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Abstract

Significant morbidity and mortality is associated with cancer. Additionally, treatments
for the disease are often highly toxic and associated with adverse side affects. Also,
many cancers are resistant to currently available treatments. For these reasons, the
search for new treatment options is ongoing. One area of research is immunotherapy;
using the patients own immune system to clear the cancerous cells. Attempts to do this
have had limited success, however, this is largely due to the lack of understanding of the
interaction between tumour cells and the immune system. Supporting this, newer
approaches like adoptive cell transfer have shown improved success. To continue
making progress, continued research into the interaction between tumour cells and the
immune system must be undertaken. One recent discovery is the involvement of
regulatory T-cells (Tregs) in suppressing the host immune response towards the tumour
cells. It is likely that any successful immunotherapy in the future will need to take into
account the role that these cells play. With this in mind, before treatments can be
developed that effectively target these cells in humans, a more thorough understanding
of how these cells operate in cancer is required.

This thesis aims to investigate the role of Tregs in the AE17 model of murine
mesothelioma. Previous research in this laboratory have found that there is an
accumulation of Tregs in the tumour. In addition, intra-tumoural injection with antiCD25mAb to deplete the Treg results in inhibition of tumour growth for around 10 days.
This thesis aims to expand upon these findings by investigating the changes in the
immune system following anti-CD25mAb treatment in the AE17 model of murine
mesothelioma.

Chapter 3 investigated the depleting kinetics of the anti-CD25mAb treatment and the
mechanisms associated with the anti-tumour effect observed. It was found that high
doses of anti-CD25mAb, actually accelerated tumour growth due to depletion of antitumour effector cells. In contrast, low doses of anti-CD25mAb inhibited tumour growth
and activated anti-tumour effector cells. It was found that this activation was in part due
to a reduction in the intra-tumoural concentration of TGF-β. Finally, the success of the
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anti-tumour effect of anti-CD25mAb was limited by the return of Tregs to the tumour 7
days following the initial treatment.

Chapter 4 aimed to overcome the return of the Tregs to the tumour by neutralising intratumoural TGF-β instead of depleting the Tregs. It was found that this treatment alone was
not effective at inhibiting tumour growth. However, when combined with antiCD25mAb Treg depletion, complete clearance of established AE17 tumours could be
achieved. It was found that this treatment approach reduced the intra-tumoural
concentration of TGF-β to a greater extent than either single treatment and resulted in
an exponential increase in the intra-tumoural IFN-γ concentration. In addition to the
immunosuppressive role of the Tregs in the tumour, it was found that these cells also
inhibited the T-cell priming ability of DCs in tumour draining lymph nodes. The
multiple mechanisms of suppression associated with the presence of Tregs was attributed
to the failure of the earlier attempt to neutralise TGF-β alone. Despite the success of the
combined treatment, it was found that it was still limited by the eventual return of the
Tregs to the tumour and tumour draining lymph nodes.

Chapter 5 investigated whether the source of Tregs in the AE17 tumour bearing mice was
related to the presence of an immature population of dendritic cells. It was found that by
inducing dendritic cell maturation by administration of exogenous agents, a slight
change in the percentage of CD4 cells expressing Foxp3 could be achieved.

The findings of this thesis indicate that to effectively inhibit the immunosuppressive
activity of Tregs, multiple mechanisms need to be targeted. Furthermore, treatments that
deplete the Tregs are limited by the eventual return of the cells. This suggests that future
treatment regimes may be more successful if they inhibit Treg re-accumulation or the
mechanisms used by the cells instead of temporarily depleting the cells
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CHAPTER 1

LITERATURE REVIEW

1

1.1 Introduction
Cancer associated morbidity and mortality occurs due to uncontrolled division of
cancerous cells resulting in loss of function of organs and essential systems. This occurs
due to traits of the cancer cells, specifically, the self-sufficiency in growth signals,
insensitivity to anti-growth signals, evasion of cell death, limitless replication potential,
sustained angiogenesis and ability to metastasize (Hanahan and Weinberg, 2000). The
ability of cells of the host to transform to the cancer cell phenotype represents a major
deviation from their normal function. Cancer cells acquire this phenotype due to
mutation of normal cells and the selective advantage that these mutations confer.
Development of treatments for cancer has typically aimed to target these traits of the
cancer cell, however, since many of these are functions of all cells of the host,
traditional cancer treatments are associated with a high level of toxicity. More recently,
it has been suggested that an additional hallmark of cancer cells is their evasion of the
host immune response (Zitvogel, 2006). This refers to the fact that the immune system
is able to destroy many cancerous cells before they become macroscopically
established. However, the fact that fully-grown tumours do occur implies that the early
cancer cells are able to evade immune destruction. Numerous mechanisms have been
found which allow the cancer cells to avoid being recognised by the host immune
system.

These typically include loss of antigenicity of the tumour cells, release of

immunosuppressive cytokines or inhibition of the normal function of cells of the host
immune system (Rabinovich et al., 2007). Immunotherapy is a treatment approach to
cancer that aims to overcome these obstacles and restore the ability of the immune
system to recognise and kill the cancer cells. This thesis aimed to investigate and target
one of these obstacles, specifically, regulatory T-cells.

1.2 Development of cancer
Progression of cells with mutations to develop into cancer is a multistep process. This
process can be broken down into two stages. Firstly, the loss of the ability to maintain
genetic stability increases the rate of mutation of a cell. Secondly, selection of cell
variants optimised to survive and proliferate results in the emergence of the cancer cell
phenotype. An explanation of this process is found below.
2

1.2.1 The mutator phenotype
The genome of normal cells is subject to extensive damage from foreign chemicals, UV
light, reactive oxygen species or mistakes made during DNA replication (Ames et al.,
1995; Cheng et al., 1992; Loeb et al., 1990; Gazdar et al., 2003; Umar et al., 1996). To
maintain long term viability of normal cells DNA repair systems correct these errors
(Buermeyer et al., 1999). In normal cells, these DNA repair systems account for the rate
of DNA mutation and the long-term genetic stability of the cell is maintained. However,
in tumour cells it is thought that the genetic stability of the cell is lost due to damage or
hereditary dysfunction of the DNA repair mechanisms (Loeb and Loeb, 2000). For
example, hereditary mutations in DNA repair systems have been extensively
investigated in hereditary nonpolyposis colorectal cancer. Patients with this disease are
heterozygous for one or more of the DNA repair genes MSH2, MSH6, MLH1, PMS1,
or PMS2 (Buermeyer et al., 1999; Loeb et al., 1991; Miyaki et al., 1997, Prolla et al.,
1994). The result of this is that any mutations to the functional copy of the gene leave
the cell unable to fully correct any DNA damage that occurs. People with these
mutations are highly susceptibility to cancer of the colon, ovary, and stomach (Lynch et
al., 1997; Lynch et al., 1998). Additionally, a variety of other cancers are associated
with mutations in other DNA repair mechanisms (reviewed in Hoeijmakers, 2001).

Once the loss of functionality of the DNA repair genes is established, other genes of the
cell are subject to a higher rate of mutation. Of particular importance to cancer cells are
tumour suppressor genes which prevent uncontrolled mutation of cells that may result in
cancer. For example, loss of the gene p53, a gene that stops cell cycle progression to
allow DNA repair in damaged cells, can also result in increased genetic instability as
mutated cells are allowed to divide (Bargonetti and Manfredi, 2002). The importance of
these types of genes is evident as up to 50% of some cancers have been shown to have
deficiencies in the function of p53 (Hsia et al., 2000). Once cells have an impaired
capacity to repair DNA damage and stop cell cycling in response to the damage, the cell
is susceptible to a very high rate of mutation. Furthermore, these cells are now highly
susceptible to loss of other genes responsible for maintaining genetic stability such as
3

genes associated with chromosome stability. Supporting this hypothesis, in most cancer
cells, genetic stability appears to be totally lost and cells frequently show alterations in
gene expression, chromosomes, and epigenetic characteristics (Grady and Markowitz,
2002; Iacobuzio-Donahue, 2009). These observations raise the question, why do cells
that can no longer deal with DNA damage become cancerous?

1.2.2 Acquisition of the cancer cell phenotype
Loeb first suggested the hypothesis that cancer cells undertake a mutator phenotype
resulting in the development of undesirable traits (Loeb, 1974). The answer to why a
cell with a high rate of mutation becomes cancerous is found in the definition of what a
cancer cell actually is. Research over the past few decades has established 6 hallmarks
common to cancer cells. These include unlimited proliferation potential, self sufficiency
in growth signals and resistance to anti-growth signals and apoptosis. Additionally, the
development of a solid tumor requires recruitment of blood vessels from surrounding
stromal cells (Hanahan and Weinberg 2000). However, loss of genetic stability does not
automatically confer these traits to a cell. Instead, the mutator phenotype increases the
probability of critical mutations occurring that can lead to a cell gaining the cancer cell
phenotype (Michor et al. 2004). Because these traits give a selective growth advantage
to the cells that acquire them, the trait becomes more prevalent in the cancer cell
population following division. With this in mind, the traits associated with the cancer
cell phenotype are ultimately traits that maximize the capacity of a cell to pass on its
genes.

Acquisition of these traits could conceivably occur in many different orders, but some
are more likely to occur early rather than later. For example, self-sufficiency in growth
signals and insensitivity to anti-growth signals give mutated cells the ability to quickly
proliferate, maximizing their chance of survival. Before a normal cell undergoes
division, it needs to receive growth signals. However, in the case of cancerous cells,
mutations in several critical genes and pathways can overcome this requirement. For
example, around 20% of all cancers have mutations resulting in constitutive activation
of the RAS signaling pathway leading to uncontrolled cell division (Downward, 2003).
4

Similarly, many cancer cells are resistant to anti-growth signals. One common mutation
that occurs is the loss of function of the transforming growth factor beta (TGF-β)
receptor or SMAD signaling associated with this receptor. Very low concentrations of
TGF-β usually inhibit cellular proliferation, however, the proliferation of many different
cancer cells has been found to be uninhibited by this cytokine (Fynan and Reiss, 1993).
These traits together release cells from the signals that usually prevent uncontrolled
growth of cells and could be considered the start of cancer cells causing a problem.

Similar to the previous traits discussed, resistance to apoptosis is likely gained early by
mutating cells due to the strong selective advantage the cells would gain. Apoptosis is
required to maintain normal homeostasis of most cell populations. Normal cells can
undergo apoptosis following significant damage to the cell, damage to the DNA, or in
response to death signals from the environment. Many tumour cells undergo mutations
that make them resistant to apoptosis. As mentioned before, mutations in p53, a protein
that induces apoptosis in cells with DNA damage is found in greater than 50% of all
cancers (Hsia et al., 2000). Many studies have shown that apoptosis inducing signals
from granzyme B, interferon gamma (IFN-γ), and tumour necrosis factor related
apoptosis inducing ligand (TRAIL) can all be suppressed in tumour cells by deletion of
Bax and Smac, or over expression of Bcl-xL and Inhibitor of Apoptosis (IAP) molecules
(Maurer et al., 1998; Deng et al., 2001; Stehlik et al., 1998). Additionally, tumours have
been shown to escape TRAIL based killing by up-regulating expression of decoy
receptors DcR1 and DcR2 and by suppressing death signals that are delivered to the cell
(Smyth et al., 2003). In addition to being resistant to apoptosis, cancer cells are often
found to have limitless replication potential. Normal cells become senescent after
around 60 divisions (Hayflick, 1997). One mechanism by which this is thought to occur
is the gradual loss of telomeres from the end of chromosomes during division (Counter
et al., 1992). Interestingly, the enzyme telomerase, which repairs the telomeres, is upregulated in the vast majority of tumour cells (Bryan and Cech, 1999). Additionally,
mice lacking telomerase are resistant to chemically induced cancers (Greenberg et al.,
1999). Resistance to apoptosis and limitless replication potential are traits that extend
the life of cancer cells beyond that of normal cells.
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The traits acquired by cancer cells discussed above allow cells to grow independently
from signals from the environment and without risk of death or senescence. At this
stage, the population of the cancer cells is limited by its ability to provide nutrients to all
the mass of cells (Hanahan and Folkman, 1996). Acquisition of angiogenic ability
allows the cell population to overcome this and form tumours. Many tumour cells
produce vasculature endothelial growth factor (VEGF) and fibroblast growth factor
(FGF), which recruits blood vessels to the tumour (Volpert et al., 1997). Although the
acquisition of angiogenic ability allows cancer cell populations to provide nutrients to
the cell mass, eventually the cancer cells require more than one area can provide. This is
when cancer cells can metastasize. This process is very complex and generally tumour
cells gain the function to express integrins and proteases that allow invasion of the
surrounding tissue (reviewed in Bacac and Stamenkovic, 2008). Acquisition of
angiogenic and metastatic traits by cancer cells represent the final adaptation of the
cancer cells. At this point the cells represent an even greater threat to the organism
harboring them.

More recently, it has been suggested that a 7th hallmark of cancer is evasion of the host
immune system (Zitvogel, 2006). This is based on the observations that tumours employ
a variety of mechanisms to inhibit the host anti-tumour response. Similar to the other
hallmarks of cancer, traits that confer immune evasion mechanisms to cells give them a
selective advantage over other cells that are destroyed by the immune system.

1.3 Immunosurveillance and immune evasion
The immune system is able to respond and attack potential threats to the host organism.
Whether or not the immune system performs these tasks in response to early tumour
cells has been of some contention and is discussed below.

1.3.1 Immunosurveillance
This concept was introduced almost 100 years ago and it was thought that the immune
system might be able to detect altered self antigens presented by tumours at early stages
6

and destroy the affected cells before they cause a problem. At the time no evidence
existed for or against this theory. But, as immunological models improved, so did the
ability to probe the nature of tumour immunology. Studies using nude mice, at the time
the best model of immunodeficiency, found no increase in the rate of cancer in these
mice (Stutman, 1979). Additional observations of immunocompromised patients
showed increased incidence of cancer, but only cancer caused by viral infection, such as
Kaposi sarcoma in AIDS patients. Together, this evidence lead to the conclusion that the
immune system could prevent viral associated cancers by destroying the viruses
themselves but was unable to recognise malignant cells. Later it was found that nude
mice were a poor model of immunodeficiency as nude mice were shown to have low
levels of T-cells and normal levels of NK cells and this low level of immunity could be
enough to stop spontaneous tumour development (Ikehara et al., 1984).

The discovery that interferon-γ (IFN-γ) plays a pivotal role in preventing the
spontaneous development of cancer was the first strong evidence supporting the
immunosurveillance theory. This study used IFN-γ receptor alpha chain knockout mice
(IFN-γR-/-), which makes the cells of the mice insensitive to IFN-γ exposure. The
experiment found that chemically induced tumours arose significantly more often in the
IFN-γ resistant mice than the wild type, 14/50 to 1/42 respectively (Kaplan et al., 1998).
In vitro studies to uncover the mechanism by which IFN-γ mediated tumour rejection
occurred showed that tumours grown in the wild type mice (RAD-gR.28) were not
impaired by IFN-γ exposure, suggesting the cytokine does not work directly on the
cells. Comparative in vivo studies of tumour growth of IFN-γ sensitive tumours in
Rag1-/- mice (immunodeficient recombination activating gene 1 deficient mice lacking
T or B cells) and wild type mice demonstrated that while wild type mice could easily
reject these cells, immunodeficient Rag1-/- mutants allowed progressive growth of the
tumour (Shankaran et al., 2001). Furthermore, an IFN-γ resistant tumour cell line, RADgR.28.neo (which lacks the IFN-γR), grew equally well in both immunodeficient and
wild type mouse models (Shankaran et al., 2001). Together, this evidence suggests that
IFN-γ plays a major role in preventing tumour development. However, the mechanism
is reliant on increasing the susceptibility of tumour cells to immune mediated killing,
7

not direct cytotoxic activity.

These findings implied that the immune system may be able to detect and kill tumour
cells under the right conditions and additional studies have confirmed this. Studies of
Rag2-/- mice (also lacking T and B-cells) have firmly re-established the notion of
immunosurveillance. 160 days after exposure to the chemical carcinogen,
methylcholanthrene (MCA), 30/52 Rag2-/- mice, but only 11/57 wild type mice
developed tumours. Furthermore, 12/12 Rag2-/- mice developed tumours spontaneously
within 16 months compared to only 2/11 wild type mice (Shankaran, 2001). The role of
specific immune cells in tumour rejection was further established by work done by
Smyth et al showing that perforin deficient (pfp-/-) mice were more susceptible to
tumour challenge (Smyth et al., 2000). Perforin is essential and specific to NK cell and
cytotoxic lymphocyte mediated killing. All pfp-/- mice died after exposure of only
1 x 103 lymphoma cells where as wild type mice survived exposure to 1000 times
greater numbers of cells (1 x 106 cells) (Smyth et al., 2000). These observations showed
the importance of immune cells in the rejection of malignant cells. More recently,
distinct differences of the roles of different immune cells have been further elucidated.
NK cells have been shown to prevent tumour development through TRAIL mediated
killing of tumours. γδ T-cells have been shown to prevent the establishment of
inoculated and chemically induced tumours but to in no way affect tumour growth rate
(Girardi et al., 2001). Likewise, the role of αβ T-cells in delaying establishment of
tumours has also been shown (Girardi et al., 2003). Together these data clearly show
that the immune system is able to respond to early tumours and clear these cells.
Despite this ability, the clinical presence of tumours in patients implies that the immune
surveillance can fail to detect and destroy the early cancerous cells.

1.3.2 Immune evasion and immunotherapy
The observations that tumour cells undergo many changes during their development to
evade detection by the immune system indicates that these cells have a selective
advantage over more immunogenic phenotypes. For example, when the tumours that
developed in Rag2-/- mice were transplanted into wild type mice, the tumours were
8

rapidly rejected (Shankaran et al., 2001). This suggests that without the selective
pressure that the immune system exerts, cancer cells never develop the traits necessary
to avoid immune mediated destruction. Since these findings, the specific changes in
cells that allow evasion of the host immune system have been extensively investigated.

One feature of tumour progression illustrating the selective pressure that the immune
system exerts is the steady loss of tumour immunogenicity (de Vries et al., 1998). This
phenomenon can be demonstrated by vaccinations increasing T-cell activity against the
gp100 protein of melanoma cells which resulted in the number of tumour cells
expressing this protein dropped from 47% to 32%, whereas other antigens of the same
tumour cells are unchanged (Riker et al., 1999). This indicated an increased activity in
T-cell activity against the gp100 protein. Another problem faced by the immune system,
is the loss of MHC expression by tumour cells, observed in up to 90% of cells in some
cancers (Algarra et al., 2000). As this molecule is required by cells to signal host
lymphocytes, loss of the molecule effectively hides tumour cells from the adaptive
immune system and can occur in a few different ways. Mutations in β-2 microglobulin
lead to total loss of MHC I function which readily occurs in cancers such as melanoma
and lymphoma (Perez et al., 1999). Another common feature of tumours is a deficiency
in peptide transporters (TAP). These molecules are required for transport of MHC I to
the cell surface and without them the cell is unable to perform this function of T-cell
recognition (Cromme et al., 1994). Less severe mutations include suppression of MHC
I translation and loss of MHC I alleles (Real et al., 1998; Cabrera et al., 1996). These
lead to reduced expression or a reduced range of antigens expressed for each respective
mutation. Although many different alterations to MHC molecules can arise, the end
result is the same; tumours become less likely to elicit a T-cell response, increasing their
chance of survival.

Tumours also evade detection by the innate immune system. NK cells destroy target
cells that fail to express MHC I by release of perforin and IFN-γ (Wallace and Smyth,
2005). This complementary behavior of innate and adaptive immunity usually allows
removal of cells that have lost expression of MHC molecules. One way tumours avoid
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detection is by systemically deactivating these cells.

Interaction of NK activating

receptor NKG2D with its ligands MICA and MICB (MHC class I related chain A/B) is
required for NK cell activation (Bauer et al., 1999). Normal cells, as well as tumour
cells, express these ligands in response to stress (Groh et al., 1999). For instance,
expression of MICA on the surface of tumour cells is associated with favorable
prognosis of colorectal cancer (Watson et al., 2006). However, some tumours have been
shown to shed MICA/B resulting in a soluble form of the protein (Salih et al., 2002).
This leads to a systemic build up of MICA/B and upon binding to circulating cells
expressing NKG2D such as, NK and γδ T cells, it deactivates them which in turn leads
to systemic inactivation of these cells (Groh et al., 2002). Using this method, tumours
are able to effectively avoid detection by the innate immune responses.

Inhibitory cytokines in the tumour microenvironment suppress immune response to
tumours. Vascular endothelial growth factor (VEGF), produced by almost all tumour
cells, prevents haematopoietic progenitor cells differentiating into mature dendritic cells
(Laxmanan et al., 2005). Furthermore, expression of death inducing ligands such as B7H1 or FasL on tumour cell surfaces can induce apoptosis in immune cells when they
enter the vicinity of tumours, effectively suppressing the immune response in the
tumour microenvironment. (Dong et al., 2002; Niehans et al., 1997). Also, products of
the enzyme cyclooxygenase, which is expressed in almost all lung cancers and widely
in other forms of cancer, can induce lymphocytes and macrophages to produce
immunosuppressive cytokines such as IL-10 (Wolff et al., 1998; Huang et al., 1998).
Together these mechanisms allow tumour cells to evade detection and destruction by the
immune system. Immunotherapy is a treatment approach that aims to restore the ability
of the immune system to recognise cancer cells by overcoming these evasion
mechanisms. Immunotherapy has historically not been successful, mostly due to an
inadequate understanding of how the immune system and cancer cells interact.
Additionally, treatment approaches have typically targeted only one of the mechanisms
used by the tumour cells. For this reason, a more complete understating of how tumour
cells and the immune system interact is required before an effective immunotherapy can
be developed. More recently, the recruitment of regulatory T cells by tumours has been
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implicated as a major mechanism used to suppress tumour targeted immunity (Needham
et al., 2006; Onizuka et al., 1999). The targeting of these cells could assist in the future
development of immunotherapy.

