assay. Subsequently, tumour cells were seeded at appropriate 

densities into 96-well flat-bottom tissue-culture plates in 100 JLL! of R5. Antineoplastic drugs were 

prepared from stock solutions by serial dilution in R5 to achieve final concentrations from 10 

ug/mL to 0.001 |xg/mL. They were added to wells in 100 u.l at 24 hours after initial cell seeding. 

Plates were incubated at 37°C in 5% C02 for a further 72 hours, then 50 nl MTT solution 

(2mg/mL, 0.1 mg/well) was added to each well and plates were incubated at 37°C for a further 

four hours. Medium, MTT, and antineoplastic drugs were then aspirated and replaced with 100 

u.l DMSO to solubilise the Formazan, and shaken gently for 30 minutes. Optical densities were 

determined using a Spectromax 100 spectrophotometer at 570 nm. Plates were blanked on 

wells containing cell-free medium, which had been treated with MTT in a like manner. All 

experiments were performed in triplicate. 

2.7 Tumour challenge 

Exponentially growing AB1, AB1-HA or AB1-HA-GR250 cells were harvested by brief 

trypsinisation, washed, and resuspended in PBS. After three washes, a viable cell count was 

performed and cells resuspended in PBS at a concentration of 1 x 107 cells per mL. BALB/c 

mice were injected with 100 \i\ (1 x 106 cells) syngeneic tumour in the right flank. Tumour size 

was measured every 2-3 days using calipers. Tumours were measured in the longest 

perpendicular diameter and at 90° to this, and tumour size was expressed as the product of 

these two diameters. Mice were euthanased when the tumour reached 100 mm2 or became 

ulcerated. The final measurement from mice that were euthanased was carried over to the 

subsequent time point. The mean tumour area includes zero values when animals failed to 

develop tumour during the duration of the experiment unless otherwise stated. 

2.8 Murine gemcitabine chemotherapy 

BALB/c mice with small established palpable subcutaneous tumours were injected 

intraperitoneally with 120 mg/kg Gemcitabine every third day for five doses. Gemcitabine was 

reconstituted in PBS under sterile conditions by the Sir Charles Gairdner Hospital Pharmacy 

Department. Mice were weighed prior to each dose and the dose was adjusted accordingly for 

individual mice. Volume of injection varied from 80-110 uJ according to mouse weight. Control 

mice were injected similarly with PBS. 
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2.9 Preparation of single cell suspensions 

Mice were anaesthetised with methoxyflurane prior to cervical dislocation. Single cell 

suspensions of organs harvested from mice were obtained by gentle mashing using two fully 

frosted glass slides in a small volume of PBS or R5 as appropriate. Tissue homogenates were 

transferred to conical tubes (Falcon, Becton/Dickinson, NJ) via plastic transfer pipette, topped 

up, and allowed time for cellular debris to settle. Supernatants were then transferred to a fresh 

tube before being centrifuged (12 000 rpm, 7 min) and resuspended in PBS. Removal of red 

blood cells from single cell suspensions was achieved by incubation for five minutes in 2-3 mL 

of RBC lysis buffer (5% NH4CI (BDH, Victoria, Australia), in PBS, pH 7.2), followed by one wash 

with FCS underlay. 

2.10 Adoptive transfer of transgenic lymphocytes 

Single cell suspensions were prepared from BALB/c HNT and BALB/c CL4 mouse lymph nodes 

as per 2.7. Cells were washed three times in PBS and counted by trypan blue exclusion after 

the third wash. Mice were warmed with a heat lamp and then briefly restrained for intravenous 

injection. Where adoptive transfer of HNT or CL4 lymphocytes alone was performed, 1x107 

lymphocytes were transferred in a volume of 200 \i\. Where adoptive transfer of HNT and CL4 

lymphocytes together was performed, 1 x 107 cells of each were transferred in the same 

volume. 

2.77 Cytofluorometric analysis 

Single cell suspensions of cells were stained with 100 //I of the primary monoclonal antibodies 

at the appropriate dilution in PBS with 1% FCS for 30 minutes at 4°C. Cells were washed three 

times with PBS then the secondary antibodies were added under the same conditions as above 

if necessary. Antibodies were either directly fluorescein isothiocyanate (FITC), phycoerythrin 

(PE) conjugated (PharMingen), labelled with biotin, or unlabelled. PE-labelled streptavidin 

(PharMingen), streptavidin-RED613 (Life Technology, Inc.) and streptavidin FITC (Amersham) 

were used to label cells stained with biotinylated antibodies. Analysis was performed on 

FACScan (Becton Dickinson, Mountain View, CA) using CellQuest software (Becton-Dickinson 

Immunocytometry Systems, San Jose, CA). 
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Immunofluorescence labelling for C D 4 (CD4.(L3T4)-PE; Pharmingen), C D 8 (CD8cc.(ly2)-FITC, 

Pharmingen) and B220 (CD45R-PE; Pharmingen) markers was done in a one step assay using 

PE- or FITC- conjugated monoclonal antibodies. 

2.12 Anti-HA antibodies 

Antibodies were grown in serum-free media and purified over a protein G sepharose 4 fast flow 

column (Pharmacia, NSW, Australia). Biotin (Sigma) was made up at a concentration of 10 

mg/mL in DMSO. Twenty microlitres of the 10 mg/mL biotin solution was added per 1 mg of 

protein, and incubated on a rotating wheel at room temperature for two hours. After this time 

the solution was dialysed against PBS/0.02% azide overnight, aliquoted and stored at -20°C. 

2.13 HA-Peptide 

Influenza virus A/PR/8/34 (HINI) HA peptides (sequences: IYSTVASSL and 

HNTNGVTAACSHE) were synthesised by Chiron Technologies Pty Ltd (Clayton, Victoria, 

Australia). A 5 mg/mL HNT peptide stock solution was made by dilution in PBS under sterile 

conditions. A 5 mg/mL CL4 peptide stock solution was made by dilutions in DMSO under sterile 

conditions. 

2.74 PR8 murine influenza virus 

Influenza virus A/PR/8/34 (HINI) was grown in the allantoic cavity of 10-11-day-old hens' eggs. 

Upon isolation, the allantoic fluid was titered for hemagglutination using chick RBC and stored in 

5 mL aliquots at -70°C. Mice were inoculated intraperitoneally with 500 U of PR8 diluted to 100 

ul in PBS unless otherwise stated. 

2.75 Culture and purification of monoclonal antibodies 

The hybridoma FGK45 was grown in R5 containing low immunoglobulin FCS. Spent culture 

media was centrifuged at 2000 rpm for 10 minutes at room temperature. Supernatant was 

passaged through a Protein G purification column and fractions with an optical density >0.4 

were pooled and dialysed against PBS. Protein concentrations were determined by a Biorad 

protein assay. FGK45 is an agonist for CD40. Biological activity was determined by FACS 

analysis of BALB/c spleen cells incubated with FGK45 and PE conjugated anti-rat antibody and 

double stained with B220-FITC. 
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The hybridomas Y T S 191 (CD4+ depleting antibody, gift of Dr A. Scalzo, Perth, Australia) and 

YTS 169 (CD8+ depleting antibody, gift of Dr A. Scalzo, Perth, Australia) were grown in R5 and 

antibody purified as above. Biological activity was determined by FACS analysis of CD4+ or 

CD8+ lymphocytes from RBC lysed whole blood from treated mice. 

2.76 Murine in vivo anti-CD40 antibody treatment 

Mice were warmed under a heat lamp and briefly restrained for intravenous injection of 100 /jg 

FGK45 in 200 /J\ PBS. Three injections were given over a six-day period (days 1, 3, 6). 

2.17 In vivo CD4+ and CD8+ depletion 

Mice were injected intraperitoneal^ with 100 jjg of antibody in 100 JJ\ PBS (YTS 191 or YTS 

169). Antibody was injected for three consecutive days and then subsequently on the day of 

other treatments (gemcitabine or FGK45). Depletion protocols are described with individual 

experiments. 

2.73 Immunohistochemical staining 

Surface antigens were detected using streptavidin-biotin-labelling immunoperoxidase staining 

technique. Tissues from various sites were removed, placed in compound-embedding medium 

(OCT, Miles, Inc., Elhart, IN) and snap frozen by placing the mould on dry ice. Ten micrometer 

sections were cut, collected on poly-L-lysine-coated slides and allowed to air dry. Slides were 

stored at 4°C (for a maximum of two days) prior to staining. Routine haematoxylin-eosin 

staining was performed on the sections. Prior to immunostaining, sections were fixed with 

either cold ethanol or 1% paraformaldehyde (5 min) and blocked with 1% (v/v) hydrogen 

peroxidase (5 min) followed by avidin/biotin block (10 min each). Sections were then incubated 

with the primary Abs for one hour followed by incubation with a biotinylated secondary Ab (30 

min). Immunostaining was detected by incubating streptavidin horseradish peroxidase 

(Dako,Denmark) (30 min) and diaminobenzidine-H202 (Sigma) for 5-10 minutes. Slides were 

washed three times for five minutes in PBS between each incubation step and counter stained 

with haematoxylin. 
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2.19 Lymphocyte proliferation assay 

Single cell suspensions of lymphocytes were washed and resuspended in RPMI with 5% FCS 

at 2 x 105 cells per well in 50 //I, and seeded into 96-well flat bottom tissue culture plates 

(Falcon). Some wells were pre-coated with either 200 //I anti-murine CD3 (MAb KT3.2; ATCC, 

Manassas, VA; 1 mg/mL in PBS) or anti-murine IgM antibody (Silenus, Australia) overnight at 

4°C, otherwise mitogens were added to the cultures (lipopolysaccharide [LPS, Sigma], 1 //g/mL; 

PMA [Sigma, Australia] 50 ng/mL; lonomycin [Sigma, Australia] 500 ng/mL; peptides [Chiron 

Technologies, Australia] were serially diluted from 10//g/mL). Anti-CD40 driven proliferation 

was stimulated by FGK45 antibody (gift of Dr Antonius Rolink, Basel Institute for Immunology) 

at a concentration of 10 /vg/mL. For experiments to determine the IC50 of gemcitabine on 

stimulated lymphocyte populations, serial dilutions of gemcitabine were added to the cultures. 

After 24, 48, and 72 hours incubation, wells were pulsed with 3[H] thymidine (1 //Ci/well) for 15 

hours, and harvested onto filter paper for scintillation counting. All assays were done in 

triplicate. 

2.20 Anti-HA antibody ELISA 

PR8 virus #2 (2500 U/mL) was diluted to 12.5 U/mL in coating buffer and aliquoted into 96-well 

flexible microtitre plates at 50 nl/well. Plates were incubated overnight at 4°C. Plates were 

washed four times in PBS/0.05% Tween 20 (Koch-Light laboratories, Colnbrook Bucks, 

England). Unreacted sites were blocked by adding 200 ^l PBS/10% horse serum to all wells, 

and incubated at room temperature for one hour. Blanks, test and control sera, and standards 

were added to test wells in a volume of 50 \i\. Standard (H-18 anti-HA antibody) was diluted to 

an initial concentration of 0.312 pig/mL, and then serially diluted in doubling dilutions. Test and 

control sera were diluted to 1;6 and then serially diluted in doubling dilutions. 50 \i\ of PBS/10% 

horse serum was added to blank wells. Sera were incubated at 37°C for one hour. This was 

followed by sequential incubations at room temperature for 45 minutes using biotinylated sheep-

cc-mouse IgG (Jackson, PA) at 1:1000 dilution, streptavidin conjugated horseradish peroxidase 

(SA/HRP) (Dako, Denmark) at 1:1000 dilution for 30 minutes at room temperature, and the HRP 

substrate 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) (Sigma, St. Louis, MO) 

for 30 minutes at room temperature. Quantification of serum IgG levels was determined by a 
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Spectromax 250 spectrophotometer using an O D of 405 n m with a reference of 490 nm and 

Softmax Pro V2.2.1 software (both Molecular Devices). 

2.27 CFSE proliferation assay 

To follow the fate of individual T cells throughout activation and clonal expansion, the 

fluorescent dye carboxyfluorescein succinimidyl ester was used. The diacetate form of 

CFDASE is a nontoxic, nonfluorescent molecule that can passively diffuse into cells. Once 

inside the plasma membrane of live cells, cellular esterases cleave the acetyl groups from 

CFDASE to form the active fluorophore (CFSE) that absorbs and emits light at wavelengths 

characteristic to its fluorescein moiety. The highly amine-reactive succinimidyl ester then forms 

dye-protein adducts which are retained within or at the surface of the cell. The end result is the 

very bright and homogenous labelling of cell populations, which is stable. CFSE labelling was 

performed as previously described (Lyons and Parish 1994). Single cell suspensions were 

prepared from lymph nodes harvested from HNT or CL4 mice into R5. Cells were washed and 

counted by trypan blue exclusion, then resuspended at a concentration of 1 x 107 cells/mL. For 

labelling, 2 \i\ of a CFSE (Molecular Probes, Eugene, Oregon) stock solution (5mM in DMSO) 

was incubated with 10 mL of cells (at 107/mL) in RPMI medium, without FCS (RO), for 10 

minutes at room temperature. Cells were washed through FCS four times and then 

resuspended in PBS at a concentration of 5 x 107 cells/mL. Experimental groups were injected 

intravenously with 200 \i\ per mouse. Sixty-six hours after adoptive transfer, experimental mice 

were culled and single cell suspensions prepared from the draining lymph nodes (DLN), 

contralateral lymph nodes (CLN), mesenteric lymph nodes (MLN), and spleens. Cells were 

washed once in PBS + 5% FCS, and resuspended in a total volume of 400 nl. Analysis was 

performed on a FACScan (Becton Dickinson) using CellQuest software. For analysis of CFSE 

labelled cells, 100 000 events were collected and analysed using the modFit LT cell cycle 

analysis software (Verity Software House, Topsham, Maine, USA). All cells fluorescing with 

lower intensity than the parent peak were considered to be proliferating. 

2.22 In vivo cytotoxic T lymphocyte assay 

A single cell suspension was prepared from tumour-free untreated BALB/c mouse spleens 

harvested into R5. Red blood cells (RBC) were lysed using RBC lysis buffer. Cells were washed 
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three times in R5, the first wash with a F C S underlay. Cells were resuspended in R5 and 

divided equally between two tissue culture tubes. Twelve microlitresl of CL4 stock solution (5 

mg/mL) was added to one tube. Both were incubated at 37°C in a water bath for 90 minutes. 

Cells were then pelleted and resuspended in RO. Ten microlitres of CFSE 1/10 stock (5mM in 

DMSO) was added to the peptide labelled cells, and 1 uJ of CFSE 1/10 stock was added to 

unlabelled cells. Both were incubated for 10 minutes at room temperature. Cells were then 

resuspended in complete medium with 10% FCS (R10) and washed four times, using a FCS 

underlay with each wash. Cells were counted by trypan blue exclusion, and pooled at a 1:1 

ratio. After three further washes in PBS, cells were again counted and made up to a 

concentration of 1 x 108 cells/mL. Experimental groups were injected intravenously with 200 uJ 

per mouse. Eighteen hours later, experimental mice were culled and single cell suspensions 

prepared from the draining lymph nodes (DLN), contralateral lymph nodes (CLN), mesenteric 

lymph nodes (MLN), and spleens. Cells were washed once in PBS + 5% FCS, and 

resuspended in a total volume of 400 nl. Analysis was performed on a FACScan (Becton 

Dickinson, Mountain View, CA) using CellQuest software. 

2.23 In vitro cytotoxic T lymphocyte assay 

Effector cells were generated by incubating spleen cells from anti HA CL4 TCR transgenic mice 

with CL4 peptide (1 \iglmL) for five days. Target cells were AB1-HA incubated for 48 hours with 

varying concentrations of gemcitabine or irinotecan, and washed three times prior to peptide 

pulsing and labelling. Target cells were peptide-pulsed with CL4 peptide and labelled with 150nl 

of 5 mCi of 51Cr and an equal volume of RPMI 20% FCS for 90 minutes, and washed four times 

before use. Effector cells were added to corresponding targets at varying effector to target ratios 

and incubated at 37° C for four hours. After incubation, the supernatants were harvested and 

chromium release determined. The mean of triplicate samples was calculated and the 

percentage specific 51Cr release was determined as follows: 

Percentage of specific cytolysis = [(experimental 51Cr release - control 51Cr release)/ (maximum 

51 Cr release - control51 Cr release)] x 100 

where experimental 51Cr release represents counts from target cells mixed with effector cells, 

control 51Cr release represents counts from targets incubated with medium alone (spontaneous 
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release), and maximum 51Cr release represents counts from targets exposed to 5 % triton X-

100. 

2.24 Obtaining serum from mice 

Mice were anaesthetised using methoxyflurane and cardiac puncture was performed to obtain 

the maximum volume of blood from each mouse. Mice were then culled immediately by cervical 

dislocation. Whole blood was centrifuged briefly in a serum separator tube at 14 000 rpm and 

serum removed by pipette and stored at -20°C until required. 

2.25 HA tetramer reagent 

Tetramers were obtained from Dr J. Frelinger. Recombinant protein was prepared as 

previously described (Garboczi, Hung et al. 1992). The plasmid encoding Kd (provided by Dr 

Altman, Emory College of Medicine) was modified to encode a BirA recognition sequence at the 

C terminus (Davis, Boniface et al. 1998). Proteins were expressed in E. co//strain BL21-pLyss 

and induced with IPTG. Inclusion bodies were purified and the heavy chain was folded with 

mouse p2-microglobulin and the HA peptide. Peptide/Kd complexes were purified by HPLC 

size-exclusion chromatography. Purified complexes were biotinylated following the methods 

provided by the manufacturer (Avidity, Denver, Co). Excess biotin was removed by size 

exclusion chromatography using Sepadex G25, and the complexes bound to PE labelled avidin 

(Leinco, St. Louis, Mo). The extent of biotinylation was determined by incubating the protein 

with streptavidin (Sigma, St. Louis, Mo) and analysing by SDS-PAGE without boiling or reducing 

agent. Properly biotinylated material supershifted the streptavidin. The tetramers were then 

further purified by size-exclusion chromatography. 

2.26 HA tetramer staining 

For analysis, 1x10s cells lymphocytes were blocked in 100 pi of 1/500 purified anti-mouse 

CD16/CD32 (Fcvlll/ll receptor, Pharmingen, San Diego,CA) for 30 min, washed in PBS/1% 

FCS, then stained with the lOpl of HA tetramer diluted to 1/100 for two hours at room 

temperature. Samples were washed in PBS/1% FCS then incubated with 100 pi 1/1000 

FITC labelled anti-CD8 antibodies for 30 minutes on ice. Propidium iodine (PI) (1 ug/mL) 

was added in the final wash of PBS/1% FCS and cells were resuspended in MACS buffer. 

Data were acquired on a FACScan flow cytometer, and analysed using CellQuest 

software.2.27 Surgical debulking of tumours 
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Mice were anaesthetised with an i.p. injection of chloral hydrate 0.1 ml_/10 g of mouse. 

Additional inhaled anaesthesia with methoxyflurane was administered as necessary. An incision 

was made to remove subcutaneous tumour, and the incision was closed using surgical staples. 

Mice were kept warm under a heat lamp until recovered. An injection of buprenorphine 2.5 

mg/kg was give i.p. to each mouse in the post-anaesthetic recovery phase as post-operative 

analgesia, with further analgesia given if necessary. 

2.28 Statistical analysis 

Data presented as percentage of animals tumour-free were analysed with Kaplan-Meier 

survival curves using the Log Rank test to determine statistical significance. Tumour growth 

curves were compared using an ANOVA test. Other data comparing differences between 

groups were assessed using a Student T-test and/or the Mann-Whitney U test. Differences 

were considered significant when the p value was less than 0.05. Statistical analysis was 

conducted using the SPSS for Windows program (Version 10.0) and the GraphPad Prism 

(Version 3.0, GraphPad Software) program. 
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Chapter 3: Establishment of chemotherapy protocols 

in the mouse 
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3.1 Introduction 

Malignant mesothelioma is considered relatively resistant to chemotherapy, with no single 

agents consistently producing a response rate above 20% (Ong and Vogelzang 1996), and no 

consensus on the use of combination chemotherapy, although response rates of 33 to 47% 

have been reported with cisplatin and gemcitabine (Byrne, Davidson et al. 1999; Nowak, Byrne 

et al. 2002). I have established a murine model of malignant mesothelioma in which 

chemotherapy is partially effective but the animals are not cured of tumour, which is similar to 

the clinical situation in treatment of many solid tumours. This provided the opportunity to study 

the effect of partial tumour killing and antigen release on the immune response. This model is 

also ideal for study of the additive or synergistic effects of immunotherapy and chemotherapy, 

as an increase in the tumour cure rate can be easily observed in a model where treatment is 

rarely curative. 

This study was not intended to include a full screen of all available cytotoxic drugs in murine 

mesothelioma. Drug sensitivities in this model should not be extrapolated to human malignant 

mesothelioma cell lines, nor to clinical trial use. Studies of drug sensitivity as a prelude to 

clinical use should ideally examine cell lines derived from a panel of human tumours, thus 

representing the spectrum of aetiologies and genetic abnormalities which may be found in 

patients, with subsequent in vivo testing of human tumour xenografts in athymic mice. In this 

study, murine cell lines derived from carcinogen exposure were used for in vivo experiments in 

inbred mice. This study was confined to murine cell lines in order to utilise the HA neo-antigen 

model, allowing the examination of antigen-specific immunity in a detail not possible in humans. 

The spectrum of drugs tested for efficacy in the AB1-HA tumour was guided by reported use in 

human mesothelioma and a choice of representative drugs from a range of different classes 

with differing mechanisms of action. Cisplatin, doxorubicin and mitomycin C were studied 

because of their extensive previous use in clinical malignant mesothelioma (Mintzer, Kelsen et 

al. 1985; Chahinian, Antman et al. 1993; Planting, Schellens et al. 1994; Pennucci, Ardizzoni et 

al. 1997; Middleton, Smith et al. 1998). Irinotecan and topotecan were chosen as representative 

of the group of topoisomerase inhibitors, and irinotecan has been trialled in this disease 

(Nakano, Chahinian et al. 1999). SN-38 is an active metabolite of irinotecan. Paclitaxel was 
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available for study as a representative of the taxane group, and has also been trialled clinically 

as a single agent in mesothelioma (van Meerbeeck, Debruyne et al. 1996; Vogelzang, Herndon 

et al. 1999). Gemcitabine was available as a novel pyrimidine analogue, and has been used in 

the mesothelioma clinical trials program at this centre (Byrne, Davidson et al. 1999; Nowak, 

Byrne et al. 2002). Gemcitabine was effective in vitro and in vivo against the AB1-HA cell line, 

and was therefore chosen for further study. 

It was important to establish some characteristics of AB1-HA in the context of gemcitabine 

treatment before further assessing the antigen-specific immune response to HA in this system. I 

therefore assessed whether gemcitabine treatment altered the expression of HA or MHC class I 

on tumour cells after in vivo treatment. I also examined the effect of adoptive transfer of HA-

specific lymphocytes from T cell receptor transgenic mice on tumour growth rates. Previous 

work has shown that adoptive transfer of 1 x 107 of each of HNT and CL4 T lymphocytes, but 

not non-specific BALB/c T lymphocytes, is able to protect against simultaneous tumour 

challenge with 2 x 105 AB1-HA tumour cells (Marzo, Lake et al. 1999b). I initially hypothesised 

that adoptive transfer of specific lymphocytes may decrease tumour growth rates, and could be 

considered as a part of a therapeutic strategy. As characterisation of antigen specific responses 

in the context of chemotherapy required the adoptive transfer of HNT and CL4 T lymphocytes 

into tumour-bearing mice before or after treatment, it was important to test how this affected 

tumour outgrowth. 

The generation of a gemcitabine-resistant murine mesothelioma cell line is also described. This 

cell line was important in order to eliminate the effect of a post-treatment decrease in tumour 

size on the immune response. By using a cell line with the same antigenic and growth 

characteristics as the parental cell line, the effects of tumour cell death, antigen release and 

tumour growth on the immune response to the HA neo-antigen could be separated. 

The immunogenicity of the AB1-HA cell line is also explored in this chapter. Tumour 

immunogenicity can be assessed by immunizing mice with an injection of lethally irradiated 

tumour cells, and subsequent re-challenge with live tumour. An immunogenic tumour will show 

no growth or slower growth at the contralateral tumour challenge site. The ability of the parent 

cell line, AB1, and the transfectant AB1-HA to cross-protect is also described. Although these 

two cell lines have been repeatedly passaged since the transfection of AB1 with the HA neo-
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antigen, it may be assumed that they contain many similar tumour antigens, although we know 

that HA is not expressed by AB1. I hypothesised that there would be some cross-protection 

between the two cell lines. 

In order to examine further how gemcitabine may improve resistance to contralateral tumour 

challenge when compared with vaccination with irradiated tumour cells, larger numbers of long-

term survivors from gemcitabine treatment were needed. In this system, 100% of mice injected 

with AB1-HA have developed tumour in all experiments. Mice commence chemotherapy nine 

days after tumour injection, when a small palpable tumour is present in all mice. I hypothesised 

that earlier treatment in these mice, starting at a lower tumour burden, may lead to an increased 

proportion of survivors. Therefore, groups of mice were treated with gemcitabine at shorter time 

intervals after tumour injection. 

In summary, this chapter will explore the model of chemotherapy with gemcitabine on AB1-HA 

tumours in BALB/c mice, allowing progression to a more detailed examination of the effect of 

gemcitabine on immune function. 
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3.2 Results 

3.2.7 AB1, AB1-HA, AB12, and AB22 cell lines have similar chemosensitivities in vitro 

The sensitivity of the AB1, AB1-HA, AB12, and AB22 murine mesothelioma cell lines (See 2.2) 

and the Lewis Lung murine lung cancer cell line to a range of cytotoxic drugs was assessed 

using the colorimetric MTT assay (See 2.6). Drugs tested were gemcitabine, mitomycin C, 

paclitaxel, doxorubicin, irinotecan, cisplatin, topotecan, and SN38. AB1-HA was most sensitive 

to gemcitabine and SN38, an active metabolite of topotecan. This cell line was less sensitive to 

paclitaxel, doxorubicin, topotecan and mitomycin C, and highly resistant to both irinotecan and 

cisplatin. Sensitivity patterns of the parental AB1 cell line and the transfectant AB1-HA were 

similar (Figure 3.1), although AB1 was significantly more sensitive to doxorubicin (p=0.02) and 

AB1-HA was significantly more sensitive to SN38 (p=0.008). Although the IC50s for cisplatin 

and topotecan were significantly different between the two cell lines, they were both highly 

resistant and within the same log value. There was no significant difference between the IC50s 

of gemcitabine (p=0.1), mitomycin C (p=0.9), irinotecan (p=0.9) or paclitaxel (p=0.4) for the two 

cells lines. These results suggest that transfection of the HA neoantigen had a minimal effect on 

drug sensitivity patterns. Drug sensitivity was also similar in the other murine mesothelioma cell 

lines tested, AB12 and AB22, although AB12 was more sensitive to mitomycin C and AB22 was 

more sensitive to cisplatin. Both AB12 and AB22 were less sensitive to SN38 than AB1-HA. 

Lewis Lung showed a spectrum of sensitivity similar to AB1 -HA although it was less sensitive to 

gemcitabine. Gemcitabine was chosen for further study in AB1-HA on the basis of these in vitro 

sensitivity studies and its concurrent clinical use in human mesothelioma in this institution, Sir 

Charles Gairdner Hospital in Western Australia. 
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Figure 3.1 IC 50 of cytotoxic drugs including gemcitabine on murine mesothelioma and 

lung cancer cell lines 

The sensitivity of cell lines to a variety of chemotherapeutic agents in vitro was established 

using the colorimetric MTT assay. Results are expressed as the concentration of cytotoxic drug 

(ng/mL) required to inhibit tumour growth by 50% in vitro (IC 50). Data shown are the mean +/-

SE of at least three experiments in each cell line. Data from each experiment were derived from 

triplicate wells at each drug concentration. 
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3.2.2 Tumour growth can be halted by systemic treatment of animals with gemcitabine 

BALB/c mice were inoculated with 1 x 106 AB1-HA tumour cells subcutaneously on the right 

flank. This was the standard injection protocol for AB1-HA tumour used throughout this thesis 

unless stated otherwise. Nine days later, all mice had developed tumours that were small but 

evident on careful palpation. Tumour sizes ranged from just palpable to 2 x 2 mm. Mice were 

then injected with gemcitabine 120 [ig/g intraperitoneal^ on a third daily schedule for five doses 

(modified from Braakhuis, Ruiz van Haperen et al. 1995) (See 2.8), or with a control injection of 

PBS on the same schedule. This dose and schedule of gemcitabine is used as the standard 

chemotherapy treatment throughout this thesis unless otherwise stated. Tumour growth 

regressed, and at the end of treatment eight of ten mice had no palpable tumour, with two mice 

having a just palpable mass of 1 x 1 mm. The delay in tumour growth was significant (Figure 3.2 

A) (p<0.001). Tumours all re-grew within nine days of cessation of chemotherapy, and the rate 

of growth was then no different from that of untreated tumours. 

Standard treatment was then started when tumour size, measured as the product of two 

diameters, approximated 50 mm2. Gemcitabine induced a partial response, defined as at least a 

50% reduction in tumour size (Figure 3.2 B), during the period of treatment. The reduction in 

tumour size occurred following the first two injections, and tumour size then plateaued at 

approximately 20 mm2 over the last three injections. There was a significant difference between 

growth curves of control and test animals during treatment (p<0.001). No mice were rendered 

tumour free. When treatment finished, tumour re-growth began immediately, and the rate of 

growth was the same as that in control animals. Tumours returned to their original size within 

six days. 
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Figure 3.2 Gemcitabine treatment of AB1-HA tumours 

Ten BALB/c mice per group were inoculated with AB1-HA tumour. A. At the development of 

small palpable tumours, mice were treated with a standard protocol of gemcitabine or PBS. 

