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Abstract 
Previous studies in the field of tumour immunology had identified 

regulatory T (Treg) cells as important suppressors of the anti-tumour immune response 

as the presence of Treg cells in the peripheral blood of cancer patients was correlated 

with worse disease outcomes.  Other studies had identified Treg cells to be active at sites 

of immune regulation such as the gut of colitis patients.  It was therefore hypothesised 

that Treg cells would be present and active within tumours to suppress the cellular anti-

tumour immune response.  Malignant mesothelioma (MM), the slowly developing, 

asbestos induced pleural cavity cancer is a growing world-wide problem and at the 

present there is no effective treatment.  The need to develop new approaches to MM 

therapy raised the central issues of this PhD project: (1) to investigate the involvement 

of Treg cells in the tumourigenesis of MM in a characterised murine model and (2) to 

develop an effective strategy based on the manipulation of Treg cells as an anti-cancer 

therapy.   

 

It was found using the murine model of mesothelioma that Treg cells were involved in 

the development of solid tumours.  This discovery was based on specifically timed 

treatments with Vinblastine (Vb) coinciding with Treg cell expansion resulting in tumour 

growth inhibition.  Although timed Vb treatment resulted in significant tumour growth 

inhibition in the murine mesothelioma studies of this thesis, timed Vb treatments are not 

clinically relevant as people do not receive a tumour cell inoculum at a known time-

point.  Focus then turned to exploring the involvement of Treg cells within established 

sub-cutaneous 9 mm2 solid murine mesothelioma tumours themselves.  It was clearly 

shown that Treg cells are present within small but established tumours and that as 

tumours grow the intra-tumoural percentage of Treg cells also increases.  It followed 

therefore that if Treg cells were present and active within tumours that Treg cell 

manipulating therapies should be targeted specifically to the tumour.  A novel therapy 

for solid tumours was developed involving the intra-tumoural administration of an 

anti-CD25 mAb (CD25 is a marker of Treg cells) which resulted in significant tumour 

growth inhibition.  Further characterisation of the intra-tumoural Treg cells in the murine 

model of mesothelioma was conducted and revealed transforming growth factor-β 

(TGF-β) as an important cytokine for mediating Treg cell function.  A second therapy 

was therefore developed involving the intra-tumoural administration of a TGF-β soluble 



     

 xii 

receptor to block Treg cell function.  These intra-tumoural therapies are clinically 

relevant as they avoid (i) the systemic side-effect of general Treg cell depletion leading 

to autoimmunity and (ii) the systemic immune dysfunction which would result from a 

systemic TGF-β depletion.  The Treg cell inactivating therapies investigated in this thesis 

did result in tumour growth inhibition but not complete tumour regression.  To improve 

treatment efficacy, a combination of intra-tumourally administered anti-CD25, 

anti-CTLA-4 and anti-GITR mAbs was trialled.  This treatment targeting multiple 

pathways of Treg cell mediated immuno-suppression and resulted in tumour regression 

in 50% of treated animals.   

 

Finally, the anti-tumour immune response is complex and a potentially synergistic 

multi-modality treatment designed to inactivate intra-tumoural Treg cells but to also 

induce apoptosis in tumour cells themselves was investigated.  Alpha-tocopheryl 

succinate (α-TOS), an analogue of vitamin E, had previously been shown to induce 

apoptosis in human MM xenografts implanted into immuno-deficient (nude) mice.  

Administration of α-TOS was therefore examined as a potentially synergistic treatment 

to be coupled with Treg cell inactivation.  At the previously published doses used to treat 

immuno-deficient mice, α-TOS was found to be toxic to the immuno-competent mice 

used in this study.  A marked depleting effect on total T cells was seen in the treated 

animals.   

 

The results of this thesis demonstrated the high potential for an adjunct immunotherapy 

of MM.  They did however also highlight the importance of future studies into anti-

cancer therapies to be conducted using clinically relevant tumour models and clinically 

relevant treatment regimes.  The need to consider synergistic multi-modal therapies was 

also emphasised. 
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1.1 Introduction: malignant mesothelioma and its murine model 

The mesothelium is a single layer of cells that covers the entire surface of the pleura 

aiding in the smooth movement of the lungs during respiration (1).  Malignant 

mesothelioma (MM) is a relatively rare cancer of the pleura but also less commonly of 

the peritoneum, tunica vaginalis and pericardium (2-4).  Typically, a patient presents 

with symptoms of pleural effusion and chest wall pain.  The final diagnosis of MM is 

however complicated due to a difficulty in distinguishing MM from adenocarcinoma 

(5).  The recent discovery of a serum marker, mesothelin, for MM may improve 

diagnosis in the future (6).  Unfortunately, even after making improvements in the 

diagnosis of MM, MM remains a universally fatal cancer with median survival from 

presentation being only 9-12 months  (reviewed in (5)).     

 

Despite MM being a relatively rare cancer, its incidence is increasing steadily and not 

expected to peak world wide until approximately 2020 (7).  The Comparative Risk 

Assessment project of the World Health Organization assessed worldwide mortality and 

morbidity in the year 2000 resulting from exposures to selected occupational hazards. In 

2000, the specific occupational risk factor, namely asbestos in the case of mesothelioma 

was found to be responsible worldwide for almost 100% of mesothelioma cases (8).  

The correlation between asbestos exposure and the incidence of asbestos disease, 

particularly MM, is clear.  By the late 1990s, governments in many developed 

countries, including Australia, banned or seriously restricted the use of asbestos.  

Unfortunately, as a result, it has been reported that global asbestos producers have 

engaged in selling asbestos to developing countries including countries of Asia and 

Latin America (9).  In most of these countries, it has been found that there is little 

control on asbestos exposures from occupational, environmental and domestic sources. 

It is likely that the high incidence of MM currently seen in the US, UK and Australia 

will be reproduced in the developing world in the near future. 

 

In a recent Lancet review of MM by a leading MM research group in Western Australia 

(a collaborative laboratory for parts of this thesis), the management and treatment 

options for MM were discussed (5).  Diagnostic surgery, palliative surgery and 

potentially curative surgery options exist for MM.  Essentially the authors 

recommended the combination of surgery with adjunct therapies to remove residual 
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disease.  At present chemotherapy can be used successfully for palliation but not cure.  

Chemotherapy treatments often not only reduce the tumour burden but can also reduce 

the debilitating symptoms of this cancer.  Pemetrexed, cisplatin and gemcitabine are the 

current gold standards for chemotherapy.  Overall the results of radiotherapy for MM 

have been reported to be disappointing except for radiotherapy as an adjunct to surgery.  

Novel therapies, such as immunotherapy and gene therapy, have received much 

research focus over the last 10 years as traditional therapies have proven largely 

ineffective.  Suicide gene therapy, for example, involves the transfer into tumour cells 

of the herpes simplex virus thymidine kinase which by itself does not have any effect on 

tumour development.  When combined with ganciclovir treatment, the sucide gene 

construct is activated and results in the destruction of the transformed tumours cells and 

neighbouring tumour cells also (10).  Finally, MM seems to be responsive to 

immunotherapy.  MM patients are known to mount an anti-tumour immune response 

and some cases of spontaneous regression have been reported (11, 12).  Early 

experiments investigating local cytokine therapy such as intra-pleural interleukin (IL)-2 

or interferon (IFN)-γ were suggested to be effective at inducing an anti-tumour response 

in patients with early stage but not late stage tumours.  Murine pre-clinical studies have 

continued to explore the potential for immunotherapy to treat MM. 

 

In the early 1990s an asbestos induced model of MM was developed by the previously 

mentioned collaborating laboratory (13).  In this initial study, BALB/c and CBA mice 

were injected intra-peritoneally with crocidolite asbestos.  Between 7 and 25 months 

later, approximately one third of the mice had developed mesotheliomas as determined 

by standard cytological and histological parameters.  From these primary tumours, 

continuously growing cell lines were established in culture which were later also 

confirmed as mesothelioma by cytological and ultrastructural (electron microscopy) 

analyses.  As in the human MM, the murine mesothelioma cell lines were shown to vary 

in their morphology and growth rates with doubling times ranging from 14 to 30 hrs.  

All cell lines were capable of producing tumours when injected s.c. or i.p. into 

syngeneic mice.  The murine C57BL/6J (AE17) mesothelioma model was established 

later in the same laboratory by the same techniques.  The AE17 cell line used in this 

study, has been reported to grow slower than other well-studied tumour cell lines 

(including the B16 melanoma cell line), allowing the study of later treatment time 

points (14).  The ability to study later treatment time-points and also to examine the 
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effect of treatments over a longer course of tumour development is more relevant to the 

clinical situation.  The murine mesothelioma cell lines are commonly implanted s.c. for 

the pre-clinical investigations of potential therapies for MM.  Tumours implanted s.c. 

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

measured using microcallipers.  Alternately, to more closely mimic the human disease, 

murine mesothelioma tumour cells can be implanted i.p. where they develop a more 

aggressive cancer typified by more nodule like tumour lesions (15).  Tumours 

developed i.p. may be more clinically relevant to human MM but are much harder to 

monitor both in terms of tumour growth rate and the efficacy of treatments.    

 

1.2 Tumourigenesis 

An early hypotheses of tumourigenesis suggested that tumours developed as clones 

from a single cell.  This hypothesis of clonal tumour evolution was described by 

Professor Nowell in Science in 1976 and is presented in Figure 1.1C and inset D (16).  

It was proposed that tumour initiation occurs following an induced change in a single 

and previously normal cell which makes it “cancerous” and provides it a selective 

advantage over adjacent normal cells such as loss of cell cycle regulation.  Unrestrained 

cell division then occurs for this cell but from time to time, due to genetic instability in 

the expanding tumour cell population, other mutant cells are produced.  Nearly all of 

these mutant cells would be cleared because of either a metabolic disadvantage or 

immune destruction but occasionally a mutant cell with an additional selective 

advantage with respect to the other tumour cells or the original normal cells will 

become a precursor for further tumour development.  

 

The cancer stem cell hypothesis evolved from the same very early suggestions that 

cancers may arise from a progenitor or stem cell.  Advances in stem cell biology have 

resulted in the recent reactivation of interest in cancer stem cells and the revived cancer 

stem cell hypothesis is also depicted in Figure 1.1B.  The cancer stem cell hypothesis 

makes two major points (1) that tumours may originate from tissue stem cells (cells that 

have the ability to develop into any cell type required for organogenesis) through a 

process of dysregulated self-renewal and (2) as a result of this tumours may continually 

contain a population of cells with key stem cell like properties (such as self-renewal, the 

ability to differentiate, active telomerase expression, anti-apoptotic properties and the 
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ability to migrate and metastasize) ensuring continued tumour growth.  Further aspects 

of the cancer stem cell hypothesis are reviewed by Wicha, Liu and Dontu in a recent 

review (17).   

 

A second novel mechanism of tumourigenesis was also proposed in the last two years.  

The chromosomal basis of cancer hypothesis was proposed by Duesberg and colleagues 

(18) and was suggested to help explain the reasons why cancer (1) is not usually a 

heritable disease, (2) can be caused by non-mutagenic carcinogens, (3) develops only 

years after exposure to a carcinogen (such as mesothelioma following asbestos 

exposure) and (4) is aneuploid (a chromosomal state where the number of chromosomes 

is not a multiple of the haploid set).  The chromosomal basis of cancer hypothesis 

suggests cancer is a chromosomal disease such that tumourigenesis is initiated by 

random aneuploides which can be induced by a carcinogen or may arise spontaneously.  

Aneuploidy unbalances thousands of genes and results in chromosomal variations from 

which traditional Darwinian selection encourages evolution and malignant progression 

of cancer cells (Fig. 1.1D).  Continuing the evolution analogy, cancer cells then become 

a new “species” of cell with an unstable karyotype explaining the long latency period 

following exposure to a carcinogen as overall there is a low probability of species 

evolution.           

 

Central to all three hypotheses of tumour induction is genetic or chromosomal changes.  

These changes and downstream effects were reviewed by Loeb and Loeb (19).  Normal 

cells undergo regular DNA damage and repair in a counterbalanced manner without 

error.  In tumour cells, DNA damage and repair are out of balance resulting in the 

accumulation of multiple mutations.  Mutations occur in genes resulting in a selective 

advantage and cell survival in adverse conditions but genetic changes may also occur in 

genes that stabilise the genome.  Genetic instability as a result of mutations in genes 

required for chromosomal segregation may result in the aneuploid phenotype observed 

in cancer cells and bring together the above tumourigenesis hypotheses. 

 

Malignant mesothelioma is an unusual cancer as its major aetiological agent, asbestos, 

is known.  MM will be used as an example in the following sections as the murine 

model of mesothelioma was the focus for this research.  A recent review in Lancet 

summaries the pathogenesis of this cancer (5).  Basically, the asbestos fibre is of a 
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perfect size and shape to cause repeated damage and inflammation to the pleura 

following inhalation.  Specifically, the fibre can interfere with mitosis by severing the 

mitotic spindle which can result in aneuploidy and other chromosomal changes 

common to all cancers including MM.  Asbestos damage also results in the release of 

toxic oxygen radicals which are known to result in DNA damage such as strand breaks 

while persistent kinase-mediated signalling induced by asbestos can elevate the 

expression of early response proto-oncogenes in mesothelial cells.  Although asbestos is 

the major cause of MM, Simian Virus 40 (SV40) which contaminated the Salk polio 

vaccine in the 1950s and 1960s has also been linked with MM but no direct association 

between SV40 infection and MM has been confirmed.  SV40 is known to block tumour 

suppressor genes and is a potent oncogenic virus for both human and rodent cells.  On a 

molecular level, most malignant mesotheliomas have abnormal karyotypes often with 

extensive aneuploidy and structural rearrangements.  The most common chromosomal 

abnormality is the complete loss of chromosome 22, while the most common genetic 

changes are a loss of P16INK4A, P14ARF and NF2 all of which suggest that tumour 

suppressor gene loss is essential for mesothelioma development.       
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Figure 1.1: Proposed mechanisms of tumourigenesis  
(A) In normal organogenesis, systemic stem cells (red) undergo tightly regulated expansion, 

differentiation, lineage commitment (green).  This is then followed by cell migration, terminal cell 

differentiation and then apoptosis of the fully differentiated cell.  (B) During tumourigenesis under the 

cancer stem cell hypothesis, systemic stem cells (red) proliferate but undergo aberrant differentiation 

resulting in cancer cells (solid red).  (C) Under the chromosomal (genetic) basis of cancer hypothesis, 

normal cells undergo mutations resulting in a cancer cell (solid black) that then undergoes further 

proliferation and aberrant differentiation.  (D) is an inset of (C) and demonstrates two methods by which 

a normal cell can become cancerous.  Clonal tumour evolution suggests that mutations are acquired and 

those cells with mutations conferring increased survival or resistance will proliferate.  The chromosomal 

basis of cancer suggests whole chromosomes are gained or loss which again may confer increased 

survival or resistance in the cancer cell.  (Adapted from (16-18)) 
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1.3 Immunosurveillance and immunoediting 

Tumourigenesis is the outgrowth of the “fittest” transformed cells or specific cancer 

stem cells as outlined in the previous section.  However as tumours evolve, they do not 

do it in isolation, but within a host equipped with an immune response capable of 

eliminating foreign cells such as bacteria or transformed cells such as those that are 

virally infected.  The immunosurveillance hypothesis, first proposed by Paul Ehrlich in 

1909 but which much later (mid 1990s) gained acceptance thanks to the cancer research 

groups of Burnet and Thomas, who suggested that sentinel thymically derived cells 

constantly survey the body for transformed/tumour cells.  The immunosurveillance 

hypothesis has since been revised in the early 2000s to also include a role for cells of 

the innate immune response (reviewed in (20)).  Immunosurveillance can be broken into 

two arms, the innate and adaptive immune responses (Fig. 1.2A).  In the adaptive 

response, immunogenic, tumour-derived and tumour-associated antigens (TAAs) are 

captured and presented by antigen presenting cells (APCs) such as dendritic cells 

(DCs).  APCs need to be activated by death signals, to express the costimulatory 

molecule B7 in order to present antigen to T cells.  Activated APCs then migrate to the 

draining lymph node of the tumour where they present, following B7-CD28 

interactions, TAA peptides via MHC class I molecules to CD8+ T cells and via MHC 

class II molecules TAA peptides to CD4+ T cells.   Activated CD4+ T cells express 

CD40L which further stimulates CD40+ APCs.  TAA-specific, activated 

CD8+ effector T cells and CD4+ helper T cells can migrate back to the tumour and 

mount an anti-tumour immune response which involves both subsets of activated T cells 

but also local APCs.  

 

The innate response is triggered by signals which are likely to be a result of the same 

initial malignant transformation of the cell, such as the expression of the stress-induced 

ligands MICA and Rae-1.  These ligands interact with the NKG2D-DAP10 receptor 

complex expressed on the surface of several innate cells including macrophages, 

γδ-T cells and natural killer (NK) cells (NKT cells are also involved in the innate 

response by providing interferon (IFN)-γ to NK cells) resulting in cell activation which 

triggers degranulation by the cells, the release of perforin and hence mediates the 

apoptosis of the tumour cell.   
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The fact that spontaneous regression of malignant mesothelioma has been documented 

(11) suggests that immunosurveillance is active in MM.  Regression in such cases was 

associated with mononuclear cell infiltration into the tumour and serological evidence 

of anti-MM reactivity.  Early studies of tumour infiltrating lymphocytes (TILs) in 

human mesothelioma patients suggested a positive correlation between TIL numbers 

and survival time (reviewed in (21)) while in vitro studies of both human and murine 

mesothelioma cells demonstrated killing of mesothelioma cells by lymphokine-

activated killer (LAK) cells and γδ-T cells but not NK cells supporting the notion that 

mesothelioma cells are susceptible to destruction by immunological means (22).   

 

The clinical presence of a tumour however, suggests that immunosurveillance based on 

innate and adaptive anti-tumour immune responses is either not sufficient, not efficient 

or both.  This analysis led to the 3 phase immunoediting hypothesis (reviewed in (23)).  

The first phase of the immunoediting process, known as the elimination phase, 

corresponds to the original immunosurveillance hypothesis (Fig. 1.2A).  This is where 

normal cells or cancer stem cells are transformed to tumour cells and express TAAs and 

generate danger signals that initiate the innate and adaptive anti-cancer immune 

responses.  During an efficient elimination phase the tumour cells may be completely 

cleared.  However, if this process is not successful, the tumour cell may enter the 

equilibrium phase of the immunoediting process.  The equilibrium phase is the second 

phase of the immunoediting process and is a period of latency, which probably also 

occurs before any symptoms are experienced by the host (Fig. 1.2B).  This is where 

those cells not destroyed during the elimination phase undergo further transformation 

resulting in tumour variants carrying mutations which increase resistance to the anti-

tumour immune response.  Edited tumour cells which survive the equilibrium phase 

may enter the final escape phase of immunoediting where unrestrained tumour growth 

occurs (Fig. 1.2C).  This is likely to be the stage at which tumours become clinically 

detectable.   Immunoediting, or the development of tumour variants with increased 

resistance to the anti-tumour immune response appears to be a passive process on behalf 

of the tumour.  More active mechanisms of escape have also been proposed and are 

discussed in the following sections.      
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Figure 1.2: The three phases of the cancer immunoediting process 

(A) Normal cells (grey) subject to common oncogenic stimuli ultimately undergo transformation and 

become tumour cells (red). Even at early stages of tumourigenesis, these cells may express distinct 

tumour-specific markers and generate proinflammatory “danger” signals that initiate the cancer 

immunoediting process. In the first phase of elimination, cells and molecules of innate and adaptive 

immunity, which comprise the cancer immunosurveillance network, may eradicate the developing tumour 

and protect the host from tumour formation. (B) However, if this process is not successful, the tumour 

cells may enter the equilibrium phase where they may be either maintained chronically or 

immunologically sculpted by immune “editors” to produce new populations of tumour variants. (C) 

These variants may eventually evade the immune system by a variety of mechanisms and become 

clinically detectable in the escape phase.  (Taken from (23)). 
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1.4 Tumour Immune Evasion 

The inability of most cancer patients to develop an effective immune response, despite 

evidence of immunogenicity in the tumours, implies the existence of tumour specific 

immune evasion strategies.  Several tumour immune evasion mechanisms have been 

defined and were reviewed in (24).  MHC class I restricted CTLs are considered to be 

the major anti-tumour effector cells so the downregulation of MHC antigens by tumours 

cells is a powerful way to avoid CTL lysis.  However, tumours lacking MHC class I 

expression end up more susceptible to NK cell killing.  To compensate for this, tumours 

cells can also upregulate the expression of MHC molecules such as HLA-E, which 

ligates to the NKG2A inhibitory receptors on NK cells and CTLs.  Tumour antigen 

presentation to DCs is necessary for CTL activation and is dependent on the expression 

of several adhesion and costimulatory molecules.  Tumour-infiltrating DCs have been 

shown to lack CD80 and CD86 expression resulting in T cell anergy while tumour cells 

themselves have been shown to downregulate the expression of ICAM-1 necessary for 

the adhesion of CTLs to their target (tumour cell).  Tumours can secrete 

immunosuppressive substances such as gangliosides and defensins but also cytokines in 

order to induce immune escape.  IL-10 and TGF-β are the most common tumour 

secreted cytokines with known immunosuppressive effects.  Also IL-6 secretion in 

tumours has been associated with poor survival in patients.  The most direct mechanism 

of immune escape would have to be T cell destruction or inactivation.  Secreted proteins 

from tumours may be presented in the thymus and cause clonal deletion of newly 

generated T cells, while in the periphery, the expression of FasL by tumour cells can 

induce apoptosis in T cells expressing CD95 (Fas).  Loss of ζ chains and other CD3 

compartments by T cells has been correlated with a decline in anti-tumour immune 

response in patients and may be a result of tumour infiltrating macrophages inducing a 

decreased expression of CD3ζ or as a result of oxidative stress.  Much of the above 

evidence supports a tumour “turning off” the immune response, but tumours may also 

be able to harness the immune response to their advantage.  IL-10 usually secreted by 

T cells can also support tumour growth in some cancers e.g. melanoma.  Melanoma 

tumour cells can also secrete IL-10 themselves making it an autocrine growth factor.  

Tumour infiltrating lymphocytes can secrete angiogenic factors of benefit to the tumour.   

Tumour cells themselves can also mop up IL-2 which is required by T cells for 

proliferation leaving the TIL anergic.  IL-2 can be a promoter of tumour cell growth.  
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Finally, tumours have been shown to recruit, selectively proliferate and/or convert 

regulatory T (Treg) cells.  Treg cells play important roles in the natural host immune 

response to prevent autoimmunity but are also important in controlling the immune 

response and hence immunological tolerance.  In the case of tumour immunity, 

Treg cells have been identified in the peripheral blood of cancer patients and were 

associated with worse disease outcomes, but more recently have been found within 

tumours themselves (25-29).  Recent data, including the work presented in this thesis, 

suggests that tumours actively recruit Treg cells or convert T cells into Treg cells in order 

to suppress the anti-tumour immune response in situ.  The rest of this review will focus 

on the role of Treg cells in tumour immune evasion and methods for manipulating 

Treg cells for therapeutic advantage.    

 

In terms of MM it has been shown that MM cells can secrete immunomodulatory 

factors such as TGF-β which has the ability to downregulate the expression of MHC 

class I (30-32).  In a separate study, MM cells were shown by direct 

immunofluorescence and northern blotting to constitutively express MHC class I but 

not MHC class II.  MHC class II molecules are required for the presentation of tumour 

antigens to CD4+ T cells (33).  By in vitro experimentation, MM cells were shown to be 

resistant to NK cell mediated lysis (34) while finally, MM tumours have been shown to 

comprise Treg cells.  Late last year, Treg cells were identified in the peripheral blood and 

pleural effusions associated with MM (31, 35).  This year it was shown that MM 

tumours themselves comprise Treg cells (32).   

 

1.5 Treg cells as a mechanism of tumour immune evasion 

Treg cells constitute an active and dominant mechanism of immunological tolerance.  

Together with clonal deletion, anergy and antigen ignorance, Treg cells act to achieve the 

task of preserving immunological tolerance to self while allowing immunity to the 

foreign.  Treg cells may also serve to modulate the intensity and duration of the immune 

response in general.  So why do we need Treg cells?  One potential explanation is that if 

the immune system had to rely solely on elimination or functional inactivation of self-

reactive lymphocytes to preserve self tolerance it would erase a significant fraction of 

its repertoire of antigen recognition specificities.  This could expose the immune system 

to the hazard of reducing the diversity of the antigen receptor repertoire to an extent that 
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could impair its capacity to embrace all potential foreign antigenic diversity and make 

the host vulnerable to attack.  Such risks could be avoided if a proportion of self-

reactive lymphocytes were to be maintained in a flexible state of unresponsiveness.   

 

1.5.1 The history and re-emergence of Treg cells  

The idea of T cell immunosuppression of autoimmune disease was first described by 

Nishizuka and Sukakura in the late 1960s when it was found that the thymectomy of 

mice on the third day of life results in organ specific autoimmunity (36).  Specifically, 

the animals lost their ovaries as a result of a massive invasion of the ovaries with 

immune cells.  Not long after that, Gershon became the first to propose the existence of 

a specific T cell population with the capacity to dampen immune responses, especially 

autoreactive ones, and was instrumental in giving these cells the name of suppressor 

T cells (37).  Due to the inability of these early researchers to purify a population of 

these T cells or to define specific markers of these cells for subsequent analyses, the 

research into suppressor T cells mostly fell by the wayside.  With an array of 

sophisticated and highly effective means of controlling immunological tolerance 

already defined by other researchers, it is not surprising that many doubted the existence 

of suppressor T cells.   

 

During the mid to late 1980s a few small research groups were still investigating the 

idea of suppressor T cell involvement in autoimmunity and also in cancer development.  

North and Awwad, for example successfully mapped the timing of the anti-tumour 

immune response to implanted cancers using murine Meth A fibrosarcoma and P815 

mastocytoma models.  Based on the expression of the CD8 cell surface molecule, North 

and Awaad defined anti-tumour effector T cells as CD8+ while suppressive T cells were 

CD8- (38).  It was shown that T cells capable of causing tumour regression were 

generated first on about day 6 post tumour challenge.  These cells reached a peak at 

about day 9 post tumour challenge but then were progressively lost until day 15 when 

their presence could no longer be detected.  This decay in immunity was believed to be 

caused by the negative immunoregulatory function of suppressor T cells that were 

progressively acquired from day 9 onwards.  It was therefore seen that effector T cells 

did not disappear suddenly but were progressively lost as Treg cells were acquired.      
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It was not until later in the 1990s that more serious consideration was given to 

suppressor T cells and they underwent a resurgence and a name change to Treg cells.  

Sakaguchi et al (1995) identified an approximately 10% subpopulation of CD4+ T cells 

that co-expressed the IL-2 receptor alpha chain (CD25) to be Treg cells (39).  The 

depletion of these cells from adult splenocytes prior to adoptive cell transfer into 

immuno-compromised hosts resulted in a range of autoimmune diseases similar to those 

seen following the day 3 thymectomy outlined above.  Since the characterisation of 

these cells as CD4+CD25+ T cells in 1995 much work has focussed on functionally 

analysing these cells both in vitro and in vivo in relation to tumour development. 

 

1.5.2 General characterisation of Treg cells 

Functionally and phenotypically similar cells to the murine CD4+CD25+ Treg cells 

identified by Sakaguchi have also been found in humans (40).  In general 

CD4+CD25+ Treg cells are considered anergic because they do not proliferate or produce 

IL-2 in response to TCR stimulation in vitro.  Upon TCR stimulation they do however 

suppress the proliferation of CD4+ and CD8+ T cells by inhibiting the production of 

IL-2 and the upregulation of IL-2 receptors including CD25 (41). 

 

1.5.2.1 Natural versus induced Treg cells 

A specialised population of CD4+CD25+ Treg cells, known as natural Treg cells, are 

generated in the thymus by a process of positive selection of self-reactive T cells.  

Natural Treg cells develop early in the neonatal thymus and are exported to the periphery 

competent to suppress the activation of other self-reactive T cells (42, 43).  In addition 

to these naturally suppressive, thymically derived Treg cells, other types of induced 

Treg cells have been described.  TR1 cells are generated by activation in the presence of 

IL-10 (44), Th3 cells have been shown to be activated by the administration of oral 

antigen and are hence involved in the process of oral tolerance (45) while a third, 

possibly distinct, population of Treg cells was induced by repeated stimulations with 

immature dendritic cells (46).  This suggested a role for environmental factors in the 

periphery (as opposed to the thymus) in the generation of Treg cells. The origin of 

CD4+CD25+CD103+ Treg cells also seems to differ from the natural thymically derived 

CD4+CD25+ Treg cells in that they were found only in the thymus during adulthood and 
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numbers increased with age (47).   CD4+CD25+CD103- T cells on the other hand 

emerged from the thymus within the first days after birth and did not change in number 

during aging.  The expression of CD103 is a hallmark of T cells residing in or near 

epithelial sites.  TGF-beta is also abundant at such sites and is able to induce CD103 

(48).  Concurrently TGF-β has been proposed to be involved in the development of 

Treg cells (49) so CD103 expression may suggest that the Treg cells have developed in a 

TGF-β rich environment or that CD103 and TGF-β may be involved together in the 

development of Treg cells. 

 

Tr1 cells were identified during studies using ovalbumin (OVA) TCR-transgenic mice 

(44).  Treg cell clones with an inability to proliferate in response to TCR stimulation and 

with a distinct cytokine profile of high IL-10 and IL-5 secretion with or without TGF-β 

secretion but with little to no IL-2, IL-4 or IFN-γ secretion were generated by culturing 

T cells from the OVA TCR-transgenic mice with OVA and IL-10.  Although Tr1 cells 

have mostly been shown to prevent autoimmune diseases there is also a suggested role 

for Tr1 cells in tumour development, specifically murine glioma (50).  Th3 cells that 

secrete high levels of TGF-β have been identified in studies of oral tolerance including 

the role of oral treatment with myelin basic protein in multiple sclerosis and 

experimental autoimmune encephalomyelitis (EAE) (51, 52).  The in vivo significance 

of these Th3 cells and the role of TGF-β in their induction as well as effector function is 

interesting in light of the finding that some tumour cell lines actively produce TGF-β 

(53).  The induction of these Th3 type Treg cells may therefore represent a mechanism of 

tumour immune evasion.  Natural CD4+CD25+ Treg cells were originally defined based 

on cell surface marker expression rather than cytokine secretion profile, specifically the 

expression of CD25 which is also expressed by Tr1 and Th3 cells.  Following initial 

in vitro experiments it was found that these Treg cells acted via cell-to-cell contract and 

the expression of the CTLA-4 costimulatory molecule (54, 55).  The role of cytokines in 

the immunosuppression exerted by these cells is controversial.  Cell surface TGF-β 

expression has been implicated in the cell-to-cell contact dependent mechanism of 

immunosuppression but is contested by the finding that Treg cell suppression can be 

independent of membrane bound TGF-β (56, 57).  The use of IL-10 by these Treg cells 

has also been disputed.  To explain this situation it may in fact be the case that these 

Treg cells are made up of distinct populations utilising different mechanisms of 

suppression.  Treg cells may also have the ability to utilise alternate mechanisms of 
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immunosuppression depending on which situation of immune regulation they find 

themselves in.      

 

1.5.2.2 Markers of Treg cells  

Much attention has focussed on the identification of specific cell surface markers for 

Treg cells.  Although both a CD8+ Treg cell and a B cell with regulatory properties have 

been described (58-60) this review of Treg cell markers will focus on CD4+ Treg cells as 

these cells were the original impetus for this PhD project and CD4+ Treg cells strongly 

dominate much of this field at present.  Since the beginning of the Treg cell resurgence, 

studies have focussed on CD25 as the best marker for CD4+ Treg cells in both mice and 

humans (61).  The function of CD25 as an activation induced cytokine receptor (IL-2 

receptor alpha chain) and the role of CD25+ T cells as Treg cells is not clear and does not 

allow the distinction of Treg cells from activated CD4+ T cells.  In mice, natural 

Treg cells are commonly identified as CD4+CD25+ T cells.  Unfortunately, in humans it 

is much more difficult to characterise Treg cells based simply on the co-expression of 

both CD4 and CD25 as the higher incidence of activated CD4+ T cells that express 

CD25 consequently contaminate the CD4+CD25+ Treg cell populations (62).  CD25 is 

also an early activation marker on other T cells and it is important to note that the mere 

acquisition of CD25 expression does not confer suppressive ability (54, 63).   

 

The forkhead transcription factor Foxp3 is specifically expressed in 

CD4+CD25+ Treg cells and is required for their development (64).  The lethal 

autoimmune syndrome observed in Foxp3-mutant scurfy mice and Foxp3-null mice 

results from a CD4+CD25+ Treg cell deficiency.  Foxp3 expression can also be shown to 

confer suppressor function on peripheral CD4+CD25- T cells thus Foxp3 is a critical 

regulator of CD4+CD25+ Treg cell development and function.  Foxp3 as a marker of 

Treg cell development and function in both mice and humans is reviewed in (65).  

Unfortunately, although Foxp3 is one of the most specific markers of Treg cells, the 

nuclear localisation of Foxp3 precludes the use of Foxp3 as a direct tool for Treg cell 

isolation (62). 

 

There is increasing evidence that Treg cells are in fact a heterogenous population (66, 

67).  Several groups have subdivided CD4+CD25+ Treg cells into two groups based on 
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the expression of L-selectin/CD62L or integrin αEβ7/CD103.  CD4+CD25+ Treg cells 

found to express high levels of CD62L have been shown to be more suppressive in vivo 

(68-70) and to have a superior capacity to home to lymph nodes (71, 72).  CD62L has 

now also been suggested as a marker capable of delineating activated effector cells from 

Treg cells in tumour-draining lymph nodes (73).  CD103 was initially described as a 

marker of intraepithelial T cells residing in the gut wall, skin or lung (74, 75).  While 

initial experiments suggested the ligand for CD103, E-cadherin, was expressed only on 

epithelial cells but not on endothelium (76) there is increasing evidence for a role of 

CD103 in homing via a ligand on endothelial cells (77).  The finding that CD103 may 

act to retain T cells in the epithelium and may also be involved in the costimulation of 

T cells led to the investigation of CD103 on Treg cells (78, 79).  An early study of the 

expression of CD103 by Treg cells found that the expression of CD25 and CD103 can 

distinguish 2 sub-populations of Treg cells with distinct properties, the CD25+CD103+ 

and the CD25+CD103-.  The CD25+CD103+ Treg cells were found to comprise 4% of 

total CD4+ T cells and 25% of the CD4+CD25+ T cells in the periphery and in in vitro 

assays were found to be the most potent suppressors as they were active at a higher 

Treg cell:target cell ration when compared to the CD25+CD103- Treg cells.  One argument 

proposed from this research was that the CD4+CD25+ Treg cells are a heterogeneous 

population of multiple subsets of Treg cells while it may also be argued that the low 

percentage of CD25+CD103+ Treg cells may represent an activated form.  The latter may 

not be the case as unlike CD25, CD103 is not induced upon activation (47).  CD103 

may thus act to predispose Treg cells for retention within epithelial tissues or may have a 

unique function in the homing of Treg cells from lymphoid sites to the sites of 

inflammation.  A subsequent global gene expression study found that the 

CD25+CD103- Treg cells displayed a naïve-like phenotype with high expression of 

CD62L while both the subsets of CD25+CD103+ Treg cells showed an activated 

phenotype as they expressed lower levels of CD103 and high levels of CD44 (72).  In 

terms of migratory ability, the expression of CD103 was necessary for the homing of 

Treg cells to the site of Leishmania major infection in mice (80).   

 

In separate studies to delineate subpopulations of CD4+CD25+ Treg cells the expression 

of CD44 was examined (81).  The adhesion (rolling) of lymphocytes is mediated by the 

activated form of CD44 (CD44act) on peripheral T cells and its ligand hyaluronan (HA) 

on endothelial cells (82).  Beyond the adhesion activity on endothelia, CD44 has been 
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suggested to be involved in the specific migration of T cells in the microvasculature 

during an immune response from the peripheral lymphoid organs to the inflamed site 

where extravasation of activated T cells occurs.  CD44 is highly expressed on resting 

lymphocytes but in an inactive form.  The binding of HA can only occur once CD44 has 

been conformationally activated (82-84).  The activation of CD44 is achieved via TCR 

stimulation (82, 85).  After TCR stimulation CD44 is highly expressed by T cells but its 

conversion to the active form occurs relatively late and only in a small subset of 

activated T cells under full TCR stimulation (81).  Similarly, CD44 was suggested as a 

means of subtyping CD4+CD25+ Treg cells.  In vitro, CD4+CD25+ T cells could be 

induced to express CD44act but more importantly in vivo the expression of CD44act by 

Treg cells was correlated with more potent suppressor function (81).  Further 

examination of CD4+CD25+ Treg cells expressing the CD44act has found them to be more 

suppressive compared to CD4+CD25+ Treg cells expressing CD44 in the unactivated 

form.  Although the association between CD44act expression and suppression is clear 

from these studies it is still unclear what role this marker plays in the suppressive 

response (81).  The expression of CD44act may simply leave the cell armed and ready 

with a trafficking molecule so it is primed to execute suppressor function at any time.  

Interestingly, mesothelioma cells but not normal mesothelial cells have been shown to 

express HA receptors while a subset of TIL in MM have been shown to express CD44 

(15). 

 

A further novel marker of Treg cells which has not seen much further investigation is 

Neuropilin-1 (Nrp-1).  Nrp-1, a receptor involved in axon guidance, angiogenesis, and 

the activation of T cells was shown to be constitutively expressed on the surface of 

CD4+CD25+ Treg cells independently of their activation status (86).  CD4+Nrp-1+ T cells 

were shown to express high levels of Foxp3 and suppress CD4+CD25- T cells.  Nrp-1 

expression is down-regulated in naive CD4+CD25- T cells after TCR stimulation thus 

Nrp-1 may constitute a useful surface marker to distinguish Treg cells from both naive 

and recently activated CD4+CD25+ non-regulatory T cells.  Although Nrp-1 appears to 

be expressed on freshly isolated Treg cells but down-regulated on activated 

CD4+CD25+ T cells the utility of Nrp-1 for the isolation of Treg cells from activated 

T cells has not been ascertained (62).   
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CD4+CD25+ Treg cells have also been distinguished from recently activated T cells by 

the expression of cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) (87, 88), 

while glucocorticoid induced tumour necrosis factor receptor (GITR) has been proposed 

to have a functional role in the suppression mechanisms of Treg cells, as stimulation 

through GITR on CD4+CD25+ cells abrogates the suppressive function of these cells 

(89).  CTLA-4 has been shown to be expressed constitutively by Treg cells at levels 

between 10% and 50% (45, 55, 90, 91).  GITR has also been shown to be constitutively 

expressed on Treg cells (92, 93).  CTLA-4 and GITR are both also expressed by 

activated CD4+ T cells and are thus not delineating markers for Treg cells.   

 

Finally, programmed cell death-1 (PD-1; CD279) a receptor molecule which is 

upregulated on activated CD4+ T cells was recently suggested as a negative selective 

marker for Treg cells (62).  The ligands PDL-1 (CD274) and PDL-2 (CD273) are 

expressed by various haemopoetic cells and have been suggested to be involved in the 

maintenance of peripheral tolerance.  While investigating the role of these molecules in 

peripheral tolerance, Raimondi et al (2006) observed that in contrast to activated 

CD4+ T cells, Treg cells expressed very limited surface PD-1.  Further investigation 

showed that although freshly isolated Treg cells did not express cell surface PD-1 they 

did retain PD-1 intra-cellularly allowing for the ready distinction of the two cell 

populations.  This work suggested a method for the distinction and negative selection of 

resting Treg cells which are CD4+CD25+PD-1- from Treg cells that have been recently 

activated by TCR stimulation resulting in the translocation of PD-1 to the cell surface.   

 

1.5.3 Treg cell involvement in tumour development 

Treg cells may represent a mechanism of tumour escape from the immune response.  The 

following sub-sections outline the evidence for Treg cell involvement in tumour immune 

evasion. 

 

1.5.3.1 Treg cells in the periphery of tumour bearing hosts 

There are several examples for the presence of increased peripheral Treg cells in patients 

with cancer suggesting a correlation between peripheral Treg cells and worse disease 

outcomes.  Patients with epithelial malignancies show an increase of 
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CD4+CD25+ Treg cells in the peripheral blood (94).  The prevalence of Treg cells was 

also shown to be increased in the peripheral blood of patients with invasive breast or 

pancreatic cancers (26).  The prevalence of peripheral blood CD4+CD25+ Treg cells in 

both gastric (n = 20; 14.2 ± 4.9%) and oesophageal cancer patients (n = 10; 

19.8 ± 6.9%) was also significantly higher than that in healthy donors (n = 16; 

7.2 ± 2.1%) (95).   

 

1.5.3.2 Intra-tumoural Treg cells  

Reflecting the ubiquitous role of Treg cells, populations have been found in many 

locations in the body suggesting these cells may play different roles in different 

locations.  But as Treg cells of differing phenotypes and specificities have been 

described it is difficult to know if there are many types of Treg cells or if Treg cells 

change depending on the environment in which they are located (96, 97) 

 

The earliest indication that Treg cells were active at the site of immune regulation came 

from the work by Powrie and others in auto-immune gastritis models (44, 98-100).  The 

gastrointestinal tract is exposed to many different antigens, including food and 

commensal bacteria, and it is therefore important that the intestine has a mechanism for 

inducing tolerance.   Evidence suggests that one such mechanism is the presence of 

Treg cells in the gut mucosa.  Treg cells were then identified in the lungs of both normal 

and Pneumocystis carinii and Bordatella pertussis infected mice (101, 102) and also 

associated with rodent models of asthma where airway constriction is seen as a result of 

too few active Treg cells (103-105).  In a retroviral model (Friends Leukaemia virus) the 

Hasenkrug laboratory demonstrated an important role for Treg cells in establishing the 

chronicity of infection (106).  The presence of an induced population of splenic 

Treg cells in mice with murine AIDS (MAIDS) was later reported by our group (107).  In 

HIV infected patients there is a poor correlation between peripheral blood Treg cells and 

viral load (as published by independent research in our laboratory (108).  However, a 

good correlation was found between viral load and Treg cell populations in the tonsils 

(109).  Treg cells were detected in the synovial fluid of patients with rheumatoid and 

juvenile idiopathic arthritis (110, 111), the islets of Langerhans in diabetes models (112-

114),  the uteri of pregnant mice (115), skin grafts (116) and periodontal disease tissues 

(117).   
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During the time these thesis studies were undertaken, CD4+CD25+ Treg cells have been 

implicated in cancer studies of both mice and humans (25-29, 94, 95, 118-120).  