1.4 Regulatory T-cells
Regulatory T-cells (Tregs) were re-discovered when autoimmunity was induced in
athymic Balb/c mice by reconstituting the T-cell population by adoptive transfer of
CD4+ T-cells from normal Balb/c mice depleted of the CD25+ population (Sakaguchi et
al., 1995). Specifically, this research indicated that CD4+ T-cells were able to respond
to host antigens if the CD4+CD25+ population was not present. Since the discovery of
these cells, much more has been learnt about them. The initial characterisation of the
cells being CD4+CD25+ was mostly correct, however, it also included activated effector
cell populations. The discovery of Foxp3 as the master transcription factor of Tregs led to
the modern definition of the cells as CD4+CD25+Foxp3+ cells (Hori et al., 2003;
Fontenot et al., 2003). The significance of the discovery of these cells was that it
changed the way that the immune system was viewed, from a system that is ignorant of
self-antigens due to central tolerance mechanisms, to one that tolerates them. Similarly,
the mechanisms involved in many diseases of the immune system had to be re-thought.
Since the discovery of Tregs, dysfunction in this subset of cells has been associated with
a wide range of autoimmune diseases including psoriasis, myasthenia gravis and type I
diabetes (Sugiyama et al., 2005; Balandina et al., 2005; Lindley et al., 2005).
Additionally, patients with allergies and asthma both have reduced levels of circulating
Tregs compared to healthy individuals (Akdis et al., 2004; Cavani et al., 2003). Finally,
and most important to this project, are the findings implicating Tregs in the suppression
of the host anti-tumour immune response. In cancer, it appears that the normal
homeostasis of the Treg population is somehow disrupted and numerous studies have
found an increase in the number of Tregs in the periphery and tumour of many different
types of cancer (Liyanage et al., 2002; Woo et al., 2001; Wolf et al., 2003; Viguier et
al., 2004; Curiel et al., 2004). In all of these diseases it was found that there was a
disruption in the normal function of the Tregs. Consequently, understanding how these
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cells maintained peripheral tolerance and how the homeostasis of the cell population
was controlled became important to understanding how these diseases functioned and
the development of future treatments for them.

1.4.1 The source of regulatory T-cells
Following the discovery of Tregs, initial investigations set out to find where the cells
originated. It was found that mice receiving thymectomy 3 days after birth show almost
no CD4+CD25+ cells in the periphery and subsequently develop autoimmunity (Assano
et al., 1996). Experiments also showed that MHC II deficient mice were unable to
produce Tregs, whereas MHC II mutants that could only present a limited number of
antigens could still produce Tregs (Bensinger et al., 2001). Additionally, mice bearing
transgenic T-cells of known specificity were far more likely to mature to a regulatory
phenotype if exposed to an antigen in the thymus that they could partially recognise
instead of an antigen that they couldn’t recognise (Jordan et al., 2001). These findings
suggested that generation of Tregs occurred in the thymus and interaction with MHC II
must occur but not strongly enough to result in deletion. More recently it has been
found that the antigen specificity of these thymically derived Tregs is skewed towards
recognition of self antigens (Hsieh et al., 2004; Hsieh et al., 2006). The self specificity
of the Tregs could be related to their function of inhibiting autoimmunity.

In contrast to the “Natural” Tregs that are developed in the thymus, a separate subset of
Tregs that are generated outside the thymus have also been characterized. Research has
found that CD4+CD25- T-cells can be converted to CD4+CD25+Foxp3+ cells by low
level, continuous antigen exposure and have suppressive capability equal to naturally
arising Tregs (Apostolou et al., 2004). Research since then has found that TH cells can
convert to Tregs in vitro and in vivo and this process depends on the presence of TGF-β.
(Chen et al., 2003; Chen et al., 2003(b); Ghiringhelli et al., 2005). Although TGF-β is
critical, the in vivo conversion of TH cells to Tregs does not appear to rely only on the
presence of TGF-β, but instead specific signals provided by (dendritic cells) DCs.
Dendritic cells can undergo a number of different programs that orchestrate the
subsequent T-cell response (Reis e Sousa, 2006). Exposure of DCs to TGF-β and IL-10
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together, but not separately, converts them from an activating cell, which express costimulatory molecules CD80, CD86 and CD40 and secretes IL-12, to a suppressive
form, that secretes TGF-β and IL-10 (Larmonier et al., 2006; Rutella et al., 2006).
When naive T-cells engage with DCs of this nature it can cause them to differentiate
into Tregs (Mahnke et al., 2003; Kretschmer et al., 2005). T-cell differentiation to Tregs
under these conditions is thought to occur because SMAD3 dimers formed following
TGF-β exposure can co-operate with NFAT to induce Foxp3 expression to occur (Tone
et al., 2008). Similarly, TGF-β exposure inhibits both STAT4 and STAT6 signaling in Tcells, both of which normally inhibit expression of Foxp3 (Takaki et al., 2008;
O’Malley et al., 2009). Additionally, because no IL-12 or IL-4 is present following
contact with the suppressive DCs, STAT4 and STAT6 are not activated in the T-cells,
which could allow Foxp3 expression. Based on these findings, one hypothesis is that the
differentiation of naive T-cells into Tregs occurs when the other possible pathways for
differentiation (Th1, Th2 or Th17) are blocked. In a sense, Foxp3 is the default program
when differentiation into other subsets fails. The relevance of these “adaptive” Tregs to
the functionality of the immune system is that they provide plasticity to the nature of the
response generated against certain antigens. Specifically, antigens encountered by
individuals that could elicit an immune response but do not really require one need to be
carefully monitored by peripheral tolerance mechanisms. The failure of this system may
include conditions such as asthma where an inappropriate Th2 response occurs to
allergens in the airway. Asthma patients have less circulating Tregs suggesting that these
cells may play a role in tolerising people to airway antigens thereby preventing asthma
(Akdis et al., 2004). Additionally, induction of adaptive Tregs from naïve T-cell
populations in an antigen specific manner could induce tolerance to antigens associated
with transplanted organs. Experiments investigating this approach to inducing tolerance
to transplanted organs have already had some success (Ochando et al., 2006). Finally,
these mechanisms may be involved in the expansion of Treg populations in patients with
cancer. The relevance of the source of these cells in cancer is discussed in section 1.5

1.4.2 Regulatory T-cell mechanisms of immune suppression
Along with the homeostasis of the Treg subset, understanding the mechanisms that the
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cells use to maintain peripheral tolerance is also important for the development of new
treatments for immunological conditions. Numerous mechanisms have been suggested
to explain how Tregs prevent autoimmunity. From an early stage IL-10, TGF-β and
CTLA-4 were all associated with Tregs and it was hypothesised that expression of these
immunosuppressive molecules gave the cells their suppressive ability (Atseman et al.,
1999; Nakamura et al., 2001; Jonuleit et al., 2001). Initial investigations found that
supernatants of cultured Tregs did not affect the proliferative potential of responder CD4+
cells, leading to the conclusion that direct cell to cell contact is required for suppression
(Thornton and Shevach, 1998). This hypothesis was supported by studies showing
IL-10 and TGF-β antibodies could not prevent Treg mediated suppression of CD4+CD25responder cells in vitro (Nakamura et al., 2001). How the Tregs prevented proliferation
of the responder cells in vitro was unclear, however, experiments showing Tregs from
TGF-β-/- and CTLA 4-/- mice were as effective at suppressing proliferation as wild type
Tregs when cultured with antigen presenting cells, suggesting that these molecules are
not involved. (Piccirillo et al., 2002; Tang et al., 2004). Based on these studies in vitro it
was thought that Treg-TH cell-cell contact was the main mechanism used by Tregs.

When investigation of the mechanisms used by Tregs to maintain peripheral tolerance in
vivo was undertaken, it was found that the situation was vastly different to that observed
in vitro. When intravital microscopy was used to examine Treg populations, it was found
that Tregs did not form any long lasting contact with other T-cells but instead appeared to
form long lasting interactions with DCs (Tang et al., 2006; Tadokoro et al., 2006). This
interaction reduced the subsequent ability of DCs to activate TH cells (Tang et al., 2006).
This effect is thought to be due to expression of CTLA-4 by Tregs that is able to downregulate expression of co-stimulatory molecules on DCs following the interaction of
Tregs and DCs (Oderup et al., 2006). Subsequent research has found that CTLA-4
expressed by Tregs also induces production of indoleamine 2,3-dioxygenase (IDO) by
DCs (Fallarino et al., 2003). IDO induces the breakdown of tryptophan into
immunosuppressive metabolites that inhibit T-cell proliferation. More mechanisms used
by Tregs to maintain peripheral tolerance in vivo have since been discovered. For
example, IL-35 has been identified as an immunosuppressive cytokine associated with
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Treg function that may inhibit T-cell differentiation (Collison et al., 2007; Niedbala et al.,
2007). Additionally, it has been discovered that Tregs require Granzyme B (GzB) for their
maximal suppressive ability (Gondek et al., 2005). It has been found that Tregs use GzB
to destroy B-cells in vivo (Zhao et al., 2006). Similarly, adoptive transfer of Tregs from
GzB-/- mice were less effective at inhibiting an anti-tumour immune response than those
from wild type mice. The co-culture of Tregs with NK and CD8 cells also resulted in
death of these cells in a GzB dependant manner (Cao et al., 2007). With so many
mechanisms associated with Treg function, it raises the question of which ones are
actually critical to their in vivo function?

The answer to this question is that some of the mechanisms seem more important than
others. Additionally, depending on the specific situation, different mechanisms appear
important. For example, it has been shown that IL-10 may not necessarily be required
for Tregs to prevent airway hyperactivity (Kearley et al., 2005). However in
inflammatory bowel disease, Tregs require IL-10 for their full function (Aseman et al.,
1999). Based on these observations, it is likely that different mechanisms will be
identified in different diseases. Furthermore, understanding which mechanisms are
involved in different situations is again important for the development of treatments. Of
specific importance to this project is the role of Tregs in cancer.

1.5 Immunotherapy: targeting regulatory T-cells for the treatment of cancer
As described above, many diseases are associated with disruptions in either the
homeostasis of Tregs or a failure of their mechanisms of action. In cancer, it appears that
the normal homeostasis of the Treg population is somehow disrupted. Numerous studies
have found an increase in the number of Tregs in the periphery and tumour of both
human and murine tumours (Woo et al., 2001; Curiel et al., 2004; Hegmans et al.,
2006). Furthermore, depletion of Tregs from tumour bearing mice results in inhibition of
tumour growth (Onizuka et al., 1999; Shimizu et al., 1999). Given the increased
presence and immunosuppressive role of Tregs in cancer, it is possible that a treatment
could be developed that inhibited the action of these cells. This thesis will investigate
the role of Tregs in the AE17 murine model of mesothelioma. This model represents an
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aggressive tumour similar to human mesothelioma that is resistant to traditional
treatments and contains a significant population of Tregs (Davis et al., 1992; Hegmans et
al., 2006). Previous work conducted in our laboratory has found that there is an
accumulation of Tregs within AE17 murine mesothelioma tumours and depletion of these
cells by intra-tumoural injection with anti-CD25 mAb resulted in the inhibition of AE17
tumour growth for 10 days (Needham et al., 2006). Further development of this
treatment requires a full understanding of the mechanisms used by Tregs in the AE17
model. Currently, the precise events following the anti-CD25 mAb treatment are
unknown, however, one hypothesis is that depletion of the Tregs releases the anti-tumour
immune response from suppression allowing tumour clearance. This thesis aims to
establish whether Tregs suppress the immune response generated against the AE17
tumour and investigate the mechanisms used by Tregs to maintain this suppression.
Finally, the source of the Tregs in AE17 tumour bearing mice will also be investigated.
The goal of experiments performed in this thesis is to develop an effective treatment
that inhibits the action of Tregs in AE17 tumour bearing mice. The achievements of this
goal would set the parameters for treatment in the human situation.
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CHAPTER 2
METHODS AND MATERIALS
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2.1 Tissue culture and preparation of tumour cell lines for in vivo use
All tissue culture was carried out in a class 2 biological laminar flow hood using aseptic
technique.
2.1.1 Long-term storage of AE17 Murine mesothelioma cell lines
AE17 cells were stored in 1 mL aliquots containing 2 x 106 cells in freezing media at
-80°C.
2.1.2 Resuscitation of frozen stocks of cell lines
Frozen tumour cell stocks were thawed at 37°C and suspended in 10 mL of
supplemented RPMI. The cell suspension was centrifuged at 400 x g for 5 minutes and
the supernatant discarded. The pelleted cells were then resuspended in 15 mL of
supplemented RPMI and transferred to a 75 cm2 tissue culture flask.

Cells were

incubated overnight in a 37°C incubator with 5% CO2 / 95% air. The medium was
replaced the following day with fresh medium to remove non-adherent cells and then
every other day for culture maintenance.

2.1.3 Passage of adherent AE17
AE17 tumour cells were passaged when they reached between 70% and 80%
confluency. Tissue culture media (supplemented RPMI) was removed from the tissue
culture flask and discarded. The cells were washed within the flask by adding 10 mL of
PBS to the flask, which was then removed and discarded. To dislodge adherent cells
from the flask, 1 mL of trypsin was added to completely cover the cells which were then
incubated at 37°C for 2 minutes. Following this incubation, the flask was firmly tapped
to dislodge cells from the flask. Dislodged cells were resuspended in 10 mL of
supplemented RPMI before being transferred to a 15 mL centrifuge tube and
centrifuged for 5 minutes at 400 x g. The supernatant was discarded and the pelleted
cells resuspended in 10 mL of media. Aliquots of this suspension containing 5 x 106
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were then added to 225 cm2 tissue culture flasks containing 30 mL of supplemented
RPMI and incubated at 37°C.
2.1.4 Harvesting of AE17 cells for in vivo use
When cells reached approximately 70% confluency they were considered ready for use
in vivo. The cell media was removed and the cells were washed within the flask with
10 mL of PBS. To dislodge adherent cells from the flask, 1 mL of trypsin was added to
completely cover the cells, which were then incubated at 37°C for 2 minutes. The flask
was then firmly tapped to dislodge cells from the flask. Dislodged cells were
resuspended in 10 mL of supplemented RPMI, transferred to a 15 mL centrifuge tube,
and then centrifuged at 400 x g for 5 minutes. The supernatant was removed and the
pelleted cells were washed twice with PBS by resuspending and centrifuging. The final
cell pellet was then resuspended in PBS at a concentration of 1x108 cells/mL. Cells
were injected into mice within 30 minutes of harvesting.
2.1.5 Inoculation of AE17 tumour cells
C57BL/6J mice, 6-8 weeks old, were injected sub-cutaneously (s.c) above the right
ribcage with 1 x 107 AE17 cells/100 µL using a MICROLITER Hamilton syringe
mounted with a 26g needle.

2.2 Treatment regimes
Reagents used for these treatment are outlined in Table 2.1. The procedures used are
outlined below

2.2.1 Intra-peritoneal and intra-tumoural injections
Mice received the various treatment regimes by administration of compounds by intratumoural or intra-peritoneal injection using a BD 500 uL 31g insulin syringe. For mice
receiving intra-tumoural treatments, compounds were administered in 50 µL doses. For

20

Table 2.1: Compounds used to treat mice
Compound

Source

Catalogue Number

anti-CD25mAb

WAIMR antibody facility
(Absolutions)

N/a

anti-TGF-β mAb (1D11)

R&D Systems

MAB1835

TGF-β soluble receptor

R&D Systems

1600-R2-050

LPS

Sigma

L9641

CD40L

R&D Systems

1163-CL-025

Tea Tree Oil

P Guinane Pty Ltd

N/a
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mice receiving intra-peritoneal treatments, compounds were administered in 100 µL
doses.

2.2.2 Preparation and treatment with anti-CD25 mAb
Anti-CD25 mAb (PC61) was purchased from the Western Australian Institute of
Medical Research (WAIMR) antibody facility. The antibody was diluted in sterile PBS
so that 50 µL of solution contained the desired amount of antibody. Murine tumours
were allowed to reach approximately 9mm2 before treatment commenced. Mice
received either a single intra-tumoural dose of the required amount of anti-CD25 mAb
or multiple treatments given at 10 day intervals.

2.2.3 Preparation and treatment with TGF-β soluble receptor and TGF-β mAb
TGF-β SR stock solution was prepared by dissolving 50 µg of TGF-β SR in 500 µl PBS
to give a solution with a concentration of 100 µg/mL. Bovine serum albumin was added
at a concentration of 0.1% w/v to prevent non-specific binding of the TGF-β SR to the
inside of the vial. Aliquots of TGF-β SR were prepared at final concentrations of 5 µg/
mL and 25 µg/mL and stored at -20°C until required. TGF-β mAb was prepared in PBS
at a concentration of 50 µg/mL and stored at -20°C until required. Treatments with the
TGF-β SR or TGF-β mAb were administered intra-tumourally once every 24 hours for
the required number of days.

2.2.4 Preparation and treatment with LPS
Lipopolysaccharide from E.coli (Sigma Aldrich) was diluted in PBS to a concentration
of 5mg/ml and stored at -20°C until required. Mice received the required amount of
LPS in 100 µL intra-peritoneal injections given at 2 or 3 day intervals depending on the
treatment regime.
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2.3.5 Preparation of CD40L
Stock solution was prepared by dissolving CD40L in PBS to a final concentration of
5µg/mL. Mice were treated with single or multiple intra-peritoneal doses of 500ng of
CD40L. Multiple doses were administered at 3 day intervals.

2.3.6 Preparation and treatment with 10% TTO/DMSO
TTO compliant with the International Standard 4730 was kindly provided by P. Guinane
Pty. Ltd., Chinderah, NSW. Batch A352 (Table 2.2) contained the following major
components: 37% terpinen-4-ol; 18.6% γ-terpinene; 10% α-terpinene; 3.6% 1,8-cineole
and 1.4% ρ-cymene as determined by gas chromatography mass spectrometry carried
out by NSW Department of Primary Industries, Diagnostic and Analytical Services,
Environmental Laboratory, Wollongbar, NSW. A 10% stock solution of TTO was made
by dissolving TTO in DMSO (Sigma Aldrich). Mice with shaved flanks and tumours
measuring 9 mm2 (unless otherwise stated) held in the i.p. position were treated
topically with 10% TTO/DMSO (50 µl) neat TTO (5 µl), or vehicle control (10%H2O/
DMSO; 50 µl). Treatments were applied by pipetting the required volume onto the
tumour and surrounding skin and rubbing with a gloved finger until the solutions were
absorbed through the skin (approximately 20 seconds). Treatments were applied once
daily for 4 days.

2.3 Preparation and analysis of samples by flow cytometry
Antibodies used for flow cytometry are presented in Table 2.3. The procedures used to
prepare and analyse samples are presented below.
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Table 2.2: Composition of Melaleuca alternifolia oil batch no 1216

Components

Percentage

α-pinene

2.2

sabinene

2

α-terpinene

10

limonene

1

p-cymene

1.4

1,8-cineole

3.6

γ-terpinene

18.6

terpinolene

3.5

terpinen-4-ol

37

α-terpineol

3

aromadendrene

1.3

ledene

0.9

δ-cadinene

1.3

globulol

0.3

viridiflorol

0.1
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Table 2.3 Antibodies used for flow cytomety
Antibody

Clone

Conjugate

Supplier

Catalogue #

CD4

GK1.5

APC

eBioscience

17-0411

CD8

53-6.7

PE

eBioscience

12-0081

CD11c

N418

APC

eBioscience

17-0114

CD25

PC61.5

FITC

eBioscience

53-0251

CD25

7D4

AlexaFluor 488

eBioscience

53-0252

CD80

16-10A1

PE

eBioscience

12-0801

Foxp3

FJK-16s

PE

eBioscience

12-5773

MHC II

M5/114.15.2

FITC

eBioscience

11-5321
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2.3.1 Preparation of blood
Approximately 500 µL of blood was removed by cardiac puncture with a 1 ml 31g
insulin syringe. Blood samples were mixed with equal volumes of 3% EDTA solution
and 2% Dextran T-500 in PBS and placed in a 37°C water bath for 30 minutes. The top
layer containing white blood cells was then removed and placed in an eppendorf tube
which was centrifuged at 1500 x g for 2 minutes. The supernatant was removed and the
pellet resuspended in 1 mL of red cell lysis buffer for 5 minutes at room temperature.
The red cell lysis reaction was stopped by the addition of 500 µL of RPMI and the
solution centrifuged for 2 minutes at 1500 x g. The pellet was then washed twice with
FACS wash buffer before being suspended in 50 µL of FACS wash buffer ready to be
stained as described in section 2.3.4.

2.3.2 Preparation of spleen cells
Spleens were surgically removed from mice and placed in an eppendorf tube with
500 µL of RPMI before being homogenised by finely chopping with scissors. The
enzymes Liberase blendzyme III (12.5 µL, 1.4 units/100 µL) and DNase I (13.5,
2000 kU/100 µL) were added to the mixture and the agitated for 20 minutes. To halt the
enzyme activity, 75 µl of 3% EDTA was added to the reaction and then agitated. The
mixture was then passed through a spoon sieve with the plunger of a 3 mL syringe. An
additional 1 mL of RPMI was passed through the sieve to remove any remaining cells
and this sieved solution was then placed in an eppendorf tube and centrifuged at 1500 x
g for 2 minutes. The supernatant was removed and the pellet was resuspended in 1 mL
of red cell lysis buffer for 5 minutes. The red cell lysis reaction was stopped by the
addition of 500 µL of RPMI to the tube which was then centrifuged at 1500 x g for 2
minutes. The pellet was then washed twice with FACS wash buffer before being
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suspended in 50 µL of FACS wash buffer ready to be stained as described in section
2.3.4.

2.3.3 Preparation of lymph nodes and tumours
Lymph nodes and tumours were surgically removed and placed in eppendorf tubes
containing 500 µL of RPMI. The tissues were then homogenised by finely chopping
with scissors before being enzyme digested by adding 12.5 µL of Liberase blendzyme
III and 13.5 µL of DNase I and then mixed for 30 minutes after which 75 µL of 3%
EDTA was added to halt the enzyme reaction. The mixture was then passed through a
spoon sieve with the plunger of a 3 mL syringe. An additional 1 mL of RPMI was
passed through the sieve to remove any remaining cells, and this sieved solution was
placed in an eppendorf tube and centrifuged at 1500 x g for 2 minutes. The pellet was
then washed twice with FACS wash buffer before being suspended in 50 µL of FACS
wash buffer ready to be stained as described in section 2.3.4.