Tumour growth rates were compared between the two groups. Data shown are from a single 

experiment, representative of two experiments showing similar results. B. Treatment was 

started with a standard dose and schedule of gemcitabine or PBS when tumour size 

approximated 50 mm2. Data shown are from a single experiment, representative of two 

experiments showing similar results. 
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3.2.3 Gemcitabine does not alter HA neoantigen expression or class I MHC molecule 

expression 

BALB/c mice were inoculated with AB1-HA tumour and given a full standard course of 

gemcitabine or control treatment. Tumours were allowed to regrow to 10 x 10 m m , and then 

excised. Excised tumours were disaggregated, transferred to tissue culture medium without 

genetecin, and cultured until confluent. Cells were then stained for H A and M H C class I 

expression and compared with parent AB1 -HA cell lines by FACS analysis. The characteristics 

of H A expression and class I M H C expression were not altered by in vivo treatment with 

gemcitabine as compared with the parent cell line (Figure 3.3). 
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Figure 3.3 HA neoantigen expression and class I M H C expression with drug treatment 

Mice were inoculated with AB1-HA and treated with a standard course of gemcitabine. Cells 

from tumour re-growth were cultured ex vivo, and analysed for expression of A. class I MHC 

and B. HA. Results shown are representative of two experiments each with four mice per group 

showing similar results. 
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3.2.4 Adoptive transfer of CD4 and CD8 tumour antigen specific lymphocytes before or 

after gemcitabine treatment does not affect tumour growth 

The effect of adoptive transfer of HNT and CL4 lymphocytes before and after chemotherapy 

was examined. Mice were inoculated with AB1-HA tumour, and then treated with a standard 

course of gemcitabine. Two days before the first dose of gemcitabine, or two days after the final 

dose of gemcitabine, mice were given 1 x 107 of each of HNT and CL4 lymphocytes (i.e. 2 x 107 

cell total). Control mice received the same number of lymphocytes from non-transgenic BALB/c 

mice. Tumour outgrowth was measured (Figure 3.4). Both groups re-grew tumour, and there 

was no significant difference in rates of tumour outgrowth between experimental and control 

groups for adoptive transfer either before (p=0.697) or after (p=0.316) gemcitabine treatment. 

Hence, adoptive transfer of this number of antigen specific T lymphocytes at these time points 

does not alter tumour growth parameters. 
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Figure 3.4 Adoptive transfer of antigen specific lymphocytes in the context of 

gemcitabine treatment 

Tumour bearing mice (AB1-HA) were treated with a standard course of gemcitabine. A. Two 

days prior to the first, or B. two days following the final dose of gemcitabine, 1 x 107 of each of 

HNT and CL4 antigen specific T lymphocytes or 2 x 107 BALB/c T lymphocytes (control) were 

adoptively transferred. Subsequent tumour growth was monitored. Results shown are the mean 

of tumour measurements from one experiment with ten mice in each experimental group. 

84 



3.2.5 Mice cured by chemotherapy can be resistant to contralateral tumour re-challenge. 

Ten BALB/c mice from different experiments survived, and were considered cured. All of these 

mice were originally injected with 1x106 AB1-HA cells and then received a standard course of 

gemcitabine treatment. Four mice had also been vaccinated with PR8 virus (as per 2.14); two 

with 5U PR8 and two with 500U PR8, four days after the end of chemotherapy. One mouse had 

been given HNT (1x107cells) and CL4 (1x107cells) lymphocytes two days prior to the end of 

chemotherapy. All mice were re-challenged with AB1-HA 1x106 cells injected into the 

contralateral flank, at least two months following the original tumour inoculation. Control mice 

simultaneously injected with AB1-HA 1 x 106 cells all developed tumours within nine days of the 

injection. All test mice developed a tiny palpable nodule, up to 2 x 2 mm in size, at the 

contralateral injection site between 10 and 20 days following re-challenge. This nodule 

fluctuated in size before disappearing in all mice. Mice were followed from seven weeks to eight 

months following contralateral tumour challenge. One mouse was culled due to development of 

tumour, 45 days following the contralateral re-challenge: this mouse had been treated with 

gemcitabine and adoptive transfer of HNT and CL4 lymphocytes. No other mice developed 

contralateral tumour over the subsequent period of observation (Table 3.1). 
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Table 3.1 Contralateral tumour re-challenge in mice cured of tumour by 

gemcitabine 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

AB1-HA 

DO 

DO 

DO 

DO 

DO 

DO 

DO 

DO 

DO 

DO 

Start 
Gemcitabine 
D9 

D9 

D9 

D9 

D9 

D9 

D9 

D9 

D9 

D9 

PR8 
virus 
— 

— 

5U 
D25 
5U 
D25 
500U 
D25 
500U 
D25 
— 

— 

— 

— 

A.T. HNT 
and CL4 
D7 

— 

— 

— 

— 

— 

— 

— 

— 

— 

Rechallenge 
AB1-HA 
D100 

D75 

D75 

D75 

D75 

D75 

D47 

D47 

D47 

D240 

Cull 

D160 tumour 
D 175 cull 
D180* 
No tumour 
D180* 
No tumour 
D180* 
No tumour 
D180* 
No tumour 
D 180* 
No tumour 
D107* 
No tumour 
D107* 
No tumour 
D107* 
No tumour 
D450 
No tumour 

* Mice 2-9 were culled due to closing of the animal house facility following isolation of MHV in some 

University animal facilities. Observation would ideally have continued. 

Notes: 

Some mice were noted to be long term survivors from several different experiments. All had 

received a standard injection of AB1-HA tumour and standard gemcitabine treatment. Some 

mice received other treatments as part of an experimental protocol, including PR8 virus or 

adoptive transfer of HNT and CL4 lymphocytes. Dose and timing of treatment is indicated where 

given. 

All mice were re-challenged with AB1-HA tumour 1 x 106 cells injected into the contralateral 

flank, and were followed for development of tumour for up to seven months. 

flank, and were followed for development of tumour for up to seven months. 
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3.2.6 Vaccination with irradiated AB1-HA weakly protects from subsequent tumour re-

challenge 

As most mice cured from tumour by gemcitabine alone were protected from subsequent tumour 

challenge, I examined whether vaccination with irradiated AB1-HA would have a similar 

protective effect. To test whether AB1-HA was immunogenic, BALB/c mice were injected on the 

right flank with irradiated AB1-HA cells or with a sham PBS inoculation. Fourteen days later, 

mice were injected with viable AB1-HA cells in the left flank. No mice developed tumour in the 

site of injection of irradiated cells. Four of five mice developed tumour within 24 days of injection 

of viable cells into the contralateral flank, although tumour development was significantly slowed 

when compared with control mice (Figure 3.5) (p<0.001). One mouse did not develop a 

contralateral tumour for over 120 days. This suggests that AB1-HA is a weakly immunogenic 

tumour when injection of irradiated cells alone is used to vaccinate mice against subsequent 

tumour development. 

3.2.7 AB1 and AB1-HA do not cross-protect 

I examined whether there was cross-protection between AB1 and AB1-HA. BALB/c mice were 

injected on the right flank with either irradiated AB1-HA or AB1 or a sham PBS inoculation. 

Fourteen days later, mice were injected with viable AB1-HA or AB1 cells in the left flank ie 

AB1/AB1; AB1-HA/AB1-HA; AB1-HA/AB1; AB1/AB1-HA; PBS/AB1;or PBS/AB1-HA. No mice 

developed tumour in the site of injection of irradiated cells. All mice sequentially injected with 

different cell lines developed tumour as rapidly as control mice receiving a sham vaccination. 

Mice vaccinated with irradiated AB1 and re-challenged with live AB1 all developed tumour 

eventually, although this was significantly slowed compared with controls (Figure 3.6) (p<0.05). 

Three of five mice vaccinated with irradiated AB1-HA and re-challenged with live AB1-HA 

developed tumour, at a slower rate than control mice (p<0.05). All three mice developing 

tumour had a palpable mass by 21 days after re-challenge. Two mice remained tumour free for 

one year. 
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Figure 3.5 Vaccination with irradiated AB1-HA and subsequent contralateral re-challenge 

Five BALB/c mice per group were injected on the right flank with 1 x 106 cells of AB1-HA which 

had been irradiated to 20 000 Rads, or a sham PBS inoculation. Fourteen days later, mice were 

injected with 1 x 106 viable AB1-HA cells in the contralateral flank. Tumours were measured and 

tumour development and growth rates were compared between groups. The data above are 

from one of two experiments with similar results. 
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Figure 3.6 Cross-protection between AB1 and AB1-HA 

Five BALB/c mice per group were injected on the right flank with 1x106 cells of either AB1-HA or 

AB1 which had been irradiated to 20000 Rads, or a sham PBS inoculation. Fourteen days later, 

mice were injected with 1 x 106 viable AB1-HA or AB1 cells in the left flank ie AB1/AB1; AB1-

HA/AB1-HA; AB1-HA/AB1; AB1/AB1-HA; PBS/AB1; or PBS/AB1-HA. Tumours were measured 

and tumour development and growth rates compared between groups. The data shown above 

represent development of tumour at the contralateral injection site. These data are from one 

experiment. 
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3.2.8 Early treatment with gemcitabine does not generate large numbers of long-term 

survivors 

BALB/c mice were injected with 1 x 106 cells AB1-HA. Rather than treating mice nine days after 

tumour injection, groups of mice were treated with five doses of third-daily gemcitabine at days 

7, 5, 3 or 2 following tumour injection, All of ten mice treated at days 7 and 5 following tumour 

inoculation subsequently developed tumour, although the first appearance of tumour was 

slightly delayed. One of ten mice treated at day 3 following tumour injection did not develop 

tumour until 100 days following the original tumour inoculation; however, when tumour 

developed it grew at the same rate as untreated tumours. There was a significant increase in 

survival with treatment at each earlier time point compared with the previous time point (Figure 

3.7) (p<0.05 for all comparisons). However there were no long-term survivors until mice were 

treated two days after tumour inoculation. Two of thirteen mice treated at day 2 following tumour 

inoculation did not develop tumour over six months follow-up. These two "survivor" mice were 

re-challenged on the contralateral flank with AB1-HA 1x106 cells three months after the initial 

tumour injection. They did not develop contralateral tumours over a further six months of 

observation. 
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Figure 3.7 Effect of early treatment with gemcitabine on survival 

Mice were injected with 1 x 106 cells AB1-HA. Treatment with gemcitabine was given in the 

same dose and schedule as the usual protocol; however, treatment was started at two, three, 

five, seven or nine days after tumour injection. Mice were monitored for development of tumour 

and culled when tumour size reached 10x10 m m . This figure shows the Kaplan-Meier survival 

curve for this experiment, which was performed once with 10-13 mice per group. The legend 

describes the day after tumour inoculation on which gemcitabine treatment was commenced. 
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3.2.9 The cell line AB1-HA-GR 250 is resistant to gemcitabine in vitro and in vivo and 

maintains expression of the HA antigen 

Gemcitabine resistance was induced by gradually increasing exposure to the drug in cell culture 

as per 2.2. The resistant cell line is referred to as AB1-HA-GR 250. The IC50 of AB1-HA-GR 

250 as compared with AB1-HA was assessed by MTT assay. The IC50 of AB1-HA-GR 250 was 

5.1ug/mL, as compared with 0.0058 ug/mL for the parental AB1-HA cell line in this experiment, 

a 3 log difference (p<0.0001, Figure 3.8). Drug resistance was then tested in vivo. Mice were 

injected with 1 x 106 cells of AB1-HA or AB1-HA-GR 250. Nine days after tumour inoculation, 

treatment with gemcitabine or control treatment with PBS was started as per 2.8. Mice 

inoculated with AB1-HA-GR 250 demonstrated identical rates of tumour growth with or without 

gemcitabine treatment, whereas mice inoculated with AB1-HA showed slowing of tumour 

growth rates when treated with gemcitabine (Figure 3.10). The growth rate of treated and 

untreated AB1-HA-GR 250 was the same as for the parent cell line, AB1-HA. AB1-HA-GR 250 

was tested for expression of the HA antigen by FACS analysis. It continued to express the HA 

antigen at similar levels to AB1-HA (Figure 3.9). 
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Figure 3.8 Gemcitabine resistance of AB1 -HA-GR 250 

An MTT assay was used to determine the IC50 to gemcitabine of AB1-HA-GR 250 as compared 

with AB1-HA. This figure shows the IC50 of each of the two cell lines when treated with 

gemcitabine. These data were derived from two experiments with triplicate wells of each 

sample. 

Figure 3.9 HA neo-antigen expression of AB1-HA-GR 250 

AB1-HA (left) and AB1-HA-GR 250 (right) were assessed by FACS analysis for expression of 

the HA neo-antigen. These data were similar in two experiments performed on separate 

occasions. 
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Figure 3.10 In vivo treatment of AB1-HA-GR250 with gemcitabine 

Groups of five mice were injected with either AB1-HA or AB1-HA-GR 250. After treatment with 

gemcitabine or control treatment with PBS, tumour growth was measured in each group. Data 

shown represent the mean of tumour size in groups. These data are from one of two 

experiments showing similar results. 
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3.2.10 Gemcitabine kills AB1-HA by apoptosis 

The final common pathway of gemcitabine-mediated DNA damage is death by apoptosis 

(Cartee and Kucera 1998; Makin and Dive 2001). In order to confirm that this mechanism was 

active in our system, the expression of markers of apoptotic and necrotic cell death was 

examined in both AB1-HA and AB1-HA-GR250, using staining with Annexin V and propidium 

iodide (PI). Annexin V is a phospholipid binding protein with a high affinity for 

phosphatidylserine (PS). When cells undergo apoptosis, PS is translocated from the inner to the 

outer plasma membrane leaflet. Annexin V can then bind to cells with externalised PS. PS 

extemalisation occurs at an early stage of the apoptotic process, before the loss of membrane 

integrity. In contrast, PI stains cells which have lost membrane integrity. These cells may be 

dead, necrotic, or in a later stage of apoptosis. Cells in the late stages of apoptosis may stain 

positive for both Annexin V and PI. 

AB1-HA and AB1-HA-GR250 were grown to confluence before being split into 70 mL tissue 

culture flasks containing no gemcitabine or concentrations of 0.1, 1, or 10 times the previously 

determined IC50 of the drug on the metabolic activity of AB1-HA (0.6, 6, and 60 ng/ml).. Flasks 

were incubated for 24 or 48 hours before staining for Annexin V, PI, or both. Cells were visually 

inspected and analysed by FACS. 

After 48 hours exposure to gemcitabine, AB1-HA cells treated with no gemcitabine and 0.1 x 

IC50 (0.6 ng/ml) were confluent with some evidence of overcrowding (dead cells in media). 

Cells treated with 1 x IC50 (6 ng/ml) were partially confluent and not overcrowded. Cells treated 

with 10 x IC50 (60 ng/ml) were less than 25% confluent, again with numerous dead cells in the 

media. The culture medium was discarded in all treatment groups prior to trypsinisation, and 

thus non-adherent cells were not included in the FACS analysis. At this time point, 29% of cells 

treated with 10 x IC50 of the drug stained positive for Annexin V but negative for PI, as 

compared with 8, 9, and 14% of cells exposed to 0, 0.1 and 1 x IC50 (Figure 3.11 A). The mean 

fluorescence intensity for Annexin V staining also increased from 15, 18, and 24 units for cells 

exposed to 0, 0.1, and 1 x IC50 to 34 units for cells exposed to 10 x IC50 (data not shown). 

Thus, with an increasing concentration of gemcitabine, more cells from the gemcitabine-

sensitive cell line expressed markers of apoptosis. It is important to note that this result does not 
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reflect the means of death for cells which had completed the cell death process, and did not 

include non-adherent cells. 

Cells from the AB1-HA-GR250 gemcitabine-resistant line were examined similarly. Cells were 

confluent after exposure to each concentration of gemcitabine, and there was no difference in 

the numbers of non-adherent cells in each flask. There was no trend to increasing expression of 

Annexin V after treatment with higher concentrations of gemcitabine (Figure 3.11B). These 

findings were congruent with my expectations as the cell line is gemcitabine-resistant in vivo. 

96 



OJ 

> 

30-

CO 

O 

a 
tWD 20-
S5 

•a 
5 io-
u 
o 
u 
u 1 

AB1-HA 

^^ M Control 

I 10.1 xIC50 

I 11 x IC50 

I I 1 0 X I C 5 0 

Annexin V PI Double stainine 

B. 

20-| 
u 
> 
o 
a 
bo 
c 

C 
u 
u 
y 

AB1-HA-GR250 
Control 

0.1 x IC50 

] 1 xIC50 

310xIC50 

Annexin V PI Double stainine 

Figure 3.11 The effects of gemcitabine on expression of markers of apoptosis and 

necrosis in gemcitabine sensitive and resistant cell lines 

The cell lines AB1-HA (A) and AB1-HA-GR250 (B) were exposed to log-fold concentrations of 

gemcitabine for 48 hours before staining for expression of the apoptotic marker Annexin V, or 

for loss of membrane integrity with PI, or both. Expression of these markers was analysed by 

FACS and the data are represented graphically above as the percentage of all cells staining 

positive for each marker. Results shown are from one experiment. 
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3.3 Discussion 

Treatment of AB1-HA with gemcitabine is a suitable tumour model for study of antigen-

specific anti-tumour immunity and combination with immunotherapy 

My first priority was to establish an appropriate system in which to study the immune response 

to tumours in the context of chemotherapy. In this murine tumour, I did not intend to extrapolate 

the results of chemosensitivity testing to the human disease. This would be more appropriately 

done with human cell lines and xenografts in a nude mouse model. However, we can draw 

some parallels with the human clinical situation. Firstly, even where tumour responds well to 

gemcitabine and is no longer palpable, in the great majority of cases it re-grows and is fatal. 

This is similar to the situation of a patient with a solid tumour who is treated with chemotherapy, 

achieves a partial or complete response, and subsequently relapses. The period of remission 

can be considered a window of opportunity for biological therapies or immunotherapy in this 

model, as the tumour has been chemically debulked and biological therapies may then have the 

opportunity to be effective against a smaller number of cells. Secondly, in some experiments, 

chemotherapy was used at an earlier time point, before mice developed palpable tumours. To 

draw a parallel in a patient with a solid tumour, this situation is similar to the use of adjuvant 

chemotherapy, where micrometastatic disease is treated prior to the development of overt 

metastatic cancer. Thirdly, in this model system, 100% of mice inoculated with 1 x 106 cells of 

AB1-HA tumour have developed palpable tumour masses nine days later. Therefore, I can also 

use this system to study the effects of prophylactic immunotherapy or biotherapy given prior to 

tumour inoculation, knowing that tumour would invariably develop in the absence of effective 

therapies. This can be considered similar to the use of a prophylactic treatment in patients at 

high risk of developing cancer, such as those with a family history of breast cancer or extensive 

past crocidolite exposure. Thus, gemcitabine treatment of AB1-HA is an appropriate tool to 

investigate the immune response to a solid tumour, and combine with immunotherapy or 

biotherapy in the context of treatment of established tumour, adjuvant therapy, or disease 

prevention. 
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Methods used to study antigen specific anti-tumour immunity do not alter tumour growth 

patterns 

Adoptive transfer of antigen-specific lymphocytes can, under some circumstances, prevent 

tumour growth or affect the rate of tumour outgrowth. In this system, Marzo et al. had previously 

shown that adoptive transfer of 1 x 107 each of antigen-specific CD4+ and CD8+ T cells could 

prevent growth of a concurrent inoculum of 2 x 105 AB1-HA tumour cells in 100% of mice 

(Marzo, Lake et al. 1999b). Adoptive transfer of antigen-specific CD8+ T cells alone gave 

protection in 40% of mice. Transfer of antigen specific CD4+ T cells alone did not provide any 

protection from developing tumour, although the growth rate was slowed in tumours expressing 

high levels of HA antigen. Many techniques used later in this thesis require adoptive transfer of 

large numbers (up to 1 x 107) of tumour-specific CD4+ and CD8+ T cells in order to amplify the 

precursor frequency and obtain adequate, measurable and reproducible results. Although these 

cells were presumed naive prior to adoptive transfer, it was possible that they would retard 

tumour growth, or could even be used as a component of immunotherapy in tumour treatment. 

My results demonstrate that adoptive transfer of this number of tumour-specific T cells does not 

slow tumour growth rate appreciably. Therefore, this technique can be used to study 

parameters of the antigen-specific immune response without altering tumour growth rates, but is 

unlikely to be useful in immunotherapy without modification. 

Infrequent tumour cure by gemcitabine may be partially immunologically mediated 

During the course of these experiments, it was noted that occasional mice (fewer than 2% of 

animals treated) did not have tumour outgrowth after the end of gemcitabine treatment. Some of 

the surviving mice (Table 3.1) had also been treated with other therapies such as vaccination 

with HA-expressing virus. The majority of "survivor" mice were immune to subsequent tumour 

re-challenge. This might not be expected from the mechanism of action of gemcitabine. 

Gemcitabine acts by inserting itself as a false nucleotide into the DNA strand, followed by 

insertion of another nucleotide, shielding the drug molecule from recognition and excision repair 

(Peters, Ruiz van Haperen et al. 1996). It also depletes nucleotide pools by inhibition of 

ribonucleotide reductase. Irreversible damage to DNA synthesis leads the cell into the apoptotic 

pathway. The Skipper model of response to cytotoxic chemotherapy proposes that tumour cell 

kill is proportional to the total number of tumour cells, regardless of tumour burden (Skipper 

99 



1969; Skipper, Schabel et al. 1978). This model was established in murine leukemias with 

exponential growth kinetics, and demonstrated the link between tumour cell number and 

curability. These experiments demonstrated that for a tumour to be cured, the last cell had to be 

eradicated. If the initial tumour burden was too high to eradicate the last tumor cell, treatment 

failed. Many solid tumours do not appear to grow exponentially, but follow Gompertzian kinetics 

(Norton 1988). That is, the tumour growth fraction decreases as tumour burden increases, and 

thus the cell kill fraction of chemotherapy decreases with increasing tumour size. However, this 

model also requires death of the last tumour cell for a cure to be effected. Thus it is likely that 

animals which do not regrow AB1-HA tumour after a course of gemcitabine have eradicated the 

last tumour cell. 

How has the last tumour cell been eradicated? We can postulate a mechanism of DNA damage 

from gemcitabine and consequent apoptosis, or an immunological mechanism with CD8+ T cell 

or macrophage mediated lysis. Previous work in this tumour model has demonstrated only poor 

and transient CTL generation in AB1-HA tumour-bearing BALB/c mice (Marzo, Lake et al. 

1999b). Less than 5% specific lysis was seen at seven days after tumour inoculation and this 

decreased with tumour growth over time. Thus, even if immunological mechanisms were 

responsible for the final eradication of tumour, rejection of a large tumour re-challenge seems 

unlikely in this model unless gemcitabine has altered the immunological response to tumour. My 

observation that the majority of animals cured of tumour after a course of gemcitabine were 

resistant to tumour re-challenge was unexpected. In this context, it was also unexpected that 

most animals (8/10) vaccinated with irradiated AB1-HA tumour two weeks prior to re-challenge 

subsequently developed tumour, albeit with a reduced growth rate. It seems that successful 

tumour treatment with gemcitabine is more likely to generate an effective memory response and 

subsequent rejection of re-challenge than vaccination with irradiated tumour cells, which has 

defined the immunogenicity of tumours for many years. 

To further characterise the immune response of survivors, it was necessary to generate more 

than the approximately 2% of treated mice which survived after gemcitabine treatment from day 

9 following tumour inoculation. I hypothesised that bringing treatment forward, when mice had a 

smaller tumour burden, would generate an increased proportion of survivors. This did not occur. 

Although survival was prolonged, there was no increase in survivor numbers until mice were 
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treated only two days after tumour inoculation. Of 13 mice treated with a five-day course of 

gemcitabine at day 2, two were long-term survivors and were resistant to tumour re-challenge. 

However, with this small proportion of long-term survivors, less than 10% of animals, I did not 

consider it feasible to generate large numbers of survivors for further study. 

A gemcitabine resistant cell line derived from AB1-HA can be used to examine antigen-

specific anti-tumour immunity independent of the effects of tumour cell kill by 

gemcitabine 

The gemcitabine resistant cell line AB1-HA-GR 250 was generated from the parental AB1-HA. 

Gemcitabine treatment has no effect on the growth kinetics of AB1 -HA-GR 250 in vivo. Although 

I could have generated further resistance by continuing to increase gemcitabine concentrations 

in cell culture, this was not necessary once the desired in vivo effect was achieved. This 

resistant cell line allows us to further examine and separate the effects of decreasing tumour 

size and antigen release with gemcitabine treatment on the immune response. Large tumours 

can generate systemic immunosuppression by production of factors such as TGF-B, IL-10, and 

VEGF (Czamiecki, Chiu et al. 1988; Becker, Czerny et al. 1994). Large tumours also have a 

greater antigen load than small tumours, which may increase some parameters of 

immunological response such as anti-tumour antibody production. The AB1-HA-GR 250 cell line 

is used in further experiments where these factors may affect results. 

Chapter summary 

In conclusion, I have established a system using gemcitabine chemotherapy for treatment of the 

murine mesothelioma cell line AB1-HA, with eventual outgrowth occurring in most mice at the 

end of chemotherapy. This situation is similar to that in many human clinical situations with 

treatment of solid tumours. The model is appropriate for study of immunological anti-tumour 

responses, and the tools used to study the immune response do not change tumour growth 

rates themselves. A second cell line has also been developed to control for the effect of 

decreasing tumour size on the immune response. I have evidence that gemcitabine favourably 

alters the immune response to AB1-HA, having unexpectedly found that animals cured by 

gemcitabine can be resistant to tumour re-challenge, despite this being an uncommon event in 

animals vaccinated with irradiated tumour. Chapter Four will address the effect of gemcitabine 

101 



on some specific parameters of the immune response using this model. I will attempt to define 

whether, and how, gemcitabine may improve anti-tumour immunity. 



Chapter 4: Effect of gemcitabine on lymphoid organ 

composition and humoral immunity 



4.1 Introduction 

There is little information available on the effects of gemcitabine on the immune system other 

than that it causes neutropaenia and lymphopaenia. Whilst we know that gemcitabine can 

cause mild lymphopaenia, it is not correct to assume that the drug will have the same effect on 

specific anti-tumour lymphocyte responses. In a tumour-bearing patient or animal, tumour 

specific lymphocytes undergo clonal expansion following activation by APCs. Other parts of the 

immune system may not be affected by cytotoxic drugs in the same way as actively proliferating 

lymphocytes. This study was, to my knowledge, unique in examining the effects of gemcitabine 

on antigen-specific anti-tumour immunity in vivo. 

In this chapter, many experiments have been performed during gemcitabine treatment. The 

dose and schedule of gemcitabine was chosen from a reported maximum tolerated dose (MTD) 

in BALB/c mice (Braakhuis, Ruiz van Haperen et al. 1995) and is given at 120 jig/g, every third 

day for five doses. For experiments using chemotherapy, the first day of treatment is referred to 

as day 0 unless otherwise specified. In this chapter, the majority of observations were recorded 

at the same time points at days +1, +5, +13, and +21 (See Figure 4.1). These time points were 

chosen as 

One day after the first dose; 

One day before the third dose; 

One day after the final dose; and 

Nine days after the final dose, when full haematopoietic recovery should have occurred. 

Some observations were recorded after one or two doses of gemcitabine if the full time course 

was not considered to add any further information, due to time constraints, or when 

chemotherapy was started at a different time point for the purposes of the experiment. This is 

stated in the description of individual experiments. 

Initially, I examined the effects of gemcitabine on splenic and lymph node cellularity and 

changes in composition of lymphocyte groups. This was important to establish the context in 

which specific changes were being studied. The effect of gemcitabine on the humoral immune 

response was then examined. Although B lymphocytes may play a more minor role in anti-
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tumour immunity than T lymphocytes, knowledge of the effects of gemcitabine on humoral 

immunity is nevertheless important, and B cells can even impair the development of T cell anti-

tumour immunity in some models (Qin, Richter et al. 1998). Cancer patients are commonly 

recommended to have an influenza vaccination, and may require other vaccinations where a 

protective effect is dependent on the humoral immune response. Anti-tumour antibody response 

may also be measured in research protocols: for example, western blot testing of patients' sera 

after a tumour vaccination protocol. It is important to understand the effects of cytotoxic drugs 

on humoral immunity if we are to combine chemotherapy and immunotherapy. 

The ability of gemcitabine to differentially inhibit B and T lymphocytes was examined. The MTT 

assay is an assay of metabolic activity, which can be applied to both tumour cells and 

proliferating lymphocytes. I compare the IC50 of the intended target of gemcitabine, the tumour, 

with that of B and T lymphocytes which may be affected as bystanders at the drug 

concentrations effective against the tumour. 

In this chapter, I demonstrate that gemcitabine massively depletes lymphocyte numbers, with a 

selective detrimental effect on the B lymphocyte subset. Gemcitabine ablates the anti-tumour 

antibody response, and this effect is independent of antigen load or tumour size. This is partially 

explained by the finding that B lymphocytes are more sensitive to the anti-proliferative effects of 

gemcitabine than T lymphocytes. 
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Figure 4.1. Scheduling of gemcitabine injections and experimental time points 

BALB/c mice were injected with AB1-HA tumour, 1 x 106 cells, nine days before the start of 

treatment. At day 0, treatment with gemcitabine or sham treatment with PBS vehicle was 

commenced. Five injections were given on a third-daily schedule. Time points chosen for most 

experimental procedures were at days +1, +5, +13, and +21. 
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4.2 Results 

4.2.7 Gemcitabine treatment decreases total cell numbers in the spleen 

Changes in total cell numbers in the lymph nodes and spleens of gemcitabine treated mice 

were assessed and compared between tumour-bearing and non-tumour-bearing control mice. 