CD4+CD25+ Treg cells have been described within murine melanomas, fibrosarcomas 

and mammary tumours (28, 53, 121).  In humans, CD4+CD25+ Treg cells have been 

identified inside lung, ovarian, colorectal, breast, pancreatic and gastric tumours (25, 

27, 95, 118, 122, 123).  Only a few of these studies have however characterized changes 

in this intra-tumoral Treg cell population.  In a mouse fibrosarcoma model it was most 

recently found that although there is no change in the CD4+CD25+ T cell population 

within the spleen and draining-LN of tumour-bearing mice, there is an increase in the 

CD4+CD25+ T cells in tumours at day 16 post tumour challenge (~65%) compared to 

tumours at day 7 (~30%) (28). Curiel et al (2004) found a much larger percentage of 

Treg cells in late stage human ovarian carcinomas (CD4+CD25+ T cells represented 

~30% of total tumour-located CD4+ T cells) compared to early stage tumours 

(CD4+CD25+ T cells represented ~12% of total tumour-located CD4+ T cells) and 

showed that CD4+CD25+ T cells were undetectable in normal ovarian tissue.  

Ichihara et al (2003) found that there is an increase in CD4+CD25+ cells as a percentage 

of all TIL in advanced gastric cancer (19.8 ± 4.5%) as compared to the percentage in 

early gastric cancer (4.8 ± 2.1%) and the percentage of intraepithelial CD4+CD25+ cells 

of normal gastric mucosa (4.0 ± 1.2%).  Lastly, it has been shown that although there is 

no significant difference between the prevalence of CD4+CD25+ cells in normal breast 

and pancreatic tissue donors (8.6 ± 0.71%) and patients with benign breast and 

pancreatic lesions, there is a significant increase in CD4+CD25+ cells in the tumours of 

patients with malignant breast cancer (16.6 ± 1.22%) and malignant pancreatic cancer 

(13.2 ± 1.13%) (122).   

 

1.5.4 Accumulation/induction of intra-tumoural Treg cells 

There are several hypotheses about the origin and movement of intra-tumoural 

Treg cells.  The first theory is that Treg cells preferentially move to and accumulate in 

tumours as they progress.  These Treg cells are presumed to originate in the periphery 

and be induced to migrate to the tumour.  At the time this work was being conducted it 

had been hypothesised that the intra-tumoural accumulation of Treg cells resulted from a 

migration of peripheral CD4+ T cells consistent with the findings of Curiel et al (2004). 
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The chemokine CCL22 was implicated in this migration of Treg cells and was shown to 

be secreted by the tumour cells themselves and also by tumour-located macrophages 

(27).  Others suggested markers of Treg cell migration are CD62L and CD103.  CD62L 

is suggested to be involved in the homing of lymphocytes to the lymph nodes (73) while 

CD103 is proposed to be involved in the migration of lymphocytes to inflamed sites 

(47).  The role of CCL22 and the cell surface markers CD62L and CD103 on the 

migration of Treg cells into murine mesotheliomas were investigated as part of this 

thesis.   

 

In general it has been suggested that TGF-β is involved in the generation and expansion 

of human CD4+CD25+ Treg cells (124) while in murine systems a role for IL-10 in the 

differentiation but not proliferation of these cells has been proposed (102).  Moreover 

human CD4+ T cells primed in the presence of IL-10 and IFN-α can be differentiated 

into Tr1 cells, and murine T cell precursors cultured with TGF-β can be induced to form 

Th3 cells (49, 125).  These findings prompted McGuirk and Mills (2002) to ask the 

question whether a distinct subtype of APC exists which promotes the differentiation of 

Treg cells from naïve T cells.  Specific DC1 or DC2 maturation is induced depending on 

the foreign stimulus and results in the specific activation of the Th1 or Th2 pathways 

respectively.  It was therefore proposed that the specific activation of a DC that can 

secrete IL-10 (DCr) could direct naive T cells down the Tr1 pathway (102, 

126,McGuirk, 2002 #392).   
 

A third explanation for the intra-tumoural presence and activity of Treg cells is that 

Treg cells are induced within tumours via the immunosuppressive cytokine TGF-β (127, 

128).  It has been suggested that TGF-β within tumours can induce the conversion of 

CD4+CD25- T cells into CD4+CD25+Foxp3+ Treg cells (127, 128).  As it was known that 

mesothelioma tumour cells are secretors of TGF-β (129) it was further hypothesised 

that TGF-β secreted by the tumour cells themselves may induce the conversion of naïve 

CD4+ T cells into Treg cells in order to provide an environment of immunosuppression 

thus allowing unrestrained tumour growth.   

 

Finally, it has been proposed recently that the accumulation of intra-tumoural Treg cells 

results from the selection and proliferation of naturally occurring 
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CD4+CD25+Foxp3+ Treg cells and requires signalling through the TGF-β receptor II 

(130).  More specifically it was shown using two rodent tumour models that during 

tumour development tumour cells themselves convert a population of immature 

dendritic cells into a regulatory type DC that secrete TGF-β.  These DCs are then 

recruited to tumour draining LN where they selectively promote the proliferation of 

Treg cells in a TGF-β dependent manner. 
 

1.5.5 Immunosuppression by Treg cells  

Pioneering in vitro experiments found that Treg cells needed to be in close proximity to 

their cellular target for suppression to occur (54).  However, triggering of GITR has 

been shown to extinguish this contact dependent suppressive activity of Treg cells (92, 

131).  Recent studies have revealed a functional role for CD25 expression in Treg cells 

such that the interruption of the IL-2R/IL-2 signalling pathway blocks Treg cell function 

potentially via alterations in the expression of GITR (132, 133).  Tr1 cells (inducible 

Treg cells) suppress predominantly by a cytokine dependent mechanism characterised by 

IL-10 and TGF-β secretion.  Similarly natural Treg cells have been suggested to work by 

TGF-β dependent mechanism but also via contact-dependent mechanisms (134). 

 

DCs can present self-antigens in addition to foreign antigens to T cells.  These foreign 

antigens may also be cross-reactive toward self.  It may therefore be the case that self-

reactive T cells and also Treg cells are continuously engaged in interactions with DCs 

during different phases of an immune response.  The suppressive activity of Treg cells is 

sensitive to the presence of DC co-stimulation and on the production of IL-2 by 

activated effector T cells (135, 136).  Thus mature DCs bearing high levels of 

costimulatory molecules are believed to off-set the suppressive activity of Treg cells 

allowing effector T cells to proliferate.  The well documented cell-dose dependence for 

suppressive activity of Treg cells suggests that as the response progresses Treg cells may 

expand and eventually catch-up with and down-regulate effector T cells as per the 

original suggestion of North (opcit (38, 137).  During the immune response Treg cells 

are actively involved in regulating the immune response.  Specifically, since Treg cells 

are highly activated it is possible that the elevated levels of CD25 expression results in 

increased IL-2 consumption and increased suppression (ie. there is a level of 

competition for IL-2 between Treg cells and effector T cells) (41).  
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Initially Treg cells were described to have a particular pattern of cytokine expression 

showing reduced IL-2, IL-4, IFN-γ and TNF-α but high IL-10 expression (47, 135, 

138).  The cytokine profile of Treg cells on a single cell level is not well documented 

(47).  Cytokine profiling of Treg cells is notoriously difficult as low cytokine production 

has been associated with Treg cells (135, 139).  The CD25+CD103+ Treg cells described 

earlier have also been cytokine profiled and were found to secrete the lowest levels of 

cytokines except IL-10 (47).  Finally, Mills and colleagues suggested that unstimulated 

Treg cells could be characterised on the basis of their secretion of high levels of IL-10 

and/or TGF-β, some IL-5 and little to no IL-4 (personal communication: Prof. K. Mills, 

Trinity College, Dublin).  Seo et al (2001) utilised this notion of high IL-10 secretion by 

Treg cells and hence IL-10 as a mechanism of Treg cell action in their intra-tumoural 

anti-IL-10 mAb treatment experiments.  The intra-tumoural administration of anti-IL-10 

mAb resulted in B16 melanoma tumour growth inhibition while the intra-tumoural 

treatment of tumours with recombinant IL-10 resulted in more vigorous tumour growth 

(53).  Further investigation of the effects of cytokine blockade as a means of 

inactivating Treg cells is warranted in the future. 

 

Granzyme B (GrzB) is a serine protease secreted mainly by CTLs and NK cells and 

upon secretion induces apoptosis in the target cells (140).  Recently, human 

CD4+ T cells, more specifically Treg cells, were also shown to synthesize GrzB (141-

144).    In 2005 GrzB was suggested as one of the key components of Treg cell mediated 

suppression as the induction of regulatory activity was correlated with the up-regulation 

of GrzB expression (134).  Proof of a functional involvement of GrzB in contact-

mediated suppression by Treg cells was shown by the reduced ability of Treg cells from 

GrzB-/- mice to suppress as efficiently as Treg cells from WT mice. GrzB mediated 

immuno-suppression was also shown to be perforin independent as suppression by 

Treg cells from perforin-/- and WT was indistinguishable.  More specifically the Treg cell 

mediated suppression appeared to be mediated by the induction of apoptosis in the 

CD4+CD25- effector T cells. 
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1.5.6 Antigen specificity of Treg cells 

CD4+CD25+ Treg cells have been shown to have a polyclonal TCR specificity similar to 

that of helper T cells suggesting a broad range of antigen specificities (139).  Although 

there are some tumour specific antigens, the vast majority of antigens expressed by 

tumours are also expressed on normal cells.  This is interesting as there is some 

evidence that Treg cells have an increased specificity for self antigens (145, 146).  There 

are now several studies of the roles of Treg cells in the response to infectious pathogens 

(102, 147, 148).  Together these studies suggested that Treg cells may also have a 

specificity for foreign antigens.  It is unclear how specificity for these foreign antigens 

arises but it has been suggested that molecular mimicry, foreign peptides with a similar 

structure to self peptides, may provide a signal for pathogen specific-Treg cells and in the 

context of tumour immunology, also specific TAAs.  The LAGE1 protein, for example, 

has been shown to be a ligand for tumour-specific Treg cell clones generated from the 

TILs of melanoma patients (89).  LAGE1 is expressed in cancer cells and normal testis, 

but not in other human normal tissues.  Finally, the same research group was found 

Treg cells clones from human patients that could specifically recognise peptides derived 

from tumour specific ARTC-1 (149).     

 

1.6 Treg cell manipulation for the treatment of cancer 

If the recruitment or induction of Treg cells is required by tumours to create part of their 

immunological protection and hence evade the anti-tumour immune response, therapies 

targeting these Treg cells should be useful in restricting tumour growth. 

 

1.6.1 Systemic Treg cell inactivation 

The seminal publications of North and Awwad in the late 1980s and early 1990s 

investigating the timing of the anti-tumour immune response were the original empirical 

observations of the therapeutic benefit of Treg cell depletion (150-153).   North and 

Awwad furthered this work in 1990 by showing that it was possible to overcome 

dominant immunosuppression at a late stage of tumour development and cause an 

immunologically mediated tumour regression when tumour-bearing mice were treated 

with a single injection of the anti-mitotic drug Vinblastine (Vb) (154).  These results 

were consistent with their interpretation that at a late stage of tumour development, 
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functionally suppressed anti-tumour CD8+ CTLs were non-cycling and co-existed with 

a functionally active and dominant population of expanding CD4+ Treg cells that could 

be selectively destroyed by the anti-mitotic nature of Vb.  Whilst similar experiments in 

the present study showed similar effects, they were limited and perhaps more 

importantly they lack clinical relevance.  Patients presenting with MM have established 

tumours so treating at a specific time-point post tumour challenge (for example day 15) 

is not a possibility.  Therefore, the treatment of established tumours with Treg cell 

inactivating therapies was undertaken.     

 

On its own, the systemic depletion of Treg cells via the administration of an anti-CD25 

mAb had significant success (155-157) without resulting in any significant autoimmune 

side-effects.  It must be noted however that such pre-treatments are also clinically 

irrelevant.  In combination with vaccination strategies or further mAb treatments 

systemic Treg cell depletion has also had success but these treatments (described below) 

were also administered prior to tumour challenge or within only 1 or 2 days of tumour 

implantation.  Pre-treatment of mice with anti-CD25 mAb has been shown to hinder 

B16 murine melanoma growth but can also enhance the immunogenicity of a tumour 

cell based vaccine against B16 melanoma (87).  Survival of mice was even further 

improved by the treatment of mice with a combination of anti-CD25 mAb to deplete 

Treg cells and anti-CTLA-4 mAb to block T cell costimulation (87).  There is sufficient 

evidence to suggest that the immune response raised against tumour-expressed antigens 

may cross react with normal tissue, due to shared self antigens,  resulting in both 

tumour regression but also autoimmunity (158-160).  Although the early studies with 

systemic anti-CD25 mAb depletion did not report any serious autoimmune side-effects, 

the combination of strong TCR stimulation with the absence of Treg cells has been 

shown to result in multi-organ specific autoimmune disease (161).   

 

 

1.6.2 Intra-tumoural Treg cell inactivating therapies 

Many groups have targeted CD25 as a mechanism of depleting Treg cells and studying 

the resultant effects on T cell activation, trafficking, and/or effector functions.  Until 

recently it was widely believed that treatment with anti-CD25 mAb resulted in the rapid 

and efficient depletion of CD4+CD25+ Treg cells as determined by secondary staining 
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with FACS mAbs against a different CD25 epitope (132).  A recent concise study by 

Kohm et al (2006) found that the administration of anti-CD25 mAb did not result in the 

depletion of the CD25+ Treg cells but a shedding of the CD25 molecule from the surface 

of cells.  This conclusion was supported by the findings that anti-CD25 mAb treatment 

decreased the number of CD4+CD25+ T cells but not CD4+Foxp3+ T cells and as the 

vast majority of CD4+CD25+ T cells are Foxp3 in the study it was concluded CD25 was 

lost from the cells only.  This very recent data suggests that inactivation rather than 

depletion is occurring.  In these PhD thesis studies the use of anti-CD25 mAb in a novel 

treatment regime involving intra-tumoural treatments into established tumours was 

investigated.  During the time of these thesis studies it was also revealed by two 

international research groups that the intra-tumoural inactivation of Treg cells based on 

CD4 and GITR expression can also result in tumour growth inhibition.  The intra-

tumoural depletion of total CD4+ T cells via the administration of an anti-CD4 mAb 

inside the murine fibrosarcomas resulted in tumour growth inhibition of established 

tumours (28).  A low dose of the intra-tumoural mAb was titrated in this experiment in 

order to ensure that the observed tumour growth inhibition was a direct result of the 

local depletion of CD4+ T cells and not a systemic effect.  Although these results were 

positive, it is assumed that as most intra-tumoural CD4+ T cells are Treg cells in 

established tumours that the treatment selectively targeted Treg cells and not 

CD4+ helper T cells which have also been shown to be required for the anti-tumour 

immune response.  Perhaps a more specific approach to the intra-tumoural inactivation 

of Treg cells was the intra-tumoural administration of anti-GITR mAb in a further 

murine tumour model (29).  Intra-tumoural anti-GITR mAb treatment was shown to 

again result in tumour growth inhibition most likely due to the inactivation of intra-

tumoural Treg cells.  As mentioned above, these contemporary PhD thesis studies 

investigated the efficacy of intra-tumoural inactivation of Treg cells via the 

administration of anti-CD25 mAb.  These studies also furthered this work to include the 

administration of anti-CTLA-4 and anti-GITR mAbs intra-tumourally to inhibit tumour 

development.  In light of current knowledge, that the Treg cell response to tumours is 

complex and may involve multiple pathways of Treg cell mediated immunosuppression, 

a novel combination of intra-tumoural anti-CD25, anti-CTLA-4 and anti-GITR mAbs 

was also trialled.   
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1.6.3 Combination therapies to target multiple aspects of anti-tumour immune 

response 

Malignant mesothelioma, like many invasive solid tumours is difficult to treat.   Surgery 

is often a preferred first treatment for MM but is complicated by the fact that tumour 

deposits often remain (5).  On its own immunotherapy has met with some success in the 

treatment of cancers, including MM, but may be boosted by combination with other 

approaches including surgery, chemotherapy, vaccination or apoptosis induction.  In a 

recently published study using a murine model of mesothelioma it was found that 

chemotherapy induced apoptosis (gemcitabine) of residual tumour deposits following 

surgical debulking improves tumour clearance and is required for the induction of long-

term immunologic memory (162).  In a similar way, this thesis proposed the 

combination of intra-tumoural Treg cell inactivation via anti-CD25 mAb treatment with 

the induction of apoptosis in the tumour cells.  Alpha-tocopheryl succinate (α-TOS) is 

an analogue of Vitamin E which has been shown in in vitro experiments to specifically 

induce apoptosis in human mesothelioma cells but to be mostly non-toxic to normal 

mesothelial cells (163).  In a model of human mesothelioma involving the xenograft of 

human MM cells into nude mice it was shown that α-TOS can also induce apoptosis in 

tumour cells in vivo while being largely non-toxic (164).  α-TOS has been shown to 

synergise with tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) 

dependent apoptosis in cancer cells (165). The activation of nuclear factor-kappaB 

(NF-κB) has been shown to interfere with induction of apoptosis triggered by TRAIL so 

an agent that can suppress NF-κB activation may sensitise tumour cells to TRAIL-

dependent apoptosis.  α-TOS has been shown to sensitise cells to TRAIL mediated 

apoptosis and further supports the possibility that this semisynthetic analogue of 

vitamin E is a potential adjuvant in cancer treatment.  A further example of the potential 

synergy between apoptosis induction and immunotherapy in murine tumours was 

demonstrated by very recent experiments using the lewis lung model (166).  The 

chicken anaemia virus-derived Apoptin protein was shown to induce apoptosis in 

tumour cells but not in normal diploid cells.  IL-18 is a Th1-type cytokine that has 

demonstrated potential as a biological adjuvant in murine tumour models as it induces 

high levels of IFN-γ secretion from both NK and T cells.  In this study it was reported 

that the growth of established tumours in mice immunized with the Apoptin protein in 

conjunction with IL-18 was significantly inhibited as a result of this synergistic 
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treatment compared with the growth of tumours in mice treated with either modality 

alone. 
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2.1 Materials 

2.1.1 Mice 

Female C57BL/6J mice between 6 and 8 wks of age were obtained from the Animal 

Resources Centre (Perth, Australia) and maintained under SPF housing conditions 

(Discipline of Microbiology and Immunology, University of Western Australia).  All 

animal work was carried out in accordance with the guidelines of The National Health 

and Medical Research Council of Australia and the approval of The University of 

Western Australia’s Animal Ethics Committee. 

 

2.1.2 Human malignant mesothelioma biopsies 

Human tissue biopsy array slides comprising human malignant mesothelioma, pleural 

effusion associated with MM and control tissue samples were kindly provided by Prof. 

Bruce Robinson.  Prof. Robinson’s group developed this tissue biopsy slide array which 

can be used for the immunohistochemical analysis of multiple biopsy samples at the one 

time with a concurrent comparison to multiple organ control tissues.  These slides are 

paraffin embedded and hold approximately 35 MM biopsy samples plus approximately 

35 pleural effusion samples and 35 control tissues samples such as tonsil and appendix 

(Fig. 2.1). 
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Figure 2.1: Representation of human MM tissue array slide 

Multiple frozen human MM biopsy samples along with pleural effusions samples and 

normal control tissue samples were paraffin embedded on tissue array slides.   

mesothelioma    pleural effusion   control tissue  

                            (tonsil, appendix etc)  

la
be

l 
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2.1.3 Reagents, recipes and equipment used for cell culture, tumour implantation, 

antibody preparation and the preparation of single cell suspensions. 

Table 2.1 presents the hybridoma and tumour cell lines used in these studies.  Table 2.2 

outlines reagents used while Table 2.3 describes the required equipment for the above 

techniques.  Below are the recipes for all required solutions. 

 

10 mM calcium chloride 

1.47 g CaCl2 was dissolved in 100 ml ddH2O.  20 ml aliquots were made and 

sterilised by autoclaving.  Aliquots were stored at room temp. 

 

RPMI-1640 

Dissolve 10.4 g RPMI-1640 in 900 ml ddH2O with 2 g NaHCO3.  pH to 7.2 (0.2 

below the desired 7.4 as pH rises upon filtration).  Make up to 1 L and filter 

sterilise using Gelman vacuum filter (0.2 µm).  RPMI-1640 was stored at 4°C.   

 

10% FCS RPMI-1640 

In a laminar flow hood, 500 ml of sterile RPMI-1640 was supplemented with 

5 ml of sterile L-glutamine, 5 ml of sterile antibiotics for media solution, 50 ml 

of sterile FCS and 40 µl of sterile 0.5 M 2-mercaptoethanol.  Supplemented 

RPMI-1640 was stored at 4°C.  L-glutamine has a short half-life in media, add 

fresh L-glutamine to media if more than 1 month old. 

 

0.1 M EDTA 

3.72 g EDTA was dissolved in 40 ml ddH2O.  pH to 8 as EDTA will not 

dissolve unless at pH 8.  Make up to 100 ml with ddH2O and autoclave to 

sterilise.  Store at room temp 

 

0.5 M EDTA 

18.61 g EDTA was dissolved in 40 ml ddH2O.  pH to 8 as EDTA will not 

dissolve unless at pH 8.  Make up to 100 ml with ddH2O and autoclave to 

sterilise.  Store at room temp 
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0.5 M 2-mercaptoethanol 

Dissolve 1.74 ml 2-mercaptoethanol in 50 ml ddH2O.  Filter sterilise using a 

2 µm syringe filter and make 500 µl aliquots.  Store at -20°C and add 40 µl to 

500 ml RPMI-1640 when required.  

 

1 x PBS 

Add one tablet of PBS to 100 ml ddH2O.  Autoclave to dissolve and sterilise.  

Store at room temp. 

 

2% Dextran-T500 in PBS 

Add 4 g Dextran-T500 to 200 ml 1 x PBS.  Make 10 ml aliquots and autoclave 

to sterilise.  Store at room temp. 

 

1 mM EDTA in PBS 

Add 0.0327 g EDTA to 100 ml 1 x PBS.  pH to 7.2 and make 10 ml aliquots.  

Autoclave to sterilise and store at room temp. 

 

Antibiotics for tissue culture media 

Reconstitute 1 x 600 mg vial of benzyl penicillin in 5 ml ddH2O.  Add to a 

beaker containing 5 x 40 mg/ml vials of gentamicin.  Make volume up to 100 ml 

with ddH2O.  Filter sterilise using a 0.2 µm syringe filter and make 5 ml 

aliquots.  Store at -20°C and add a 5 ml aliquot to 500 ml RPMI-1640 when 

required. 

 

Heat inactivated FCS 

Defrost 500 ml FCS in 37°C water bath for approximately 1 hr.  Heat inactivate 

FCS by incubating for 30 min at 60°C.  Make 50 ml sterile aliquots in laminar 

flow hood and store at -20°C. 

 

Saturated ammonium sulphate 

Weigh out 761 g ammonium sulphate.  Make up volume to 1 L with ddH2O.  

Autoclave to dissolve and sterilise.  Store at room temp (some crystal will drop 

out of solution). 
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Collagenase/dispase solution 

Make to a concentration of 200 U/ml by dissolving 200 mg collagenase and 

200 mg dispase in 200 ml sterile DMEM.  Filter sterilise through a 0.2 µm 

filter.  Solution is stored in 50 ml aliquots at -20°C for a maximum of 6 months. 

 

3 mg/ml EDTA in PBS 

0.6 g EDTA is dissolved in 200 ml 1 x PBS.  Make 10 ml aliquots and autoclave 

to sterilise.  Store at room temp. 

 

DNase I 

Dissolve 23 mg DNase I in 1 ml of ddH2O and 1.3 ml 10 mM CaCl2.  Filter 

sterilise using a 0.2 µm syringe filter and store at -20°C in 100 µl aliquots. 

 

Liberase blendzyme 3 

Resuspend 7 mg vial in 2 ml injection quality H2O.  Swirl on ice for 30 min to 

dissolve.  Filter sterilise using a 0.2 µm syringe filter and make 100 µl aliquots.  

Store at -20°C. 

 

L-glutamine 

Dissolve 7.3 g L-glutamine in 250 ml ddH2O.  Stir using a magnetic stirring flea 

for 5-10 min to dissolve.  Filter sterilise using a 0.2 µm syringe filter and make 

5 ml aliquots.  Store at -20 °C and add 5 ml to 500 ml RPMI-1640 when 

required. 

 

Freezing medium 

Comprises 90% (v/v) FCS and 10% (v/v) DMSO.  Make fresh or store for short 

term (2 weeks) at 4°C. 

 

Red cell lysis buffer 

8.3 g NH4Cl is dissolved in 1 L ddH2O.  4.12 g Tris is dissolved in 200 ml 

ddH2O.  Add 9 parts NH4Cl solution to 1 part Tris solution.  Filter sterilise using 

a Gelman vacuum filter (0.2 µm) and make 100 ml aliquots to be stored at room 

temp. 
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Supplemented CD hybridoma media 

Add to 1 L CD hybridoma media 10 ml of sterile L-glutamine and 10 ml of 

sterile antibiotics for media.  Store at 4°C.   

 

Trypan blue 

Dissolve 0.1 g trypan blue in 100 ml 1 x PBS.  Filter sterilise using a 0.2 µm 

syringe filter.  Make 5 ml aliquots and store at room temp. 
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Table 2.1: Tumour and hybridoma cell lines  

A description of tumour cell lines, hybridoma cell lines and cytokine positive control cells. 
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Table 2.2: Reagents used for cell culture, tumour implantation, antibody preparation and the 

preparation of single cell suspensions  

 

Reagent Product number Supplier 

2-Mercaptoethanol 44143 BDH 

Ammonium chloride (NH4Cl) 10017 AnalaR, BDH 

Ammonium sulphate (NH4)2SO4 A56-500g Univar, Ajax Finechem 

Benzyl penicillin 600 mg R10329 CSL 

Calcium chloride (CaCl2) 960 Ajax, Unilab 

CD Hybridoma media 11279 Gibco 

Collagenase Type 1A C2674 Sigma 

Dextran T-500 17.0320.01 Amersham Pharmacia 

Dimethyl sulphoxide (DMSO) 10323.4L BDH 

Dispase II 165859 Roche Diagnostics 

Fetal calf serum (FCS) 10099-141 Gibco BRL 

Gentamicin 80mg/2ml 509641 David Bull Laboratories 

L-glutamine G3126-100g Sigma 

Liberase blendzyme 3  11824184001 Roche Diagnostics  

Phosphate buffered saline  

Dulbecco A tablets (PBS) 

BR0014G Oxoid 

RPMI medium-1640 31800-089 Gibco BRL 

Triton X-100 161-0407 Biorad 

Trypan Blue  - Hopkins and Williams 

Trypsin-EDTA  T4049 Sigma 
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Table 2.3: Equipment used for cell culture and antibody preparation 
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2.1.4 Reagents, recipes and equipment used for flow cytometry, immunoassays 

and cell sorting. 

Table 2.4 lists all antibodies and conjugates used in these studies.  Table 2.5 details all 

reagents required and Table 2.6 all equipment required for the above mentioned 

techniques.  Below are recipes for all required solutions. 

 

 Cell staining buffer 

0.0352 g Sodium azide was dissolved in 100 ml 1 x PBS.  pH to 7.4, autoclave 

to sterilise and store at room temp.  5 ml sterile FCS is added prior to use.  After 

addition of FCS, cell staining buffer should be stored at 4°C. 

 

 FACS sort buffer 

1 x PBS was supplemented with 1 mM EDTA and 1% FCS (heat-inactivated).  

Filter sterilise using a 0.2 µm syringe filter and store at 4°C. 

 

1 mM EDTA 

Add 0.0327 g EDTA to 100 ml ddH2O.  pH to 7.2 and make 10 ml aliquots.  

Autoclave to sterilise and store at room temp. 

 

Cell lysis buffer 

To make 500 ml add 0.605 g Tris-HCl (10 mM), 0.690 g NaH2PO4 (10 mM), 

0.710 g Na2HPO4 (10 mM), 3.790 g NaCl (130 mM), 1.33 g Sodium 

pyrophosphate (10 mM) to 495 ml ddH2O with stirring.  pH to 7.5 and add 5 ml 

1% (v/v) Triton X-100.  Filter sterilise and store at 4°C.  Add 5 µl/ml of protease 

inhibitor cocktail prior to use. 

 

1% (v/v) Triton X-100 

Add 1 ml Triton X-100 to 99 ml ddH2O.  Filter sterilise and store at room temp. 

 

Carbonate ELISA coating buffer 

Add 1.325 g Na2CO3 (0.025 M) and 1.05 g NaHCO3 (0.025 M) to 400 ml 

ddH2O.  pH to 9.6 and then make up to 500 ml.  Autoclave to sterilise and store 

at room temp. 
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Phosphate ELISA coating buffer 

Add 5.9 g Na2HPO4 and 8.05 g NaH2PO4 to 500 ml ddH2O.  pH to 6.5 and 

autoclave to sterilise.  Store at room temp. 

 

Cytokine ELISA antibody diluent 

Sterile 1 x PBS was supplemented with 10% (v/v) FCS.  Make fresh and store in 

the short term at 4°C. 

 

TBST ELISA wash buffer 

To 1 L ddH2O add 3.032 g Tris and 8.776 g NaCl.  pH to 7.76 and sterilise.  

Store at room temp.  Add 0.05% Tween-20 prior to use. 

 

Cytokine ELISA wash buffer 

Sterile 1 x PBS was supplemented with 10% (v/v) sterile FCS and 0.05% (v/v) 

Tween-20.  Make fresh and store in the short term at 4°. 

 

Mouse osmolarity buffered saline (MOBS) 

In ddH2O, make a solution containing 6.46 mM NaHPO4, 1.47 mM KH2PO4, 

2.68 mM KCl and 1.68 mM NaCl.  pH to 7.4 and autoclave to sterilise.  Store at 

room temp. 

 

Neutralising antibody ELISA antibody diluent buffer 

Sterile MOBS was supplemented with 1% (w/v) BSA and 0.05% Tween-20.  

Store at 4°C. 

 

Neutralising antibody ELISA antibody binding buffer 

A 0.159% (w/v) Na2CO3 and 0.293% (w/v) NaHCO3 solution was made in 

ddH2O.  pH to 9.6 and autoclave to sterilise.  Store at room temp. 

 

Neutralising antibody ELISA blocking buffer 

Sterile MOBS buffer supplemented with 1% (w/v) BSA.  Store at room temp. 
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Neutralising antibody ELISA wash buffer 

Sterile MOBS was supplemented with 0.05% Tween-20 and stored at room 

temp. 

 

p-nitrophenyl phosphate 

Dissolve a 5 ng tablet in 5 ml ddH2O.  Make fresh.   

 

Dialysis tubing wash buffer 

Make a 1 mM solution of EDTA and supplement with 2% (w/v) NaHCO3.  

Autoclave and store at room temp. 
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Table 2.4: Antibodies and conjugates 

 

Antibody Specificity Clone Conjugate Supplier Product Number 
CCL22  mouse 158113 purified R&D systems MAB439 
CD103 mouse M290 PE BD Pharmingen  557495 
CD25 human 4C9 purified Novocastra NCL-CD25-305 
CD25 mouse PC61 FITC Ebioscience  11-0251 
CD25 mouse 7D4 FITC BD Pharmingen  553072 
CD25 mouse PC61 PE Ebioscience 12-0251-83 
CD3 mouse 145-2C11 PE-Cy5 Ebioscience 15-0031-81 
CD4 mouse RM4-5 APC Ebioscience 17-0042-82 
CD62L mouse MEL-14 PE-Cy5 Ebioscience 15-0621-81 
CD69 mouse H1.2F3 PE Ebioscience 12-0691 
CD8 mouse 53-6.7 PE Ebioscience 12-0081 
CTLA-4 mouse UC10-4F10-11 PE BD Pharmingen 553720 
Foxp3 human 236A/E7 affinity purified Ebioscience 14-4777 
Foxp3 
(staining kit) 

mouse FJK-16s PE Ebioscience 72-5775-40 

Goat anti-
rabbit IgG 

rabbit - FITC BD Pharmingen 554020 

IgG mouse A3562 alkaline phosphatase Sigma, A3562 
IL-10 mouse JES5-16E3 PE BD Pharmingen 554467 
IL-10 mouse JES5-2A5 capture antibody for 

ELISA 
BD Pharmingen 551215 

IL-10 mouse JES5-16E3 biotinylated 
detection antibody 
for ELISA 

BD Pharmingen 29934 

IL-4 mouse 11B11 PE BD Pharmingen 554435 
IL-4 mouse 11B11 capture antibody for 

ELISA 
BD Pharmingen 554434 

IL-4 mouse BVD6-24G2 detection antibody 
for ELISA  

BD Pharmingen 554390 

Nrp-1  human H-286 purified Santa Cruz 
Biotechnology 

Sc-5541 

Rabbit anti-
goat IgG 

goat - alkaline phosphatase Cappel 59292 

TGF-β1 mouse A75-2 Capture antibody for 
ELISA 

BD Pharmingen 555052 

TGF-β1 mouse A75-3 Biotinylated 
detection antibody 
for ELISA 

BD Pharmingen 555053 
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Table 2.5: Reagents used for flow cytometry, immunoassays and cell sorting 

 

Reagent Product number Supplier 

Bovine serum albumin (BSA) 85040 JRH Biosciences 

Cytofix/Cytoperm solution set 554722;554723 BD Pharmingen 

Ficoll-paque Plus 17-144-03 Amersham Biosciences 

Goat anti-serum to rat serum 56005 Cappel 

Imag anti-mouse PE particles 557899 BD Pharmingen 

Imag Buffer 552362 BD Pharmingen 

Imag mouse CD4 T lymphocyte 

enrichment set 

558131 BD Pharmingen 

osmosol LP-A64296 Lab Aids 

Phase murine serum amyloid A 

immunoassay 

TP802-M Tridelta 

Protease inhibitor cocktail P8340 Sigma 

Recombinant IL-10 standard 550070 BD Pharmingen  

Recombinant IL-4  standard 550067 BD Pharmingen 

Recombinant TGF-beta standard Component of 559119 BD Pharmingen 

Streptavidin-HRP for ELISA  554066 BD Pharmingen 

Tetramethylbenzidine (TMB) 

liquid substrate system  

T0440 Sigma 
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Table 2.6: Equipment used for flow cytometry, immunoassays and cell sorting 

 

Equipment  Supplier Product number 

Concentration columns 

           Microconcentrator 100 

           Centricon plus-20 

 

Amicon 

Amicon Millipore 

 

4211 

UFC28HK08 

FACS columns/round bottom test tubes BD Falcon 352054 

Flow cytometers 

 FACS Calibur    

 FACS Vantage  

            Cell Quest analysis software 

            FlowJo analysis software 

 

Becton Dickenson 

Becton Dickenson 

Becton Dickenson 

FlowJo 

 

343023 

343268 

342182 

v7.1.3 

Imag cell separation magnet BD Pharmingen 552311 

Maxisorp ELISA plates    Nalge Nunc 44-2404 

Polytron tissue homogeniser Janke and Kunkel Ultra-turrax T25 
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2.1.5 Reagents, recipes and equipment for RNA extraction, RT-PCR and agarose 

gel electrophoresis 

Table 2.7 outlines primers used for real-time RT-PCR.  Table 2.8 details reagents 

required and Table 2.9 the equipment required for the above techniques.  Below are the 

recipes of all required solutions. 

 

 1% Agarose (w/v) 

5 g agarose was added to 500 ml 1 x TAE buffer.  Make 30 ml aliquots and 

autoclave to allow dissolution and to sterilise.  Store at room temp.  Microwave 

on low for 5 min to melt and add 2 µl ethidium bromide prior to use.  

 

10 mg/ml ethidium bromide 

Dissolve 1 g of ethidium bromide in 100 ml ddH2O by stirring for several hours.  

Store at 4°C in the dark. 

 

SEB 

Make in 0.1 M EDTA a 50% sucrose solution.  pH to 8 to aid dissolution of 

EDTA and add 0.1% bromophenol blue.  Make 5 ml aliquots and store at room 

temp. 

 

40 x TAE buffer 

 Dissolve 193.6 g Tris and 14.9 g EDTA in 1 L ddH2O.  pH to 8, autoclave and 

store at room temp.  Dilute 1:40 with ddH2O prior to use. 

  

T10E buffer 

A solution of 10 mM Tris and 1 mM EDTA was made in ddH2O.  pH to 8.0 to 

aid dissolution of EDTA.  Autoclave and store at room temp. 
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Table 2.7:Primers 

Primers for real-time RT-PCR were resuspended at the appropriate concentration in T10E buffer and 
stored at -20°C.   
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Table 2.8: Reagents for RNA extraction, RT-PCR and agarose gel electrophoresis 

 

Product  Product 

number 

Supplier 

100bp DNA ladder M-DNA-100bp Axygen Biosciences 

Agarose, LE V312B Promega 

Bromophenol blue B-6131 Sigma 

Ethidium bromide E-8751 Sigma 

iTaq SYBR green supermix with Rox 170-8850 Biorad 

Oligo dT(15) primer C1101 Promega 

QIAshredder columns  79656 Qiagen 

RNAlater 76106 Qiagen 

RNase free DNase set 79254 Qiagen 

RNaseZap 9780;9782 Ambion 

RNasin plus RNase inhibitor N2611 Promega 

RNeasy mini kit 74106 Qiagen 

Sensiscript RT kit 205211 Qiagen 

Sucrose A530-500g Univar 
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Table 2.9: Equipment for RNA extraction, Genechip, and real-time RT-PCR 

 

Equipment Supplier Product number 

GelDoc imaging system Kodak - 

Filter tips 

     1000 µl 

     200 µl 

     10 µl 

 

Axygen 

Sarstedt 

Sarstedt 

 

TF-1000-R-S 

70.76.211 

70.1130.210 

Gene-amp 5700 PCR machine Applied Biosystems - 

Heater block Grant - 

Mini-sub DNA cell Biorad - 

PCR optical caps Applied Biosystems 4323032 

PCR optical tubes Applied Biosystems N801-0933 
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2.1.6 Reagents and recipes used to prepare non-antibody treatments for tumour 

growth inhibition. 

Table 2.10 details the non-antibody treatments used in these PhD studies.  Below are 

recipes for the preparation of such reagents and any associated solutions. 

 

 200 mM α-Tocopheryl succinate 

1.6 g α-TOS was dissolved in 15 ml sterile DMSO with slight warming to 37°C.  

1 ml aliquots were made and stored at 4°C.  Aliquots freeze at 4°C and as such 

were warmed to 27°C to ensure dissolution of α-TOS prior to use. 

 

 5 µg/ml anti-CCL22 mAb 

500 µg stock of anti-CCL22 mAb was resuspended in 1 ml sterile 1 x PBS.  

750 µl of this stock solution was stored at -20°C.  250 µl was further diluted by 

the addition of 24.75 ml 1 x PBS.  500 µl aliquots were made and stored at 

-20°C. 

  

 100 µg/ml TGF-β soluble receptor 

5o µg stock of TGF-β soluble receptor was resuspended in 500 µl of sterile 

l x PBS + 0.1% (w/v) BSA.  Further dilutions to 25 µg/ml and 5 µg/ml were 

made in sterile 1 x PBS as required and stored at -20°C.  

 

 Nucolox 

7.5 g nucolox was dissolved in 200 ml sterile ddH2O.  500 µl aliquots were 

made and stored at 4°C. 
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Table 2.10: Non-antibody treatments for tumour growth inhibition 

 

Product Catalogue number Supplier 

Alpha-tocopheryl succinate 95255 Sigma 

Nucolox 63980 Sigma Pharmaceuticals 

Recombinant mouse TGF-β 

soluble receptor II/Mouse Fc 

1600-R2-C R&D Systems 

Vinblastine 461049 DBL 
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2.1.7 General reagents, recipes and equipment 

Table 2.11 details general reagents required for multiple techniques.  General 

equipment is presented in Table 2.12.  Recipes for general solutions are presented 

below.  Table 2.13 list URLs for selected suppliers of reagents and equipment. 

 

 10 x PBS 

22.75 g Na2HPO4, 5.53 g NaH2PO4 and 2.87 g NaCl were dissolved in 900 ml 

ddH2O.  pH to 7.4 and make up to 1 L.  Make 500 ml aliquots, autoclave and 

store at room temp. 

 

1M NaOH 

10 ml 10M NaOH added to 90 ml ddH2O.  Store at room temp away from any 

acids. 

 

1M HCl 

Add 8.4 ml 37% HCl to 91.6 ml ddH2O.  Store at room temp away from any 

bases. 
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Table 2.11: General reagents 

 

Product Catalogue number Supplier 

Disodium hydrogen orthophosphate 

(Na2HPO4) 

10249.4C  AnalaR, BDH  

Ferric chloride UN2582 Pharmo Scope 

DNase 1, type II D4527 Sigma 

Ethanol, absolute 90144.9020 Merck 

Ethylenediaminetetraacetic acid 

(EDTA) 

10093.5V AnalaR, BDH  

H2O, injection quality 221343 Astra Zenica 

Hydrochloric acid (HCl) 101256J AnalaR, BDH 

Methoxyfluorane (Penthrane)  R43144 Medical Developments  

Polyoxyethylene sorbitol 

monolaurate (tween-20) 

10245 Sigma 

Potassium chloride (KCl) 10198 AnalaR, BDH 

Sodium azide (NaN3) 1222 Labchem 

Sodium bicarbonate (NaHCO3) 44143 BDH 

Sodium carbonate (Na2CO3) 10240 AnalaR, BDH 

Sodium chloride (NaCl) 10241 AnalaR, BDH 

Sodium dihydrogen orthophosphate 

(NaH2PO4) 

10245 AnalaR, BDH  

Sodium hydroxide (NaOH) 10252 AnalaR, BDH  

Sodium pyrophosphate (Na4P2O7) 30208 AnalaR, BDH 

Tris 15504-020 Gibco BRL 

Tris-HCl T3253-500g Sigma 
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Table 2.12: General Equipment 

 

Equipment Supplier Product number 

Blood collection tubes 

    Uncoated   

    EDTA coated   

 

Microtainer BD 

Microtainer BD 

 

365957 

365974 

Filters 

     Micropore syringe  

         0.2 µm 

         0.4 µm 

Vacuum filter (0.2 µm) 

 

 

Acrodisk Pall Gelman 

Acrodisk Pall Gelman 

Pall Life Sciences 

 

 

4612 

4614 

4622 

Microfuge tubes 

    0.5 ml  

    1.5 ml 

    2.0 ml 

 

Sarstedt 

Treff lab 

Sarstedt 

 

72.699 

96.07246.9.01 

72.695 

Needles 

    26 ½  G 

 

Terumo 

 

NN2613R 

Syringes 

    1 ml tuberculin 

    2 ml   

    10 ml 

    60 ml 

 

Becton Dickenson 

Becton Dickenson 

Becton Dickenson 

Becton Dickenson 

 

302100 

302204 

302143 

300142 

pH strips 

     2.5-4.5 

     0-6 

     6.5-10 

 

Merck 

Merck 

Merck 

 

1.09541 

1.09531 

1.09543 

Spoon sieve - - 
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Table 2.13: URLs of suppliers 

 

Supplier URL 

Ajax Finechem www.ajaxfinechem.com 

Ambion www.ambion.com 

Amersham Pharmacia www.apbiotech.com 

Axygen Biosciences www.axygenbio.com 

BD Pharmingen www.bdbiosciences.com/pharmingen 

BDH www.merck.com.au 

Becton Dickenson www.bd.com 

Biorad www.bio-rad.com 

Cappel www.mpbio.com 

Corning Costar www.corning.com/lifesciences 

CSL www.csl.com 

Difco www.corptech.com 

Ebioscience www.ebioscience.com 

Flowjo www.flowjo.com 

Gelman www.pall.com 

Geneworks www.geneworks.com.au 

Gibco BRL www.lifetech.com 

Hawksley www.hawksley.co.uk 

JRH Biosciences www.sigmaaldrich.com 

Labchem www.labchem.net 

Merck www.merck.com 

Nalge Nunc International www.nalgenunc.com 

Novocastra www.novocastra.co.uk 

Oxoid www.oxoid.com.uk 

Promega www.promega.com 

Qiagen www.qiagen.com 

R&D systems www.rndsystems.com 

Roche Diagnostics www.roche.com 

Santa Cruz Biotechnology www.scbt.com 

Sarstedt www.sarstedt.com 

Sigma www.sigma-aldrich.com 

Trefflab www.anachem.com.uk 

Tridelta www.trideltaltd.com 
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2.2 Methods 

All tissue culture was carried out in a laminar flow hood using aseptic techniques. 