2.3.4 Staining of single cell suspensions for cell surface molecules
Cells were suspended in 50 µL of FACS wash buffer containing the appropriate
fluorescently labelled antibodies at a concentration of 10 µL/mL. The cell suspension
was then stored in the dark at 4°C for 30 minutes. Following the 30 minute incubation,
cells were washed twice with FACS wash buffer before being resuspended in 500 µL of
FACS wash buffer, ready to be analysed by FACS as described in section 2.3.6.

2.3.5 Intracellular Foxp3 staining
Cells requiring intracellular Foxp3 staining were prepared using eBioscience Mouse
Regulatory T-cell Staining Kit (eBioscience cat# 88-8111-40) as described in the
manufacturers instructions. Briefly after cells had been stained for surface molecules,
they were washed twice with FACS buffer and then resuspended in Fix/perm solution
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for 2 hours. Cells were then washed twice in Fix/perm buffer and then resuspended in
50 µL of Fix/perm buffer. Foxp3-PE conjugated antibody was then added (1µL) and the
solution incubated at 4°C for 20 minutes. Cells were then washed twice more with
FACS buffer and resuspended for analysis by flow cytometry as described in section
2.3.6.

2.3.6 Collection and analysis of flow cytometry data
Data was collected on BDFACSCanto II. All data was analysed using FlowJo software
from Treestar Inc.

2.3.6.1 Analysis of Regulatory T-cells
Regulatory T-cells were defined as indicated in Figure 2.1. The CD4+ population is
shown in Figure 2.1A. The CD25+ population as a percentage of the total CD4+
population is shown in 2.1B and the expression of Foxp3 by CD4+CD25+ cells is shown
in 2.1C.

2.3.6.2 Analysis of T-cells
The gating of CD4 and CD8 cells are shown in Figure 2.2
2.3.6.3 Analysis of dendritic cells
Dendritic cells were defined as CD11c+MHCII+ as shown in Figure 2.3A.

2.3.6.4 Determination of relative expression of CD80
Relative expression of CD80 by CD11c+MHCII+ cells was determined by subtracting
the MFI of cells stained with an isotype matched, fluorescence matched control from
the MFI of cells stained with an antibody against CD80 (Figure 2.3B). This number was
then expressed as a fold change above controls by dividing the test samples by the MFI
of control samples.

Relative expression = MFICD80(Test) - MFIIsotype
MFICD80(Control)- MFIIsotype
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Figure 2.1 Gating strategy used to analyse regulatory T-cells. To define the
regulatory T-cell population, the total cell population is plotted as APC-CD4
against side scatter (SSC) (A). The CD4 population is gated as shown by the
red box in A. These CD4+ cells are then plotted as CD4-APC against CD25-PE.
The CD4+CD25+ population is again gated as shown by the red box in B. The
Foxp3 expression by the CD4+CD25+ population is then plotted as a histogram.
A representative distribution is shown in C.
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Figure 2.2 Gating used to determine CD4+ and CD8+ T-cells. Events falling
within the purple gate were defined as CD4+ cells while those in the red gate
were defined as CD8+ cells.
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Figure 2.3 Gating strategy used to analyse dendritic cells. To define the
dendritic cell population, the total cell population was plotted as CD11C against
MHC II (A). The dendritic cells (DCs) were defined as CD11c+ and MHCIIHigh as
shown by the red box. CD80 expression by the DCs was analysed by
determining the mean fluorescent intensity (MFI) of cells stained with CD80-PE
(Red). The MFI of cells stained with a PE-isotype (Blue) matched control was
also analysed and subtracted from the CD80-PE MFI.
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2.3.6.5 Determination of cell numbers
The number of cells was determined using TruCount tubes (BD Bioscience) according
to manufacturers instructions.

2.4 Cytokine analysis
Cytokine concentrations were determined by enzyme linked immunosorbent assays
(ELISA) purchased from eBioscience.

2.4.1 Preparation of tumour samples for analysis by ELISA
Tumours were removed from mice and weighed before being suspended in 500 µL of
cell lysis buffer. Tumours were then finely chopped with scissors and passed through a
fine steel mesh sieve.

2.4.2 TGF-β and IFN-γ ELISA
The concentration of TGF-β and IFN-γ in samples was determined by ELISA and
performed according to manufacturers instruction (TGF-β eBioscience cat#: 88-7449,
IFN-γ eBioscience cat#: 88-7449). The optical density was measured at 450 nm using a
POLARStar Optima platereader.

32

2.5 Other Materials and Reagents
2.5.1 Mice
Specific pathogen free 6-8 week old C57BL/6J and BALB/c female mice were obtained
from the Animal Resource Centre (ARC), Murdoch, Western Australia. Mice were
housed specific pathogen free in the M-block animal facility of QEII Medical Centre,
Perth.
2.5.2 Cell lines
The AE17 murine mesothelioma cell line was obtained from the University of Western
Australia, Discipline of Medicine, School of Medicine and Pharmacology, QEII
Medical Centre, Perth. These cell lines were established as described in methods of
Davis et al., 1992.
2.5.3 Reagents
Benzyl penicillin

CSL, Australia

Bovine serum albumin

Sigma, USA

Cytoperm

eBioscience, USA

Deoxyribonuclease (DNase) 1

Sigma, USA

Dextran T-500

Amersham Parmacia Biotech AB, Sweden

Dimethylsulphoxide (DMSO)

BDH, Australia

EDTA

BDH, Australia

Ethanol

Merck, Australia

Fix/perm concentrate

eBioscience, USA

Fix/perm diluent buffer

eBioscience, USA

Foetal Calf Serum (FCS)

JRH

Gentamycin

Delta West, Australia

Hydrochloric Acid (HCL)

BDH Chemicals, Australia

Injection Quality Water

AstraZeneca, Australia

L-glutamine

Sigma, USA
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Liberase Blendzyme 3

Roche,USA

Methoxyfluorane

Medical Developments Australia, Australia

Phosphate buffer saline tablets (PBS)

Oxoid, Australia

Protease Inhibitor Cocktail

Sigma, USA

RPMI 1640 (powder)

Gibco BRL, USA

Sodium Carbonate (Na2CO3)

BDH Chemicals, Australia

Sodium Dihydrogen Orthophosphate
Monohydrate (NaH2PO4.H2O)

BDH Chemicals, Australia

Sodium Hydrogen
Phosphate (NaHCO3)

BDH Chemicals, Australia

Strepdavidin Horse Radish Peroxidase

BD Biosciences, USA

Tea Tree Oil (Batch A352)

P. Guinane Pty. Ltd., Chinderah, NSW.

Tetramethylbenzidine
+ Hydrogen peroxide

Sigma, USA

Triton X-100

BDH Chemicals, Australia

Tris

Gibco BRL, USA

Tris-Hydrochloride

Sigma, USA

Trypan Blue

Hopkin and Williams, England

Trypsin/EDTA

Sigma, USA

Tween-20

Promega, USA

2-Mercaptoethanol

BDH Chemicals, Australia

2.6 Equipment
Acrodisc Micropore Syringe Filters

Gelman Sciences, USA

Analite Maxwell magnetic stirrer

Selby Scientific, Australia

Blood collection vials
-EDTA coated MICROTAINER 2ml

Becton Dickinson, USA

-Non-coated MICROTAINER 2ml

Becton Dickinson, USA
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Centrifuges
-Sigma I-15 Microcentrifuge

Sigma, USA

-BECKMAN Model TJ-6 centrifuge

Beckman Coulter, USA

Centrifuge and Eppendorf tubes
-15 ml and 50 ml Falcon tubes

Becton Dickinson, USA

-0.5 ml and 2 ml Eppendorf tubes

Sarstedt, Germany

-1.5 ml Eppendorf tubes

Treff Lab, Switzerland

Neubauer chamber

Hawksley, England

Nunc 96 Well Maxisorp Plate

Nalge Nunc International, Denmark

Nunc Cryovials 1.8 ml

Nalge Nunc International, Denmark

FACSCantoII

Becton Dickinson, USA

POLARStar Optima

BMG Labtech

Syringes
- 0.5ml 31g insulin syringe

BD Biosciences, USA

- MICROLITER 100 µl syringe

Hamilton, USA

Tissue culture flasks
-75 cm2

Nalge Nunc International, Denmark

-225 cm2

Nalge Nunc International, Denmark

2.7 Buffers, media and solutions
Below are the recipes for reagents used in the experiments outlined in this thesis.

Antibiotics (Gentimicin-40 µg/mL, Benzyl penicillin-60µg/mL) (100 mL)
Add 5 ampules of gentimicin and 1 ampule of benzyl penicillin (600 mg) to ddH2O up
to 100 mL.
Filter sterilise through 0.2 µm filter and store 5 mL aliquots at -20°C.
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Carbonate Coating Buffer (500 ml, 0.025M)
Dissolve 1.325 g of Na2CO3 and 1.05 g of NaHCO3 in 500 µl of ddH2O.
Adjust the pH to 9.6.

Cell lysis buffer (500 mL)
Add 0.605 g of Tris-HCl, 3.790 g of NaCl, 0.690 g of NaH2PO4, 7.10 g of Na2HPO4
and 1.330 g of Na4P2O7 in 495 mL of ddH2O.
Adjust the pH to 7.5 and add 5 mL of 1% Triton X-100.
Filter sterilise and store at 4°C.
Prior to use, aliquot the required amount and add 5 µL/mL of Protease Inhibitor
Cocktail.

DNase I (2.3 mL)
Dissolve 23 mg of DNase I in 1.3 ml of 10 mM CaCl2 and 1 mL of ddH2O.
Sterilise through a 0.2 µm filter and store at -20°C.

Dextran T-500 (200 mL)
Dissolve 4 g of 2% Dextran T-500 in 200 mL of PBS.
Autoclave and store at room temperature.

ELISA assay diluent (100mL)
Add 10 mL of FCS to 90 ml of PBS.
Mix and store at 4°C.

FACS wash (100mL)
Add 0 .352 g sodium azide to 100 mL PBS and autoclave.
Add 5 mL FCS prior to use
Store at 4°C once FCS is added
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Freezing media (100 mL)
Add 10 mL of DMSO to 90 mL of FCS

L-glutamine (250 mL)
Add 7.3 g L-glutamine to 250 ml ddH2O.
Stir for 5-10 minutes then filter sterilise through 0.2 µm filter and store 5 mL aliquots at
-20°C.

Liberase Blendzyme III (2 mL)
Dissolve 7 mg of Liberase Blendzyme 3 in 2 mL of injection quality water.
Incubate on ice for 30 minutes with intermittent mixing.
Filter sterilise through a 0.2 µm filter and store at -20°C.

Phosphate Buffer Saline (PBS) (100 mL)
Dissolve 1 phosphate buffered saline tablet in 100 mL ddH2O.
Autoclave, then store at room temperature.

Red cell lysis buffer (1L)
Dissolve 8.3 g of NH4Cl in 1L of ddH2O to make a 0.83% solution.
Dissolve 4.12 g of Tris in 200 ml of ddH2O and adjust the pH to 7.6.
Add 900 mL of the 0.83% NH4Cl solution to 100 mL of the Tris solution and filter
sterilise.

RPMI 1640 (5L)
Dissolve 52 g of RPMI 1640 (powder form) and 10 g of NaHCO3 in 4.95 L of ddH2O.
Stir until dissolved and adjust pH 7.4.
Filter sterilise through a 0.2 µm filter into 500 ml aliquots and store at 4°C.
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Supplemented RPMI (560 mL)
Add 5 ml of antibiotics (gentamicin and benzyl penicillin), 5 mL of L-glutamine
solution, 50 µL of FCS, 40 µL 2-mercaptoethanol (0.5 mM) to 500 mL of RPMI 1640
and store at 4°C.

TBS-T wash buffer (500 mL)
Dissolve 1.576 g of Tris-HCl, 4.383 g of NaCl and 250 µL of Tween-20 (0.05% v/v) in
500 mL of ddH2O.
Adjust the pH to 7.6.

Trypan Blue (100 mL)
Dissolve 0.1 g of trypan blue in 100 µL of PBS
Filter sterilise.
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CHAPTER 3
THE ANTI-TUMOUR EFFECT OF INTRA-TUMOURAL
ANTI-CD25MAB TREATMENT: DOSAGE, KINETICS
AND MECHANISMS OF ACTION
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3.1 Introduction
The presence of Tregs within tumours and the periphery of tumour bearing mice and
humans is now well established (Curiel et al., 2004, Yu et al., 2005, Needham et al.,
2006, Hegmans et al., 2006). Furthermore, the presence of these cells within the tumour
has been demonstrated to impair the ability of the immune system to clear the tumour
cells and additionally correlates to poor disease outcome (Woo et al, 2001;
Somasundarum et al, 2002; Sasada et al, 2003). Based on these observations it was
hypothesised that depletion of Tregs from tumour bearing patients would result in an
improved ability of the immune system to clear the tumour. Indeed this has been
confirmed in numerous mouse models showing that depletion of Tregs results in
inhibition of tumour growth in melanoma, mesothelioma, breast cancer, colon
carcinoma, renal carcinoma (Onizuka, 1999; Shimizu, 1999; Jones, 2002; Yu, 2005;
Needham et al., 2006). Furthermore, human clinical trials of the drug Denileukin
Diftitox (DD) which targets and kills cells expressing the IL-2α receptor chain, also
known as CD25, have shown some success. A small trial involving 4 adults with late
stage cancers found that treatment with DD resulted in a reduction in circulating
CD4+CD25+ T-cells, and an increase in the percentage of T-cells secreting IFN-γ which
correlated to an increase in serum IFN-γ concentration (Barnett, 2005). Another trial on
10 adults with renal cell carcinoma had similar findings, demonstrating that treatment
with DD reduces the circulating number of Tregs and increases the cytotoxic capacity of
CD8+ T-cells (Dannull et al, 2005). Together these data indicate that the presence of
Tregs in tumours inhibits the function of the immune response against the tumour and
furthermore, depletion of these cells can result in clearance of the tumour.

In addition to the direct effect that Treg depletion can have to release the immune system
from suppression, it can also be used in synergy with other immunotherapies. It has
been reported that vaccination strategies aimed at increasing the prevalence of antitumour effector cells results in the co-expansion of Tregs that hinder the effectiveness of
the vaccine (Zhou, 2006). Recently it has been reported that vaccination aimed at
increasing the T-cell response against carcinoembryonic antigen (CEA) expressing
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malignancies can be greatly improved by co-depletion of Tregs (Morse et al, 2008). Also,
a tumour RNA loaded DC vaccination was found to be more effective at expanding the
anti-tumour T-cell population when combined with Treg depletion (Dannull et al, 2005).
Finally, adoptive cell transfer (ACT) of tumour antigen specific T-cells has been
proposed to be limited by the presence of Tregs and it has been suggested that this
treatment approach may also be improved by Treg depletion (Gattinoni et al., 2005).
Taken together, these observations suggest that understanding how Tregs manipulate the
anti-tumour immune response will be important in the future improvement of immunotherapeutic treatments for cancer.

With this in mind, investigation of the role of Tregs in numerous animal cancer models
has been conducted. Some studies have found that there is a systemic increase in the
number of Tregs in response to the tumour (Curial et al., 2004, Yu et al., 2005, Liyanage
et al., 2002 more). Furthermore, treatment with

a dose of anti-CD25mAb that

systemically depletes the Tregs results in inhibition of tumour growth (Onizuka et al.,
1999; Shimizu et al., 1999;). In contrast to these findings, it has been found in the AE17
tumour model that there is no systemic increase in the number of Tregs but instead an
accumulation of Tregs in the tumour as the tumour grows (Needham et al., 2006). Similar
to observations made by other groups investigating the involvement of Tregs in tumour
bearing mice, previous work conducted in this laboratory has shown that depletion of
Tregs from AE17 murine mesothelioma tumours by intra-tumoural treatment with antiCD25mAb results in 10 days of tumour growth inhibition (Needham et al., 2006).
Despite the success of this treatment, little is known about how the immune response is
modified following treatment, the most effective dose and administration route, or the
kinetics of the Treg depletion. Previous experiments conducted showing an anti-tumour
effect of anti-CD25mAb on the growth of AE17 tumours used an antibody of unknown
concentration. Experiments outlined in this chapter aim to determine how different
doses of anti-CD25mAb affect the immune system of AE17 tumour bearing mice, and
to use this information to determine the optimal dose and timing of the treatment.
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3.2 Results

3.2.1 High dose anti-CD25mAb accelerates tumour growth
To examine the optimal amount of anti-CD25mAb required to inhibit AE17 tumour
growth a range of doses were selected. The initial dose of 100µg was chosen to deplete
Tregs from AE17 tumour bearing mice and was based on established protocols to
systemically deplete CD4+and CD8+ T-cells from mice for an extended period (Yu et al.,
2005). To investigate the effect of this dose, and compare it to a series of lower doses,
C57BL6J mice were inoculated with 1 x 107 AE17 tumour cells. When tumours reached
9mm2 mice were treated intra-tumourally with a single injection of 100µg, 50µg or
25µg of anti-CD25mAb or remained untreated as controls and tumour area was
measured daily. Figure 3.1 shows that tumours from all treatment groups reached the
humane end point of 100mm2 in around half the time compared to control mice.
Tumours in mice receiving the 100µg treatment grew the fastest, reaching end point in
10 days following the initial treatment, 14 days faster than the control mice. Similarly,
tumours in mice receiving the 50µg and 25µg treatment respectively reached the end
point in 13 and 14 days following the initial treatment. Together these data suggests that
all these doses of PC61 promote tumour growth instead of inhibiting it, however, the
precise reason for this surprising observation is unknown. To investigate this further, the
depletion kinetics of the treatment were examined.

3.2.2 High dose anti-CD25mAb systemically depletes all CD4+ T-cells expressing CD25
for greater than 10 days
To examine the depletion efficacy of 25µg, 50µg and 100µg doses of anti-CD25mAb,
C57BL/6J mice with 9mm2 tumours were treated intra-tumourally with the appropriate
dose and the Treg population in the spleen, tumour and tumour draining lymph nodes
was analysed by flow cytometry 1, 3, 6 and 10 days following treatment. Figure 3.2A
shows that the doses of 100µg results in a significant decline at all locations in the
percentage of CD4+ T-cells positive for CD25 just 1 day following treatment from 34.7
± 8.9 to 4.69 ±0.9 (p < 0.05) in the tumour, 8.64 ± 1.4 to 2.72 ± 0.42 (p < 0.05) in the
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Figure 3.1. High dose anti-CD25mAb accelerates AE17 tumour growth.
Mice were untreated () or were treated intra-tumourally with 100µg (), 50µg
(), or 25µg () of anti-CD25mAb when tumours reached 9mm2. Tumour area
was measured daily using micro-callipers and data shows mean of 3 mice for
each time point ± standard deviation.

43

50.0

A
Tumour
Lymph Node
Spleen

37.5
25.0
12.5
0

+

% of CD4 cells expressing CD25

B

!

UT

1

3

6

10

UT

1

3

6

10

UT

1

3

6

10

50.0
37.5
25.0
12.5
0
C
50.0
37.5
25.0
12.5
0

Days post initial treatment

!

Figure 3.2. Depletion kinetics of intra-tumoural anti-CD25mAb treatment.
Mice were treated intra-tumourally with 100µg (A), 50µg (B) or 25µg (C) of antiCD25mAb when tumours reached 9mm2. Tumours, tumour draining lymph
nodes and spleens were removed from mice 1, 3, 6 and 10 days following
treatment and the percentage of CD4+ T-cells that co-expressed CD25 was
analysed by flow cytometry. Each time point shows the mean from 3 samples ±
standard deviation.
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tumour draining lymph nodes and from 11.72 ± 2.27 to 2.38 ± 0.16 (p < 0.05) in the
spleen. Additionally, this reduction in CD4+ cells expressing CD25 at all locations was
maintained for the full 10 days that were examined. Similarly, the Treg population in
mice receiving the 50µg intra-tumoural treatment showed the same trend as that of the
mice receiving the 100µg treatment (Figure 3.2B). Interestingly, the Treg population in
mice receiving the lower 25µg treatment had a different profile over time compared to
the two higher doses (Figure 3.2C). Similar to the higher doses, although less
pronounced, 1 day following treatment there was a significant reduction in the
percentage of CD4+ T-cells expressing CD25 within the tumour (34.7 ± 8.9 to 12.1 ±
1.3, p < 0.05), tumour draining lymph nodes (8.64 ± 1.4 to 3.3 ± 0.8, p < 0.05) and the
spleen (11.72 ± 2.27 to 3.25 ± 0.3, p < 0.05). However, in comparison to the higher
doses of 100µg and 50µg on day 3 where 4.44 ± 0.42 and 4.6 ± 1.1 of the CD4+ T-cell
were expressing CD25 respectively, in the tumours of the mice receiving 25µg of antiCD25mAb there was a significantly higher proportion of the CD4+ T-cells expressing
CD25 (25.1 ± 6.65). This increase was only short lived and by day 6 the CD4+CD25+
population had declined in line with the higher doses and remained this way for the
entire period observed. The cause of the increased expression of CD25 by the CD4+ Tcells was unknown from this experiment but we hypothesised that the depletion of the
Tregs by the initial treatment released the remaining CD4+ T-cell population from
suppression allowing them to become activated resulting in expression of CD25. The
decline then observed between day 3 and day 6 is presumably a result of residual antiCD25mAb depleting these activated CD4+ T-cells. Together these data suggest that high
dose anti-CD25mAb treatment may deplete more than just the pool of Treg cells that
express CD25 and there may be a spill-over effect where the residual antibody depletes
other cells of the immune system important for clearance of the tumour and these
notions were further explored in the following experiments.
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3.2.3 High dose anti-CD25mAb reduces the percentage of CD4+ and CD8+ T-cells
within the tumour
To determine the extent to which high doses of anti-CD25mAb resulted in “spill-over”
depletion of other subsets of cells expressing CD25, the number of intra-tumoural CD4+
and CD8+ T-cells was analysed in mice with 9mm2 tumours following a single 25µg
anti-CD25mAb treatment by flow cytometry. Figure 3.3 shows that 1 day following
treatment there is a significant decline in the proportion of cells in the tumour that are
CD4+ T-cells from 3.05% ± 0.17 of total cells within the tumour to 0.37% ± 0.18 (p <
0.05). This is likely due to the depletion of the CD25 expressing Treg population which
makes up over 80% of the intra-tumoural CD4+ population. By day 3 the CD4+ T-cell
population has recovered to close to pre-treatment levels (2.16% ± 0.21), however, over
the course of 10 days this cell population is significantly reduced to 0.76% ± 0.13 (p <
0.05) of the total tumour cell population. A similar trend is seen in the CD8+ T-cell
population with the total cells expressing CD8 within the tumour increasing from 0.91%
± 0.08 before treatment to 2.3% ± 0.56 3 days following treatment (p < 0.05), and then
showing a significant decline by day 10 when only 0.74% ± 0.1 (p < 0.05) of the total
cells express CD8. These data suggest that high dose anti-CD25mAb treatment can
reduce the total number of CD4+ and CD8+ T-cells within the tumour over a 10 day
period. Together with data presented in section 3.2.1 showing high dose anti-CD25mAb
accelerates tumour growth, it is likely that higher doses have a negative effect on the
immune systems ability to clear the tumour and therefore much lower doses should be
investigated.