There were no significant differences between spleen cell counts in tumour-free control mice 

and tumour-bearing untreated mice at any time point. However, total spleen cell numbers were 

decreased in gemcitabine-treated mice at day +1 (p=0.04), day +5 (p=0.01) and day +13 

(p=0.01). Numbers had recovered in gemcitabine-treated mice by day +21 (seven days 

following the final injection of gemcitabine) and there was no significant difference between the 

three groups at this time point, although there was some indication of rebound hypercellularity. 

There were no significant differences between lymph node cell counts in tumour-free control, 

tumour-bearing untreated, or tumour-bearing gemcitabine-treated mice at any time point, 

although there was a trend towards lower cell numbers during gemcitabine treatment. There 

was great variability in lymph node cell counts obtained from within the experimental groups, 

and thus wide confidence intervals. This may reflect anatomical variability between mice and 

the difficulty of locating and dissecting some lymph node groups. Variable numbers of lymph 

nodes were able to be located in the submandibular region and from the mesenteric lymph 

nodes. In addition, later in the course of tumour growth, tumour often obscured the right inguinal 

lymph node in the tumour-bearing untreated group, and this node was sometimes not able to be 

dissected out and included in the cell counts. 
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Figure 4.2 Effect of gemcitabine treatment on total cell numbers in spleen and lymph 

nodes 

BALB/c mice were injected with 1 x 106 cells AB1-HA and treated with gemcitabine as per the 

standard schedule. Spleens and pooled lymph nodes were made into a single cell suspension 

for cell counts by trypan blue exclusion. Tumour-free untreated control mice were also 

examined with each time point. A. shows cell counts from the spleen. B. shows cell counts from 

lymph nodes. * denotes statistical significance between results for tumour bearing control mice 

and tumour bearing gemcitabine treated mice. These data are mean results from one 

experiment with five mice in each experimental group at each time point. 
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4.2.2 Gemcitabine decreases CD4, CD8, and B lymphocyte subsets in the spleen 

Changes in lymphocyte subsets in spleens and lymph nodes of gemcitabine treated mice were 

assessed in comparison with tumour-bearing and non-tumour-bearing control mice. Cells were 

stained for FACS analysis of subsets expressing CD4, CD8, and B220 antigens. 

CD8 positive cell counts in the spleen were lower at days +1 and +5 (p=0.05), but not at day 

+13 or day +21. CD4 positive cell counts were lower at days +1 (p=0.08), +5 (p=0.011), +13 

(p=0.001), but not at day +21. Similarly, B220 positive cell counts were lower at days +1 

(p<0.0001), +5 (p=0.005), +13 (p=0.004), and had recovered to equivalence by day +21 (Figure 

4.3 A, B, C). 

The data were then examined for changes in the percentage composition of various subgroups 

in the spleen. As a percentage of total spleen cells, CD8+ and CD4+ T cells were significantly 

increased at day +1 (p<0.01), and CD8+ T cells were also significantly increased at day +13 

(p=0.002) in mice treated with gemcitabine. Differences at day + 5 were not significant. B220 + 

T cell proportions were significantly decreased by gemcitabine treatment at Day+1 (p=0.003), 

but not significantly different at days +5 or +13. All subsets were proportionally decreased at 

day +21 (p<0.03) in mice receiving gemcitabine, most likely due to the infiltration of immature 

haematopoietic cells associated with bone marrow recovery (Figure 4.3 D, E, F). 

In lymph nodes, there were similar trends for total cell counts for all lymphocyte subsets (Figure 

4.3 G, H, I), but these differences did not reach significance due to the inter-mouse variability in 

total lymph node cell numbers (see 4.2.1). There were no significant differences in percentage 

composition of lymph nodes when CD4, CD8, or B220 positive lymphocytes were examined 

(Figure 4.3 J, K, L). 

Overall, the profound decrease in spleen cellularity occurring with gemcitabine treatment is 

partially compensated for in the CD8+ and CD4+ T lymphocyte subsets by a small increase in 

the percentage composition of these cells as compared with tumour-bearing control animals 

and untreated tumour-bearing animals. However, this does not occur in the B220+ subset, with 

a correspondingly greater decrease in absolute numbers of these mediators of humoral 

immunity. 
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Spleen: lymphocyte subset counts 
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Spleen: lymphocyte subset percentages 
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Lymph nodes: lymphocyte subset counts 
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Figure 4.3 Effect of gemcitabine on lymphocyte subset numbers and percentages in the 

spleen and lymph nodes 

Mice were injected with AB1 -HA tumour and treated with gemcitabine or PBS as per the usual 

schedule. A control group of tumour-free, untreated mice of the same age was also examined. 

Single cell suspensions were prepared from spleens and pooled lymph nodes of experimental 

groups. Cells were stained for FACS analysis of subsets expressing CD4, CD8, and B220 

antigens. Data shown above are mean results from one experiment with five mice in each group 

at each time point. A. Spleen CD8 cell count. B. Spleen CD4 cell count. C. Spleen B220 cell 

count. D. Spleen CD8 percentage. E. Spleen CD4 percentage. F. Spleen B220 percentage. G. 

Lymph node CD8 cell count. H. Lymph node CD4 cell count. I. Lymph node B220 cell count. J. 

Lymph node CD8 percentage. K. Lymph node CD4 percentage. L. Lymph node B220 

percentage. 

* denotes a statistically significant difference between gemcitabine-treated and PBS-treated 

groups, p<0.05. 
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4.2.3 Gemcitabine treatment markedly decreases anti-influenza IgG production in tumour 

bearing mice 

The effects of gemcitabine treatment on anti-tumour antibody production were examined across 

the chemotherapy time course in tumour-bearing mice. Mice were inoculated with AB1-HA 

tumour and treated with gemcitabine as per the standard schedule. Sera were obtained at each 

of four time points, and anti-influenza IgG production was assessed by ELISA (see 2.20). The 

influenza virus bears the HA antigen which binds anti-HA IgG produced in response to tumour 

growth. 

Antibody titres in untreated tumour-bearing mice increased exponentially as tumour size 

increased over the duration of the experiment. However, antibody titres in gemcitabine-treated 

mice were lower at day +5, markedly suppressed at day +13 (p<0.05), and remained 

suppressed nine days after the end of chemotherapy (day +21) (p<0.05) despite tumour re-

growth (Figure 4.4). 

4.2.4 The decrease in specific anti-influenza IgG production following gemcitabine 

treatment is not due to impaired immunoglobulin class switching 

To further investigate the defect in immunoglobulin production, we examined levels of anti-

influenza IgM in the same serum samples used in 4.2.5. An ELISA technique adapted from 2.20 

was used, substituting rat anti-mouse IgM biotin for rat anti-mouse IgG biotin. As no standard 

anti-HA IgM was available for quantitative analysis, this experiment compares IgM production in 

the three groups of mice (tumour-free control, tumour + PBS, and tumour + gemcitabine) by 

comparison of optical density, but was not able to quantify IgM production. One representative 

time point, day +13, was chosen for analysis. 

Influenza-specific IgM levels in tumour-bearing gemcitabine-treated mice were low, and not 

significantly different from levels in tumour-free control mice (Figure 4.5). However, influenza-

specific IgM levels were significantly higher (p<0.05) in tumour-bearing mice which had not 

been treated with gemcitabine. This suggests that the defect in immunoglobulin production 

occurs before class switching. 
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Figure 4.4 Anti-influenza IgG responses in gemcitabine treated mice. 

BALB/c mice were injected with AB1 -HA tumour and treated with gemcitabine as per the usual 

schedule. Serum was obtained by cardiac puncture and centrifugation, then tested for anti-

influenza IgG antibody titre in an ELISA assay. Data shown are from one of three independent 

experiments, each with at least five mice per group at each time point. 

* p<0.05 
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Figure 4.5. Effect of gemcitabine treatment on anti-influenza IgM production. 

Anti-influenza IgM was measured in serum samples used in 4.2.3, from day +13. Samples were 

tested by ELISA as for Figure 4.4, although rat anti-mouse IgM biotin was substituted for rat 

anti-mouse IgG biotin. No standard anti-HA IgM was available for quantitative analysis, 

therefore IgM production in the three groups (tumour free control, tumour + PBS, and tumour + 

gemcitabine) was assessed by comparison of optical density, but was not quantified. This 

represents results of one experiment with five mice per group. 

*p<0.05 
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4.2.5 Gemcitabine treatment decreases anti-influenza IgG production to heat-killed PR8 

virus 

To control for the variable of antigen load as an explanation for the observation in 4.2.3, mice 

were inoculated with heat-killed HA-antigen bearing influenza virus, PR8. Heat-killed virus was 

used because gemcitabine and other nucleoside analogues can potentially inhibit proliferation 

of live virus (Plunkett, Huang et al. 1996), and killed virus would provide a stable, equivalent 

antigen load despite gemcitabine treatment. 

BALB/c mice were inoculated with heat-killed PR8 virus. One and four days after viral 

inoculation, they were treated with one dose of gemcitabine or PBS as per 2.8. Five days 

following viral inoculation, serum was obtained and tested by ELISA for anti-influenza IgG 

levels. Gemcitabine treatment markedly inhibited anti-influenza IgG production compared with 

sham treatment (Figure 4.6) (p<0.001), demonstrating that this effect is independent of antigen 

load. 

4.2.6 Gemcitabine treatment decreases anti-influenza IgG production despite stable 

tumour size 

As a further control for the observation in 4.2.3, the effect of gemcitabine treatment on anti-

influenza antibody production was examined in mice inoculated with the gemcitabine resistant 

cell line, AB1-HA-GR 250. BALB/c mice were inoculated with AB1-HA-GR 250 that had been 

maintained in culture with gemcitabine. Tumour growth rates had been established as identical 

with or without gemcitabine treatment (see 3.2.9). Treatment with gemcitabine was given as per 

the usual schedule. Sera were collected and anti-influenza IgG production was assessed by 

ELISA (see 2.20). Gemcitabine significantly inhibited anti-influenza antibody formation at days 

+13 (p=0.0003) and +21 (p<0.0001) and approached statistical significance at day +5 (p=0.06) 

(Figure 4.7). This inhibition was not observed at small tumour size after one dose of 

gemcitabine (p=0.4588). These data provide further confirmation that the reduction in IgG 

production is due to an effect of gemcitabine and is not an effect of decreasing tumour bulk or 

viral proliferation. 
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Figure 4.6 Effect of gemcitabine on antibody response to a fixed, non-tumour antigen 

load 

BALB/c mice were inoculated i.p. with 500 HA Units of PR8 virus which had been heated to 

65°C for one hour. One and four days after viral inoculation they were treated with gemcitabine 

or sham PBS inoculation as per 2.8. Five days after viral inoculation, serum was obtained and 

tested for anti-HA IgG titre by ELISA. Data shown represent mean results from one of two 

experiments with five mice per group showing similar results. 

*p<0.05 
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Figure 4.7. Effect of gemcitabine treatment on anti-influenza IgG production independent 

of tumour growth 

BALB/c mice were inoculated with 1 x 106 cells of the gemcitabine resistant cell line AB1-HA-

GR 250, and then treated with gemcitabine as per the usual schedule. Serum was obtained by 

cardiac puncture and centrifugation at four different time points, and tested by ELISA for 

quantification of anti-influenza IgG. The data above are mean results from one of two 

experiments showing similar results, each with five mice per group. 

*p<0.05 
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4.2.7 B Lymphocyte proliferation is inhibited by a lower concentration of gemcitabine 

than T lymphocyte or AB1-HA proliferation. 

To further explore why B cell production of anti-HA antibody was so markedly inhibited by 

gemcitabine, the effect of gemcitabine on lymphocyte proliferation to a range of stimuli was 

assessed. The concentration of gemcitabine required to inhibit lymphocyte proliferation by 50% 

(IC50) was determined for exposure to 1. Plate bound anti-CD3; 2. PMA/lonomycin; 

3. Lipopolysaccharide; 4. Plate bound murine IgM; and 5. Activating anti-CD40 antibody, FGK 

45. AB1-HA tumour was also tested. These proliferative stimuli are independent of antigen 

presentation and thus did not require APCs or prior antigen exposure. 

The rationale for use of each stimulus was as follows: 

1. Plate bound anti-CD3 acts as a ligand for the T-cell receptor, stimulating proliferation of 

the subset of cells bearing the TCR. 

2. PMA/lonomycin in combination bypasses antigen reseptor signalling in B and T 

lymphocytes, leading to activation and proliferation of these cells. 

3. Lipopolysaccharide is a potent polyclonal B lymphocyte activator. 

4. Plate bound murine IgM act as a potent stimulus to B cell proliferation. 

5. FGK45 is a CD40 agonist which acts as a stimulus to B lymphocyte proliferation. 

Cells responding to the proliferative stimuli of plate-bound anti-CD3 and PMA/lonomycin had an 

IC50 of 4.60 ng/mL and 6.2 ng/mL respectively (Figure 4.8). This approximated the IC50 of 

AB1-HA determined by the same technique, 5 ng/mL. In contrast, the IC50 of cells proliferating 

in response to lipopolysaccharide, anti-CD40 antibody, and plate-bound IgM was uniformly less 

than 2.2 ng/mL, less than 50% of the concentration required to inhibit AB1-HA. These 

differences are statistically significant (p<0.05). 
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Figure 4.8. IC50 of gemcitabine on lymphocytes exposed to proliferative stimuli. 

A single cell suspension of unpurified BALB/c lymphocytes was seeded into 96-well plates and 

treated with: 1. Plate bound anti-CD3; 2. PMA/lonomycin; 3. Lipopolysaccharide; 4. Plate bound 

murine IgM; 5. FGK 45. AB1-HA tumour was also tested. Gemcitabine was added to test wells 

in log-fold concentrations and incorporation of 3H was measured after 48 hours incubation. The 

concentration of gemcitabine required to inhibit proliferation by 50% (IC50) was determined by 

MTT assay. 

*p<0.05 significantly different from IC50 of anti-CD3, PMA/lonomycin, and AB1-HA. 
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4.3 Discussion 

Gemcitabine abrogates antibody production and inhibits B lymphocyte proliferation 

I have demonstrated a profound decrease in splenic cellularity with gemcitabine treatment. 

Whilst partial loss in the T lymphocyte compartment occurs, there is a correspondingly greater 

decrease in the B lymphocyte compartment, which fails to compensate for a decrease in 

absolute numbers by increasing the relative proportion of B lymphocytes in the spleen. Although 

there are similar trends in lymph node cellularity, the lymph node groups recovered from 

different animals were variable, whereas the spleen is easily and reproducibly dissectable in all 

animals and is thus a better indicator of changes in cell numbers during chemotherapy. 

Furthermore, gemcitabine abrogates the induction of anti-tumour antibodies, an effect which is 

independent of antigen load and tumour size. At concentrations of gemcitabine which are 

inhibitory to tumour growth, there is a more profound suppressive effect on B lymphocyte 

proliferation than on T lymphocyte proliferation, which may partially explain the preferential 

suppression of antibody production and the more marked decrease in B cell numbers. 

These findings do not have obvious negative implications for anti-tumour immunity. The 

important role of CD4+ and CD8+ T cells in anti-tumour immunity is now widely acknowledged. 

Adoptive transfer studies have demonstrated that CD8+ T cells are the effectors of an anti-

tumour response (Melief 1992), and CD4+ T cells have been shown to be important participants 

in an effective anti-tumour response at numerous time points (reviewed in Chapter One). In 

patients, allogeneic bone marrow transplantation has demonstrated the role of T cells in anti-

tumour immunity. Transplants depleted of T cells are associated with a higher risk of relapse in 

patients with CML and AML (Horowitz, Gale et al. 1990), and relapses can be treated by donor 

lymphocyte infusions containing T cells (Porter and Antin 1999). No such role has been shown 

for B lymphocytes or anti-tumour antibody production in murine models or in humans. Although 

antibody reponses do not generally correlate with resistance to tumour, in some experimental 

situations, immune sera have even been shown to enhance tumour growth, ostensibly by 

blocking access of tumor specific lymphocytes to their target (Hellstrom and Hellstrom 1974). 

That B cells and their products might inhibit the induction of T cell-dependent tumour immunity 

has been more recently revisited by analysing tumour immunity in B cell-deficient mice (Qin, 
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Richter et al. 1998). These mice controlled tumour growth more readily than their normal 

littermates, allowing the authors to conclude that the low immunogenicity of tumours is 

compounded by B cells whose presence in the priming phase results in disabled CD4+ T cell 

help for CD8+ CTL. Hence, there is some evidence that the presence of B cells and their 

products may even be detrimental to anti-tumour immunity. 

Gemcitabine may decrease humoral responses to vaccination in cancer patients 

Although my findings may not be detrimental to anti-tumour immunity, there are other 

implications of these findings which may be important for cancer patients. Gemcitabine may 

decrease the efficacy of vaccination programs in cancer patients. Vaccination protocols against 

specific pathogens which require a humoral response for maximal benefit may not give 

adequate disease protection in patients treated with gemcitabine. In the adult population, 

vaccination against influenza virus is now widely recommended in patients with concomitant 

medical illness such as advanced malignancy. In patients undergoing chemotherapy for 

haematological malignancies, protective increases in anti-HA and anti-neuraminidase 

antibodies were observed (Brydak and Calbecka 1999), and lung cancer patients undergoing a 

variety of treatments also showed protective antibody levels in over 75% of cases (Anderson, 

Petrie et al. 1999). Sixty-six percent of children being immunised for influenza made some 

protective response to the vaccine after treatment for acute leukemia (Chisholm, Devine et al. 

2001). The humoral immune response to influenza vaccine has been studied in a small group of 

nine women with breast cancer, and did not differ significantly from a control group of 19 healthy 

women (Brydak, Guzy et al. 2001). However, these studies have not been performed in patient 

groups likely to be receiving treatment with gemcitabine, such as those with pancreatic or non-

small-cell lung cancer. 

Responses to other vaccinations in cancer patients have generally been studied in paediatric 

populations, and after a variety of combination chemotherapy protocols, making it impossible to 

assess the contribution of any one cytotoxic agent. Nevertheless, humoral responses to 

diphtheria and tetanus toxin and poliomyelitis virus were depressed in a paediatric cancer 

population which had undergone an adequate age-appropriate vaccination protocol, many of 

whom had received cytotoxic chemotherapy (von der Hardt, Jungert et al. 2000; von der, 

Jungert et al. 2000). Serologic responses to Hepatitis B vaccine have also been shown to be 
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markedly depressed in paediatric populations receiving combination chemotherapy (Hovi, Valle 

et al. 1995; Polychronopoulou-Androulakaki, Panagiotou et al. 1996). 

The humoral immune response to tumour is also used to test responses to autologous tumour 

antigens which may be stimulated by an immunotherapy protocol. This centre, Sir Charles 

Gairdner Hospital, is currently performing western blotting on the sera of mesothelioma patients 

undergoing a vaccination protocol with autologous tumour and a G-CSF adjuvant (Powell, 

Robinson et al. personal communication). In the future, this protocol may be combined with 

chemotherapy. Our current standard of care for malignant mesothelioma in this centre is a 

combination of two drugs, gemcitabine and cisplatin (Byrne, Davidson et al. 1999; Nowak, 

Byrne et al. 2002). Clearly, it would be important to test the effect of gemcitabine on sequential 

anti-tumour antibody responses as assessed by western blotting, as the drug may render this 

method of assessing anti-tumour response ineffective. 

In patients, the relevance of these findings for vaccination could be most easily tested in groups 

of patients requiring chemotherapy with single-agent gemcitabine, such as those with 

pancreatic cancer or elderly patients with non-small-cell lung cancer. Both groups would 

commonly be recommended to have the influenza vaccine to prevent the serious morbidity of 

this disease. Control groups not undergoing chemotherapy would be readily available, although 

this would not, of course, be a randomised comparison. 

Chapter summary 

In conclusion, gemcitabine diminishes IgG antibody production, and this effect is independent of 

tumour size. B cells are more sensitive than T cells to the anti-proliferative effects of this drug. 

This is unlikely to be detrimental to anti-tumour immunity, but may have negative implications 

for establishment of vaccine-elicited humoral immune responses in patients treated with 

gemcitabine. 

Chapter Five will examine the cellular arm of the specific anti-tumour immune response. 
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Chapter 5: Effect of gemcitabine on antigen-specific 

anti-tumour immunity 
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5.1 Introduction 

Having examined the effects of gemcitabine on the B cell compartment and humoral immunity, I 

next focused on the effects of this drug on antigen-specific cellular immunity. T cell immunity 

has been shown repeatedly to be highly important in tumour rejection in animal models and in 

patients (reviewed in Melief 1992; Porter and Antin 1999). In this tumour model, although 

adoptive transfer of HA specific CD8+ lymphocytes alone can mediate tumour rejection in 

approximately 40% of animals given tumour one day later, protection increases to 100% when 

mice receive HA-specific CD4+ lymphocytes as well (Marzo, Lake et al. 1999b). Thus, it is 

reasonable to hypothesise that if gemcitabine mediates any alteration in numbers or function of 

either CD8+ or CD4+ T lymphocytes, anti-tumour immunity may be altered. 

In this chapter, the majority of experiments were performed using the same schedule described 

in Chapters Three and Four. Most experiments were performed following in vivo gemcitabine 

treatment. I examine cellular immunity over the complex series of events associated with the 

development of anti-tumour immunity, starting from the ability of the APC to acquire and present 

antigen, followed by the ability of T lymphocytes to proliferate in response to antigen 

presentation, and finally their subsequent localisation to tumour and CTL killing ability. 

Firstly, the effect of in vivo treatment with gemcitabine on antigen presentation and subsequent 

T cell proliferation is examined. In order for antigen-specific cellular immunity to develop, the 

tumour must first be encountered by an antigen presenting cell, and antigens taken up, 

processed, and presented to the CD4+ and CD8+ T lymphocytes with appropriate co-

stimulation. These lymphocytes become activated, and are then able to proliferate. Previous 

work has shown that antigen presentation, and consequent T cell proliferation, occurs earlier 

when the HA antigen is expressed at a high level, and later when HA expression is lower 

(Marzo, Lake et al. 1999a), although tumour sizes are similar. This suggests that there may be 

a threshold for antigen presentation which is be related to total antigen load. Because tumours 

continue to grow when untreated, the antigen load increases with tumour size, and tumour size 

may affect the kinetics and amount of antigen presentation. When treated with gemcitabine, the 

tumour size and thus the antigen load remains small. 
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The assay used in these experiments is an adoptive transfer model in which lymph node cells 

from the syngeneic class I restricted HA-specific transgenic line CL4 (Morgan, Liblau et al. 

1996) are labelled with the fluorescent dye CFSE and then adoptively transferred into AB1-HA 

inoculated mice. Cells labelled with CFSE retain approximately half the original fluorescence of 

the parent cell on division, and this decay in fluorescence intensity can be detected on a FACS 

histogram for up to seven divisions (Lyons and Parish 1994). Lymphocyte proliferation is only 

seen if antigen is present and available for uptake by APCs and subsequent presentation in the 

appropriate context, following CD4+ help (cross-presentation). Thus many of the important first 

steps in anti-tumour immunity can be evaluated. The gemcitabine-resistant cell line AB1-HA-

GR250 was used in some experiments to control for the variable of tumour size and thus 

antigen load. 

Secondly, the effect of in vivo treatment with gemcitabine on the ability of lymphocytes to 

proliferate to both specific and non-specific stimuli is examined, using gemcitabine treated 

lymphocytes and untreated APCs. The lymphocyte proliferation assay is a way to monitor an 

important immunological process, the ability of the lymphocyte to proliferate and clonally 

expand. The mechanism of action of gemcitabine suggests that it might compromise this 

important function. Dividing lymphocytes rely on the availability of adequate deoxynucleotide 

pools and uninterrupted DNA synthesis. Gemcitabine depletes deoxynucleotide pools and 

inserts a fraudulent nucleotide into the elongating DNA chain, followed by insertion of another 

nucleotide which hides this false nucleotide from excision repair mechanisms (Storniolo, 

Allerheiligen et al. 1997). Whilst in vitro gemcitabine treatment could have been used, in vivo 

treatment followed by an ex vivo assay was chosen as this enabled me to give a physiologically 

relevant dose of gemcitabine, and to examine a physiologically relevant series of time points 

incorporating the early effects of gemcitabine as well as the haematological recovery phase. 

The ability of the APC to present peptide to tumour specific lymphocytes after in vivo treatment 

is examined in a similar manner, using lymphocytes which had not been gemcitabine treated to 

delineate the effects on these different populations. I did not expect to see any detrimental 

effect of gemcitabine on antigen presentation, as this event is independent of DNA synthesis 

and cell division. 
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It has been shown previously in this tumour model that the presence of C D 4 T cells is 

necessary to maintain CD8 killing ability over time, and that without CD4+ T cell infiltration, 

CD8+ T cells do not accumulate in the tumour environment (Marzo, Lake et al. 1999b). I 

examine the effect of gemcitabine on T cell, macrophage and dendritic cell tumour infiltration 

using immunohistochemistry, and confirm antigen specificity by staining with class I tetramers to 

identify HA-specific CD8+ T cells. 

Finally, the functional ability of tumour-specific CD8 T cells to kill tumour is clearly of paramount 

importance in anti-tumour immunity. CD8+ T cells may be able to kill tumour cells upon direct 

recognition of peptide antigens associated with MHC class I molecules (Pardoll and Topalian 

1998). Subsequent tumour cell death occurs either by the secretion of cytotoxic cytokines such 

as TNFa and IFN^y, by Fas-Fas Ligand interaction, or by contact-dependent mechanisms such 

as the granule-exocytosis pathway in which perforin allows entry of cytotoxic granules into the 

target cell, resulting in nuclear degradation. In this chapter, the effect of in vivo treatment with 

gemcitabine on CTL killing is examined, using an in vivo CTL assay. This assay has some 

advantages, as it does not require in vitro re-stimulation of CTL precursors, an assay which may 

be examining the ability of memory cells to proliferate and kill. However, the disadvantage of the 

in vivo CTL assay is the use of peptide labelled splenocytes as targets, which may not 

necessarily truly reflect tumour killing ability, and the inability to assess killing at the tumour site. 

I also look at whether gemcitabine alters the ability of AB1-HA to act as a target for CTL activity, 

using an in vitro chromium release assay. 

This chapter concludes the exploration of how gemcitabine alone alters the antigen-specific 

immune response. 
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5.2 Results 

5.2.1 Effective gemcitabine treatment increases cross-presentation of antigen as a 

function of tumour size 

The source of cross-presented antigen is controversial, with different authors proposing either 

live or apoptotic cells. Tumour cell death after gemcitabine treatment may decrease the amount 

of live tumour available as a source of antigen. Alternatively antigen availability in the draining 

lymph node may increase after cell death, allowing for increased antigen uptake by DCs and 

subsequently more cross-presentation of antigen to CD8+ T cells. The proliferating lymphocytes 

themselves should not be affected by gemcitabine in this experiment as they are adoptively 

transferred after metabolism of the drug has occurred. 

Mice were inoculated with AB1-HA tumour and treated with gemcitabine or PBS (see Chapter 

Three). Adoptive transfer of CFSE labelled CL4 lymphocytes was performed at four time points 

in the chemotherapy cycle. Three days later, lymphoid tissues were analysed by FACS for the 

percentage of lymphocytes proliferating (i.e. no longer in the "parent peak".) 

At no time point, with or without gemcitabine chemotherapy, was antigen presentation observed 

in the CLN, MLN, or spleen different to tumour-free control animals (data not shown). Negligible 

antigen presentation occurred at these sites. This is consistent with the findings of previous 

researchers in tumour-bearing and tumour-free animals at these sites (Marzo, Lake et al. 

1999a). 

Previous work had shown that there was a threshold of antigen load for presentation to occur 

(Marzo, Lake et al. 1999a). Proliferation is not seen early with a small antigen load. Hence, the 

raw data were confounded by differences in tumour size and thus antigen load, as gemcitabine 

decreases tumour burden. Data were therefore analysed by linear regression correlating tumour 

size with proliferation. There was a linear relationship between lymphocyte proliferation (and 

thus antigen presentation) and tumour size (Figure 5.1) for both control animals and 

gemcitabine treated animals, antigen presentation increasing with increasing tumour size. 

However, the slopes of the lines were significantly different, with gemcitabine-treated animals 

demonstrating approximately a doubling of proliferation when related to tumour size as 

compared with control animals (p=0.02). 
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Figure 5.1. Correlation between antigen presentation and tumour size 

BALB/c mice were injected with 1 x 106 cells AB1-HA and treated with gemcitabine or PBS on 

the standard schedule. At days +1, +5, +13 or +21 after the start of treatment, animals were 

adoptively transferred with 1 x 107 CFSE labelled CL4 lymphocytes. Three days later, mice 

were culled and the draining lymph nodes analysed for proliferation of labelled lymphocytes by 

FACS. Tumour size (mm2) was measured at this time. Individual data points were plotted 

showing the percentage of proliferating labelled cells vs tumour size. Data above also includes 

an experimental group treated with advanced tumours (approximately 8x8 mm) to include 

treated animals with larger tumours. Data are shown for 40 animals per group, representing ten 

different experiments with four animals per group. At each time point the experiment was 

repeated at least twice. A linear regression analysis was performed, and the p value (<0.02) 

represents the significance of the difference between the slopes of the two lines. 
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5.2.2. Increased cross-presentation does not occur in gemcitabine resistant tumours 

I examined whether the observed increase in cross-presentation relative to tumour size 

occurred in the absence of tumour cell apoptosis after gemcitabine treatment, to ask the 

question whether the drug actions were on the tumour or on the antigen-presenting cells 

themselves. 