 

2.2.1 Murine tumour cell culture, maintenance and tumour cell implantation 

The AE17, B16 and EL4 cell lines were maintained in RPMI 1640 media supplemented 

with 10% FCS, 2 mM L-glutamine, 50 mg/L gentamicin, 60 mg/L benzyl penicillin and 

0.05 mM 2-mercaptoethanol.  Cells were cultured at 37°C in a 5% CO2 incubator and 

passaged when 70% confluent or every 3 days. 

 

2.2.1.1 Resuscitation of cells 

A cryovial of cells was thawed by hand and then added dropwise to 10 ml of 

prewarmed supplemented media in a 15 ml centrifuge tube.  Cells were pelleted by 

centrifugation at 500 x g (1500 rpm) for 5 min and then washed once in 10 ml media.  

Cells were then resuspended in 15 ml media and transferred to a 75 cm2 tissue culture 

flask.  The following day the media was replaced with 15 ml fresh media to remove any 

cells not surviving the freeze/thaw process. 

 

2.2.1.2 Cell passage 

Tumour cells are adherent and begin to adhere within 3 hours.  Cells were considered 

ready for passage when the cell monolayers were 70-80% confluent (approximately 

1 x 107 cells in a large flask and approximately 1 x 106 cells in a small flask) or every 

three days.  The cell monolayer was washed once by adding 10 ml PBS to the tissue 

culture flask.  The PBS was then removed and 1 ml trypsin/EDTA added and flasks 

incubated at 37°C for 2 min in CO2 incubator.  Cells were dislodged from the base of 

the flask by vigorous tapping.   Cells were resuspended in 10 ml media and placed into 

a 15 ml centrifuge tube and pelleted by centrifugation at 500 x g (1500 rpm) for 5 min.  

Cell pellets were washed once with 10 ml supplemented media.  For a 1/10 split, cells 

were resuspended in 10 ml media and 1/10 (1 ml) of cells added to a fresh flask 

containing 14 ml fresh supplemented media.  Passage numbers were always noted and 

AE17 cells not allowed to pass passage 15.  
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2.2.1.3 Cryopreservation of cells 

Cells were only harvested for frozen stocks from flasks that were 70-80% confluent. 

Cells were detached and washed as per 2.2.1.2 then pelleted, counted by trypan blue 

exclusion using a neubauer chamber and resuspended in freezing medium at 

1-2 x 106 cells/ml.  1 ml cells was then transferred to a 1.8 ml cryovial and stored at 

-20°C overnight prior to relocation to -80°C for short term storage or for long term 

storage after 24 hours at -80°C the cells were transferred to -180°C. 

 

2.2.1.4 Cell counts by trypan blue exclusion  

Cell suspensions were diluted in trypan blue solution and mixed gently.  10 µl of 

stained cell suspension was transferred to a neubauer chamber and viable cells counted.  

Dead cells stain blue.  Between 30 and 300 cells were counted within a total of 25 

squares and each count was repeated 3 times. Cell concentration was calculated as 

described in equation 1. 

 

 

Equation 1: Cell counting by trypan blue exclusion 

 

Number of viable cells counted x 25 x dilution factor x 104 = cells/ml 

   Number of squares counted 

 

 

2.2.1.5 Harvesting cells for in vivo implantation 

Cells were only harvested from flasks that were 70-80% confluent (approximately 

1 x 107 cells in a large flask) as per Section 2.2.1.2.  Cells were washed twice in 10 ml 

PBS and were then counted by trypan blue exclusion.  Cells were resuspended at the 

appropriate concentration for implantation and taken on ice to the Animal Care Unit. 

 

2.2.1.6 In vivo tumour cell implantation and growth monitoring 

For the subcutaneous growth of tumour, mice were injected s.c. onto the right-hand side 

of the back of the ribcage at day 0 with the appropriate number of tumour cells in 
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100 µl PBS using a 100 µl Hamilton syringe (Fig 2.2).  For s.c. development of AE17 

tumours either 1 x 106 or 1 x 107 tumour cells were implanted.  1 x 106 EL4 cells and 

5 x 105 B16 cells were implanted s.c for the analysis of other s.c. solid tumours.  

Tumour growth was monitored daily and tumour areas calculated by multiplying two, 

right-angled tumour diameters measured using microcallipers as shown in Equation 2.  

For i.p. implantation of AE17 tumours, 1 x 106 tumours cells were resuspended in 

100 µl PBS and administered by a single i.p. injection.  Tumour development was 

monitored daily by light palpation of the abdomen, checks for overall loss of condition, 

such as hunching and ruffling of coat, and the comparison of animal body weight to 

tumour-free control mice.  Hamilton syringes and specially designed needles were 

washed immediately after tumour cell implantation to avoid blocking.  The syringes and 

needles were washed internally 3 times with 100 µl 1% triton X-100, then 3 times in 

ddH2O and 3 times in 70% ethanol and autoclaved with the barrel of the syringe 

removed. 

 

 

 

Equation 2: Tumour area calculation 

 

 

   W  Tumour area (mm2) = L x W 

  

       L 

 

 

 

 

 

 

 

 

 

 

 

Tumour 
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Figure 2.2: Mesothelioma tumour implantation site. 

Mice are implanted s.c. with tumour cells in a 100 µl volume of PBS.  Solid tumours develop and are 

allowed to reach the humane end-point of 100 mm2 as pictured in the figure. 
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2.2.2 Euthanasia of mice 

Mice were humanely culled, when tumours reached the humane endpoint measurement 

of 100 mm2 or if mice had undergone a significant loss of condition as defined by the 

Animal Ethics Committee by hunching, ruffled fur, slowed movements etc.  Mice were 

anaesthetised by inhalation of methoxyfluorane by placing the animal in a rubber sealed 

anaesthetic jar containing 1 ml methoxyfluorane for up to 5 min.  Mice were considered 

fully anaesthetised when breathing had slowed and no flinch reaction was observed 

upon gently squeezing footpads.  Mice were then euthanased by cervical dislocation. 

 

2.2.3 Preparation of single cell suspensions 

Several methods for the dissociation of solid tissues such as spleen, LN and tumours 

were trialled. 

 

2.2.3.1 Mechanical dissociation of solid tissues 

Tumours, spleens or LN were removed from mice and placed into 1.5 ml microfuge 

tubes containing 1 ml supplemented media.  Tissues were minced inside the microfuge 

tubes into fine pieces using scissors for approximately 5 min.  The tissue homogenate 

was then transferred to a fine wire mesh spoon sieve resting in a petri dish and forced 

through using the barrel of a 3ml syringe.  Single cell suspensions were collected into a 

new microfuge tube.  The spoon sieves were then washed with a further 0.5 ml media 

and this media also transferred into the microfuge tube containing the single cell 

suspension.  Cells were then pelleted by centrifugation at 2000 x g (6000 rpm) for 2 min 

and washed twice in 1 ml PBS by the same centrifugation process.  Single cell 

suspensions of spleens underwent a further red cell lysis step.  Cells were resuspended 

in 1 ml red cell lysis buffer and incubated at room temp with gently inversion for 5 min.  

0.5 ml of supplemented media was then added and the cells pelleted by centrifugation 

as outlined above.  Cells were washed a further 2 times with PBS. 

 

2.2.3.2 Collagenase/dispase enzymatic digestion 

This method for the digestion of tumours was modified from the murine muscle 

digestion protocol used in the Beilharz laboratory (167).  Tumours were removed from 
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mice and collected into a 1.5 ml microfuge tube containing 1 ml unsupplemented 

media.  The whole tumour was washed twice with 1 ml PBS by centrifugation at 

2000 x g (6000 rpm) for 2 min.  The tumour was then transferred to a petri dish 

containing 5 ml collagenase/dispase solution (200U/ml) and the tumour minced using a 

scalpel for 10 min or until the slurry could be pipetted with a blunt 10 ml pipette into a 

250 ml conical flask containing a magnetic stirring flea.  The petri dish was washed 

with a further 20 ml collagenase/dispase solution which was also transferred to the 

conical flask.  The tumour homogenate was placed on a prewarmed magnetic stirrer at 

37°C for 45 min with the stirring flea only just allowing the circulation of the solution.  

The tumour homogenate was then transferred to a 50 ml Falcon tube and cells pelleted 

by centrifugation at 500 x g (1500 rpm) for 10 min.  Cells were washed twice in 5 ml 

PBS by centrifugation at 500 x g (1500 rpm) for 5 min.  Cells were resuspended in 

20 ml trypsin/EDTA and transferred to a clean 250 ml conical flask for further stirring 

at 37°C for 10 min.  1 ml cell staining buffer was added after 10 min to inactivate 

trypsin and the tumour homogenate transferred to a 15 ml Falcon tube and remaining 

clumps allowed to settle out for 10 min.  The supernatant containing the well digested 

single cell suspension was removed, transferred to a clean tube and the cells washed 

twice with 1 ml PBS.      

 

2.2.3.3 Mechanical dissociation and enzymatic digestion with Liberase blendzyme 3/ 

DNase 

Small tumours (<50 mm2), spleens and LN were surgically removed and collected into a 

1.5 ml microfuge tube containing 500 µl unsupplemented media.  Large tumours 

(>50 mm2) were collected into a 2 ml microfuge tube containing 1 ml unsupplemented 

media.  Tumours, spleens and LNs were minced finely using scissors for up to 1 min at 

room temperature before enzymatic digestion for 40 min at room temperature by the 

addition of 1.4 U (12.5 µl) Liberase blendzyme 3 and 1000 kU (13.5 µl) DNase 1 with 

mixing on a rotating wheel (all volumes were doubled for large tumours).  The 

digestion was stopped by the addition of 75 µl of 0.1 M EDTA and 5 min incubation at 

room temp with mixing on a rotating wheel. The tumour cell homogenate was pushed 

through a fine wire mesh spoon sieve using the plunger of a 3 ml syringe to break down 

any remaining clumps.  The single cell suspension was washed twice with 500 µl PBS 

and centrifuged at 2000 x g (6000 rpm) for 2 min in a microcentrifuge before staining 
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with fluorochrome-conjugated antibodies for flow cytometric analysis.  Red blood cells 

were lysed in the spleen preparations as outlined in section 2.2.3.1 

 

2.2.3.4 Preparation of lymphocytes from whole blood. 

Blood was collected by two methods depending on the amount required.  For small 

volumes of blood (<200 µl) a nick in the tail vein of mice was made using a scalpel.  

Blood was collected into an EDTA-coated blood collection tube to prevent clotting.  

The bleeding was halted by the dabbing of ferric chloride onto the nick and the 

application of pressure for approximately 2 min.  For the collection of up to 1 ml of 

blood, mice were anaesthetised by the inhalation of methoxyfluorane and then pinned 

out on a cork board.  A 26 ½ gauge needle attached to a 1 ml syringe was inserted into 

the heart of the mouse and the blood collected in the syringe transferred to an EDTA 

coated blood collection tube.  Mice were then euthanased by cervical dislocation 

(Section 2.2.2).  The whole blood was then added to a tube containing an equal volume 

(to the amount of blood collected) of 3 mM EDTA in PBS.  An equal volume (to the 

amount of blood collected) of 2% Dextran-T500 was then added and gently mixed with 

the blood/EDTA solution.  Blood was incubated at 37°C for 30 min to allow separation 

of lymphocytes.  The clear upper layer containing lymphocytes was then transferred to a 

new tube and cells pelleted by centrifugation at 2000 x g (6000 rpm for 2 min.  Cells 

were resuspended in 1 ml red cell lysis buffer to lyse any remaining red blood cells as 

outlined in section 2.2.3.1.  Lymphocytes were washed twice in 1 ml PBS by 

centrifugation at 2000 x g (6000 rpm) for 2 min.   

 

2.2.4 Flow cytometry  

Flow cytometric data for stained cell populations were acquired on a FACS Calibur 

flow cytometer and analysed using CellQuest or FlowJo software.   Instrument settings 

were set by an experienced operator using unstained cells as negative controls.  Single 

stained cells were used to set initial positive settings and then double stained cells for 

setting compensations.   
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2.2.4.1 Cell surface staining for flow cytometry 

Single cell suspensions for flow cytometric staining of cell surface markers were 

washed twice in 1 ml cell staining buffer prior to resuspension at a concentration of 

approximately 1 x 107 cells/ml. Approximately 1 x 106 cells were then stained in a 

100 µl volume of cell staining buffer in a 1.5 ml microfuge tube by the addition of 1 µl 

(1/100 dilution, usually equivalent to 200 µg antibody) of fluorochrome conjugated 

antibody.  Cells were incubated at 4°C in the dark for 20 min.  Cells were flooded by 

the addition of an additional 200 µl cell staining buffer and pelleted by centrifugation at 

2000 x g (6000 rpm) for 2 min.  Cells were then washed a further 2 times with 200 µl 

cell staining buffer prior to resuspension in 200 µl cell staining buffer for acquisition. 

 

2.2.4.2 Intra-cellular staining for flow cytometry 

In general, intra-cellular staining is damaging to cells and so works best on a large 

starting population of cells and requires very gentle handling of the cell pellets as they 

become very fragile.  For intra-cellular staining of Foxp3 or cytokines, single cell 

suspensions were initially stained for cell surface markers as described in section 

2.2.4.1.  Intra-cellular staining for Foxp3 was conducted using the PE-conjugated 

anti-mouse Foxp3 staining set as per the manufacturer’s protocol (eBioscience, USA).  

The manufacturer suggests fixation/permeabilisation can be performed for 2 to 

18 hours.  2 hours was preferred for these experiments.  Cells were fixed/permeabilised 

in a lower volume of fixation/permeabilisation buffer (500 µl) and also only washed in 

a 500 µl volume of permeabilisation buffer.  For intra-cellular staining of cytokines, 

single cell suspensions which had been previously stained for cell surface markers were 

pelleted by centrifugation at 2000 x g (6000 rpm) for 2 min and then resuspended in 

500 µl Cytofix/Cytoperm solution.  Cells were fixed and permeabilised by incubation at 

4°C for 20 min.  Cells were washed with 200 µl Perm wash buffer and then resuspended 

in 100 µl perm wash buffer for intracellular staining of cytokines.  2 µl (1/50 dilution, 

400 µg of antibody) of fluorochrome conjugated anti-cytokine antibody was then added 

and cells incubated at 4°C for 30 min.  Cells were flooded with 200 µl Perm wash 

buffer and pelleted prior to two more washes in 200 µl Perm wash buffer and 

resuspension in 200 µl perm wash buffer for acquisition.  Mick-2 IL-4/IL-10 positive 

control cells were aliquotted and stored as per the manufacturer’s protocol.  Cells were 

resuscitated and washed in cell staining buffer prior to staining in the same manner as 
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test samples.   Mick-2 positive control cells were used to set gating criteria on the flow 

cytometer. 

 

2.2.5 Immunohistochemical analysis of Treg cells 

Human tonsil, benign lymphocytic effusions and malignant mesothelioma biopsy 

sections were analysed for Treg cell presence by immunohistochemistry in the laboratory 

of our collaborator Prof Bruce Robinson. 

 

2.2.6 Vinblastine treatment 

Mice were weighed and a dosage of 6 mg/kg body weight of Vb was administered by 

i.p. injection at the appropriate time post tumour challenge.  Mice were monitored 

regularly for side effects such as bloating and colitis.  Mice treated with Vb (and also 

any control animals) showing signs of colitis were treated daily with a murine 

equivalent dose (weight dependent, approximately 30 µl/day) of a natural fibre 

supplement, Nucolox, by the oral route.  Mice were culled if their overall condition had 

deteriorated to the humane end-point as defined by the Animal Ethics Committee as 

weight loss, hunching and ruffled fur. 

 

2.2.7 Monoclonal antibody preparation and treatment 

Anti-CCL22 mAb was purchased in a purified form.  Anti-CD25, anti-CTLA-4, 

anti-IL-10 and anti-GITR mAbs were purified from the supernatant of hybridoma cell 

lines and then concentrated for in vivo administration to mice. 

 

2.2.7.1 Preparation of and treatment with anti-CCL22 mAb solution 

The 500 µg stock of anti-CCL22 mAb was resuspended in 1 ml PBS.  750µl of stock 

solution was stored at -20°C.  250 µl was further diluted by the addition of a further 

24.75 ml of PBS to give a final concentration of 5 µg/ml.  Aliquots were stored at 

-20°C.  Mice were treated with 500 ng i.p. or 200 ng i.t. anti-CCL22 mAb. 
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2.2.7.2 Hybridoma cell culture 

Hybridoma cells were stored in freezing media at -180°C.  Frozen vials were thawed by 

hand and added dropwise to 10 ml supplemented CD hybridoma media.  Cells were 

washed once by centrifugation at 500 x g (1500 rpm) for 5 min and then resuspended in 

1 ml supplemented CD hybridoma media and transferred to a 75 cm2 tissue culture flask 

containing a further 14 ml supplemented CD hybridoma media.  Hybridoma cells were 

cultured in supplemented CD hybridoma media for up to three days prior to passage.  

Cells are semi-adherent and therefore did not require trypsinisation when harvesting.  

The media containing non-adherent cells was removed from the tissue culture flasks, 

transferred to a 15 ml Falcon tube and cells pelleted by centrifugation.  Cells 

(approximately 1 x 106) were transferred to a fresh 225 cm2 flask with supplemented 

CD hybridoma media containing 40 ml CD hybridoma media for a further 4 days of 

culture to collect mAb.    

 

2.2.7.3 Harvesting mAb from tissue culture supernatant. 

Antibodies were harvested from the supernatant of the hybridoma cell line at the same 

time as cell splitting.  Cells were considered ready for harvesting once the 

semi-adherent cells had started coming off the bottom of the flasks (approximately 

4 days).  The CD hybridoma media containing the cells was removed from the flask, 

transferred to a 50 ml centrifuge tube and centrifuged at 500 x g (1500 rpm) for 5 min to 

pellet the cells and debris present in the media.  The supernatant containing the antibody 

was then transferred to fresh tubes and stored at 4°C for ammonium sulphate 

precipitation of antibodies 

 

2.2.7.4 Ammonium sulphate precipitation of antibodies 

Hybridoma supernatant (500 ml) was transferred to a large conical flask containing a 

stirring flea and placed on a magnetic stirrer.  While the antibody was gently being 

stirred, an equal volume of saturated ammonium sulphate solution (not crystals) was 

added in a slow stream over approximately 1 hr.  The mixture was then gently stirred 

overnight at 4°C.  Upon completion, the mixture was transferred to 500 ml centrifuge 

flasks and spun at 3000 rpm for 30 min to pellet the precipitated antibody.  The pellet 

was retained and resuspended in PBS to 10% of the starting supernatant volume (50 ml) 
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being careful to avoid bubbles and frothing.  The antibody solution was then transferred 

to dialysis tubing and dialysed overnight in 1 L 1x PBS with stirring.  Overnight 

dialysis was repeated 3 times against three changes of 1 L 1x PBS.  The antibody 

solution was then removed from the tube and centrifuged to remove any remaining 

debris and then quantified, aliquotted and stored at -20°C until required.  

 

2.2.7.5 Preparation of dialysis tubing 

Lengths of dialysis tubing were boiled in dialysis tubing wash buffer for 10 min.  The 

tubing was rinsed in ddH2O and autoclaved in 1mM EDTA.  Tubing was rinsed again in 

ddH2O immediately prior to use. 

 

2.2.7.6 Quantification, concentration and storage of mAbs 

The concentration of mAb solution was determined by spectrophotometry.  The 

absorbance of neat and 1/10 dilution of antibody was read against a PBS control at 

280 nm.  The approximate protein concentration was calculated using Equation 3. 

Antibodies were prepared in serum free media to reduce contaminating proteins.  When 

required, the mAb solution was concentrated using antibody concentration columns as 

per the manufacturer’s protocol.  Small Centricon microconcentrator columns were 

used for small volumes of antibody solution (<2 ml) while the large Centricon plus-20 

columns were used for larger volumes (<20 ml) Concentrated antibodies were 

quantitated again, aliquotted and stored at -20°C.  

 

 

 

Equation 3: Calculation of protein concentration 

The standard absorbance (A) at 280 nm for 1 mg/ml IgG is 1.35 

 

A( mAb solution)   =  mg/ml  

         1.35 
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2.2.7.7 mAb treatment 

mAb solutions were thawed on ice and transported to the Animal Care Unit for in vivo 

treatments.  For systemic treatments, the appropriate amount of mAb solution was 

administered i.p. by a single injection at the appropriate time-point.  For intra-tumoural 

treatments, mice received a maximum of 40 µl mAb solution (depending on the mAb 

and concentration) administered into and around tumours of 9 mm2 in size.  10 µl of 

mAb solution was injected directly into the tumour followed by injections of 10 µl s.c. 

at 120° intervals around the base of the tumour (see individual results sections for 

specific details on the mAb concentrations tested and the volumes injected).  Control 

mice were left either untreated, treated with an equivalent volume of PBS or treated 

with an unrelated isotype-matched IgG1 mAb. The anti-IgG1 mAb (43B2 anti-RRV 

mAb, gift of Dr C. Johansen, The University of Western Australia) was purified using 

the same ammonium sulphate precipitation method and resuspended in PBS.  A higher 

protein content was chosen for the isotype control treatment because it was prepared in 

media containing FCS, whilst the mAbs prepared in the Beilharz laboratory were 

prepared in serum-free media.   

 

2.2.7.8 Neutralising antibody ELISA 

An ELISA for the detection of neutralising antibodies to the rat anti-mouse CD25 mAb 

was developed.  Flat-bottomed Nunc Maxisorp plates were coated with 50 µl of the 

PC61 anti-CD25 mAb solution (1 mg/145 µl) diluted 1/50 using antibody binding 

buffer.  The plates were sealed and incubated O/N at 4°C.  The PC61 coating antibody 

was flicked out and plates washed once with 200 µl blocking buffer for 3 min.  The 

blocking buffer was then flicked out and the plate tapped on absorbent towel to remove 

any remaining blocking buffer.  A further 100 µl blocking buffer per well was then 

added and the plates sealed and blocked at 37°C for 2 hours.  Samples were prepared by 

diluting mouse serum, collected from “escape” or control mice, 1:2 using antibody 

diluent buffer.  After 2 hours of blocking, the block buffer was flicked out and the plates 

washed once for 3 min with 200 µl wash buffer and excess buffer removed by tapping 

the plates on absorbent towels.  50 µl per well of diluted serum (in triplicate) was added 

to the wells making sure no air bubbles remain.  Dilution buffer only was used as a 

blank.  Plates were again sealed and incubated at 37°C for 2 hours.  Serum was then 

flicked out and plates washed 3 times for 3 min with 200 µl wash buffer and any excess 
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removed by tapping.  50 µl of 1/1000 dilution (in dilution buffer) of  alkaline 

phosphatase-conjugated anti-mouse IgG (whole molecule) was then added to each well 

and incubated at 37°C for a further 2 hours.  The secondary antibody was then flicked 

out and the plates washed 3 times for 3 min with 200 µl wash buffer and any excess 

removed by tapping.  Finally, 100 µl of P-nitrophenyl phosphate substrate was added to 

each well and incubated at room temp for 30 min prior to reading the absorbance at 

405 nm using a plate reader.  As a positive control, goat anti-serum to rat was used 

together with an alkaline-phosphatase conjugated rabbit anti-goat IgG as the detection 

antibody.   

 

2.2.8 Preparation and administration of α-TOS 

All α-TOS experiments were based on the published protocols of collaborator Assoc. 

Prof. Jiri Neuzil. 

 

2.2.8.1 Preparation of α-TOS solution 

α-TOS was resuspended in DMSO with slight warming to 37°C for approximately 

5 min.  For a 200 mM solution, 1.6 g α-TOS was dissolved in 15 ml DMSO while 0.8 g 

and 0.4 g were added to 15 ml DMSO for a 100 mM or 50 mM solution respectively.  

Prepared α-TOS solutions were stored at 4°C between treatments.  DMSO freezes at 

4°C and as such solutions needed to be thawed at 37°C prior to injection. 

 

2.2.8.2 In vitro analysis of apoptosis induction 

Apoptosis induction in AE17 cells was determined by Annexin V staining as previously 

described (164) in the laboratory of Assoc. Prof. Jiri Neuzil, Griffith University, 

Australia. 

 

2.2.8.3 Treatment with α-TOS 

Mice were treated i.p. with 100 µl of a 50 mM, 100 mM or a 200 mM α-TOS solution.  

Control mice received an equivalent volume of DMSO vehicle alone.  Mice were 

monitored closely for tumour growth inhibition with behavioural side effects 
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documented.  Upon humane culling by methoxyfluorane inhalation followed by cervical 

dislocation, mice were autopsied and internal abnormalities documented. 

 

2.2.9 TGF-β Soluble receptor preparation and treatment 

 

2.2.9.1 Preparation of TGF-β soluble receptor solution 

The 50 µg of TGF-β soluble receptor stock was resuspended in 500 µl PBS to give a 

concentration of 100 µg/ml.  BSA was then added to the solution to a final 

concentration of 0.1% w/v to prevent non-specific binding of the receptor to the tube.  

Further dilutions were made and aliquots of 5 µg/ml and 25 µg/ml were stored at -20°C.  

 

2.2.9.2 Treatment with TGF-β soluble receptor 

Mice with tumours measuring 9 mm2 received a total of 20 µl of TGF-β soluble 

receptor solution, of the appropriate concentration, injected directly intra-tumourally 

with a 26 ½ gauge needle every third day.  Control mice were left untreated.  Tumour 

growth was monitored daily. 

 

2.2.10 Treg cell sorting 

Two methods for isolating Treg cells were optimised.  FACS was used when very high 

purity was required but is a long process (up to 9 hours) and resulted in reduced cell 

viability.  Imag sorting was used when a reduced purity was acceptable but cells were 

required quickly and at a high viability. 

 

2.2.10.1 Ficoll separation of lymphocytes 

Tumours are comprised of a wide range of cells including lymphocytes.  To aid in the 

isolation of a pure population of Treg cells, ficoll-paque plus was used to enrich the 

lymphocyte population.  Tumour cell suspensions were made as previously described 

(Section 2.2.3.3).  The tumour cell suspensions were made up to a volume of 4 ml and 

under-laid with 3 ml ficoll-paque plus gently to ensure no mixing of the interface.  

Ficoll separation was performed by centrifugation at 500 x g (1500 rpm) for 10 min 
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with no brake.  The lymphocyte enriched population was found at the interface of the 

original cell suspension and the ficoll layer.  This layer was carefully removed and 

washed three times with cell staining buffer prior to any further cell sorting. 

 

2.2.10.2 Fluorescence activated cell sorting (FACS) 

Ficoll enriched lymphocytes were resuspended in 1 ml FACS sort buffer.  20 µl (1/50 

dilution) of fluorochrome conjugated antibodies (CD4-APC and CD25-FITC) were 

added to the cells and incubated at 4°C for 20 min.  Cells were washed 3 times and 

resuspended in 3 ml FACS sort buffer for sorting.  FACS was conducted by an 

experienced operator at The Biomedical Imaging and Analysis Facility, UWA, using 

the FACS Vantage flow cytometer with a 70 µm nozzle and a pressure of 14 psi.  For 

FITC staining, samples were excited with a 488 nm (blue) laser and the signal collected 

with a 530/30 band pass filter (which means it collects all light between 515-545nm).  

APC excitation was with the 635 nm (red) laser and the signal collected with a 

660/20 band pass filter.  Cells were diluted in osmosol as required to prevent clumping 

and were collected into 500 µl supplemented RPMI media and later transferred to 

RNAlater.  Alternatively, cells were collected directly into 500 µl RNAlater.   

 

2.2.10.3 Imag sorting 

When cells were required quickly, Imag magnetic bead sorting was performed.  Imag 

bead sorting was conducted initially, as per the manufacturer’s protocol, to isolate a 

CD4+ T cell enriched population using the CD4+ T cell enrichment set.  The negatively 

selected enriched CD4+ T cells were then stained for the secondary CD25 marker by 

standard cell surface marker staining for flow cytometry.  CD25-PE labelled cells were 

then positively isolated based on the expression of CD25-PE using anti-PE beads by the 

manufacturer’s protocol.   Round bottom 5 ml tubes were used with a maximum cell 

volume of 1.5 ml.  Following some optimisation it was found that triple rather than 

double purifying cells is preferred at both the CD4 enrichment step and the CD25 

positive selection step.  To confirm purity of sorted cells, cells were stained again post-

sort with CD4-APC and CD25-PE as per the standard flow cytometry staining protocol 

and sorting efficiency confirmed using the FACS Calibur flow cytometer.   
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2.2.11 ELISA sample preparation and protocols 

 

2.2.11.1 Preparation of serum 

Blood was collected via the tail vein or by cardiac puncture into uncoated blood tubes.  

When bleeds were taken from the same mouse for a time-course experiment, mice were 

bled at 3 day intervals and only 50 µl collected each time.  Blood was allowed to clot 

and settle at 4°C overnight.  The upper layer was then transferred to a fresh microfuge 

tube for storage at -20°C.  Multiple freeze/thaws were avoided for serum samples.  

 

2.2.11.2 Preparation of tumour lysates for ELISA 

Tumours were removed and weighed prior to resuspension in 500 µl cell lysis buffer.  

Tumours were then homogenised using a polytron homogeniser at 13500 rpm for 1 min.  

The homogenised tumour sample was then centrifuged at 500 x g (1500 rpm) for 5 min.  

The supernatant was then collected and stored at -20°C for future ELISA analysis.   

 

2.2.11.3 Cell culture of Treg cells for ELISA 

Treg cells were sorted as previously described by Imag magnetic bead selection.  5 x 104 

Treg cells or control cells were plated in 200 µl supplemented RPMI media per well in a 

96 well tissue culture plate and incubated overnight at 37°C.  The cell suspension was 

then removed and cells pelleted by centrifugation at 2000 x g (6000 rpm) for 2 min.  

Supernatant was then collected and stored if required at -20°C for ELISA.  Cells were 

stained by standard flow cytometry staining protocol using CD4-APC and CD25-PE to 

confirm purity. 

 

2.2.11.4 Acidification of Treg cell culture supernatant for TGF-β ELISA 

To convert the TGF-β produced in vitro by Treg cells into its bio-active form found 

in vivo, the supernatant needed to be acidified.  To 200 µl of supernatant, 8µl 1M HCl 

was added to reduce the pH to 3.  The supernatant was incubated for 15 min with HCl 

before 6 µl of 1M NaOH was added to bring the pH back to 7.6 for ELISA analysis. 
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2.2.11.5 Il-4 and IL-10 ELISA 

All reagents were warmed to room-temp prior to use.  IL-10 and IL-4 ELISAs were 

conducted using Nunc Maxisorp plates coated with 100 µl capture antibody diluted in 

phosphate coating buffer (4 µg/ml) and incubated at 4°C overnight.  Plates were washed 

3 x with 200 µl ELISA wash buffer.  Recombinant IL-10 and IL-4 were used as a 

standard.  200 µg/ml stock of rIL-10 or rIL-4 was diluted to 10 µg/ml in sterile PBS 

containing 5 mg/ml BSA and stored in aliquots of 10 µl at -80°C.  Standards were 

serially diluted 1:2 in antibody diluent from 1000 pg/ml to 15.625 pg/ml with antibody 

diluent used as a blank and plated in duplicate.  Serum samples were diluted 1:4 in 

antibody diluent and either 50 µl or 100 µl of diluted serum or test supernatant (neat) 

plated out and incubated at room temp for 1 hr.  Plates were washed 3 x with 200 µl 

ELISA wash buffer prior to the addition of 100 µl detection antibody diluted in 

antibody diluent (1 µg/ml) and incubated at room temp for 1 hr.  Plates were washed 3 x 

with 200 µl ELISA wash buffer to remove all excess detection antibody.  100 µl 

horseradish peroxidase (HRP) diluted in antibody diluent was added to each well and 

incubated at room temp for 30 min.  Excess/unbound HRP was removed by 3 washes 

using 200µl ELISA wash buffer.  100 µl tetramethylbenzidine (TMB) substrate was 

added to each well and incubated in the dark for 30 min.  The colour reaction was 

stopped by the addition of 50 µl 1M HCl and absorbances read at 450 nm within 30 

min.   

 

2.2.11.6 TGF-β ELISA 

TGF-β ELISA was also conducted using Nunc Maxisorp plates coated with 100 µl 

capture antibody diluted in carbonate ELISA coating buffer (2 µg/ml) and incubated at 

4°C overnight.  Plates were washed once with 200 µl TBST wash buffer.  A 

recombinant human TGF-β standard was used.  The 2 µg standard stock was diluted to 

1 µg/ml in 2 ml of 4 mM HCl containing 1 mg/ml BSA and stored at -20°C.  Standards 

were serially diluted 1:2 in antibody diluent from 1000 pg/ml to 15.625 pg/ml with 

antibody diluent used as a blank and plated in duplicate.  Serum, tumour lysates and 

supernatant test samples were diluted in antibody diluent and either 50 µl or 100 µl 

added per well and incubated at room temp for 1 hr.  Plates were washed 5 x with 

200 µl TBST wash buffer prior to the addition of 100 µl detection antibody diluted in 
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antibody diluent (1 µg/ml) and incubated at room temp for 1 hr.  Plates were washed 5 x 

with 200 µl TBST wash buffer to remove all excess detection antibody.  100 µl HRP 

diluted in antibody diluent was added to each well and incubated at room temp for 

30 min.  Unbound HRP was removed by 3 washes with 200 µl TBST wash buffer.  

100 µl TMB substrate was added to each well and incubated in the dark for 30 min.  

The colour reaction was stopped by the addition of 50 µl 1M HCl and absorbances read 

at 450 nm within 30 min. 

 

2.2.11.7 SAA ELISA 

SAA ELISA was carried out according to the manufacturer’s protocol.  SAA ELISA 

was conducted on serum samples from mice implanted with either i.p. or s.c. murine 

mesothelioma tumours.  Pooled serum samples from all ten mice of a group were also 

analysed by SAA ELISA. 

 

2.2.12 RNA extraction, Reverse transcription and real-time PCR 

RNA was extracted from AE17 cells for down-stream RT-PCR analysis. 

 

2.2.12.1 RNA extraction 

If RNA could not be immediately extracted from sorted cells, the cells were placed in 

RNAlater at a concentration of 1 x 106 cells/ml and stored at -20°C until RNA 

extraction.  The RNeasy mini kit together with QIAshredder columns were used to 

extract RNA from a minimum of 1 x 106 cells as per the manufacturer’s protocol.  If 

reverse transcription could not be carried out immediately, RNA was stored at -20°C 

 

2.2.12.2 Agarose gel electrophoresis 

RNA and final PCR products were checked by agarose gel electrophoresis using a 1% 

agarose gel containing Ethidium Bromide (40 µl agarose gel plus 2 µl of 10 mg/ml 

Ethidium Bromide).  2 µl RNA was mixed with 5 µl SEB dye and loaded into the gel.  

RNA was electrophoresed for 30 min at 100 volts.  Gel photographs were taken using 

the Kodak Gel Doc system.   
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2.2.12.3 Global genechip analysis 

Cells were sorted for global genechip analysis by FACS and stored at -20°C in 

RNAlater for RNA extraction.  Cells were shipped in RNAlater at room temp to Mater 

Medical Research Institute, Qld, Australia for genechip analysis by collaborators Dr 

Gareth Price and Dr Deon Ventnor.   Affymetrix GeneChip Mouse Genome 430 2.0 

Arrays were used to profile the cells.  The genechips allow for the analysis of over 

39,000 transcripts.  All samples were prepared using the Affymetrix Two-cycle 

Labelling Kit and were analysed on the multi-species Test3 genechip to confirm sample 

integrity and labelling efficiency prior to analysis using the Mouse Genome 430 2.0 

Array.  Relative expression levels were calculated using Equation 4. 

 

 

Equation 4: Calculation of relative gene expression 

 

Relative expression = log2         tumour gene expression 
            naïve spleen gene expression 
 

 

2.2.12.4 Reverse transcription 

RNA was reversed transcribed using the Sensiscript RT Kit and a separate Oligo dT 

primer and RNase inhibitor as outlined in Table 2.15.  All reagents were thawed on ice 

and samples prepared on ice using filter tips, powder free gloves and equipment that 

had been cleaned with RNaseZap.  A master mix of all reagents except the template 

RNA was made.  RNA template was added last and samples incubated at 37°C for 

60 min.  If real-time PCR was not prepared immediately, cDNA was stored at -20°C. 

 

2.2.12.5 Real-time PCR 

A master mix was set up on ice in a room separate from the room used for RNA 

extraction or the analysis of PCR products using specifically dedicated pipettes and 

filter tips.  Optical tubes and caps were used for PCR analysis.  RT negative controls 

(RNA only) were run for each test sample with a no template control (H2O only) also 

analysed.  The cycling conditions used are outlined in Table 2.17. 
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Table 2.14  RT sample preparation 

 

Component Volume/reaction Final Concentration 

10 x buffer RT 2 µl 1 x 

dNTP mix (5 mM each dNTP) 2 µl 0.5 mM each dNTP 

Oligo-dT primer 1 µl  500 ng 

RNase inhibitor (40 units/µl) 

(diluted ¼ in buffer RT) 

1 µl 10 units 

Sensiscript reverse 

transcriptase 

1 µl  

RNase free water 3 µl  

Template RNA 10 µl  

Total volume 20 µl  
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Table 2.15: PCR set-up 

 

Component Volume/reaction 

SYBR green 25 µl 

RNase free-H2O 18µl 

Forward primer 1µl 

Reverse primer 1 µl 

Template cDNA 5 µl 
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Table 2.16: PCR cycling conditions 

 

Number of cycles Temperature Time Stage 

1 95°C 10 min Hot start 

40 95°C 30 sec Denaturation 

40 58°C 30 sec Annealing 

40 72°C 1 min Extension 

1 72°C 10 min Final elongation 
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2.2.13 Statistical analysis 

All data are presented as the mean ± SEM.  Statistical analysis was conducted by 

Student’s t test, assuming unequal variance of the means of the populations being 

examined and all values cited are two-tailed at a 95% confidence interval.  

P-values < 0.05 are represented by a single asterisk.  All graphs are plotted using Prism 

Graphpad software    
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3.1 Introduction 

The publications of North and Awwad in the late 1980s and early 1990s investigating 

the timing of the cellular anti-tumour immune response were the original empirical 

observations that led to the work described in this PhD thesis.   North hypothesised in 

1985, based on several empirical studies (168, 169), that the immune response evoked 

by tumours failed to develop to a level required to induce tumour regression because it 

is down-regulated by regulatory T (Treg) cells (at the time known as suppressor T cells) 

(38).  Using Meth A fibrosarcomas and P815 mastocytomas North and colleagues 

showed that cytotoxic T lymphocytes (CTLs) capable of causing tumour regression are 

first generated in immuno-competent mice on about day 6 of tumour growth (Fig. 3.1).  

This was shown by transferring T cells from spleens of tumour bearing mice at days 3, 

6, 9, 12, 15 or 18 post tumour challenge into irradiated tumour bearing hosts and 

checking for the regression of the host tumour.  The CTLs reach a peak at about day 9 

but then are progressively lost until day 15.  This day 6 generation, day 9 peak and day 

15 loss of detection was also confirmed by an in vitro cytolytic activity assay where 

tumour cells were used as targets and spleen cells from day 3, 6, 9, 12, 15 and 18 post 

tumour challenge immuno-competent mice were used as effector cells in a chromium 

release assay.  This decay in anti-tumour immunity was believed to be caused by the 

negative immuno-regulatory function of Treg cells that are acquired progressively from 

day 9 onwards.  It was seen that CTLs do not disappear suddenly but are progressively 

lost as Treg cells are acquired.  
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Figure 3.1: The kinetics of the anti-tumour immune response (adapted from (38)) 

The upregulation of effector T cells at about day 6 of tumour growth leads to an inhibition of tumour 

growth.  Effector T cells are, however, negatively regulated by Treg cells (suppressor T cells) which are 

expanding from day 9 onwards and which cause the progressive loss of effector T cells and the 

subsequent continued growth of the tumour. 
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North and Awwad furthered this work in 1990 by showing that it was possible to 

overcome dominant immunosuppression at a late stage of tumour development and 

cause an immunologically mediated tumour regression when a tumour-bearing mouse is 

treated with a single but carefully timed injection of the anti-mitotic drug Vinblastine 

(Vb) (154).  These results were consistent with their interpretation that at a particular 

stage of tumour development (days 13–15 post tumour challenge in Fig. 3.1), 

functionally suppressed anti-tumour CD8+ CTLs were non-cycling and co-existed with 

a functionally active and dominant population of expanding CD4+ Treg cells that could 

be selectively destroyed by the anti-mitotic nature of Vb.  Vb is a plant derived, anti-

mitotic drug that acts as an inhibitor of cellular proliferation by irreversibly 

depolymerising microtubules, an important part of the cytoskeleton and mitotic spindle, 

resulting in mitotic arrest at metaphase, the dissolution of the mitotic spindle and 

interference with chromosome segregation (170).         

 

On initiation of this PhD project, all reviews of chemotherapy for Malignant 

Mesothelioma (MM) reported poor response rates typically in the range of 15% to 20% 

(171, 172).  As the incidence of MM was rapidly increasing and not expected to peak 

until approximately 2020 in Australia there was, and still is, a need for the development 

of novel therapeutics for this aggressive cancer (173).  The Beilharz laboratory, where 

this PhD work was conducted, had experience with timed Vb treatment in the murine 

AIDS model and for the first time, in a viral model, had confirmed North and Awwad’s 

observations that Vb could be used to specifically target expanding Treg cells (107).   

The central aim of this chapter was thus to examine the effect of a single, timed dose of 

Vb on the development of tumours in mice challenged with murine mesothelioma.  By 

correctly timing a single dose of Vb to coincide with the Treg cell response in the murine 

model of mesothelioma, the Treg cells could be destroyed.  Under these circumstances 

the anti-tumour immune response would be freed from suppression and tumour growth 

would be impaired.    