3.2.4 Low dose anti-CD25mAb inhibits tumour growth
Based on data from the previous experiments, we hypothesised that the most effective
dose to inhibit tumour growth would be one that depleted the Treg population without
leaving residual antibody that could negatively affect the immune mediated clearance of
the tumour. To investigate this, mice remained untreated or were treated when tumours
had reached 9mm2 intra-tumourally with 250ng, 500ng or 1µg of anti-CD25mAb twice
at 10 day intervals while tumour area was measured daily. Figure 3.4A shows that
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Figure 3.3. High dose anti-CD25mAb reduces the proportion of CD4+ and
CD8+ T-cells within the tumour. Mice were treated intra-tumoural with 25µg of
anti-CD25mAb when tumours reached 9mm2. Tumours were removed before
treatment (0) and 1, 3, 6 and 10 days following treatment. The percentage of
total cells isolated from the tumour expressing either CD4 or CD8 was analysed
by flow cytometry. Data shows mean from 3 samples for each time point ± the
standard deviation.
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tumours in untreated mice grew from 9mm2 to the endpoint of 100mm2 in 33.5 days on
average. In comparison, growth of the tumours in all 3 treatment groups was inhibited
compared to these untreated controls. Mice receiving the 250ng treatment regime had
significantly smaller tumours by day 19 (and all time points after) measuring 10.7 ±
6.11mm2 compared to the untreated controls which measured 26.7 ± 2.89mm2 (p <
0.05). Additionally, mice receiving the 250ng treatment took an average of 41 ± 3 days
to reach end point, or 6.5 days longer than the treatment group (Figure 3.4B). Tumour
growth in mice receiving the 500ng dose was similarly inhibited. Treated mice had
significantly smaller tumours 16 days following treatment measuring 2.67 ± 2.89mm2
compared to 21.3 ± 10.67mm2 for mice untreated mice (p < 0.05) and grew to end point
in 45 ± 6 days on average or 10.5 days longer than controls (Figure 3.4C). Mice
receiving the 1µg dose showed a better response than the two other lower doses and
tumours actually began to regress for a short period following the initial treatment in
some cases. Five days following treatment, tumours of treated mice were significantly
smaller than untreated controls measuring 2.67 ± 2.31mm2 compared to 10.0 ± 3.46mm2
(p < 0.05) and remained so for all time points after this. Additionally, 1 mouse in the
treatment group was tumour free 7 days after the initial treatment and remained this way
until day 21 when the tumour re-emerged. Mice receiving the treatment took 50.33 ±
10.1 days to reach endpoint, or 17.17 days longer than untreated mice (data not shown).

To confirm these results, a repeat experiment of the 1µg and 500ng doses was
performed (data not shown). Results of the repeat experiment followed a similar trend
to the initial experiment, although no tumour regression was observed. Tumours in mice
receiving the 500ng treatment were significantly smaller 20 days following the initial
treatment measuring 9 ± 3mm2 compared to untreated controls which measured 23.33 ±
2.89mm2 (p < 0.05) and reached end point after 39.33 ± 1.53 days or 8 days after the
control mice (31.33 ± 1.15 days). Similarly, mice receiving the 1µg dose were
significantly smaller than the control tumours 10 days following the initial treatment
measuring 5.33 ± 1.15mm2 compared to untreated controls measuring 12.33 ± 3.51mm2
(p < 0.05) and reached the end point 40.66 days ± 1.53, 9.33 after the control tumours.
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Figure 3.4. Tumour growth following low dose intra-tumoural
antiCD25mAb treatment. Mice remained untreated (A) or were treated intratumourally with 250ng (B), 500ng (C), or 1000ng (D) of anti-CD25mAb twice at
10 day intervals (T1 and T2) beginning when tumours reached 9mm2. Tumour
area was measured daily. Each time point shows mean tumour area from 3
mice ± standard deviation.
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In contrast to the initial experiment examining the 1µg dose, no tumours in this
experiment completely regressed.

The efficacy of doses higher than 1µg were also analysed (5 and 10µg), however little
or no anti-tumour effect was seen with any of these doses (data not shown). Based on
these data, it was concluded that the dosage of 1µg offered the best anti-tumour effect
and this was subsequently used to investigate the depletion kinetics and effect on the
immune system.

3.2.5 Return of Tregs to the tumour coincides with the resumption of tumour growth
Following the successful dose titration of the anti-CD25mAb, the Treg depleting kinetics
of the low dose treatment were analysed. To investigate this, tumour bearing mice were
treated with 1µg of anti-CD25mAb when the tumours reached 9mm2 and the tumour,
tumour draining lymph node and spleen were removed and the Treg population was
analysed by flow cytometry. Figure 3.5 shows that following the 1µg treatment there is
a significant reduction in the population of CD4+ T-cells expressing CD25 within the
spleen from 7.45 ± 0.04% of cells before treatment to 1.73 ± 0.5% (p < 0.05) 1 day after
treatment. Similarly, in the tumour and tumour draining lymph nodes 1 day following
treatment, the percentage of CD4+ cells expressing CD25 was significantly reduced
from 20.5 ± 0.71% and 6.75 ± 0.78% respectively to 5.03 ± 3.30% (p < 0.05) and 1.23 ±
0.18% (p < 0.05) (Figure 3.5). However, in contrast to the higher doses, the
CD4+CD25+ T-cell population begins to re-establish just 3 days following the 1µg dose
and by day 7, the percentage of CD4+ T-cells expressing CD25 is not significantly
different within the spleen (6.12 ± 0.67%, p = 0.1), tumour draining lymph node, (5.73
± 0.23%, p = 0.22) or the tumour (28.5.0 ± 3.25%, p = 0.28) when compared to
untreated mice. Interestingly, the return of Tregs to the tumour on day 7 following
treatment with 1µg anti-CD25mAb coincided with the resumption of tumour growth
shown in Figure 3.4D. These observations suggest that tumour growth is inhibited in the
period when there are less Tregs within the tumour, but that resumption of tumour growth
coincides with the return of Tregs to the tumour.
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Figure 3.5. Depletion kinetics of 1µg anti-CD25mAb intra-tumoural
treatment. Mice were treated with 1µg of anti-CD25mAb when tumours
reached 9mm2. Tumours, tumour draining lymph nodes, and spleens were
removed from untreated mice, and 1, 3 and 7 days following treatment. The
percentage of CD4+ T-cells that expressed CD25 was analysed by flow
cytometry. Each data point shows the mean percentage of CD4+ T-cells
expressing CD25 for 6 mice over 2 separate experiments ± standard deviation.
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3.2.6 Low dose anti-CD25mAb results in TH cell recruitment and activation of intratumoural CD8+ T-cells
Following the successful titration of the anti-CD25mAb and the observation that
resumption of tumour growth coincides with the return of the Tregs to the tumour,
investigation of the potential mechanisms involved in inhibiting tumour growth were
undertaken. It was hypothesised that tumour growth inhibition was mediated by
activation of NK or CD8+ T-cells following depletion of the Tregs. To investigate this,
mice with 9mm2 AE17 tumours were treated intra-tumourally with 1µg of antiCD25mAb and populations of CD4+ and CD8+ T-cells isolated from the tumour were
analysed by flow cytometry. Figure 3.6A shows the percentage of the intra-tumoural
CD4+ T-cells that are either Tregs (CD4+CD25+Foxp3+) or activated T-helper cells
(CD4+CD25+Foxp3-) 1, 3 and 10 days following treatment, while Figure 3.6B shows the
proportion of CD8+ T-cells activated (CD8+CD25+) at these same time points. These
data show that prior to treatment (D0), the CD4+ T-cell population is overwhelmed by
the presence of Tregs with this population making up 32.7 ± 5.49% of the whole intratumoural CD4+ cell population compared to the T-helper cell which makes up only 6.47
±1.64%. When compared to the CD8+ T-cell population in Figure 3.6B at the same time
point, there is a correlation between the high ratio of Tregs within the tumour and a very
low level of CD8+ T-cells expressing the activation marker CD25. One day following
anti-CD25mAb treatment, the CD4+CD25+ T-cells within the tumour are significantly
reduced compared to untreated mice with the Treg population now accounting for only
1.40 ± 0.17% (p < 0.05), and the activated T-helper cells making up 1.42 ± 0.34% (p <
0.05) of the total CD4+ T-cell population. These data indicate that the treatment is
effective at depleting all cells expressing CD25 within the tumour whether
CD4+CD25+Foxp3- T-helper cells or CD4+CD25+Foxp3+ Tregs. Data from section 3.2.5
shown in Figure 3.5 indicates that within 3 days following intra-tumoural anti-CD25mAb
treatment the CD4+CD25+ T-cell population begins to return to the tumour. Further
analysis of the CD4+ cell population in this experiment shows that only 1.03 ± 0.58% of
these cells are Tregs while 45.61 ± 8.29% are activated T-helper cells. Additionally, when
the activation of the CD8+ T-cells was analysed at the same time point, it was
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Figure 3.6. Activation of intra-tumoural immune cells following
antiCD25mAb treatment. Mice were treated intra-tumourally with 1µg of antiCD25mAb when tumours reached 9mm2. Tumour samples were taken from
mice before treatment and 1, 3 and 10 days following treatment. The
percentage of CD4+ T-cells that were either activated THelper (CD4+CD25+Foxp3-)
or Treg (CD4+CD25+Foxp3+) cells was analysed by flow cytometry (A).
Additionally the percentage of CD8+ T-cells expressing CD25 also assessed
(B). Data shows mean from 3 mice ± standard deviation.
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found that 78.77 ± 6.3 % of these cells were activated. Interestingly when compared to
tumour growth kinetics in Figure 3.4D, rapid reduction of tumour growth is seen at day
3. In contrast to the activation seen on day 3, when the intra-tumoural CD4+ and CD8+
T-cells had become activated, on day 10 there is a return of the Treg cells. Of the CD4+
T-cell population situated within the tumour there is a significant increase in Treg cells
from 1.03 ± 0.58% on day 3 to 31.54 ± 1.99% on day 10, also, only 9.53 ± 2.52% are Thelper cells compared to 45.61 ± 8.29 from day 3. Additionally, the return of the Tregs to
the tumour coincides with the significant reduction in the percentage of CD8+ T-cells
expressing CD25 from 78.77 ± 6.3 on day 3 to 7.17 ± 1.64 on day 10 (p < 0.05).
Together these data suggest that depletion of the Treg population in AE17 mice results in
activation of intra-tumoural CD8+ T-cells and that the return of Tregs to the tumour
coincides with the return of immune suppression.

3.2.7 Low dose anti-CD25mAb decreases intra-tumoural TGF-β and increases IFN-γ
concentrations
To confirm the hypothesis that depletion of Tregs results in activation of intra-tumoural
CD8+ T cells, IFN-γ concentration within the tumour was used as a surrogate marker of
activation of these cells. Additionally, to investigate one possible mechanism of the Treg
mediated immune suppression the cytokine TGF-β, often associated with Treg mediated
immune suppression was also examined. To do this, C57Bl/6J mice with 9mm2 AE17
tumours were first treated intra-tumourally with 1µg of anti-CD25mAb. Tumours were
then removed 2, 4 and 6 days following treatment and the concentration of TGF-β and
IFN-γ was analysed by ELISA. Figure 3.7 shows that the single 1µg dose of antiCD25mAb significantly reduced the concentration of TGF-β within the untreated
tumour (from 42.1 ± 4.2 ng/g of tumour to 24.1 ± 4.3 ng/g of tumour 2 days after
treatment, p < 0.05). At 4 days following the initial treatment the TGF-β concentration
remained at the significantly reduced concentration of 24.1 ± 4.9 ng/g of tumour. In
contrast to the reduction seen in TGF-β over the first 4 days, 6 days following the initial
treatment, the concentration of TGF-β returned to 35.4 ± 9.0 ng/g of tumour, a level not
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Figure 3.7. Anti-CD25mAb treatment reduces intra-tumoural TGF-β and
increases IFN-γ concentration. Mice were treated intra-tumourally with 1µg of
anti-CD25mAb when tumours reached 9mm2. Tumours were removed before
treatment or 2, 4 or 6 days following treatment. Tumour lysates were analysed
by ELISA for concentration of IFN-γ and TGF-β. Tumour area was determined
by micro-caliper measurement. Data shows mean ± SEM for 6 mice from 2
independent experiments.
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significantly different to that found in untreated tumours (p = 0.24). The simultaneous
assessment of the IFN-γ concentration within the tumour showed an opposite trend. The
concentration of IFNγ was significantly increased over the untreated control from 20.3
± 3.5 ng/g to 54.8 ± 15.6 ng/g (p < 0.05) and 68.4 ± 10.8 ng/g (p < 0.05) on days 2 and
4 respectively, while by day 6 the concentration had declined and was measured at 37.0
± 15.6 ng/g. Interestingly, the resumption of tumour growth coincides with the return of
the intra-tumoural cytokine concentrations to pre-treatment levels between day 4 and
day 6 (Figure 3.7). These data support the hypothesis that when the Treg cells return to
the tumour, there is a suppression of the intra-tumoural anti-tumour effector cells.
Furthermore, this indicated that TGF-β is involved in Treg mediated immune
suppression within AE17 murine mesothelioma tumours.
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3.3 Discussion

3.3.1 Result Summary
The purpose of the experiments presented in this chapter were to confirm and extend
previously published results (Needham et al., 2006) that anti-CD25mAb treatment of
AE17 tumour bearing mice results in depletion of Tregs and inhibition of tumour growth.
Previous work had not determined the optimal dose of the treatment or the mechanisms
responsible for the inhibition of tumour growth following treatment. Therefore,
investigation of the kinetics and mechanism of action were undertaken to better
understand how the anti-CD25mAb treatment worked. It was found that the dosage of
anti-CD25mAb is very important when considering the effect on the immune system in
AE17 tumour bearing mice. Specifically, it appears that high doses (greater than 50µg)
of the treatment may result in depletion of other cells of the immune system that may
express CD25 at time points following the treatment (Figures 3.2 and 3.3). Furthermore,
these higher doses were found to accelerate tumour growth (Figure 3.1). In contrast to
the high dose treatment, low dose anti-CD25mAb (less than or equal to 1µg) was found
to inhibit tumour growth (Figure 3.4). These data have lead to the hypothesis that the
dosage of anti-CD25mAb is a critical factor in determining the nature of the immune
response generated against the tumour.

Supporting our original hypothesis, it was found that following Treg depletion there was
evidence of immune activation within the tumour. Experiments found that following
anti-CD25mAb treatment there was an increase in the number of Th cells in the tumour,
an increase in the expression of CD25 by intra-tumoural CD8+ T-cells (Figure 3.6) and
an increase in the concentration of intra-tumoural IFN-γ (Figure 3.7). Also, it was found
that Treg depletion reduced the intra-tumoural concentration of TGF-β (Figure 3.7).
These observations support our original hypothesis that the anti-tumour immune
response will be released from Treg mediated immune suppression by treatment with
anti-CD25mAb. Also, these data have lead to the additional hypothesis that Tregs
maintain an immunosuppressive tumour microenvironment by secretion of TGF-β.
Following this hypothesis, the inhibition of tumour growth following anti-CD25mAb
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treatment is thought to be due to a reduction in the intra-tumoural TGF-β concentration,
releasing anti-tumour effector cells from immune suppression allowing them to clear the
tumour cells.

Finally, the eventual return of the Tregs to the tumour was found to limit the treatment.
Figure 3.6A shows that 10 days following anti-CD25mAb the Treg population has
returned and coinciding with the return is a suppression of the intra-tumoural CD8+ Tcell population (Figure 3.6B). Additionally, Figure 3.7 shows that when the Tregs have
returned to the tumour, the TGF-β concentration has returned to the pre-treatment
concentration. These data suggest that the anti-CD25mAb treatment is limited by the
return of Tregs to the tumour and upon the return, an immunosuppressive
microenvironment is established which prevents effector cell activity against the
tumour.

3.3.2 The dosage of anti-CD25mAb is a critical factor in determining the nature of the
immune response generated against the tumour
Our data indicated that high dose anti-CD25mAb accelerated tumour growth compared
to untreated controls, while the low doses inhibited tumour growth (Figure 3.1 and 3.4).
When the T-cell population of mice receiving the high dose regime was analysed, it was
found that all of the cells expressing CD25 in the tumour, TDLN and spleen had been
depleted for at least 10 days following the initial treatment. However, in contrast to the
higher doses, the CD25 population in mice receiving the lower doses began to return 3
days following the initial treatment (Figure 3.5). This suggests that high dose antiCD25mAb may leave residual antibody remaining for a long period following the initial
treatment that continues to deplete any cells expressing CD25. This hypothesis may also
explain why accelerated tumour growth was observed following the high dose treatment
as activated anti-tumour effector T-cells express CD25. It was found that there was a
progressive decrease over the 10 days in the proportion of cells in the tumour
expressing CD4 or CD8 following the high dose (Figure 3.3). Since later experiments
found that both the CD4+ TH and CD8+ T-cell populations express CD25 after the Tregs
have been depleted by the low dose treatment (Figure 3.6), it is possible that the residual
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antibody in mice receiving the high dose treatment depleted these cells. To further test
this hypothesis, serum of mice treated with low and high dose anti-CD25mAb could be
analysed by ELISA for the presence of Rat IgG over a time course following treatment
to determine if any residual antibody remained. The concentration of antibody could be
correlated to the number of CD25+ cells present to examine whether the time that the
CD25+ began to return coincided with the clearance of the anti-CD25mAb. Also, these
experiments only indicated how the CD4+ and CD8+ T-cell populations changed as a
percentage of the total cells in the tumour and future experiments could count the
precise number of these cells in the tumour to more accurately describe how high dose
treatment affects the effector cell populations. Additionally, comparison of the number
of CD4+ and CD8+ cells in the tumour following high and low dose should be
performed to find out if the high dose anti-CD25mAb treatment leads to less effector
cells in the tumour than the low dose. If the hypothesis that residual antibody depletes
effector cells populations then the timing of anti-CD25mAb activity must be carefully
considered. Against a suppressed immune system, as is the case in the untreated AE17
model, where the majority of cells expressing CD25 are Tregs, the treatment will deplete
these cells and potentially result in activation of the immune system. However, if the
immune system is in an active state, such as just after the Tregs have been depleted, antiCD25mAb will also deplete the effector cell population required to destroy the tumour
cells. As discussed above, data presented in this chapter support the hypothesis that
administration of high dose anti-CD25mAb acts for too long, during the period when
the Tregs are being depleted and after all the Tregs are gone when the immune system has
started activating. In contrast, the most effective dose of anti-CD25mAb is when just
enough is given to deplete the Treg population, but so that no residual anti-CD25mAb
remains to deplete the effector cells once they become activated. Supporting this
hypothesis was the finding that low dose anti-CD25mAb treatment inhibited tumour
growth and that a CD25+ population of CD4+ and CD8+ were present only 3 days after
the initial treatment.
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3.3.3 The anti-tumour immune response is released from Treg mediated immune
suppression by treatment with anti-CD25mAb
Following the intra-tumoural administration of low dose anti-CD25mAb, it was found
that there was a decrease in the intra-tumoural concentration of TGF-β, an increase in
the proportion of CD4+ T-cells which were TH cells, an increase in CD25 expression by
CD8+ T-cells and an inhibition of tumour growth compared to untreated controls
(Figures 3.6 and 3.4). Together this data supports our original hypothesis that Tregs
maintain immune suppression over the host anti-tumour immune response and
additionally, depletion of the Tregs results in release of the immune response resulting in
inhibition of tumour growth. Furthermore, by analysing how the population of cells
changed in the tumour and how the concentrations of TGF-β and IFN-γ varied
following Treg depletion, these observations also begin to suggest how Tregs may inhibit
the immune response against AE17 tumours.

3.3.3.1 Immune activation following Treg depletion
To consider the changes in the intra-tumoural T-cell populations, CD4+CD25+Foxp3+
were classified as Tregs while CD4+CD25+Foxp3- cells were presumed to be activated
CD4+ T-helper cells. This is because expression of CD25 expression is dependent on
NFAT-AP1 mediated transcription that only occurs after TCR engagement with costimulation in T-helper cells (Rao et al., 1997). The proportion of these two cell types,
in conjunction with the activation of intra-tumoural CD8+ T-cells indicates a balance
between immune suppression and activation. Figure 3.6 shows that prior to treatment, a
much greater proportion of the T-cells in the tumour are Tregs, and when this is
compared to the percentage of CD8 cells which are activated (as measured by cells
expressing CD25), almost none are. One day following the intra-tumoural
administration of the anti-CD25mAb, all CD4+CD25+ cells are depleted from the
tumour whether Foxp3+ or Foxp3-, again highlighting the non-specificity of the antiCD25mAb treatment. Three days following the treatment the intra-tumoural
CD4+CD25+ T-cell population is found to be almost completely Foxp3- cells. This
suggests that removing the large Foxp3+ regulatory component of the CD4+ population
(Tregs) has released the remaining Foxp3- portion from suppression allowing them to
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become activated. Similarly, most of the CD8+ T-cell population were found to be
activated on day 3. In addition to the expression of CD25, concentration of IFN-γ within
the tumour was analysed at time points following the treatment to confirm activation of
the CD4+ and CD8+ subsets of cells. Figure 3.7 shows that only 2 days following
treatment there is a significant increase in the concentration of IFN-γ within the tumour.
This increased IFN-γ concentration is maintained for the period when the tumour is free
of Tregs. Together these observations support the hypothesis that the immune system is
released from Treg mediated immune suppression by anti-CD25mAb treatment.