Mice were inoculated with AB1-HA-GR250 tumour and treated with gemcitabine at a range of 

tumour sizes comparable to those of the previous experiment. Adoptive transfer of CFSE 

labelled CL4 lymphocytes was performed after chemotherapy and three days later the DLN was 

removed and analysed by FACS. Other lymph node sites were not examined as previous 

experiments had failed to demonstrate proliferation outside the DLN. 

Whilst PBS treated animals retained a correlation between tumour size and cross-presentation 

(p=0.0025) as in 5.2.1, in mice treated with gemcitabine the slope of the line was not 

significantly different from zero (p=0.18). However, when the two lines were compared, there 

was no significant difference between them (p=0.1). This suggests that the increasing cross-

presentation relative to tumour size demonstrated in 5.2.1 above is dependent upon tumour cell 

death rather than change to APC or lymphocyte properties after gemcitabine treatment. Indeed, 

the trend demonstrated by these results suggests that the effect of gemcitabine independent of 

cell death may actually be detrimental to APC ability to take up, process or present antigen. 
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Figure 5.2 The effect of gemcitabine on cross-presentation by resistant tumour 

Mice were injected with 1 x 106 cells AB1-HA-GR250, and at four later time points were treated 

with gemcitabine or P B S three, six, nine, or nine and 12 days after tumour inoculation. Adoptive 

transfer of C F S E labelled CL4 lymphocytes was performed either one day after chemotherapy 

or, for mice given treatment on days nine and 12, on day 14. The latter two points corresponded 

to days +1 and +5 on the usual treatment schedule. Three days later, mice were culled and the 

DLN analysed for lymphocytes proliferation by FACS. Tumour size (mm2) was measured at 

culling. Individual data points are plotted above showing A. proliferating labelled cells vs tumour 

size and B. percent proliferating at individual time points (B). Data are shown for 16 animals per 

group, in two separate experiments, p value in A. represents the significance of the difference in 

slope between the two linear regression lines, p values in B. represent the results of Student's t 

tests between groups treated with gemcitabine and P B S 
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5.2.3 Antigen presentation does not occur earlier with gemcitabine treatment 

As increased antigen presentation after gemcitabine treatment appeared to occur with a smaller 

tumour burden, and may have been increased with tumour antigen release after apoptotic cell 

death, I hypothesised that antigen presentation in gemcitabine-treated animals may be evident 

at an earlier time point, prior to development of presentation in untreated animals. Several 

earlier time points were examined, prior to the development of palpable tumour or the normal 

start of chemotherapy. Whilst chemotherapy was routinely commenced at day 9 following 

tumour inoculation, at which point the tumour was just palpable, in this experiment mice were 

treated with a single dose of gemcitabine 6, 5, and 3 days following tumour inoculation. Antigen 

presentation was assayed as per 5.2.1, adoptively transferring CFSE labelled CL4 lymphocytes 

24 hours after gemcitabine treatment, on days 7, 6, and 4. 

These results were examined as absolute percentages of proliferating cells rather than 

proliferation vs tumour size, as the aim of this experiment was to detect presentation in treated 

animals when untreated animals were below the threshold for detection of presentation using 

this assay. Proliferation was present and was not different between gemcitabine and control 

treated animals at six and seven days after tumour inoculation although there was more 

variability amongst the animals treated with gemcitabine (Figure 5.3). However, at the earlier 

time point, four days after tumour inoculation, proliferation was low in both groups. This 

suggests that even if gemcitabine is increasing the antigen load available for presentation at this 

early stage of tumour development, the threshold for antigen presentation has still not been 

reached. Still earlier time points were not tested as proliferation was low at day 4 and was 

expected to be even less at earlier time points. 
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Figure 5.3 The effect of gemcitabine on class I antigen presentation at early time points 

Mice were injected with 1 x 106 cells of AB1-HA and treated with one dose of gemcitabine i.p. 

120 jjg/g or PBS 24 hours prior to adoptive transfer with CFSE labelled CL4 lymphocytes either 

four, six or seven days after the tumour challenge. Three days later, mice were culled and DLN 

analysed for lymphocyte proliferation by FACS. Individual animal data points have been plotted 

showing the percentage of proliferating labelled cells. This represents one separate experiment 

at each time point examined. Four mice per group were examined at days 6 and 7, and nine 

mice per group were used on day 4. p values represent the results of Student's t test between 

control and gemcitabine treatment groups at each time point. 
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5.2.4 Gemcitabine treatment increases the proliferation of antigen-specific CD4+ T cells 

in the draining lymph node 

In view of the results above, I hypothesised that tumour cell death resulting from gemcitabine 

treatment may also lead to earlier or increased antigen presentation to C D 4 + T cells via the 

exogenous pathway of antigen presentation. This hypothesis was tested using the same 

technique as in 5.2.1; however, lymph node cells from the class II restricted T C R transgenic line 

(HNT mice (Scott, Liblau et al. 1994)) were used instead of CL4 mice. The technique was 

otherwise as described in 5.2.1 above. Antigen presentation after treatment of both AB1-HA 

and AB1-HA-GR250 was examined. Gemcitabine was given 24 hours prior to adoptive transfer 

of C F S E labelled lymphocytes, so the gemcitabine was not able to directly affect proliferating 

lymphocytes, but reflects availability of antigen for presentation and the ability of the A P C to 

present it in the appropriate context. 

Minimal proliferation was seen in the contralateral lymph nodes or spleens of tumour-bearing 

animals inoculated with either AB1-HA or AB1-HA-GR (data not shown). This was consistent 

with previous experience in this model (Marzo, Lake et al. 1999a). In the draining lymph node, 

pooled results from four separate experiments using six or seven animals per group 

demonstrated a small but statistically significant increase in proliferation in gemcitabine-treated 

animals inoculated with AB1-HA (p=0.0177) (Figure 5.4). The difference was significant in only 

two of four individual experiments. However, the trend was sustained in each experiment. In 

contrast, no such effect was seen in animals inoculated with AB1-HA-GR250 (p=0.2211), and in 

individual experiments the direction of the difference varied in the two experiments performed. 

I a m aware of the pitfalls of analysis using pooled data, and the relatively small magnitude of 

this effect. However, this is a labour-intensive technique and it was not technically feasible to 

use the large animal numbers necessary to demonstrate unequivocal statistical significance in 

each individual experiment. Although the magnitude of the effect is small, the results are 

consistent with the effects demonstrated on cross-presentation. 
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Figure 5.4 Effect of gemcitabine on class II antigen presentation in the draining lymph 

node 

Mice were inoculated with either AB1-HA or AB1-HA-GR 250. Nine days later (day 0), mice 

were treated with either one dose of gemcitabine or sham treated with PBS. The following day 

(day +1) groups were adoptively transferred with 1 x 107 CD4+ HA specific T cells from HNT 

mice which had been labelled with CFSE. Three days later, mice were culled and draining and 

non-draining lymph nodes and spleens were analysed by FACS, gating on the CFSE labelled 

population. Data above show results from the draining lymph node only. Points plotted 

represent individual animal results showing the percentage of gated cells which had proliferated 

out of the parent peak. These data represent pooled results from four separate similar 

experiments, each with a minimum of six mice per group (AB1-HA) and two experiments each 

with seven mice per group (AB1-HA-GR 250). p values are shown from Student's t tests 

comparing gemcitabine treatment vs sham treatment in each tumour. 
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5.2.5 Gemcitabine increases T lymphocyte proliferation to tumour-specific peptides 

After antigen uptake and presentation in the appropriate context, activated tumour-specific 

lymphocytes must be able to proliferate and clonally expand in order to mediate a successful 

anti-tumour immune response. I examined the ability of unsorted lymphocytes to proliferate in 

response to stimuli specific for the anti-HA class I and II responses, as well as non-specific T 

cell proliferative stimuli. 

Mice were injected with AB1-HA and treated with gemcitabine. At days +1, +5, +13, or +21 

following the start of treatment, proliferation of lymph node cells was assessed in a thymidine 

release proliferation assay using spleens from tumour-free untreated BALB/c mice as APCs. 

Stimuli to proliferation were: plate-bound anti-CD3, PMA and ionomycin, and log-fold dilutions of 

HNT or CL4 peptides. 

These experiments were initially performed in mice which had not received adoptive transfer of 

HNT or CL4 lymphocytes. Without adoptive transfer, proliferation in response to HNT and CL4 

peptides was low and was difficult to distinguish from baseline control proliferation (data not 

shown). Therefore for subsequent experiments, all groups of mice were adoptively transferred 

with HNT and CL4 lymphocytes at day -1, one day before the start of gemcitabine treatment. 

Proliferation was maximal after 48 hours of incubation in every experiment, and data shown and 

discussed are from this time point. 

Proliferation of lymphocytes from gemcitabine-treated mice was the same or reduced to non

specific stimuli (plate-bound anti-CD3 or PMA/lonomycin). At days +5 and +21, proliferation was 

significantly lower (p<0.05) in lymphocytes from gemcitabine-treated mice when stimulated with 

plate-bound anti-CD3 (Figure 5.5). However, proliferation was generally increased to the 

tumour-specific peptides, HNT and CL4. At days +5 and +21, this increase was statistically 

significant at all concentrations of both peptides (p<0.05). At day +1, the increase in proliferation 

was not significant for CL4 1 //g/mL, although it was significant (p<0.05) for all other 

concentrations of CL4 peptide. Results were similar in three repeat experiments. 
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Figure 5.5 Effect of in vivo gemcitabine treatment on ex vivo lymphocyte proliferation 

Groups of four mice were injected with 1 x 106 cells of AB1-HA tumour or a sham injection. 

Eight days later, animals were adoptively transferred with 1 x 107 of each of HNT and CL4 

transgenic lymphocytes, and the following day treatment with gemcitabine or PBS was started 

on the usual schedule. At four time points during and after treatment (days +1, +5, +13, and 

+21) mice were culled and their lymph nodes made into a single cell suspension to test 

proliferation to dilutions of HA peptides (HNT and CL4) and non-specific stimuli (no stimulus, 

plate-bound anti-CD3, or PMA/lonomycin). Tumour free BALB/c lymph nodes were also tested. 

Lymphocytes were added in triplicate to wells containing proliferative stimuli and irradiated 

BALB/c spleens as APCs. Tritiated thymidine was added to test wells 24, 48, or 72 hours after 

the start of co-incubation of APCs and lymphocytes and harvested 16 hours later. Data shown 

represent one of three experiments at maximal proliferation, 48 hours. Results were similar 

between the three experiments. 

p<0.05 by Student's t test between gemcitabine and P B S treated groups. 
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5.2.6 Gemcitabine treatment does not alter the antigen-presenting ability of the APC 

I examined the effect of gemcitabine treatment on the APC population used to present antigen 

in a lymphocyte proliferation assay. APCs from tumour-free mice were used as I did not want 

this cell population to have the opportunity to load and process antigen before gemcitabine 

treatment, and their first exposure to antigen was in vitro. Tumour-free mice were either treated 

with two injections of gemcitabine, or with PBS. Two days after the final injection, mice were 

culled and spleens made into a single cell suspension. Half the spleens from each group were 

irradiated. Irradiation was included as this formed a part of the usual lymphocyte proliferation 

assay protocol, and decreased the contribution of proliferation from splenic lymphocytes to the 

assay result. Proliferation of HNT lymphocytes to titrations of HNT peptide or non-specific 

stimuli was assessed, as was proliferation of CL4 lymphocytes to dilutions of CL4 peptide or the 

same non-specific stimuli (see 2.19). The non-specific stimuli do not require functional APCs to 

increase lymphocyte proliferation. 

Proliferation was maximal at 48 hours. There were no significant differences between antigen-

specific proliferation for those groups whose APCs had or had not received gemcitabine, either 

for presentation to CD4+ or CD8+ T lymphocytes (Figure 5.6). As expected, gemcitabine 

treatment of APCs did not affect proliferation to non-specific stimuli such as PMA/lonomycin, 

anti-CD3, or no stimulus. Splenic irradiation had an equivalent detrimental effect on lymphocyte 

proliferation when either no stimulus (control) or a non-specific stimulus (anti-CD3, P/l) was 

used, due to the amelioration of the contribution of non-irradiated (and thus proliferating) splenic 

lymphocytes to assay results. This effect was similar with or without gemcitabine (data not 

shown). 

These results further confirm the observations in 5.2.2 above, suggesting that the effect of 

gemcitabine in augmenting antigen presentation is a consequence of increased antigen 

availability rather than a direct effect on APCs. 
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Figure 5.6 Effects of gemcitabine treatment in vivo on antigen-presenting ability of A P C s 

Groups of four mice were treated with two doses of gemcitabine i.p.120 fjg/g, three days apart. 

Two days after the final injection, mice were culled and their spleens irradiated and used as 

APCs in a lymphocyte proliferation assay. Stimuli to proliferation were: no stimulus, 

PMA/lonomycin, or dilutions of HNT or CL4 peptide, according to the transgenic lymphocyte 

population used in the assay. Proliferation of A. HNT lymphocytes, and B. CL4 lymphocytes is 

shown in response to antigen presentation by treated APCs. Data shown represent one of three 

experiments with similar results, p values for the comparison between treatment groups using 

Student's t test are shown in adjacent tables. 
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5.2.7 Tumour infiltration by CD4+ and CD8+ T lymphocytes increases over the course of 

gemcitabine treatment 

Once a tumour-specific lymphocyte has been activated and divided, its daughters must be able 

to traffic to the tumour site and infiltrate the tumour in order to perform a CTL function. Previous 

work has shown that tumour-specific CD4+ T lymphocytes are necessary to maintain both 

CD8+ presence in the tumour and CTL activity (Marzo, Lake et al. 1999b). In order to examine 

any changes in tumour lymphocyte, macrophage and DC infiltration induced by gemcitabine 

treatment, immunohistochemistry staining of gemcitabine or PBS treated AB1-HA tumours was 

performed. 

Mice were injected with AB1-HA and treated with gemcitabine, then culled for 

immunohistochemistry of tumours at different time points along the treatment course. 

CD4+ and CD8+ T lymphocyte numbers always paralleled each other, with CD4+ lymphocytes 

being uniformly more numerous (Figure 5.7). In untreated tumours, lymphocyte infiltration 

decreased with increasing tumour size and growth duration. This observation has been made 

before in AB1-HA (Marzo et al, unpublished data). By day +13 (22 days after tumour 

inoculation), lymphocyte infiltration was negligible. In contrast, tumours treated with gemcitabine 

showed a non-significant decrease in infiltration relative to untreated tumours at day +5, 

corresponding with the decreased number of lymphocytes seen on lymphoid organ examination 

at this time. However, at days +13 and +21, lymphocyte infiltration was increased more than 

ten-fold in gemcitabine-treated tumours when compared with untreated tumours, with infiltration 

similar to numbers seen in small, early tumours. Macrophage infiltration varied within tumours 

and between animals, being too numerous to quantify, but approximately 50% of total cells. 

There was no difference between macrophage infiltration in treated or untreated animals nor 

was there any consistent change over different time points during tumour growth (data not 

shown). 
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Figure 5.7 CD4+ and CD8+ T lymphocyte infiltration of AB1-HA tumour following 

gemcitabine treatment 

Groups of three mice were inoculated with 1 x 106 cells of AB1-HA tumour and treated with 

gemcitabine or PBS control. Mice were culled and tumours removed on days +1, +5, +13, and 

+21 after the start of chemotherapy. Tumours were frozen as tissue blocks, and sectioned as 

per 2.18. Sections were then stained for CD4+ and CD8+ cell markers. Tumour sections were 

photographed and positive staining cells in a standardised field were counted visually with the 

aid of a computerised measurement program to mark and count for a semi-quantitative analysis 

of cell numbers. Results above represent the mean +/- SE of cell numbers per field from each 

group at each time point. 

Figure 5.7 C overleaf shows representative immunohistochemistry slides from each group. 
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5.2.8 The increased CD8+ lymphocyte infiltration observed with gemcitabine treatment is 

not predominantly HA-specific 

It was important to examine whether the increase in lymphocyte infiltration was specific for the 

HA neo-antigen, or represented non-specific infiltration. CD8+ T cells have a lytic function and 

are the most likely effector cells for eradicating a solid tumour which is MHC class T and class 

II". Because of this pattern of MHC expression, AB1-HA is a target for CD8+ T cells but not for 

CD4+ T cells; however, in this model antigen-specific CD4+ T cells are necessary to maintain 

CD8+ cell numbers within the tumour, and also their CTL function (Marzo, Lake et al. 1999b). 

Mice were injected with AB1-HA tumour and treated with gemcitabine, and then tumours and 

lymphoid tissues removed along the treatment time course. Cell suspensions were double-

stained with class l+ MHC-HA tetramer complex and anti-CD8 antibody and analysed by FACS 

to determine the percentage of CD8+ T cells specific for HA (see 2.25, 2.26). 

At no time point was there any difference in the numbers of HA-specific CD8+ T lymphocytes in 

the spleen or lymph nodes of gemcitabine-treated or control animals (Figure 5.8). When the 

tumour was examined, there was a statistically significant increase in tetramer-positive cells in 

gemcitabine-treated animals at day +13. No significant difference was detected at other time 

points. The increase in tetramer-positive cells at day +13 was smaller in magnitude than the 

increase in CD8+ T cells at this time point. 

The experiment above did not support the hypothesis that the increase in CD8+ tumour 

infiltration was due to an increase in HA-specific lymphocyte infiltration. There are two possible 

explanations for this. Firstly, the infiltrate could be polyclonal and composed of lymphocytes 

without specificity for this tumour, and there is almost certainly a non-specific infiltrate present in 

most tumours. Secondly, it is possible that the HA neo-antigen is not dominant in this situation, 

and that the tumour-specific response is to an unidentified "natural" tumour antigen. To further 

examine this, I increased the precursor frequency of HA-specific lymphocytes by adoptively 

transferring both HNT and CL4 lymphocytes into both treatment and control groups of mice one 

day prior to the start of gemcitabine treatment. In this way, I could detect by tetramer staining 

whether gemcitabine treatment increased the ability of tumour-specific lymphocytes to enter the 

tumour milieu. The experiment then proceeded as described above, although in this instance 
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draining lymph nodes and spleens were not analysed due to time constraints and the absence 

of any differences in these areas in the experiment above. 

There were again no significant differences in infiltration with HA-specific CD8+ lymphocytes 

between the gemcitabine-treated and control groups at one and five days after the start of 

treatment (Figure 5.9). At days +13 and +21 after the start of treatment, the increase in HA-

specific CD8+ lymphocytes was statistically significant. The magnitude of the increase was 

small at day +13; however, at day +21 one mouse had over 7.5% intratumoural gated cells 

which were HA-specific and another 5.0%. At this time point, the gemcitabine-treated group 

included only three mice, as two mice died from treatment toxicity. 
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Figure 5.8 The effect of gemcitabine on HA-specificity of the CD8+ T cell infiltrate without 

adoptive transfer 

Groups of five mice were injected with 1 x 106 cells of AB1-HA tumour and treated with 

gemcitabine or PBS. At days +1, +5, +13 and +21 after the start of treatment, mice were culled 

and their tumours, DLN and spleens made into a single cell suspension prior to double-staining 

with class T MHC-HA tetramer complex and anti-CD8 antibody (2.25,2.26). The cells were then 

analysed by FACS, gating on CD8+ cells, and the percentage of CD8+ T cells recognising the 

CL4 peptide in the context of Kd was determined. Data shown represent the percentage of cells 

staining double-positive at each site, and at each of the four time points. This experiment was 

done once. 

p>0.05 
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Figure 5.9 The effect of gemcitabine on HA-specificity of the CD8+ T cell infiltrate with 

adoptive transfer 

Groups of five mice were injected with 1 x 106 cells of AB1-HA tumour and treated with 

gemcitabine or PBS. One day before the start of treatment, mice were adoptively transferred 

with 1 x 107 of each of HNT and CL4 lymphocytes. At days +1, +5, +13 and +21 after the start 

of treatment, mice were culled and their tumours made into a single cell suspension prior to 

double-staining with class l+ MHC-HA tetramer complex and anti-CD8 antibody (2.25, 2.26). 

Cells were analysed by FACS, gating on CD8+ cells, to determine the percentage of CD8+ T 

cells recognising CL4 peptide in the context of Kd. Data shown represent the percentage of cells 

staining double-positive at four time points. This experiment was done once. 

p values are shown for comparisons by Student's t test between the two groups. 
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5.2.9 Gemcitabine treatment does not alter cytotoxic T lymphocyte killing ability in the 

DLN, CLN, or MLN but decreases killing ability in the spleen 

The functional ability of CTL to kill their tumour target is of paramount importance in anti-tumour 

immunity. This was tested using the in vivo CTL assay. This experiment was initially performed 

without adoptive transfer of HA-specific lymphocytes; however, killing was low and it would have 

been difficult to detect any small differences following gemcitabine treatment (data not shown). 

Hence, the experiment was repeated using adoptive transfer of HNT and CL4 lymphocytes to 

raise the precursor frequency of HA-specific lymphocytes. 

Mice were inoculated with AB1-HA tumour and eight days later adoptively transferred with HNT 

and CL4 transgenic lymphocytes (see 2.10). The following day (Day 0) mice started treatment 

with gemcitabine or PBS. The functional capacity of CD8+T cells from the DLN, CLN, MLN, and 

spleen was tested at days +1, +5, +13, and +21 after the start of chemotherapy using an in vivo 

CTL assay (Oehen and Brduscha-Riem 1998) (see 2.22). 

Gemcitabine did not significantly alter CD8 killing ability in the DLN, CLN, or MLN as compared 

with PBS-treated animals at any time point (Figure 5.10). Killing ability in the spleen was, 

however, slightly but significantly reduced by gemcitabine during the period of drug treatment 

(days +1, +5, and +13) but was again equivalent to killing in the control group by day +21. 

Tumour-free mice adoptively transferred with HNT and CL4 transgenic lymphocytes showed 

higher levels of killing than negative control mice, but gemcitabine did not significantly alter this 

in the absence of tumour (data not shown). Positive control mice inoculated with PR8 virus 

showed high levels of killing in each experiment. 
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Figure 5.10 Effect of gemcitabine treatment on cytotoxic T lymphocyte killing 

Groups of five mice were inoculated with 1 x 106 cells of AB1-HA tumour, then adoptively 

transferred with 1 x 107 of each of HNT and CL4 transgenic lymphocytes eight days later. The 

following day (Day 0), treatment started with gemcitabine or PBS. On days +1, +5, +13, and +21 

after the start of treatment, BALB/c spleen cells were differentially labelled with log-fold different 

intensities of CFSE, giving CFSEHIGH and CFSEL0W groups. CFSEHIGH cells were pulsed with 

CL4 peptide, whilst CFSELOW cells were not to control for non-specific mechanisms of cell loss. 

Cells were then mixed at a 1:1 ratio and injected i.v. into mice. The following day, mice were 

culled and their DLN (A), CLN (B), MLN (C), and spleens (D) made into a single cell 

suspension. CTL effector function was measured by assessing the loss of the CFSEHIGH peak 

by flow cytometry 20 hours after the transfer of fluorescent targets. Percent killing was assessed 

by subtracting the relative proportion of target cells remaining in the CFSEHIGH peak from 1. 

These data are from one experiment which was not repeated due to restrictions placed on long-

term adoptive transfer in the animal facility. 
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5.2.10 Gemcitabine treatment in vitro does not alter the ability of AB1-HA to act as a 

target for CTL killing 

Whilst the in vivo CTL assay assesses the ability of CD8+ T cells to kill a cell, it does not 

address whether gemcitabine can make AB1-HA more or less able to be killed by these CD8+ T 

cells. Factors such as alteration of antigen or class I expression, although shown to be 

unchanged ex vivo (3.2.3), may alter the status of AB1-HA as a target. Other investigators have 

shown that low concentrations of the cytotoxic drugs irinotecan and cisplatin can enhance the 

ability of a colon carcinoma cell line to be killed by specific CTLs via up-regulation of ICAM-1 

expression and increased caspase activity, although in the same study 5FU did not have this 

effect (Bergmann-Leitner and Abrams 2001). Therefore, I assessed whether culture of AB1-HA 

with gemcitabine altered its performance as a target in an in vitro CTL assay using CL4 

lymphocytes as effector cells. 

An in vitro CTL assay was performed using HA-specific effector cells generated by incubating 

spleen cells from CL4 mice with CL4 peptide, and AB1-HA incubated with varying 

concentrations of gemcitabine as target cells and then peptide labelled (see 2.23). 

There was no significant difference between killing of HA-labelled cells incubated without 

gemcitabine or those incubated with three log-fold concentrations of gemcitabine: 0.1,1, and 10 

times the IC50 for AB1-HA (Figure 5.11). Killing of non-peptide-labelled AB1-HA was extremely 

low, and this was not unexpected as it has been demonstrated previously (Marzo et al, 

unpublished data, personal communication 1999). 

This suggests that gemcitabine treatment does not alter the susceptibility of AB1 -HA to act CTL 

killing. However, the experiment is limited by the need to peptide-label the AB1-HA target, which 

may mask any subtle alterations. There is no CL4 peptide in the class I molecules of AB1 -HA as 

they grow in culture, but peptide is loaded if the cells are exposed to interferon y. 
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Figure 5.11 The effect of gemcitabine treatment on the susceptibility of AB1-HA to CTL 

killing 

HA-specific effector cells were generated by incubating spleen cells from CL4 mice with CL4 

peptide (1 ug/mL) for five days. Target cells were AB1-HA incubated with no gemcitabine or 

gemcitabine concentrations of 0.1, 1, or 10 x IC50 (50% inhibitory concentration) for 48 hours, 

then washed before being peptide-pulsed with CL4 peptide and labelled with 150 nl of 5 mCi of 

51Cr. Effector cells were added to corresponding targets at varying effector:target ratios, and 

after incubation, the supematants were harvested and chromium release determined as a 

measure of CTL killing. The data shown represent the percent specific lysis at varying effector: 

target ratios. All groups were peptide-labelled except where specified otherwise, p value 

represents the significance of comparisons of difference between peptide-labelled target 

groups. 
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5.3 Discussion 

When I began to examine the effects of gemcitabine on the antigen-specific cellular immune 

response, my hypothesis was that as gemcitabine is toxic to proliferating haematopoietic as well 

as tumour cells, it should have detrimental effects on cell-mediated immunity. This hypothesis 

has not been supported by data presented in this chapter, and indeed the data suggest that 

gemcitabine may be beneficial to the cellular immune response. These findings have important 

implications for the concepts of combined chemo-immunotherapy and anti-tumour vaccination. 

Induction of tumour cell apoptosis in vivo increases tumour antigen-presentation and 

cross-presentation 

I have demonstrated that gemcitabine induces an increase in cross-presentation for an 

equivalent tumour size as compared with untreated controls. This effect is not seen when the 

gemcitabine-resistant cell line AB1-HA-GR250 is used, and the key difference between these 

two systems, as demonstrated in Chapter Three, is the presence or absence of gemcitabine-

induced tumour cell apoptosis. There has been some debate as to whether the major source of 

cross-presented antigen in vivo is live or apoptotic cells, and different investigators have found 

evidence for both. Whilst both macrophages (Bellone, lezzi et al. 1997) and DCs (Albert, Sauter 

et al. 1998) have been shown to cross-present antigen from dendritic cells, cross-presentation 

has been demonstrated in other systems without any evidence of apoptotic cell death (Kurts, 

Miller et al. 1998). There may also be a dose threshold for this phenomenon, with studies 

showing that a certain amount of OVA antigen must be expressed in the pancreatic islet cells 

before cross-presentation occurs. However, the threshold of expressed antigen can be lowered 

if cells are damaged by injection of OVA-specific CTL causing cell death (Kurts, Miller et al. 

1998; Kurts, Sutherland et al. 1999). My findings provide further evidence that cells dying by 

apoptosis are efficiently cross-presented and are a major source of cross-presented antigen in 

vivo. If live cells were the sole source of cross-presentation, this phenomenon should have 

decreased in response to gemcitabine-mediated tumour shrinkage of live tumour, as when 

transplanted allogeneic tumours are completely lysed, cross-presentation and CTL induction 

disappear (Nelson, Mukherjee et al. 2001 and Marzo et al., unpublished observations, personal 

communication 1999). 
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The absence of increased cross-presentation in mice bearing the gemcitabine-resistant cell line 

confirms that this effect is due to induction of tumour cell death rather than an effect of the drug 

on the APC. The lack of any effect on the APC is further supported by data demonstrating that 

the ability of the APC to present antigen in vitro to antigen-specific lymphocytes is unaltered by 

gemcitabine treatment when peptide, APCs and lymphocytes are abundant. However, I have 

been unable to show that gemcitabine-mediated apoptosis lowers the threshold for antigen 

presentation by increasing the antigen load, or dose, early in the course of tumour growth. 

Presentation of antigen in the context of class II MHC molecules was also slightly increased by 

gemcitabine treatment of tumour. In the context of my findings in cross-presentation, this finding 

is not unexpected. It may be expected that if apoptotic cell death can increase antigen 

availability for cross-presentation, it may also increase the amount of exogenous antigen 

available for uptake and presentation to CD4+ lymphocytes. 

Antigen-presentation and cross-presentation prime antigen-specific T lymphocyte 

responses 

It has been theorised that tumour cells dying by apoptosis may result in sequestration of antigen 

(Fadok, Bratton et al. 2001), but that when that process is overwhelmed or fails, tolerance 

induction may result (Adler, Marsh et al. 1998; Steinman, Turley et al. 2000; Heath and Carbone 

2001b; Hugues, Mougneau et al. 2002). I have demonstrated that in this system, cross-

presentation does not result in tolerance. Proliferation of CL4 lymphocytes is augmented by 

treatment with gemcitabine, and when these cells become CTL their killing ability is unchanged 

in all lymph node areas with the exception of the spleen. Given that negligible antigen-

presentation occurs in the spleen in this model (Marzo, Lake et al. 1999a), and that AB1-HA 

tumour cells have not been demonstrated outside the tumour by culture or by PCR (Marzo et 

al., unpublished data, personal communication 1999), the significance of this result is unclear. It 

is unlikely that the decrease in antigen-specific killing in the spleen has any impact on the ability 

of gemcitabine treated CD8+ lymphocytes act as anti-tumour effectors. The DLN is the site in 

which, second only to the tumour site itself, it would be most important to retain killing ability. It 

would be instructive to assess in vivo CTL activity in the tumour itself; however, unfortunately 

the target cells are unable to enter the tumour site in numbers sufficient to be analysed by this 

assay. 
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Thus, although functional tolerance to the H A antigen has been observed by others following an 

increase in cross-presentation from HA-expressing pancreatic islets (Morgan, Kreuwel et al. 