 

The study of Vb treatment efficacy conducted by North and Awwad also definitively 

showed the suppressive cells in the murine T cell lymphoma model to be a subset of 

CD4+ T cells (154).  These studies by North and Awwad were instrumental to the 

resurgence of interest in Treg cells in the early to mid 1990s.  One of the most important 
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results of this resurgence in Treg cell research was the discovery by Sakaguchi’s group 

that the IL-2 receptor alpha chain, CD25, was a useful marker of Treg cells (39).  

Sakaguchi showed that approximately 10% of peripheral CD4+ T cells and 1% of 

peripheral CD8+ T cells in naïve, adult mice express CD25.  The CD4+CD25+ T cells 

were shown to be suppressive in nature as the adoptive transfer of CD4+CD25- T cells 

into athymic mice resulted in the induction of autoimmune diseases such as thyroiditis, 

and gastritis.  The subsequent reconstitution of the same mice with the missing 

CD4+CD25+ T cell subset prevented autoimmune disease development in a dose 

dependent manner suggesting that CD4+CD25+ T cells contribute to the maintenance of 

self tolerance by down-regulating autoimmune response.   The common link between 

CD4+CD25+ Treg cells in autoimmunity and tumour development was also made by 

Sakaguchi’s group in 1999 when it was found, in a murine tumour model, that the 

removal of CD4+CD25+ T cells by anti-CD25 mAb resulted in tumour regression (155).  

As Treg cells were proposed by North and Awwad to be the targets of Vb therapy, the 

initial experiments presented in this chapter were designed to show that Treg cells arose 

in the periphery of tumour-bearing mice in response to a tumour challenge. 

 

Flow cytometry was used to determine the presence and percentage of 

CD4+CD25+ Treg cells in the peripheral blood, spleen, draining and non-draining LNs of 

mesothelioma-bearing mice.  By examining the presence of Treg cells at various times 

post tumour challenge it was found that an increase in the percentage of Treg cells in the 

blood occurs between days 14 and 21 post tumour challenge.  Vb treatment 

administered to coincide with this Treg cell expansion was then examined as a means to 

modulate the effect of Treg cells on tumour development.  Vb treatment administered to 

coincide with the Treg cell expansion slowed tumour development but did not result in 

complete tumour regression.  As the initial experiments had identified cells of the 

CD4+CD25+ Treg cell phenotype in the spleen, blood and lymph nodes of the tumour 

bearing mice, anti-CD25 mAb was used to target Treg cells more specifically.  

Anti-CD25 mAb had previously been used in tumour models to successfully inactivate 

peripheral Treg cells prior to tumour challenge (156, 157).  Using the murine model of 

mesothelioma, anti-CD25 mAb administered prior to tumour challenge was found to be 

effective at inhibiting tumour development when mice were challenged with a low 

inoculum of tumour cells.  By using a larger tumour cell inoculum this pre-treatment 
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with anti-CD25 mAb was rendered ineffective.  Systemic treatment with anti-CD25 

mAb was also found to be ineffective against established tumours.   

 

3.2 Results 

The AE17 murine mesothelioma cell line was used to develop subcutaneous tumours in 

syngeneic C57BL/6J mice.  The AE17 cell line was derived from a primary asbestos 

induced tumour and is considered a good model for MM (13, 14). 

 

3.2.1 CD4+CD25+ Treg cells are present in the periphery of mesothelioma-bearing 

mice. 

C57BL/6J mice were implanted subcutaneously (s.c.) with 1 x 106 AE17 cells resulting 

in the development of solid tumours.  Spleen, blood, draining LN (inguinal, axillary and 

brachial from the same side of the mouse as the tumour implant) and non-draining LN 

(from the opposite side of the mouse to the tumour implant) were removed from 

tumour-bearing mice at weekly intervals over a 5 week time-course of AE17 tumour 

development.  The CD4+CD25+ Treg cell subset was determined as a percentage of total 

CD4+ T cells by flow cytometry with dual-colour staining.  A significant increase in the 

percentage of CD4+ T cells expressing the CD25 Treg cell marker was seen in the blood 

between days 14 (10.8 ± 1.0%) and 21 (19.8 ± 3.7%) post tumour challenge (p < 0.05) 

(Fig. 3.2A, orange bars).  The Treg cell percentage in the blood remained at the higher 

level for the rest of the time-course of tumour development.  This same increase in the 

percentage of Treg cells between days 14 and 21 post tumour challenge was not seen in 

the spleen or lymph nodes (both draining and non-draining) of the tumour-bearing mice.  

In these cases after averaging the data of all combined time-points of tumour 

development, a similar percentage of CD4+ T cells expressed CD25 in the spleen 

(Fig. 3.2A, white bars, 14.1 ± 0.3%) while in the draining and non-draining LN an 

average of 13.2 ± 0.6% (Fig. 3.2B, blue bars) and 15.1 ± 0.5% (Fig. 3.2B, white bars) of 

CD4+ T cells expressed CD25 respectively.  In fact, the percentage of CD4+ T cells 

expressing CD25 in the spleens and lymph nodes of tumour-bearing mice over all time-

points was consistent with the levels seen in naïve, tumour-free (day 0) mice. 
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Figure 3.2: CD4+CD25+ T cells in the periphery of murine mesothelioma-bearing mice. 

Mice were implanted s.c. at day 0 with 1 x 106 AE17 tumour cells.  Mice were culled at days 14, 21, 28 

and 35 post tumour challenge and spleens, blood and LNs (both tumour draining and non-draining) 

removed and single cell suspensions made which were analysed by flow cytometry for the presence of 

CD4+CD25+ Treg cells.  CD4+CD25+ Treg cells were calculated as a percentage of total CD4+ T cells 

located in (A) the spleen (  ) and blood (  ) and (B) draining (  ) and non-draining LNs (  ) over the 

5 week time-course of tumour development.  Day 0 calculations were taken from tumour-free, naïve 

mice.  Data are the mean ± SEM of 8 mice per time-point.  A single asterisk represents a p-value < 0.05.   
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3.2.2 Vinblastine: a potential immunotherapy for mesothelioma. 

The standard protocol for the administration of Vb to cancer patients involves weekly 

intravenous (i.v.) doses ranging from 0.1-0.2 mg/kg given over several months (174).  

Vb has been used clinically for the treatment of MM but with only limited success 

(171).  The modified Vb treatment regime proposed by North and Awwad in their 

murine studies involved only a single 6 mg/kg intra-peritoneal (i.p.) dose of Vb 

administered once between days 13 and 15 post tumour challenge (154).  This single, 

precisely timed dose (administered between days 13 and 15 post tumour challenge) was 

considered more successful as it acted to specifically target the expanding population of 

tumour-specific Treg cells rather than killing all dividing cells which often results in 

severe side-effects.  The modified Vb treatment regime of North and Awwad was 

therefore investigated in the murine mesothelioma model.  Interestingly, the Vb 

treatment time used by North and Awwad post tumour challenge correlated well with 

the spike in Treg cells observed in the blood of tumour-bearing mice between days 14 

and 21 post tumour challenge (see Fig. 3.2A). 

 

3.2.2.1 Vb pilot study: precisely timed, systemic treatment with Vb results in tumour 

growth inhibition. 

A pilot study of the efficacy of a single Vb treatment for murine mesothelioma was 

conducted in collaboration with the laboratory of Dr Phil Stumbles of The University of 

Western Australia.  Three groups of 5 mice were implanted s.c. on day 0 with 1 x 106 

AE17 cells.  Two groups of mice were used to test the efficacy of Vb.  One group was 

treated i.p. with a single 6 mg/kg body weight dose of Vb 14 days post tumour 

challenge.  This day 14 post tumour challenge time point for the administration of a 

single dose of Vb was chosen on the basis of the North and Awwad data (154) and the 

present study which showed an increase in blood located Treg cells beyond day 14 post 

tumour challenge.  A second group of mice was treated in the same manner except the 

single dose of Vb was administered 15 days post tumour challenge.  The final group of 

mice was left untreated as controls for normal tumour growth.  Mice were monitored 

regularly for tumour development and tumour areas calculated by multiplying two 

right-angled tumour diameters measured using microcallipers.  As a result of a single 

treatment with Vb, four of the five mice receiving Vb treatment on day 14 post tumour 
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challenge did not develop tumours (Figure 3.3).  In contrast, tumours grew at a normal 

rate (as compared to untreated controls) in mice treated only one day later (day 15) with 

the same dose of Vb.   

 

3.2.2.2 The efficacy of Vb to inhibit tumour development is limited to administration 

within a small “window of treatment opportunity”.  

Several attempts were made to replicate the positive observations of the collaborative 

pilot study that tumour development from 1 x 106 AE17 cells can be inhibited by a 

single dose of Vb administered 14 days post tumour challenge.    Figure 3.4A represents 

the data from three combined experiments involving a total of 25 mice per treatment 

group.  Mice were implanted with 1 x 106 AE17 tumour cells on day 0.  The control 

group received no further treatment.  The day 14 treatment group received a single 

6 mg/kg body weight i.p. dose of Vb 14 days post tumour challenge while the day 15 

treatment group received the same treatment administered one day later on day 15 post 

tumour challenge.    

 

In these repeat experiments it was found that a single treatment of Vb administered on 

day 14 or on day 15 post tumour challenge resulted in tumour growth inhibition.  

Treatment with Vb 14 days post tumour challenge was slightly more effective than Vb 

treatment administered one day later (day 15 post tumour challenge) with the tumours 

of mice treated on day 15 reaching the humane end-point of 100 mm2 at approximately 

day 26 while on the same day (day 26 post tumour challenge) the tumours of mice 

treated on day 14 were only averaging 56.8 ± 7.2 mm2.  Although a statistically 

significant difference (p < 0.001) was seen at day 20 post tumour challenge between the 

tumour areas of the treated mice (both day 14 and day 15 Vb treated) and the control 

tumours, complete tumour regression was not observed.   

 

The efficacy of Vb had previously been shown to be timing dependent.  As the tumour 

growth rate was faster in these experiments compared to the pilot study it was decided 

to try some earlier treatment time-points.  Figure 3.4B depicts the combined results of 

experiments conducted to test the efficacy of Vb administered on days 10, 12 and 13 

post tumour challenge.  Again, all mice were implanted on day 0 with 1 x 106 AE17 

cells and treated with a single 6 mg/kg body weight i.p. dose of Vb at the designated 
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time-point.  In total, 25 mice comprised the untreated control group while 5 mice were 

treated with Vb on day 10, 20 mice were treated with Vb on day 12 and 25 mice were 

treated with Vb on day 13 post tumour challenge.  In these combined experiments only 

the Vb treatments administered on days 12 and 13 post tumour challenge resulted in 

significant tumour growth inhibition (p < 0.001 at day 20).  In mice treated on days 12 

and 13 post tumour challenge tumours developed at a rate comparable to the rate at 

which tumours developed in mice treated with Vb 14 days post tumour challenge 

(compare Fig. 3.4A and Fig. 3.4B).  Treatment with Vb 10 days post tumour challenge 

inhibited tumour development to a lesser degree than Vb treatments administered on 

days 12, 13 or 14  post tumour challenge and resulted in tumour sizes that were not 

statistically different from those of the untreated control tumours (p=0.08 at day 20).   

 

It appeared that there was a “window of treatment opportunity” within which treatment 

with a single dose of Vb significantly inhibited tumour development.  The window 

appeared to open at day 12 post tumour challenge, but it was not yet entirely clear as to 

the latest time-point at which Vb treatment could result in tumour growth inhibition.  

Two later treatment time-points were trialled in order to determine the closure of the 

“window of treatment opportunity”.  Mice were implanted s.c. on day 0 with 1 x 106 

AE17 tumour cells.  These experiments were run alongside the treatments administered 

at days 10, 12 and 13 post tumour challenge and so the untreated control tumours were 

the same 25 untreated controls shown in Figures 3.4A and 3.4B.  Twenty mice were 

treated with a single 6 mg/kg i.p. dose of Vb on day 16 post tumour challenge while 5 

mice were treated in the same manner on day 20 post tumour challenge.  Figure 3.4C 

depicts these combined results. 

 

Treatment with a single dose of Vb on day 16 post tumour challenge was also sufficient 

to significantly inhibit tumour development.  Vb treatment administered 20 days post 

tumour challenge was, however, not sufficient to induce tumour growth inhibition with 

tumours developing at a rate comparable to the untreated controls.  When the day 20 

post tumour challenge treatment was administered the tumours were already very large 

(83.8 ± 13.5 mm2).  The apparent “window of treatment opportunity” for single dose Vb 

treatment was therefore between days 12 and 16 post tumour challenge.  During this 

time murine mesothelioma development arising from an inoculum of 1 x 106 AE17 cells 

could be significantly inhibited with a single 6 mg/kg body weight i.p. dose of Vb.    
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Figure 3.3: Pilot study: A single dose of Vb inhibits murine mesothelioma tumour development. 

15 mice were implanted s.c. at day 0 with 1 x 106 AE17 murine mesothelioma cells.  A single dose of 

6 mg/kg body weight Vb was given i.p. to mice at either day 14 or day 15 post tumour challenge.  Control 

mice were left untreated.  Tumour areas were calculated by multiplying two, right-angled tumour 

diameters measured using microcallipers.  Data are the mean ± SEM for 5 mice per time-point per 

treatment group. 
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Figure 3.4: A single dose of Vb inhibits murine mesothelioma development when administered 

between days 12 and 16 post tumour challenge. 

Mice were implanted s.c. at day 0 with 1 x 106 AE17 murine mesothelioma tumour cells.  A single 

6 mg/kg body weight dose of Vb was given i.p. to mice at either (A) day 14 or day 15 post tumour 

challenge, (B) day 10, day 12 or day 13 post tumour challenge or (C) day 16 or day 20 post tumour 

challenge.  Control mice were left untreated.  Tumour areas were calculated by multiplying two right 

angled tumour diameters measured using microcallipers.  Data are the mean ± SEM for (A) 25 mice per 

time-point per treatment group, (B) 5 mice treated on day 10, 20 mice treated on day 12, 25 mice treated 

on day 13 and 25 untreated controls and (C) 5 mice treated on day 20, 25 mice treated on day 16 and 25 

untreated controls.  A single asterisk represents a p-value < 0.05. 
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3.2.3  Systemic administration of anti-CD25 mAb  

Although it was proposed by North and Awwad that Vb could act to selectively target 

expanding Treg cells, it is an anti-mitotic drug and so may also be affecting other 

proliferating cells such as cycling anti-tumour CTLs or the tumour cells (154, 170, 175-

178).  Since the work of North and Awwad, Treg cells were identified to not only 

express the CD4 cell surface marker but also to co-express the IL-2 receptor alpha 

chain, CD25 (155, 156).  Anti-CD25 mAb could therefore be administered to mice to 

more specifically target and inactivate Treg cells (155, 156, 179).  Anti-CD25 mAb has 

previously been administered systemically as an anti-tumour therapy (29, 155-157) and 

has since been shown to result in the shedding of the CD25 molecule from the surface 

of cells (132).  These early, successful attempts to inactivate CD4+CD25+ Treg cells and 

hence induce tumour regression involved the systemic administration of 

anti-CD25 mAb prior to tumour challenge (29, 156, 157) rather than the timed approach 

of North and Awwad to target Treg cells that were expanding in response to the tumour.  

This study therefore undertook both approaches, the pre-treatment of mice with anti-

CD25 mAb prior to tumour challenge but also attempted, for the first time, to time the 

systemic anti-CD25 mAb treatment to coincide with the expansion of Treg cells in mice 

with established tumours.   

 

3.2.3.1 Pre-tumour challenge, systemic administration of anti-CD25 mAb inactivates 

Treg cells and results in tumour growth inhibition. 

The administration of a single i.p. dose of 0.5 mg anti-CD25 mAb (PC61 clone) four 

days prior to the implantation of 1 x 106 AE17 tumour cells inhibited murine 

mesothelioma growth (Fig. 3.5A).  The single dose systemic treatment with 

anti-CD25 mAb resulted in the shedding of the CD25 cell surface marker (and hence 

inactivation) in 87.4 ± 5.5% of CD4+CD25+ Treg cells in the blood within 24 hrs while 

88.5 ± 7.4% of Treg cells were still inactivated after 7 days.  This single dose treatment 

inhibited tumour development for up to 40 days in the 8 treated mice compared to the 6 

untreated control mice.  All mice that were successfully treated by the single dose of 

anti-CD25 mAb eventually developed palpable tumours that reached the humane 

endpoint of 100 mm2 after approximately 100 days.   
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3.2.3.2 Systemic inactivation of Treg cells by anti-CD25 mAb is limited by the size of 

initial tumour cell inoculum.  

In contrast to the successful inhibition of tumour development arising from 1 x 106 

AE17 tumour cells, the administration of a single 0.5 mg dose of anti-CD25 mAb four 

days prior to tumour challenge with 1 x 107  tumour cells (i.e. a ten-fold higher 

inoculum) did not significantly inhibit tumour development (Fig. 3.5B).  The 8 treated 

mice developed tumours at the same rate as the 6 untreated control mice.   

 

3.2.3.3 Systemic treatment of established tumours with anti-CD25 mAb does not 

result in tumour growth inhibition. 

It was found that a threshold of tumour burden exists which limits the pre-tumour 

challenge treatment of mice with anti-CD25 mAb.  It has also previously been shown 

that the anti-tumour effect of anti-CD25 mAb is not evident if the treatment is given on 

day 0 or shortly thereafter (179).  Based on our own successful Vb studies we tested the 

ability of anti-CD25 mAb administered on day 13 post tumour challenge to inhibit 

tumour development.  Treatment at day 13 should result in the significant inactivation 

of Treg cells at day 14 which was identified earlier in this chapter to be the time-point at 

which Treg cells were expanding (see Fig. 3.2A) and the middle time-point of the Vb 

”window of treatment opportunity” (Fig. 3.4).  Mice were implanted with 1 x 106 AE17 

tumour cells at day 0 and treated with 0.5 mg anti-CD25 mAb i.p. 13 days later when 

tumours were small but established (Fig. 3.6).  The 5 mice treated with anti-CD25 mAb 

developed tumours at the same rate as the 5 untreated control mice.  The experiment 

was terminated early (tumours had only reached ~60 mm2) as no tumour growth 

inhibition had been seen by day 30 post tumour challenge.   
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Figure 3.5: A single dose of anti-CD25 mAb administered 4 days prior to tumour challenge no 

longer inhibits murine mesothelioma development when mice are challenged with a 10-fold higher 

initial tumour cell inoculum.   

A single dose of 0.5 mg of anti-CD25 mAb was given i.p. to mice 4 days prior to tumour challenge.  

Control mice were left untreated.  Mice were then implanted s.c. at day 0 with (A) 1 x 106 and (B) 1 x 107 

AE17 murine mesothelioma cells.  Tumour areas were calculated by multiplying two, right-angled 

tumour diameters measured using microcallipers.  Data are the mean ± SEM for 8 treated mice and 6 

untreated control mice for each experiment. 
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Figure 3.6: A single, systemic dose of anti-CD25 mAb timed to coincide with Treg cell expansion 

does not inhibit the development of established murine mesotheliomas.  

Mice were implanted s.c. at day 0 with 1 x 106 AE17 murine mesothelioma tumour cells.  A single dose 

of 0.5 mg of anti-CD25 mAb was given i.p. to mice 13 days post tumour challenge.  Control mice were 

untreated.  Tumour areas were calculated by multiplying two, right-angled tumour diameters measured 

using microcallipers.  Data are the mean ± SEM for 5 treated mice and 5 untreated controls. 
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3.3 Discussion 

The clinical presence of a tumour implies that it has evaded the immune response.  It 

was hypothesised that a population of Treg cells down-regulates the immune response to 

MM resulting in tumour growth.  By flow cytometry, CD4+CD25+ T cells were 

identified in the spleen, blood and LN of mesothelioma-bearing mice.  If these 

CD4+CD25+ T cells were of the Treg cell phenotype their selective inactivation would 

result in improved clearance of the tumour.  Of seminal importance to this study was the 

discovery of Treg cell involvement and inactivation in the murine model of advanced 

T cell lymphoma by North and Awwad (154).  North and Awwad found that the 

treatment of tumour-bearing mice with a single i.p. dose of Vb at either day 13 or 15 

post tumour challenge resulted in tumour regression.  In a further series of experiments 

they demonstrated using selective inactivations of CD4+ and CD8+ T cells that the 

Treg cells eliminated by Vb treatment were of the CD4+ phenotype.  Further studies into 

the involvement of Treg cells in cancer identified CD4+CD25+ T cells as regulators of 

tumour immunity (155, 156, 179).  

 

These studies by North and Awwad formed the basis of this PhD project and the 

hypothesis that Treg cells are acting in MM to suppress the natural, anti-tumour immune 

response thus promoting tumour growth.  A pilot study was conducted that found a 

single dose of Vb administered 14 days but not 15 days post tumour challenge 

significantly inhibited tumour development.  This remarkably clear result was 

somewhat modified by further experiments.  In support of the pilot study, follow-up 

experiments confirmed that a single dose of Vb administered on day 14 or 15 post 

tumour challenge resulted in significant tumour growth inhibition but not tumour 

regression.  In comparison to the pilot study, the tumour growth rate in these 

experiments was much faster although the mice were implanted with the same number 

of tumour cells.  The faster growth rate seen in these repeat experiments may have had 

an effect on the overall anti-tumour immune response and as such the time at which 

Treg cells were expanding.  In case Treg cells were expanding earlier due to an increased 

tumour growth rate, it was decided to target the Vb treatment to earlier time-points.  

Further experimentation identified a “treatment window of opportunity” (days 12-16 

post tumour challenge) within which a single dose of Vb can result in tumour growth 

inhibition.  Based on the hypothesis that Vb targets expanding Treg cells, it could now be 
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argued that in the murine model of mesothelioma Treg cells expand in the periphery 

between days 12 and 16 in response to the tumour.  In fact, the timing of the immune 

response to tumours proposed by North in 1985 suggested that Treg cells were expanded 

between days 12 and 14 post tumour challenge (38) while this study found that Treg cells 

expand in peripheral blood from day 14 onwards.  The slight difference between the 

timing of Treg cell expansion in these two studies may be dependent on the differing 

growth kinetics of the tumours studied.  Tumour growth kinetics may also explain the 

difference in Vb efficacy seen between the pilot study and the follow-up studies in this 

project.  If Treg cells were ablated by the Vb treatment hence releasing anti-tumour 

CTLs from suppression and allowing them to respond to and act on the tumour, it is 

possible that the larger tumours at the time of treatment were not as susceptible to Vb 

treatment and instead were only inhibited in development by the anti-tumour CTLs.  A 

second mechanism by which Vb may be resulting in tumour growth inhibition is, by 

virtue of the anti-mitotic nature of Vb, that it directly targets the highly proliferative 

tumour itself (170, 180, 181).  In vitro studies showed that the murine mesothelioma 

tumour cells were in fact susceptible to Vb (data not shown) but the fact that Vb 

treatment efficacy did appear to be timing dependent (only effective when administered 

during the “window of treatment opportunity”) suggested that Vb was not solely acting 

directly on the tumour.   

 

As the targets of Vb action could include many growing cell types and the tumours 

could only be inhibited in tumour development and not completely regressed, a more 

specific Treg cell inactivating treatment was investigated.  Treg cells had since been 

identified as both CD4+ and CD25+ and so the effect of anti-CD25 mAb administration 

in this tumour model was examined.  In support of other published data, it was found 

that the systemic administration of anti-CD25 mAb, four days prior to tumour challenge 

with a low inoculum of tumour cells, can inhibit tumour development.  In comparison, 

the same treatment was ineffective at inhibiting tumour development when mice were 

challenged with a ten-fold higher initial tumour cell inoculum.  This suggested some 

threshold of tumour burden may exist whereby the CTLs released from suppression by 

the anti-CD25 mAb treatment may not be in high enough numbers to induce the 

clearance of an increased number of implanted tumour cells.  The first hint that tumour 

size or tumour burden were implicated in the immuno-suppression of tumour 

development came from the original works of North and Awwad.  They found during 
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their early studies of the anti-tumour effects of cyclophosphamide, γ-irradiation, anti-

CD4 mAb and Vb that in all cases regression failed to occur if at the time of treatment 

the tumour burden was large enough to have induced dominant immuno-suppression 

(150-154).  In addition to this, it was found in these murine mesothelioma studies and 

several other published studies that the anti-tumour effect of anti-CD25 mAb 

administered before tumour inoculation was no longer seen if the treatment was given 

on day 0 or thereafter. These studies were attempting to systemically inactivate all 

Treg cells in the mice, be they tumour-specific or not, but at the same time may have 

targeted other cell populations which can express the CD25 molecule, such as activated 

CD8+ CTLs, which are essential to the clearance of tumours (182-184).   

 

This potential non-specificity of systemic anti-CD25 mAb administration has 

complicated the interpretation of these results, as was also the case for Vb.  The 

observation that timed anti-CD25 mAb treatment (d13 post tumour challenge) had no 

effect on tumour development when given systemically probably reflects the tumour 

inoculum being too large (established tumours) and/or the low bioavailability of the 

mAb at the tumour site following systemic delivery.  Inoculum size in these 

experiments, established tumours evading the immune system and the variable rate of 

tumour growth are all suggesting that systemic treatments (Vb or anti-CD25 mAb) are 

going to fail or at the very least be difficult to apply clinically.   

 

At this time there was some published evidence for the presence of Treg cells within 

tumours themselves, specifically murine melanoma (53) and human lung, ovarian and 

colorectal tumours (25, 118).  As only a small but significant upregulation of Treg cells 

was seen in the blood of mesothelioma-bearing mice over the time-course of tumour 

challenge it was possible that Treg cells would be found within murine mesotheliomas.  

Treg cells had not yet been identified in either human or murine mesotheliomas and so 

Chapter 4 describes for the first time the intra-tumoural discovery of 

CD4+CD25+ Treg cells in murine mesotheliomas.   
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4.1 Introduction  

Although our research group and others had evidence for Treg cell involvement in cancer 

(see Chapter 3), there was only a very limited understanding of whether Treg cells 

existed and acted within tumours themselves (26, 120).  Treg cells had been shown to 

constitute a component of tumour infiltrating lymphocytes (TILs) in murine melanomas 

(53) and human lung, ovarian and colorectal tumours (25, 118) but there was little 

published evidence for any changes in the intra-tumoural Treg cell population with 

tumour development.  One study showed that there was no significant difference 

between the prevalence of CD4+CD25+ Treg cells in normal breast and pancreatic tissue 

donors and patients with benign breast and pancreatic lesions but that there was a 

significant increase in CD4+CD25+ Treg cells in the tumours of patients with malignant 

breast or pancreatic cancer (122).  Ichihara et al (2003) had similarly found that there 

was an increase in CD4+CD25+ Treg cells as a percentage of all TIL in advanced gastric 

cancer as compared to the percentage in early gastric cancer or normal gastric mucosa 

(95).   

 

To begin the investigation of intra-tumoural Treg cells in murine mesothelioma it was 

important to develop a method for the dissociation of solid tumours for the preparation 

of single cell suspensions for flow cytometric analysis.  This chapter provides the first 

flow cytometric evidence for intra-tumoural Treg cell involvement in murine 

mesothelioma and supports the hypothesis that intra-tumoural Treg cells within tumours 

allow the evasion of the host anti-tumour immune response leading to increased tumour 

growth.  In addition to this, by analysing tumours of varying sizes it was found that 

there is a strong correlation between tumour size and the percentage of intra-tumoural 

CD4+CD25+ Treg cells in murine mesotheliomas.   

 

The co-expression of CD4 and CD25 by T cells was used to identify Treg cells in the 

early studies of Treg cell involvement in tumour immunity but was hindered, as outlined 

in Chapter 3, by the expression of CD25 by other cell types including activated CTLs, 

activated B cells and some DCs (182-184).  The discovery in 2003 of the forkhead 

transcription factor Foxp3 as a specific marker of CD4+CD25+ Treg cells markedly 

improved the understanding of Treg cell development and function but also allowed for a 

more thorough examination of Treg cell involvement in tumour immunity (64, 185, 186).  
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Intra-cellular flow cytometric staining for Foxp3 was used in this chapter to confirm the 

regulatory phenotype of the intra-tumoural CD4+CD25+ T cells in murine 

mesotheliomas.   

 

Curious as to whether the correlation between increasing tumour size and an increase in 

the percentage of intra-tumoural Treg cells in murine mesothelioma was a mesothelioma 

specific phenomenon, murine B16 melanomas and EL4 lymphomas (both of which are 

syngeneic to C57BL/6J mice) were also analysed for intra-tumoural Treg cells.  

Interestingly, a lower percentage of Treg cells was observed in both B16 melanomas and 

EL4 lymphomas.   

 

Finally, the translation of this data to the clinic and any follow up studies investigating 

the immuno-modulation of Treg cells as an immunotherapy for MM would be improved 

by a concurrent identification of Treg cells in human MM tumours.  The initiation of this 

work into the identification of Treg cells in human MM is reported in this chapter 

however during the early experimental development three manuscripts (31, 32, 35) 

detailing Treg cell levels associated with human MM were published and this 

laboratory’s work on human MM sections was terminated.   

 

4.2 Results 

 

4.2.1 Intra-tumoural Treg cells in murine mesothelioma. 

The same 5 week time-course of AE17 tumour development described in Chapter 3 was 

used here to examine intra-tumoural Treg cells in murine mesothelioma and any changes 

in this population with respect to tumour development.   

 

4.2.1.1 The dissociation of solid murine mesotheliomas for flow cytometric analysis. 

To begin the investigation of intra-tumoural Treg cells, several months were spent 

developing a suitable protocol for the dissociation of tumours for flow cytometric 

analysis.  The analysis of solid tumours by flow cytometry can be difficult due to the 

highly heterogeneous populations of cells that comprise tumours including TILs, 
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endothelial cells and the tumour cells themselves.  Several protocols for the dissociation 

of tumours and the preparation of single cell tumour suspensions were compared.   

Mechanical dissociation alone involved the mincing of solid tumours with scissors 

and/or a scalpel prior to the passing of the tumour homogenate through a fine wire mesh 

to remove any remaining large clumps of cells.  This method for the preparation of a 

single cell homogenate for the flow cytometric analysis of intra-tumoural Treg cells was 

found to be sub-optimal as both a very “sticky” preparation resulted which blocked the 

flow cytometer but also a distinct population of CD4+ T cells was difficult to resolve.  A 

combination of mechanical dissociation as outlined above and enzymatic digestion by 

the addition of the enzymes collagenase and dispase, as used by the Beilharz laboratory 

for the dissociation of murine muscles (167), was also trialled but again resulted in sup-

optimal preparations for flow cytometric analysis of solid tumours for the same reasons 

as outlined for mechanical dissociation alone.   

 

The final protocol tested for solid tumour dissociation, which was also chosen for all 

future experiments, again involved a combination a mechanical dissociation and 

enzymatic digestion.  Specifically, and as described in full detail in Chapter 2, Section 

2.2.3.3, tumours were surgically removed and collected into unsupplemented RPMI-

1640.  Tumours were then minced finely using scissors and then enzymatically digested 

for 40 min at room temperature by the addition of Liberase blendzyme 3 and DNase 1.  

Finally the tumour cell homogenate was pushed through a fine wire mesh spoon sieve 

using the plunger of a syringe to break down any remaining clumps and resuspended in 

FACS buffer for staining with fluorochrome-conjugated antibodies for flow cytometric 

analysis.  This method for the dissociation of solid tumours resulted in the preparation 

of tumour cell suspensions that both flowed well through the flow cytometer and also 

allowed the resolution of a distinct population of intra-tumoural CD4+ T cells as shown 

in Figure 4.1.    

 

The CD4+CD25+ Treg cell subset was determined as a percentage of tumour-located 

CD4+ T cells by flow cytometry with dual-colour staining.  An example of the original 

flow cytometric data obtained from dissociated AE17 tumours is presented in Figure 4.1 

to illustrate the gating criteria used in the following experiments.  An obvious 

CD4+ T cell population was seen when comparing side-scatter and expression of 

CD4-APC (Fig. 4.1A).  These CD4+ T cells were then analysed for the expression of 
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CD25-FITC (Fig. 4.1B).  In this example of an advanced tumour, a high proportion of 

these tumour-located CD4+ T cells (approximately 60%) co-expressed CD25.   
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Figure 4.1: Identification of Treg cells within murine mesothelioma tumours by flow cytometry.   

(A) An example of original flow cytometric data of a dissociated AE17 tumour illustrating gating criteria 

for the isolation of CD4+ T cells.  Side scatter is represented on the vertical axis while the expression of 

CD4 is represented on the horizontal axis.   (B) The distinct intra-tumoural population of CD4+ T cells 

was then examined for the co-expression of CD25.  Again CD4 expression is represented on the 

horizontal axis while the vertical axis represents CD25 expression.    
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4.2.1.2 CD4+CD25+ Treg cells are resident within murine mesothelioma tumours. 

For the intra-tumoural analysis of Treg cells in murine mesothelioma, tumours were 

removed from mice at weekly intervals over a 5 week time-course of AE17 tumour 

development (1 x 106 AE17 tumour cell inoculum).  The combined data showing the 

intra-tumoural percentages of Treg cells from two, 5 week time-course experiments are 

presented in Figure 4.2A with a total of 8 tumour-bearing mice analysed per time-point.  

There is a highly significant increase (p < 0.001) in the percentage of 

CD4+CD25+ Treg cells from 21.3 ± 2.4% to 54.7 ± 3.2% of tumour-located CD4+ T cells 

between days 21 and 28 post tumour challenge.  This increase is not due to a 

simultaneous increase in CD4+ T cells within the tumour as over the same time period, 

intra-tumoural CD4+ T cell percentages remained essentially constant at 1.9 ± 0.2% of 

the total tumour cells (Fig. 4.2B).   

 

4.2.1.3 The intra-tumoural Treg cell percentage increases with tumour size. 

As discussed in Chapter 3 there is a significant amount of variability in tumour growth 

rate with AE17 tumours capable, from experiment to experiment, of having quite 

different tumour areas at particular time-points post tumour challenge.  To improve the 

analysis of intra-tumoural CD4+CD25+ Treg cell population changes, the data presented 

in Figure 4.2A were re-analysed with respect to tumour size rather than time post 

tumour challenge (Fig. 4.3).  There is an initial sharp increase in the percentage of 

CD4+CD25+ Treg cells observed within tumours up to a size of approximately 9 mm2.  In 

tumours greater than 9 mm2 a slower increase in Treg cell percentage with tumour size is 

seen with most tumours greater than 30 mm2 showing approximately 60% Treg cell 

content.   

 

To confirm this correlation between tumour size and Treg cell percentage a further set of 

tumours were removed at either 9 mm2 or 80 mm2 from mice challenged with a ten-fold 

higher tumour cell inoculum (1 x 107 AE17 cells) and compared to tumours developed 

from the original 1 x 106 AE17 tumour cell inoculum.  With this 10-fold larger tumour 

cell inoculum, tumours grow at a significantly faster rate.  Even with the higher initial 

tumour cell inoculum, and faster growth rate, small tumours (9 mm2) have a 

significantly lower percentage (p < 0.05) of CD4+CD25+ Treg cells than large tumours 

(80 mm2) (Fig. 4.4).  Moreover, 9 mm2 and 80 mm2 tumours developed from 1 x 107 
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AE17 cells contain a similar percentage of Treg cells to tumours of the same size 

developed from 1 x 106 tumour cells despite the 10-fold variation in initial tumour cell 

inoculum and hence the time it takes to reach the particular tumour size. 

 

4.2.1.4 Confirmation of Treg cell phenotype in murine mesothelioma: Foxp3 

expression. 

CD25 is also an activation marker and can therefore be expressed not only by Treg cells 

but other activated T cells (182-184).  Although CD4+CD25+ T cells had been the 

commonly accepted phenotype of Treg cells, the expression of Foxp3, a transcription 

factor involved in both Treg cell development and function, had become, at this time, a 

newer and more definitive marker of the Treg cell phenotype (27, 185-187).  It was 

therefore important to assess whether or not the intra-tumoural CD4+CD25+ Treg cells 

found to increase in percentage inside murine mesotheliomas were also Foxp3 

expressing.  An intra-cellular flow cytometric analysis of 22 dissociated tumours 

revealed the distinct population of tumour-located CD4+CD25+ Treg cells to express 

high levels of Foxp3 in tumours of all sizes (Fig. 4.5).  Regardless of tumour size, 

81.5 ± 2.5% of intra-tumoural CD4+CD25+ Treg cells expressed this marker confirming 

their regulatory phenotype. 
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Figure 4.2: CD4+CD25+ Treg cell upregulation within murine mesotheliomas. 

Mice were implanted s.c. at day 0 with 1 x 106 AE17 tumour cells.  Mice were culled at days 14, 21, 28 

and 35 post tumour challenge and tumours removed, dissociated and analysed by flow cytometry for the 

presence of (A) CD4+CD25+ Treg cells and (B) CD4+ T cells.  (A) CD4+CD25+ Treg cells were calculated 

as a percentage of tumour-located CD4+ cells while (B) CD4+ T cells were calculated as a percentage of 

total tumour cells over a 5 week time-course of tumour development.  Data are the mean ± SEM of 8 

mice per time-point.  A single asterisk represents a p-value < 0.05. 
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Figure 4.3: Intra-tumoural CD4+CD25+ Treg cell increase correlates with tumour size.   

Mice were inoculated s.c. with 1 x 106 AE17 cells at day 0. Tumour areas were calculated by multiplying 

two right-angled tumour diameters measured using microcallipers. Tumours were removed at the 

appropriate sizes and single cell suspensions made for flow cytometric analysis with CD25 expression 

presented as percentage of tumour-located CD4+ T cells.  45 mice were analysed in this experiment and a 

line of regression plotted. 
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Figure 4.4: Intra-tumoural CD4+CD25+ Treg cell increases correlate with tumour size irrespective of 

initial tumour cell inoculum. 

Mice were inoculated s.c. with 1 x 106 (  ) or 1 x 107 (  ) AE17 cells at day 0. Tumour areas were 

calculated by multiplying two right-angled tumour diameters measured using microcallipers. Tumours 

were removed at the appropriate sizes and single cell suspensions made for flow cytometric analysis.  The 

expression of CD25 was presented as a percentage of tumour-located CD4+ T cells.  Data are the 

mean ± SEM of 3 mice per time-point.  A single asterisk represents a p-value < 0.05. 

9mm2 80mm2
0

20

40

60

80

100

1 x 106 cells
1 x 107 cells

*
*

Tumour area

%
 In

tr
a-

tu
m

ou
ra

l C
D

4+  T
 c

el
ls

ex
pr

es
si

ng
 C

D
25



   

Chapter 4: Intra-tumoural Treg cells in murine mesothelioma 117

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.5: Foxp3 expression confirms regulatory phenotype of intra-tumoural CD4+CD25+ 

Treg cells.   

Mice were implanted s.c. with 1 x 107 AE17 tumour cells.  7 mice with tumours between 1 and 25 mm2, 4 

mice with tumours between 26 and 50 mm2, 4 mice with tumours between 51 and 75 mm2 and 7 mice 

with tumours between 76 and 100 mm2 were analysed.  Tumours were removed, dissociated and analysed 

by intra-cellular flow cytometry for the presence of CD4+CD25+Foxp3+ T cells.  

CD4+CD25+Foxp3+ T cells were calculated as a percentage of tumour-located CD4+CD25+
 T cells. Data 

are the mean ± SEM.   
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4.2.2 Intra-tumoural Treg cells in other murine tumour models 

The discovery of CD4+CD25+Foxp3+ Treg cells within murine mesotheliomas and the 

correlation of a large increase in intra-tumoural Treg cell percentage with increasing 

tumour size was novel.  It was of interest to determine if this was a general feature of 

other tumour types by testing two further murine models of melanoma (B16) and 

lymphoma (EL4).   

 

4.2.2.1 Murine B16 melanoma  

Eight mice were implanted s.c. with 5 x 105 B16 melanoma cells.  Four tumours were 

harvested from mice when tumours were between 9 and 20 mm2 while the remaining 4 

tumours were grown to between 80 and 100 mm2.  Tumours were then dissociated as 

per the murine mesothelioma protocol and analysed for the percentage of CD4+ T cells 

co-expressing CD25.  Figure 4.6 shows the statistically significant difference in the 

percentage of intra-tumoural CD4+ T cells expressing CD25 observed between small 

(19.2 ± 3.4%) and large (31.2 ± 2.6%) tumours (p = 0.03).  Again, there was no 

difference in intra-tumoural CD4+ T cells as a percentage of total tumour cells between 

small (0.4 ± 0.2%) and large (0.3 ± 0.1%) tumours (p = 0.5).  Foxp3 analysis of the 

intra-tumoural CD4+CD25+ Treg cells in large B16 melanoma revealed that only 

43.4 ± 1.4% co-expressed Foxp3. 

 

4.2.2.2 Murine EL4 lymphoma 

Four mice were implanted s.c. with 1 x 106 EL4 lymphoma cells.  Tumours were 

harvested from mice when tumours were 100 mm2 in size.  Tumours were then 

dissociated as per the murine mesothelioma protocol and analysed for the percentage of 

CD4+ T cells co-expressing CD25.  Again, only a very low percentage of total 

CD4+ T cells were found within EL4 lymphomas (0.4 ± 0.1%).  Of these intra-tumoural 

CD4+ T cells within large tumours the percentage expressing CD25 was 41.8 ± 2.8%.  

Foxp3 analysis of the intra-tumoural CD4+CD25+ Treg cells in EL4 lymphoma revealed 

that only 5.0 ± 2.5% co-expressed Foxp3. 
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Figure 4.6: Intra-tumoural Treg cells in murine B16 melanoma.   

Mice were implanted s.c. at day 0 with 5 x 105 B16 melanoma cells.  Mice were culled when tumours 

were between 9 and 20 mm2 or between 80 and 100 mm2.  Tumours were removed, dissociated and 

analysed by flow cytometry for the presence of CD4+CD25+ Treg cells.  CD4+CD25+ Treg cells were 

calculated as a percentage of tumour-located CD4+ T cells.  Data are the mean ± SEM of 4 mice per size 

range.  A single asterisk represents a p-value < 0.05. 
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4.2.3 Intra-tumoural Treg cells in human MM 

After seeing some differences in intra-tumoural Treg cell percentages between murine 

mesothelioma, melanoma and lymphoma it was important to determine the relevance of 

this mouse work to human MM.  We therefore collaborated with Professor Bruce 

Robinson’s group to investigate the intra-tumoural presence of 

CD4+CD25+Foxp3+ Treg cells in human MM biopsies.  Prof. Robinson’s group have 

developed a tissue biopsy slide array which can be used for the immunohistochemical 

analysis of multiple biopsy samples at the one time with a concurrent comparison to 

multiple organ control tissues.  These slides are paraffin embedded and hold 

approximately 35 replicates/patient MM biopsy samples plus approximately 35 pleural 

effusion samples and 35 control tissue samples such as tonsil and appendix (Fig. 2.1).  

The objective of this experiment was to conduct three colour immunohistochemistry to 

determine the percentage of intra-tumoural CD4+CD25+Foxp3+ Treg cells.  As Foxp3 is 

the most specific indicator of Treg cells (and estimated to be expressed by approximately 

1% of sectioned cells) it was used in the initial experiments to optimise staining prior to 

including a CD25 co-stain and a triple stain for CD4 was to follow, if technically 

possible.   