To further understand the nature of the activation of the immune system following Treg
depletion, investigation of other cell populations should be undertaken. When the NK
cell population was examined before and after anti-CD25mAb treatment in preliminary
experiments, no NK1.1+ cells were detected in the tumour (data not shown) suggesting
that these cells do not have any role in tumour clearance following Treg depletion.
Additionally, investigation of the effect of Treg depletion on dendritic cell populations
could be performed. Tregs have been found to inhibit the maturation of DC populations
in models of transplantation and autoimmunity (Tang et al., 2005, Tadokoro et al.,
2004). Chapters 4 and 5 of this thesis expand on this and investigate how Treg depletion
affects the DC population in AE17 tumour bearing mice. Other cell populations may
also be suppressed by the presence of Tregs in the tumour including B-cells and
macrophages and could be the subject of future investigations. Also, in these
experiments, IFN-γ was the only cytokine investigated. Future experiments could
expand on this by measuring other cytokines in the tumour microenvironment. Using
the multiplex luminex system, many cytokines can be analysed from single samples.
This system could be used to screen a wide range of cytokines and the results used to
help determine new aspects of the immune response generated against the tumour.

Although more work can be done to investigate the nature of the immune activation
following treatment, data presented in this chapter indicates that the presence of Tregs in
AE17 tumour bearing mice inhibits clearance of the tumour by the immune system.
However, before this work was completed, no data existed on how Tregs may achieve
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this in AE17 tumours. It was found that following the depletion of the Tregs from AE17
tumour bearing mice, there was a significant decrease in the TGF-β concentration
within the tumour. Additionally, when the Tregs returned to the tumour, there was a
simultaneous increase in TGF-β concentration. This lead to the hypothesis that Tregs
prevent the immune system from clearing tumours buy secreting TGF-β in the tumour
microenvironment.

3.3.3.2 Tregs may use TGF-β to maintain immune suppression within AE17
tumours
The observation that TGF-β concentration is significantly reduced within the tumour
following Treg depletion suggests that this cytokine is associated with Treg function.
Furthermore, genechip analysis indicated that TGF-β is the most up-regulated gene in
Tregs isolated from the tumour compared to those isolated from the spleen (Personal
communication, Dr Demelza Ireland). TGF-β has many functions but most relevant to
this observation is that it suppresses proliferation, differentiation, and cytotoxicity of Tcells. The high concentration of TGF-β in the tumour is likely to inhibit the ability of
resident immune cells from clearing the tumour. In CD4+ Th cells, TGF-β downregulates the transcription factors STAT4 and T-bet. STAT4 is important for IFN-γ
production during T-cell priming while T-bet is important for IFN-γ production during
recall responses (Lin et al., 2005). Given our result that IFN-γ concentration in the
tumour is higher when the TGF-β concentration has been reduced, it is plausible that
inhibiting T-bet expression in intra-tumoural CD4+ TH reduces the ability to produce
IFN-γ. Similar to CD4+ T-cells, TGF-β inhibits CD8+ IFN-γ production by downregulating T-bet expression. To determine if Tregs were inhibiting T-bet expression by the
secretion of TGF-β further experiments could use intracellular flow cytometry to
measure the expression of T-bet in intra-tumoural cells following the neutralisation of
TGF-β in the tumour. Alternatively, CD4+ and CD8+ T-cells from untreated tumours, or
tumours treated with anti-CD25mAb or TGF-β neutralising treatments could be
compared following isolation. T-bet expression could be analysed by western blot and if
comparable expression levels were found in the anti-CD25mAb and TGF-β neutralised
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groups, this would suggest that TGF-β is the main mechanism used by Tregs to inhibit
the activity of the intra-tumoural effector cell population.

The possibility exists that TGF-β is not the only mechanism used by the Tregs and that a
number of different mechanisms work together to prevent the immune system from
clearing the tumour. Chapter 4 of this thesis investigates this possibility further but other
mechanisms that have been proposed and could be pursued include Treg secretion of
Granzyme B to kill effector cells (Cao et al., 2007), secretion of IL-10 or IL-35, 2 other
immunosuppressive cytokines associated with Treg suppression (Hara et al., 2001;
Collison et al., 2007), direct Treg-T-cell contact resulting in T-cell suppression (Thornton
et al., 1998), or the induction of toleragenic dendritic cells (Tang et al., 2005, Tadokoro
et al., 2004). Furthermore, it is likely that the immune response generated against the
AE17 tumour is inhibited by more than just the presence of Tregs. Although investigation
of every possible mechanism of suppression is far outside the scope of this thesis, it was
found that depletion of the Tregs resulted in around a 50% reduction in the concentration
of intra-tumoural TGF-β. This suggests that the Tregs are the majority contributor to the
overall amount of TGF-β within the tumour but are not the sole source. Analysis of
TGF-β production by AE17 cells in vitro revealed that no detectable amount of the
cytokine was present either in the cell supernatant or within the cells (data not shown).
Also, RT-PCR analysis of the cells found no detectable TGF-β mRNA (personal
communication, Dr D. Ireland). Based on this it seems plausible that another subset of
cells within the tumour are responsible for the residual TGF-β within the tumour
following Treg depletion and could be an area of future investigation.

Currently, it is unclear whether the activated CD4+ TH cells or the CD8+ T-cells within
the tumour following anti-CD25mAb treatment are tumour resident cells that have been
released from suppression by the Treg depletion, or cells that have been activated in
tumour draining lymph nodes and subsequently migrated to the tumour. Other groups
investigating different treatment (IFN-α) regimes in the same model have found that the
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successful tumour growth inhibition achieved by this treatment is due to re-activation of
resident CD8+ T-cells (Currie et al., 2008).

3.3.4 Repopulation of the tumour with Tregs coincides with the return of immune
suppression
Following the immune activation observed following Treg depletion, it was found that
the Tregs eventually return to the tumour. Additionally, with this return there was an
increased concentration of TGF-β, a return to a state of immune suppression of the
CD8+ T-cells and resumption of tumour growth. Figure 3.6 shows that by day 10 the Treg
population had returned and Figure 3.7 shows that by day 6 the concentration of TGF-β
and IFN-γ had returned to pre-treatment levels. This further suggests that the presence
of Tregs in the tumour is associated with a higher TGF-β and lower IFN-γ concentration.
What causes the Tregs to accumulate during tumour development is currently unknown.
Likewise, following Treg depletion it is unknown what causes the Tregs to return to the
tumour. One interesting aspect of Tregs is that the T-cell receptor specificity of the cells
is skewed towards recognising host antigens (Hsieh et al., 2004; Hsieh et al., 2006) and
a recent study has suggested that the Treg population may be preferentially expanded in
response to the tumour (Darrasse-Jeze et al., 2009). Because dendritic cells present a
range of antigens and many of the antigens presented by DCs in TDLNs will be host
antigens, there is likely to be more interactions between Tregs and DCs. An alternative
hypothesis is that immature DCs (iDC) generate new Tregs from the naïve TH population.
This hypothesis is based on the finding that T-cells activated in the presence of DCs that
have not undertaken the maturation process can induce naïve T-cells to differentiate into
Tregs (Ghiringhelli et al., 2005, Jonuleit et al., 2000, Chakraborty et al., 2004). This
could be relevant in tumour bearing mice because the DCs may have not become fully
activated because no danger signals have been presented by the tumour to induce
maturation. Additionally, immunosuppressive cytokines such as TGF-β in the tumour
may prevent full maturation of DCs. Investigation of these hypothesise is undertaken in
Chapter 5.
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3.3.5 Conclusions and consequences of Treg re-accumulation for depletion therapy
Previous research conducted has found that recurring anti-CD25mAb treatments every
10 days could continue to inhibit AE17 tumour growth in some mice (Needham et al.,
2006). However, after each round of treatment, some tumours became resistant to the
treatment. Based on our earlier finding that high dose anti-CD25mAb treatment
depleted effector cell populations, the possibility exists that continuous treatment with
anti-CD25mAb is having a similar effect and that effector components of the immune
system of mice receiving continuous anti-CD25mAb treatments has also been depleted
allowing the tumour to grow uninhibited. Also, research by others investigating the
possibility of using Treg depleting regimes to treatment human ovarian cancer have had
similar findings that prolonged use of treatments targeting cells expressing CD25 results
in depletion of anti-tumour effector cells (Barnett et al., 2005).
Additionally, because the normal function of Tregs is to prevent the triggering of an
inappropriate response to host tissue, long term depletion of the Tregs can lead to autoimmune complications (Ruddle et al., 2007; Feuerer et al., 2009) . For these reasons,
the clinical application of Treg depletion based on CD25 expression by these cells may
not be feasible. An alternative to depletion of the cells could be to target the
mechanisms used to maintain immune suppression. Currently, numerous mechanisms
are proposed to explain how Tregs maintain immune suppression and depending on the
model in which their function was assessed, different results have been found. One
consistent finding however, has been the association of TGF-β with Treg mediated
suppression. Furthermore, results presented in this chapter strongly indicate that TGF-β
is linked to the immuno-suppressive function of Tregs in the AE17 murine mesothelioma.
Based on this information and the data collected in these experiments, the subsequent
chapter will examine the hypothesis that TGF-β is a critical cytokine responsible for Treg
mediated immune suppression in AE17 tumour bearing mice and that neutralisation of
this cytokine can result in immune activation similar to Treg depletion.
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CHAPTER 4
TGF-β AND TREG MEDIATED IMMUNE SUPPRESSION
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4.1 Introduction
From previously generated data it was inferred that depletion of Tregs from AE17 tumour
bearing mice allowed the release of the host anti-tumour immune response, but was
limited by a number of problems. Specifically, the Treg cells regenerated and reaccumulated within the tumour and, as discussed in the previous chapter, this problem is
unable to be overcome by high doses or continuous low doses. Additionally, the
previous chapter demonstrated that there is a positive correlation between the presence
of Tregs and the concentration of TGF-β within the tumour. It was hypothesised that
secretion of TGF-β by Tregs within the tumour was a mechanism used by these cells to
maintain immune suppression. Supporting this, numerous in vivo studies in a range of
models have found that Treg mediated immune suppression requires the cells be able to
produce TGF-β (Green et al., 2003; Strauss et al., 2007; Li et al., 2007). Specific to the
role of Tregs in cancer, it has been shown that for Tregs to maintain immune suppression
over both NK and CD8+ T-cells within the tumour they are dependant on their ability to
produce TGF-β (Smyth et al., 2006; Chen et al., 2005). Other studies have found that
IL-10 and TGF-β are both required for optimal suppression (Strauss et al., 2007).

The hypothesis investigated in this chapter is that by targeting TGF-β dependant
mechanisms of suppression used by Tregs within the tumour this will allow release of the
host anti-tumour immune response. To neutralise the TGF-β within the tumour, a
soluble TGF-β receptor conjugated to the Fc portion of an antibody was selected. The
receptor used was the TGF-βRII which has high binding affinity for the most common
TGF-β subtypes. Additionally, a TGF-β specific antibody was also used to compare the
efficacy of TGF-β neutralisation with the TGF-β soluble receptor. Finally, the TGF-β
neutralisation regime established in the early part of this chapter was combined with
low-dose anti-CD25mAb Treg depletion to give an improved anti-tumour effect.
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4.2 Results

4.2.1 Intra-tumoural administration of TGF-β soluble receptor or TGF-β mAb
neutralises TGF-β
To test the ability of the soluble receptor and the antibody to neutralise TGF-β within
the tumour, AE17 tumour bearing mice were treated 3 times at 3-day intervals with
500ng of TGF-β soluble receptor or 1ug of TGF-β mAb. TGF-β concentration was
analysed by ELISA 1 day, and 3 days following the final treatment. Figure 4.1 shows
that there was a significant decrease in the intra-tumoural concentration of TGF-β
within the tumour 1 day following the final treatment from 42.0 ± 2.2 ng/g of tumour in
untreated mice to 8.54 ± 0.73 ng/g of tumour in the mice receiving the treatment (p <
0.05). However, 3 days following the cessation of the treatment, the intra-tumoural
TGF-β concentration had increased and was not significantly different to mice receiving
no treatment (44.7 ± 6.7 ng/ g of tumour) (p = 0.55). From these data it was concluded
that treatments must be given at more regular time intervals and further investigation
was performed with treatments at 1-day intervals. Additionally, the neutralising effect of
an anti-TGF-β monoclonal antibody was tested. To investigate these changes to the
TGF-β neutralisation protocol, mice were treated with either 250ng of TGF-β soluble
receptor, 500ng of TGF-β mAb or remained as untreated controls. TGF-β concentration
within the tumour was analysed by ELISA 1 day following the cessation of treatment.
Figure 4.2 indicates that the 3 intra-tumoural treatments with TGF-β soluble receptor
significantly reduced the concentration of TGF-β within the tumour from 54.2 ± 12.3
ng/g of tumour in untreated mice to 14.0 ± 8.3 ng/g of tumour in those receiving the
treatment (p < 0.05). Similarly, the concentration of TGF-β within the tumours of mice
receiving 3 treatments with 500 ng of the TGF-β mAb was significantly reduced
compared to untreated controls to 18.7 ± 9.6 ng/g of tumour (p < 0.05). These data
suggest that both intra-tumoural administration of the soluble receptor and monoclonal
antibody are effective at neutralising intra-tumoural TGF-β.

68

TGF-β concentration (ng/g)

60

45

30

15

0
Untreated

Day 1

Day 3

Figure 4.1 Treatment with TGF-β soluble receptor only reduces intratumoural TGF-β concentration for 1 day. Mice with 9mm2 AE17 tumours were
treated intra-tumourally 3 times with 500µg of TGF-β soluble receptor at 3-day
intervals. The concentration of TGF-β in the tumour was measured by ELISA 1
and 3 days after the final treatment. Data shows mean TGF-β concentration
from 3 mice ± standard deviation.
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Figure 4.2 Intra-tumoural concentration of TGF-β following various
treatments. Mice with 9mm2 established tumours received 3 intra-tumoural
injections at 1-day intervals with either 500ng of TGF-β mAb, 250ng of TGF-β
soluble receptor or remained untreated. TGF-β concentration of tumour lysates
was analysed by ELISA 1 day following the final treatment and data presented
shows mean of 7 mice ± standard deviation.
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4.2.2 TGF-β neutralisation inhibits AE17 tumour growth
Following the successful neutralisation of intra-tumoural TGF-β using TGF-β soluble
receptor and monoclonal antibody, the effect of these treatments on AE17 tumour
growth was examined. AE17 tumour bearing mice were treated when tumours reached 9
mm2 with 250 ng of TGF-β soluble receptor daily for 7 days. Figure 4.3A shows that
after 7 days of treatment with the soluble receptor, tumours of treated mice measured
13.3 ± 2.3 mm2, which was significantly smaller than the untreated tumours on the same
day measuring 26.3 ± 3.2 mm2 (p < 0.05). Similarly, 7 daily treatments of tumour
bearing mice with 500 ng of the TGF-β mAb resulted in tumour growth inhibition with
tumours in treated mice measuring 13.3 ± 2.3 mm2 compared to control mice measuring
26.3 ±3.2 mm2 (p < 0.01) (Figure 4.3B). Together this data suggests that neutralisation
of TGF-β within the tumour inhibits tumour growth and the neutralisation with either
the soluble .

4.2.3 TGF-β neutralisation results in activation of intra-tumoural CD8+ T-cells
Following the previous result demonstrating that neutralisation of intra-tumoural TGF-β
resulted in AE17 tumour growth inhibition, we hypothesised that the observed effect
was due to the release of the local CD8+ T-cells from TGF-β mediated immune
suppression. To investigate this hypothesis, tumour bearing mice were treated 3 times
with 250 ng of TGF-β soluble receptor or remained untreated as controls. Following the
treatment, the tumours were removed and the activation of the CD8+ T-cells within the
tumour was analysed by flow cytometry. Figure 4.4 indicates that a significantly higher
percentage of CD8+ T-cells within the tumours of treated mice express the activation
marker CD25 (71.9 ± 8.7%) than in untreated tumours (8.41 ± 2%) (p < 0.05).

4.2.4 IFN-γ is not increased within the tumour in response to TGF-β neutralisation
To further investigate the nature of the immune activation within the tumour, mice were
treated once or 3 times with the intra-tumoural TGF-β soluble receptor and the
concentration of IFN-γ was analysed at time points during the treatment regime by
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ELISA. Figure 4.5 shows that following 1 treatment with the TGF-β soluble receptor,
there is a significant reduction in TGF-β concentration to 41.53 ±14.0 ng/g of tumour
compared to the untreated controls where the concentration was 56.9 ± 16.9 ng/g of
tumour (p < 0.05). Furthermore, following three treatments with the soluble receptor,
the average concentration was significantly reduced compared to those receiving 1
treatment to 18.5 ± 8.9 ng/g of tumour (p < 0.05). When contrasting how the
concentration of IFN-γ within the tumour responds to the decrease in TGF-β, it was
found that there was very little response. Following 1 TGF-β treatment, the
concentration of IFN-γ within the tumour measured 33± 5.1 ng/g of tumour compared to
the untreated controls which were 26.8 ± 8.1 ng/g of tumour (p = 0.07). By day 3 there
was a significant increase in the IFN-γ concentration within the tumour to 38.5 ± 9.5 ng/
g of tumour (p < 0.05). Figure 4.6 compares the IFN-γ response to a reduction in TGF-β
concentration by either the soluble receptor (A) or Treg depletion (B). This figure
indicates that removing the Tregs results in a very strong increase in IFN-γ concentration
for any reduction of TGF-β whereas neutralising TGF-β alone gives only a small
increase in IFN-γ concentration. Based on our observation of the slight inhibition of
tumour growth, the increased expression of CD25 by CD8+ T-cells and the only very
slight increase in IFN-γ concentration following TGF-β soluble receptor treatment, it
seems that the hypothesis that TGF-β is a major mechanism used by Tregs to maintain
immune suppression within the tumour is correct. However, based on the observation
that anti-CD25mAb treatment reduces the TGF-β concentration a similar amount as the
TGF-β soluble receptor but results in much higher IFN-γ concentration as well as more
effective tumour growth inhibition, it appears that mechanisms other than TGF-β
secretion by Tregs within the tumour are important in maintaining immune suppression.
One hypothesis to explain the increased IFN-γ concentration following the Treg
depletion that is not replicated by neutralisation of TGF-β alone is that Tregs maintain
immune suppression in AE17 tumour bearing mice by more mechanisms than just the
secretion of TGF-β within the tumour. One possibility, based on observations in other
models is that Tregs exert the suppression over the anti-tumour immune response by
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inhibiting the function of dendritic cells (DCs) (Tang et al., 2005; Tadokoro et al., 2005;
Zou, 2006).

4.2.5 Treg depletion results in increased CD80 expression by DCs in TDLNs
To investigate the hypothesis that Treg depletion releases dendritic cells from
suppression, the number of DCs in the TDLNs and their expression of the costimulatory molecule CD80 was analysed by flow cytometry following Treg depletion.
Figure 4.7A shows that following intra-tumoural treatment with anti-CD25mAb, there is
a significant reduction in the number of Treg cells within the tumour draining lymph
nodes from 8700 ± 3400 to 3900 ± 1600 cells per lymph node (p < 0.05) indicating that
the intra-tumoural treatment depletes Tregs outside of the tumour. In addition, Figure
4.7B shows that 2 days following Treg depletion the relative expression of CD80 by DCs
(CD11c+MHCIIHigh) in TDLNs increases from 1 ± 0.13 in untreated mice to 1.35 ± 0.12
(p < 0.05). Also, Figure 4.7C indicates that the number of CD8+ T-cells in the TDLNs
has significantly increased from 116 000 ± 27 000 cells in untreated mice to 220 000 ±
100 000 (p < 0.05). A similar situation was found 4 days following Treg depletion. The
number of Tregs in the TDLNs is significantly reduced from 8700 ± in untreated mice to
3100 ± 1300 cells (p < 0.05). At the same time, the relative expression of CD80 by the
DCs is significantly higher (1.37 ± 0.18) compared to untreated mice (1 ± 0.13) (p <
0.05). Similarly, the number of CD8+ cells in the TDLNs still remained significantly
higher than untreated mice at 208 000 ± 50 000 cells (p < 0.05). By D6, the number of
Tregs in the tumour was not significantly different to untreated mice (UT: 8700 ± 3400,
D6: 6800 ± 3500). Furthermore, expression of CD80 was also not significantly different
to untreated mice (UT: 1 ± 0.13; D6: 0.86 ± 0.21). Together these data suggest that
following the anti-CD25mAb treatment there is an increase in the expression of CD80
by DCs and in the number of CD8+ T-cells within TDLNs. Additionally, when the Tregs
had returned, the CD80 expression and the number of CD8+ T-cells in the TDLNs was
not significantly different to untreated mice. Together these data suggest that the
presence of Tregs in the tumour draining lymph nodes of AE17 tumours inhibits the
ability of DCs to effectively prime an anti-tumour immune response against the tumour.
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In addition, by removing the Tregs, the DCs are able to re-activate, resulting in an
increased number of CD8+ T-cells within the lymph nodes.

4.2.6 Combined anti-CD25mAb/TGF-β sr treatment induces regression of established
AE17 tumours
Based on the conclusions of the previous experiments, we hypothesised that by
depleting the pool of Tregs in tumour bearing hosts with anti-CD25 mAb, and then
inhibiting the mechanism used by these cells to maintain immunosuppression during the
period in which they return to the tumour, i.e. between day-3 and day-10 following
initial treatment, activation of anti-tumour effector cells could be maintained longer
resulting in improved treatment efficacy. To achieve this, mice were treated with an
initial dose of 1µg of anti-CD25 mAb, followed 3 days later by daily intra-tumoural
250ng doses of TGF-β soluble receptor for 7 days. Tumour area was measured daily and
is shown in Figure 4.8. By day 4 post treatment, a marked difference in tumour area was
observed between mice receiving the combined treatment compared to those receiving
the single treatments and by nine days following the initial anti-CD25mAb treatment,
tumours in mice receiving the combined treatment were significantly smaller than those
receiving either treatment alone (p < 0.05). Furthermore, tumours from 6 out of 9 mice
over three experiments were reduced so far as to be undetectable following the
combined treatment. The other 3 mice had tumours reduced in size (9mm2 down to
approximately 1mm2). All 9 mice thus had responded strongly to the treatment regime.
Tumours in the 6 mice in the undetectable category returned (became measurable)
between 1 and 4 weeks following cessation of treatment. Upon return these tumours
resumed growth with normal kinetics (data not shown).