1999), I do not see this phenomenon with an increase in availability of antigen through 

apoptosis, and neither is the growing tumour tolerogenic to C D 8 + cells. Similarly, proliferation of 

H N T lymphocytes in vitrois increased following gemcitabine treatment. 

The concept that gemcitabine treatment may be a priming event is also supported by m y 

previous observation that animals whose tumours completely regress following treatment are 

immune to rechallenge, whilst only 0-40% of animals vaccinated with irradiated AB1-HA 

develop protective immunity to tumour re-challenge (Chapter Three). 

CD8 T cells specific for cross-presented antigens from apoptotic tumour cells are not 

deleted 

Cross-presentation has also been shown to result in deletion, and subsequent development of 

tolerance, a process known as "deletional tolerance". Cross-presentation of self antigens from 

the pancreas in RIP-OVA mice led to proliferation of autoreactive T cells, but they were then 

deleted with resulting tolerance to the self antigen (Kurts, Kosaka et al. 1997). Tolerisation by 

C D 8 + deletion has also been shown in the thymus (Merkenschlager, Power et al. 1999). In 

contrast, these data do not demonstrate any decrease in numbers of HA-specific C D 8 T cells 

following the increase in cross-presentation mediated by gemcitabine-induced apoptosis. This 

further suggests that cross-presentation from apoptotic cells is not a tolerising event. 

The increase in T lymphocyte tumour infiltration mediated by gemcitabine is not 

composed of HA-specific cells 

Having observed a marked increase in tumour infiltration with C D 4 + and C D 8 + T lymphocytes 

at the completion of chemotherapy and during the re-growth phase, and in view of m y findings 

that gemcitabine treatment may be a priming event, it was surprising to find that few of the 

infiltrating cells were specific for HA. Even with adoptive transfer of transgenic lymphocytes, and 

allowing adequate time for their entry into the tumour, the infiltrate was predominantly not HA-

specific. There are two possible explanations for this observation. The infiltrate may be 

polyclonal and a non-specific response to increased apoptotic cell death, although models of 

anti-tumour immunity do not predict that the quiet death of apoptosis should elicit a non-specific 
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response due to the lack of danger signals or pathogen-associated molecular patterns 

(Medzhitov and Janeway 1997; Matzinger 1998). Secondly, although I am using HA as a model 

neo-antigen, this may not be the dominant antigen in the cellular immune response to this 

tumour. This theory is supported by the low levels of CTL killing and lymphocyte proliferation 

that are seen in the absence of adoptive transfer of HA-specific lymphocytes. Thus, whilst one 

can use this model to examine changes in the cellular response with gemcitabine treatment, HA 

may not be the dominant natural antigen. Gemcitabine would, however, be expected to have a 

similar effect on cellular anti-tumour immunities of any specificity. The marked increase in 

lymphocyte infiltration may be of other specificities, but I am unable to test the hypothesis using 

this model. 

Chapter summary 

In this chapter, I have demonstrated that the hypothesis that gemcitabine is detrimental to 

antigen-specific cellular anti-tumour immunity is incorrect in a situation where tumour cell death 

occurs. Under these circumstances, gemcitabine increases cross-presentation of tumour 

antigen to CD8+ cells and also antigen-presentation to CD4+ cells. Whilst previous investigators 

have demonstrated either functional or deletional tolerance to occur after cross-presentation, I 

have shown this to be a priming event in this system, with no evidence for deletion of tumour-

specific CD8+ T cells, nor for any functional deficits. These findings suggest that gemcitabine 

may be a suitable agent to combine with immunotherapy in the experimental treatment of solid 

tumours. 
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Chapter 6: Effects of Immunotherapy with wild-type 

and recombinant viral vaccines expressing the 

tumour neo-antigen haemagglutinin. 



6.1 Introduction 

Experiments in previous chapters demonstrated that gemcitabine abrogates the humoral 

immune response, whilst leaving the cellular anti-tumour response unchanged or even 

augmented. This chapter explores the effect of vaccination using viruses expressing the tumour 

neo-antigen HA. Two HA-expressing viruses were used: PR8, an influenza virus which naturally 

expresses HA; and mCMV-HA, a recombinant murine cytomegalovirus (rmCMV) transfected to 

express the HA antigen. 

Viruses expressing a tumour antigen have been shown to stimulate the development of an 

antigen-specific cell-mediated immune response and cause tumour regression. Recombinant 

vaccinia virus (rVV) expressing prostatic acid phosphatase has been shown to be more 

effective than immunisation with PSA antigen in Complete Freund's Adjuvant in eliciting a 

cellular immune response as opposed to a humoral response (Fong, Ruegg et al. 1997), and in 

this model a destructive autoimmune prostatitis occurred following immunisation with the viral 

construct. Similarly, rVV encoding the full-length beta-galactosidase (beta-gal) gene was found 

to elicit in vitro CTL responses against an experimental murine tumour transduced with beta-gal 

as a model tumour antigen. In this system, transfection of the neo-antigen alone did not alter the 

tumour growth rate from that of the parent cell line, nor elicit a measurable anti-beta-gal 

response (Bronte, Tsung et al. 1995), but immunisation of tumour-bearing mice with rVV-beta-

gal was marginally therapeutic in tumour-bearing mice, and even more effective when given 

together with IL-2 or when a double-recombinant virus expressing IL-2 and beta-gal was used. 

In this system, adoptive transfer of splenocytes from mice immunised with the recombinant 

vaccinia virus and subsequently restimulated with tumour specific peptide could also treat mice 

bearing three-day old pulmonary metastases (Wang, Bronte et al. 1995). Other experiments 

used a non-replicating recombinant fowlpox virus expressing beta-gal. Vaccination with this 

virus protected mice from challenge with a tumour bearing the antigen. More importantly for its 

therapeutic potential, mice with three-day-old established pulmonary metastases demonstrated 

a reduction in tumour burden, with cure in two of 12 treated mice in those immunised with two 

doses of recombinant fowlpox virus (Wang, Bronte et al. 1995). 
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Although some investigators have demonstrated a therapeutic potential for tumour antigen-

expressing viral constructs, many protocols have been less successful. For example, a vaccinia 

vector encoding SV40Tag could protect against 40% of tumours expressing this antigen when 

given prior to tumour inoculation, but alone did not have any effect on the growth rate of 

established tumours. Even when given with IL-2 it gave only a minor prolongation of survival 

when administered two days after tumour challenge (Xie, Hwang et al. 1999). 

Many of the above studies have focused on the role of CD8+ T-lymphocytes in anti-tumour 

immunity and have used in vitro CTL assays as a surrogate marker of a potentially effective 

anti-tumour response. In a model examining a rVV expressing the human carcinoembryonic 

antigen (CEA) gene and an experimental murine colon carcinoma line, the relative contribution 

of CD8+ and CD4+ T cells has been examined (Abrams, Hodge et al. 1997). Donor mice were 

immunised with rVV-CEA prior to adoptive transfer of lymphocytes to tumour bearing mice. 

Depletion of T cells or CD8+ T cells abolished anti-tumour activity, and CD4+ T cell depletion 

was less effective than adoptive transfer containing both populations, although anti-tumour 

activity was still seen. This suggests that both populations are important, and that strategies 

using adoptive transfer need both CD4+ and CD8+ T cells from animals vaccinated with 

recombinant virus to produce an anti-tumour response. 

In this chapter, I explore the use of viruses expressing the HA antigen as immunotherapy for 

AB1-HA tumours, alone and in combination with gemcitabine. My initial hypothesis was that 

PR8 would be efficacious in delaying growth of AB1-HA tumour when given either before or 

after tumour inoculation. PR8 influenza virus HA has been demonstrated to elicit a cellular 

response, and specific T cells can clear influenza virus infection without B cells or specific 

antibodies (Bot, Reichlin et al. 1996). Whilst immunised B cell deficient mice can survive a lethal 

challenge with PR8, SCID mice with deficient cellular immunity cannot survive this infection. 

Both CD4+ and CD8+ subsets must co-operate for a protective response to occur (Bot, Casares 

et al. 1998). Hence, if a cellular immune response can be elicited against HA it can also be 

directed against tumour bearing this antigen. These effects could be additive when given after 

gemcitabine treatment, as the gemcitabine-mediated diminuition in antibody response to PR8 

may even be beneficial to cellular anti-tumour immunity. Using these HA-expressing viruses 
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also helps to answer some questions about the role of tumour cell death in the immune 

response, as gemcitabine can be used prior to viral vaccination in the absence of tumour. 

In this system, I first examined whether PR8 could elicit an in vivo CTL response against HA. 

Subsequent experiments explore the circumstances under which the anti-HA CTL can be 

exploited to prevent or treat AB1-HA tumours. I examine time-courses for protection from 

tumour, and whether a second viral vaccination boost after an initial priming vaccination 

increases the efficacy of treatment. I also examine how PR8 vaccination may be combined with 

gemcitabine, and whether the use of gemcitabine prior to viral infection may allow the immune 

system to respond better to a viral vaccination. 

Viral infection can stimulate a systemic response with production of cytokines such as IFNcc, IL-

1, IL-6, TNF-a, and other substances (Julkunen, Sareneva et al. 2001). These active anti-viral 

cytokines may conceivably delay tumour development or facilitate tumour regression. 

Therefore, this chapter also examines tumour protection and treatment with rmCMV viral 

constructs expressing HA, the unrelated protein ovalbumin (OVA) which is not present on AB1-

HA tumour, and wild-type mCMV. This aims to separate the non-specific effect of viral infection 

from antigen-specific anti-tumour effects. 

CMV belongs to the herpesvirus family, a group of large DNA viruses. Infections are species 

specific and thus murine CMV was used in this study. The CMV system was chosen as it was 

the only viral system I had available in which I could use each of a), wild-type virus; b). HA-

expressing recombinant virus; and c). recombinant virus expressing a non-specific antigen 

(OVA). These constructs were supplied by collaborators at the same site, and permission to use 

these viruses in mice had already been obtained (Dr Mai Lawson, University of Western 

Australia, Department of Microbiology, Perth, Australia). Initially, my use of mCMV was to be 

confined to answering the single question of antigen-specificity of the anti-tumour immune 

response elicited by HA-expressing virus following gemcitabine treatment. Thus, it was not 

considered a priority to make viral constructs expressing HA and an irrelevant antigen using 

vectors such as fowlpox or adenovirus which are more commonly used in studies of tumour 

vaccination. mCMV is not commonly used in studies of tumour vaccination as infection has an 

immunosuppressive effect. Genes expressed in the early (E) phase of viral gene expression 
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code for proteins which interfere with the M H C class I pathway of antigen presentation, and thus 

any antigen which is to be successfully processed and presented must have completed this task 

prior to expression of these E-phase immune evasion proteins. mCMV also expresses decoy 

molecules which can engage with killer inhibitory receptors on NK calls, and can induce IL-10 

production, down-regulating MHC class II expression on macrophages (reviewed in Reddehase 

2000). Hence, I acknowledge that other viral vectors may be superior models in which to 

investigate these effects. However, as this question was not central to my thesis, I used the viral 

constructs which were most readily available. 

In this chapter, unless stated otherwise, tumour injection protocols and standard third-daily five-

dose course of gemcitabine are used as previously described in Chapter Three. 
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6.2 Results 

6.2.1 Immunisation with live PR8 virus elicits a stronger in vivo cytotoxic T lymphocyte 

response than heat-killed PR8 virus 

Tumour specific CD8+ cytotoxic T lymphocytes must be generated for an effective immune 

response against the MHC class I positive AB1-HA tumour. Therefore, the ability of PR8 

influenza virus to elicit a CTL response was assessed using the in vivo CTL assay before 

attempting immunotherapy with this virus. 

There was killing of between 70 and 85% of the labeled targets in all lymph node groups from 

animals inoculated with 500 U live PR8 virus. Killing was highest in the spleen. There was a 

highly significant difference between killing in virally inoculated and control mice (p<0.001). This 

suggested that live PR8 was effective in eliciting a strong CTL response and provided a 

rationale for further experiments examining protection and treatment of AB1-HA tumour using 

live virus. 

Animals inoculated with 500 HA units of heat-killed PR8 showed killing of 11-25% in all lymph 

node groups, and although this was statistically significant by comparison with control mice 

(p=0.013), the magnitude of the difference was small. Therefore, as heat-killed virus was inferior 

to live PR8 in eliciting a CTL response, it was not used further. 
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Figure 6.1 In vivo CTL response to live and heat-killed PR8 virus 

Two BALB/c mice per group were inoculated with 500 HA U of A. live, or B. heat-killed PR8 

virus seven days prior to adoptive transfer of syngeneic splenocytes labelled with CFSE H I G H and 

CL4 peptide or CFSEL0W alone. CTL effector function was measured by assessing the loss of 

the CFSEHIGH peak by flow cytometry 20 hours after the transfer of fluorescent targets. Percent 

killing was assessed by subtracting the relative proportion of target cells remaining in the 

CFSEHIGH peak from 1. The peripheral lymph nodes, MLN, and spleen were assessed in each 

animal. Data shown are from peripheral lymph nodes of individual mice from experiments with 

two mice per group. Results were similar at all sites and in all experiments on four different 

occasions. 
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6.2.2 Inoculation of live PR8 virus before tumour challenge with AB1-HA slows tumour 

growth but does not prevent tumour development 

To investigate the effect of immunisation with PR8 virus on AB1-HA tumour growth, BALB/c 

mice were immunised with 500 U live PR8 virus seven (-7) and four (-4) days prior to tumour 

inoculation, or on the day of tumour inoculation (see 2.14). There was significant slowing of the 

rate of tumour growth in all groups inoculated with virus compared to controls (p<0.001) (Figure 

6.2 A). Although differences between vaccination on days -7 and -4 (p=0.183), and days -4 

and 0 (p=0.91) were not statistically significant, there was a significant slowing of tumour growth 

(p=0.002) in mice vaccinated on day -7 compared with those vaccinated on day 0. Survival was 

increased for all groups vaccinated with PR8 compared with control mice (p<0.005) (Figure 6.2 

B). Mice vaccinated on day -7 survived longer than mice vaccinated on day 0 (p=0.03) although 

there were no differences between mice vaccinated on days 0 and -4 or days -4 and -7 

(p>0.05). One of 10 mice (in two separate experiments) in the group vaccinated at day -7 did 

not develop tumour up to 90 days after tumour challenge. Thus, early vaccination allowing 

maturation of the immune response prior to tumour challenge is more efficacious in delaying 

tumour growth than vaccination concurrent with tumour challenge. 

6.2.3 Inoculation with live PR8 virus after AB1-HA tumour challenge slows tumour growth 

but does not lead to tumour regression 

To examine the utility of PR8 immunotherapy for established AB1-HA tumours, mice were 

inoculated with AB1-HA prior to vaccination with live PR8 virus four, eight, or 12 days later. 

There was significant slowing of tumour growth (p<0.001) following inoculation of PR8 virus at 

all time points, although the magnitude of these differences was small (Figure 6.3 A). Survival 

was improved by vaccination with PR8 four or eight days after tumour inoculation (p<0.005) but 

not 12 days later (p=0.1) (Figure 6.3 B). This suggests that vaccination with PR8 is more useful 

in smaller tumours or tumours at an earlier stage of development. 
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Figure 6.2 Inoculation with live PR8 virus as a protective vaccine against AB1-HA tumour 

development 

Five BALB/c mice per group were immunised with 500 U live PR8 virus seven (-7) or four (-4) 

days prior to tumour inoculation, or on the day of inoculation with AB1-HA tumour. A. Tumour 

growth rates, and B. survival were compared with those in control mice receiving sham 

immunisation with PBS. Results show mean tumour growth and survival from one of two 

experiments with similar results. 
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Figure 6.3 Effect of vaccination with live PR8 virus on tumour growth and survival in 

mice with small established tumours 

Groups of five mice were inoculated with AB1-HA prior to vaccination with live PR8 virus four, 

eight, or 12 days later. Tumour growth rates and survival were compared with control mice 

receiving sham vaccination. Results show A. mean tumour growth, and B. survival from one of 

two experiments showing similar results. 
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6.2.4 Vaccination with PR8 virus after gemcitabine treatment of AB1-HA tumours slows 

tumour regrowth and prolongs survival 

In view of the small benefits seen in 6.2.3 with slowing of growth rate of small established 

tumours and a survival benefit for the earliest tumours, I next tested viral vaccination after 

reducing tumour volume with gemcitabine chemotherapy. A time point three days after the end 

of gemcitabine treatment was chosen for vaccination as mice would be recovering 

haematologically, gemcitabine would be fully eliminated and would not affect viral replication, 

yet tumours would not have re-grown to any extent. 

Mice were inoculated with AB1-HA and nine days later treated with a full course of gemcitabine 

chemotherapy. Three days after the last dose of gemcitabine mice were vaccinated with either 

PR8 500 U or PBS. Following chemotherapy, mice had tumours ranging from impalpable to a 

small, palpable but non-measurable nubbin of tumour which was nominally designated 1 mm2 in 

size. Mice were divided into two groups with equal numbers of palpable and impalpable tumours 

to eliminate any imbalance in tumour sizes at the time of vaccination. 

There was a significant (p<0.001) slowing of tumour re-growth in mice that were vaccinated with 

PR8 virus (Figure 6.4). The slowing of tumour re-growth was considerably more marked than 

the differences without chemotherapy. Despite a 17-day increase in median survival in the 

group vaccinated with PR8, this difference was not statistically significant (p=0.14). Two of eight 

animals vaccinated with virus had not developed tumour by 85 days compared with one of eight 

control animals. 
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Figure 6.4 Vaccination with PR8 virus after gemcitabine treatment of AB1-HA tumour 

Mice inoculated with AB1-HA tumour were treated with standard gemcitabine chemotherapy 

after the development of small palpable tumours. Following chemotherapy, mice were divided 

into two groups with an equivalent range of tumour sizes to eliminate any imbalance in tumour 

size at the time of vaccination. Three days after the end of treatment, one group was vaccinated 

i.p. with 500 U PR8 virus, and the control group was treated similarly with PBS. A. Mean tumour 

growth rates and B. survival are shown from one of two experiments with eight and ten mice per 

group, p values represent the results of ANOVA (A) and Logrank (B) tests for differences 

between the treatment and control groups. 
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6.2.5 Vaccination with recombinant HA-expressing mCMV virus after gemcitabine 

treatment of AB1-HA does not slow tumour regrowth compared with wild-type mCMV or 

OVA-expressing mCMV 

To further define whether the tumour growth delay observed in 6.2.4 was due to an antigen-

specific effect or a non-specific effect of viral infection, I tested whether vaccination with mCMV 

transfected with the HA antigen could slow AB1 -HA tumour re-growth after tumour regression 

following gemcitabine. 

Mice were inoculated with AB1-HA and treated with gemcitabine. Three days after the end of 

chemotherapy, mice were divided into four groups with equal numbers of tumours of each size. 

Groups were vaccinated i.p. with wild-type mCMV (mCMV-wt), mCMV-HA, or mCMV-OVA, and 

the control group was vaccinated with MOBS vehicle (4-[N-Morpholino]butanesulfonic acid, 

Sigma-Aldrich, Australia). Tumour growth rates and survival were compared between the four 

groups (Figure 6.5). There was no significant slowing of tumour re-growth in mice which were 

vaccinated with mCMV-HA compared with control mice (p=0.990). mCMV-OVA and mCMV-wt 

appeared to stimulate tumour growth compared with mCMV-HA, an observation which 

approached but did not reach statistical significance (mCMV-OVA vs mCMV-HA p=0.162; 

mCMV-wt vs mCMV-HA p=0.153). One mouse vaccinated with mCMV-HA did not develop 

tumour. There was no significant survival difference between the four groups. 

The lack of a statistically significant difference between these groups, despite a clear separation 

of the growth curves, may be explained by the wide confidence intervals around the mean 

tumour sizes. After chemotherapy, there is considerable variability even within groups in the 

rate at which tumours re-grow, leading to wide confidence intervals. It may have been possible 

to confirm this difference as significant using larger numbers of mice; however, the question of 

antigen-specificity of this effect was approached by eliminating the variable of different rates of 

tumour growth after chemotherapy. 
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Figure 6.5 Vaccination with mCMV virus expressing HA and OVA antigens after 

gemcitabine treatment of AB1-HA 

Seven mice per group were inoculated with AB1 -HA and treated with gemcitabine. Three days 

after the end of chemotherapy, groups were vaccinated i.p. with mCMV-wt (RM 427+) 2 x 104 

PFU, mCMV-HA (rK181-HA) 2 x 104 PFU, or mCMV-OVA OVA (rK181-OVA) 2 x 104 PFU each 

in100 uL MOBS, or a control injection of 100 /;L MOBS. Figures above show A. mean tumour 

growth rates, and B. survival from an experiment performed once. 
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6.2.6 Vaccination with recombinant mCMV-HA virus prior to inoculation of AB1-HA slows 

tumour growth as compared with mCMV-wt or CMV-OVA 

The response seen in 6.2.5, with an apparent increase in tumour growth rates for animals 

vaccinated with mCMV-wt and mCMV-OVA, is consistent with the known immunosuppressive 

effects of acute mCMV infection. In order to further explore the role of antigen specificity in the 

response seen in 6.2.4, and to eliminate the effects of variable tumour size and the acute 

immunosuppressive effects of mCMV, the ability of mCMV-HA to protect from tumour challenge 

with AB1-HA was examined. 

Mice were vaccinated i.p. with mCMV-wt, mCMV-HA, mCMV-OVA, or MOBS vehicle as a 

control. Seven days later, mice were inoculated with AB1-HA tumour. This time point was 

chosen as the acute immunosuppressive effects of mCMV infection with these constructs would 

then have subsided (Dr Mai Lawson, personal communication). 

There were no significant differences between tumour growth rates of control vs mCMV-wt 

(p=0.519), and mCMV-OVA (p=0.978) groups (Figure 6.6). However, tumour growth rates were 

significantly slower in the group immunised with mCMV-HA (p<0.001), and these mice survived 

for longer (p<0.001) although there were no long-term survivors from this group. This suggests 

that the effect of HA-bearing viral constructs in slowing growth of AB1-HA tumours is due to 

antigen-specificity rather than non-specific effects of viral infection. 
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Figure 6.6 Protection from AB1-HA tumour using mCMV constructs 

Groups of ten BALB/c mice were vaccinated i.p. with mCMV-wt (RM 427+ ) 2 x 104 PFU, 

mCMV-HA (rK181-HA) 2 x 104 PFU , or CMV-OVA (rK181-0VA) 2 x 104 PFU each in100 ul 

MOBS, or 100 u1 M O B S as control vehicle. Seven days later, mice were inoculated with 1x106 

cells of AB1-HA as per 2.6. Tumour growth rates and survival were compared between groups. 

Results shown are A. mean tumour growth rates, and B. survival from one experiment, p values 

represent the differences between the mCMV-HA treated group and all other groups for tumour 

growth rates and survival. 
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6.2.7 A prime-boost regimen with mCMV-HA does not increase protection from tumour 

Inducing an effective anti-tumour immune response may require repeated immunisations. I 

examined whether a regimen of priming with mCMV-HA followed by a boost vaccination of 

mCMV-HA prior to tumour challenge would increase protection from tumour development, 

decrease growth rates, and increase survival. 

Mice were inoculated i.p. with a low or high titre of mCMV-HA or MOBS vehicle control. Twenty-

eight days later, each group was boosted with the low titre of rnCMV-HA, PR8, or a control 

boost with MOBS. Three days after the boost injection, mice were inoculated with AB1-HA 

tumour. This time point was chosen as mice should not develop immunosuppression following 

a second infection with mCMV-HA, which they should eliminate quickly through memory effector 

cells. 

Firstly, there were no differences in tumour growth rates when mice were primed with mCMV-

HA 28 days prior to mCMV-HA boost and tumour inoculation (p>0.1 for all comparisons) (Figure 

6.7 A). Similarly, there were no differences in survival whether or not mice received a priming 

vaccination (p>0.1 for all comparisons) (Figure 6.7 B). 

6.2.8 There is no dose response to priming with CMV-HA 

The experiment in 6.2.7 also examined whether there was a dose response to the regimen of 

prime and boost vaccination to protect from tumour development and increase survival. As a 

further part of the experiment in 6.2.7, high and low titres of mCMV-HA were tested. There was 

no difference in survival between mice given a low or high priming dose of mCMV-HA when the 

boost injection was either mCMV-HA (p=0.48, Figure 6.8 A) or PR8 (p=0.43, Figure 6.8 B). 

When primed mice were given a control boost of MOBS, mice primed with the high dose 

mCMV-HA had decreased survival compared with mice primed with low dose mCMV-HA 

(p=0.05, Figure 6.8C) 
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6.2.9 PR8 is equal to or better than mCMV-HA as a boost after priming with CMV-HA 

Data from 6.2.7 and 6.2.8 above were also analysed for efficacy of mCMV-HA, PR8, or a 

control boost in providing protection from subsequent tumour inoculation. 

When a low dose mCMV-HA prime vaccination was given, there was no significant survival 

difference between a control boost and PR8 (p=0.24), or a control boost and mCMV-HA 

(p=0.13). However, boost with PR8 increased survival significantly over mCMV-HA (p=0.03) 

(Figure 6.9 A). 

When a high dose mCMV-HA prime was given, mice boosted with both PR8 (p=0.003) and 

mCMV-HA (p=0.05) showed increased survival compared with mice boosted with control 

MOBS. However, there was no significant difference between mice boosted with PR8 and those 

boosted with mCMV-HA (p=0.110) (Figure 6.9 B). 

When a control prime was given, only mice given PR8 three days prior to tumour inoculation 

demonstrated increased survival compared with mice given mCMV-HA (p=0.002) or no boost 

(p=0.03) (Figure 6.9 C). 
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Figure 6.7 Effect of priming mCMV-HA vaccination prior to boost on protection from AB1-

HA growth 

Groups of five BALB/c mice were vaccinated i.p. with a high (2 x 105 PFU, hi) or low (2 x 104 

PFU, low) titre of CMV-HA in 100 //I MOBS or 100 //I MOBS alone. Twenty-eight days later a 

boost vaccination of 2 x 104 PFU mCMV-HA was given. Three days later, mice were challenged 

with 1 x 106 cells AB1-HA tumour. The figures above show A. mean tumour growth, and B. 

survival curves for high, low or no priming doses of mCMV-HA boosted with mCMV-HA. These 

data represent results from one experiment, p values represent results of ANOVA (A) or 

Logrank tests (B) comparing treatment groups. 
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Figure 6.8. Effect of priming with high or low dose mCMV-HA prior to boost and tumour 

challenge 

Groups of five BALB/c mice were vaccinated with a high (2 x 105 PFU, hi) or low (2 x 104 PFU, 

low) titre of mCMV-HA in 100//I M O B S 28 days prior to boost with control MOBS, PR8 500 U, 

or 2 x 104 PFU CMV-HA. Three days later, mice were challenged with 1 x 106 cells AB1-HA. 

The figures above show survival curves for high vs low priming doses of CMV-HA with a boost 

of either A. control MOBS, B. CMV-HA, or C. PR8. p values are for Logrank tests of differences 

between the survival curves. These data represent results from one experiment. 
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Figure 6.9 Effect of boost with mCMV-HA or PR8 on tumour development 

Groups of five BALB/c mice were vaccinated with a high (2 x 105 PFU, hi) or low (2 x 104 PFU, 

low) titre of mCMV-HA in 100 JJ\ M O B S or a control M O B S injection Twenty-eight days prior to 

boost with control MOBS, PR8 500 U, or 2 x 104 PFU mCMV-HA. Tumour growth rates and 

survival were monitored. Survival curves are shown for mice primed with A. low titre mCMV-HA, 

B. high titre mCMV-HA, or C. control M O B S prime. Data shown are from one experiment, p 

values for comparisons by Logrank test between groups are shown in inserted tables. 
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6.2.10 A prime-boost vaccination with PR8 is schedule dependent in slowing tumour 

growth, but is unable to prolong survival 

As PR8 was as good as or better than mCMV-HA in providing tumour protection when given as 

a boost after mCMV-HA priming vaccination (6.2.9), I examined the use of both priming and 

boosting with PR8. 

Mice were vaccinated with either PR8 virus or PBS control. Eleven days later, mice were 

boosted with the same doses of either PR8 or PBS, and three days later all mice were injected 

with AB1-HA tumour. Further groups were inoculated with these doses of PR8 or PBS 14 days 

prior to injection with AB1-HA, and then three days after the tumour injection were given a boost 

inoculation of either PR8 or PBS. That is, the boost dose was given either before or after tumour 

injection. 

All mice vaccinated with PR8 at any time showed significantly decreased tumour growth 

(p<0.05 for all groups) compared with control mice. Survival, however, was increased only in 

mice vaccinated with PR8 14 days prior to tumour injection, with or without a boost (p<0.05). 