 

Initially, control experiments staining human tonsil sections and a benign lymphocytic 

effusions with the individual antibodies (Ebioscience, anti-human Foxp3 and 

Novocastra, anti-human CD25) were performed.  Figures 4.7 and 4.8 depict good 

membrane staining of CD25+ cells and nuclear staining of Foxp3+
 cells when the 

antibodies are used separately.  Careful examination of figures 4.7B and 4.8B shows the 

central stained cell to have a circular staining pattern (darker stain at edges of the cells) 

consistent with membrane staining of CD25.  The central cells in figures 4.7D and 4.8D 

show punctate central staining consistent with the nuclear localisation of the Foxp3 

stain.  Many attempts to perform double staining were unsuccessful.  When punch 

biopsy specimens of MM tissue were stained with the antibodies individually very few 

positive cells were observed.  14 from 25 MM samples were negative for CD25, 9 MM 

biopsies had occasional CD25+ cells while only 2 could convincingly be said to be 

CD25+.  In terms of Foxp3 expression, 23 from 25 MM biopsy samples were negative 

for Foxp3 staining while only two MM samples were found to contain Foxp3 positive 

cells.   
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No more time was devoted to the optimisation of this immunohistochemical technique 

and the subsequent determination of intra-tumoural Treg cells percentages in human MM 

tumours as publications appeared at this time with evidence for the presence of 

Treg cells in human pleural effusions associated with MM, the peripheral blood of MM 

patients and MM tumours themselves (31, 32, 35).  These publications found that 

CD4+CD25+ Treg cells were present in the pleural effusions secondary to mesothelioma 

(7.8% ± 6.8%,) but were significantly lower in prevalence than in non-small cell lung or 

breast cancer patients (15.0% ± 5.9% and 15.9% ± 3.2%, respectively).  In the 

peripheral blood of MM patients the prevalence of CD4+CD25+ Treg cells was found to 

be 13.6% ± 6.4% (188).  A significant increase in percentages and absolute counts  of 

the total CD4+CD25+ Treg cell subset was observed in the peripheral blood of pleural 

mesothelioma patients (approximately 450 cells/µl blood, n = 10) with respect to 

healthy donors (approximately 300 cells/µl blood, n = 40) (35).  Finally, mesothelioma 

tissue sections have been analysed by fluorescence microscopy for the phenotypic 

evidence of CD4+CD25+ T cells. CD4+CD25+ T cells were particularly detected at the 

rim of tumour areas and were confirmed to be Treg cells by staining for Foxp3 (32). 
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Figure 4.7: Human tonsil sections used for optimising immunohistochemical staining for CD25 and 

Foxp3 

Paraffin embedded human tonsil sections were used to optimise the immunohistochemical staining 

procedure for Treg cells. (A and B) CD25 cell surface staining (dark pink) at 20x and 40x magnification. 

(C and D) Foxp3 nuclear staining (dark pink) at 20x and 40x magnification. 

(C) FOXP3 (20x) 

(A) CD25 (20x)  (B) CD25 (40x)  

(D) FOXP3 (40x) 
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Figure 4.8: Benign lymphocytic effusion used for optimising immunohistochemical staining for 

Treg cells   

Paraffin embedded human benign lymphocytic effusions were also used to optimise the 

immunohistochemical staining procedure for Treg cells. (A and B) CD25 cell surface staining (brown) at 

20x and 40x magnification. (C and D) Foxp3 nuclear staining (brown) at 20x and 40x magnification. 

 

(A) CD25 (20x) (B) CD25 (40x) 

(C) FOXP3 (20x) (D) FOXP3 (40x) 
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4.3 Discussion 

Active and specific immunotherapy of cancers has long been an elusive goal in 

medicine.  While a rare case of spontaneous mesothelioma regression has been reported 

(11), most attention has been focussed on effector cell “boosting” strategies which have 

been trialled with limited success to induce mesothelioma growth inhibition (14, 189-

193).  Evaluations into the presentation of tumour antigens in murine mesothelioma 

models demonstrated clearly that tumour antigens are constitutively presented in the 

tumour-draining LN and that they can stimulate T cell proliferative responses (194, 

195).  It can be concluded from these studies that ignorance to tumour antigens is not an 

explanation for the failure of the host immune response.  As it is known that tumour 

antigens are being presented, efforts have turned to increasing CTL activity in order to 

induce tumour regression.  Endogenous tumour-specific CTL responses have been 

enhanced following the treatment of murine mesotheliomas with intra-tumoural IL-2 

(14).  This treatment strategy however, was only successful at regressing tumours that 

were small (<13 mm2) at the time of treatment but not large tumours (>30 mm2).  This 

suggests that an efficient anti-tumour immune response can be invoked, but that at later 

stages of tumour development this anti-tumour immune response is being suppressed.  

It is hypothesised that Treg cells actively suppress the anti-tumour immune response thus 

inhibiting the efficacy of many trialled immunotherapies and may explain the above 

mentioned findings of a limited response by large tumours to intra-tumoural IL-2 

treatment.   

 

In this chapter the intra-tumoural upregulation of CD4+CD25+Foxp3+ Treg cells as a 

tumour immune evasion mechanism in the murine model of mesothelioma was 

examined.  A strong correlation between tumour size and percentage of 

CD4+CD25+Foxp3+ T cells within the murine mesotheliomas was demonstrated and 

formed part of our group’s recent publication (196). This suggested that the increase in 

Treg cells within the small murine mesotheliomas allows the evasion of the host anti-

tumour effector immune response leading to increased tumour growth.  In addition, it 

was shown that tumours of the same size have similar percentages of Treg cells 

regardless of the initial inoculum used to create the tumours.  Together these results 

suggested that as a tumour reaches a particular size (~9 mm2) Treg cells are recruited to 
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and/or induced within tumours resulting in the suppression of the anti-tumour immune 

response and rapid tumour growth.   

 

Previous knowledge of Treg cells suggested they had a role to protect against 

autoimmune disease and hence self-antigens.  It was therefore initially hard to 

understand the reason behind the involvement of Treg cells in tumour immunity.  One 

hypothesis is that Treg cells were directed against self antigens expressed by tumour 

cells and so were acting to protect against “self” destruction (197, 198).  Other work in 

the field of tumour immunity suggested that tumours had the ability to actively evade 

the anti-tumour immune response (199, 200).  Anti-tumour immune evasion 

mechanisms include down-regulation of MHC class I, loss of tumour antigen 

expression, down-regulation of adhesion/accessory molecules by tumour and/or APC, 

induction of anergy or clonal deletion of responding T cells and changes in T cell signal 

transduction molecules.  We therefore proposed that Treg cells were recruited to tumours 

or induced within tumours as an anti-tumour immune evasion mechanism.  Together, 

the results presented in this chapter suggest that as a tumour reaches a particular size, 

Treg cells are upregulated and the anti-tumour immune response is suppressed resulting 

in rapid tumour growth.   

 

Concurrent with and subsequent to these murine mesothelioma studies characterising 

the changes in intra-tumoural CD4+CD25+Foxp3+ Treg cells other groups have described 

Treg cells within murine tumours such as melanoma, fibrosarcoma and mammary 

tumours (28, 53, 121) and in human mesothelioma, lung, ovarian, colorectal, breast, 

pancreatic and gastric tumours (25, 27, 95, 118, 122, 123).  Of high importance to this 

study was the identification of Treg cells in human MM biopsies by 

immunohistochemistry (32).  Only a few of these studies have however, characterized 

changes in the intra-tumoural Treg cell population.  In a mouse fibrosarcoma model it 

was most recently found that although there is no change in the CD4+CD25+ Treg cell 

population within the spleen and draining-LN of tumour-bearing mice, there is an 

increase in the CD4+CD25+ Treg cells in tumours between day 7 and day 16 post tumour 

challenge (from approximately 30% to approximately 65%) (28).  Curiel et al (2004) 

found a much larger percentage of Treg cells in late stage human ovarian carcinomas 

where CD4+CD25+ Treg cells represented approximately 30% of total intra-tumoural 

CD4+ T cells compared to the percentage found in early stage tumours 
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(CD4+CD25+ Treg cells represented approximately 12% of total tumour-located 

CD4+ T cells).  As a final comparison it was shown that CD4+CD25+ Treg cells were 

undetectable in normal ovarian tissue.   

 

Although there were varying methods for the quantification of intra-tumoural Treg cells 

used in the above studies, it is clear that different tumours have different intra-tumoural 

percentages of Treg cells.  When B16 melanomas were examined in this chapter a similar 

trend of intra-tumoural Treg cell percentage increases between small and large tumours 

was found.   However, overall in both the B16 melanoma model and EL4 lymphoma 

model a much lower percentage of intra-tumoural CD4+ T cells and 

CD4+CD25+Foxp3+ Treg cells were observed (in large mesotheliomas approximately 

60% of CD4+ T cells were CD25 expressing while only 20% and 40% of CD4+ cells 

were CD25+ in melanomas and lymphomas respectively).  These lower percentages of 

intra-tumoural Treg cells observed in both murine melanoma and lymphoma tumours 

may suggest that B16 melanomas and EL4 lymphomas rely less on Treg cells for 

immune evasion.  In fact, several tumour immune evasion mechanisms, other than the 

upregulation of Treg cells, have been described (201, 202).  In a recent review of 

immune evasion mechanisms in melanoma, T-cell anergy, the expression of inhibitory 

ligands such as programmed cell death-ligand 1 (PD-L1), the activity of nutrient–

catabolising enzymes such as indoleamine 2,3-dioxygenase (IDO) and Treg cells were 

all suggested to be involved in tumours escaping the immune response (203).  

 

Finally, the correlation between the substantial intra-tumoural increase in Treg cells and 

tumour size is not a direct proof of their role as Treg cells.  Although the Foxp3 

expression data presented in this chapter confirmed the regulatory phenotype of the 

intra-tumoural CD4+CD25+ T cells, an analysis of the suppressive function of these 

cells in vivo was still required.  To demonstrate the functional role of intra-tumoural 

Treg cells in murine mesothelioma a method for the intra-tumoural inactivation of 

Treg cells was developed and is presented in the next chapter.  
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5.1 Introduction 

Chapter 4 showed for the first time that murine AE17 mesotheliomas can be a site of 

Treg cell activity in that a large upregulation of intra-tumoural 

CD4+CD25+Foxp3+ Treg cells occurs with tumour development.  This finding coupled 

with the fact that the efficacy of anti-CD25 mAb administered systemically as an anti-

tumour therapy (Chapter 3, Section 3.2.3) was limited by the tumour burden and non-

specificity encouraged the examination of the specific intra-tumoural inactivation of 

Treg cells as a therapy for mesothelioma.   

 

There were now several published protocols for the systemic inactivation of Treg cells 

via the administration of monoclonal antibodies such as anti-CD25 mAb and 

anti-CTLA-4 mAb (87, 156, 157).  However, at this time, only one other published 

attempt had been made to intra-tumourally modulate Treg cells.  Treg cell function was 

successfully modulated by the intra-tumoural administration of anti-IL-10 mAb (53).  

IL-10 is an immunosuppressive cytokine and is accepted as one of the mechanisms by 

which Treg cells exert their suppression (50, 204-206).   

 

CD25 is a critical marker of Treg cells as it is the IL-2 receptor alpha chain.  IL-2 is 

critical for the development and peripheral expansion of CD4+CD25+ Treg cells (41, 

207-209).  Although there is some controversy as to whether the administration of 

anti-CD25 mAb (PC61) results in the depletion or inactivation (shedding of the CD25 

molecule) of Treg cells it is clear that this monoclonal antibody has the ability to disrupt 

Treg cell function (132, 210).  This chapter reveals the novel suppressive in vivo 

functioning of CD4+CD25+Foxp3+ Treg cells within murine mesotheliomas by 

demonstrating that the intra-tumoural inactivation of these cells using anti-CD25 mAb 

results in the marked inhibition of established tumour growth.   

 

To further understand the mechanism of action of anti-CD25 mAb treatment tumour 

infiltrating lymphocyte (TIL) populations were examined post treatment.  As this 

treatment regime appeared promising, it was studied intensely to identify any 

limitations or improvement that could be made.   
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5.2 Results 

The murine model of mesothelioma was used to examine the effect of the intra-

tumoural inactivation of Treg cells using the anti-CD25 mAb (PC61) in a novel 

treatment regime involving intra-tumoural injections of the antibody. 

 

5.2.1 Intra-tumoural inactivation of Treg cells.  

The effect of intra-tumoural anti-CD25 mAb administration on intra-tumoural Treg cell 

inactivation, the subsequent release of CD8+ CTLs from immunosuppression and the 

effect of this treatment on tumour growth were investigated. 

 

5.2.1.1 Intra-tumoural anti-CD25 mAb treatment inactivates intra-tumoural Treg cells 

and releases anti-tumour CD8+ CTLs from immunosuppression. 

Mice were implanted s.c. with 1 x 107 AE17 tumour cells.  For intra-tumoural (i.t.) 

Treg cell inactivations, mice received a total of 0.15 mg of anti-CD25 mAb in 40 µl PBS 

administered to tumours once they had reached 9 mm2 size.  10 µl of mAb was injected 

directly into the tumour followed by injections of 10 µl s.c. at 120° intervals around the 

base of the tumour.  Tumours were then removed 1 day, 3 days or 10 days post intra-

tumoural anti-CD25 mAb treatment and analysed by flow cytometry by secondary 

staining with a mAb directed against a different CD25 epitope (7D4 clone) and 

compared to untreated control tumours (day 0).  The percentage of intra-tumoural 

CD4+CD25+ Treg cells remaining after the treatment was determined as a percentage of 

total CD4+ T cells (Fig. 5.1A).  The percentage of these CD4+CD25+ T cells co-

expressing Foxp3 was also determined (Fig. 5.1B).  At the same time the effect of 

Treg cell inactivation on the expression of CD25 (activation marker) by intra-tumoural 

CD8+ T cells was also determined (Fig. 5.1C).  As can be seen in figure 5.1A only 

approximately one third of the original CD4+CD25+ Treg cells remained 1 day post intra-

tumoural anti-CD25 mAb treatment (11.5 ± 4.9% compared to 30.2 ± 6.1%).  It 

appeared that by day 3, and certainly by day 10, that the CD4+CD25+ Treg cells had 

largely recovered.  On closer examination of the Treg cell subset by way of intra-cellular 

staining for Foxp3 it was revealed that the CD4+CD25+ T cells that had recovered by 

day 3 were not in fact Foxp3+ Treg cells but may have represented a population of 

activated (CD25+) CD4+ helper T cells (Fig. 5.1B).  In support of day 3 being an 
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important day for activated effector cells, such as CD4+ helper T cells, it was also on 

day 3 that a significant increase in activated CD8+ CTLs was observed (Fig. 5.1C).  By 

day 10 however, when it was seen that the true CD4+CD25+Foxp3+ Treg cells had 

recovered, these activated CD8+CD25+ CTLs were again immuno-suppressed 

(characterised by a drop in expression of CD25 from 82.8 ± 1.3% to 21.7 ± 7.3%).  

These figures represent the combined data from two independent experiments.     
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Figure 5.1: Intra-tumoural (i.t.) anti-CD25 mAb treatment inactivates intra-tumoural Treg cells and 

releases intra-tumoural CD8+ CTLs from immunosuppression. 

Mice were implanted s.c. with 1 x 107 AE17 cells.  Once tumours reached 9 mm2 a single, intra-tumoural 

treatment with anti-CD25 mAb was administered.  Tumours were removed 1, 3 and 10 days post 

treatment and compared to untreated (day 0) control tumours.  Flow cytometry was used to determine (A) 

the intra-tumoural percentage of CD4+ T cells co-expressing CD25, (B) the intra-tumoural percentage of 

CD4+CD25+ T cells co-expressing Foxp3 and (C) the intra-tumoural percentage of CD8+ T cells co-

expressing CD25.  Data are the mean ± SEM for 6 tumours removed at day 0 prior to treatment, 3 

tumours removed on days 1 and 3 post treatment and 6 tumours removed on day 10 post treatment. A 

single asterisk represents a p-value < 0.05. 

Day 0 Day 1 Day 3 Day 10
0

20

40

60

80

100 *
*

Days post i.t. anti-CD25 mAb

%
 In

tr
a-

tu
m

ou
ra

l C
D

8+  T
 c

el
ls

ex
pr

es
si

ng
 C

D2
5

Day 0 Day 1 Day 3 Day 10
0

20

40

60

80
*

*

*
%

 In
tr

a-
tu

m
ou

ra
l C

D
4+ CD

25
+  T

re
g 

ce
lls

ex
pr

es
si

ng
 F

ox
p3

Day 0 Day 1 Day 3 Day 10
0

10

20

30

40
*

*

%
 in

tr
a-

tu
m

ou
ra

l C
D

4+  T
ce

lls
ex

pr
es

si
ng

 C
D2

5



   

Chapter 5: Intra-tumoural Treg cell inactivation 133

5.2.1.2 Single intra-tumoural anti-CD25 mAb inactivation inhibits tumour growth. 

The effect of Treg inactivation and the subsequent activation of CD8+ CTLs on tumour 

development was examined in two intra-tumoural anti-CD25 mAb inactivation 

experiments.  The data from these two independent experiments is combined in this 

section.  Tumours were grown to 9 mm2 prior to initiating intra-tumoural 

anti-CD25 mAb injections.  Tumour-bearing mice were treated with a single dose of 

0.15 mg anti-CD25 mAb administered directly into the established, 9 mm2 tumours.  

Tumours had taken between 3 and 6 days to reach the treatment size of 9 mm2.  

Anti-CD25 mAb treatment administered directly into 9 mm2 tumours resulted in both 

the significant inactivation of tumour-located Treg cells (Fig. 5.1) and 10 days of 

significant tumour growth inhibition in the 10 mice treated with the anti-CD25 mAb 

(p < 0.05 at day 10 post treatment) (Fig. 5.2).  As a control, 10 tumour-bearing mice 

were treated in the same manner with an equivalent dose of an unrelated isotype-

matched mAb (anti-Ross River Virus (RRV) IgG1 mAb).  All isotype-matched mAb 

treated mice were significantly faster at developing tumours when compared to 

anti-CD25 mAb treated mice up to 13 days post-treatment.  The same tumour growth 

rate observed in the mice treated with the isotype control mAb was also observed in 

mice left untreated or treated with PBS (data not shown).    

 



     

Chapter 5: Intra-tumoural Treg cell inactivation 134 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 5.2: Inhibition of tumour development by a single intra-tumoural administration of 

anti-CD25 mAb. 

20 mice were implanted s.c. with 1 x 107 AE17 cells.  Tumour areas were calculated by multiplying two, 

right-angled tumour diameters measured using micro-callipers and is presented on the vertical axis. Once 

tumours reached 9 mm2 a single, intra-tumoural treatment with anti-CD25 mAb was administered to ten 

mice (―).  This treatment time-point is designated on the horizontal axis as day 0 and labelled 

“treatment”.  Ten control mice were treated in the same manner with a single 0.3 mg dose of an isotype-

matched mAb solution (anti-IgG1 RRV) (―).  The higher dose of isotype matched mAb solution was 

used as the isotype matched mAb was purified from serum-positive tissue culture media while 

anti-CD25 mAb was purified from serum free CD Hybridoma media.  Data are the mean ± SEM for 10 

mice per group per time-point.  A single asterisk represents a p-value < 0.05. 
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5.2.1.3 Multiple, intra-tumoural anti-CD25 mAb treatments prolong tumour growth 

inhibition. 

To test whether the period of tumour growth inhibition could be extended past 10 days, 

multiple intra-tumoural administrations of anti-CD25 mAb at 10 day intervals were 

trialled.  The combined results of two experiments showed all 12 treated mice to 

undergo 10 days of tumour growth inhibition following the intra-tumoural 

administration of anti-CD25 mAb into the 9 mm2 tumours (Fig. 5.3).  Following the 

second intra-tumoural treatment 10 of the 12 treated mice showed tumour growth 

inhibition out to day 20.  The remaining 2 mice “escaped” tumour growth inhibition and 

their tumours resumed rapid growth despite the continued administration of the 

anti-CD25 mAb at 10 day intervals.  The resumption of tumour growth in these 2 mice 

was initiated after the second anti-CD25 mAb treatment and hence they are termed 

“escapes after T2”.  After the third treatment (T3), 3 further mice escaped 

anti-CD25 mAb induced tumour growth inhibition.  Figure 5.4 presents the full data for 

this study, particularly the fate of the final 7 mice inhibited in tumour development in 

Figure 5.3.  Mice were treated in total with up to 6 intra-tumoural doses of 

anti-CD25 mAb at 10 day intervals.  As a result of each treatment the majority of mice 

were inhibited for a further 10 days while a small proportion resumed tumour growth.  

After T6 the tumour in one mouse completely regressed and was undetectable out to 

day 70 post tumour challenge when the experiment was terminated.  Control mice were 

treated with multiple doses of the isotype matched mAb at 10 day intervals (data not 

shown).  Control mice developed tumours at a much faster rate and reached the humane 

end-point of 100 mm2 by approximately day 25 post treatment 1.      
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Figure 5.3: Prolonged inhibition of tumour development by multiple intra-tumoural 

administrations of anti-CD25 mAb. 

Mice were implanted s.c. with 1 x 107 AE17 cells.  Tumour areas were calculated by multiplying two, 

right-angled tumour diameters measured using micro-callipers and is presented on the vertical axis. Once 

tumours reached 9 mm2 the first intra-tumoural treatment with anti-CD25 mAb was administered.  To 

extend the period of tumour growth inhibition, a further 12 tumour-bearing mice were treated with 

multiple doses (3 in total) of anti-CD25 mAb at 10 day intervals and compared to control mice treated 

with the isotype-matched mAb (data not shown). The first treatment was administered to tumours of 

9 mm2 and designated day 0 on the horizontal axis with an arrow labelled “T1”.  Subsequent treatments 

were given at 10 day intervals and labelled “T2” and “T3”.  Mice that remained inhibited in tumour 

development were grouped as “tumours inhibited by anti-CD25 mAb” ( ).  For some of the mice, tumour 

development was not further inhibited by subsequent treatments.  Mice which “escaped” tumour growth 

inhibition after one of the treatments are plotted separately and termed “escapes after T2” (▲) and 

“escapes after T3” (●).  The number of mice with either inhibited tumour growth or “escaping” tumours 

after each treatment are indicated within the figure.  Data are the mean tumour area ± SEM per time-

point. 
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Figure 5.4: Prolonged inhibition of tumour development by multiple intra-tumoural 

administrations of anti-CD25 mAb. 

Mice were implanted s.c. with 1 x 107 AE17 cells.  Tumour areas were calculated by multiplying two, 

right-angled tumour diameters measured using micro-callipers and is presented on the vertical axis. Once 

tumours reached 9 mm2 the first intra-tumoural treatment with anti-CD25 mAb was administered.  To 

extend the period of tumour growth inhibition, a further 12 tumour-bearing mice were treated with 

multiple doses (6 in total) of anti-CD25 mAb at 10 day intervals and compared to control mice treated 

with the isotype-matched mAb (data not shown). The first treatment was administered to tumours of 

9 mm2 and designated day 0 on the horizontal axis with an arrow labelled “T1”.  Subsequent treatments 

were given at 10 day intervals and labelled “T2”, “T3” etc.  Mice that remained inhibited in tumour 

development were grouped as “tumours inhibited by anti-CD25 mAb” ( ).  For some of the mice, tumour 

development was not further inhibited by subsequent treatments.  Mice which “escaped” tumour growth 

inhibition after one of the treatments are plotted separately and termed “escapes after T2” and “escapes 

after T3” etc.  The number of mice with either inhibited tumour growth or escaping tumours after each 

treatment are indicated within the figure.  Data are the mean tumour area ± SEM per time-point 
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5.2.2 Analysis of “escape” tumours. 

The intra-tumoural administration of anti-CD25 mAb every 10 days is highly effective 

at inhibiting tumour development in the majority of mice.  This treatment regime is 

limited however by the fact that some mice resume tumour growth after multiple 

treatments as if the antibody treatment had ceased.  The failure to inhibit tumour growth 

over time in the remaining mice may be due to several reasons including (i) the loss of 

mAb bioactivity (107, 156, 157), (ii) a non-CD25+ Treg cell assuming the 

immunosuppressive role over time (106, 107), (iii) the development of neutralizing 

antibodies against the rat anti-mouse CD25 mAb (28, 29, 211), (iv) the depletion of 

activated effector T cells (28, 29, 87, 156, 211), (v) poor timing of subsequent doses of 

mAb (107, 156, 157) or (vi) a mutation in the tumour such that the TCR specificity is 

altered (201, 212).  Studies aimed at investigating these potential mechanisms of 

“escape” from tumour growth inhibition have been conducted and are presented below.   

 

5.2.2.1 Loss of antibody bioactivity. 

To confirm the anti-CD25 mAb used in the above experiments had not degraded in 

storage and was hence still active in vivo it was retested for the ability to inactivate 

intra-tumoural Treg cells.  Two mice with 40 mm2 tumours were treated i.t. with a single 

dose of anti-CD25 mAb.  Two tumours of the same size were left untreated.  24 hours 

post anti-CD25 mAb treatment (PC61 clone) the treated and untreated tumours were 

removed, dissociated and analysed by flow cytometry to determine the percentage of 

tumour-located CD4+ T cells expressing CD25 by secondary staining with a mAb 

directed against a different CD25 epitope (7D4 clone).  24 hours post anti-CD25 mAb 

treatment there was a 92.3 ± 3.7% reduction in the expression of CD25 by intra-

tumoural CD4+ T cells confirming the antibody was still active in vivo and that 

degradation of the anti-CD25 mAb in storage could not explain the resumption of 

tumour growth in some mice treated multiple times with anti-CD25 mAb. 

 

5.2.2.2 Induction of a non-CD25+ Treg cell. 

Although CD4+CD25+ Treg cells are most often implicated in tumour immunity 

CD4+CD69+CD25- T cells have also been proposed as Treg cells in both retroviral 
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infection models and a murine tumour model (personal communication: A. van der 

Vuurst de Vries, Amgen, USA and (106, 107)).  In order to determine whether a second 

non-CD25+ Treg cell population was assuming the immunosuppressive role in tumours 

treated multiple times with anti-CD25 mAb the expression of CD69 by intra-tumoural 

CD4+CD25- T cells was determined.  Six untreated tumours were compared to 6 

tumours treated once with anti-CD25 mAb and 6 tumours treated multiple times with 

the anti-CD25 mAb.  The flow cytometric analysis of CD69 expression by intra-

tumoural CD4+CD25- T cells revealed no significant difference in the expression of 

CD69 by intra-tumoural CD4+CD25- T cells despite treatment status of the tumours 

(Fig. 5.5).  These data suggest that CD4+CD25-CD69+ Treg cells are not induced in 

tumours that have resumed tumour growth following multiple treatments with anti-

CD25 mAb.  
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Figure 5.5: Expression of CD69 by intra-tumoural CD4+CD25- T cells is not increased following 

multiple treatments with anti-CD25 mAb.   

Mice were implanted s.c. with 1 x 107 AE17 cells.  Tumour areas were calculated by multiplying two, 

right-angled tumour diameters measured using micro-callipers and is presented on the vertical axis. 

Tumours of 9 mm2 were treated intra-tumourally with 0.15 mg anti-CD25 mAb or left untreated as 

controls.  24 hours post anti-CD25 mAb treatment both untreated mice and the mice treated once with 

anti-CD25 mAb were culled, tumours removed and dissociated for flow cytometric analysis of the 

percentage of intra-tumoural CD4+CD25- T cells co-expressing CD69.  The same methods were used to 

examine tumours treated five times with the same dosage of anti-CD25 mAb at 10 day intervals.  Data are 

the mean ± SEM of 6 mice per group. 
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5.2.2.3 Depletion of activated effector T cells 

CD25 is also an activation marker and may therefore be expressed by other cells 

including activated CD4+Foxp3- helper T cells and activated CD8+ CTLs.  Section 

5.2.1.1 describes the low level of CD25 expression by intra-tumoural CD8+ CTLs while 

Treg cells are co-resident in tumours.  It was only once Treg cells were removed by the 

specific inactivation of Treg cells with anti-CD25 mAb that CD25 expression by 

CD8+ CTLs was seen to increase above 20%.  To examine whether a second dose of 

anti-CD25 mAb administered 10 days post the first might now specifically target 

CD8+CD25+ CTLs, tumours were removed and examined by flow cytometry by 

secondary staining with a mAb directed against a different CD25 epitope (7D4 clone).  

The percentage of intra-tumoural CD8+ CTLs co-expressing CD25 on day 10 post T1 

(pre-T2) was compared to the percentage of intra-tumoural CD8+ CTLs expressing 

CD25 in tumours removed on day 11 post T1 (1 day post-T2).  No significant difference 

in the expression of CD25 by intra-tumoural CD8+ CTLs was observed (21.6 ± 7.3% 

compared to 20.8 ± 3.9% respectively, n=6).   

 

5.2.2.4 Poor timing of subsequent anti-CD25 mAb treatments: SAA as a marker of 

Treg cell activity. 

Although it appeared from both the tumour growth inhibition experiments and the 

analysis of the efficacy of Treg cell inactivation (Section 5.2.1) that 10 day intervals 

between anti-CD25 mAb treatments were effective in most mice at prolonging tumour 

growth inhibition, some mice resumed tumour growth.  A further reason for this 

“escape” may be inter-mouse differences in the timing of Treg cell expansion in response 

to tumour challenge and effector cell priming (137).  Treg cells are suggested to live in 

homeostatic relationship with effector T cells.  That is, when effector T cells are highly 

active, Treg cells must be low in activity but then once effectors have completed the task 

of tumour clearance the Treg cells are upregulated and act to suppress the effector cell 

response before any over action of the effector cells could result in self harm (see 

Figure 3.1).  A predictive serum marker for Treg cell cycling in response to tumour 

challenge could therefore be useful in targeting the anti-CD25 mAb treatments more 

specifically in individuals.  Serum Amyloid A (SAA) is an acute phase protein which 

was analysed alongside C-reactive protein (CRP) for use in post transplant monitoring 
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of renal allograft rejection (213).  Although the specific link was not made in the renal 

allograft rejection paper, the rejection of transplants has also been linked to Treg cell 

activity (116).  In the cases of renal graft rejection reported by Maury and Teppo 

(1984), SAA levels were significantly elevated when graft rejection was occurring with 

the time between rejection episodes shown to be 14 days (213).  Elevated SAA levels 

were suggested to be a result of the host’s response to cellular injury (graft rejection) 

which corresponds to a time at which Treg cells are inactive.  This finding of a 14 day 

cycle in SAA levels in response to an immune challenge was also noted in a study 

looking at SAA levels in response to juvenile chronic arthritis, another immune disease 

also associated with Treg cell activity (214, 215).   

 

A commercial ELISA kit (TriDelta, Ireland) was used to measure SAA levels in mice 

challenged with mesothelioma in order to determine any peaks in SAA levels 

(associated with an anti-tumour effector response) or low SAA (associated with Treg cell 

suppression of the anti-tumour immune response) in the hope of determining the 

appropriate time interval between subsequent intra-tumoural anti-CD25 mAb 

treatments.  A preliminary study to assess the effect of murine mesothelioma 

development on SAA levels was conducted. This study measured SAA levels in the 

serum of mice implanted s.c. with 1 x 106 AE17 cells.  Five mice were bled at d0 (prior 

to tumour challenge) and then again on days 14, 21, 28 and 35 post tumour challenge.  

The SAA level at each of the weekly time points was determined using the murine SAA 

ELISA kit and found to be very low in both the tumour-challenged and naïve mice 

(Fig. 5.6).  In fact, the level of SAA detected in all mice of this experiment, despite the 

size of the tumours, was considered “normal” (<20 µg/ml) according to the 

manufacturer’s protocol. 

 

The subcutaneous tumours developed in the murine model of mesothelioma are 

encapsulated and have not been found to be prone to metastasis when kept below the 

humane end-point size of 100 mm2.  The tumours may therefore not have resulted in a 

high enough systemic inflammatory immune response to result in elevated SAA levels 

(13, 216).  An extended study was therefore conducted in mice challenged with i.p. 

mesothelioma tumours which are known to be more aggressive (15).  Three groups of 

10 mice were implanted i.p. with 1 x 106 AE17 cells.   Blood samples (<200 µl) were 

collected from the three groups of tumour-bearing mice on a 3 day rotation and 
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compared to blood collected from naïve, tumour-free mice.  After collection, blood was 

allowed to clot in tubes containing no additive before serum collection and analysis of 

SAA using the murine SAA ELISA kit.  One microlitre from each of the ten serum 

samples per time point were pooled together and analysed on the same assay plate in 

order to generate an average SAA reading per time-point post tumour challenge.  For 

the first 20 days only a low level of SAA was detectable and the concentration of SAA 

for both naïve mice and tumour challenged mice was within the normal range 

(<20 µg/ml) (Fig. 5.7).  As at day 20 the mice in this experiment had not yet succumbed 

to their tumours, 6 mice were culled to confirm tumours had in fact developed in these 

mice.  Small i.p. tumour nodules were identified in all mice.  The remaining mice (8 per 

group) were monitored out to day 38 when the majority of mice had begun to succumb 

to large (palpable) intra-peritoneal tumours.  Even at these later time-points post tumour 

challenge SAA levels were within the normal range.  It was only at very late time-points 

(day 38-55) that the SAA results exceeded the normal level.  There was no evidence for 

regular SAA “cycling” in the murine mesothelioma model.   
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Figure 5.6: SAA levels in mice challenged s.c. with 1 x 106 mesothelioma cells. 

Mice were implanted s.c. with 1 x 106 AE17 cells.  Mice were bled on days 14, 21, 28 and 35 post tumour 

challenge and blood collected for serum separation.  The sera were analysed for the presence of SAA by 

ELISA following the manufacturer’s protocol (Tridelta, Ireland).  SAA levels were calculated by 

comparison to an SAA standard and are presented on the vertical axis.  The maximum of the normal 

range is represented by a dashed line.  Data are the mean ± SEM of triplicate wells per serum sample. 
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Figure 5.7: SAA levels in mice challenged i.p. with murine mesothelioma. 

Mice were implanted i.p. with 1 x 106 AE17 cells.  Mice were placed in three groups and bled on 

alternate days on a 3 day rotation for 55 days.  Blood was collected for serum separation and the sera 

from all mice of the group bled on a particular day pooled together and analysed for the presence of SAA 

by ELISA.  SAA levels were calculated by comparison to an SAA standard and compared to SAA levels 

in naïve mice.  Data are the mean ± SEM of triplicate wells per serum sample made up of 2 pooled serum 

samples for naïve mice and 10 pooled serum samples for 10 tumour-bearing mice up to day 20 and 8 

tumour-bearing mice from day 21 to day 38.  From day 38 onwards, the number of tumour challenged 

mice pooled for SAA analysis is presented in the figure.  The maximum of the normal range of SAA is 

represented by the dashed line. 
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5.2.2.5 Development of a neutralising antibody to the rat-derived anti-CD25 mAb. 

PC61 is a rat anti-mouse CD25 mAb and its repeated administration and therefore the 

prolonged exposure of mice to the rat derived antibody may result in the development 

of anti-rat antibodies.  The immunogenicity of monoclonal antibodies used in therapy is 

a recognised problem and the development of humanised antibodies for use in cancer 

patients is a direct result of this (211).  An ELISA was developed to determine whether 

neutralising antibodies were being made by mice treated with multiple doses of 

anti-CD25 mAb.  The PC61 anti-CD25 mAb itself was used as the capture antibody in 

the ELISA.  Should the mice have developed neutralising antibodies to the rat 

anti-mouse CD25 mAb, the neutralising antibodies would be mouse anti-rat specific and 

would therefore bind to the PC61 capture antibody.  The test samples were sera from 

untreated tumour-bearing mice and sera from mice treated once with anti-CD25 mAb or 

multiple times with the anti-CD25 mAb.  Mice were bled by cardiac puncture or tail 

vein bleed and blood was collected into sterile uncoated blood tubes for serum 

preparation.  Sera were diluted in mouse osmolarity buffered saline (MOBS) prior to 

addition to the ELISA plate.  The detection antibody in the ELISA was an alkaline 

phosphatase-conjugated anti-mouse IgG.   The average OD readings (each serum 

sample was plated in triplicate) for absorbances measured at 405 nm are presented in 

Figure 5.8.  This figure represents a single ELISA and was confirmed by a second 

ELISA assay (data not shown).  MOBS was used as the blank reagent while goat anti-

rat serum reacted with an alkaline phosphatase-conjugated anti-goat IgG was used as a 

positive control.  The sera from untreated tumour-bearing mice gave an average 

absorbance reading of 0.10 ± 0.001 which was not significantly different from the 

absorbance of sera prepared from mice 3 days after a single treatment with 

anti-CD25 mAb (0.12 ± 0.005).  The absorbance readings for sera prepared from mice 

treated once with anti-CD25 mAb did not increase even with time since exposure to the 

mAb (0.12 ± 0.005 at day 3 compared to 0.13 ± 0.02 at day 10 post treatment).  The 

sera prepared from mice treated twice with anti-CD25 mAb gave the first significant 

increase in absorbance reading when compared to the sera of untreated, tumour-bearing 

mice (p < 0.01).  This suggested the development of neutralising antibodies can occur 

after as little as two treatments at 10 day intervals with anti-CD25 mAb.  The sera from 

“escape” mice (mice with tumours that had resumed growth despite having being 

treated either 3 or 5 times with anti-CD25 mAb) gave an even higher average 



   

Chapter 5: Intra-tumoural Treg cell inactivation 147

absorbance reading when compared to naïve mouse serum (0.3 ± 0.01 and 0.7 ± 0.03 

respectively) suggesting that over time and after multiple treatments with anti-CD25 

mAb, more neutralising antibodies are made which could block the in vivo functioning 

of the anti-CD25 mAb.    
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Figure 5.8: Development of neutralising antibodies in mice treated multiple times with 

anti-CD25 mAb, representative data.   

Mice were implanted s.c. with 1 x 107 AE17 cells.  Tumours of 9 mm2 were treated intra-tumourally with 

0.15 mg anti-CD25 mAb or left untreated as controls.  Subsequent treatments with anti-CD25 mAb were 

administered a 10 day intervals.  24 hours post the first anti-CD25 mAb treatment both treated and 

untreated mice were bled for serum separation.  The same methods were used to collect serum from mice 

3 and 10 days post the first anti-CD25 mAb treatment and from mice treated 2, 3 and 5 times with 

anti-CD25 mAb.  The sera were diluted 1/2 and analysed for the presence of mouse anti-rat neutralising 

antibodies by ELISA using a 1/50 dilution of anti-CD25 mAb (PC61) as the capture antibody and 1/1000 

dilution of alkaline phosphatase-conjugated anti-mouse IgG to as the detection antibody.   Absorbances 

were read at 405 nm.  Data are the mean ± SEM of triplicate wells per serum sample. 
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5.3 Discussion 

Anti-CD25 mAb treatment was shown to inactivate intra-tumoural Treg cells and as a 

consequence release activated CD8+CD25+ CTLs from immunosuppression allowing 

them to begin tumour clearance.  Although a single intra-tumoural treatment with 

anti-CD25 mAb has proven successful at inhibiting tumours in 100% of the cases, this 

effect was limited to 10 days, presumably reflecting the loss of antibody from the site.  

Extended intra-tumoural anti-CD25 mAb treatments demonstrated second and 

subsequent treatments were only effective in a major proportion of the mice.  This novel 

observation formed the majority of our recent publication in Biochemical and 

Biophysical Research Communications (196).  The success of intra-tumoural anti-CD25 

mAb treatment for murine mesotheliomas was, however, limited by the fact that in 

some mice tumours “escape” or resume tumour growth despite repeated anti-CD25 

mAb treatments.  No comments have been made in the published literature about a lack 

of anti-CD25 mAb activity over time and so the final part of this chapter examined the 

reasons behind the resumption of tumour growth in some of the treated mice.  Several 

reasons were proposed to explain the resumption of tumour growth in some mice 

treated multiple times with anti-CD25 mAb including (i) poor timing of 

anti-CD25 mAb (107, 156, 157), (ii) a non-CD25+ Treg cell assuming the 

immunosuppressive role over time (106, 107), (iii) the development of neutralizing 

antibodies against the rat anti-mouse CD25 mAb  (28, 29, 211), (iv) the depletion of 

activated effector T cells (28, 29, 87, 156, 211), (v) a mutation in the tumour such that 

the TCR specificity is altered (201, 212) or (vi) loss of anti-CD25 mAb bioactivity 

in vivo  (107, 156, 157).   

 

The analysis of the targeting of anti-CD25 mAb to activated effector T cells was 

inconclusive.  The data in section 5.2.1.1 suggested that the first dose of anti-CD25 

mAb administered intra-tumourally preferentially targets intra-tumoural Treg cells and 

not intra-tumoural activated CD8+CD25+ CTLs but also suggested that the most 

appropriate day for the analysis of the effect of intra-tumoural anti-CD25 mAb 

treatment on intra-tumoural CD8+ T cells was day 3 post treatment.  It can not therefore 

be concluded that multiple intra-tumoural anti-CD25 mAb treatments had no effect on 

intra-tumoural CD8+ CTLs and hence that this was the reason for resumption of tumour 

growth in some mice treated multiple times with anti-CD25 mAb.  To confirm the role 
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of CD8+ CTLs in the anti-tumour immune response, co-depletions of Treg cells and 

CD8+ CTLs using an anti-CD8 mAb could be conducted.  It would be expected if 

CD8+ CTLs were important in this anti-tumour immune response that co-depletion of 

the CD8+ CTLs with the Treg cells would result in normal tumour growth kinetics as no 

anti-tumour immune response could be mounted.   

 

At this stage, no studies had been conducted to investigate tumour antigen mutation as a 

mechanism of “escape” from tumour growth inhibition.  To investigate this further in 

the future, “escape” tumours could be removed from mice and primary cell cultures 

made.  By the process of clonal dilution, individual tumour cells from the “escape” 

tumours could be used to generate new tumour cells lines that could be compared to the 

original AE17 cells both in vitro and in vivo for changes in gene expression by global 

genechip analysis for common tumour associated antigens (217).  Also in terms of 

tumour antigen mutation, changes in the TCRs expressed by effector T cells in the 

original AE17 and the “escape” tumours may indicate tumour antigen mutation or loss 

of effector T cell tumour specificity.  Vα or Vβ expression by purified effector T cells 

could be determined and followed by an investigation for oligoclonality as a measure of 

a changed response to tumour antigens in escapes (218).  Differences in tumour growth 

kinetics between the newly derived tumour cell lines from the “escape” tumours and the 

original AE17 cells could be determined both in vivo and in vitro and indicate mutations 

while differences in the response of the newly derived tumour cell lines from the 

“escape” tumours to the original AE17 tumour cells to anti-CD25 mAb treatment may 

confirm any direct changes in the tumour cells themselves resulting in the generation of 

“escape” tumours.   