4.2.7 A high concentration of IFN-γ is associated with tumour regression following
treatment with combined anti-CD25mAb/TGF-β soluble receptor
The success of the combined intra-tumoural anti-CD25mAb/ TGFβ soluble receptor
treatment was further examined by analysing the intra-tumoural TGF-β and IFN-γ
concentrations during the experiment. In comparison to the single anti-CD25mAb
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Figure 4.8. Tumour regression in mice treated with the combination of
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treatment, it was found that treatment of 9mm2 AE17 tumours with anti-CD25mAb
combined with daily injection of 250ng of TGF-β soluble receptor delivered intratumourally on days 3, 4 and 5 post initial treatment resulted in a further reduction of
intra-tumoural TGF-β concentration and the generation of a very high concentration of
IFN-γ (Figure 4.9). On day 4 post anti-CD25mAb treatment and after receiving 1 250ng
TGF-β soluble receptor treatment, the concentrations of TGF-β and IFN-γ within the
tumour were similar to those observed as a result of the single treatment alone.
However, on day 6, where previously we had seen the TGF-β concentration begin to
increase, 3 intra-tumoural TGF-β soluble receptor treatments resulted in a reduction in
the TGF-β concentration to 15.4 ± 8.3 ng/g with a concentration increase in IFN-γ
concentration to 127.9 ± 30.8 ng/g. This 3-fold increase in IFN-γ concentration over the
single treatment coincided with continued regression of established tumours. These data
suggest that targeting multiple mechanisms of immune suppression can result in an
improved anti-tumour immune response.

4.2.8 Continuous TGF-β soluble receptor treatment following anti-CD25mAb does not
result in tumour clearance
Despite the success of the combined anti-CD25mAb/TGF-β soluble receptor treatment,
tumours were either still detectable post-treatment, or when undetectable did eventually
return (1 - 4 weeks later). For this reason, investigation of continuous daily intratumoural treatments of 250ng TGF-β soluble receptor following the initial antiCD25mAb treatment was assessed. Figure 4.10 shows that although the tumours of
mice receiving the extended TGF-β treatment grew slower than the control mice
receiving the normal combined treatment, it was clear that the treatment was unable to
sustain tumour growth inhibition. Specifically, 10 days after the control mice had
stopped receiving the TGF-β soluble receptor treatment or day 20 post initial treatment
was the only significant time point where there was a difference between the two
groups. Tumours of mice receiving the continuous treatment measured 42.0 ± 22.0mm2
while tumours from the control mice measured 84.3 ± 14.3 mm2 (p < 0.05).
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Figure 4.9. Combined anti-CD25mAb/ TGF-β soluble receptor treatment
induces high intra-tumoural IFN-γ concentration that coincides with
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Additionally, the continuously treated mice grew to end point in an average of 25.7 days
compared to the control mice that took 21.3 days. Interestingly, it appears that at around
day 7 following the anti-CD25mAb, around the time the Tregs have returned to the
tumour and lymph nodes, the tumours begin to grow despite the continuous TGF-β
soluble receptor treatment. The results of this experiment indicate that continuous
treatment with anti-TGF-β soluble receptor following anti-CD25mAb treatment is not
enough to maintain the anti-tumour immune response. It was hypothesised that although
the combined anti-CD25mAb/ TGF-β soluble receptor treatment may activate an
immune reaction directed against the tumour despite the presence of the Tregs, the
presence of these remaining cells is too much for the TGF-β neutralisation alone to
overcome.
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4.3 Discussion

4.3.1 Result summary
Results presented in this chapter aimed to test the hypothesis that TGF-β is the critical
mediator used by Tregs to maintain immune suppression within AE17 tumours. Figure
4.3 indicates that TGF-β neutralisation inhibits tumour growth and Figure 4.4 suggests
that this may be due to activation of CD8+ T-cells within the tumour. However, Figure
4.5 suggests that TGF-β neutralisation alone does not result in a high intra-tumoural
concentration of IFN-γ as was seen by when the Treg population was depleted (shown in
Figure 4.3). This point is further illustrated in Figure 4.6B which shows that when the
Treg population is depleted, a reduction in intra-tumoural TGF-β concentration yields a
very high IFN-γ response, in contrast Figure 4.6A indicates that neutralisation of intratumoural TGF-β without Treg depletion has almost no effect on the IFN-γ concentration.
These data suggest that although TGF-β does maintain suppression over the resident
CD8+ effector cells in the tumour, it is not the only mechanism used by Tregs to maintain
immune suppression in AE17 tumour bearing mice.

Based on the finding that secretion of TGF-β was not the sole mechanism used by Tregs
to inhibit the anti-tumour immune response, investigation of other potential mechanisms
of suppression were undertaken. Figures 4.7A and B indicates that following Treg
depletion, the expression of CD80 by CD11c+ MHCIIHigh cells (DCs) residing in tumour
draining lymph nodes (TDLNs) is increased. Additionally, Figure 4.7C shows that the
number of CD8+ T-cells in the TDLN is increased at the same time that the DCs have
increased expression of CD80. Together these data and those indicating that Tregs secrete
TGF-β in the tumour suggest that Tregs may maintain immune suppression both in the
tumour and in TDLNs.

Using the results indicating multiple mechanisms of suppression, our original
hypothesis that TGF-β is the critical mediator used by Tregs to maintain immune
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suppression was refined to TGF-β is used by Tregs within the tumour to contribute to an
immuno-suppressive microenvironment and that mechanisms outside of the tumour are
also involved in maintaining immuno-suppression. Additionally, data indicating that
Tregs are not the only source of TGF-β in the tumour suggested that mechanisms of
immune suppression independent of the Tregs are present. Using this new multiple
mechanisms of suppression hypothesis, we investigated a combination treatment (antiCD25mAb/TGF-β soluble receptor) aimed at more effectively inhibiting the multiple
mechanisms of suppression present in the AE17 model of mesothelioma. It was found
that using this approach, a more effective anti-tumour effect could be achieved than
either single treatment alone (Figure 4.8).

Finally, it was found that although the combined treatment of anti-CD25mAb and TGFβ soluble receptor resulted in regression of the tumour, in all cases the tumour
eventually returned. Furthermore, when continuous treatment with TGF-β soluble
receptor was administered after the anti-CD25mAb Treg depletion, it was not enough to
overcome the eventual return of the Tregs (Figure 4.10). These observations have lead to
the hypothesis that multiple mechanisms of suppression exist in AE17 tumour bearing
mice. Furthermore, the eventual return of the Tregs restores the immuno-suppressed state
despite the neutralisation of intra-tumoural TGF-β.

In conclusion, the results presented in Chapter 3 and this chapter indicate that multiple
mechanisms of immune suppression are used by Tregs. Understanding how Tregs achieve
this is important so that new treatments inhibiting the action of the Tregs can be
developed. We found that Treg mediated immune suppression can be broadly categorised
into peripheral mechanisms of suppression and suppression within the tumour itself.

4.3.2 Treg mediated suppression in the periphery
Results presented in this chapter suggest that Tregs inhibit the maturation of DCs in
TDLNs, thereby preventing effective T-cell priming. Specifically, it was found that Treg
depletion resulted in higher CD80 expression by DCs isolated from TDLNs.
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Furthermore, the higher CD80 expression correlated to more CD8+ in the TDLNs
suggesting that this prevented the CD8+ T-cell pool from expanding in response to the
tumour. Although these data point towards Tregs regulating the ability of DCs to prime
the anti-tumour immune response, these experiments only indicated that the presence of
the Tregs in the TDLN reduced the expression of CD80 by the DCs. In fact, DC
activation is characterised by more than expression of just this molecule. Future
experiments could examine the expression of other molecules such as CD83, CD86 and
CD40 by flow cytometry to more clearly indicate the maturation status of the DCs in the
TDLNs. Additionally, concentration of IL-12, a cytokine secreted by mature DCs which
differentiates activated T-cells into TH1 cells could be analysed to further show the
activation status of the DCs.

4.3.2.1 Improved CD8+ T-cell priming following Treg depletion
Although these experiments did not fully characterise the maturation state of the DCs,
the number of CD8+ T-cells in the TDLNs was measured. The number of CD8+ T-cells
in the TDLN is to some extent an indication of the total activating potential of the DC
population in the TDLN and the result is viewed as an in vivo functional assay of the
ability of DC population as a whole to prime CD8+ T-cells against the tumour.
Therefore, the result indicating that there are more CD8+ T-cells in the TDLNs
following Treg depletion (Figure 4.7C) would indicate that the DC population is better
able to induce CD8+ T-cell proliferation. However, the nature of this newly expanded
CD8+ T-cell population is unclear and the presence of these cells alone does not
necessarily indicate the generation of an anti-tumour CD8+ T-cell response. Specifically,
the increase in the number of CD8+ T-cells in the tumour could simply be recruitment of
CD8+ T-cells from the periphery for an unknown reason, or the induced proliferation of
CD8+ T-cells not specific for tumour antigens and therefore not involved in clearance of
the tumour. To more clearly understand the nature of the expansion of the CD8+ T-cell
population in the TDLNs, future experiments could use an AE17 tumour cell line
expressing a tumour model antigen such as Ova or HA and then analyse the change in
the number of CD8+ T-cells with receptor specificity to the tumour model antigen
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following Treg depletion. This would indicate that new tumour antigen specific T-cells
can be generated by Treg depletion. Although these data do not explain how Tregs
function in TDLNs, they are enough to imply that more is occurring than simply the
secretion of TGF-β within the tumour and while it was not possible to determine if the
newly generated CD8+ T-cells were tumour antigen specific, the observation of
increased CD80 expression by DCs and the increased number of CD8+ T-cells in
TDLNs following Treg depletion indicates that there is some effect on the DC
population.

4.3.2.2 Treg suppression of dendritic cells in tumour draining lymph nodes
How the Tregs suppress the DCs is unclear from our experiments, however, observations
from other research may help explain. Specifically, engagement of Tregs with DCs in an
antigen specific manner inhibits the ability of the DCs to induce proliferation of
CD4+CD25- T-helper cells (Tang et al., 2005). This could be explained by the
observation that Tregs have been found to attenuate stable contact between DCs and Tcells during the priming phase in tumour draining lymph-nodes (Tadokoro et al., 2006).
This effect could be due to secretion of IL-10 or TGF-β by the Tregs during the contact
with the DCs. Dendritic cells which are exposed to these cytokines fail to express high
levels of co-stimulatory molecules such as CD40 and CD80 (Strobl et al., 1999). This is
due to SMAD3 inhibiting NF-κB activation in DCs (Li, 2006). Additionally, following
exposure to these cytokines, DCs can take on a suppressive phenotype by increasing
surface expression of the molecules B7-H1 and B7-H4 (Curiel et al., 2003; Kryczek,
2006). T-cell contact with B7-H1 can induce apoptosis of the T-cell as well as make the
T-cells anergic (Dong et al., 2002). B7-H4 likewise can induce cell cycle arrest in the
T-cells rendering them anergic (Sica et al., 2003; Prasad et al., 2003). Interestingly, high
expression of both of these molecules by APCs has been found in many human cancers
including renal cell carcinoma, breast and ovarian cancers (Dong et al., 2003;
Thompson et al., 2004; Ghebeh et al., 2006; Tringler et al., 2006). If Tregs induce the
expression of these molecule by DCs the result finding that there are more CD8+ T-cells
in the TDLNs following Treg depletion may be due to the reduction in expression of
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these suppressive molecules instead of increased expression of the co-stimulatory CD80
molecule. Another effect that Treg contact with DCs can induce is the expression of the
molecule indoleamine 2,3 dioxygenase (IDO). Treg expression of CTLA-4 is thought to
induce expression of IDO in DCs. IDO catalyses the reduction of tryptophan to a
number of products that inhibit T-cell activation and proliferation (Fallarino et al.,2003;
Mellor et al., 2004). Together this research indicates that the interaction of Tregs with
DCs does not just inhibit DC maturation, but instead confers a suppressive phenotype
onto the DCs. For this reason, future experiments should examine the expression of B7H1 and B7-H4 by DCs in the TDLN to determine if the presence of Tregs regulates
expression of these molecules. Additionally, to determine if any of these molecules play
an important role in inhibiting the ability of DCs to generate a T-cell response against
the tumour, an in vitro T-cell proliferation assays using DCs isolated from TDLNs to
stimulate the proliferation of T-cells in the presence of antibodies against IDO, B7-H1
and B7-H4 could be performed. Furthermore, if any of these molecules were found to
be important in inhibiting T-cell proliferation, investigation of therapeutic
administration in the AE17 model could be undertaken to see if more CD8+ T-cells
could be generated in the TDLNs. The phenotype and ability of the DCs to induce an
anti-tumour immune response is clearly altered by the presence of Treg cells. Data
presented in this chapter indicated that following the removal of Tregs from TDLNs,
there was an increase in the expression of CD80 by DCs. This was found to correlate
with an increase in the number of CD8+ T-cells and furthermore, and inhibition of
tumour growth (Figures 4.7). However, as discussed, many aspects of the DC phenotype
need to be investigated before any conclusions can be made about how Tregs regulate the
DCs ability to induce an anti-tumour immune response. Together these observations and
the data generated in this chapter indicate that Tregs have immunosuppressive activity
outside the tumour.

4.3.3 Treg mediated suppression in the tumour microenvironment
The results of this chapter indicated that the neutralisation of TGF-β alone did increase
the activation of intra-tumoural CD8+ T-cells (Figure 4.4), however, this only inhibited
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tumour growth (Figure 4.3). Also, it was found that TGF-β neutralisation was not
adequate to generate an increase in the intra-tumoural IFN-γ concentration as was seen
by the Treg depletion alone (Figure 3.7). However, following Treg depletion, TGF-β
neutralisation was found to be very effective at increasing the IFN-γ concentration in the
tumour and anti-tumour activity of the immune response (Figures 4.8 and 4.9). These
findings suggest that the concentration of TGF-β in the tumour is important to the
outcome of the immune response against the tumour but other factors must be involved.

4.3.3.1 How Treg depletion alters the cell composition in the tumour
microenvironment
For the sake of this discussion, the tumour microenvironment will be defined as the
cells, molecules and blood vessels that surround the tumour. With this in mind, the
nature of this environment will strongly affect the outcome of the immune response
generated against the tumour, especially the composition of the cytokines present in the
microenvironment. Additionally, the nature of the tumour microenvironment will be
affected by the type of immune cells found there. As discussed above, Treg depletion
may alter the priming of T-cells in the TDLNs and this may result in changes in the
composition of immune cells in the tumour. In fact, data from the previous chapter
indicates that following Treg depletion there is an increase in the number of
CD4+CD25+Foxp3- TH cells in the tumour (Figure 3.6) which coincided with an
increase in the IFN-γ concentration (Figure 3.7). These observations have lead us to the
hypothesis that Treg depletion may affect the composition of cells, as well as the
cytokine concentrations of the tumour microenvironment. With this in mind, how the
tumour microenvironment is altered by the combined anti-CD25mAb/TGF-β soluble
receptor treatment in comparison to the single treatments alone can be considered.
When TGF-β was neutralised in conjunction with Treg deletion, there was a very large
increase in the intra-tumoural concentration of IFN-γ (Figure 4.9). However, when
TGF-β was neutralised without Treg depletion, there was very little increase in the
concentration of IFN-γ (Figure 4.5). These data suggest that intra-tumoural TGF-β alone
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is not responsible for the maintenance of immune suppression against the AE17 tumour.
However, in the correct context, such as following the Treg depletion, TGF-β
neutralisation can have a very large effect on the function of cells in the tumour
microenvironment. A possible hypothesis to reconcile the differences in the effect of
TGF-β depletion before, and after Treg depletion can be provided by our hypothesis that
the composition of immune cells in the tumour determines the effect of manipulating
the cytokines in the tumour. Data presented in the previous chapter indicated that
following Treg depletion there was an increase in the proportion of CD4+CD25+ T-cells
in the tumour that were TH cells instead of the pre-treatment condition where most of
these cells were Tregs (Figure 3.6). Additionally, the increase in TH cells in the tumour
coincided with increased concentration of IFN-γ within the tumour (Figure 3.7). Given
that when TGF-β neutralisation was give alone, the majority of the CD4+ T-cells within
the tumour were Tregs, which do not produce IFN-γ, these data support the hypothesis
that the ability of the immune system to alter the tumour micro-environment is a
function of both the composition of the immune cells within the tumour as well as the
nature of the environment. Also, this hypothesis may explain why reduction of intratumoural TGF-β alone did not induce a strong IFN-γ response, no cells in the tumour
were capable of producing IFN-γ.

4.3.3.2 Suppression of resident CD4+ T-cells in the tumour microenvironment
Once the Treg depleting treatment has changed the cell composition in the tumour, the
cytokine microenvironment will be more important in how the cells in the tumour
respond. It was found that following Treg depletion, the IFN-γ concentration increased
proportionally to a decrease in TGF-β concentration. The large increase in IFN-γ
concentration following TGF-β neutralisation is likely due the release of CD4+ TH1 cells
from suppression of the intra-tumoural TGF-β. Ligation of TGF-β with its receptor on
the surface of CD4+ T-cells results in formation of the SMAD3/4 hetro-dimer which
block expression of T-bet by the CD4+ T-cells (Gorelik et al., 2002; Lin et al., 2005).
Since T-bet is the master regulator of CD4 TH1 function and required for IFN-γ
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production by the helper cells, it is not surprising that TGF-β exposure inhibits T-cell
production of IFN-γ (Lin et al., 2005). Based on these observations, a high TGF-β
concentration in the tumour microenvironment is likely to inhibit the ability of CD4+ Tcells to produce IFN-γ and given the combined anti-CD25mAb/TGF-β soluble receptor
treatment lowered the TGF-β concentration considerably, a high IFN-γ concentration is
to be expected. Additionally, when IFN-γ levels do rise, the susceptibility of the CD4+ Tcells to TGF-β will be reduced. This is because IFN-γ signalling is known to result in
expression of SMAD 7, a molecule which inhibits formation of the SMAD3/4
hetrodimer and therefore inhibits TGF-β signalling (Ulloa et al., 1999). Together, these
observations and our data showing a very high increase in IFN-γ following TGF-β
depletion suggest that a positive feedback loop that is inhibited by TGF-β regulates the
IFN-γ production by CD4+ T-cells within the tumour. When the TGF-β concentration in
the tumour is high, the ability of the CD4+ T-cells to produce IFN-γ is strongly
inhibited. However, as the TGF-β concentration is lowered, the ability of these cells to
produce IFN-γ is increased. Following this initial increase in the intra-tumoural IFN-γ
concentration, the cells within the tumour become less susceptible to the TGF-β within
the tumour, and are able to produce more IFN-γ. The final result of the neutralisation of
TGF-β within the tumour is the exponential increase in IFN-γ observed in Figure 4.9.
The result of this increased IFN-γ concentration could have effects directly on the
tumour cells such as inhibition of their growth, or on other immune cell populations,
however, the most relevant effect of the IFN-γ is to increase the cytotoxicity of intratumoural CD8+ T-cells.

4.3.3.3 CD8 T-cells in the tumour microenvironment
The improved anti-tumour effect observed from the combined treatment can also be
discussed in terms of the hypothesis that the immune response generated against the
tumour depends on both the cells and cytokines in the tumour microenvironment. It was
observed that TGF-β neutralisation resulted in increased expression of CD25 by the
CD8+ cells within the tumour as well as the inhibition of tumour growth (Figures 4.3
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and 4.4). Additionally, from results presented in Chapter 3 indicating that following Treg
depletion, there is a significant decrease in TGF-β concentration, these data together
imply that TGF-β derived from intra-tumoural Tregs inhibits the anti-tumour function of
intra-tumoural CD8+ T-cells. TGF-β is known to inhibit the ability of CD8+ T-cells to
produce IFN-γ, LT-α, FasL and perforin (Smyth et al., 1991). Specifically, TGF-β
signalling is known to inhibit T-bet up-regulation, preventing the activation of the CD8+
T-cells (Ahmadzadeh and Rosenberg, 2005). These data support the hypothesis that
TGF-β is a critical mediator of immune suppression, however, when TGF-β soluble
receptor was given alone it was less successful at inhibiting tumour growth than when
combined with Treg depletion. This implies that the anti-tumour activity of the CD8 Tcell population is controlled by more than just intra-tumoural TGF-β. Importantly, we
found that while Treg depletion was effective at increasing the number of CD4+ T-helper
cells within the tumour and increasing the concentration of IFN-γ (Figures 3.6 and 3.7
from the previous chapter), TGF-β neutralisation alone did not achieve the same
outcome (Figure 4.6). The increase in IFN-γ concentration in the tumour could also
have a stimulatory effect on the CD8+ T-cells. The effect of IFN-γ on the CD8+ T-cells is
likely to be significant because CD4+ T-cell help in the form of IFN-γ is known to
increase the killing ability of the cytotoxic cells (Bevan, 2004). Specifically, IFN-γ
reinforces the expression of the transcription factor EOMES in CD8+ T-cells which is
responsible for promotion of a variety of genes needed for CD8+ T-cell mediated killing
(Gorelik and Flavell 2000). Additionally, IFN-γ causes CD8+ T-cells to down-regulate
expression of the TGF-β receptor III which could further decrease the effect of TGF-β
on these cells (Ulloa et al., 1999). Future experiments could further characterise the
nature of the CD8+ T-cells in the tumour following the combined treatment. The
activation of the CD8+ T-cells within the tumour could be further investigated by
measuring the expression of surface molecules such as CD69, or transcription factors Tbet and EOMES. This would more strongly indicate an activation of the intra-tumoural
CD8+ T-cells. It would also be possible to perform in vitro functional analysis of the
CD8+ T-cells to measure their ability to destroy AE17 tumour cells. However, changes
93

in tumour area in the in vivo AE17 model offers a more relevant analysis of the
functionality of the CD8+ T-cell population against the AE17 tumour. In addition to the
activation status of the CD8+ T-cells in the tumour, the number of cells could also be
analysed. It was found that following Treg depletion, there was an increase in the number
of CD8 cells in the TDLNs (Figure 4.7). Future experiments could examine the number
of CD8+ T-cells in the tumour to determine if the change in the TDLNs results in
changes in the tumour.