There was no increased survival in mice vaccinated with PR8 three days before or after tumour 

injection with no prior boost, and these mice also demonstrated the least slowing of tumour 

growth. When mice were vaccinated with PR8 14 days prior to tumour injection, but received 

boosts of only PBS either three days before or after tumour injection, survival was improved 

compared with those mice receiving only the later vaccination with PR8, and tumour growth was 

significantly slowed. Mice receiving both vaccinations with the boost given three days prior to 

tumour injection did not differ in survival or tumour growth rate from mice receiving only one 

injection 14 days before tumour inoculation (p>0.05). The group which showed the longest 

survival and slowest growth rate was the group receiving PR8 14 days prior to AB1-HA 

injection, and boosted with PR8 three days after tumour injection. This was the only group to 

demonstrate any benefit from a boost injection in slowing tumour growth (p=0.001). Despite 

this, the moderate improvement in survival over unboosted animals on the same schedule was 

not significant (p=0.2). There was a significant difference in tumour growth rates between mice 

receiving the PR8 boost before or after tumour injection, favouring those boosted afterwards 

(p=0.0001). Again, there was no significant difference in survival between these two groups 

(p=0.1) 
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In order to determine whether there was an optimum time window for boost after tumour 

injection, this experiment was repeated with a priming vaccination of PR8 given 14 days prior to 

AB1-HA injection, followed by boost vaccinations given three days before (-3) or two (+2), six 

(+6), ten (+10) or 14 (+14) days after tumour injection. 

The optimum time for mice to receive a boost vaccination was six or ten days after injection with 

tumour (Figure 6.11), with tumour growth significantly slower than day -3 boost at day +6 or day 

+10 (p=0.03), no different at day +2 (p=0.156), and significantly faster if the boost was delayed 

until day +14. There was no difference in tumour growth rates between mice boosted at day +6 

and day +10 (p=0.49). Despite the slowing in tumour growth rates at an optimal boost time, 

there was no significant improvement in survival between any group of mice (Figure 6.11). 

Overall, these data suggest that when PR8 virus is used in a prime-boost regimen to prevent 

growth of AB1-HA tumour, the most effective protocol in slowing tumour growth is to vaccinate 

14 days prior to tumour injection and again six to ten days following tumour injection, although 

this strategy fails to prolong survival. 
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Figure 6.10 Effect of prime and boost with PR8 on development of AB1-HA tumour 

Groups of five BALB/c mice were vaccinated with either PR8 500 U or PBS 14 days prior to 

tumour injection. Either three days before, or three days after tumour injection, mice were again 

vaccinated with PR8 500 U or PBS. All mice received AB1-HA tumour 1 x 106 cells. Mice were 

monitored for A. tumour growth rates and B. survival. Data shown are from one experiment. 
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Figure 6.11 Effect of timing of PR8 boost on tumour growth rates and survival 

Groups of five BALB/c mice were vaccinated with PR8 500 U 14 days prior to tumour injection. 

Either three days before, or two, six, ten or 14 days after tumour injection, mice were boosted 

with PR8 500 U. All mice received AB1-HA tumour 1 x 106 cells. Mice were monitored for A. 

tumour growth rates and B. survival. Data shown are from one experiment, representative of 

two separate experiments with similar results, p values for comparison between growth rates by 

ANOVA are shown in table insert in A. p value shown in B represents the differences between 

survival curves by Logrank test. 
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6.2.11 Vaccination with PR8 virus before or during gemcitabine treatment does not slow 

tumour growth 

Having demonstrated that PR8 virus given after gemcitabine treatment can slow AB1-HA 

tumour re-growth (6.2.4, figure 6.4 A), I examined other ways in which gemcitabine and PR8 

could be combined to treat established AB1-HA tumours. 

Mice were inoculated with AB1-HA tumour and treated with gemcitabine chemotherapy. PR8 

vaccination was given either two days before the start of chemotherapy ("prior"), with or without 

the addition of two boosts at seven day intervals, or two days after the start of chemotherapy 

("concurrent") with two subsequent boosts at seven-day intervals. 

There was no difference in tumour growth curves between mice treated with gemcitabine alone 

or mice treated with any of the above regimens using vaccination with PR8 virus (p>0.05 for all 

combinations), although the schedule using concurrent PR8 and gemcitabine followed by PR8 

boosts was borderline significant (p=0.06), with a trend towards slower tumour regrowth (Figure 

6.11). A later boost did not decrease tumour growth when PR8 vaccination was given before 

gemcitabine treatment. Similarly, no increase in survival was seen with any vaccination 

regimen. It is of note that two mice vaccinated with PR8 prior to gemcitabine treatment and then 

given a boost seven days later were found dead one and three days following the boost 

vaccination, suggesting that this combination may have increased toxicity. 
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Figure 6.12 Effect of P R 8 virus vaccination before and during gemcitabine treatment with 

and without boost 

Five BALB/c mice per group were inoculated with 1 x 106 cells of AB1-HA tumour and treated 

with gemcitabine as per the usual protocol. Two days before ("prior"), or two days after the 

beginning of ("concurrent') gemcitabine treatment, mice were vaccinated i.p. with 500 U PR8 

virus, with or without a boost of the same dose of PR8 seven days later. A. Tumour mean 

growth rates and B. survival were compared between groups. Data shown are from one 

experiment. 
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6.2.12 The addition of a boost vaccination with PR8 after treatment of established tumour 

with gemcitabine and PR8 vaccination does not further slow tumour growth or prolong 

survival 

Gemcitabine has a profound effect on inhibiting B cell proliferation and function (Nowak, 

Robinson et al. 2002). Prime-boost regimens using the same vector have been shown to 

induce less effective antigen-specific CTL responses compared with regimens using two 

different vectors, although they induce a strong anti-viral antibody response (Irvine, 

Chamberlain et al. 1997). As gemcitabine can abrogate the antiviral antibody response, I 

hypothesised that a PR8 boost after a full course of gemcitabine and priming dose of PR8 in a 

tumour-bearing animal may be more effective in slowing tumour regrowth than a priming dose 

of PR8 alone, despite the poor efficacy of the prime-boost regimen when used without 

gemcitabine. 

Mice were injected with AB1-HA and treated with a full course of gemcitabine. Two days after 

the end of gemcitabine treatment, mice were vaccinated with PR8. Seven days later, mice were 

given an i.p. boost of PR8. This time point was chosen for boosting under these circumstances 

as mice receiving a later boost would have developed large tumours, and there would not be 

sufficient follow-up time before mandatory culling (at a tumour size of approximately 10 x 

10mm) to determine any difference between the groups. Groups were monitored for the rate of 

tumour regrowth and survival. 

Although there was a significant slowing of tumour regrowth for mice receiving any PR8 

vaccination (p<0.001 for both groups) as compared with mice receiving gemcitabine alone 

(Figure 6.13), there was no significant benefit in giving a boost of PR8 one week after the 

priming vaccination (p=0.11). Thus, abrogating the antibody response alone does not allow a 

more effective immune response when using the same vector for prime and boost. 
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Figure 6.13 Effect of PR8 prime and boost given after gemcitabine treatment in AB1-HA 

tumour bearing mice 

Groups of ten BALB/c mice were injected with 1 x 106 cells of AB1-HA tumour and treated with 

a full course of gemcitabine. Two days after the end of gemcitabine treatment, mice were 

vaccinated with PR8 virus 500 U or PBS as a control, and then seven days later mice were 

given a boost vaccination of either PR8 virus 500 U or PBS. Tumour growth and survival were 

compared between the three groups. Results shown are from one experiment. 
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6.2.13 A single dose of gemcitabine given prior to vaccination or boost with PR8 does 

not improve protection from AB1-HA 

PR8 is more effective in slowing growth of established AB1-HA tumour after tumour-bearing 

mice have been treated with gemcitabine (See 6.2.4). This may be mediated through the effects 

of gemcitabine on tumour lysis, antigen availability, and improved antigen presentation. 

Alternatively, it may be a direct result of tumour-independent effects on the immune milieu. 

To test whether gemcitabine improved the modest anti-tumour immunity generated by a prime-

boost vaccination regimen with PR8, mice were treated with a single dose of gemcitabine, 

200 ng/g, or PBS 24 hours prior to vaccination with PR8. All mice were then vaccinated with 

PR8 and then given a boost of PR8 14 days later. Three days after the boost, mice were 

injected with AB1-HA tumour. In a similar experiment, mice were vaccinated with PR8, and 13 

days later were treated with a single dose of gemcitabine, 200 ng/g, or PBS 24 hours prior to 

boosting with PR8 on day 14. Three days after the boost, mice were injected with AB1-HA 

tumour. 

There was no significant difference between the rate of tumour growth or survival in control or 

test animals in groups receiving gemcitabine 24 hours prior to PR8 vaccination; however, there 

was a statistically significant difference with slower tumour growth when mice received a single 

dose of gemcitabine before the boost vaccination. This difference was small, and there was no 

significant increase in survival. Mice in this experiment did not receive a full five-dose course of 

gemcitabine. It is possible that more than one dose is necessary to alter the immunological 

milieu sufficiently for a clear difference between groups to emerge. The most profound effects 

on lymphocyte numbers and antibody production are seen after more than one dose of 

gemcitabine. Therefore, the next experiment was designed to test whether a full course of 

gemcitabine given prior to vaccination with PR8 altered the rate of tumour development. 
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Figure 6.14 The effect of a single dose of gemcitabine prior to PR8 vaccination or boost 

on tumour development and survival 

Ten mice per group were vaccinated i.p. with 500 U PR8 virus followed 14 days later with a 

second vaccination with 500 U PR8. At day 17 mice were inoculated with 1 x 106 cells AB1-HA 

tumour. Groups of mice were treated with a single injection of PBS or gemcitabine 120//g/g i.p. 

24 hours prior to either the A. first or B. second PR8 vaccination. Tumour mean growth rates 

are shown graphically above. Arrows labelled "Gem" denote gemcitabine injection. Arrows 

labelled "PR8" denote PR8 virus injection. Results above are from one experiment, p values are 

derived from ANOVA comparing growth curves between the groups. 
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6.2.14 A full course of gemcitabine given prior to vaccination with PR8 does not improve 

protection from AB1-HA 

To test whether a full five-dose course of gemcitabine had beneficial effects in the absence of 

tumour cell death, non-tumour-bearing mice were treated with gemcitabine as per the usual 

schedule. Two days after the last dose of gemcitabine, all mice were vaccinated with PR8 virus, 

and 14 days later mice were were injected with AB1-HA tumour. 

Animals treated with a full course of gemcitabine showed a slightly slower rate of tumour growth 

than control animals; however, this was not statistically significant. There was no significant 

difference between survival in control or test animals. 
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Figure 6.15 The effect of a full course of gemcitabine prior to PR8 vaccination on 

protection from AB1-HA tumour 

Groups of ten non-tumour-bearing BALB/c mice were injected with a full course of gemcitabine 

or control vehicle. Two days after the final dose of gemcitabine, all mice were injected with 

500 U PR8 virus i.p. Fourteen days later, all mice were injected with 1 x 106 cells AB1 -HA. Mice 

were monitored for tumour growth and survival, with mean tumour growth shown above. This 

experiment was repeated twice with the same results. The p value represents the significance 

of an ANOVA between tumour growth curves. 
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6.3 Discussion 

Whilst PR8 elicits a strong in vivo CTL response, it has limited efficacy in protection from 

tumour development or slowing of tumour growth when used alone 

PR8 elicits a strong in vivo CTL response against the HA antigen in this system. Despite this 

strong CTL response, PR8 alone has only limited efficacy in protecting from tumour 

establishment when given as a vaccine prior to tumour inoculation. Whilst it slows growth of 

developing tumours marginally, the increase in survival is small and almost all mice go on to 

develop tumours. Similarly, when mice with small established tumours are vaccinated with PR8, 

the slowing of tumour growth is small and survival is not improved. Clearly, a strong in vivo CTL 

is not sufficient alone to significantly alter the course of tumour growth and establishment. 

I can postulate several reasons why this may occur. Firstly, the in vivo CTL may not be a good 

measure of potential tumour killing in the tumour site. In this assay, the target cells are 

splenocytes labelled with peptide. Splenocytes may be more easily killed by the CTL than 

tumour cells. Thus, what is interpreted as a high level of CTL killing using this technique may 

indeed be an improvement in effector function, but the magnitude of this improvement may be 

over-represented by the use of labelled splenocytes or it may not be a meaningful increase in 

CTL killing potential at the tumour site. Previous work has shown that AB1 -HA is a poor target in 

the in vitro CTL assay without prior peptide pulsing or incubation with IFN-y (Marzo et al, 

unpublished data). 

Secondly, the activated effector cells may not be able to traffic into the tumour. Thus, whilst I 

can measure an increase in peripheral CTL activity, any improvement in anti-tumour activity 

may be limited by the ability of CTLs to reach their target. As I have previously demonstrated, 

the intra-tumoural infiltrate of HA-specific CD8+ T cells is small. I have not examined tumour 

infiltrates following PR8 treatment, but this would help to answer this question. 

Thirdly, PR8 infection may not produce adequate numbers of effectors to prevent tumour 

growth. It is apparent from previous work that adoptive transfer of 1 x 107 CL4 T cells alone 

prevents the establishment of 2 x 105 AB1-HA cells injected 24 hours later in 40% of recipients, 

and when tumour was injected directly into CL4 mice, 60% rejected it (Marzo, Lake et al. 

1999b). Co-transfer of both CD4 and CD8 T cells is even more effective, with 1 x 107 of each of 
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H N T and CL4 cells protecting 1 0 0 % of animals from developing tumour from a concurrent 

inoculation of 2 x 105 AB1-HA cells (Marzo, Lake et al. 1999b). Hence, whilst HA-specific T cells 

have the ability to protect from tumour development, it is possible that the effector: target ratio 

was too low using PR8 vaccination and the larger inoculum of 1 x 106 tumour cells. This 

hypothesis could be further tested using tetramers to determine the percentage of circulating 

HA-specific CD8+ T cells obtained with both approaches: viral vaccination and adoptive 

transfer. 

The anti-tumour effects of viral constructs expressing HA on AB1-HA tumour are 

antigen-specific 

Whilst vaccination with m C M V - H A after gemcitabine treatment appeared to attenuate tumour 

growth compared with vaccination with mCMV-wt and m C M V - O V A , the large degree of 

variability in rates of tumour re-growth following chemotherapy ensured a wide range of 

standard error and thus failure to confirm this trend statistically. This could have been further 

tested using larger numbers of mice to ensure cohorts with similar tumour sizes at viral 

vaccination. Acute m C M V infection is immunosuppressive, and thus mice treated with m C M V -

wt and m C M V - O V A showed accelerated tumour growth. The growth curve of m C M V - H A treated 

mice more closely approximated that of sham-treated control mice, suggesting that the 

expression of the HA antigen at least partially overcame the increased tumour growth otherwise 

induced by mCMV-mediated immunosuppression. The strong effect of m C M V - H A as a 

protective vaccine when compared to all controls, including m C M V - O V A and mCMV-wt, is 

further evidence of an HA-specific anti-tumour effect in this series of experiments, rather than a 

non-specific effect mediated by viral infection. 

Prime-boost regimens using the same tumour-antigen bearing viral vector show minimal 

efficacy in improving anti-tumour immunity 

When the immune system has been previously exposed to a pathogen or an antigen, it 

develops an immunological memory. The recall immune response should be faster and larger 

than the primary immune response (Zinkernagel, Bachmann et al. 1996). The T cell clones 

capable of recognising the relevant antigens have been activated and expanded, and a memory 

T cell population has developed. W h e n the animal is re-exposed to these antigens, there is 
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rapid expansion of memory T lymphocytes, which may give a more vigorous anti-tumour 

response. However, cytopathic viruses such as influenza rely on a vigorous neutralizing 

antibody response to limit infection and rapidly eliminate the virus on second exposure. Long-

term memory B cells and antibodies are invoked in this secondary response. Hence, my finding 

that a prime-boost regimen of PR8 influenza virus does not further slow development of tumour 

or prolong survival is not surprising. Although I have not measured antibody responses after a 

prime-boost regimen, as it is not directly relevant to this thesis, a more rapid and vigorous 

antibody response could be expected, and antibody responses do not generally correlate with 

resistance to tumour. 

I found that boosting with PR8 after priming with mCMV-HA was more efficacious than boosting 

again with mCMV-HA. However, a similar effect has previously been demonstrated using rVV 

and rFPV (Irvine, Chamberlain et al. 1997). In a tumour model using bacterial p-galactosidase 

as a neo-antigen, priming with a poxvirus encoding beta-gal followed by a boost with a 

heterologous poxvirus also encoding beta-gal generated potent CTLs, delayed tumour growth, 

and prolonged survival. In contrast, if mice were primed and boosted with homologous virus, 

they generated vigorous antibody responses but were much less efficient in delaying or 

preventing tumour growth. It would have been relevant to pursue this avenue of investigation 

further, particularly by combining PR8 and mCMV-HA in a prime-boost regimen after 

gemcitabine treatment. As mCMV-HA was available in limited supplies as a collaboration (Dr M. 

Lawson), I was not able to obtain large amounts for further investigation. However, it seems 

likely that this strategy would be more efficacious than a prime-boost using the same viral 

vector. 

Gemcitabine primes the anti-tumour response when tumour cell death occurs 

The observation that gemcitabine augments the small beneficial effect of PR8 virus in slowing 

growth of AB1-HA tumours suggests that treatment with this drug has a priming effect on the 

immune response to HA. Although long-term tumour-free survival in one of eight control animals 

was not unexpected, occurring in approximately 2% of mice with palpable AB1-HA tumour 

treated with gemcitabine, cure of two of eight animals, as in the virus-treated group, would be 

considered unlikely after gemcitabine treatment alone. Nevertheless, it was unclear whether the 

mechanisms for the increased efficacy of post-gemcitabine PR8 vaccination were dependent 
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upon the occurrence of tumour cell death, or could occur when B and T cells were exposed to 

gemcitabine independent of tumour apoptosis. 

The possibility that some of the priming effect of gemcitabine was independent of tumour cell 

death could certainly be considered in the light my previous findings and other investigators 

work. Data presented in Chapter Four show that B cell proliferation and tumour-specific 

antibody production are inhibited by gemcitabine, and that B cell numbers are reduced. There is 

considerable evidence that B cells and antibodies may be detrimental to anti-tumour immunity, 

and thus non-specifically eliminating humoral immunity could promote an anti-tumour effect. 

SCID mice reconstituted with only T cells rejected tumour allografts more frequently than did 

their littermates which were reconstituted with both T and B cells (Monach, Schreiber et al. 

1993). Similarly, B cell and antibody deficient uMT mice rejected challenge with a lethal dose of 

a poorly immunogenic tumour after prior tumour vaccination, but when these mice were 

reconstituted with either unselected spleen cells or B220+ cells, they were unable to reject the 

tumours (Qin, Richter et al. 1998). In this same model, transfer of serum antibodies at the time 

of tumour challenge did not inhibit tumour rejection, and the ^MT mice showed enhanced CTL 

activity against the transplanted tumour. This group suggested that B cells may compete for 

tumour-derived antigen and interfere with presentation by professional APCs to CD4+ T cells 

and thus with CTL generation. Moreover, immune sera have also been shown to enhance 

tumour growth, possibly by blocking access of tumour specific lymphocytes to their target 

(Hellstrom and Hellstrom 1974). Thus the effects of gemcitabine in abrogating humoral 

immunity could possibly augment anti-tumour immunity without tumour cell death. 

In contrast, my findings in Chapter Five suggest that tumour cell death through gemcitabine-

mediated apoptosis may allow increased antigen-presentation, and that tumours treated with 

gemcitabine are more readily infiltrated by both CD4+ and CD8+ T lymphocytes. These effects 

are not seen when the tumour is resistant to gemcitabine. Furthermore, a decrease in T cell 

numbers is seen, and T cell proliferation to non-specific stimuli is reduced. 

These questions were examined in the final experiments in this chapter, using gemcitabine 

before tumour inoculation with the aim of enhancing the response to viral vaccination and 

improving protection from tumour if the priming effect of gemcitabine was tumour-independent. 
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These experiments showed that gemcitabine did not augment anti-tumour immunity in the 

absence of tumour cell death. This suggests that the effect of gemcitabine treatment in 

enhancing the subsequent anti-tumour response to PR8 is not solely due to its effects in 

suppressing humoral immunity, and that the presence of tumour, and probably tumour cell 

apoptosis, is necessary for this effect. The mechanism for this observation could have been 

further explored by using the gemcitabine-resistant tumour AB1-HA-GR250 for a similar 

treatment-vaccination protocol. However, this would present the difficulty of a very large tumour 

size at the end of gemcitabine treatment, leaving minimal time to note any subsequent effect of 

PR8 vaccination. 

The observation that concurrent treatment with gemcitabine and PR8 vaccination did not slow 

tumour re-growth is not surprising, given that gemcitabine is closely related to the antiviral 

nucleoside analogues and is also noted to have an antiviral effect through altering viral DNA 

metabolism and thus replication (Stomiolo, Allerheiligen et al. 1997). Thus, when gemcitabine is 

given with or shortly after vaccination with live PR8 virus, the immune response to virus could 

be attenuated and we may not expect to see an augmented anti-tumour response. 

Chapter summary 

In this chapter, I have demonstrated that despite producing a strong in vivo CTL response, and 

having an antigen-specific anti-tumour effect, vaccination with a virus expressing a tumour 

antigen shows limited anti-tumour effects. These may be improved by use of a prime-boost 

regimen using different viral vectors; however, the effects are still small. Of more interest is that 

gemcitabine appears to have a beneficial effect in priming the immune system for a greater anti-

tumour effect of subsequent viral vaccination. The presence of tumour and, most likely, tumour 

cell death is required, and gemcitabine does not appear to non-specifically augment the 

immune response to virus alone. 
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Chapter 7: Combining gemcitabine chemotherapy 

with activating anti-CD40 antibody to treat a murine 

solid tumour. 



7.1 Introduction 

In this chapter, I examine the effects of the activating anti-CD40 antibody, FGK45, as an 

immunotherapy in combination with gemcitabine chemotherapy. This combination was chosen 

because the action of FGK45 on tumour growth was under investigation in this laboratory. 

When given intravenously, FGK45 resulted in regression of some tumours for the duration of 

treatment (Dr P Stumbles et al., unpublished data, personal communication 2001). The effect 

was minor, and no mice were cured using FGK45 alone. As HA-specific immunotherapy had 

proven relatively ineffective (Chapter Six), I tested this antibody in combination with 

gemcitabine. 

CD40 is a 40 kDa type I glycoprotein which was initially identified on bladder carcinoma cells 

and later on normal and malignant B cells (Paulie, Ehlin-Henriksson et al. 1985). It has 

subsequently been identified on dendritic cells, monocytes, epithelial cells, endothelial cells, 

carcinomas of the lung, colon and breast, and leukaemias (Banchereau, Bazan et al. 1994; 

Karmann, Hughes et al. 1995). CD40 is a member of the TNF receptor superfamily. Its ligand, 

CD40L (CD154), is preferentially expressed on mast cells and on CD4+ T cells shortly after 

TCR triggering. CD40-CD40 ligand interactions have an important role in mediating T cell help 

for CTL priming (Bennett, Carbone et al. 1998; Schoenberger, Toes et al. 1998). The CD40-

CD40L interaction may be able to determine whether CTLs become primed or tolerised. When 

the CD40 molecule on the CD4+ T cell interacts with its ligand on the APC, APC activation 

occurs, with production of IL-12 and up-regulation of B7-1 and B7-2, which are necessary to 

provide co-stimulation for CD8+ effector cells (Cella, Scheidegger et al. 1996; reviewed in Toes, 

Schoenberger et al. 1998). This co-stimulatory role may be responsible for the initiation of T cell 

responses against viruses and bacteria (Kamanaka, Yu et al. 1996; Yang and Wilson 1996) as 

well as anti-tumour immunity after tumour-cell vaccination (Mackey, Gunn et al. 1997). In 

contrast, when CD8+ cells recognise antigen on DCs without the help of CD4+ T cells and the 

CD40-CD40L interaction, they may become tolerised (Guerder and Matzinger 1992; Bennett, 

Carbone et al. 1997; Kurts, Kosaka et al. 1997). Exogenous CD40 ligation can, however, 

substitute for this CD4+ T cell help when DCs prime CD8+ CTLs. Furthermore, antibody 

blockade of CD40L results in the failure of CTL generation, which can then be overcome by 

CD40 triggering in vivo (Schoenberger, Toes et al. 1998). CD40 activated DCs can also restore 
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antigen-specific CTL responses in mice which have been depleted of C D 4 + T cells (Ridge, Di 

Rosa et al. 1998), although an absolute requirement for CD8+ T cells persists (Todryk, Tutt et 

al. 2001). All these findings suggest that a major role of activating anti-CD40 antibody is to 

augment CD4+ help in priming DCs to activate CD8+ T cells. Activated T cells also have a role 

in regulating the growth, differentiation and immunoglobulin class switching of normal B cells via 

CD40-CD40L interaction (reviewed in Aversa, Punnonen et al. 1994). Although CD40 has a 

role in up-regulation of B cell co-stimulatory activity, B cell deficient mice also demonstrate 

induction of CTL responses to tolerising peptide vaccines with CD40 activation, indicating that B 

cells are not required for this CD40 mediated restoration of CTL priming (Diehl, den Boer et al. 

1999). 

Activation of CD40 by activating monoclonal antibodies or CD40L has been investigated for 

anti-tumour effects. On neoplastic B cells, ligation of CD40 via mAbs can result in growth 

inhibition and cell death (Funakoshi, Longo et al. 1994). When CD40L was used as an adjuvant 

to vaccination with plasmid DNA encoding a transgenic protein, both the humoral and cellular 

responses to protein antigens were markedly augmented (Mendoza, Cantwell et al. 1997). An 

activating anti-CD40 antibody has been shown to have anti-tumour and anti-metastatic effects, 

postulated to be indirectly mediated through NK cells (Turner, Rakhmilevich et al. 2001). 

Although these anti-tumour effects are reduced by NK cell depletion, NK cells express only 

CD40 ligand and not CD40. Increased NK cell cytolytic activity of the activating anti-CD40 

antibody may actually be mediated by increased APC production of IL-12 and IFNy. CD40 

activation in vivo can induce strong CTL priming to an otherwise tolerogenic peptide, preventing 

the development of tolerance (Diehl, den Boer et al. 1999). It also improves the efficacy of 

peptide based vaccines that normally induce some protective CTL immunity. More remarkably, 

therapeutic CTL immunity could be induced in mice with established tumours, resulting in cure 

in seven of ten mice in one tumour model (Diehl, den Boer et al. 1999). 

Little work has been done on the effects of cytotoxic chemotherapy on the CD40-CD40L 

system. Doxorubicin-sensitive CD40 expressing lymphoma cells could be rendered resistant to 

doxorubicin-mediated apoptosis by co-culture with CD40L expressing adjacent cells 

(Voorzanger-Rousselot, Favrot et al. 1998). However, the addition of an agonist anti-CD40 

antibody did not protect against apoptosis, although it did not enhance cell death. This system 
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was not tested in vivo. Similarly, C D 4 0 ligation inhibited fludarabine-mediated apoptosis of B-

CLL cells (Romano, Lamberti et al. 1998). In a mantle cell lymphoma model, CD40 ligation 

enhanced tumour growth, the authors suggesting that the increase in activation and induction 

into S phase could increase susceptibility to chemotherapy agents (Castillo, Mascarenhas et al. 

2000). However, these authors all examined the effects of CD40 ligation and chemotherapy in 

malignant haematopoietic cells, which express CD40. Inhibition of tumour cell proliferation by 

treatment with rhCD40L and anti-CD40 mAb has been demonstrated in solid tumour cell lines 

expressing CD40 (Alexandroff, Jackson et al. 2000). Although CD40 is expressed on a variety 

of tumour cell lines, it is not expressed on AB1-HA (R Himbeck, P Stumbles et al., unpublished 

data, personal communication 2001). I am not aware of any similar previous work combining 

CD40 activation with chemotherapy or, more specifically, gemcitabine in vivo in a solid tumour 

model. 

Previous work has demonstrated synergy between chemotherapy and other modalities of 

immunotherapy. In the EL4 lymphoma in C57BL/6 mice, a curative regimen has been 

established using one or two non-toxic doses of adriamycin followed by prolonged twice daily 

administration of IL-2 for 31 days (Ho, Maccubbin et al. 1993). The individual treatments alone 

did not produce any long-term survivors; however, when the two treatments were combined, up 

to 80% of mice survived long-term. Furthermore, the protocol was also effective against mice 

bearing the adriamycin-resistant sub-line of EL4, suggesting that the immune enhancing effect 

of adriamycin was independent of its cytotoxic anti-tumour effects. When the survivor mice were 

re-challenged with EL4 up to two years later, they were immune to re-challenge with this poorly 

immunogenic tumour cell line (Ehrke, Verstovsek et al. 1996). A memory population of CD44+, 

CD8+ lymphocytes were shown to be essential in anti-EL4 CTL activity in lymphocytes from 

long-term survivors. Cure of established murine tumours has also been reported using 

combination chemo-immunotherapy with IL-2 and LAK cells in combination with 

cyclophosphamide, (Eggermont and Sugarbaker 1988; lida, Matsuoka et al. 1995) and chemo-

immunotherapy using cisplatin (lida, Matsuoka et al. 1995) when single modalities were not 

effective. 

In this chapter, I show that treatment with activating anti-CD40 antibody following a course of 

gemcitabine chemotherapy is synergistic, resulting in cures of some mice with established solid 
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tumours, and that this synergy is likely to be immunologically mediated rather than due to 

tumour debulking alone. The synergistic effect is CD4+ T lymphocyte independent but requires 

CD8+ T cells. Many experiments in this chapter were performed only once, as supplies of 

FGK45 antibody and other antibodies used were limited and they were required in large 

quantities. Additionally, the two-month time course of many experiments precluded repetition. 