 

Although some further studies could be conducted to investigate the role of tumour 

antigen mutation or CTL responses in “escape” tumours, it was clearly shown that 

neutralising antibodies to the rat-derived anti-mouse CD25 mAb were being induced in 

this tumour model in response to multiple treatments with anti-CD25 mAb.  In humans, 

the administration of mouse monoclonal antibodies can lead to the development of a 

human anti-mouse antibody immune response (211).  The Treg cell inactivation therapy 

presented in this chapter is therefore still clinically relevant as humanised anti-CD25 

mAbs (e.g. basiliximab and daclizumab) are now part of well-established clinical 

immunosuppressive regimens after it was confirmed that they could prevent acute graft 
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rejection in clinical phase III studies (5, 219).  Intra-tumoural Treg cell inactivation could 

be utilized as a secondary treatment of residual tumour deposits following surgical 

debulking of tumours as it is believed that combining surgery with other forms of 

therapy may result in significant increases in survival for some mesothelioma patients 

(5, 220).  More specifically, it has been shown in a mouse model of mesothelioma that 

partial, but not complete, tumour-debulking surgery promotes protective anti-tumour 

memory when combined with both chemotherapy and immunotherapy (162).  Although, 

our work has been conducted in a murine model of mesothelioma, this treatment 

strategy is designed to release the anti-tumour immune response from suppression 

rather than to target the cancer cells specifically and is therefore potentially applicable 

to all solid tumours which use Treg cells as a significant immune evasion strategy.  This 

site targeted treatment to eliminate Treg cells based on CD25 expression has several 

other advantages over systemic treatments.  Intra-tumoural treatment may avoid side 

effects associated with the systemic inactivation of Treg cells, such as the induction of 

autoimmunity, by reducing the dosage of mAb required (28, 221) and is easier to 

translate into the clinical situation in which patients present with established tumours.   

 

Since this work was conducted, two further attempts to intra-tumourally inactivate 

Treg cells have been published.  Anti-CD4 mAb was administered intra-tumourally at 

day 14 post tumour challenge and resulted in the regression of established tumours in a 

murine fibrosarcoma model (28).  Although this treatment was effective, in the long 

term, treatment may be inhibited by the non-specific targeting of other important 

CD4+ T cell populations such as helper T cells.   Ko et al (2005) trialled the 

administration of intra-tumoural anti-GITR mAb to more specifically target the 

functioning of Treg cells and to thereby treat mice with Meth A fibrosarcomas.  

Glucocorticoid induced tumour necrosis factor receptor (GITR) has been associated 

with Treg cell function and intra-tumoural treatment with this antibody gave good results 

(222).   

 

Improvements can still be made to the intra-tumoural anti-CD25 mAb therapy.  Further 

studies within the tumour microenvironment of both the Treg cell and CTL anti-tumour 

immune responses could be conducted in order to more specifically time the 

administration of subsequent (repeated) anti-CD25 mAb treatment to coincide with 

Treg cell upregulation.  The ability to monitor Treg cell activity via a serum marker of 
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inflammation (SAA) was examined but it was concluded that SAA was not a reliable 

predictor of Treg cell activity even in the intra-peritoneal tumour model which is known 

to induce a more severe inflammatory response.  No cycling of Treg cell and CTL 

activity was evident and SAA levels remained within the normal range except at very 

late time-points when mice were succumbing to their tumour burden.  In this case the 

elevated SAA levels may not represent a lack of Treg cells and hence an active effector 

immune response but may simply reflect the overall state of inflammation or immune 

dysfunction at the time of death.   

 

In a very recent study, a time-course of Treg cell inactivation following anti-CD25 mAb 

administration was shown.  The injection of 500 mg anti-CD25 mAb (7D4) intra-

peritoneally was shown to result in the rapid but short lived inactivation of Treg cells 

with Treg cells recovering to a normal level by days 10-14 post treatment (223).  In a 

similar study by the same authors this 10 day time-frame from inactivation to recovery 

of Treg cell function was confirmed (132).  These two works support the decision in this 

study to administer anti-CD25 mAb treatments intra-tumourally at 10 day intervals.  In 

addition, the current findings of the Kohm group suggest that increased effector cell 

function following anti-CD25 mAb treatment decreased the level of cell surface CD25 

expression without altering the level of intracellular CD25 protein or CD25 mRNA 

expression suggesting that CD25 is in fact shed form the surface of the Treg cells and not 

internalised.  In agreement with this, IL-2 binding is well known to result in the 

shedding of CD25 (224, 225).  This effect of IL-2 on CD25 expression and hence 

function or development of Treg cells may also help explain the observations made in a 

similar murine mesothelioma study where recombinant IL-2 was administered intra-

tumourally to murine mesotheliomas (14).  In this study small tumours treated with IL-2 

underwent tumour regression while large tumours treated with IL-2 failed to respond. 

Timing experiments showed that the IL-2 mediated responses were dependent upon 

tumour size, not on the duration of disease which correlated with the intra-tumoural 

Treg cell increases observed in chapter 4.  It was shown that although intra-tumoural 

IL-2 did not alter tumour antigen presentation in draining lymph nodes, it did enhance a 

previously primed, endogenous, tumour-specific in vivo CTL response that coincided 

with regressing tumours. Based on the studies presented in this chapter it may be the 

case that IL-2 treatment in this model did not directly “boost” anti-tumour effector cells 

as planned but may have targeted intra-tumoural Treg cells resulting in the shedding of 
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the CD25 molecule, inactivation of Treg cells and hence and the release of the anti-

tumour immune response from suppression.  The finding that tumour-infiltrating 

CD8+ T cells but not CD4+ T cells increased in association with the IL-2 therapy would 

support this. 

        

Finally, future studies could focus on adapting this intra-tumoural anti-CD25 mAb 

therapy to the treatment of larger tumours as is often the case in the clinic.  Preliminary 

studies in this laboratory found that the treatment of AE17 tumours larger than 50 mm2 

with a single 0.15 mg dose (40 µl) of anti-CD25 mAb did not result in the significant 

inactivation of intra-tumoural Treg cells and hence no tumour growth inhibition.  The 

correct dose of anti-CD25 mAb for the treatment of larger tumours should be titrated 

with careful consideration for any spill over effect of the mAb into the periphery and 

hence the induction of a non-specific systemic response.  The treatment of larger 

tumours with many agents is often hindered by a decrease in uptake/penetration of the 

drug/treatment into large tumours (226).  This decrease in uptake/penetration may be 

dependent on poor vasculature or increased areas of necrosis.  Although the ability to 

treat larger tumours would be ideal, in animal models it is limited by rapid tumour 

growth kinetics with tumours often reaching humane endpoint sizes quickly before any 

delayed drug/treatment induced toxicity of tumour growth inhibition may be evident.    

 

Whilst further definition of Treg cell anti-tumour immunosuppression mechanisms are 

still required, we conclude that this new strategy of delivering anti-CD25 mAb directly 

into the tumour is potentially viable and is in line with current thinking that Treg cells 

are active at the site of immune regulation.  Attempts to modulate the effects of these 

Treg cells should be targeted to these sites of action.  The next chapter presents 

experiments further characterising intra-tumoural Treg cells in the hope of determining 

more specific targets for Treg cell inactivation and hints also as to the origin and lineage 

of these cells.  Further to this, cytokines and costimulatory molecules were investigated 

as potential mechanisms of Treg cell action. 
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6.1 Introduction 

There is a history in the field of Treg cell immunology to want to identify Treg cells based 

on characteristics such as cell surface marker expression or cytokine secretion profile.  

Naturally occurring Treg cells originate in the thymus and have been described to have 

an antigen specificity for self-antigens (227).  Tr1/Th3 cells are generally foreign 

antigen-specific and may be derived in the periphery from conventional naïve 

CD4+CD25- T cell precursors following exposure to antigen and primarily secrete IL-10 

and TGF-β (228).  While CD4+CD25+Foxp3+ Treg cells are most commonly implicated 

in cancer studies of both mice and humans (25-27, 53, 94, 95, 118, 156, 179), there is 

increasing evidence that Treg cells are in fact a heterogenous population (66, 67).   

 

In this chapter, the expression of several proposed Treg cell surface markers, including 

cytotoxic T lymphocyte associated antigen-4 (CTLA-4), Neuropilin-1 (Nrp-1) and 

CD69 by intra-tumoural Treg cells were examined.  The expression of CTLA-4 has been 

shown to distinguish recently activated T cells from CD4+CD25+ Treg cells (87, 88).  

CTLA-4 and CD28 are both homologues that can bind to B7 with opposing functions.  

CD28 co-stimulates T cells while CTLA-4 inhibits T cell activation (229).  CD69 is an 

accepted activation marker of T cells but has also been suggested as a marker of 

Treg cells in both retroviral models and a cancer model (personal communication A. van 

der Vuurst de Vries, Amgen, USA and (106, 107)).  Nrp-1, a receptor involved in axon 

guidance, angiogenesis, and the activation of T cells, was identified in 2004 by global 

genechip analysis to be a novel marker of Treg cells with the ability to differentiate 

Treg cells from activated CD4+ T cells (86).  Although CTLA-4 has been linked directly 

to Treg cell function the roles of CD69 and Nrp-1 are less well understood.     

 

Beyond cell-to-cell contact dependent mechanisms of immunosuppression involving 

CTLA-4, CD4+CD25+ Treg cells have also been shown to act via the secretion of 

immunosuppressive cytokines to induce immunosuppression.  Secretion of an elevated 

level of either IL-10 and/or TGF-β together with some IL-5 and no IL-4 is currently the 

best indicator of induced TCR-specific Treg cells (personal communication K Mills, 

Trinity College, Ireland).  This chapter presents data on the cytokine secretion profile of 

intra-tumoural Treg cells in an attempt to further characterise these cells and to 

understand their mechanisms of action.  With the development of techniques to make 
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single cell suspensions from tumours and the ability to isolate Treg cells from tumours at 

a reasonably high level of purity cytokine experiments were also conducted to 

specifically analyse the intra-cellular cytokine expression by Treg cells together with 

direct ex vivo cytokine secretion profiles.   As the secretion of both or either of IL-10 

and TGF-β are potential mechanisms of action of intra-tumoural Treg cells both 

molecules were blocked in vivo in order to assess the requirement of either or both 

cytokines for Treg cell function. 

 

Following the thorough characterisation of intra-tumoural Treg cells in the murine model 

of mesothelioma based on cell surface marker expression and cytokine secretion 

profiles the question: “Where do intra-tumoural Treg cells come from?” still remained.  

Both the traditionally-defined natural, thymically derived Treg cells and peripherally-

induced Treg cells have been implicated in tumour immunity (67, 230).  Beyond this 

characterisation of Treg cells based on thymic or peripheral selection, there are further 

hypotheses about the origin and movement of intra-tumoural Treg cells in vivo in 

response to tumour challenge.  The first theory is that Treg cells preferentially move to 

and accumulate in tumours as they progress.  At the time this work was being conducted 

it had been hypothesised that the intra-tumoural accumulation of Treg cells resulted from 

a migration of peripheral CD4+ T cells consistent with the findings of Curiel et al 

(2004). The chemokine CCL22 was implicated in this migration of Treg cells and was 

shown to be secreted both by tumour cells themselves but also by tumour-located 

macrophages (27).  Others suggested CD62L and CD103 as markers of Treg cell 

migration that could be useful in addressing migration questions.  CD62L is suggested 

to be involved in the homing of lymphocytes to the lymph nodes (73) while CD103 is 

suggested to be involved in the migration of lymphocytes to inflamed sites (47).  The 

role of CCL22 and the cell surface markers CD62L and CD103 on the migration of 

Treg cells into murine mesotheliomas is investigated in this chapter.   

 

A second explanation for the intra-tumoural presence and activity of Treg cells is that 

Treg cells are induced within tumours via the immunosuppressive cytokine TGF-β (127, 

128).  It has been suggested that TGF-β within tumours can induce the conversion of 

CD4+CD25- T cells into CD4+CD25+Foxp3+ Treg cells (127, 128).  As it was known that 

mesothelioma tumour cells are secretors of TGF-β (129) it was further hypothesised 
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that TGF-β secreted by the tumour cells themselves may induce the conversion of naïve 

CD4+ T cells into Treg cells in order to provide an environment of immunosuppression 

thus allowing unrestrained tumour growth.  Finally, it has been proposed that the 

accumulation of intra-tumoural Treg cells could result from the selective proliferation of 

naturally occurring CD4+CD25+Foxp3+ Treg cells requiring signalling through the 

TGF-β receptor II (130).  Two rodent tumour models were used to show that during 

tumour development tumour cells themselves convert a population of immature 

dendritic cells into a regulatory type DC that secrete TGF-β.  These DCs are then 

recruited to tumour draining LN where they selectively promote the proliferation of 

Treg cells in a TGF-β dependent manner. 

 

While examining the role of TGF-β in inhibiting tumour development the conversion or 

proliferation of intra-tumoural Treg cells by TGF-β was also investigated.  Finally, a 

global genechip analysis was specifically designed to compare the mRNA expression 

levels of Treg cells active at a tumour site compared to naïve spleen derived natural 

Treg cells.  A comparison of active tumour-located Treg cells to naïve Treg cells was 

directed finding a number of genes specifically upregulated in the tumour derived cells 

which could then be associated to Treg cell recruitment, induction or selection during the 

activation process. 

 

6.2 Results 

This section describes a further characterisation of intra-tumoural Treg cells based on 

cell surface marker expression and cytokine secretion profiles.  Following this, 

experiments examining both the hypotheses for Treg cell increases within tumours were 

investigated in this chapter.   

 

6.2.1 Cell surface markers 

Flow cytometry was used to analyse the expression by intra-tumoural Treg cells of 3 

potential Treg cell surface markers, CD69, Nrp-1 and CTLA-4.  The expression of 

CD69, Nrp-1 and CTLA-4 by intra-tumoural CD4+CD25+ Treg cells was examined in 

small (<25 mm2) and large (>80 mm2) tumours.  Mice were implanted with 1 x 107 

AE17 tumours cells and tumours allowed to grow to the appropriate size before the 
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animals were humanely culled and tumours removed for flow cytometric analysis.  

Three tumours in the small size range were analysed by flow cytometry for the 

percentage of CD4+CD25+ Treg cells co-expressing CD69 (Fig. 6.1A), Nrp-1 (Fig. 6.1B) 

or CTLA-4 (Fig. 6.1C).  Twelve large tumours were also analysed by flow cytometry 

for the percentage of CD4+CD25+ Treg cells co-expressing CD69 (Fig. 6.1A), Nrp-1 

(Fig. 6.1B) and CTLA-4 (Fig. 6.1C) and are presented alongside the small tumour data.  

A statistically significant increase was found in the expression of both CD69 and Nrp-1 

(p < 0.01 and p < 0.01 respectively) by intra-tumoural CD4+CD25+ Treg cells as the 

tumours increased in size.  Figure 6.1C shows that a low level of expression of CTLA-4 

by intra-tumoural CD4+CD25+ Treg cells in both small and large tumours.  Unlike Nrp-1 

and CD69 there is no upregulation of CTLA-4 by intra-tumoural Treg cells as tumours 

grow.    
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Figure 6.1: Expression of proposed Treg cell markers by intra-tumoural Treg cells. 

Mice were implanted with 1 x 107 AE17 tumours cells.  Tumours < 25 mm2 or > 80 mm2 were then 

removed and dissociated for flow cytometric analysis of cell surface markers.  The percentage of intra-

tumoural CD4+CD25+ Treg cells co-expressing (A) CD69, (B) Nrp-1 and (C) CTLA-4 was calculated in 

small versus large tumours.  Data are the mean ± SEM for 3 small tumours and 12 large tumours.  A 

single asterisk represents a p-value < 0.05.    
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6.2.2 Cytokine secretion profile 

Much work has been conducted to profile Treg cells based on cytokine secretion.  Tr1 

cells are defined by the secretion of IL-10 (231) while Th3 cells are defined on the basis 

of TGF-β secretion (49).  Without assigning labels to specific cell populations, others 

have proposed that Treg cells should secrete IL-10 and/or TGF-β, little IL-5 and no IL-4 

(personal communication: K Mills, Trinity College, Ireland).  In our laboratory’s 

previous Treg cell work using the MAIDS model, some serum cytokine changes were 

seen in response to progressing retroviral disease (107).  While studying the murine 

model of mesothelioma, no detectable changes in serum IL-4 or IL-10 was found as 

tumours progress (data not shown).  TGF-β was however detectable in the serum of 

both naïve control mice and tumour-bearing test mice but levels did not increase with 

tumour growth (data not shown).  In the MAIDS model, the most clear cytokine data 

was generated when specifically analysing intra-cellular cytokine levels and secreted 

cytokine levels by Treg cells directly ex vivo.  This section therefore provides an analysis 

of the intra-cellular and secreted cytokine profile of directly ex vivo (unstimulated) 

intra-tumoural Treg cells in order to better define and understand this cell population. 

 

6.2.2.1 Treg cell associated cytokines 

Serum cytokine levels in tumour-bearing mice did not provide any evidence for the role 

of cytokines in tumour development.  Using the previously described protocol for 

tumour dissociation and the preparation of single cell suspensions intra-tumoural 

Treg cells themselves were analysed directly ex vivo for intra-cellular cytokine levels and 

secreted cytokine levels.  For intra-cellular cytokine analyses mice were implanted s.c. 

with 1 x 107 AE17 tumour cells.  Tumours were removed at either 25 mm2 or 100 mm2 

and dissociated for flow cytometric analysis.  First tumour cell suspensions were stained 

for the CD4 and CD25 cell surface markers of Treg cells.  The stained tumour cell 

suspensions were then permeabilised and fixed prior to intra-cellular staining for IL-4 

and IL-10.  Mick-2 IL-10 and IL-4 positive control cells were stained in the same 

manner and used to set the gating criteria for flow cytometric analysis.  Mick-2 positive 

control cells are prepared by the manufacturer to be 11% positive for IL-4 and 40.8% 

positive for IL-10.  By intra-cellular flow cytometry, only very low levels of IL-10 and 

IL-4 could be detected to be expressed by tumour-located Treg cells in small tumours.  

In large tumours, a higher level of expression of both IL-10 and IL-4 was observed 
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(19.6 ± 3.1% and 22.9 ± 3.8% of tumour located CD4+CD25+ Treg cells respectively) 

(Fig. 6.2).   

 

A final, direct method for the analysis of Treg cell cytokine secretion was trialled.  In this 

case, Treg cells were isolated from 100 mm2 tumours by magnetic bead selection using 

the Imag system (BD Pharmingen) for CD4+CD25+ Treg cells.  Cells were then plated 

into a 96 well tissue culture plate at a concentration of 1 x 105 cells in 200 µl 

supplemented RPMI-1640 tissue culture media per well.  Cells were incubated 

overnight (without further stimulation) and the next morning the supernatant was 

separated from the cells and used in cytokine ELISA assays for IL-10, IL-4 and TGF-β.  

The supernatant for TGF-β ELISA analysis required acidification prior to analysis to 

activate the TGF-β for detection.  CD4+CD25+ Treg cells isolated from tumours were 

compared to their CD4+CD25- T cell counterparts in these immunoassays.  Using these 

ex vivo ELISA immunoassays it was more clearly shown that tumour-isolated Treg cells 

specifically secrete only a low level of IL-4 (no significant difference between CD25- 

and CD25+ T cell secretion, p = 0.92), a higher level of IL-10 (but not significantly 

different to CD25- T cells, p = 0.25) and significantly higher levels of TGF-β 

(significant difference between CD25- and CD25+ T cell secretion, p = 0.05) (Fig. 6.3).  

In comparison, IL-10 and TGF-β, are not secreted by tumour derived 

CD4+CD25- T cells suggesting these cytokines may be involved in the suppressive 

function of intra-tumoural Treg cells. 
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Figure 6.2: Intracellular flow cytometric analysis of cytokine expression by intra-tumoural 

Treg cells. 

Mice were implanted s.c. with 1 x 107 AE17 tumour cells.  3 tumours were removed once they reached 

25 mm2 and 3 tumours removed once they reached 100 mm2.  Tumours were dissociated and cell surface 

stained for CD4 and CD25 prior to fixation and permeabilisation.  Cells were then stained for intra-

cellular IL-4 or IL-10.  Mick-2 IL-4 and IL-10 positive control cells were used to set the gating criteria.  

Data are the percentage of intra-tumoural CD4+CD25+ Treg cells expressing intracellular cytokine.  Data 

are the mean ± SEM of 3 tumours per size range. 
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Figure 6.3: Cytokine secretion levels of sorted intra-tumoural Treg cells. 

Treg cells and CD4+CD25- T cells were sorted by Imag magnetic bead selection from 100 mm2 tumours.  

Cells were then incubated without extra stimulation in supplemented RPMI-1640 tissue culture media 

overnight in a 96 well tissue culture plate with 1 x 105 cells in 200 µl media per well.  Cytokine secretion 

levels in supernatant were calculated by ELISA by comparison to recombinant cytokine standards.  Data 

are the mean concentration ± SEM for 6 samples per cytokine per cell type. 
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6.2.2.2 Treg cell inactivation by anti-IL-10 mAb treatment. 

The cytokine secretion experiments presented above, particularly the supernatant 

ELISAs, suggested that IL-10 and TGF-β may be important cytokines in the 

immunosuppressive response mediated by intra-tumoural Treg cells.  An anti-IL-10 mAb 

was therefore used to block the effect of secreted IL-10 within tumours to determine the 

importance of this cytokine for the in vivo Treg cell response.  Mice were implanted s.c. 

with 1 x 107 AE17 murine mesothelioma tumour cells.  Once tumours reached 9 mm2 a 

single intra-tumoural 0.3 mg dose of anti-IL-10 mAb solution was administered.  A 

single 0.3 mg dose of anti-IL-10 mAb solution was based on the administration protocol 

of Seo et al 2001 (53).  Tumours were monitored regularly for tumour growth inhibition 

as a result of IL-10 blockade and potentially the blockade of Treg cell function 

(Fig. 6.4A).  No tumour growth inhibition was observed as a result of this single intra-

tumoural treatment. 

 

The blockade of IL-10 and hence Treg cell function has been shown in the past to be 

effective at inducing tumour growth inhibition (53).  This type of treatment is 

complicated by the fact that IL-10 is a secreted cytokine and so the effect of anti-IL-10 

mAb may be transient.  In order to prolong the IL-10 blockade multiple intra-tumoural 

doses of the same amount of anti-IL-10 mAb (0.3 mg) were administered intra-

tumourally at 3 to 4 day intervals (i.e. on days 0 and then days 4, 7 and 11 post initial 

treatment).  Again no significant differences in tumour growth was seen between the 

anti-IL-10 mAb treated mice and the untreated control animals (Fig. 6.4B). 

 

The intra-tumoural blockade of TGF-β was also undertaken and is fully described in 

Section 6.2.4 below. 
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Figure 6.4: Blocking Treg cell function with intra-tumoural anti-IL-10 mAb treatment 

Mice were implanted s.c. with 1 x 107 AE17 tumour cells.  Tumours were allowed to grow to 9 mm2 prior 

to the initiation of treatment.  (A) Mice were treated with a single, intra-tumoural 0.3 mg dose of 

anti-IL-10 mAb solution in a 40 µl volume.  Control mice were left untreated.  (B) Mice were treated 

with a single dose of 0.3 mg anti-IL-10 mAb solution intra-tumourally.  Subsequent treatments were also 

of a 0.3 mg dosage on days 4, 7 and 11 post initial treatment.  All mice were monitored regularly and 

tumour areas calculated.  Data are the mean ± SEM for (A) 3 anti-IL-10 mAb treated mice and 9 

untreated control mice and (B) 3 untreated control mice and 5 mice treated with the multiple doses of 

anti-IL-10 mAb.   

 

0

25

50

75

100 untreated controls

anti-IL-10 mAb

0 5 10 15 20 25
Tu

m
ou

r 
ar

ea
 (m

m
2 )

0

25

50

75

100

untreated controls

anti-IL-10 mAb

0 5 10 15 20 25

   T1    T2   T3   T4

Days post treatment

Tu
m

ou
r 

ar
ea

 (m
m

2 )



     

Chapter 6: Characterisation, origin and potential mechanisms of action of  
intra-tumoural Treg cells 

168 

6.2.3 Treg cell recruitment from the periphery 

The question “where do intra-tumoural Treg cells come from still remained”?  If 

Treg cells were being recruited from the periphery, potentially via the tumoural secretion 

of the chemokine CCL22 as proposed by Curiel et al (2004), a decrease in the 

peripheral Treg cell population should result.   

 

6.2.3.1 Early Treg cell recruitment from the periphery 

Although the relative expression of CD25 by CD4+ T cells in the periphery of tumour-

bearing mice was analysed in chapter 3 and only a small increase in CD25 expression 

was observed in the blood, the percentage of CD4+ T cells with respect to total cells in 

the peripheral lymphoid organs (spleen, blood and LNs) was not examined.  A 

reanalysis of the data presented in Figures 3.2A and 3.2B revealed a significant and 

early (day 14 post tumour challenge) decrease in CD4+ T cells in the spleen (p < 0.05) 

and LNs (p < 0.01) of tumour bearing mice when calculated as a percentage of total 

cells (Fig. 6.5A and 6.5B respectively).   This same decrease was not seen in the blood 

(Fig. 6.5C).  In a similar analysis, the actual number of CD4+CD25+ Treg cells in the 

peripheral lymphoid organs were calculated over the same 5 week time-course of 

tumour development by multiplying total cell counts with the percentage of 

CD4+CD25+ Treg cells identified by flow cytometry (Fig. 6.6).  Again an early drop in 

Treg cells was seen from the time of tumour implantation to approximately 14 days post 

tumour challenge with a gradual recovery in the CD4+CD25+ Treg cell population by day 

28 in both the spleen and draining LN of the mesothelioma-bearing mice (Fig. 6.6A and 

Fig 6.6B respectively).  Interestingly, the opposite was seen in the blood, that is, an 

increase in peripheral Treg cells with tumour development (Fig 6.6C) perhaps suggesting 

a role for the blood in the transportation of peripheral Treg cells to the tumour.  

Together, the data suggests that the low levels of CD4+CD25+ Treg cells seen inside 

small tumours may result from the recruitment of natural Treg cells from the periphery.   
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Figure 6.5: Percentage of CD4+ T cells in the periphery of mesothelioma-bearing mice.   

Mice were implanted s.c. at day 0 with 1 x 106 AE17 tumour cells.  Mice were culled at days 14, 21, 28 

and 35 post tumour challenge and single cell suspensions made from (A) spleens, (B) draining LN and 

(C) blood for analysis by flow cytometry for the presence of CD4+ T cells.  CD4+ T cells were calculated 

as a percentage of the total cells over a 5 week time-course of tumour development and compared to the 

percentage seen in naïve, tumour free mice (day 0).  Data are the mean ± SEM of 8 mice per time-point.   
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Figure 6.6: Total number of CD4+CD25+ Treg cells in the periphery of mesothelioma-bearing mice. 

Mice were implanted s.c. at day 0 with 1 x 106 AE17 tumour cells.  Mice were culled at days 14, 21, 28 

and 35 post tumour challenge and single cell suspensions made from (A) spleens, (B) draining LN and 

(C) blood for analysis by flow cytometry for the presence of CD4+CD25+ Treg cells.  Total cell numbers 

were calculated by multiplying the percentage of cells identified by flow cytometry with cell counts made 

by counting total live cells using a neubauer chamber and the trypan blue exclusion method over a 5 week 

time-course of tumour development and compared to the number seen in naïve, tumour free mice (day 0).  

Data are the mean ± SEM of 5 mice per time-point.   
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6.2.3.2 Treg cells express cell surface markers of T cell migration 

It was clear from Section 6.2.4.1 that the Treg cells observed with tumours may represent 

a population of Treg cells recruited from the periphery of the tumour-bearing mouse.  To 

further examine this recruitment, CD4+CD25+ Treg cells in the spleen, blood, draining 

LN and tumours of mice were examined for the expression of CD62L and CD103 by 

flow cytometry.  A total of 12 mice were examined in 3 independent experiments and 

the data pooled for presentation in Figure 6.7.  It was revealed that a significant 

expression of CD62L exists on Treg cells in the blood of tumour-bearing mice 

suggesting blood located Treg cells are homing to LN.  As these Treg cells make it to the 

LN, CD62L expression significantly drops (Fig 6.7A).  An opposite trend was noted 

when investigating the expression of CD103 by Treg cells in the periphery and tumours 

of mice.  A low expression of CD103 is observed in the blood, with intermediate 

expression in the LN and a high expression in the tumour (Fig 6.7B).  
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Figure 6.7: Markers of Treg cell migration 

Mice were implanted s.c. at day 0 with 1 x 107 AE17 tumour cells.  Mice were culled when tumours had 

reached the humane endpoint of 100 mm2 and single cell suspensions made from draining LN and 

tumours and lymphocytes prepared from blood for analysis by flow cytometry for the percentage of 

CD4+CD25+ Treg cells co-expressing (A) CD62L and (B) CD103.  Data are the mean ± SEM of 12 mice 

per tissue type.  A single asterisk represents a p-value < 0.05. 
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6.2.3.3 CCL22 as an inducer of Treg cell migration. 

There was accumulating evidence that Treg cells were migrating to the tumours from the 

periphery.  This supported the finding of a murine ovarian cancer model that Treg cells 

were recruited to tumours from the periphery via the secretion of the chemokine CCL22 

by tumours (27).  The administration of an anti-CCL22 mAb in this murine ovarian 

cancer model was shown during adoptive transfer experiments to block the migration of 

transferred Treg cells.   Rather than using an artificial adoptive transfer model, it was 

proposed in this murine mesothelioma study that if CCL22 was important in the 

migration of Treg cells from the periphery to the tumour, the blockade of this migration 

by the administration of anti-CCL22 mAb would result in tumour growth inhibition as 

the Treg cells would not make it to the tumour to exert their suppression over the 

anti-tumour CTLs.  Initially, experiments were conducted to investigate the effect of 

blocking CCL22 intra-tumourally as it has been found that CCL22 is secreted by both 

tumour cells and tumour-located macrophages.  0.2 mg of anti-CCL22 mAb (in a 40 µl 

volume) was administered once, intra-tumourally, to AE17 tumours of 9 mm2.  Tumour 

growth was monitored and compared to untreated control mice (Fig 6.8A).  The 

combined data from two independent experiments and hence a total of nine mice per 

treatment group is presented.  Intra-tumoural treatment with a single dose of intra-

tumoural anti-CCL22 mAb did not inhibit tumour development.   

 

As it was proposed that CCL22 was inducing the migration of Treg cells from the 

periphery, systemic administration of anti-CCL22 mAb was trialled to block the 

migration of all peripheral Treg cells.  A single 0.5 mg dose of anti-CCL22 mAb was 

administered i.p. (in a 100µl volume) to mice bearing 9 mm2 AE17 tumours.  Control 

mice were left untreated.  Again the combined results of 2 independent experiments 

utilising 9 mice per group are presented in Figure 6.8B.  A single, systemic treatment 

with anti-CCL22 mAb was also ineffective at inhibiting tumour development in the 

murine model of mesothelioma demonstrated by the similar tumour growth kinetics in 

both groups of mice.  To examine whether anti-CCL22 mAb treatment was having an 

effect on T cell populations within the tumour which was not evident by a change in 

tumour growth rate, tumours that had been treated with anti-CCL22 mAb were 

investigated for intra-tumoural Treg cell and CTL population differences compared to 

untreated control tumours.  In this experiment mice were implanted s.c. with 1 x 107 
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AE17 tumour cells and then treated with an i.p. dose of 0.5 mg anti-CCL22 mAb when 

tumours reached 9 mm2.  In order to maximise the potential effect of the antibody on 

tumour located cells, 4 follow-up doses with the same amount of anti-CCL22 mAb were 

administered i.p. at 3 day intervals until day 15 post treatment 1.  At day 15 post 

treatment 1 (and after a total of 5 treatments with anti-CCL22 mAb had been 

administered to mice) the average tumour size for the 3 mice left untreated was 

26.6 ± 4.4 mm2 while the tumours from mice treated multiple times with the mAb were 

in fact larger and averaged 45.5 ± 5.3 mm2 (p=0.05).  Flow cytometric analysis was 

conducted on the tumours (both untreated and anti-CCL22 mAb treated tumours) in 

order to examine the effect of CCL22 blockade on the migration of Treg cells into 

tumours.  The same percentage of CD4+ T cells was observed within the treated and 

untreated tumours (1.4 ± 0.3% of total tumour cells and 1.4 ± 0.5% of total tumour cells 

respectively).  Of these tumour located CD4+ T cells a similar percentage co-expressed 

CD25 in both CCL22 mAb treated tumours (49.8 ± 2.8%) and untreated tumours 

(40.7 ± 5.1%).  The observation that the tumours of the anti-CCL22 mAb treated mice 

were larger than the untreated tumours suggested that perhaps the intra-tumoural 

CD8+ CTLs may have been blocked resulting in an inability of the anti-tumour immune 

response to keep tumour growth under control.  Upon flow cytometric analysis of intra-

tumoural CD8+ CTLs it was found that again both the treated and untreated tumours 

comprised the same percentage of CD8+ CTLs (1.8 ± 0.5% of total tumour cells and 

0.8 ± 0.2% of total tumour cells respectively) and of these CD8+ CTLs a similarly low 

percentage were activated (6.8 ± 0.2% coexpressed CD25 in untreated tumours while 

5.1 ± 0.4% coexpressed CD25 in anti-CCL22 mAb treated tumours) most likely due to 

the high proportion of Treg cells remaining in both the treated and untreated tumours.   
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Figure 6.8: Blocking Treg cell migration by intra-tumoural and intra-peritoneal administration of 

anti-CCL22 mAb 

Mice were implanted s.c. with 1 x 107 AE17 tumour cells.  At day 0, or when tumours had reached 9 mm2 

(A) a single 0.2 mg dose of anti-CCL22 mAb was administered intra-tumourally or (B) a single 0.5 mg 

dose of anti-CCL22 mAb was administered intra-peritoneally.  Control mice were left untreated.  Tumour 

growth was monitored daily and tumour areas calculated by multiplying two, right-angled tumour 

diameters measured using microcallipers.  Data are the mean ± SEM of 9 mice per treatment group. 
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6.2.4 The role of TGF-β in Treg cell conversion 

Data in this chapter has shown that CD4+ T cells appear to remain at a constant 

percentage in tumours (approximately 2%) despite tumour growth.  Obviously, the total 

number of CD4+ T cells increases as the tumour grows and is comprised of more cells, 

but CD4+ T cells remain at an overall constant percentage.  Within this CD4+ T cell 

compartment the percentage of cells expressing CD25 increases significantly with 

tumour size and consequently the percentage of cells that are CD25- decreases.  This 

change in CD4+ T cell phenotype could be explained by the selective recruitment of 

Treg cells from the periphery into growing tumours or a second mechanism of Treg cell 

conversion from naïve T cell may also be occurring within tumours.  This potential 

second mechanism of CD4+CD25+ Treg cell conversion from naïve CD4+CD25- T cells 

was also worthy of investigation and is presented in this section.    

 

6.2.4.1 TGF-β blockade inhibits murine mesothelioma tumour development 

Several groups have now proposed that TGF-β may induce the conversion of 

CD4+CD25- T cells into CD4+CD25+Foxp3+ Treg cells most likely via immature/semi-

mature DCs (127, 128, 232).  It was therefore hypothesised that TGF-β may be 

inducing the conversion of CD4+CD25- T cells into Treg cells within tumours themselves 

resulting in immunosuppression.  To investigate the effect of the neutralisation of 

tumour located TGF-β on murine mesothelioma tumour growth, murine AE17 tumours 

of 9 mm2 were treated intra-tumourally with 500 ng TGF-β soluble receptor every 

3 days for 15 days (Fig 6.9A).  Although control tumours grew quite rapidly, the three 

tumours treated with TGF-β soluble receptor were significantly smaller at day 15 post 

treatment 1.  These tumours were analysed for the intra-tumoural percentage of 

CD8+ CTLs compared to untreated tumours.  As can be seen in the representative flow 

cytometric plots of Figure 6.9 there is a similar percentage of 

CD4+CD25+Foxp3+ T cells in both untreated (Fig. 6.9Bi and 6.9Bii) and TGF-β soluble 

receptor treated tumours (Fig. 6.9Ci and 6.9Cii).  On the other hand, there is a large 

increase in the expression of CD25 by intra-tumoural CD8+ CTLs in tumours treated 

with the TGF-β soluble receptor (represented by Fig. 6.9Ciii) compared to untreated 

tumours (represented by Fig 6.9Biii).  This increase from 5.2 ± 0.4% of intra-tumoural 

CD8+ T cells co-expressing CD25 in untreated tumours to 74.6 ± 2.3% in TGF-β 
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soluble receptor treated tumours is likely to represent CTL activation as a result of the 

inactivation of Treg cells.   

 

A similar experiment was conducted to confirm these results and also to examine the 

efficacy of a lowered dose of TGF-β soluble receptor to block Treg cell function.  Mice 

were again implanted with 1 x 107 AE17 tumour cells and treatment initiated once 

tumours reached 9 mm2.  Tumours were treated intra-tumourally with 100 ng TGF-β 

soluble receptor on day 0 and then every 3 days.  It became clear early into the 

treatments with the TGF-β soluble receptor at the 100 ng dosage that some tumours 

were responding to the treatment and were inhibited in tumour growth (2/5) while other 

tumours continued tumour growth at a similar rate to untreated controls (3/5).  Figure 

6.10A depicts the growth kinetics of tumours that appeared to respond to the TGF-β 

blocking treatment compared to tumours that appeared not to respond to the treatment 

and also untreated control tumours.  In confirmation of previous experiments Treg cell 

percentages within tumours treated with the TGF-β soluble receptor were determined.  

Again treated tumours comprised a normal percentage of Treg cells when compared to 

untreated control tumours whether the tumours had responded to TGF-β blockade or not 

(Fig. 6.10Bi and 6.10Ci are representative figures for the responding and non-

responding treatment groups).  It was predicted from the original TGF-β experiments 

(using a 500 ng dose of TGF-β soluble receptor) that the percentage of intra-tumoural 

CD8+ T cells that were activated (co-expressing CD25) would be increased in tumours 

responding to the TGF-β soluble receptor and hence Treg cell blockade.  It was in fact 

the case in this experiment that a significantly greater percentage of activated 

CD8+ CTLs was observed in tumours responding to TGF-β treatment (p < 0.01) as 

represented by figures 6.10Bii and 6.10Cii.  It was also clear from an ELISA analysis of 

intra-tumoural TGF-β concentration in tumours responding or not responding to 

treatment with the TGF-β soluble receptor that in those tumours which had responded 

the intra-tumoural concentration of TGF-β was lower (20.3 ± 1.1 pg/g tumour) 

compared to those tumours that had not responded to treatment (38.1 ± 7.5 pg/g 

tumour).   
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6.2.4.2 AE17 cells are TGF-β positive. 

TGF-β is a master cytokine of the Treg cell response.  Not only is it involved in Treg cell 

function as shown in the previous section but it may also be involved in the conversion 

of naïve T cells into Treg cells or the selective proliferation of Treg cells within tumours.   

The reduced tumour growth kinetics seen in the above experiments as a result of the 

intra-tumoural treatment of tumours with a soluble TGF-β receptor may be a result of 

the blockade of intra-tumoural Treg cell conversion from naïve T cells.  AE17 cells were 

demonstrated to be TGF-β positive by RT-PCR.  RNA was extracted from AE17 cells 

prior to reverse transcription and real-time PCR for the expression of TGF-β mRNA 

compared to the house keeping gene hypoxanthine -phosphoribosyl transferase (HPRT).  

The PCR products were analysed by electrophoresis for single products (Fig 6.11).   

Only single products for both TGF-β and HPRT were observed.  Both products were of 

the correct size when compared to a 100 bp ladder (TGF-β product is 141 bp, HPRT 

product is 179 bp).  TGF-β secretion by AE17 cells was confirmed by ELISA (data not 

shown) suggesting the conversion of the CD4+CD25- T cells into 

CD4+CD25+Foxp3+ Treg cells may be occurring within the tumour by a TGF-β mediated 

mechanism.   
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Figure 6.9: Treatment with TGF-β soluble receptor inhibits murine mesothelioma tumour growth 

by blocking Treg cell function.  

Mice were implanted s.c. with 1 x 107 AE17 tumour cells.  Treatment with TGF-β soluble receptor was 

initiated once tumours reached 9 mm2.  Treatment involved the administration of 500 ng TGF-β soluble 

receptor intra-tumourally every 3 days.  Control tumours were left untreated. (A) Tumour growth was 

monitored regularly and tumour areas calculated.    Tumours were removed from mice at day 15 and 

dissociated for flow cytometric analysis.  Representative flow cytometric graphs are presented for (B) 

untreated tumours and (C) TGF-β soluble receptor treated tumours with (i) CD4+CD25+ Treg cells shown 

as a percentage of tumour-located CD4+ T cells, (ii) Foxp3 expression shown by intra-tumoural 

CD4+CD25+ Treg cells and (iii) CD8+CD25+ T cells as a percentage of total tumour-located CD8+ T cells.  

Data are the mean ± SEM for 3 untreated control tumours and 5 TGF-β soluble receptor treated tumours.   
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Figure 6.10: Inhibition of tumour growth by treatment with TGF-β soluble receptor is dependent 

on the activation of intra-tumoural CTLs.  

Mice were implanted s.c. with 1 x 107 AE17 tumour cells.  Treatment with TGF-β soluble receptor was 

initiated once tumours reached 9 mm2.  Treatment involved the administration of 100 ng TGF-β soluble 

receptor intra-tumourally every 3 days.  Control tumours were left untreated. (A) Tumour growth was 

monitored regularly and tumour areas calculated.  Tumours were removed from mice at day 24 and 

dissociated for flow cytometric analysis.  Representative flow cytometric graphs are presented for (B) 

tumours that responded to TGF-β soluble receptor treatment and (C) Tumours that did not respond to 

TGF-β soluble receptor treatment with (i) CD4+CD25+ Treg cells shown as a percentage of tumour-located 

CD4+ T cells together with Foxp3 expression shown by intra-tumoural CD4+CD25+ Treg cells and (ii) 

CD8+CD25+ T cells as a percentage of total tumour-located CD8+ T cells.  Data are the mean ± SEM for 

3 untreated control tumours, 2 tumours that responded to TGF-β soluble receptor treatment and 3 tumours 

that did not respond to TGF-β soluble receptor treatment.   
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Figure 6.11: Agarose gel electrophoresis of AE17 tumour cell PCR products.   

RNA was extracted from 1 x 107 AE17 cells prior to reverse transcription and PCR analysis for TGF-β 

and the HPRT house keeping gene.  10 µl of PCR product was mixed with 5 µl SEB dye and ran on a 2% 

agarose gel at 100 V for 30 min.  A 100 bp DNA ladder was used to confirm product sizes. 
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6.2.4.3 Blockade of TGF-β does not prevent intra-tumoural Treg cell conversion 

In the previous experiment it was shown that the treatment of tumours with a TGF-β 

soluble receptor results in the release of anti-tumour CD8+ CTLs from 

immunosuppression and subsequently, tumour growth inhibition.  Murine AE17 

tumours of 9 mm2 treated intra-tumourally with 500 ng TGF-β soluble receptor every 3 

days for 15 days were also analysed to determine the intra-tumoural percentage of 

CD4+ T cells co-expressing CD25.  Although the TGF-β soluble receptor had 

neutralised the majority of TGF-β naturally found within tumours, as determined by 

ELISA of fresh tumour lysates (Fig 6.12A), there was no difference in the intra-

tumoural Treg cell percentage between TGF-β soluble receptor treated and untreated 

tumours (Fig 6.12B).  It therefore appeared that TGF-β was not required for the intra-

tumoural conversion of Treg cells in murine mesothelioma.   