These data also suggest that Treg immune suppression in the AE17 model of
mesothelioma contains built in redundancy. The Tregs prevent the priming of CD4 and
CD8 cells in the TDLNs, but if this fails, the presence of the Tregs secreting TGF-β in the
tumour prevents the activated cells from exerting their cytotoxic effect. For this reason,
inhibiting just one of the mechanisms of suppression used by the Tregs will not allow
clearance of the tumour as was shown in these experiments when TGF-β was
neutralised alone without Treg depletion.

4.3.4 Conclusions, Treg homeostasis and dendritic cells
It was found in this and the previous chapter that depletion of Tregs resulted in inhibition
of tumour growth and that in combination with intra-tumoural TGF-β neutralisation,
tumour regression could be achieved (Figures 3.4 and 4.8). However, in both cases, the
treatment was limited by the eventual re-accumulation of the Tregs in the tumour and a
return to the pre-treatment conditions (Figures 3.6 and 4.9). Additionally, continuous
treatment with TGF-β soluble receptor was unable to overcome the eventual return of
the Tregs to the tumour (Figure 4.10). Based on this finding and previously discussed
experiments indicating recurring CD25 targeting treatments results in depletion of antitumour effector cells, a new treatment approach is needed. This new approach could try
to overcome the propensity of the immune system to generate excessive Tregs that leads
to an immune suppressed state. Interestingly, the generation of new Tregs may be
dependant on DCs which have failed to mature completely (Ghiringelli et al., 2005). It
was hypothesised that a toleragenic “loop” may exist where Tregs inhibit DC maturation
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and these immature DCs induce more Tregs. The result of this is a propensity for the
immune system to revert to a state where Tregs dominate and an immune suppressed
state occurs. Based on this hypothesis, the following chapter will investigate how the
DC and Treg populations interact to maintain immune suppression.
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CHAPTER 5

THE INTERACTION BETWEEN DENDRITIC CELLS
AND TREGS IN AE17 TUMOUR BEARING MICE
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5.1 Introduction
The data presented in the previous 2 chapters indicates that the immune system in AE17
tumour bearing mice is capable of clearing established tumours if certain mechanisms
of immune suppression are removed. Chapter 3 found that intra-tumoural antiCD25mAb depleted the Tregs from the AE17 tumour bearing mice allowing activation of
the anti-tumour immune response (Figure 3.6 and 3.7), which resulted in inhibition of
tumour growth (Figure 3.4). Chapter 4 found that the Treg depletion treatment could be
improved if the TGF-β in the tumour was neutralised following anti-CD25mAb
treatment resulting in regression of established tumours (Figure 4.8). Although these
treatments were successful in the short term, the Treg population inevitably returned,
reinstating the immuno-suppressive conditions that allowed the tumours to grow
uninhibited. As discussed before, continuous treatment with anti-CD25mAb may
deplete effector cell populations required for clearance of the tumour. For this reason,
understanding what causes the Treg population to return after depletion is necessary to
develop a treatment that can more adequately stop Treg immune suppression.

5.1.1 CD4+ T-cell differentiation programs
CD4+ T-cells are able to undertake a number of different programs that direct the
immune system in different ways. The typical example is the TH1/TH2 paradigm where
the CD4+ T-cell population either differentiates into TH1 cells, produces IFN-γ and
promotes CD8+ T-cell mediated cytotoxicity, or, differentiates into TH2 cells, produces
IL-4 that then promotes antibody production. The outcome of the CD4+ T-cell
differentiation strongly effects the outcome of the subsequent immune response. For
example TH1 cells produce IFN-γ that promotes CD8+ T-cell cytotoxicity while TH2 cells
produce IL-4, promoting IgG production by B-cells. More recently this binary system
has been challenged by the discovery of CD4+ T-cells with cytokine profiles that do not
fall within those described by the original TH1/TH2 paradigm. Specifically, subsets have
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been found that produce IL-17, IL-9 and IL-22, along with Tregs that produce TGF-β
and/or IL-10 (reviewed in Bluestone et al., 2009).

During activation the environmental conditions determine the program the T-cell
undertakes. Furthermore, once one program has been undertaken by some T-cells, it
tends to reinforce differentiation of other activated T-cells into the same program. For
example, IFN-γ production by CD4+ TH1 cells promotes differentiation of Naïve T-cells
into TH1 cells by activating Stat-1 that promotes transcription of T-bet, the master
regulator of TH1 cell function (Murphey et al., 2002). Additionally, T-bet appears to be
involved in chromatin remodelling which prevents access to gene loci of the
transcription factors required for CD4+ differentiation into alternative lineages. Similar
results have been found for the master transcription factors for other CD4+ T-cell
subsets including GATA3 for TH2 cells, RORγ for TH17 cells and Foxp3 in Tregs
(reviewed in Wilson et al, 2009).

5.1.2 Treg induction from naïve T-cells
The conditions that lead to naïve T-cell differentiation into Tregs appears to be the
presence of DCs which have failed to undergo full maturation and the presence of TGFβ. Treg differentiation appears to occur when naïve CD4+ T-cells engage with DCs that
have failed to undergo full maturation (Ghiringhelli et al., 2005). These DCs have lower
levels of both CD80 and MHCII. Also, it has been found that iDCs produce TGF-β
which is required for Treg induction (Roncarolo et al., 2001; Dumitriu et al., 2009).
Interestingly, we found that the presence of Tregs in tumour draining lymph nodes
(TDLNs) may inhibit the full maturation of DCs (Figure 4.7). This has led us to
hypothesis that in a similar manner to other T-cell populations, Tregs can positively
reinforce their own expansion by inhibiting DC maturation. If this hypothesis is correct,
it may be possible to intervene in this positive feedback loop by inducing maturation of
the DC population using exogenous agents such as LPS or CD40L. This would
presumably induce maturation of the DC population, which would both overcome the
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Treg suppression of the DCs and possibly prevent the re-expansion of the Treg population
following depletion. This chapter aims to investigate the DC population in AE17 tumour
bearing mice and determine if an immature population of DCs is responsible for the reaccumulation of Tregs in the tumour, if induction of DCs using exogenous agents can
prevent Treg re-accumulation and if inducing DC maturation can overcome the Treg
mediated suppression of these cells.

99

5.2 Results
5.2.1 Dendritic cells isolated from tumour draining lymph nodes do not have increased
CD80 expression
To investigate how the presence of the tumour effects the DC population, CD80
expression by the CD11c+MHCIIHigh population in tumour draining lymph nodes
(TDLNs) of mice with 9mm2 AE17 tumours was compared to DCs isolated from the
same lymph nodes of mice with no tumours (Naïve). The relative expression of CD80
by DCs in naïve mice was 1 ± 0.1 compared to 0.97 ± 0.11 in 9mm2 AE17 tumour
bearing mice (Figure 5.1) (p = 0.64). These data indicate that the DCs in AE17 tumour
bearing mice fail to increase expression of CD80 in response to the tumour. This may
suggest that the DCs are suppressed by the presence of Tregs, have never undergone
maturation in response to the tumour, or are unable to mature due to functional defects.
Based on results in the previous chapter indicating that the DCs increased expression of
CD80 following Treg depletion, this somewhat discounts the possibility that the DCs are
unable to activate or no signal from the tumour activates these cells. It was hypothesised
that treatment with CD40L or LPS could induce maturation of the DCs in AE17 tumour
bearing mice.

5.2.2 CD40L treatment is unable to induce long term DC maturation
CD40L binds to CD40 expressed by DCs resulting in NF-κB activation and subsequent
DC maturation (reviewed in O’Sullivan 2003). To examine if CD40L was able to induce
activation of DCs, AE17 tumour bearing mice were treated intra-peritoneally with
500µg of CD40L and the CD80 expression of DCs in TDLNs measured 2 and 4 days
after the initial treatment. Figure 5.2 indicates that treatment with CD40L significantly
increases the relative expression of CD80 by DCs in TDLNs from 1 ± 0.04 to 1.38 ±
0.05 2 days following treatment (p < 0.05). However, this activation was not maintained
as 4 days following treatment, the CD80 expression had returned to pre-treatment
levels. To investigate if multiple treatments could activate and maintain the CD80
expression by DCs, mice were treated with 1, 2 or 3 doses of 500µg CD40L delivered
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Figure 5.1. CD80 expression by CD11c+MHCIIHigh cells isolated from
TDLNs is unchanged by the presence of an AE17 tumour. Tumour draining
lymph nodes of mice with 9mm2 AE17 tumours and the same lymph nodes from
mice with no tumours were surgically removed. Relative expression of CD80 by
CD11c+MHCIIHigh was determined by flow cytometry. Data shows the mean of 6
mice over 2 experiments ± standard deviation.
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Figure 5.2. CD80 expression by CD11c+MHCIIHigh cells in tumour draining
lymph-nodes is increased by CD40L treatment. AE17 tumour bearing mice
were treated with 500µg of CD40L intra-peritoneally when tumours reached
9mm2. CD80 expression by the CD11c+MHCIIHigh cells was analysed by flow
cytometry 2 and 4 days following treatment. Data shows mean of 3 mice for
each time point ± standard deviation.
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intra-peritoneally at 3 day intervals. The CD80 expression by the CD11c+MHCIIHigh
population was then examined by flow cytometry. Figure 5.3 indicates that following 1
CD40L treatment there was a significant increase in the relative expression of CD80 by
DCs in the TDLNs from 1 ± 0.03% in untreated mice to 1.34 ± 0.06% (p < 0.05).
However, following the second CD40L treatment the relative expression of CD80 was
0.85 ± 0.03%, significantly lower than untreated mice (p < 0.05). Similarly following 3
CD40L treatments, CD80 relative expression by DCs in TDLNs was 0.78 ± 0.05%,
again significantly lower than untreated controls (p < 0.05). These data indicate that
while 1 treatment with CD40L is effective at inducing the maturation of DCs,
subsequent treatments actually considerably decrease the CD80 expression by these
cells. This indicates that this treatment regime using CD40L is unsuitable to induce and
maintain DC activation.

5.2.3 Treatment with LPS induces short-term activation of dendritic cells in tumour
draining lymph nodes
To determine if LPS could be used to induce DC maturation, mice with 9mm2 AE17
tumours were treated intra-peritoneally with 100µg of LPS. Expression of the costimulatory molecule CD80 by the DC population was measured by flow cytometry 2
and 4 days following treatment. Figure 5.4A shows that 2 days following treatment,
expression of CD80 has increased significantly from 1 ± 0.02 in untreated mice to 2.4 ±
0.33 (p < 0.05). Additionally, the percentage of the total cells in the TDLNs that were
CD11c+MHCIIHigh had significantly increased from 5.77 ± 1.3% in untreated mice to
12.4 ± 3.1 two days following LPS treatment (p < 0.05). In contrast to the activation and
increase in DC numbers seen on day 2, 4 days following LPS treatment the CD80
expression by DCs was not significantly different to DCs isolated from untreated mice
(Untreated: 1 ± 0.02 Day 4 post LPS: 1.15 ± 0.22)(Figure 5.4A). Similarly, the
percentage of CD11c+MHCIIHigh cells had also returned to a level not significantly
different to untreated mice (Untreated: 5.77 ± 1.3%; Day 4 post LPS: 6.35 ± 0.45%)
(Figure 5.4B). These data suggest that it is possible to induce maturation of the DC
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Figure 5.3. Multiple treatments with CD40L result in lower CD80
expression by DCs in TDLNs. Mice were treated intra-peritoneally with 500µg
of CD40L at 3 day intervals. The CD80 expression by CD11c+MHCIIHigh cells
was measured the day following each treatment. Data shows mean from 3 mice
± standard deviation.
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Figure 5.4. Dendritic cells in TDLNs increase expression of CD80 following
i.p. treatment with 100µg of LPS. AE17 tumour bearing mice were treated with
100µg of LPS intraperitoneally when tumours reached 9mm2. Expression of
CD80 by CD11c+MHCIIHigh cells isolated from TDLNs was analysed by flow
cytometry 2 and 4 days following treatment and compared to untreated controls.
Data shows mean ± standard deviation for 3 mice in 1 experiment.
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population. However, 100µg of LPS delivered i.p only activates the DCs for around 2
days.
To investigate if more prolonged DC activation could be achieved, mice with 9mm2
AE17 tumours were treated 3 times with LPS at 3-day intervals and the DC population
in the TDLNs analysed by flow cytometry. Figure 5.5A shows that 1 day following the
first treatment the CD80 expression had significantly increased from 1± 0.14 in
untreated mice to 2.55 ± 0.13 (p < 0.05). Interestingly, after the second LPS treatment,
CD80 expression by DCs in the TDLN did not reach the same level as mice that had
received one treatment. Relative expression of CD80 by dendritic cells isolated from
mice receiving 2 LPS treatments was 1.73 ± 0.12, which was significantly lower than
mice that had only received one treatment (p < 0.05). Similarly, DCs isolated from the
TDLNs of mice that had received 3 LPS treatments had lower CD80 expression again
measuring 0.63 ± 0.1 which was significantly lower than the untreated controls. When
the percentage of total DCs in the TDLNs was analysed a similar trend was found. One
LPS treatment significantly increased the percentage of total cells in the TDLNs from
2.4 ± 0.5% in untreated mice to 5.7 ± 0.4% in mice that had received 1 LPS treatment
(Figure 5.5B) (p < 0.05). Following the second treatment there was no significant
change in the DCs as a percentage of total cells in the TDLN compared to mice
receiving one treatment (LPS x 1: 5.7 ± 0.4%; LPS x 2: 4.6 ± 0.7%; p = 0.07). However,
following the third LPS treatment, there were significantly less DCs in the TDLNs than
mice that had received only 1 treatment (LPS x 1: 5.7 ± 0.4%; LPS x 3: 2.22 ± 0.76%; p
< 0.05). Together these data indicate that while 2 subsequent treatments with LPS can
maintain DCs in a mature state and increase the proportion of cells in the TDLNs that
are DCs for longer than 1 LPS treatment, each subsequent treatment is less effective
than the first and the third LPS treatment actually results in DCs expressing less CD80
than the untreated mice. These data suggest that 100µg LPS treatments can induce DC
activation and maintain it for a short period but again, subsequent treatments are less
effective than the initial treatment. With this in mind we investigated the possibility of
using a novel approach to induce DC maturation.
106

CD80 relative expression

3

2

1

0
Untreated

Day 1

Day 4

Day 7

Untreated

Day 1

Day 4

Day 7

% of cells CD11c+MHCII+

8

6

4

2

0

Figure 5.5 Subsequent treatments with LPS are less effective at inducing
DC maturation. Mice were treated with LPS at 3 day intervals and the CD80
expression by the CD11c+MHCIIHigh cells isolated from TDLNs analysed by flow
cytometry. Data shows mean of 3 mice ± standard deviation.
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5.2.4 Topical 10% TTO induces prolonged maturation of DCs in AE17 tumour bearing
mice
Previous research conducted in our laboratory has found that topical application of
solution of 10% Tea Tree Oil (TTO) in DMSO inhibits AE17 tumour growth (Greay et
al., 2010). Additionally, this anti-tumour effect is associated with a strong inflammatory
response resulting in localised skin irritation. It was hypothesised that the effect of TTO
was mediated by the immune system and with this in mind, the DC population of
tumour bearing mice treated topically with 10% TTO/DMSO was analysed. Figure
5.6A indicates that the single DMSO or TTO treatments did not significantly alter the
number of DCs in the TDLNs compared to untreated mice at anytime examined except
the TTO treatment alone 1 day following treatment which was significantly increased
compared to the untreated controls. In comparison, following 1 TTO/DMSO treatment
there is a significant increase in the number of DCs in the TDLNs from 1.7 x 105 ± 5.7 x
104 cells in untreated mice to 7.5 x 105 ± 1.5 x 105 cells (p < 0.05). Following the third
treatment, there were significantly more DCs in the TDLNs (2.3 x 106 ± 3 x 105) than
mice receiving either 1 TTO treatment or no treatments (p < 0.05 in both cases). On day
6, 2 days after the cessation of treatment, there was still significantly increased
compared to the untreated control (Untreated: 3.7 x 105 ± 5.9 x 104; Day 6: 1.7 x 106 ±
5.6 x 105; p < 0.05). By day 10, 6 days following the cessation of treatment, there was
still significantly more DCs in the TDLNs of TTO/DMSO treated mice (1.3 x 106 ± than
untreated mice (7.4 x 105 ± 1.5 x 105). When the CD80 expression by the DCs in the
TDLNs was examined, the same trend was found. Mice receiving 1 TTO/DMSO
treatment had a significantly higher relative CD80 expression of 2.01 ± 0.23 compared
to 1 ± 0.19 for the untreated controls. Following 3 TTO/DMSO treatments, the relative
expression of CD80 was at 3.55 ± 0.14 which was significantly higher than the mice
that had received 1 treatment or no treatments (p < 0.05 in both cases). When the DCs
were analysed on day 6, 2 days after the cessation of treatment, it was found that the
treated mice had a significantly higher relative CD80 expression of 2.03 ± 0.1 compared
to 1 ± 0.1 (p < 0.05). Finally, when the DCs in the TDLNs were analysed on day 10, no
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significant difference was found between the treated (1.04 ± 0.17) and untreated mice (1
± 0.08). These data suggest that topical TTO/DMSO could be used as an exogenous
agent that could be used to induce prolonged activation of the DC population in AE17
tumour bearing mice. However, this regime was limited to only 4 treatments and was
found to be no better than LPS to induce DC activation that also resulted in 4 days of
DC activation.

5.2.5 LPS treatment reduces the proportion of CD4+CD25+T-cells expressing Foxp3
To determine if the induced maturation of DCs in AE17 tumour bearing mice could alter
the composition of the CD4+ T-cell population, these cells were analysed following the
LPS treatments. Mice with 9mm2 were treated 3 times with 100µg of LPS and the
expression of Foxp3 by the CD4+CD25+ population in the spleen, TDLNs and tumour
was analysed by flow cytometry. Figure 5.7A and C shows the expression of CD25 by
the CD4+ population in an untreated spleen (A) and spleen of a mouse that has received
2 LPS treatments (C), while Figure 5.7B and D show the Foxp3 expression of the
CD4+CD25+ population compared to the adjacent population (for a detailed explanation
of the gating used see section 2.2.6.1). Figure 5.7A and C indicate that there is very little
change in the proportion of CD4+ cells expressing CD25 in the spleen following 2 LPS
treatments. However, Figure 5.7B and D indicate that after 2 LPS treatments there is a
small increase in the proportion of CD4+CD25+ cells that are Foxp3-. Figure 5.8A
indicates that one day following a single treatment with LPS, there is no significant
change in the proportion of CD4+CD25+ cells in the Spleen, TDLNs or tumour that
express Foxp3. However, 1 day following the second LPS treatment, there is a
significant decrease in the proportion of CD4+CD25+ cells expressing Foxp3 from 91.6
± 1.3% in untreated mice to 80.1 ± 3.1% in those receiving 2 LPS treatments (p < 0.05).
Similarly, Figure 5.8B shows that while 85.4% the CD4+CD25+ cells are Foxp3+ in
untreated TDLNs, significantly less (74.0 ± 2.6%) cells express Foxp3 in the TDLNs of
mice that have received 2 LPS treatments (p < 0.05). In contrast to the spleen and
TDLNs, when the Foxp3 expression by CD4+CD25+ cells was examined in the tumour
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following 2 LPS treatments, 78.7 ± 3.7% express Foxp3 while 81.7 ± 6.5% in untreated
mice express Foxp3. Finally, following the third LPS treatment, there was a significant
increase in the proportion of Foxp3+ cells in the spleen from 80.1 ± 3.1% of the total
CD4+CD25+ cells following 2 LPS treatments to 92.7 ± 1.7% (p < 0.05). This trend was
also observed in the TDLNs where a significant increase in the Foxp3+ portion of the
CD4+CD25+ population between the second and third LPS treatment from 74.0 ± 2.6%
to 81.1 ± 3.2% (p < 0.05). Furthermore, the percentage of CD4+CD25+ cells expressing
Foxp3 in the spleen and TDLNs of mice receiving 3 LPS treatments was not
significantly different to untreated mice. In contrast to these two locations, when the
Foxp3- population was examined in the tumour, no significant difference was observed
between the group receiving 3 LPS treatments and any of the other treatment groups
(Figure 5.8C). Together these data suggest that inducing DC activation by
administration of LPS can change the composition of the CD4+CD25+ population in the
spleen and TDLNs of AE17 tumour bearing mice. However, this change does not seem
to carry forward to the tumour. Additionally, the short term DC activation by LPS seems
to limit the effect on the T-cell population. Based on these observations investigation of
another agent to induce DC maturation was examined.