Experiments were repeated where possible when results were ambiguous. 
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7.2 Results 

7.2.1 Treatment with gemcitabine followed by FGK45 leads to tumour regression and 

cure in a proportion of mice 

Mice were inoculated with AB1-HA tumour and treated with gemcitabine with or without FGK45 

in different treatment schedules. Tumour size plateaued during treatment in mice treated with 

FGK45 alone, but tumours outgrew rapidly at the end of treatment, significantly earlier than 

mice treated with gemcitabine alone (p<0.005) (Figure 7.1 A). Mice treated concurrently with 

FGK45 and gemcitabine lost body weight and developed ruffled fur over the course of 

treatment. They required a reduction in gemcitabine dose due to weight loss. At day 26, five 

days after the end of gemcitabine treatment, two of five mice died. Of the remaining three mice, 

two developed tumour and were euthanased at day 54. One remained tumour free (not 

significantly different from treatment with gemcitabine alone (p=0.4)). This combination given 

concurrently was considered too toxic for further study. Mice treated sequentially with FGK45 

followed by gemcitabine showed no difference in tumour growth rate or survival when compared 

with mice treated with gemcitabine alone (p=0.5) (Figure 7.1 B). 

Mice treated sequentially with gemcitabine followed by FGK45 were able to complete 

gemcitabine treatment at the full dose and schedule, and were then able to complete the full 

course of FGK45. They remained healthy in appearance throughout the treatment. Although 

tumours appeared to continue to grow for up to five days following completion of the FGK45 

course, they subsequently regressed in five of five mice and at day 41 there were no palpable 

tumours. By day 44, one of five mice developed a tumour which continued to grow until this 

mouse was culled at day 54. None of the remaining four mice developed tumour over follow-up 

until more than 120 days following inoculation of tumour, a significant difference compared with 

all other treatments (p<0.05) (Figure 7.1 B). This combination was considered suitable for further 

study. When this treatment was repeated with groups of ten mice, seven of ten mice treated 

with gemcitabine followed by FGK45 remained tumour free long-term, whilst all mice treated 

with gemcitabine alone re-grew tumour following the end of gemcitabine treatment. 
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7.2.2 Mice cured after treatment with gemcitabine and FGK45 are resistant to tumour re-

challenge with both AB1-HA and AB1 

One hundred and twenty days after the inoculation of tumour in 6.2.1 above, long-term tumour-

free survivors were injected contralateral^ with 1 x 106 cells of AB1-HA. No tumours grew over 

90 days in five of five mice, whereas control mice similarly injected rapidly developed tumour. 

This experiment included the one mouse which survived treatment with concurrent gemcitabine 

and FGK45. 

After a later similar experiment, four long-term tumour-free survivors were injected 

contralateral^ with 1 x 106 cells of the parent cell line, AB1, 120 days after their original injection 

with AB1-HA. No tumours grew over 90 days, whereas control mice had all developed tumour 

within ten days of inoculation. 
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Figure 7.1 Effect of gemcitabine with FGK45 on tumour growth and survival 

Mice were injected with 1 x 106 cells of AB1-HA tumour. They were then treated with a full 

course of gemcitabine on the usual schedule, with or without FGK45 100/yg i.v. for three doses 

over six days given concurrently or commencing two days later. Groups were also treated with 

FGK45 alone and with FGK45 followed two days later by gemcitabine on the usual schedule. A. 

Tumour growth rates and B. Kaplan-Meier survival curve are shown. This experiment was 

performed once with five mice per group. The experiment was repeated using ten mice per 

group for treatment with gemcitabine alone vs gemcitabine followed by FGK45, which confirmed 

these results, p value (B) represents the significance of the difference between mice treated 

with gemcitabine followed by FGK45 and other groups as analysed by the Logrank test. 
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7.2.3 FGK45 does not delay tumour growth when used after gemcitabine in a 

gemcitabine-resistant tumour 

To clarify whether a cytotoxic effect on the tumour was necessary for synergy between FGK45 

and gemcitabine, I examined this combination in the gemcitabine-resistant clone AB1-HA-

GR250. This experiment has numerous limitations. Firstly, the length of combination treatment 

meant that I had to start gemcitabine treatment early, seven days after tumour inoculation, and 

to give an abbreviated course of four doses prior to FGK45. This was necessary given the lack 

of tumour growth suppression with gemcitabine in this system and thus the rapid growth of 

tumours to a size at which mice should be culled. Secondly, any beneficial effects of FGK45 

may be masked by a large tumour size, which is inevitable if gemcitabine is given first, even in 

an abbreviated, early course. 

Mice were injected with AB1-HA-GR250, and seven days later received the first of four 

injections of gemcitabine, given third daily. Two days following the end of gemcitabine 

treatment, one group of mice was treated with FGK45. In the combination treatment arm of this 

experiment, tumours were allowed to grow beyond 10x10 mm in order to observe any effect of 

FGK45 in promoting tumour regression or stasis. 

As shown previously, gemcitabine alone had no effect on the growth of gemcitabine-resistant 

tumour compared with tumour growth in PBS treated control mice (p>0.05). When FGK45 was 

given, all mice had developed large tumours, and mice in the other arms were culled. FGK45 

did not change the slope of the tumour growth curve, with no appearance suggestive of tumour 

stasis or regression (Figure 7.2A). Owing to large tumour size, mice were culled one day after 

the final injection of FGK45. 

These data are difficult to interpret for reasons discussed above. It is unlikely that abbreviating 

the course of gemcitabine and starting two days earlier would completely abolish any 

synergistic effects of the combination. However, it is possible that the effects of FGK45 are 

masked by larger tumour size. Nevertheless, the very rapid and unchanging rate of tumour 

growth despite FGK45 injection suggests that a cytotoxic effect on tumour is necessary for this 

synergy to occur. 
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In order to administer FGK45 after gemcitabine at a smaller tumour size, treatment with 

gemcitabine was then started one day after tumour inoculation. Mice were injected with AB1-

HA-GR250, and the following day received the first of four injections of gemcitabine, given third 

daily. Two days following the end of gemcitabine treatment, one group of mice was treated with 

FGK45. 

Again, tumours grew at a rate similar to that in historical controls. When treatment with FGK45 

started, tumour size was approximately 30 mm2. No slowing of tumour growth was observed in 

the group treated with FGK45 (Figure 7.2B). Owing to the kinetics of AB1-HA-GR250 growth, it 

is not possible to complete a significant course of gemcitabine and start treatment with FGK45 

at any smaller tumour size. 
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Figure 7.2 Sequential gemcitabine and FGK45 treatment in the gemcitabine-resistant 

clone AB1-HA-GR250 

Groups of five mice were injected with 1 x 106 cells of AB1-HA-GR250 tumour and A. seven 

days or B. one day later started a four-dose course of gemcitabine or PBS at third-daily 

intervals. One group of gemcitabine-treated mice was then given FGK45 antibody as per the 

usual schedule. Tumour growth was monitored and is represented graphically. There was no 

statistically significant difference between any of the groups. Each experiment was performed 

once. 
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7.2.4 FGK45 does not have a direct cytotoxic effect on AB1-HA, nor does it synergise 

with gemcitabine in vitro 

To determine whether the effect of FGK45 in combination with gemcitabine could be due to 

direct tumour cytotoxicity, a colorimetric MTT assay was performed on AB1-HA in vitro. The 

MTT assay was performed as per 2.6. FGK45 and gemcitabine were added to wells in 

increasing concentrations. 

FGK45 did not produce any significant inhibition of AB1-HA metabolism (p>0.05). As such, the 

IC50 was unable to be determined (Figure 7.3 A). Similarly, adding FGK45 did not change the 

IC50 of gemcitabine at any concentration (p>0.05) (Figure 7.3B). Thus there is no interaction in 

vitro between gemcitabine and FGK45. 
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Figure 7.3 Effect of FGK45 alone or with gemcitabine on AB1-HA metabolism 

AB1-HA was seeded into a 96-well plate and 24 hours later, FGK45 was added in 

concentrations of 25-100 jjg/mL, and gemcitabine was added in concentrations of 100 pg/mL-

1 fjg/mL for an MTT assay. Results are expressed as A. the optical density when FGK45 only 

was added, and as B. the concentration of gemcitabine (ng/mL) required to inhibit tumour 

growth by 50% in vitro (IC 50) for treatment with both FGK45 and gemcitabine. Data shown are 

derived from one experiment with triplicate wells of each combination. The lowest concentration 

of FGK45 was chosen as this concentration was used to effectively stimulate dendritic cells in 

vitro in another protocol used in this laboratory, and thus was known to be biologically active. 
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7.2.5 FGK45 restores anti-HA antibody production in gemcitabine-treated mice 

CD40 is expressed on B cells. To assess whether the attenuation of antibody production 

induced by gemcitabine contributed to the synergy of these two treatments, I examined the 

effects of gemcitabine and FGK45 treatment on anti-tumour antibody production. 

Groups of mice were treated with a full course of gemcitabine with or without a subsequent 

course of FGK45. Further groups were treated with FGK45 alone, and control groups with and 

without tumour. Two days following the end of treatment (or at day 11 after tumour injection for 

control mice) serum was obtained and examined for anti-HA IgG antibodies by ELISA (as per 

2.20). 

Gemcitabine significantly suppressed antibody formation as previously described (Chapter 

Four) (p=0.005). When FGK45 was given alone, antibody production was markedly increased 

over that seen with tumour alone (p=0.003) (Figure 7.3). The same effect was seen when 

FGK45 treatment followed gemcitabine, rapidly reversing the effect of gemcitabine alone. This 

was not significantly different to FGK45 alone (p=0.52). 
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Figure 7.4 The effect of FGK45 on gemcitabine-mediated suppression of anti-HA IgG 

antibodies 

Groups of six mice were injected with 1 x 106 cells of AB1-HA tumour and nine days later 

treatment was commenced with a full course of gemcitabine or FGK45 as described in Figure 

7.1. One group of gemcitabine-treated mice received treatment with FGK45 following 

chemotherapy. Blood was collected by cardiac puncture two days after the end of treatment or 

at day 11 after tumour injection for untreated controls, centrifuged, and serum tested by anti-HA 

ELISA as described in 2.20. Results are depicted as antibody titre in jjg/mL. 
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7.2.6 Treatment with FGK45 following gemcitabine does not increase the ability of 

lymphocytes from treated mice to proliferate in response to different stimuli 

To further examine the mechanism of synergy between these two treatments, I assessed 

lymphocyte proliferation to antigen-specific or non-specific stimuli ex vivo following combined 

treatment. One difficulty in the design of this experiment was the choice of time point to 

examine. I chose to assess proliferation two days after the end of any treatments, considering 

that alterations in the immune response at this time should be occurring as a result of prior 

treatment. 

BALB/c mice were injected with AB1-HA and, nine days later, these mice were treated with 

gemcitabine with or without FGK45 as described previously. As the two experimental arms 

differed in duration, starting times of the tumour injections and treatments were staggered so 

that the proliferation assay could be performed on the same day for both groups. Two days 

following the end of treatment, mice were culled and lymphocyte proliferation at 48 hours was 

assessed by tritiated thymidine incorporation using spleens from tumour-free untreated BALB/c 

mice as APCs and specific and non-specific stimuli to proliferation. Experiments were initially 

performed in mice which had not received adoptive transfer of HNT or CL4 lymphocytes. 

Without adoptive transfer, proliferation in response to HNT and CL4 peptides was not different 

from baseline (data not shown). Therefore, mice were adoptively transferred with HNT and CL4 

lymphocytes one day prior to gemcitabine treatment to raise the precursor frequency and 

enable any change in response to be evaluated. 

Proliferation of lymphocytes from gemcitabine-treated mice was marginally reduced to non

specific stimuli (plate-bound anti-CD3 or PMA/lonomycin) but this did not differ between those 

groups treated with gemcitabine alone or gemcitabine followed by FGK45 (p>0.05 for all 

comparisons). As had been shown previously, proliferation was generally increased to the 

tumour-specific peptides, HNT and CL4 in gemcitabine-treated mice (Figure 7.5). Again, this did 

not differ significantly between mice treated with gemcitabine alone or both gemcitabine and 

FGK45 (p>0.05 for all comparisons). Thus it appears that while the gemcitabine-induced 

increase in antigen-specific lymphocyte proliferation is maintained following treatment with 

FGK45, the addition of FGK45 does not augment this response further. 
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Figure 7.5 Effect of gemcitabine treatment followed by FGK45 on antigen-specific and 

non-specific lymphocyte proliferation 

Groups of four mice were injected with 1 x 106 cells of AB1-HA tumour and treated with a full 

course of gemcitabine with or without a subsequent course of FGK45 as previously described. 

All mice were adoptively transferred with 1 x 107 of each of HNT and CL4 transgenic 

lymphocytes eight days after tumour injection (one day before starting chemotherapy). Two 

days after the end of treatment, mice were culled and their lymph nodes made into a single cell 

suspension to test proliferation in a tritiated thymidine assay to titrations of tumour specific 

antigens (HNT and CL4) and non-specific stimuli (no stimulus, plate-bound anti-CD3, or 

PMA/lonomycin) as described in 2.19. Tumour-free BALB/c lymph nodes were included as a 

control. Data shown are from one experiment at maximal proliferation, after 48 hours incubation. 
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7.2.7 Treatment with FGK45 following gemcitabine does not change the in vivo CTL 

response compared with gemcitabine alone 

An effective immune response against tumour must be accompanied by a CTL response to 

mediate tumour killing. However, it is clear from previous chapters (6.2.1, 6.2.2) that a vigorous 

CTL response against the HA antigen may not be sufficient to clear tumour or even prevent its 

development. I therefore examined the effect of combination treatment with FGK45 and 

gemcitabine on the in vivo CTL response. 

Mice were injected with AB1-HA tumour as per 2.7. Injection times of tumour were staggered as 

the treatments varied in length. It was important to perform the assay on the same day rather 

than inject tumour on the same day, as inter-assay variation can be high using this technique, 

making results obtained on different days difficult to compare. All treatments were started nine 

days after tumour injection. Adoptive transfer of transgenic lymphocytes was not given. Mice 

were treated with either gemcitabine alone, FGK45 alone, or a full course of gemcitabine 

followed by FGK45. Two days after the end of treatment, mice were injected with CFSE labelled 

spleen cells (2.22) and 18 hours later lymphoid tissues were examined by FACS for the 

proportion of cells remaining in the peptide-labelled peak. 

CTL killing was uniformly low in this experiment, where no adoptive transfer was used to 

increase precursor frequency, although higher in the DLN and spleen than in the CLN. No 

statistically significant difference was seen between any of the three groups, and nor was there 

any apparent trend. An untreated control group was not included in this experiment as there had 

been no difference in CTL activity demonstrated previously between mice treated with 

gemcitabine or placebo injection, either with or without adoptive transfer transgenic 

lymphocytes. 
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Figure 7.6 Effect of gemcitabine, FGK45, and gemcitabine followed by FGK45 on antigen 

specific in vivo CTL killing ability 

Groups of five mice were injected with 1 x 106 cells of AB1-HA tumour and one of three 

treatments was started nine days after tumour injection: gemcitabine alone, gemcitabine 

followed by FGK45, or FGK45 alone as previously described. There was no adoptive transfer of 

transgenic lymphocytes. Two days following the end of treatment, mice were injected with HA-

peptide labelled or unlabelled BALB/c spleen cells differentially labelled with CFSE, for an in 

vivo CTL assay (2.22). The following day the DLN, CLN and spleen were removed, made into a 

single cell suspension, and analysed by FACS for the proportion of cells remaining in the 

peptide labelled vs unlabelled peaks. The figure shows the percentage killing of HA-peptide 

labelled cells compared with unlabelled cells from the DLN, CLN and spleens of treated groups. 

This experiment was performed once, with p>0.05 for all comparisons in each site. 
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7.2.8 Treatment with FGK45 following gemcitabine treatment does not augment cross-

presentation compared with gemcitabine alone 

In Chapter Five, I demonstrated increased cross-presentation relative to tumour size when 

tumour-bearing animals were treated with gemcitabine. It was therefore important to determine 

what happened to cross-presentation when FGK45 treatment followed gemcitabine. 

Mice were injected with AB1-HA and treated with gemcitabine, gemcitabine followed by FGK45, 

or FGK45 alone. Treatment start times were staggered to allow the final assay to be performed 

on the same day with the same CFSE labelled lymphocytes in all groups. A CFSE proliferation 

assay (see 2.21) was performed two days after the end of all treatments. 

There was no statistically significant difference in cross-presentation between mice receiving 

gemcitabine alone or FGK45 alone in any of the lymph node groups (p>0.05 for all 

comparisons). However, when FGK45 was given following gemcitabine, cross-presentation 

disappeared, returning to levels similar to the negative control group (Figure 7.7). Cross-

presentation was significantly lower following combined treatment than gemcitabine alone for all 

lymph node groups (p<0.035 for all comparisons). Animals in the combined treatment group 

had no macroscopically visible tumour at the time of the experiment. 
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-oô --
oo 

D 
_ _A_ _ 

<%b 

P Gemcitabine + PBS 

A FGK45 

O Gemcitabine + FGK45 

Negative control 

o 

DLN CLN Spleen 

Figure 7.7 The effect of combination treatment with gemcitabine followed by FGK45 on 

cross-presentati on 

Groups of five mice were injected with 1 x 106 cells of AB1-HA tumour and one of three 

treatments was started nine days after tumour injection: gemcitabine alone, gemcitabine 

followed by FGK45, or FGK45 alone. Treatments were given as previously described. Two days 

following the end of the allocated treatment, mice were injected with CFSE labelled transgenic 

HA-specific CD8+ T lymphocytes for a CFSE proliferation assay of cross-presentation (see 

2.21). Tumour-free BALB/c mice were included as negative controls. Sixty hours later, mice 

were culled and their DLN, CLN and spleens made into single cell suspensions for analysis by 

FACS. The figure shows the percent of CFSE labelled CD8+ T lymphocytes proliferating in the 

DLN, CLN and spleens of treated groups. Each data point represents an individual mouse from 

one experiment. 
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7.2.9 Treatment with gemcitabine followed by FGK45 increases infiltration of CD4+ and 

CD8+ T lymphocytes in the tumour 

Having demonstrated a likely immunological mechanism for the synergy of combination 

treatment in 7.2.2 and 7.2.4, but no increase in the expansion or killing ability of CD8+ effectors, 

it was important to assess whether their ability to enter the tumour site was improved by 

combination treatment. Earlier results had shown that advanced untreated tumours contained 

very few CD4+ or CD8+ lymphocytes, but these numbers were increased by treatment with 

gemcitabine. 

Mice were injected with AB1-HA and treated with a full course of gemcitabine or gemcitabine 

followed by FGK45, and untreated tumour-bearing controls were included. Two days after the 

end of treatment, mice were culled and frozen sections of their tumours were made, sectioned 

and stained for CD8+ and CD4+ cells by immunohistochemistry (see 2.18). 

Animals treated with the combination showed a marked increase in tumour infiltration with both 

CD4+ and CD8+ cells compared with that in mice treated with gemcitabine only, or untreated 

control mice (Figure 7.9). The infiltrate was too extensive to quantify as per 5.2.7, but the 

difference was considered sufficiently macroscopically clear to make quantification 

unnecessary. Mice treated with gemcitabine alone still showed an increase in CD4+ and CD8+ 

infiltration over untreated control mice. The small size of the tumours meant that the sections 

were of poor quality, and this is reflected in Figure 7.9. 

Figure 7.8 (Overleaf) CD4+ and CD8+ infiltration of tumours from mice treated with 

combination therapy 

Groups of three mice were injected with 1 x 106 cells of AB1-HA and nine days later treated with 

a full course of gemcitabine with or without subsequent FGK45. Two days following the end of 

treatment, mice were culled, tumours frozen in OCT, and then sectioned and stained as per 

2.18. Representative sections from one mouse per treatment group are shown. All animals in 

each treatment group showed similar results. 
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7.2.10 There is no increase in HA-tetramer positive cells in the CD8+ infiltrate 

It was important to determine whether the increase in CD8+ T cell infiltration following 

combination was HA-specific. 

Mice were injected with AB1-HA tumour and treated with gemcitabine only, FGK45 only, or the 

combination treatment on the usual protocol. No adoptive transfer was used in this experiment. 

In order to make the comparisons more valid, tumour injection and treatment times were 

staggered so that the mice finished their treatments on the same day and tumours were 

harvested and stained with the HA peptide/Kd/biotin tetramer complex and CD8+ FITC 

simultaneously. Tumours were harvested at this time point because this period, shortly after the 

end of treatment, is when tumours either involute or continue to grow. It could be expected that 

any significant change in the cellular composition of tumour may be evident two days after the 

completion of treatment. 

There was no statistically significant difference between the percentage of gated cells which 

were CD8+/ tetramer-positive, nor the percentage of CD8+ T cells which were tetramer-positive, 

in animals treated with gemcitabine alone, FGK45 only, or with the combination of the two 

treatments (Figure 7.10). It should be noted that in three of the five animals treated with the 

combination, no tumour was present and therefore these data cannot be shown on the figure. 

Animals treated with FGK45 only had larger tumours than those treated with either gemcitabine 

only or the combination, and animals treated with the combination had the smallest tumours at 

the time of harvest. This finding was consistent with previous experience. 
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Figure 7.9 HA-specific CD8+ T cell infiltrate in tumours treated with combination therapy 

Three groups of five mice were injected with AB1-HA tumour and treated with gemcitabine only, 

FGK45 only, or the combination treatment as previously described. Two days after the 

completion of treatment, tumours were removed, made into a single cell suspension, and 

stained with HA peptide/Kd/biotin tetramer complex followed by SA-PE and double stained with 

CD8-FITC prior to analysis with FACS as described (2.25, 2.26). Analysis was gated on the 

lymphocyte region. The figures show A. the percentage of all gated cells which were 

CD8+/tetramer-positive and B. the percentage of CD8+ T cells which were tetramer-positive. 

Three mice in the combination treatment group had no tumour to analyse. This experiment was 

performed once. 
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7.2.11 CD4+ T cells are not required for the synergistic effect between gemcitabine and 

FGK45 

Exogenous CD40 ligation can substitute for CD4+ T cell help when DCs prime CD8+ CTLs. 

(Schoenberger, Toes et al. 1998). In order to assess the requirement for CD4+ T cells in 

producing the observed synergy between gemcitabine and FGK45, treated mice were depleted 

of CD4+ T cells at varying points in the treatment cycle. 

Mice were injected with AB1-HA and treated with gemcitabine followed by FGK45. One group 

was treated with CD4+ depleting antibody (YTS 191, see 2.17) for three consecutive days from 

one day prior to starting gemcitabine, one day prior to starting FGK45, or one day after the last 

dose of FGK45. Depletion had been previously shown to last for approximately 14 days 

following this schedule (Himbeck,R., unpublished data). Depletion was confirmed by FACS 

analysis of CD4+ T cells from treated mice, with a mean of 97% depletion of CD4+ T cells 

compared with control mice (Figure 7.11B). 

There was no difference in survival between mice depleted of CD4+ T cells at any time point 

and control mice (Figure 7.11). Indeed, control mice had a lower than expected long-term 

survival of only 40%, and all other groups of mice showed long-term survival of 60-80%. The 

low survival in the control group may be due to chance in this small number of mice. 

Nevertheless, it reinforces the observation that CD4+ T cells are not necessary for the 

synergistic effect of gemcitabine and FGK45 in curing mice of this tumour. 
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Figure 7.10 Depletion of CD4+ T lymphocytes in mice treated with combination 

gemcitabine and FGK45 

Four groups of five mice were injected with 1 x 106 cells of AB1-HA tumour and treated with 

gemcitabine followed by FGK45. Three groups were depleted of CD4+ T cells using the 

depleting antibody YTS 191, given as three doses of 100 //g i.p. on consecutive days either 

before gemcitabine treatment, before FGK45 treatment, or after FGK45 treatment. The control 

group received placebo vehicle depletion. A. shows survival curves from the four groups. The p 

value represents the results of a Logrank test comparing each survival curve of the treated 

groups with the control group. B. shows FACS analysis of CD4 depletion from negative control, 

undepleted, and depleted animals on FL2. This experiment was repeated twice with similar 

results. 
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7.2.12 CD8+ T cells are required for synergy between FGK45 and gemcitabine 

Having demonstrated that CD4+ cells are not required for the synergistic effect of combination 

treatment, I tested whether CD8+ T cells were required by depleting mice of this population. 

Mice were injected with AB1-HA and treated with gemcitabine and FGK45. One group was 

treated with CD8+ depleting antibody (YTS 169, see 2.17) for the duration of active treatment. 

Depletion was confirmed by FACS analysis of CD8+ T cells from treated mice, with a mean of 

97% depletion of CD8+ T cells compared with control mice (Figure 7.12C). 

There was no significant difference between the two groups during the course of gemcitabine 

treatment. One mouse from each group died early (day 25) as a result of treatment toxicity. On 

the final day of FGK45 treatment, a difference was noted between the two groups, with tumour 

outgrowth commencing in animals depleted of CD8+ T cells. At this time point, tumours 

remained small in control mice. Four of nine remaining control mice developed tumour and were 

culled when lesion size reached 10x10 mm. Five mice from the control group (50%) remained 

tumour-free long-term. All nine remaining mice from the CD8+ depleted group developed 

tumour outgrowth and were similarly culled. 
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Figure 7.11 Depletion of CD8+ T cells during treatment with gemcitabine followed by 

FGK45 

Groups of ten mice were injected with 1 x 106 cells of AB1-HA tumour and nine days later 

treatment was started with gemcitabine followed by FGK45 as previously described. 100//g 

CD8+ depleting antibody (YTS 169) was given i.p. for three days prior to starting 

gemcitabine, and then the same dose was given on days when mice received other 

treatments, thus continuing depletion throughout the treatment course. The control group 

received placebo vehicle depletion. Mice were monitored for tumour growth and survival. A. 

Tumour growth curves and B. Kaplan-Meier survival curves are shown above. C. shows 

FACS analysis of negative control, undepleted, and depleted animals on FL1. p value 

represents the difference between treatment groups for ANOVA (A) and Logrank test (B). 

This experiment was performed once. 
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7.2.13 Surgical debulking does not substitute for gemcitabine in mice treated with 

combination therapy using FGK45 

The success of treatment with gemcitabine and FGK45 in curing mice with established tumour 

may be due solely to the cytotoxic effect of gemcitabine, reducing tumour bulk to a size at which 

FGK45 can be efficacious alone. Thus, this combination may not demonstrate true 

immunological synergy. This hypothesis could be tested by starting FGK45 treatment early, 

when tumour size was small. However, we know that starting treatment with FGK45 nine days 

after tumour inoculation is ineffective (see 7.2.1), and that earlier than this there is limited 

antigen-presentation and CTL activity in this tumour model (Marzo, Lake et al. 1999b). Thus, it 

was necessary to reduce tumour bulk at a later time point, following maturation of an 

immunological response, with the duration of antigen presence identical to gemcitabine treated 

animals. This approach entailed surgical debulking of tumour on a day equivalent to the final 

day of gemcitabine treatment. 

Groups of mice were inoculated with AB1-HA tumour. Nine days later, gemcitabine treatment 

commenced on the usual schedule in two groups, with one group subsequently receiving 

FGK45 treatment as per the curative protocol. Two further groups of mice had surgical 

debulking of the tumour mass under general anaesthetic on a day equivalent to the final day of 

gemcitabine treatment (see 2.27). One group then received FGK45 as per the curative 

schedule. 

Tumours grew rapidly in untreated control animals and animals planned for surgical treatment 

(Figure 7.13 A). On the day of surgery, two animals from the surgery + FGK45 group and three 

animals from the surgery control group died as a direct result of the procedure or anaesthetic, 

and one further animal in the surgery alone group died three days later. The remaining animals 

recovered uneventfully from the surgical procedure and returned to their normal appearance 

and behaviour by the following day. Mice receiving gemcitabine had shrinkage of tumours which 

persisted for the duration of the treatment course. All mice receiving gemcitabine without 

FGK45 rapidly re-grew tumours after the end of treatment. Mice treated with surgery all re-grew 

tumours, and re-growth was slightly and significantly delayed (p=0.005) compared with mice 

treated with gemcitabine alone. This indicated that the efficacy of surgical debulking was at 

least equivalent to the effect of gemcitabine alone, although this did not translate to an 

226 



improvement in survival (p>0.05). There was no evidence of growth delay (p=0.76) or increased 

survival (p=0.3) when surgically debulked mice were treated with FGK45. Animals treated with 

gemcitabine followed by FGK45 showed a significant slowing of tumour outgrowth compared 

with animals receiving FGK45 after gemcitabine (p=0.002), and four of ten animals in the 

combined treatment group were long-term survivors (Figure 7.13 B). This survival difference 

was statistically significant when compared with all other groups (Figure 8b) (p=0.02 for 

gemcitabine + FGK45 vs surgery + FGK45). However, when data were analysed separately for 

those mice in the chemo-immunotherapy group that did and those that did not re-grow tumours, 

it is evident that mice which develop tumours after combined treatment do so at the same rate 

as mice treated with gemcitabine alone (Figure 7.13 C). Thus, the long-term survival of some 

mice appears to be an "all or nothing" phenomenon. 

Figure 7.12 (Overleaf) Surgical debulking followed by FGK45 treatment 

Five groups of five (gemcitabine-only control, untreated control) or ten (all other groups) mice 

were injected with 1 x 106 cells of AB1-HA tumour and either untreated, treated with 

gemcitabine, or surgically debulked prior to treatment with FGK45 or placebo vehicle. 

Gemcitabine and FGK45 treatments were given as described. Surgical debulking was 

performed under general anaesthetic on the day the final dose of gemcitabine was administered 

to other groups (see 2.27). Animals were monitored for A. tumour growth and B. survival. C. 

shows mean tumour growth curves when survivors of combination treatment are plotted 

separately from the animals which continued to develop tumour. This experiment was 

performed once. 
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7.2.14 The combination of gemcitabine and FGK45 can cure mice bearing the parent AB1 

tumour 

The parent AB1 tumour is less sensitive to gemcitabine than AB1-HA, although this difference is 

not significant (See 3.2.1). To examine whether the synergy of combination treatment could 

occur in another tumour cell line, mice were injected with AB1 and then treated with 

gemcitabine followed by FGK45 as per the curative schedule. 