     

Chapter 6: Characterisation, origin and potential mechanisms of action of  
intra-tumoural Treg cells 

186 

  A 

 

 

 

 

 

 

 

 

  B 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.12: TGF-β blockade does not block the conversion of intra-tumoural Treg cells.   

Mice were implanted s.c. with 1 x 107 AE17 tumour cells.  Tumours of 9 mm2 were treated intra-

tumourally with 500 ng TGF-β soluble receptor every 3 days for 15 days.  Control tumours were left 

untreated.  Tumours were then removed and samples taken from each tumour for (A) ELISA analysis of 

TGF-β concentration in tumour lysates and (B) flow cytometric analysis for the intra-tumoural percentage 

of CD4+ T cells expressing CD25.  Data are the mean ± SEM for 3 mice per treatment group.  
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6.2.5 Gene-chip analysis of novel markers 

So far intra-tumoural Treg cells had been demonstrated to be 

CD4+CD25+Foxp3+CD103+CD69hiCD62LloCTLA-4loNrp-1lo and had been shown to 

secrete high levels of IL-10 and TGF-β but little to no IL-4.  Some mechanisms of 

action were beginning to be elucidated as anti-CD25 mAb treatment resulted in Treg cell 

inactivation and the blockade of TGF-β did result in the release of CD8+ CTLs from 

immunosuppression and tumour growth inhibition.  To further understand the 

mechanism of action of intra-tumoural Treg cells specifically, a global genechip analysis 

was conducted comparing natural Treg cells isolated from the spleens of naïve mice to 

tumour-isolated, active Treg cells.  Thus any genes that were identified to be upregulated 

within the tumour Treg cell subset would reflect the recruitment, selection or activation 

process of Treg cells that were active at a tumour site.  Any upregulated genes may then 

in the future be studied as more specific targets for therapies which will selectively 

target active tumour located Treg cells rather than Treg cells generally. 

 

Treg cells (CD4+CD25+) and their CD4+CD25- T cell counterparts isolated by flow 

cytometric cell sorting from end-point (100 mm2) murine mesotheliomas together with 

Treg cells and their CD4+CD25- T cell counterparts isolated from naïve spleens were 

shipped in RNAlater to the Mater Medical Research Institute, Qld, Australia, for gene 

expression profiling.  Affymetrix GeneChip Mouse Genome 430 2.0 Arrays were used 

to profile the cells. The genechips allow for the analysis of over 39,000 transcripts, with 

two genechip analyses performed for each of the 4 samples. 

 

6.2.5.1 Purity of cell populations and RNA extraction efficiencies  

The cell populations analysed by genechip are outlined in Table 6.1 along with the cell 

numbers and purity following flow cytometric isolation.  Figure 6.13 is a representative 

flow cytometric plot of the pre- and post-isolation percentage of Treg cells from tumour 

samples.  Pre-sort, R2 or the CD4+CD25+ Treg cells represented only 1.86% of the total 

tumour cells (Fig. 6.13A).  Post-sorting, the CD4+CD25+ Treg cells represented 87.16% 

of the total cells in the sample (6.13B).  Spectrophotometric amounts of total RNA were 

detected for three of the four samples (tumour isolated CD4+CD25+, tumour isolated 

CD4+CD25- and spleen isolated CD4+CD25+. The amount of total RNA from the 

CD4+CD25- from naive mice was undetectable.  All samples were processed using 
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Affymetrix Two-Cycle Labelling Kit.  Each sample was analysed on the multi-species 

Test3 genechip to confirm sample integrity and labelling efficiency prior to analysis 

using the Mouse Genome 430 2.0 Arrays. 
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Figure 6.13: Representative FACS plot of Treg cell purity pre- and post- flow cytometric sorting for 

Treg cells from within murine mesotheliomas. 

Mice were implanted s.c. with 1 x 107 AE17 tumour cells.  Once tumours reached 100 mm2 5 mice were 

sacrificed and tumours removed and pooled.  (A) Tumours were dissociated and stained for cell surface 

CD4 (APC) and CD25 (FITC).  The tumour cell homogenate was then sorted by flow cytometry and (B) 

the CD4+CD25+ and (C) the CD4+CD25- populations collected.  The collected populations were then 

analysed for purity and compared to1 (A) the pre-sort cell preparation.  R1 represents the CD4+ 

population with respect to total cells.  R2 is the proportion of R1 (CD4+ cells) that co-express CD25.  R3 

is the proportion of R1 that do not co-express CD25.  
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Table 6.1: Cell subsets analysed by genechip microarray along with corresponding purity. 

 

Cell source Cell type Cell number  

(at 1 x 106/ml in RNAlater) 

Cell purity 

CD4+CD25+ 3 x 105 cells  86% Naïve spleen  

CD4+CD25- 1 x 106 cells 95% 

CD4+CD25+ 1 x 105 cells 95% Murine mesothelioma  

CD4+CD25- 1x 105 cells  99% 
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6.2.5.2 Number of genes present and technical repeat capacity. 

Naïve CD4+CD25+ T cells were chosen to demonstrate technical repeat capacity with 

the Affymetrix system.  All four samples were subject to two independent labelling 

events from total RNA starting material.  Labelled cRNA derived from naïve 

CD4+CD25+ T cells was also hybridised to two separate Mouse Genome 430 2.0 Arrays 

and considered as technical repeats.  The R squared correlation between the two arrays, 

using only transcripts considered PRESENT, was 0.9643.  Table 6.2 presents the 

genechip operating software call rates for gene presence detection.  Naive 

CD4+CD25- T cells had an elevated ABSENT call rate.  This reflected the absence of 

detectable starting material.  These samples were considered outliers and not included 

in the data analysis. 

 

6.2.5.3 Differentially expressed genes between naïve and tumour-isolated Treg cells  

When comparing the gene expression between naïve CD4+CD25+
 Treg cells and tumour-

isolated CD4+CD25+ Treg cells it was found that several genes were very highly 

upregulated (Table 6.3).  Interestingly, the most upregulated gene expressed 

differentially by tumour-located Treg cells compared to naïve CD4+CD25+ Treg cells was 

TGF-β (relative expression greater than 5).  Other highly upregulated genes include the 

chemokine receptor CCR2 (relative expression of 4.6), the effector molecule Granzyme 

B (relative expression of 3.4) and CD103 the marker of T cell migration to inflamed 

sites (relative expression of 3.3).  The most down-regulated genes between naïve 

CD4+CD25+ T cells and tumour isolated Treg cells are heavy chain immunoglobulins 

(relative expression less than -7) (Table 6.4).  Other down-regulated genes included 

CD62L/Sell (relative expression of -3.4) and Nrp-1 (relative expression of -2.5). 

 

The 45101 Affymetrix probes were filtered for detectable expression in both 

CD4+CD25+ T cells isolated from naïve spleens and murine mesotheliomas and for 

greater than a four-fold difference in expression between the two sources.  A total of 

214 Affymetrix probes passed the filtering process, some probes targeted the same gene 

giving a total gene number under 214.  One hundred probes showed a decrease in 

expression when extracted from murine mesotheliomas c.f. naïve spleens, 114 probes 

showed an increase.  Probes were ranked by their gene ontology classifications of 
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biological process, molecular function and cellular component after a manual reduction 

of complexity in naming (i.e. “regulation of transcription, DNA-dependent” and 

“transcription” were both defined as “Transcription”).  Some evidence exists for a bias 

gene ontology classification between the decreased and increased probe sets (data not 

shown).  This suggests that CD4+CD25+ T cells extracted from murine mesotheliomas 

are actively communicating with surrounding cells, whilst simultaneously changing 

their profile of expression involving genes in the cell cycle and transcriptional activity.   

          

In order to confirm the above gene-lists the Treg cell populations were prepared again, 

sent to the MMRI and analysed.  Despite some minor technical difficulties in the second 

run, the data sets produced in the first run and the biological repeat showed a high-

degree of similarity (data not shown).  Therefore the differential gene-list generated in 

the first run can be considered robust and indicative of the changes 

CD4+CD25+ Treg cells undergo when changing from a naïve state to a stimulated state 

by exposure to tumour antigens. 
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Table 6.2: Genechip operating software call rates for gene presence detection 

 

  

Naive 

CD4+CD25+ 

Naive 

CD4+CD25-

Tumour 

CD4+CD25+ 

Tumour 

CD4+CD25-  

#Probe Sets 45101 45101 45101 45101 

#Present 15438 4289 13430 12171 

#Absent 28992 40408 30981 32316 

#Marginal 672 405 691 615 
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Table 6.3: Up-regulated genes differentially expressed by tumour-isolated Treg cells compared to 

naïve T cells 

Genes up-regulated greater than a relative expression of 2 were included in this table.  Relative 

expression is equal to the log2(tumour expression/naïve expression).  Unknown genes (e.g. RIKEN DNA) 

were excluded from this table but included in overall gene expression calculations. 

 

Gene  

Naive CD4+CD25+ 

Expression level 

Tumour CD4+CD25+ 

Expression level  

Relative 

expression Public ID 

TGF-β, induced 180.35 8281.7 5.5 BB533460 
TGF-β, induced 160.6 5860.1 5.2 BB532080 
CCR2 284.2 6934.75 4.6 BB148128 
Lzp-s 418.85 7346.3 4.1 AV058500 
Fgl2 381.95 6245.55 4.0 BF136544 
CTLA-2a 1002.5 13100.15 3.7 NM_007796 
Lgals3 643.85 8030.6 3.6 X16834 
Lyzs 204.75 2426.55 3.5 AW208566 
Lzp-s 1668.9 19633.4 3.5 AV066625 
Maf 139.3 1579.1 3.5 AV284857 
Pls3 107.5 1176.15 3.4 BC005459 
GrzB 647.9 6784.8 3.4 NM_013542 
Integrin αE (CD103) 1935.05 19741.15 3.3 AV210813 
Gja1 506.3 4992.2 3.3 BB039269 
Gja1 227.85 2213.2 3.3 BB142324 
S100a4 4610.1 43564.05 3.2 D00208 
S100a6 1631.85 14563.55 3.1 NM_011313 
Iigp1 390.8 3297.9 3.1 BM239828 
CCR5 201.25 1660.55 3.0 D83648 
Iigp1 1043.6 8596.95 3.0 BM239828 
CTLA-2a ///CTLA-2b 521.9 4212.75 3.0 NM_007796 
Cul4a 515.65 4058.15 3.0 BC007159 
CTLA-2b 462.15 3504.95 2.9 BG064656 
Mrc1 96.65 731.1 2.9 NM_008625 
Klrg1 2261.2 16994 2.9 NM_016970 
Lmna 526.6 3879.5 2.9 NM_019390 
Ifit1 377.6 2751.15 2.8 NM_008331 
Anxa1 782.95 5565.15 2.8 NM_010730 
Rai17 192.75 1330.75 2.8 BB164673 
Glrx1 642.4 4411.45 2.8 AF276917 
Kif2c 311.05 2092.25 2.7 BB104669 
Sh3d19 89.1 597.8 2.7 NM_012059 
Incenp 3349.65 21765.55 2.7 BB418702 
Cul4a 684.6 4395.25 2.7 BC007159 
Cpe 477.35 3047.4 2.7 BC010197 
Runx2 415.05 2644.8 2.6 D14636 
Lck 354.35 2242.6 2.6 AA867167 
Dab2 144.7 891.5 2.6 NM_023118 
Arl5 2702.4 16493.15 2.6 BG064956 
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Gene  

Naive CD4+CD25+ 

Expression level 

Tumour CD4+CD25+ 

Expression level  

Relative 

expression Public ID 

Plec1 1877.6 10652.35 2.5 AW123286 
Gcnt1 170.5 959.05 2.5 AK017462 

Ccnb1-rs1 /// Ccnb1 617.3 3430.1 2.5 NM_007629 
Cldn12 160.7 891.35 2.4 AW554231 
CXCR3 1780.25 9720.05 2.4 NM_009910 
Tcra 150.25 790.6 2.4 BB032962 
Iigp2 677.45 3480.35 2.3 NM_019440 
Lgals1 6687.35 34250.3 2.3 NM_008495 
Osbpl3 494.25 2511.25 2.3 AK004768 
Dgat1 1232.2 6240.4 2.3 BC003717 
Tnfaip1 917.65 4645.95 2.3 AK004593 
St3gal2 90.3 453.85 2.3 BB750118 
Lmnb1 609.6 3043.05 2.3 BB152209 
Lgals1 20005.95 99690.5 2.3 AI642438 
CD151 448.6 2201.8 2.3 BB113673 
Ddit4 6653.6 3174.95 2.3 AK017926 
CCL5 2998.65 14403.9 2.2 NM_013653 
Gja1 233.65 1119.85 2.2 AV330726 
Ehd1 1799.05 8607.8 2.2 NM_010119 
Gda 169.05 808.8 2.2 AW911807 
Mx1 190.95 908.55 2.2 M21039 
Anxa2 1767.95 8360.55 2.2 NM_007585 
Arnt2 197.25 928.4 2.2 BQ174321 
Icos 2452.9 11515.8 2.2 AB023132 
Itgae 717.85 3368.05 2.2 NM_008399 
Slc2a1 454.1 2127.45 2.2 BM209618 
Cdc20 2549.8 11878 2.2 BB041150 
Vim 5564 25633.45 2.2 AV147875 
Gsn 1352.1 6208.8 2.2 AV025559 
Atp13a2 611.7 2799.55 2.2 BM944122 
Ifit3 483.55 2209.15 2.2 NM_010501 
Thap7 484.15 2201.95 2.2 BM210680 
Sca1 302.75 1363.4 2.1 BE852876 
Neb 101.15 454.05 2.1 AI595938 
Capza2 6124.3 27348.95 2.1 BI102231 
Padi2 247.65 1094.95 2.1 NM_008812 
Ifi205 /// Mnda 1425.4 6298 2.1 AI481797 
Gsn 1205.9 5321.15 2.1 AV025667 
Maf 3016.45 13287.5 2.1 AV323441 
Ect2 252 1098.2 2.1 NM_007900 
Tpi1 2121.7 9243.75 2.1 AA153477 
Arl5 1136 4925.9 2.1 BB811124 
Diap1 387.4 1678.05 2.1 BB408240 
Ms4a11 460.65 1986.6 2.1 NM_026835 
Trpv2 910 3873.65 2.1 NM_011706 
Nfix 723.65 3056.25 2.1 AW049660 
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Gene  

Naive CD4+CD25+ 

Expression level 

Tumour CD4+CD25+ 

Expression level  

Relative 

expression Public ID 

Entpd1 153.4 647.35 2.1 AV117919 
Calmbp1 272.2 1135.5 2.0 NM_009791 

Parp11 323 1342.7 2.0 BB026163 
Mpa2l 2912.25 12097.4 2.0 BG092512 
CD68 105.15 434 2.0 BC021637 
Dnajc1 1161.35 4737.6 2.0 NM_007869 
Incenp 144.95 590.4 2.0 AV301185 
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Table 6.4: Down-regulated genes between naïve and tumour-isolated Treg cells   

Genes down-regulated more than a relative expression of -2 were included in this table.  Relative 

expression is equal to the log2(tumour expression/naïve expression).  Unknown genes (e.g. RIKEN DNA) 

were excluded from this table but included in overall gene expression calculations. 

 

Gene  

Naive CD4+CD25+ 

Expression level 

Tumour CD4+CD25+ 

Expression level  

Relative 

expression  Public ID 

Igh-VJ558 56650.95 315.45 -7.5 AK007826 
Igh-VJ558 88212.5 549.9 -7.3 BC019425 
Igh-VJ558 82499.85 600.6 -7.1 NM_134051 
Igk-C /// Igk-V28 /// 83688.25 940.1 -6.5 BI107286 
CD24a 8430.45 177.3 -5.6 NM_009846 
Klf2 17593.95 458.25 -5.3 NM_008452 
Igh-6 78123.8 2144.4 -5.2 AI326478 
Rhob 6046.3 278 -4.5 BC018275 
Tsc22d3 8498.5 493.95 -4.1 AF201289 
Dusp10 3729 307.85 -3.6 NM_022019 
Igk-C /// Igk-V28 /// 45282.8 4159.85 -3.5 BC013496 
Btg2 3162.1 308.65 -3.4 NM_007570 
Sell 8854.55 876.65 -3.4 M36005 
CD83 7106.35 812.65 -3.2 NM_009856 
Myd116 5777.05 702.05 -3.1 NM_008654 
Dnajb9 7875.55 1034.75 -3.0 NM_013760 
Btg2 4412.95 543.6 -3.0 NM_007570 
CXCR4 6257.1 792.45 -3.0 D87747 
Rnu22 7269.75 949.7 -3.0 BQ177137 
Ssbp2 3138.35 438.8 -2.9 NM_024186 
Rnu22 2073.55 296 -2.8 BQ177137 
Rab3ip 1936.6 281.4 -2.8 BF319015 
Igk-C /// Igk-V28 /// 26767.85 3957.4 -2.8 AV057155 
CD96 6015.4 939.5 -2.7 NM_032465 
Ifrd1 7244.9 1170.9 -2.7 NM_013562 
Klf6 1390.35 210.05 -2.7 NM_011803 
Klf4 8265.1 1250 -2.7 BG069413 
Igk-V8 3728 576.85 -2.7 BF159226 
Lef1 2609.25 417.5 -2.7 AV156352 
Xbp1 4540.5 767.8 -2.6 NM_013842 
Ctse 3365.6 571.35 -2.6 NM_007799 
Sell 5983.7 1008.35 -2.6 M36005 
Irf2bp2 8438.05 1431.1 -2.6 BB183385 
Plac8 9608.6 1560.75 -2.6 AF263458 
Tagap1 6278.9 1121.15 -2.5 BM220475 
Itm2a 6198.45 1081.55 -2.5 BI966443 
Sfrs7 2189.15 392.85 -2.5 BE825013 
Wdr56 2348.65 414.15 -2.5 BC013814 
Ptp4a1 6310.25 1120.95 -2.5 BC003761 
Igh-6 95326.1 17145.85 -2.5 BB226392 
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Gene  

Naive CD4+CD25+ 

Expression level 

Tumour CD4+CD25+ 

Expression level  

Relative 

expression  Public ID 

Centd1 3656.5 669.35 -2.5 AV375176 
Copeb 9091.65 1665.9 -2.5 AV025472 
Pde7a 1865.75 341.35 -2.5 AU015378 
Nrp-1 6346.15 1157.45 -2.5 AK011144 
CD79b 2060.75 409.15 -2.4 NM_008339 
Emb 2688.9 522.5 -2.4 BG064842 
Txndc5 3027.95 563.7 -2.4 BC016252 
Nme1 11171.55 2124.5 -2.4 AV156640 
CD69 10916.5 2137.85 -2.4 AK017979 
Jun 9196.7 1846.95 -2.3 NM_010591 
CD1d1 3668.1 738.15 -2.3 NM_007639 
Ier5 7937.45 1687.7 -2.3 BF147705 
Ga17 3669.75 759.45 -2.3 BC005598 
Hist1h1c 18703.7 4086 -2.2 NM_015786 
Xbp1 2887.45 644.35 -2.2 C77390 
Dnajb1 1057 237.1 -2.2 AK002290 
Prkcq 4209.2 943.4 -2.2 AB062122 
Bhlhb2 5649.55 1323.65 -2.1 NM_011498 
CD1d1 1065.1 254.5 -2.1 NM_007639 
Atf4 4374.05 1069.1 -2.1 M94087 
Etv3 1544.95 356.4 -2.1 BI456953 
Bcl2l11 6884.95 1676.6 -2.1 BB667581 
Bteb1 1955.55 452.8 -2.1 AW488885 
Zfhx1a 2180.65 500 -2.1 AV363000 
Slc25a30 724.8 176.35 -2.1 AV000840 
Txnip 9638.9 2250.25 -2.1 AF173681 
Rnf19 3673.65 845.55 -2.1 AF120206 
TNFαip3 28977.4 7343.2 -2.0 BM241351 
Foxp1 2840.45 719.9 -2.0 BM220880 
Axud1 5090.5 1264.3 -2.0 BG070296 
Dnaja1 4889.45 1211.25 -2.0 BF141076 
Ets2 3632 903.8 -2.0 BC005486 
Pim3 12415.8 3124.6 -2.0 BB206220 
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6.3 Discussion 

CTLA-4 has been shown to be constitutively expressed by Treg cells but varying 

frequencies of CTLA-4 expression have been reported.  Intensities of staining are 

generally quite low and may reflect the varying staining protocols (cell surface or 

intracellular) used by different research groups.  By flow cytometry, the expression of 

CTLA-4 in this tumour model was shown to remain consistent perhaps implicating its 

involvement in both early and late stage tumours.  Nrp-1 and CD69 were both shown to 

increase in expression on intra-tumoural Treg cells as tumours grow.  Although Nrp-1 

and CD69 both appear to be expressed on freshly isolated Treg cells the utility of Nrp-1 

or CD69 for the isolation of Treg cells from activated T cells has not been ascertained 

(62).  In vivo CTL assays may be used in the future to determine the importance of each 

of these molecules for Treg cell function in the murine model of mesothelioma.   

 

One of the biggest factors negatively affecting Treg cell research and Treg cell functional 

analysis such as in vivo CTL assays is the difficulty in obtaining pure populations of 

sorted Treg cells.  The work of Raimondi et al (2006) may improve this in the future.  

They discovered a marker, PD1, almost exclusively expressed on activated T cells and 

absent from Treg cells.  This could be used during purification of Treg cells by negative 

selection if determined to be appropriate in this tumour model.  The bonus of negative 

selection/specific removal of activated CD4+ T cells from the total CD4+CD25+ Treg cell 

population is that it minimises the risk of altering Treg cell function by direct 

manipulation.  Foxp3 has already been ruled out for the positive selection of Treg cells 

due to its nuclear location.  CD62L and CD103 have been shown in this study to be 

useful and specific Treg cell markers of migration and so the binding of antibodies to 

these markers on Treg cells for Treg cell isolation for use in downstream in vivo CTL 

assays may adversely affect Treg cell function (62).  In conjunction with PD-1, LAG-3 

may be used to improve the purification of Treg cells for further functional and 

phenotypic analysis such as gene-chip.  LAG-3 is known to be expressed by stimulated 

Treg cells but not resting/quiescent Treg cells (233, 234).  Isolation of Treg cells based on 

the expression of CD4, CD25, PD-1 and LAG-3 could be appropriate to elucidate three 

important populations: resting Treg cells (PD-1-), activated Treg cells  (PD-1+LAG-3+) 

and activated T cells (PD-1+LAG-3-). 
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Other issues with a functional analysis of Treg cells is the complexity of the Treg cell 

response as evident by this research.  Treg cells do not work in isolation when 

suppressing effector cells but undergo important interactions with dendritic cells at 

multiple sites of immune activity such as lymph nodes and in the tumours themselves.  

These interactions can not be easily replicated in in vitro systems.  Lastly with regards 

to functional analyses in the case of mesothelioma the specific tumour antigens, be that 

self antigens or a tumour-associated antigens are unknown.  This makes analysing 

tumour specificity of Treg cells difficult.  To overcome this, several neo-tumour antigen 

expressing murine mesothelioma models have been developed including AE17-sOVA 

(ovalbumin) and AB1-HA (haemagglutinin).  These models could be employed to 

investigate the tumour specificity of Treg cells but they are based on the expression of a 

highly dominant immuno-peptide.  Studies in our lab (data not shown) using the 

AE17-sOVA model showed that the OVA peptide is perhaps both too dominant and too 

foreign to mount an immune response similar to that seen in the original AE17 cells and 

effector T cells against OVA can not be suppressed by Treg cells from AE17-sOVA 

tumours in in vivo CTL assays.   

 

Should a specific marker of mesothelioma be identified in the future and hence the 

antigen of Treg cell specificity, there is increasing new evidence that in vivo CTL assays 

can be performed.  Mesothelin is a differentiation antigen which has been shown to be 

present on normal mesothelial cells and over-expressed in several human tumours, 

including mesothelioma, may be a useful starting marker for future CTL studies in this 

model (235).  At present the determination of mesothelin levels in serum is being used 

as a marker for the diagnosis of mesothelioma and to monitor disease progression (6). 

Interestingly, mesothelin has been identified in pancreatic cancers where it has been 

shown that CD8+ T cell responses can be induced to multiple HLA-A2, A3, and A24 

restricted mesothelin epitopes (236). In a recent study it was found that Treg cells need 

to be transferred two days prior to effector cells in order to allow them enough time to 

become activated and antigen specific so they are actively able to suppress the 

transferred effector T cells (personal communication: Diego Silva, ANU, Australia).  

This research group also showed that tumour specific Treg cells may not need to be 

required for transfer but that naive Treg cells put into a tumour bearing mouse may 

become educated and activated in the periphery to be antigen specific.  An interesting 

Nature paper published earlier this year also importantly showed that Treg cells must 
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stably interact with DCs in order to become suppressive (required in those extra two 

days in vivo ) by the two-photon scanning laser microscopic analysis of transferred 

Treg cells and resident DCs (237).  There is therefore a future for in vivo functional 

assays of Treg cells but they need to be carefully designed.   

 

As expected, cytokine profiling demonstrated Treg cells located intra-tumourally secrete 

high levels of IL-10 and TGF-β but low levels of IL-4.  The importance of TGF-β to 

active intra-tumoural Treg cells was confirmed by both global genechip analysis and the 

TGF-β neutralising experiments discussed later.  Global genechip analysis did not 

suggest an up- or down-regulation of IL-10 or IL-4 by intra-tumoural Treg cells.  This 

could suggest an equivalent level of mRNA expression between tumour-located 

Treg cells and naïve splenic T cells of the same phenotype and that IL-4 and IL-10 are 

not required for the action of Treg cells at a tumour site.  The attempts to block IL-10 

intra-tumourally did not appear to block Treg cell function and hence did not result in 

tumour growth inhibition as expected by the work of Seo et al 2001.  This may suggest 

that there is some redundancy in the Treg cell system.  Treg cells have multiple 

mechanisms of activation and suppression depending on the environment and disease 

situation they are in.  It may be the case that if one such mechanism is interrupted 

another is employed.  This complexity would also not be evident if studying Treg cells 

within an in vitro system.  The potential redundancy of Treg cell mechanisms of action is 

discussed further in the next chapter. 

 

While attempting to answer the question “where do the intra-tumoural Treg cells come 

from?” it was discovered that there is an initial drop (as a percentage of total cells) in 

CD4+ T cells in the spleen and lymph nodes of tumour bearing mice 14 days post 

tumour challenge.  This drop in peripheral CD4+ T cells is also matched by a drop in 

peripheral CD4+CD25+ Treg cell numbers at this early stage of tumour development.  14 

days post tumour challenge is the time at which tumours become palpable and when a 

distinct population of CD4+CD25+ Treg cells becomes resident within tumours 

suggesting a recruitment of Treg cells from the periphery.   

 

The observed drop in the peripheral CD4+ T cell percentage at day 14 post tumour 

challenge was also accompanied by an observed change in the phenotype of Treg cells.   

There was a change in phenotype of Treg cells from CD62L+CD103lo in the blood to 
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CD62LloCD103lo in the LN to CD103+CD62Llo in tumours suggestive of a change in 

expression levels with location and hence migration of Treg cells from the periphery to 

the tumour and hence to the site of immune regulation.  Several groups have subdivided 

CD4+CD25+ Treg cells into two groups based on the expression of L-selectin/CD62L.  

Those cells found to express high levels of CD62L were shown to be more suppressive 

in vivo (68-70) and to have a superior capacity to home to lymph nodes (71, 72).  

CD62L has now also been suggested as a marker capable of delineating activated 

effector cells from Treg cells in tumour-draining lymph nodes (73).  Integrin 

αEβ7/CD103 on the other hand was shown to divide the CD4+CD25+ Treg cells into two 

subsets the CD103+ and CD103- (47).  A subsequent global gene expression study 

found that the CD25+CD103- Treg cells displayed a naïve-like phenotype with high 

expression of CD62L while the CD103+ Treg cells showed an activated phenotype as 

they expressed lower levels of CD62L and high levels of CD44 (72).  In terms of 

migratory ability, the expression of CD103 was necessary for the homing of Treg cells to 

the site of Leishmania major infection in mice (80).   Studies of the inactivation of 

Treg cells based on the expression of CD62L or CD103 by monoclonal antibody 

treatment could be performed in the future to further study the roles of CD62L and 

CD103 in the recruitment or trafficking of Treg cells into tumours.  A further marker of 

Treg cell trafficking/migration, CD44, has also been suggested as a means of subtyping 

CD4+CD25+ Treg cells and may also be useful in future studies of intra-tumoural Treg cell 

recruitment.  An inactive form of CD44 is highly expressed on resting lymphocytes but 

after being conformationally activated (CD44act) can bind to its ligand (hyaluronan) on 

microvascular endothelium and result in extravasation (82).  Further examination of 

CD4+CD25+ Treg cells expressing the CD44act
 has found them to be more suppressive 

compared to CD4+CD25+ Treg cells expressing CD44 in the unactivated form (81).   

 

This observed drop in peripheral total CD4+ T cells and CD4+CD25+ Treg cells at the 

same time as the recruitment of CD4+CD25+ T cells into murine mesotheliomas 

correlated well with the findings of Curiel et al (2004) that Treg cells preferentially 

move to and accumulate in tumours as they progress as a result of the secretion of the 

chemokine CCL22 by tumour cells and/or tumour-derived macrophages.  Although 

recruitment of Treg cells from the periphery seemed clear, the stimulus for recruitment 

was still unknown.  The fact that intra-tumoural treatment with multiple doses of 

anti-CCL22 mAb significantly increased the tumour growth rate of murine 
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mesotheliomas suggested that the mAb treatment may in fact be targeting anti-tumour 

effector cells hence allowing for uncontrolled tumour growth.  It is important to note 

that since experiments with anti-CCL22 mAb were conducted for this chapter it was 

revealed that CCL22 is also a chemokine that induces the migration of activated 

CD8+ T cells (58).  This revelation was reported by members of Curiel’s own group and 

certainly complicated the interpretation of Curiel’s work and the studies presented here 

that were based on the initial Curiel et al (2004) publication. 

 

At the early time-points of tumour development only a low percentage of intra-tumoural 

CD4+ T cells were found to be CD25+.  Over time and as tumours grow a higher 

proportion of intra-tumoural CD4+ T cells coexpressed CD25.  It may be the case that as 

tumours grow CD4+CD25+ Treg cells are selectively recruited to tumours.  Alternatively, 

based on the studies of Ghiringhelli et al (2005) it could be postulated that this initially 

small population of intra-tumoural Treg cells selectively proliferates due to TGF-β 

secretion by tumour induced DCs to result in the much larger population observed in 

larger, late stage tumours (130).  Finally, the large increase in CD25 expression by 

intra-tumoural Treg cells as tumours grow may result from the combination of initial 

recruitment of Treg cells followed by the conversion of CD4+CD25- T cells into Treg cells 

within the tumour.   

 

From earlier studies it seemed that CD103 was important in the function or Treg cells at 

the site of immune regulation.  Interestingly, CD103 is a TGF-β inducible surface 

integrin (238).  As CD103 appeared to be important in the murine mesothelioma 

tumours it was proposed that TGF-β may play an important role in the recruitment or 

induction of CD103+ Treg cells in tumours but may also be mediating the conversion of 

naïve CD4+CD25- T cells into Treg cells.  Although only preliminary and requiring 

confirmation it was initially shown by utilising a TGF-β soluble receptor that TGF-β 

does not induce the conversion of Treg cells within murine mesothelioma tumours as 

evident by no change in the intra-tumoural Treg cell compartment following treatment 

with the TGF-β soluble receptor.  The failure to observe the role of TGF-β in intra-

tumoural Treg cell conversion may be attributed to (a) only measuring Treg cell 

conversion at a single time-point at the end of the experiment, (b) the peripheral 

recruitment of Treg cells into tumours as they grow may be a sufficient mechanism to 
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induce tumour immune evasion in the absence of conversion or (c) a more complex 

interaction between the tumour, DCs and Treg cells may be occurring that was not 

examined in these experiments. 

 

It is becoming increasingly clear that Treg cells can not be studied in isolation as their 

interactions are complex and hence the induction of immunosuppression is also 

complex.  To this end, it has been shown that the promotion of Treg cell conversion from 

naïve T cells might involve other factors including TCR costimulation, the IL-2R and 

DCs (232).  Specifically, TGF-β may be important for the differentiation of tolerogenic 

(Tol)-DCs most likely in tumour-draining LNs where antigen is presented.  The effect 

of TGF-β on Treg cell conversion may not be evident by the analysis of intra-tumoural 

Treg cells and future studies should examine populations of Treg cells in tumour-draining 

LNs and also examine the role of TGF-β on Tol-DC differentiation. 

 

The maintenance of DCs in an immature or tolerogenic state by tumour induced 

Treg cells may constitute an additional mechanism of tumour immune evasion (130, 

239).  Murine BCR-ABL+ leukaemia derived Treg cells can suppress bone marrow-

derived DC maturation and function by down-regulating the activation of NFκB in DCs.  

This inhibitory mechanism requires cell-to-cell contact and involves both TGF-β and 

IL-10 and is associated with the induction of the Smad intracellular signalling pathway 

and the activation of the signal transducer and activator of transcription 3 (STAT3) 

transcription factor.  The inhibited DCs lose their ability to stimulate anti-tumour 

T cells.  Fully differentiated and mature DCs are insensitive to the suppressive effects of 

Treg cells.  It is becoming clear that Treg cells from tumour bearing mice are capable of 

maintaining DCs in an immature/tolerogenic state during the early stages of the 

induction of an anti-tumour immune response (240-242).  These Tol-DCs can induce 

effector T cell anergy but more interestingly are involved in the generation of more 

Treg cells.  Such a positive feed-back loop by which Tol-DCs induce Treg cells that in 

turn enhance immunosuppression could contribute to the persistence of tumour induced 

tolerance and hence tumour immune evasion.   

 

What was clear from the studies utilising the TGF-β soluble receptor was that TGF-β is 

necessary for Treg cell function as the blockade of this cytokine lead to reduced tumour 
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growth and the activation of CD8+ CTLs.  The neutralisation of TGF-β in these 

experiments did not result in the direct depletion of the intra-tumoural Treg cells as seen 

post anti-CD25 mAb treatment.  In fact, the treatment with the TGF-β soluble receptor 

appeared to increase the expression of Foxp3 by intra-tumoural Treg cells.  This is likely 

to be the result of the increase in intra-tumoural IL-2 within tumours after the activation 

of CD8+ CTLs with this treatment.  IL-2 is required to maintain activated anti-tumour 

effector T cells but has also been shown to maintain the survival and suppressive 

function of Treg cells within mice (243). 

 

100 ng of the TGF-β soluble receptor was however shown to be only marginally 

effective at inhibiting tumour development.  100 ng is likely to be the lower threshold of 

the effective dose and depending on slight variations in tumour growth kinetics may not 

quite be enough to induce the neutralisation of TGF-β and hence tumour growth 

inhibition (responders).  TGF-β receptor type II (the membrane bound form of the 

soluble TGF-β receptor II used in this study) has been detected at elevated levels on 

effector T cells once they have been activated through their TCR (244).  Although 

confirmation of this experiment is still required, it is likely that the soluble receptor 

used in this experiment mops up the TGF-β secreted by Treg cells or has saturated the 

Treg cell membrane-bound TGF-β thereby blocking the immunosuppression of effector 

T cells.  Also in confirmation of the effect of TGF-β blockade on activated 

effector T cells, it has been found in mice with T cell restricted expression of a 

dominant negative form of the TGF-β receptor II that there is an accumulation of 

activated T cells and these mice succumb to autoimmune disease by 12 weeks of age 

(245).   But how does TGF-β directly effect anti-tumour CD8+ effector T cells such that 

they can still accumulate in tumours but fail to exert a CTL function?  There is now 

evidence that Treg cells interfere with CD8+ CTL responses relatively early in tumour 

development (246).  It was found that Treg cells neither influenced CD8+ T cell 

proliferation nor the commitment of recently activated CTLs to secrete inflammatory 

cytokines but that CD8+ CTLs failed to undergo normal functional maturation when in 

the presence of Treg cells.  The expression of the TGF-β receptor by CD8+ CTLs was 

required for their cytotoxicity and as such there may be a specific role for TGF-β 

signalling in the inhibition of cytotoxicity.  Although TGF-β blockade did result in 

tumour growth inhibition in most mice and did release anti-tumour CD8+ CTLs from 



     

Chapter 6: Characterisation, origin and potential mechanisms of action of  
intra-tumoural Treg cells 

206 

immunosuppression, not all mice were protected and complete tumour regression did 

not occur suggesting TGF-β may not be the sole mediator of Treg cell function.   Future 

experiments will need to be conducted to optimise the most effective dose and treatment 

regime for TGF-β soluble receptor treatments.  These future experiments must address 

the direct effect of TGF-β neutralisation on tumour cells.  Autocrine TGF-β signalling is 

operative in some tumour cells and can contribute to tumour invasiveness and 

metastases (247).  TGF-β blockade on its own is reasonably effective at inhibiting 

tumour development but like anti-CD25 mAb administration alone did not result in 

complete tumour regression.  A combination therapy of TGF-β blockade and anti-CD25 

mAb inactivation should be trialled in the future and may improve treatment efficacy. 

 

It was clear that CD4+CD25+ Treg cells were active within tumours and their intra-

tumoural inactivation via anti-CD25 mAb or TGF-β soluble receptor treatment resulted 

in the release of anti-tumour CTLs from immunosuppression.  There was still an interest 

in the identification of further activation markers of tumour-specific activated Treg cells.   

By global genechip analysis several expected genes were found to be upregulated 

including TGF-β and CD103.  Several novel markers which could be associated with 

Treg cell function were also identified to be upregulated.   

 

Granzyme B (GrzB) has been identified as a potentially key component of Treg cell 

mediated immunosuppression as the induction of regulatory activity has been correlated 

with the up-regulation of GrzB expression by Treg cells and the subsequent induction of 

apoptosis in CD4+CD25- effector T cells (134).  Proof of a functional involvement of 

GrzB in contact-mediated suppression by Treg cells was shown by the reduced ability of 

Treg
 cells from GrzB–/– mice to suppress as efficiently as Treg cells from WT mice. In a 

separate study designed to identify genes that were specifically expressed by Treg cells 

in a Foxp3-dependent or independent manner DNA microarray analysis found that 

natural CD4+CD25+ Treg cells expressed GrzB but that CD4+CD25- T cells retrovirally 

induced to express Foxp3 did not express GrzB (248).  A recent review by Sakaguchi 

and Yamaguchi commented that GrzB may be an important mediator of the tumour 

specific Treg cell response but that the role of GrzB had not yet been confirmed in 

tumour models (249).  Future studies in the murine model of mesothelioma could utilize 

a soluble receptor for GrzB to confirm its role in tumour immunosuppression.      
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Lymphocyte protein tyrosine kinase (Lck) is another potential Treg cell activation 

marker.  It is becoming increasingly clear that the efficient generation of Treg cells in the 

thymus requires CD28 costimulation.  In a study which investigated the molecular 

mapping of CD28 costimulation it was shown that Treg cell generation requires a motif 

that binds Lck (250).  This motif is precisely the same motif that is required for CD28 

costimulation of IL-2 production.  Future analysis of the chemokine (C-C motif) 

receptor 2 (CCR2) may also reveal interesting insights into the function of intra-

tumoural Treg cells.  CCR2 has been shown to be expressed on Treg cells in mice with 

collagen induced arthritis (251).  Purified CCR2+ Treg cells were found to be fully 

anergic toward polyclonal and collagen-specific activation and could potentially 

suppress activation of other T and B cells. This subpopulation of 

CCR2+CD25+ Treg cells were shown to increase 5-fold in the progression phase of the 

disease, while CCR2 expression on other leukocyte populations remained unchanged.  

Finally, Foxp3+ Treg cells have been shown to express high levels of fibrinogen-like 

protein 2 (Fgl2) mRNA.  Recombinant fibrinogen-like protein 2 has been shown to be 

capable of suppressing in vitro T cell responses and may be an important molecule for 

Treg cell function in tumours (252). 

 

The last molecules of interest identified in the global genechip analysis performed here 

have not yet been shown to have any direct link to Treg cells.  They are however linked 

to activated T cells and hence may be important molecules for future studies.  Cytotoxic 

T lymphocyte associated protein-2 alpha (CTLA-2α) is expressed by activated T cells 

(253).  Galectin-3 (lectin, galactose binding, soluble 3, Lgals3) is a member of a large 

family of B-galactoside-binding animal lectins and has been shown to be upregulated in 

proliferating cells, suggesting a possible role for this lectin in regulation of cell growth 

(254).  Finally, several lysozyme genes including soluble lysozyme (Lyzs) and 

p-structural lysozyme (Lzp-3s) were identified to be unregulated.  It has been suggested 

that polysaccharides, glycoproteins and glycolipids of the cell membrane can be bound 

to lysozyme in a substrate-specific way. This has led to the hypothesis that lysozyme 

has a regulatory function in membrane-dependent cellular processes and in protection 

against membrane abnormalities associated with neoplastic transformation (255, 256). 

 

To confirm the differential expression of these genes found to be specifically 

upregulated by intra-tumoural Treg cells compared to naïve, splenic T cells of the same 
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phenotype a real-time RT-PCR could be developed with specific primers for each of the 

genes of interest and HPRT as a house keeping gene.  Alternatively, flow cytometry 

could be used to confirm the expression of these genes at the protein level.  Finally, the 

effects of these genes in vivo can be analysed.  Blocking antibodies could be used 

against the CD103 marker, or a soluble receptor could be used to mop up the effect of 

GrzB.  Real-time RT-PCR validated genes could also be targeted by gene-specific, anti-

sense, morpholinos oligonucleotides.  These morpholinos anti-sense oligonucleotides 

are stable in intra-peritoneal delivery to mice, disperse widely via the lymphatics and 

represent a new approach to anti-sense oligonucleotide inhibition of specific genes (257, 

258). 

 

Although it was now clear that Treg cells were involved in tumour immune evasion, 

neither Treg cell inactivation via anti-CD25 mAb treatment alone or the blockade of 

Treg cell function via TGF-β soluble receptor treatment alone were able to completely 

inhibit tumour growth or result in complete tumour regression.  The final chapter of this 

thesis undertook an initial examination of a multi-modality cancer treatment as a 

potentially more effective therapy as it is becoming increasingly clear that Treg cells do 

not act in isolation and perhaps simply inactivating Treg cells may not be sufficient to 

mount an effective anti-tumour immune response.  Indeed in this context the lower 

percentages of intra-tumoural Treg cells found in B16 melanomas and EL4 lymphomas 

would suggest that the extent to which Treg cells contribute to tumour immune evasion 

will vary from tumour to tumour (opcit Chapter 4, Section 4.2.2).    
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7.1 Introduction 

The early, successful attempts to inactivate CD4+CD25+ Treg cells resulted in the failure 

of tumours to grow and involved the systemic administration of anti-CD25 mAb prior 

to tumour challenge (29, 156, 157).  On several occasions it was found that the anti-

tumour effect of anti-CD25 mAb administered before tumour inoculation was no longer 

seen if the treatment was given on day 0 (the day of tumour implantation) or thereafter.  

This thesis has provided evidence that the intra-tumoural recruitment, selective 

proliferation and/or conversion of CD4+CD25+Foxp3+ Treg cells constitutes an immune 

evasion mechanism in the murine model of mesothelioma.  The work has demonstrated 

a strong correlation between tumour size and percentage of CD4+CD25+Foxp3+ T cells 

within the murine mesotheliomas. It is suggested that the increase in Treg cells within 

the small murine mesotheliomas allows the evasion of the host anti-tumour effector 

immune response leading to increased tumour growth.  In addition, it has been shown in 

this thesis that tumours of the same size have similar percentages of Treg cells regardless 

of the initial inoculum used to create the tumours.  Together these results suggest that as 

a tumour reaches a particular size (~9 mm2) Treg cells are recruited, selectively 

proliferated and/or converted and the anti-tumour immune response is suppressed 

resulting in rapid tumour growth.  It followed therefore, that if Treg cells are intra-

tumourally suppressing effector cells targeted against the tumour, their intra-tumoural 

inactivation should lead to increased anti-tumour immunity.  The suppressive in vivo 

functioning of CD4+CD25+Foxp3+ Treg cells within murine mesotheliomas was 

demonstrated by the intra-tumoural inactivation of these cells using anti-CD25 mAb (or 

a soluble TGF-β receptor) resulting in marked inhibition of established tumour growth.   

 

Neither the anti-CD25 mAb nor TGF-β soluble receptor treatment experiments 

presented in the previous chapters resulted in complete tumour regression.  It appeared 

that the efficient targeting of tumours and hence the induction of tumour regression may 

require a multi-targeted approach to overcome the complexity of the Treg cell response 

and the potential redundancy in the system.  A combination of the removal of 

suppression on anti-tumour effector cells combined with effector cell “boosting” may 

provide a more effective treatment for solid tumours.  In this chapter, preliminary work 

focusing on (i) Treg cell inactivation combined with the blockade of T cell costimulation 
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and (ii) Treg cell inactivation combined with the induction of apoptosis in tumour cells is 

presented.   

 

Combinations of mAb therapies targeted at multiple aspects of the anti-tumour immune 

response, and specifically the Treg cell response have been trialled in the past but often 

involved the pre-treatment of mice prior to tumour challenge.  The major costimulatory 

molecule on T cells is CD28.  CTLA-4 is a costimulatory molecule which shares the 

ligands of CD28 (CD80 and CD86) and down-regulates T cell responsiveness (87).  

Several mechanisms have been proposed to account for the inhibitory effect of CTLA-4 

and were recently reviewed by Zheng et al 2006 (259).  Because the affinity of CTLA-4 

for B7 is greater than the affinity of CD28 for B7, CTLA-4 may out compete CD28 for 

B7 binding sites on APCs.  Tryptophan catabolic products that inhibit T cell activation 

are induced by CTLA-4 along with TGF-β production which is specifically induced by 

the cross-linking of cell surface CTLA-4.  Intra-cellular CTLA-4, on the other hand, can 

localise to the immunological synapse and interfere with TCR signalling.   It follows 

therefore that if CTLA-4  can act as a negative regulator of the immune response, the 

blockade of CTLA-4 should release the immune response from immunosuppression.  In 

a study of the efficacy of a whole tumour cell based vaccine in B16-BL6 murine 

melanoma development it was found that there was improved efficacy in the vaccine 

when coupled with the disruption of immune regulation (87).  Specifically it was found 

that there is synergy between CTLA-4 blockade using an anti-CTLA-4 mAb and 

Treg cell inactivation via the administration of anti-CD25 mAb when combined with 

vaccination.  In this study however, treatment with the anti-CD25 mAb was 

administered 4 days prior to tumour challenge and is hence not a realistic treatment for 

human disease.   

 

In a second tumour study, it was found that a combination of anti-GITR mAb combined 

with anti-CD25 mAb administered i.v. at day 8 post tumour challenge resulted in a 

reduced efficacy to inhibit tumour development compared to the anti-GITR mAb alone 

(29).  Like CTLA-4, glucocorticoid induced tumour necrosis factor receptor (GITR) is 

considered to be constitutively expressed by Treg cells but can be expressed by other 

T cells at a high level upon activation.  The physiologic role of GITR is to control T cell 

activation (reviewed by (260)). GITR is activated by GITR-L on APC with 

costimulation of effector T cells and partial abrogation of Treg cell activity.  The 
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mechanism underlying Treg cell suppression may however not directly involve GITR 

and GITR-L but may modulate APC functional status.  When GITR is activated by 

agonistic anti-GITR mAb costimulation of responder cells is enhanced while the 

suppressor function of Treg cell is completely abrogated resulting in a more efficient 

anti-tumour response (89).  It may therefore be the case that pathologically low levels of 

GITR-L on APC or high levels of soluble GITR protein might result in an under 

stimulation of GITR and underlie the decreased immune responses seen in tumours.  

The anti-GITR mAb results in the cross-linking/agonism of the GITR molecule and 

abrogates Treg cell suppression (131).  Interestingly, a combination of anti-GITR mAb 

with anti-CTLA-4 mAb administered i.v. 12 days post tumour challenge resulted in 

increased tumour growth inhibition compared to either antibody alone at this later 

treatment time-point.  Similar to these studies, it was found by our own laboratory that 

an improved disease outcome results during MAIDS infection when mice are treated 

i.p. with a combination of anti-CD25 mAb, anti-CTLA-4 mAb and anti-GITR mAb 

(107).  Although in this study the combination of mAbs resulted in a better outcome 

than either mAb administered alone, treatment was begun 2 days prior to viral 

challenge.  The efficacy of the intra-tumoural administration of a combination of 

anti-CD25 mAb, anti-CTLA-4 mAb and anti-GITR mAb into small but established 

tumours in tumour growth inhibition of murine mesotheliomas was investigated in this 

chapter.       

 

Finally, the potential combination of Treg cell inactivation with apoptosis induction in 

tumour cells was explored.  The anti-neoplastic and pro-apoptotic effects of 

alpha-tocopheryl succinate (α-TOS), an analogue of vitamin E (VitE), have been shown 

in numerous studies both in vitro and in vivo  (163, 164, 261-266).  Interestingly, α-TOS 

has been reported to specifically target tumour cells, including mesothelioma cells, 

while remaining mostly non-toxic to other cells of the host (163, 262, 266, 267).  α-TOS 

has a detergent like property which results in lysosomal destabilisation and release of 

pro-apoptotic proteins particularly at low pH (265). Although the exact reason behind 

the cancer cell specificity is still unknown, it is believed that the low internal pH of 

cancer cells and the higher than normal generation of reactive oxygen species (ROS) by 

cancer cells may increase the membrane destabilising properties of α-TOS (268).  The 

Beilharz laboratory therefore proposed a potentially synergistic approach to the 

treatment of established malignant mesothelioma tumours based on increasing the 
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anti-tumour effector immune response by the inactivation of intra-tumoural Treg cells 

using the anti-CD25 mAb coupled with the induction of apoptosis of the tumour cells 

via systemic treatment with α-TOS.  Unlike the anti-CD25 mAb treatments investigated 

in this thesis, the intra-tumoural administration of α-TOS is not possible.  α-TOS is 

suggested to only be effective as an anti-cancer agent when administered i.p. due to the 

specific effects of its metabolism on its efficacy (reviewed in (269)).  In fact, the intra-

tumoural delivery of α-TOS was suggested to result in the precipitation of α-TOS out of 

solution (personal communication: Assoc. Prof. Jiri Neuzil, Griffith University, 

Australia).  As such, the approach taken in this chapter is the established i.p. route of 

delivery.   

 

7.2 Results 

 

7.2.1 Multi-targeted approach to blocking Treg cell function  

A combined approach to blocking Treg cell function by directly targeting the Treg cells 

with anti-CD25 mAb but also disrupting costimulation via the treatment with anti-

CTLA-4 and anti-GITR mAbs was trialled. 

 

7.2.1.1 The efficacy of blocking a single Treg cell functional marker. 

Treg cells are considered to constitutively express CTLA-4 although often at a low level.  

This was also confirmed by our own data in this murine model of mesothelioma 

presented in Chapter 6.  This constitutive expression suggests CTLA-4 is important for 

Treg cell function at both early and late time-points of tumour development.  Direct 

cell-to-cell contact between Treg cells and effector cells has been suggested to be 

mediated by CTLA-4 as CTLA-4 and CD28 are both homologues that can bind to B7 

with opposing functions.  CD28 co stimulates T cells while CTLA-4 inhibits T cell 

activation (229).  The blockade of CTLA-4 by anti-CTLA-4 mAb should therefore 

block Treg cell function and result in tumour growth inhibition.  Eight mice were 

implanted with 1 x 107 AE17 tumour cells.  Once tumours reached 9 mm2 5 mice were 

treated intra-tumourally with 0.03 mg anti-CTLA-4 mAb solution (38 µl of a 

0.1 mg/120 µl stock).  This intra-tumoural dose of anti-CTLA-4 mAb solution was 
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estimated to represent approximately 1/3 of the published systemic doses of the mAb 

(87, 270).  Tumour growth was then monitored daily and tumours areas calculated in 

comparison to 3 untreated control tumours.  The treatment of tumours with a single 

intra-tumoural dose of anti-CTLA-4 mAb did not result in tumour growth inhibition 

(Fig. 7.1).   

 

A similar result was also found when tumours were treated with an anti-GITR mAb.  

GITR controls T cell activation and so the activation of GITR by an agonistic anti-

GITR mAb should abrogate Treg cell function.  Again 8 mice were implanted with 

1 x 107 AE17 tumour cells prior to treatment with 0.1 mg anti-GITR mAb (42.5 µl of a 

1 mg/425 µl stock) administered intra-tumourally to tumours of 9 mm2.  This antibody 

dose was also estimated to be equivalent to approximately 1/3 of the published doses 

used for systemic treatment of mice with a protein G purified mAb solution (29, 271).  

Again no inhibitory effect on tumour growth was observed as a result of anti-GITR 

mAb treatment (n = 5) when compared to untreated control tumours (n = 3) (Fig. 7.2).             
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Figure 7.1: Blocking Treg cell function by intra-tumoural anti-CTLA-4 mAb treatment 

Mice were implanted with 1 x 107 AE17 murine mesothelioma cells.   Mice were treated with a single 

intra-tumoural 0.03 mg dose of anti-CTLA-4 mAb solution when tumours reached 9 mm2.  Control 

tumours were left untreated.  Tumour growth was monitored regularly and tumour areas calculated by 

multiplying two, right-angled tumour diameters measured using microcallipers.  Data are the 

mean ± SEM of 5 treated tumours and 3 untreated tumours. 
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Figure 7.2: Blocking Treg cell function by intra-tumoural anti-GITR mAb treatment 

Mice were implanted with 1 x 107 AE17 murine mesothelioma cells.   Mice were treated with a single 

intra-tumoural 0.1 mg dose of anti-GITR mAb solution when tumours reached 9 mm2.  Control tumours 

were left untreated.  Tumour growth was monitored regularly and tumour areas calculated by multiplying 

two, right-angled tumour diameters measured using microcallipers.  Data are the mean ± SEM of 5 

treated tumours and 3 untreated tumours. 
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7.2.1.2 Combined anti-CD25 mAb, anti-CTLA-4 mAb and anti-GITR mAb 

treatments. 

The individual mAbs against CD25, CTLA-4 and GITR were mixed at the appropriate 

ratio such that after concentration using microconcentrator columns a 40 µl 

intra-tumoural delivery volume would comprise 0.15 mg of anti-CD25 mAb, 0.1 mg of 

anti-GITR mAb and 0.03 mg of anti-CTLA-4 mAb.  Mice were then implanted with 

1 x 107 AE17 tumour cells.  Mice were treated intra-tumourally with a single 40 µl 

volume of the concentrated mixed mAb solution when tumours reached 9 mm2.  Control 

mice were left untreated.  Figure 7.3 is the combined results of two individual 

experiments comprising a total of 8 mice treated with the mAb combination and 8 

untreated controls.  Up to day 10 post treatment there was no obvious effect of the mAb 

combination on tumour development such that there was no increase or decrease in 

tumour growth kinetics.  From day 10 onwards however it became clear that some mice 

(4/8) were responding very well to the treatment with almost complete tumour 

regression observed by day 15 post treatment while the remaining 50% of the treated 

animals had tumour growth kinetics matching the untreated controls.  The mice that 

responded positively to the treatment had regressed tumours which remained virtually 

non-palpable for the entire period of experimentation (38 days for the one mouse with a 

tumour reduced to approximately 2 mm2 in size and almost 4 months for the remaining 

3 mice with completely regressed tumours).   
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Figure 7.3: Combined approach to blockade of Treg cell function. 

Mice were then implanted with 1 x 107 AE17 tumour cells.  Mice were treated intra-tumourally with a 

single 40 µl volume of the concentrated mAb solution comprising 0.15 mg of anti-CD25 mAb, 0.1 mg of 

anti-GITR mAb and 0.03 mg of anti-CTLA-4 mAb when tumours reached 9 mm2.  Control mice were left 

untreated.  Tumour growth was monitored regularly and tumour areas calculated.  Data are the 

mean ± SEM of 8 untreated control mice, 4 mice which responded to treatment with the combination of 

mAbs and 4 mice which did not respond to the same treatment. 
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7.2.2 A bimodal approach to tumour growth inhibition – apoptosis induction 

combined with Treg cell inactivation. 

Currently, there is a lack of in vivo studies of the anti-neoplastic effects of α-TOS in 

immuno-competent tumour models.  In a study of intra-peritoneal human malignant 

mesothelioma (MM) xenografts in nude mice, mice treated with α-TOS were found to 

survive three times longer than control mice which succumbed to tumour burden 

between 5 and 7 weeks post tumour inoculation (164).   This same study also confirmed 

the ability of α-TOS to specifically target malignant cells by showing non-malignant 

mesothelial cells to not undergo apoptosis when challenged with α-TOS.  Later 

investigations of α-TOS found an additional effect of this substance to down-regulate 

fibroblast growth factor receptor-1 (FGFR1) on the surface of human MM cells (163). 

This receptor has been shown to be involved in cancer cell proliferation and 

tumourigenesis and the effect of α-TOS on FGFR1 offers an additional mechanism 

α-TOS may use to inhibit MM progression. Based on current evidence, α-TOS seemed 

worthy of further investigation (32).  However, it must be recognised that these studies 

promoting the anti-neoplastic effects of α-TOS were carried out using immuno-

compromised animal models and xenografted tumours that are not representative of the 

clinical situation.  For this reason, we first investigated the anti-tumour efficacy of 

α-TOS on established AE17 murine mesotheliomas in immuno-competent, syngeneic 

hosts.  

 

7.2.2.1 α-TOS induces apoptosis in murine mesothelioma cells in vitro. 

Apoptosis induction in AE17 cells was determined by Annexin V staining as previously 

described (164).  α-TOS concentrations of 25 or 50 µM α-TOS added as an ethanol 

solution to cells that were 60-70% confluent resulted in a dose dependent induction of 

apoptosis that increased with the length of time the cells were exposed to the drug 

(personal communication, Assoc. Prof J. Neuzil, Griffith University, Australia) 

Apoptosis was induced in the murine mesothelioma cells by α-TOS (Fig. 7.4).  It was 

therefore concluded that α-TOS should be tested in vivo for its ability to inhibit 

established murine mesothelioma growth in syngeneic and immuno-competent 

C57BL/6J mice.   
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Figure 7.4: Apoptosis induction in AE17 cells by α-TOS in vitro.  

α-TOS concentrations of 25 or 50 µM α-TOS were added as an ethanol solution to AE17 cells that were 

60-70% confluent in tissue culture.  Apoptosis induction was determined by Annexin V binding at 12 and 

24 hrs post treatment with α-TOS and compared to cells treated with ethanol alone. 

 

0

20 

40 

60 

Ctrl 
25 50 25 50 

12 h 24 h 

Annexin V- 

Positive cells (%) 



     

Chapter 7: The development of multi-targeted approaches for the treatment  
of mesothelioma 

222 

7.2.2.2 The toxic effect of 100 µl of a 200 mM solution of α-TOS in C57BL/6J mice. 

The survival of athymic nude mice implanted with human mesothelioma cells was 

significantly increased by i.p. treatment of the mice every third day with 100 µl of a 

200 mM solution of α-TOS resuspended in DMSO (164).  We therefore sought to 

investigate the effects of α-TOS within the AE17 model system which is significantly 

closer to human application.  Eight 10 week old C57BL/6J mice were implanted sub-

cutaneously (s.c) with 1 x 107 AE17 mesothelioma cells.  Tumour growth was 

monitored daily and treatment with α-TOS initiated once tumours reached 9 mm2.  

α-TOS was resuspended in DMSO at a concentration of 200 mM α-TOS and stored at 

4°C.  α-TOS was thawed and vortexed to ensure resuspension prior to treatment.  Four 

mice received 100 µL of the 200 mM α-TOS solution intra-peritoneally (i.p) while 4 

control mice received 100 µL i.p. of DMSO only.  This initial treatment with the 

previously published dose of α-TOS (164) was poorly tolerated by all mice, while the 

mice treated with DMSO alone showed no effects.  The mice treated with α-TOS were 

noted to suffer immediate ataxia in the hind limbs, drowsiness and were hunched and 

ruffled for up to 24 hours post treatment.  The mice seemed to recover and resumed 

close to normal behaviour by day 3 post treatment.   A second treatment was 

administered three days post the first and was again detrimental to the mice.  Indeed, the 

paralysing effects were so severe that all mice required humane culling within 30 min of 

this second α-TOS treatment due to a complete loss of condition as regulated by our 

institutional Animal Ethics Committee.  No tumour growth data could therefore be 

collected for this experiment.  As severe side effects had been noted in this first 

experiment using the previously published dose of α-TOS, we tested lower doses of 

α-TOS in order to achieve a dose which could be tolerated by immuno-competent mice. 

 

Tumour-free C57BL/6J mice were used to test the toxicity of both a 50 mM and 

100 mM solution of α-TOS in 100 µl DMSO administered i.p every 3rd day.  One 

mouse each was used to test a 100 µl dose of the 50 mM and 100 mM α-TOS solutions.  

The mice again showed immediate ataxia which was more noticeable in the hind-leg on 

the side of the peritoneum into which the α-TOS solution was injected.  Within 1 hour 

this seemed to settle, but both mice were slowed and often sat huddled and ruffled for 

up to 24 hours.  The mice then seemed to recover and resumed close to normal 

behaviour before the next treatment was administered 3 days later.   It was found that 
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subsequent treatments did not affect mice as negatively as the first, but were 

increasingly well tolerated with time and multiple treatments such that both mice began 

to resume close to normal movement within 4 hours of treatment.  As a result of this 

experiment it was decided to test the efficacies of both the 50mM and 100 mM 

solutions of α-TOS resuspended in DMSO to inhibit tumour growth in the murine 

model of mesothelioma. 

 

7.2.2.3 100 µl of 100 mM and 50 mM α-TOS solution has little effect on murine 

mesothelioma development and is limited by severe side effects. 

C57BL/6J mice were again implanted s.c with 1 x 107 AE17 mesothelioma cells.  

Treatment with α-TOS was initiated once tumours reached 9 mm2.  5 mice received 

100 µl of 100 mM α-TOS in DMSO i.p while 3 control mice received 100 µl of DMSO 

only.   Tumour areas were calculated daily.  Subsequent treatments were administered 

in the same manner every 3rd day.  One α-TOS treated mouse was culled as a result of 

an adverse reaction to this first treatment.   Only 4 mice treated with α-TOS tolerated 

the treatments and were hence included in the analysis of the effect of α-TOS on tumour 

development.   Again ataxia and drowsiness were observed in the α-TOS treated mice 

while no adverse effects were noted in the DMSO treated control mice.  Figure 7.5A 

depicts the tumour growth inhibition observed as a result of α-TOS treatment compared 

to DMSO only.  No difference in the tumour growth rate was observed between the 

α-TOS and DMSO treated groups until after treatment 4 was administered 9 days post 

treatment initiation.  Tumour regression was not observed as a result of the α-TOS 

treatment, however, some slowing of tumour growth was observed as α-TOS treated 

animals reached the humane endpoint of 100 mm2 at day 27 post treatment 1 compared 

to day 15 post treatment 1 in the DMSO treated control group.   

 

Interestingly, it was again observed that mice receiving α-TOS treatment became 

tolerant over the course of the experiment to the α-TOS with a reduction in post 

injection effects.  As some inhibitory effect on tumour growth was seen, it was decided 

to repeat the experiment and include a 50 mM dosage and to treat at 2 day intervals.  

The reduction from 3 day treatment intervals to 2 days was reasoned to maintain a more 

constant level of α-TOS exposure.  C57BL/6J mice were implanted s.c. with 1 x 107 

AE17 tumour cells.  Treatment with α-TOS was initiated once tumours reached 9 mm2.  
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5 mice received 100 µl of 100 mM α-TOS i.p. every second day while 5 mice received 

100 µl of a 50 mM solution of α-TOS administered in the same way.  3 control mice 

were treated with 100 µl of DMSO only.  Figure 7.5B shows that in this experiment 

neither of the treatment regimes tested had any inhibitory effect of tumour growth.  In 

addition to this, severe toxicity of α-TOS was again noted for a minority of mice (2/5 

for each treatment group) at both of the tested concentrations.   

 

The mice affected most severely by α-TOS treatment in the above experiment (n = 4, 2 

from each treatment group) were further examined post humane culling and compared 

to 2 control mice treated with DMSO alone.  α-TOS treated mice which showed adverse 

effects to the treatment had a white, sticky substance between the skin and peritoneum 

at the location of the injections. DMSO mice did not have this same deposition 

suggesting it represented an effect of α-TOS.  When the peritoneum was opened, the 

organs of α-TOS treated mice were observed to be fused together and to the inner 

surface of the peritoneum. This fusion of organs was dose dependent with greater fusion 

observed in mice treated with the 100 mM solution compared to the 50 mM solution of 

α-TOS.  This pathology was not observed in mice treated with DMSO alone.  Also, 

upon autopsy, it was found that the spleens of these severely effected α-TOS treated 

mice were enlarged to approximately twice the size and also seemed to have lost 

structural integrity compared to the spleens of the DMSO treated mice.  The ill health of 

the mice treated with α-TOS was also characterised by their loss of appetite correlated 

with the emptiness of their stomachs and intestines.  DMSO treated mice appeared to 

have normal appetites as their stomachs were observed to be full.  

   

Finally, the only clear difference between this study and the studies published in the 

past examining the effect of α-TOS on tumour development is our use of a syngeneic 

tumour cell line and its implantation into fully immuno-competent mice.  We therefore 

examined the splenic population of total T cells within murine mesothelioma-bearing 

mice in our model and investigated whether α-TOS had any effects on them.  3 spleens 

from mice treated with DMSO only, 3 spleens from mice treated with the 50 mM 

α-TOS solution and 3 spleens from mice treated with the 100 mM α-TOS solution were 

compared for total T cell percentages by flow cytometry.  Figure 7.6 shows that there is 

a dose dependent loss of total T cells (CD3+) in the spleens of mice treated with α-TOS.  

Given these severe effects on treated mice coupled to a lack of tumour growth 
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inhibition, the plans to combine α-TOS treatment with intra-tumoural Treg cell 

inactivation were abandoned. 
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Figure 7.5: The effect of α-TOS on murine mesothelioma development in vivo. 

C57BL/6J mice were implanted s.c with 1 x 107 AE17 mesothelioma cells.  Treatments were initiated 

once tumours reached 9 mm2 (day 0).  Tumour areas were calculated by multiplying two, right-angled 

tumour diameters measured using micro-callipers. (A) Mice received 100 µl of 100 mM α-TOS i.p or 

100 µl of DMSO only  every three days.  (B) Mice received 100 µl of 50 mM or 100 mM α-TOS i.p or 

100 µl of DMSO alone every two days.  Data are the mean ± SEM of (A) 4 α-TOS treated mice and 3 

DMSO treated control mice and (B) 5 α-TOS treated mice per group and 3 DMSO treated control mice.   
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Figure 7.6: Effects of α-TOS on T cells in immuno-competent mice. 

Spleens were removed from α-TOS treated and DMSO only treated mice, dissociated and stained for flow 

cytometric analysis of total T cells (CD3+).  Data are the mean ± SEM of 3 mice per group. 
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7.3 Discussion 

It is clear from published literature that multi-targeted approaches to Treg cell 

inactivation and effector cell boosting can not only be effective but may also be 

optimal.  Initial experiments in this chapter investigated the efficacy of combining 

anti-CD25 mAb treatment with anti-CTLA-4  and anti-GITR mAb treatments.   

 

In terms of Treg cell development and function it has now been shown that TGF-β can 

induce the expression of CTLA-4 by CD4+CD25- T cells.  CTLA-4 ligation of CD80 is 

hence needed along with TGF-β early after T cell activation to induce the conversion of 

CD4+CD25- T cells into CD4+CD25+Foxp3+ Treg cells (259).  Specifically, it has been 

shown that the blockade of CTLA-4 function during the first 24 hours post T cell 

stimulation can also block the ability of TGF-β to induce Foxp3 expression (259).  This 

may explain the inability to inhibit tumour development when anti-CTLA-4 mAb was 

used to treat 9 mm2 murine mesothelioma tumours in this experiment at approximately 

5-7 days post tumour implantation.  Similarly no effect on tumour growth was seen 

when tumours were treated intra-tumourally with a single dose of anti-GITR mAb 

alone.  GITR is strongly up-regulated for several days in both CD4+ T cells and 

CD8+ T cells following T cell activation but is expressed constitutively at high levels by 

Treg cells (92).  The fact that the single anti-GITR mAb treatment used in this chapter 

was administered only 4-7 days post tumour challenge may mean that the mAb had also 

targeted important anti-tumour effector cells that had recently upregulated GITR 

following T cell activation in response to tumour challenge.  This should have however 

had a positive result on the anti-tumour response as the treatment should have 

stimulated the GITR expressing effector T cells to render them resistant to 

immunosuppression.  Future treatments with either of these mAbs may need to be timed 

more appropriately to target and block Treg cells specifically or to target effector T cells 

in a positive manner.  Alternatively, like the lack of anti-tumour effect seen in mice 

treated with intra-tumoural anti-IL-10 mAb, it may be the case that the blockade of 

CTLA-4 or GITR alone may not be sufficient to block Treg cell function.  Some level of 

redundancy may exist where a second mechanism of Treg cell suppression is employed 

if another is blocked.  By combining anti-CD25 mAb with anti-CTLA-4 and anti-GITR 

mAb treatments multiple pathways of Treg cell suppression may be inactivated 

resulting in an improved therapy and tumour regression.         
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The intra-tumoural combined treatment of tumours in the murine model of 

mesothelioma with anti-CD25 mAb, anti-GITR mAb and anti-CTLA-4 mAbs showed 

much promise and requires further investigation.  The fact that tumours completely 

regressed in 50% of treated mice after only one treatment while other tumours were not 

affected at all is intriguing.  As discussed above it was recently suggested that the most 

appropriate time for the blockade of CTLA-4 function is within 24 hours of T cell 

activation.  Perhaps the later treatment time-point used in this experiment 

(approximately day 5-7 post tumour challenge) resulted in the inconsistent results such 

that some mice are fully protected and others are not (259).  GITR is strongly up-

regulated for several days in both CD4+ T cells and CD8+ T cells following T cell 

activation but is expressed constitutively at high levels by Treg cells (92).  The fact that 

the combined mAb treatment used in this chapter was administered only 4-7 days post 

tumour challenge may mean that the mAb had also targeted important anti-tumour 

effector cells that had recently upregulated GITR following T cell activation in response 

to tumour challenge.  The mAbs used in these experiments were ammonium sulphate 

precipitated only.  As such their concentrations in these experiments may not be 

sufficiently high.  That is, it might be the case that the mAb concentrations used in these 

experiments were at the lower end of the efficacy threshold.  The varying tumour 

growth kinetics known to occur in individual mice in this murine mesothelioma model 

may mean that the doses were not quite sufficient in each case to induce tumour 

regression.  The fact that some mice were protected from tumour growth and in fact 

showed regression from 9 mm2 to impalpable, or at least too small to be measured using 

accurately with the micro-callipers, following the combined mAb treatment suggests 

that a multi-targeted approach maybe effective.  In fact, this combined mAb treatment 

resulted in the complete regression of tumours for up to four months at which time the 

experiment was terminated and all mice humanely culled.  Future experiments could 

therefore focus on the delivery of a larger and more sustained amount of mAb, for 

example at 3 day intervals.  It was interestingly noted by Ko et al (2005) that the 

combination of anti-GITR mAb with anti-CD25 mAb had a reduced effect on tumour 

growth inhibition compared to treatment with either mAb alone.  Future work should 

also determine the level of systemic versus local effect of this combined treatment 

efficacy as Ko and colleagues suggests the anti-CD25 mAb delivered in his system 

(which was systemic) resulted in the inactivation of effector T cells also (29).   
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Finally the potential of combination of Treg cell inactivation and apoptosis induction 

was explored.  Apoptosis was induced in the murine mesothelioma cells by α-TOS as 

expected by published studies examining the effect of α-TOS on human mesothelioma 

cells lines.  It was therefore concluded that α-TOS should be tested in vivo for its ability 

to inhibit established murine mesothelioma growth in syngeneic and immuno-

competent C57BL/6J mice.  The α-TOS dosage employed in these experiments was 

derived from published work examining the effect of α-TOS on human mesotheliomas 

or colon cancers xenografted onto athymic nude mice (164).  Neither of these studies 

commented on toxicity, in fact, the authors comment “that α-TOS is a non-toxic anti-

neoplastic”.  In vitro studies published by the same group reported that while α-TOS is 

a potent inducer of apoptosis in malignant mesothelial cells it is largely non-toxic to 

normal cells and tissues (163, 164, 261, 262).   It has been proposed that the resistance 

of non-malignant cells to the toxic effects of α-TOS may be due to their lower capacity 

to generate ROS and/or their more efficient anti-oxidant system (262).   

 

The side effects observed in the α-TOS treated mice (ataxia, sluggishness) were very 

similar to symptoms observed in mice treated by our laboratory with a related 

compound, terpinen-4-ol, the major component of tea tree oil (data not shown).  Tea 

tree oil, and other natural products such as geranium oil, are known to be toxic in vivo  

(272-275) with symptoms including drowsiness, ataxia, “fussiness” and un-coordinated 

gait.  The fusion of organs to each other and the peritoneum seemed to suggest some 

destruction of cell membranes.  The similar side effects observed between mice treated 

with α-TOS and terpinen-4-ol prompted further investigation of the published side 

effects of terpinen-4-ol further and revealed a recently published study describing the 

destruction of plasma membranes as a major result of the treatment of melanoma cells 

with terpinen-4-ol (276, 277).  Both terpinen-4-ol and α-TOS have terpenoid structures 

which may explain their similar side-effects in immuno-competent mice.   

 

Finally, the only clear difference between this study and the studies published in the 

past examining the effect of α-TOS on tumour development is the use of a syngeneic 

tumour cell line and its implantation into fully immuno-competent mice.  α-TOS was 

shown to destroy total CD3+ T cells in our fully immuno-competent murine model of 

mesothelioma.  Athymic nude mice lack T cells, have a normal complement of bone 

marrow-dependent B cells but elevated levels of both macrophages and NK cells (278).  
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The macrophages from these athymic nude mice are also more potent than those from 

mice with a normal functioning thymus.  Athymic nude mice are hence unable to mount 

a normal immune response to both the tumour xenografts used in the previous study but 

perhaps also to the α-TOS treatment.  The negative effect of α-TOS may not have been 

evident in studies using athymic nude mice but was particularly important for this study 

as it was hoped that apoptosis induction via α-TOS treatment could be combined with 

the inactivation of Treg cells (196).  

 

From these results we have concluded that α-TOS is not a suitable treatment for 

syngeneic mesothelioma in immuno-competent mice.  The discovery of negative side 

effects coupled with the lack of efficacy in this immuno-competent model of murine 

mesothelioma suggests that systemic α-TOS administration in immuno-competent hosts 

needs careful evaluation.  Certainly, safer routes of administration will need to be 

considered.  More importantly, the reason behind the lack of in vivo efficacy of α-TOS 

in an immuno-competent host needs to be evaluated.  It had been hoped to combine 

apoptosis induction by α-TOS treatment with Treg cell inactivation in order to develop a 

more effective, multi-targeted therapy for mesothelioma (196).  The obvious destruction 

of host lymphocytes by α-TOS strongly limits its ability to be combined with an 

immunotherapy.   

 

Future work into analogues of VitE as anti-cancer treatments will need to consider the 

effect of these agents on the natural host immune response.  α-TOS was delivered as a 

suspension in DMSO for this study as it was based on previous in vivo work.  Should 

this work proceed in the future realistic delivery methods must be examined.  DMSO 

and other vehicles such as Tweens may not be suitable for man.  Considerable advances 

have been made in the development of biocompatible formulations for poorly water 

soluble compounds such as betacyclodextrin-based systems (226).  The only other 

available study to date using immuno-competent mice was in fact focussed on 

developing a more appropriate method for the delivery of α-TOS.  The vesiculated form 

of α-TOS is more soluble and hence more relevant for clinical use in that it is easier to 

administer with a potentially lower risk of toxicity (269, 279).    It has been suggested 

that α-TOS delivered in liposomes via the tail vein may be suitable for this purpose 

(personal communication: Assoc. Prof. Jiri Neuzil).  The use of liposomes for the 
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delivery of anti-cancer drugs for cancers such as breast cancer is currently an actively 

pursued field of drug development (280).  

 

The values and liabilities of using athymic nude mice in xenograft cancer studies of 

novel drugs were recently reviewed by Kelland in 2004 (226).  The author mentioned 

that although these models have been in use for the past 25 years or so, significant 

consideration needs to be taken when deciding to use such a model.  There are many 

variables that need to be considered such as the site of tumour implantation, growth 

properties of the tumour, the size of the tumour at the time of treatment, the formulation 

of the drug, the mode of delivery, dose and treatment regime and the endpoint for 

assessing efficacy.  The author argued that murine syngeneic models which have often 

been dismissed since the development of human to mouse xenograft models may be 

more appropriate to use than human subcutaneously planted xenografts in 

immunodeficient mice.  Kelland also pointed out in his review that an easy mistake to 

make during preclinical studies using athymic nude and other models is that early time-

points for the analysis of drug efficacy are used before any drug induced toxicity such 

as body weight loss, lethargy and even death is evident.  The final limitation for the use 

of xenograft models in a athymic mice is when the drug/treatment of interest is one 

which relies on factors of or the whole immune response.  Beyond the fact that athymic 

mice are lacking a fully functional immune response, the vasculature of human grafted 

tumours will be murine and may not be conducive to the transportation or the 

extravasation of the required cells in the mice.  

 

Other potentially synergistic approaches to boost both effector T cells and eliminate 

immuno-suppression could be trialled in the future.  For example, in several murine 

tumour models, bacterial unmethylated cytosine-phosphorothioate-guanine (CpG)-rich 

oligodeoxynucleotides (CpG-ODN) have been shown to result in the local activation of 

NK cells through induction of cytokines and priming of tumour-specific CD8+ T cells 

resulting in tumour growth suppression and rejection of established tumours (281). The 

repeated peri-tumoural administration of CpG-ODN does not directly target activated 

T cells but exerts its effect indirectly via DCs.  It appears that peri-tumoural treatment 

with CpG-ODN activates APCs that have taken up tumour derived material enhancing 

their maturation and migration to local lymph nodes where tumour-specific T cells are 

primed.   It follows that this boosting of DC and effector cell function could only be 
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enhanced by the combination of this therapy with Treg cell inactivation.  Effective 

tumour therapy however, requires a proinflammatory microenvironment within or 

around the tumour that permits effector cells to extravasate and reject the tumour.  A 

further benefit of CpG-ODN is that the systemic (i.v.) administration of CpG-ODN 

induces a large increase in ICAM and VCAM in the tumour vasculature (282).  

CpG-ODN therapy, when administered systemically, synergises with adoptively 

transferred antigen-specific CD8+ CTLs for improved tumour rejection emphasising the 

complex nature of the anti-tumour immune response.  CpG-ODN is most effective as a 

pro-inflammatory factor in T cell based immunotherapy.  Future experiments could 

therefore investigate the potentially synergistic approach to the treatment of solid, 

established tumours based on the notion that CpG-ODN treatment works best when 

combined with effector cell “boosting”.  This discussion proposes to “boost” effector 

cells by releasing them from immunosuppression by inactivating tumour-located 

Treg cells.   

 

Similarly promising inhibitions of tumour growth have been achieved with various 

vaccination strategies designed to boost effector cell responses.  Ralph and colleagues 

have shown that combined interferon (IFN)-γ and -β treatment of murine melanoma 

B16-F10 cells results in the concurrent increased expression of B7-1, MHC Class I and 

ICAM-1 (283).  When these IFN treated tumour cells are inactivated by lethal 

irradiation, they provide a highly effective immunotherapeutic vaccine for murine 

melanoma.  The combination of effector cell “boosting” by whole tumour cell 

vaccination with Treg cell inactivation could also be potentially synergistic and so future 

experiments could focus on the development of a whole tumour cell vaccine for murine 

mesothelioma.  As mentioned previously, Sutmuller et al (2001) demonstrated the 

synergy between the inactivation of Treg cells using anti-CTLA-4 and anti-CD25 mAbs 

combined with whole tumour cell vaccination.  Cesares et al (2003) and Elia et al 

(2006) also combined Treg cell inactivation with a vaccination strategy but like the work 

of Sutmuller Treg cell inactivation was performed either several days prior to tumour 

challenge or only one day after tumour challenge (210, 284).  A further American study 

also confirmed the ability to successfully combine Treg cell inactivation of established 

tumours with vaccination using a recombinant poxviral vector that contained the 

transgenes for a carcinoembryonic antigen and a triad of the T cell costimulatory 

molecules B7-1, ICAM-1 and LFA-3 (285).  It was found that neither vaccination alone 
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administered at day 8 post tumour challenge, anti-CD25 mAb administered alone or 

external beam radiation administered alone at day 8 could improve tumour outcome.  It 

was only when a combination of vaccination, Treg inactivation and radiation treatment 

were administered to established tumours that a positive effect on tumour growth 

inhibition was observed including complete tumour regression.  This multi-modalilty 

approach resulted in the vaccine inducing an antigen specific T cell response, the 

external beam radiation upregulating Fas on tumour cells making them more susceptible 

to T cell killing and anti-CD25 mAb eliminating suppression.   

 

In the last 30 years the incidence of MM has increased dramatically throughout the 

industrialised world, particularly in Australia (286).  MM is a uniformly fatal cancer for 

which there is no effective treatment (5).  In the past, scientific and clinical assessments 

of the cancer have been severely hindered by the relatively low incidence of patients at 

any particular institution at the one time and by the lack of experimental models.  The 

development of a murine model of MM has significantly advanced our understanding of 

the pathogenesis, progression and potential treatments of this disease (13). 

 

Although the asbestos induced models of murine mesothelioma such as the AE17 model 

have been studied in depth and are considered on both the ultrastructural and 

histological level to be a good representation of human mesothelioma, there are still 

some significant differences between the human disease and the murine model (13, 15).  

Human MM tumours accumulate multiple somatic genetic mutations including the 

inactivation of the NF2 and CDKN2A/ARF tumour suppressor genes (287).   The recent 

development of a murine tumour model which combines asbestos induced 

mesothelioma with a mouse with a genetic knockout of NF2 may be useful for future 

studies to more closely recapitulate the human disease (288, 289).  MM usually 

develops as a cancer of the pleura, pericardium, peritoneum or tunica vaginalis.  

Primarily, the s.c. murine models are used but can be adapted to induce intra-peritoneal 

tumours.  Murine mesothelioma, as presented in chapter 5, can be implanted i.p. to 

develop peritoneal tumours, but this is experimentally harder to analyse.  Modern 

imaging technology can however be implemented in the future to aid in the daily 

measurement of tumour growth.  This could both be beneficial over the sometimes 

difficult and subjective calliper measurement and can be appropriate to intra-peritoneal 

tumours.   
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A major hurdle of human cancer treatment is the removal of residual disease.  

Combination therapies are likely to be the most effective strategies to inhibit tumour 

development with debulking surgery often the first procedure.  We propose potentially 

synergistic treatment regimes as a method to remove residual tumour masses.  Treg cell 

inactivating mAbs or soluble receptors can be delivered directly into the tumour at the 

time of tumour debulking or with the development of stereotactic injection techniques, 

mAbs and soluble receptors can be delivered at any time directly into the tumour.  As 

mice are alive under the modern imaging techniques the intra-tumoural delivery of 

anti-CD25 mAb presented in Chapter 5 could still be conducted by injection during 

imaging of the tumours to better mirror the true course of the cancer and the suggested 

clinical utilisation of stereotactic injection delivery of the humanised anti-CD25 mAb to 

mesothelioma patients. 

 

The inactivation of Treg cells as a therapy for malignant mesothelioma and in fact many 

other cancers, shows much promise and is confirmed by the multiple studies 

demonstrating the high intra-tumoural presence of Treg cells in cancers.  There are 

several issues when translating this work to the clinic, but there are also several reasons 

for the sooner rather than later move to higher animal or clinical trials.  Issues when 

moving to the clinic include the translation of the intra-tumoural delivery.  For s.c. 

tumours, as in the murine model, this is easy as tumours are palpable and accessible.  

Skin cancers such as basal cell carcinoma, melanoma may be good places to start for 

clinical trials.  For other tumours located further inside the body delivery is more 

difficult.  Again imaging and stereotactic injection may be the answer.   In terms of 

moving to the clinic sooner than later, it is important to demonstrate that this form of 

Treg cell inactivation by anti-CD25 mAb is applicable to humans.  Anti-CD25 mAbs are 

already in use in the clinic primarily to aid in the induction of transplantation tolerance 

where they are used to limit effector T cell activation which leads to graft rejection.  

The clinical transition to using the anti-CD25 mAb intra-tumourally to treat cancers by 

inactivating Treg cells should be straight forward and in fact an anti-CD25 mAb (Ontak) 

has already been given systemically to ovarian cancer patients to this effect (290).   

 

Side effects of systemic delivery of Treg cell inactivating drugs such as autoimmunity 

may result and so the change to intra-tumoural delivery should be of benefit both to the 

patient physically but also financially as lower doses could be used.  Although this 
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antibody (Ontak) is in use already in the clinic, the translation to a novel delivery 

regime or perhaps even the future development of additional Treg cell inactivating drugs 

should be done with much care as evidenced by the recent disastrous phase one clinical 

trial of the anti-CD28 mAb in six human volunteers (291).   
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