Mice treated with gemcitabine showed delayed tumour growth compared with that of untreated 

control mice. Mice treated with gemcitabine followed by FGK45 had slower mean tumour growth 

relative to those treated with gemcitabine alone (p=0.0014), with three of eight mice surviving 

long-term, a significant increase in survival (p= 0.04). Thus, this treatment is also efficacious in 

AB1 which does not bear HA. 

Mice which did grow tumour following combination treatment showed the same rate of growth 

as those which received gemcitabine alone. 
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Figure 7.13 Treatment of AB1 tumour with combined gemcitabine and FGK45 treatment 

Groups of eight mice were injected with 1 x 106 cells of AB1 tumour and nine days later 

treatment with gemcitabine alone or gemcitabine followed by FGK45 was commenced, on the 

same schedules as previously described. Mice were monitored for A. tumour growth rates and 

C. survival. B. shows tumour growth rates when long-term survivors of combination treatment 

are plotted separately from those which develop tumours, p values represent the differences 

between gemcitabine only and gemcitabine + FGK45 groups by A N O V A (A) and Logrank test 

(C). This experiment was performed once. 
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7.3 Discussion 

Gemcitabine and FGK45 synergise to cure mice of AB1-HA tumour. This effect is 

immunologically mediated and is not seen in gemcitabine-resistant tumour 

When this series of experiments was conceived, I hypothesised that combining the activating 

anti-CD40 antibody FGK45 with gemcitabine chemotherapy could slow tumour re-growth and 

prolong survival, and that in view of the demonstrated priming effects of gemcitabine, they may 

be synergistic rather than additive. However, I have shown that this combination cures between 

40 and 80% of mice when gemcitabine precedes FGK45. This effect is schedule dependent, not 

occurring when FGK45 is given before chemotherapy or when the two treatments are used 

concurrently, although the toxicity of the concurrent treatment schedule could mask its efficacy. 

The immunological basis of this synergy is supported by several observations. Firstly, there is 

no in vitro interaction between the two treatments; indeed, FGK45 alone has no effect on AB1-

HA in vitro (Figure 7.3B). Secondly, mice cured by combination treatment resist tumour re-

challenge. When mice are treated with an immunisation protocol using 1 x 106 AB1-HA tumour 

cells irradiated to 20 000 Rads, no tumour grows at the site of irradiated tumour inoculation. 

However, when these immunised mice are challenged with a further inoculum of 1 x 106 live 

AB1-HA tumour cells, all develop tumour, albeit at a slower rate than unvaccinated controls (see 

3.2.6). Thus, AB1-HA is a poorly immunogenic tumour. This suggests that priming and 

development of immunological memory is more effective after this combination treatment than 

after an immunisation protocol using irradiated tumour alone. Furthermore, mice cured of AB1-

HA also resist challenge with the parent AB1, indicating that the response induced by 

gemcitabine and FGK45 is not restricted to the HA antigen. To further test the requirement for a 

functioning immune system, the experiment could be replicated in nude mice. However, this 

question has in essence been answered by experiments depleting mice of CD8+ T cells. 

The synergistic effect of gemcitabine and FGK45 requires apoptotic tumour cell death, and does 

not occur simply as a consequence of the effect of this combination on the immunological 

milieu. This has been demonstrated using the gemcitabine resistant cell line AB1-HA-GR250 

(Figure 7.2). However, there are several caveats on this experiment. Firstly, an abbreviated 

course of gemcitabine was given; nevertheless, it seems unlikely that eliminating one of five 
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doses of gemcitabine would abolish any treatment effect. What may be more important is the 

effect of commencing treatment at an earlier time point. We know that in this tumour model, the 

cellular anti-tumour response changes over the first two weeks of tumour growth, with antigen 

presentation and CTL responses appearing between one and two weeks after tumour 

inoculation (Marzo, Lake et al. 1999a; Marzo, Lake et al. 1999b). Unfortunately, due to the rapid 

growth kinetics of untreated AB1-HA-GR250, it was not possible to treat tumours later and 

complete even an abbreviated course of combination therapy. In addition, treating gemcitabine-

resistant tumours later adds the variable of large tumour size, which may also alter the immune 

response and lymphocyte trafficking into the tumour site. Nevertheless, the absence of any 

growth delay strongly suggests that cell death is required for synergy. 

Additional evidence that apoptotic cell death is required comes from the data comparing mice 

debulked with gemcitabine or surgery (Figure 7.13). One can hypothesise that FGK45 simply 

takes advantage of the small size of tumours remaining after chemotherapy. However, I have 

clearly demonstrated, using effective surgical debulking, that this is not the case. Surgery alone 

is not curative, although tumours grow back at a slightly slower rate than those treated with 

gemcitabine alone, implying that the residual tumour may be even smaller after surgical 

debulking. In addition, this experimental protocol provides ample time for antigen presentation 

and priming to occur, as tumour is present for 21 days prior to debulking. It appears that FGK45 

is ineffective even in slowing re-growth of microscopic tumour. This implies that gemcitabine 

also changes the immune milieu, independent of its chemical debulking actions, and my 

findings in AB1-HA-GR250 suggest that tumour apoptosis is important for this priming effect. 

CD8+ lymphocytes mediate synergy between gemcitabine and FGK45 

There are several inherent problems in trying to address the mechanism behind this synergy 

using a tumour neo-antigen-T cell receptor transgenic model. Firstly, at what time point should 

one examine these mechanisms? In this chapter, I used techniques assessing the cellular 

response to tumour two days after the completion of treatment. The rationale for choice of this 

time point was that any changes in cellular response would be fully developed and thus 

potentially maximally different from other treatment groups. Problems arising from this approach 

include the need to inoculate tumour at different time points and treat at different time points in 

order to co-ordinate the experimental read-out for the same day. Hence, although all animals 
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had just completed their treatment course, tumours had been present in situ for differing 

durations. A second problem was the lack of, or very small size of tumour, in animals treated 

with combination therapy. A threshold for antigen presentation has previously been shown, and 

when transplanted tumours are completely lysed, cross-presentation and CTL induction 

disappear (Nelson, Mukherjee et al. 2001 and Marzo et al., unpublished observations) Hence, 

when mice treated with the combination did not show any antigen-presentation (Figure 7.7), one 

can presume this was due to the very small size or absence of tumours. Similarly, at this time 

point I was unable to show any increase in CTL induction (Figure 7.6). As these animals must 

be culled for the experimental read-out, it is not possible to determine whether individual 

animals would have been long-term survivors, and it is possible, given the variation I have seen 

in this system, that in a single experiment five of five animals could have been cured of tumour. 

Furthermore, when long-term survivors from this treatment combination are examined for 

antigen presentation, it is absent (data not shown). There is a similar problem when examining 

immunohistochemistry and tetramer staining from residual tumours. Would these animals, in 

which we can detect and excise tumour, have gone on to re-grow tumours? Are we able to 

examine the mechanism of survival only in the population which would not have survived? 

In view of the problems discussed above, the most informative data concerning the mechanism 

of synergy comes from lymphocyte depletion studies. The CD4+ lymphocyte population is not 

necessary for the synergistic effect of combination treatment (Figure 7.11). Depletion over three 

different periods during treatment suggests that the effects of gemcitabine on CD4+ cells are 

not important for development of synergy, and nor are they necessary when FGK45 is 

mediating or maintaining tumour eradication. In contrast, when the CD8+ population is depleted, 

the synergy between gemcitabine and FGK45 is abolished, with no mice surviving in the group 

depleted of CD8+ T cells yet 50% surviving in the control group (Figure 7.12). 

It is surprising that depletion experiments showed no role for CD4+ T cells whilst 

immunohistochemical staining showed an extensive CD4+ infiltrate. Although CD8+ T cells are 

the likely effector cells, previous work in this model using adoptive transfer of transgenic T 

lymphocytes has shown that CD4+ T cells have an important post-licensing role, allowing and 

maintaining entry of CD8+ T cells into the tumour (Marzo, Kinnear et al. 2000). The major 

difference seen between gemcitabine-treated animals and those treated with the combination 
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treatment was the extensive C D 4 + and C D 8 + tumour infiltrates, and it is possible that this is 

part of the mechanism of synergy between the two treatments. However, it would have been 

instructive to perform immunohistochemistry on tumours of CD4+ depleted mice shortly after 

treatment, to ensure that the CD8+ T cell infiltrate persisted in the absence of CD4+ cells. 

The immune response to AB1-HA elicited by combination treatment is not only HA-

specific 

That the CD8+ infiltrate did not reflect an increase in HA-specific CD8+ T cells is not entirely 

surprising. A similar result was observed in 5.2.8, where an increase in CD8+ infiltrate in 

gemcitabine-treated mice was not reflected in tetramer studies. AB1-HA doubtless expresses 

other antigens, and the response may be also to one or many dominant or subdominant 

antigens. Indeed in this chapter, there has been little evidence of an HA-specific effect with the 

exception of antibody development. Furthermore, animals cured of AB1-HA by the combination 

treatment are also resistant to challenge with AB1 tumour (7.2.2), and the combination can also 

cure animals bearing the AB1 tumour, providing further evidence that the effect is not restricted 

to the HA antigen. Hence, it is possible that I have been unable to demonstrate an effect on 

parameters such as antigen-presentation, CTL killing, tetramer staining and lymphocyte 

proliferation owing to the differing antigen-specificity of this response. 

Chapter summary 

The interaction between the effects of gemcitabine and FGK45 is clearly finely balanced. The 

proportion of survivors in treatment groups varied from experiment to experiment, generally 

ranging between 40 and 80%. Further important questions may be: 

• Is the combination treatment equally efficacious in other tumours? 

• Can FGK45 be effective following other cytotoxic drugs or combinations of drugs? 

• How much tumour apoptosis is required for FGK45 to be beneficial? 

I have addressed the first question in the parent cell line AB1, which does not express HA (see 

7.2.13), and a similar effect is seen. I have not used this combination in cell lines with 

intermediate gemcitabine sensitivity, nor in a non-mesothelioma cell line, nor tested chemo-

immunotherapy with FGK45 and other cytotoxic agents. These questions are all important for 

future directions in this work. 
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Chapter 8: Final Discussion 
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This thesis contributes to our understanding of tumour immunology and therapeutics in three 

important and interlinked areas. Firstly, I have performed the only comprehensive study of the 

effects of a new-generation cytotoxic chemotherapy agent on the antigen-specific immune 

response to tumour. Secondly, I have demonstrated that apoptotic tumour cells can be an 

important source of cross-presented antigen in vivo, and may not require a danger signal to 

prime an immune response. Thirdly, I have demonstrated synergy between gemcitabine and 

two different immunotherapies, findings which may have application in clinical research. I will 

discuss the implications of these studies on our understanding of tumour immunology. 

8.1 The effects of gemcitabine on the immune response to tumour 

I have not found any other published studies comprehensively examining the antigen-specific 

immune response to tumour in the context of cytotoxic chemotherapy. This study was made 

possible by the availability of the HA neo-antigen transgenic-transfectant model, so that several 

parameters of the cellular and humoral response to HA could be followed. The tools available 

included TCR transgenic mouse lymphocytes of class I and II specificities, peptides recognised 

by these lymphocytes, ELISA for anti-HA IgG antibodies, and tetramers to identifier HA-specific 

CD8+ T cells. Whilst similar models have been used for some years in examining antigen-

specific immune responses to study tumour immunology and have led to many powerful 

insights, they have not previously been used with chemotherapy drugs. 

My findings suggest that gemcitabine is not detrimental to anti-tumour immunity, but have 

exposed some other effects on the immune response. Most importantly, gemcitabine abrogates 

humoral immunity in this model, regardless of the antigen source and independent of the 

antigen load or cell death. These findings were quite distinct from its effects on the cellular 

immune response. Similar findings have been reported for children receiving combination 

chemotherapy protocols (von der Hardt, Jungert et al. 2000). This area has been little 

investigated in adults, but is of increasing relevance when adult cancer patients are 

recommended to have influenza vaccinations, and may be receiving treatment on 

immunotherapy protocols where antibody responses against tumour are an important 

measurable outcome. I believe this is an important area for a clinical trial to be undertaken. 

236 



I discuss m y findings with regards to cellular anti-tumour immunity in detail below. However, it is 

essential that the limitations of the HA model in examining cellular immunity be recognised at 

this point. The majority of my findings when investigating cellular immunity required adoptive 

transfer of TCR transgenic lymphocytes in order to raise the precursor frequency and obtain a 

meaningful experimental read-out in the limited time frame of these experiments. In the absence 

of adoptive transfer, detection of lymphocyte proliferation, CTL activity, and tetramer-positive 

staining CD8+ T cells above baseline was difficult. This suggests that HA is possibly not the 

most important antigen borne by AB1-HA for eliciting a cellular response. Nevertheless, there is 

little doubt that gemcitabine augments cellular immunity, given the priming effects of 

gemcitabine on responses to immunotherapy. My interpretation is that cellular responses are 

occurring to other, unidentified antigens borne by AB1 -HA. This is reinforced by the observation 

that animals cured of AB1-HA by combination chemo-immunotherapy are resistant to 

subsequent challenge with AB1, and that chemo-immunotherapy is also effective in AB1. 

Further evidence that HA is not the most important cellular antigenic target in this tumour model 

comes from my studies with the PR8 virus (Chapter Six), and from previous work looking at 

tumour protection by adoptive transfer of TCR transgenic lymphocytes specific for HA (Marzo, 

Lake et al. 1999b). Despite a vigorous CTL response to the HA antigen, vaccination with PR8 is 

unable to protect from AB1-HA tumour development, and has minimal efficacy in slowing 

tumour growth when used alone, although when used after gemcitabine it can slow tumour 

growth significantly. My interpretation of the lack of efficacy of the PR8 virus is that a strong 

response to HA is certainly not sufficient, and possibly only minimally important, in eradication 

of this tumour. Additional evidence to support this theory is that when AB1-HA is inoculated, 

even in low cell numbers (2 x 105 cells) into CL4 transgenic mice, 40% of mice are unable to 

reject the tumour (Marzo, Lake et al. 1999b). 

In view of these observations, it would be reasonable to pursue these studies in a different 

tumour model. The murine mesothelioma cell line AE17-sOVA (Bundell C, unpublished data), 

which expresses the OVA antigen, elicits strong CTL responses without adoptive transfer, 

although these diminish with time (Jackaman C, unpublished data). Similar tools are also 

available to study anti-tumour immunity in this model. It would be valuable to test whether 

gemcitabine affects CTL responses in this model. As CD8+ T cells are necessary for effective 
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combination therapy with FGK45 and gemcitabine, and infiltrate the tumours of treated animals, 

I would predict that the combination, if not gemcitabine alone, may augment or prolong OVA-

specific CTL killing in this system, and that the experimental read-outs of the HA system are not 

sensitive enough to detect subtle differences. The alternative, that CD8 killing does not improve, 

assumes that an increase in CD8 infiltration without a concomitant improvement in function is 

sufficient to cure some animals of tumour. The lack of efficacy of a strong CTL response alone 

may fit with this assumption, and perhaps we should be trying to improve tumour CD8 infiltration 

rather than CD8 function when developing new immunotherapies. Tumour models expressing 

antigens such as HA and OVA have, however, been criticised for their artificiality, as natural 

tumours rarely express such strong, dominant antigens. Hence, the ideal model in which to 

study this system would be in a tumour where natural antigens had been identified, and TCR 

transgenic mice specific for these natural antigens were available. 

8.2 Apoptotic tumour cells are a source of cross-presented antigen in vivo, and prime the 

immune response 

The 'danger theory' (Matzinger 1994) proposes that the immune system responds not only to 

antigen type and amount, but principally to its context. It suggests that necrotic cell death, 

particularly when associated with cellular stress, triggers responses to self antigens which are 

likely to destroy normal tissue. In contrast, apoptosing cells are efficiently cleared by 

phagocytosis, which may result in antigen sequestration (Fadok, Bratton et al. 2001) or the 

induction of tolerance (Steinman, Turley et al. 2000). This notion receives some support from 

the observation that animals with defects in the apoptotic pathway can be susceptible to 

autoimmune diseases (Murga, Fernandez-Capetillo et al. 2001). 

Apoptosis often induces the release from APCs of anti-inflammatory cytokines such as IL-10, 

TGFP and Prostaglandin E (Reiter, Krammer et al. 1999; Fadok, Bratton et al. 2001; Stuart, 

Lucas et al. 2002) and is thus postulated to be broadly anti-inflammatory and tolerising. It is 

important to remember, however, that apoptosis is the outcome of a variety of mechanisms of 

cellular injury, and the response to apoptosis may depend on its mechanism of induction. 

Necrotic cell death involves the passive rupture of cell membranes and subsequent release of 

intracellular contents (Hengartner 2000; Savill and Fadok 2000), and is considered pro

inflammatory and pro-immune. 
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The importance of whether tumour apoptosis induces antigen sequestration and tolerance in 

vivo lies in the attempts to combine chemotherapy and immunotherapy treatment strategies. 

The majority of cytotoxic chemotherapy drugs kill by a final common pathway of induction of 

tumour cell apoptosis following damage to cell replicative mechanisms (Makin 2002). Whilst 

chemotherapy remains the mainstay of palliative treatment in advanced cancers, it is likely that 

most immunotherapies will be given during or following drug treatment. Hence, if apoptosis 

induces strong tolerogenic signals, it would be more difficult for immunotherapy to induce anti-

tumour responses in this context. 

The in vivo response to apoptotic tumour antigen has not previously been studied. The HA 

transfection-transgenic model makes a detailed analysis of the antigen-specific response to 

tumour apoptosis possible, and I have been able to analyse not only cross-presentation, but 

also the induction of tolerance and deletion by this process. Previous work on this model, 

although suggesting that the HA tumour antigen is principally cross-presented, cannot rule out 

some direct presentation by tumour cells in the draining lymph node (Marzo, Heath et al, 

unpublished observations). This is consistent with the lack of any evidence that this tumour 

metastasises to lymph nodes (Marzo, Lake et al. 1999b). Cross-presentation of tumour antigen 

in draining lymph nodes is efficient and tumour antigen cross-presentation is seen throughout 

the period of tumour growth (Marzo, Lake et al. 1999a). Additionally, I have demonstrated in 

vitro that tumour cells killed by gemcitabine are dying by apoptosis. Furthermore, histological 

sections of in vivo treated tumour have not shown any evidence of necrosis or increased 

inflammatory infiltrate. 

My data show that the induction of massive in vivo tumour cell apoptosis by gemcitabine did not 

reduce cross-presentation of tumour antigens, rather antigen-presentation was increased as a 

function of tumour antigen load. Apoptotic tumour cells killed in vivo in this model are thus not 

sequestered from the cross-presentation pathway as has been previously postulated (Fadok, 

Bratton et al. 2001). If live cells were the only source of antigen, cross-presentation would be 

expected to decline when apoptosis was induced in this model. This is supported by the 

absence of a similar effect in the gemcitabine-resistant cell line. 

Other authors have demonstrated deletion of CD8 cells to both cross-presented self antigens 

(Kurts, Kosaka et al. 1997) and in the thymus (Merkenschlager, Power et al. 1999). My data, 
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however, do not demonstrate any decrease in numbers of HA-specific C D 8 T cells following the 

increase in cross-presentation mediated by gemcitabine-induced apoptosis. This suggests that 

cross-presentation from apoptotic cells does not lead to deletional tolerance. 

I have also demonstrated that antigen presented from apoptotic tumour cells does not induce 

functional tolerance. Despite a reduction in tumour size, CTL activity is unchanged by 

gemcitabine treatment and, in addition, CD8 proliferation in response to tumour antigen is 

augmented following apoptotic cell death and subsequent cross-presentation. When histo-

incompatible transplanted tumours are eradicated, cross-presentation and CTL induction 

disappear (Marzo, Lake et al. 1999b and Marzo et al, unpublished observations). If only live 

cells, not apoptotic cells, are the source of antigens for cross-priming of CTLs, it could be 

argued that a reduction in the number of live tumour cells, and consequently the load of cross-

presented tumour antigen derived from them, should produce a decline in CTL activity. Overall, 

my data do not support a view that the induction of tumour apoptosis in vivo tolerises the 

tumour-specific CD8 response. 

These observations are also discussed in Chapter Five, where the cellular response to tumour 

in the context of gemcitabine is explored. However, the notion that gemcitabine has a priming 

effect is further strengthened by three separate observations made in this thesis. Firstly, that 

animals cured by gemcitabine treatment alone are resistant to re-challenge with the same 

tumour. This finding would be unexpected in the absence of any priming effect, as AB1-HA is 

not an immunogenic tumour as defined by vaccination with irradiated tumour cells. Secondly, 

prior treatment with gemcitabine augments the anti-tumour effects of vaccination with PR8 virus. 

Thirdly, gemcitabine and FGK45 can synergise to cure animals of established tumour in the 

absence of any significant effect of FGK45 alone, and this is dependent upon gemcitabine 

preceding FGK45. 

8.2.1 How do these observations fit the established theories of immune responsiveness? 

How do these observations fit with the established theories of immune response, the "danger" 

and "self-non-self" models? In my view these findings do not fit completely with either model, 

but possibly find more common ground with the "danger" hypothesis. Some chemotherapeutic 

agents have been shown to increase the level of stress proteins expressed by cells, such as 
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heat-shock protein 70 (hsp-70) (Ohtsuboa, Kanob et al. 2000), and these proteins are capable 

of stimulating host anti-tumour responses that may induce CD8 responses to the cross-

presented tumour antigen (Srivastava 2002). Gemcitabine has not yet been studied in this 

context. In addition, the increased phagocytosis of apoptotic tumour cells by tumour-associated 

macrophages, one of the main sources of pro-inflammatory cytokines, may augment the release 

of these cytokines and increase the responsiveness of APCs to cross-presented tumour 

antigens (Fadok, Bratton et al. 2001). Thus gemcitabine may be in some way increasing the 

"danger" perceived by the immune system. Alternatively, it may be that apoptosis, at least in this 

tumour, does not lead to a quiet, unrecognised death but is actually a strong signal for cross-

presentation and priming in vivo, implying that "danger" is not required for an effective immune 

response to tumour. 

8.3 Chemotherapy and immunotherapy can synergise in vivo 

This study has important implications for combination chemo-immunotherapy. Most cytotoxic 

chemotherapy is immunosuppressive, insofar as it causes neutropenia and lymphopenia, 

increasing susceptibility to predominantly bacterial infections, but also fungal and viral infections 

under some circumstances. Hence, it has been assumed that chemotherapy is detrimental to 

anti-tumour immunity. I have shown that this is not necessarily so. The immunosuppressive 

properties of chemotherapy have been a perceived barrier to combining treatments with 

immunotherapy. Any benefits of combination treatment have been assumed to derive from the 

debulking effects of chemotherapy. There have been few studies combining apoptosis-inducing 

chemotherapy and immunotherapy in cancer, presumably because it has been assumed that 

chemotherapy is so immunosuppressive that it would negate any potential benefits from 

immunotherapy (Buzaid 2000). 

8.3.11s gemcitabine unique amongst cytotoxic chemotherapy in its beneficial effects on 

anti-tumour immunity? 

The answer to this question is unknown. This study is the first, to my knowledge, to 

comprehensively dissect the effects of a cytotoxic chemotherapy agent on antigen-specific anti-

tumour immunity. It is also unusual in showing the beneficial effects of this drug on anti-tumour 

immunity when given at a full cytotoxic dose, rather than a sub-therapeutic dose. 
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Cyclophosphamide is another drug which has been widely studied and can synergise with 

immunotherapy and anti-tumour vaccinations, but has generally been used at doses below 

those which are independently cytotoxic (Askenase, Hayden et al. 1975; Turk and Parker 1982; 

Proietti, Greco et al. 1998). The beneficial effects of cyclophosphamide, unlike those of 

gemcitabine, do not require tumour cell death to occur, and have different mechanisms. 

Although some parameters have been studied for other drugs, these have been neither full 

examinations of their effects on the immune system, nor tumour-specific (see Chapter One). 

Certainly, from the effects of gemcitabine that I have observed, it seems possible that other 

cytotoxic drugs could have a similar beneficial effect. Apoptotic tumour cell death is a final 

common pathway of the damage to cell mitotic mechanisms inflicted by many drugs (Makin and 

Dive 2001). I have shown that when tumour cells apoptose after gemcitabine treatment, 

increased cross-presentation results. Lymphocyte proliferation to specific tumour antigens 

increases, and lymphocyte infiltration of tumour increases. All these effects could result from 

tumour cell apoptosis and subsequent increased antigen delivery to the draining lymph node. If 

this is the case, it is likely that other drugs causing tumour cell death may have the same effect. 

Alternatively, the negative effect of gemcitabine on B cell numbers and function may reduce 

competition for antigen, a mechanism which may not be shared by other cytotoxics. As 

gemcitabine is detrimental to other non-specific immune functions such as lymphocyte 

numbers, proliferation to mitogens, and antibody production, the known non-specific detrimental 

effects of other drugs do not exclude some benefits to antigen-specific anti-tumour immunity. 

Overall, it is unlikely that gemcitabine is unique in this regard. This work needs to be continued 

by examining other nucleoside analogues and other cytotoxic agents with differing mechanisms 

of action. 

8.3.2 Will the beneficial effects on anti-tumour immunity persist when gemcitabine is 

combined with other cytotoxic agents? 

This second important question clearly cannot be answered from the experiments presented in 

this thesis, but is of vital importance if this work is to translate to use in patients. When 

gemcitabine is used clinically, it is almost invariably used in combination rather than as a single 

agent. The principles of combination chemotherapy state the importance of using maximum 
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tolerated doses of two or more non-cross-resistant drugs with differing mechanisms of action 

and differing toxicities in order to produce the maximum tumour cell kill (De Vita, Hellman et al. 

1999). Furthermore, gemcitabine shows preclinical and clinical synergy when combined with 

cisplatin (Peters, Ruiz van Haperen et al. 1996), the drug with which it is most commonly used 

in the clinic. 

The combination of cisplatin and gemcitabine could potentially impair the beneficial effects of 

gemcitabine. Alternatively, they may remain unchanged or even be augmented if cisplatin 

shows a similar beneficial effect and the combination induces more apoptosis and further 

reduces tumour bulk. This would be relatively simple to test. A detailed examination of the 

effects of cisplatin on antigen-specific anti-tumour immunity would be unnecessary in the first 

instance, but it would be important to examine whether combination treatment with gemcitabine 

and cisplatin could also synergise with FGK45 to cure established murine tumours. I consider 

this the next important experiment in continuing this work, and a key step before it can be 

translated to use in patients. 

8.3.3 How can work presented in this thesis translate to clinical use of chemo-

immunotherapy? 

The two types of immunotherapy used in this work show different outcomes in tumour re-growth 

and survival. Whilst the HA-expressing PR8 virus slows tumour growth marginally when used 

alone, this effect is augmented when it is used after gemcitabine but does not increase long-

term survival. In contrast, FGK45 has little beneficial effect when used alone, but induced 

tumour eradication and long-term survival in a proportion of mice, although tumours in those 

mice re-growing tumour grew at a rate similar to those in untreated mice. Hence, this is an all-

or-nothing effect. 

In the clinical setting, an effect such as that of PR8 would be most valuable in metastatic 

disease, where tumour bulk may be somewhat reduced by chemotherapy but there is minimal 

expectation of cure. Tumour antigen-specific viral vectors have been used in clinical trials, for 

example using rVV and avipox virus expressing CEA to elicit responses to adenocarcinomas 

(Marshall, Hoyer et al. 2000). Gemcitabine has shown limited activity in colon adenocarcinomas 

(Carmichael 1998), but single-agent gemcitabine is the treatment of choice in pancreatic 
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adenocarcinoma (Carmichael, Fink et al. 1996), and could feasibly be combined with a viral 

vector expressing the CA19-9 antigen which can be expressed by pancreatic adenocarcinoma. 

My work suggests that this approach may be useful in patients who respond to chemotherapy. 

The effect of CD40 ligation in combination with gemcitabine could be best exploited in an 

adjuvant setting, where chemotherapy followed by immunotherapy could be used to eradicate 

minimal residual disease, with a resulting increase in cures. It is likely that a small volume of 

disease is necessary but not sufficient to result in a cure when gemcitabine and CD40 ligation 

are used together. We have seen that this system is finely balanced, with only 40-80% of mice 

being cured from combination treatment. The important variables determining whether individual 

tumours are cured or re-grow are unclear, but tumour size may be important. CD40 ligation has 

been used clinically in a phase I trial, giving escalating doses of recombinant human CD40 

ligand to patients with advanced solid tumours and lymphomas (Vonderheide, Dutcher et al. 

2001). This trial showed that the approach was feasible, and demonstrated some minor anti-

tumour effect by inducing partial remissions in 6% and stable disease in 38% of treated 

patients. Phase II studies are purportedly underway but have not yet been reported. Given my 

results with combination therapy and the safety and minor efficacy of CD40 ligation in patients, 

a phase I trial of combination therapy in patients would be an important next step. Unfortunately, 

most novel treatments are initially trialled in advanced disease before being used in the 

adjuvant setting. This may not be the most effective setting in which to trial the combination of 

gemcitabine and CD40 ligation. 

8.4 Conclusion 

In conclusion, I have performed a comprehensive study of the effects of gemcitabine on anti-

tumour immunity, with findings that were in general counter-intuitive to my original hypothesis 

that gemcitabine would be detrimental to the anti-tumour immune response. Administration of 

gemcitabine to sensitive tumour appears to be a priming event, and the effect of subsequent 

immunotherapies is augmented. The occurrence of tumour cell death appears central to these 

effects. This work encourages optimism about the future of combination chemo-immunotherapy 

for treatment of human malignancy. 
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