5.2.6 Anti-CD25mAb followed by LPS treatment alters the percentage of cells
expressing Foxp3
Previously, it was found that following Treg depletion, there was an increase in the TH
cells in the tumour before the Treg population eventually returned (Chapter 3, Figure
3.6). Following the previous result indicating that 2 LPS treatments could change the
composition of the CD4+ T-cell population in AE17 mice, we hypothesised that the
effect may be more successful following the depletion of the Tregs. Mice with 9mm2
AE17 tumours were treated with 1µg of anti-CD25mAb intra-tumourally and received
100µg of LPS 1 and 4 days following the antibody. Untreated mice and mice receiving
anti-CD25mAb alone were used as controls. Figure 5.9A shows that the relative CD80
expression by DCs in the anti-CD25mAb treated group was 1.1 ± 0.11% which was not
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Figure 5.8. 2 LPS treatments reduce the percentage of CD4+CD25+ cells
expressing Foxp3 in the spleen and TDLN. Mice were treated with 100µg of
LPS at 3-day intervals and the expression of Foxp3 by the CD4+CD25+ cells
isolated from spleen (A) TDLNs (B) and tumour (C) analysed by flow cytometry.
Data shows mean from 3 mice ± standard deviation.
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Figure 5.9. Treatment with LPS following anti-CD25mAb inhibits the return
of Tregs to the tumour. Mice were treated when tumours reached 9mm2 with
either 2 treatments of 100µg of LPS at 3-day intervals, 1µg of anti-CD25mAb, or
the combination of 1µg of anti-CD25mAb followed by the LPS treatment regime.
CD80 expression by CD11c+MHCHigh (A) and Foxp3 expression by the
CD4+CD25+ cells in the TDLN (B) and tumour (C) was analysed by flow
cytometry 4 days following the initial treatment. Data shows mean from 3 mice ±
standard deviation.
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significantly different to 1 ± 0.05% in the untreated mice. In contrast, mice that had
received the combined anti-CD25mAb/LPS treatment regime had a significant higher
CD80 relative expression (1.72 ± 0.12%) than either the untreated or a-CD25mAb
controls (p < 0.05), however, this expression was not significantly different to the mice
that had received LPS alone (1.68 ± 0.1%). These data supported the previous finding
that 2 LPS treatments is effective at increasing CD80 expression by DCs in TDLNs,
however, it also indicates that combining anti-CD25mAb with the LPS treatment is no
more effective than using LPS alone. Following the investigation of the DC population,
the change in the Foxp3 expression by the CD4+CD25+ T-cell population was examined.
Figure 5.9B shows the proportion of the CD4+CD25+ T-cell population that are Foxp3+
6 days following the initial anti-CD25mAb treatment. Treatment with anti-CD25mAb
alone significantly decreased the percentage of CD4+CD25+ cells expressing Foxp3 in
the TDLNs from 84.2 ± 3.5% in untreated mice to 59.7 ± 9.1% (p < 0.05). Similarly, the
combined anti-CD25mAb/LPS treatment regime resulted in a significant reduction in
the Foxp3 expression to 52.2 ± 6.0%. A similar trend was found when the T-cell
population was examined in the tumour. Similar to the results from the previous
experiment, LPS treatment alone did not affect the proportion of CD4+CD25+ cells
expressing Foxp3 in the tumour (Untreated: 76.8 ± 6.5%; LPS: 77.9 ± 3.35). Of the
CD4+CD25+ T-cells in the tumours of mice that were treated with anti-CD25mAb, 65.9
± 9.5% positively expressed Foxp3 compared to the untreated controls of which 76.8 ±
6.5% expressed Foxp3. Although this was not a significant difference, only 45.7 ± 7.8%
of the CD4+CD25+ T-cells from the tumours of anti-CD25mAb/LPS treated mice
expressed Foxp3 that was significantly lower than the untreated controls (p < 0.05).
Together these data support our earlier finding that following anti-CD25mAb treatment,
there is a change in the composition of CD4+ T-cells in the tumour and by day 6
following the initial treatment, the Treg/TH has almost returned to pre-treatment levels.
Also, these data support the earlier finding in this chapter that LPS can alter the Foxp3
expression by CD4+CD25+ T-cells in the TDLNs but this change does not carry forward
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to the tumour. However, when the LPS treatment is given in combination with the antiCD25mAb treatment, this appears to delay the expansion of the Treg subset.
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5.3 Discussion

5.3.1 Result summary
The experiments in this chapter aimed to test the hypothesis that dendritic cells (DCs)
fail to mature in response to the AE17 tumour and this immature population of DCs is
responsible for the failure of the T-cell population to be activated in response to the
tumour. Additionally, the hypothesis that the immature DC population was responsible
for the preferential expansion of the Treg subset was also investigated. Figure 5.1 shows
that the CD80 expression by the DCs in the tumour draining lymph nodes (TDLNs) is
unaffected by the presence of AE17 tumour. This supports the notion that the DC
population does not mature in response to the tumour. To test if induced maturation of
the DCs could increase the number of T-cells primed against the tumour, or prevent
expansion of the Treg subset, a number of DC activating regimes were examined. Figure
5.2 and 5.3 indicate that while one treatment with CD40L is effective at increasing
CD80 expression by DCs, more than one treatment significantly decreases expression.
Similarly, Figure 5.4 and 5.5 show that treatment with LPS was effective at increasing
CD80 by DCs in the TDLNs for 2 rounds of treatment, but the third was no better than
the untreated group. These data suggest that the DC population in AE17 tumour bearing
mice is capable of undergoing activation, but to maintain long term activation an
optimised treatment regime will need to be developed. With this in mind, investigation
of a novel method of DC activation was undertaken. In contrast to the treatments that
aimed to directly activate the DCs, when TTO/DMSO was examined, it was found that
an increase in DC expression of CD80 could be achieved for at least 6 days. Future
studies could investigate how effective this treatment regime was at altering the T-cell
response to the AE17 tumour. However, the remainder of this chapter investigated the
effectiveness of LPS to alter the composition of the CD4+ T-cell population.

When the lymphocytes were analysed following induced DC maturation using LPS, it
was found that there was a change in the composition of the CD4+CD25+ T-cell
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population. Specifically, Figure 5.7 indicates that following two treatments with LPS,
significantly less of the CD4+CD25+ T-cells express Foxp3 in the spleen and TDLNs,
however, this change was not carried into the tumour. Additionally, following the third
treatment, when the CD80 expression of the DC population had returned to untreated
levels, the proportion of CD4+CD25+ cells expressing Foxp3 also returned to pretreatment levels. These data indicate that it is possible to alter the composition of the
CD4+ T-cell pool by altering the maturation state of DCs in AE17 tumour bearing mice.
However, the change is small and when the number of CD8+ T-cells in the TDLNs and
tumour was analysed, no change was observed. Furthermore, when tumour growth was
analysed following treatment with LPS, no significant difference to untreated controls
was observed. Based on these results it was unclear if induced activation of the DC
population had a significant impact on the T-cell response against the AE17 tumour.

Although a small change in the Foxp3 expression in the CD4+CD25+ T-cell population
was observed, it was only modest and only at one time point. It was hypothesised that
the overwhelming majority of Tregs may inhibit the priming of new CD4+ T-cells.
Additionally, the original purpose of this treatment approach was to prevent the reaccumulation of Tregs following anti-CD25mAb treatment. It was found that when the
LPS treatment was administered after depletion of the CD25 population, the Foxp3+
subset of CD4+CD25+ cells that repopulated the spleen, TDLNs and tumour was made
up of a smaller proportion than when mice received only anti-CD25mAb. This suggests
that the immature state of the DCs may contribute to the re-accumulation of Tregs in
AE17 tumour bearing mice following anti-CD25mAb treatment. Together the data from
this chapter indicate that there is a problem with the activation of the DC population in
response to the AE17 tumour and this may be associated with the expansion of the Treg
subset that inhibits the immune response against the tumour. Furthermore, it may be
possible to prevent this expansion by inducing maturation of the DC population using
exogenous agents such as LPS.
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5.3.2 DCs fail to activate in response to the AE17 tumour
In a normal immune response, activation of DCs is the beginning of the adaptive T-cell
response to the challenge. Activation is characterised by an increase in expression of the
antigen presenting molecule MHCII, co-stimulatory molecules CD80 and CD86 and
increased production of IL-12. It was found that the presence of the AE17 tumour failed
to induce increased expression of CD80 by CD11c+MHCIIHigh cells in the TDLNs
(Figure 5.1). This suggests that either the DC population has failed to activate in
response to the tumour, or has activated in the past, but has been suppressed. Functional
deficiencies of the DC population in tumour bearing mice and humans have been widely
reported and investigated extensively. It has been found that the presence of the tumour
affects every stage of development and function of the DC population. Starting at the
differentiation of haematopoietic cells to immature DCs. Specifically, it has been found
that in many cancer patients, there are less DCs in the periphery compared to normal
subjects (Gabrilovich et al., 1996; Gabriolovich et al., 1999). Along with the deficiency
in the number of DCs in cancer patients, the function of the cells can also be inhibited
by the presence of the tumour. High serum concentration of soluble factors VEGF,
IL-10 and GM-CSF all result in constitutive phosphorylation of STAT-3 (Cheng et al.,
2003; Nefdova et al., 2004). This results in the formation of STAT-3 homo-dimers that
inhibit NF-κB, one of the transcription factors central to DC maturation (Lee et al.,
2007). An additional problem observed in tumour bearing hosts is the lack of a strong
danger signal to activate the DC population. For DCs to be activated in response to the
tumour, a danger signal must be present. In the case of tumours, this is usually a damage
associated molecular patterns (DAMPs), such as heat shock proteins, uric acid or highmobility group box 1 protein. DAMP mediated DC activation usually occurs as cells are
dying and the conditions under which the cells die heavily influences the nature of the
immune response generated. For example, DCs engulfing apoptotic cells only present
molecules on MHCI molecules inducing tolerance to the antigen by CD8+ T-cells. In
contrast, DCs engulfing the same cells undergoing necrotic death presented antigens on
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both MHCI and MHCII molecules generating a strong cytotoxic T-cell response to the
antigen (Griffith et al., 2007). Similarly, uptake of apoptotic cells in some cases can
prevent the maturation of DCs (Sauter et al., 2000). Finally, the presence of soluble
factors such as TGF-β or IL-10 can inhibit DAMP mediated activation (Kono et al.,
2008). Together these observations indicate that death or stress of tumour cells does not
necessarily result in DC activation and therefore may not prime T-cells to destroy the
tumour. Finally, the function of the T-cell priming function of the DC population in the
TDLNs can be inhibited by the presence of Tregs. It was found in the previous chapter
that the presence of Tregs in the TDLNs correlates to reduced expression of CD80 by the
DCs. Similar results showing reduced expression of co-stimulatory molecules by DCs
in vivo and in vitro have been reported by others also (Misra et al., 2004, Serra et al.,
2003). Additionally, the induction of IDO production by DCs following Treg contact is
known to inhibit T-cell proliferation (Fallarino et al., 2003). Together these findings
illustrate how vulnerable the DC population is to the presence of a tumour. However,
not all these problems are associated with every tumour and our findings suggest that
the DCs in the AE17 model still maintain much of their functionality. Specifically, it
was found that DCs could be activated following treatment with LPS, CD40L or TTO/
DMSO suggesting that the DCs in AE17 tumour bearing mice are not incapable of
being activated (Figures 5.3, 5.5 and 5.6). Additionally, in the previous chapter, it was
found that following Treg depletion there was an increase in the CD80 expression by the
DCs (Figure 4.7). This could suggest that the tumour does provide a stimulus that
induces DC maturation, but that the DC population is held in an immature state by the
presence of the Tregs. Further investigation of the DC population before and after LPS
treatment could be performed to better understand how the functionality of this cell
population is affected by the presence of the tumour. Specifically, investigation of
expression of the molecules CD40 and CD86 could help further characterise the state of
maturation the DCs are in. Also, examination of B7-H1 and B7-H4 expression before
and after LPS treatment could be performed to determine if the DCs had an
immunosuppressive phenotype. This information would give more indication to what
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effect the DCs were having on the T-cell population. Alternatively, DCs could be
isolated from tumour bearing mice and cultured with naïve T-cells to ascertain the effect
they had on T-cell differentiation. Together the data presented in this chapter indicates
that DCs fail to mature in response to the AE17 tumour. However, based on our results
this does not appear to be due to the inability to mature or the lack of danger signals.
Furthermore, it is possible to induce maturation of these cells by treatment with known
DC activating components such as LPS or CD40L.

5.3.3 DC maturation by administration of exogenous agents
The major limitation of the work presented in this chapter was the protocol used to
induce DC maturation. It was found that treating with 100µg of LPS every 3rd day
resulted in each subsequent treatment being less effective than the previous treatment
(Figure 5.5). Similarly, multiple treatments with CD40L actually decreased the
expression of CD80 by DCs in TDLNs (Figure 5.3). Additionally, it was found that both
of these treatments only maintained activation for 2 days following the first treatment
(Figures 5.2 and 5.4). These observations indicate that for much of the time during the
treatment regime, the DCs were not optimally activated. For this reason, future
experiments should examine different treatment protocols to induce and maintain
activation of the DC population. Interestingly, tolerance to strong TLR signals is well
characterised. Dendritic cells, monocytes and macrophages all produce less cytokines
and chemokines associated with LPS stimulation. Patients recovering from sepsis often
remain in an immunosuppressed state (Cavaillon

et al., 2004), in part due to the

unresponsiveness of cells to LPS (Abib-Conquy et al., 2000). The unresponsiveness to
subsequent LPS challenges is in part due to downregulation of TLR4 following its
initial ligation with LPS (Nomura et al., 2000). Further studies found that this was due
to failure of NF-κB and AP-1 activation (Medvedev et al., 2000; Medvedev et al.,
2001; Medvedev et al., 2002). Additionally, IRAK-1 expression and activity, which is
required for NF-κB activation, is inhibited in cells exposed to LPS multiple times (Li et
al., 2000; Jacinto et al., 2002). CD40L signals through many of the same pathway as
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LPS and may be subject to the same tolerance mechanisms. Interestingly, to induce this
toleragenic state in these cells, high doses of LPS must be given. Our experimental
protocol used 100µg of LPS given at 3 day intervals to induce DC activation, however,
lower doses given at more frequent time points may allow a more sustained activation
period of the DCs. Alternatively, novel DC activating approaches could be tried. In this
chapter, Tea Tree Oil (TTO) dissolved in DMSO was used to activate the DCs (Figure
5.6). This resulted in a longer period of DC activation and no tolerance induction of the
DC population. Future studies could investigate if this treatment approach was more
effective than the LPS treatment at altering the Foxp3 expression by the CD4+ T-cell
population.

Many factors affect the ability of DCs to prime T-cells in tumour bearing mice.
However, in the AE17 model, it appears that the DCs are still able to mature, and
signals are present that can induce maturation, it is simply the presence of the Tregs that
inhibit this process. Also, from these results, it is clear that much more investigation of
the protocol used to induce maturation of DCs will be required. Specifically, a regime
will be required that can maintain activation of these cells for a prolonged period
without inducing tolerance. Despite this limitation, the DC population in the AE17
model fails to mature and the impact of this on the T-cell response needs to be
considered.

5.3.4 Changes in the T-cell populations as a result of DC maturation
Firstly, the presence of the immature state of DCs will reduce the number of CD4+ and
CD8+ T-cells that are primed against the tumour. Also, immature DCs have been linked
to the differentiation of naïve CD4+ T-cells into Tregs (Gabrilovich et al., 2005). T-cell
differentiation is the process by which a T-cell that has received TCR stimulation and
co-stimulation takes on a specific effector cell function. There are a number of specific
states that the T-cells can exist in which are generally classified by the cytokine profile
of the cell. The specific program the T-cell undertakes is related to the environment in
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which the T-cell activation occurs; that is, the cytokines and other signalling molecules
that the T-cells are exposed to. In the case of Tregs, the cause of the differentiation of Tcells into Tregs is thought to be T-cell activation without the appropriate provision of
differentiation signals that ultimately results in up-regulation of the transcription factor,
Foxp3. The precise pathway resulting in Foxp3 expression is not clear, however, the
process appears to rely on TCR activation, IL-2 signalling and the presence of TGF-β.

5.3.4.1 Induction of Foxp3 expression in naïve CD4+ T-cells
TCR activation and co-stimulation through CD28 results in the formation of the NFATAP1 transcription complex (Macian et al., 2001). This results in expression and
secretion of IL-2 by the T-cell and up-regulation of the high affinity IL-2Rα (CD25)
(Row, 1997). STAT5 phosphorylation occurs in T-cells expressing CD25 as a response
to the autocrine IL-2 signalling (Moriggl et al., 1999). Usually at this point the T-cells
are exposed to IL-4 or IL-12 which results in phosphorylation of STAT6 and STAT4
respectively, to differentiate the cells into TH2 or TH1 cells. Interestingly, STAT5
phosphorylation without STAT4 or STAT6 phosphorylation results in expression of
Foxp3. This is because phophorylated STAT5 dimers bind to the promotor region of the
Foxp3 gene (Zorn et al., 2006, Yao et al., 2007). Interestingly, STAT6 binds to a silencer
region upstream of the Foxp3 gene inhibiting its expression (Takaki et al., 2008).
Similarly, STAT4 appears to result in chromatin remodelling of the STAT5 binding
locus upstream of the Foxp3 gene, inhibiting its expression (O’malley et al., 2009).
Interestingly, STAT4-/- mice have increased numbers of Tregs at various locations further
suggesting that failure of T-cell differentiation results in induction of Foxp3 (O’malley
et al., 2009). These studies suggest that the Treg program is engaged in naïve T-cells as a
default following TCR stimulation when differentiation into TH1 of TH2 cells fails. The
necessity for TGF-β to induce Foxp3 expression in naïve T-cells is probably due partly
to its effects on STAT4 and STAT6. TGF-β results in down-regulation of the IL-12
receptor which results in lower STAT4 phosphorylation (Gorham et al., 1998).
Additionally, TGF-β directly down-regulates STAT4 expression, further attenuating the
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IL-12 signal (Lin et al., 2005). TGF-β also blocks IL-4 dependant STAT6
phosphorylation by up-regulating SOCS1 and SOCS3. Additionally, SMAD3 induced
by TGF-β can cooperate wit NFAT to promote Foxp3 expression (Tone et al., 2008).
Together, these observations may explain why TGF-β is important in the induction of
Tregs; it inhibits expression of STAT4 and STAT6 which are required to prevent Foxp3
induction.

5.3.4.2 Immature DCs induce Foxp3 expression in naïve T-cells
Where the TGF-β comes from or why the proper differentiation signal is not provided is
likely dependant on the model under investigation. In the case of cancer, the
dysfunction of DC subsets has already been explained and discussed, the presence of
immature DCs have been linked with expansion of the Treg subset (Ghiringelli et al.,
2005). Interestingly, immature DCs produce TGF-β further suggesting that these cells
could be the main source of induced Tregs in tumour bearing hosts (Morelli et al., 2002).
One further point to note is that Treg engagement with DCs results in the DCs failing to
produce IL-12 or express co-stimulatory molecules and instead the DCs produce TGF-β
(Zhang et al., 2008). This could suggest a situation where the expansion of the Treg
population results in the DC population remaining in an immature state and an increased
likelihood of naïve T-cells becoming Tregs. Additionally, Treg secretion of TGF-β may
also increase the likelihood of naïve T-cells in the vicinity differentiating into Tregs. With
these observations in mind, the goal of this chapter was to examine if induced
maturation of the DC population in AE17 tumour bearing mice could affect the
proportion of naïve CD4+ T-cells that were differentiated into Tregs. To do this the
proportion of CD4+CD25+ cells that were Foxp3+ (Tregs) or Foxp3- (Activated TH cells)
was analysed. It was found that 4 days following LPS induced activation of the DCs in
AE17 tumour bearing mice, there was a significant reduction in the proportion of Tregs
in the TDLNs and spleen (Figure 5.8) Additionally, an improved effect was noted when
LPS induced DC activation was combined with Treg depletion (Figure 5.9). This may be
consistent with the notion that the Tregs positively reinforce differentiation of naïve T124

cells to Tregs. Although these data support the hypothesis that the maturation state of the
DCs affects the composition of the CD4+CD25+ T-cell population, much more
investigation is required. One additional aspect of the T-cell priming process that could
be analysed is the concentrations of IL-12 and IL-4 in the TDLNs following various
treatments. Analysis of IL-12 and IL-4 following Treg depletion or DC maturation could
give an indication as to how strong the signal was from the DCs to induce T-cell
differentiation. Similarly, instead of just analysing Foxp3 expression by the T-cells
following treatment, this analysis could be expanded to included T-bet, GATA3 and
ROR-γ to determine the type of T-cell program being induced. An additional aspect that
needs consideration is the proportion of Foxp3 that are actually induced from naïve
CD4+ T-cells compared to those that are clonally expanded from natural Tregs.

5.3.4.3 Is the Treg population in AE17 mice derived from natural Tregs or
adaptive Tregs
As previously discussed, natural Tregs come from the thymus, while adaptive Tregs are
derived from naïve T-cells in the periphery. If a treatment is to be used that prevents the
differentiation of naïve T-cells into Tregs, the proportion of the total Treg population that
is derived from naïve T-cells should be considered. If all the Tregs found are simply
clonally expanded from a population that recognises tumour antigens, it is unlikely that
inducing maturation of the DC population will alter the Treg population. It was found in
these experiments that the largest change in the proportion of CD4+CD25+ cells
expressing Foxp3 was from around 80% in untreated mice to 55%. This would imply
that at least 1/3 (25/80) of the Foxp3+ cells in naïve AE17 TDLNs are induced from
naïve T-cells. To test the proportion of natural compared to adaptive Tregs responding to
the tumour adoptive transfer of congenic CD45.1 and CD45.2 T-cells into B6.CB17Prkdcscid/SzJ (C57BL/6J mice with the SCID mutation resulting in no T or B-cells)
could be performed. The T-cell population of these mice could be reconstituted with
Tregs from CD45.1 C57Bl/6J mice and naïve CD4+ T-cells from CD45.2 C57Bl/6J mice.
Following inoculation with AE17 tumour cells into these reconstituted SCID mice,
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expression of Foxp3 in the CD4+CD45.2+ could be measured at time points following
tumour exposure. An increase in the percentage of CD4+CD45.2+ cells expressing
Foxp3 compared to mice that had not been inoculated with a tumour would suggest that
the presence of the AE17 tumour promotes the conversion of naïve TH cells into Tregs. If
these experiments indicated that some of the CD45.2 T-cells had become Tregs, it would
suggest that preventing this differentiation could be a valid treatment approach.
Furthermore, this same system could be used to determine how effective any treatment
regimes were by measuring any changes in the proportion of CD4+CD45.2+ expression
of Foxp3 compared to untreated controls.

The possibility still remains that the Treg population in AE17 tumour bearing mice is
mostly composed of natural Tregs that have expanded in response to the tumour antigens.
This could be because the TCR specificity of the Tregs is heavily skewed towards
recognising host antigens and because tumour cells are essentially host tissue, the range
of antigens presented by DCs from the tumour are likely to be heavily skewed towards
being host antigens (Boon et al., 2006; Sotomayor et al., 1996). If this is the case, the
expansion of the Treg subset in AE17 tumour bearing animals is inevitable. This would
mean that rather than targeting the expansion of the Treg subset, treatments would
instead need to be targeted to inhibit the immune suppression exerted by the Tregs. In the
previous chapter it was found that Tregs secrete TGF-β in the tumour and have an effect
on the DCs in TDLNs. If the precise mechanisms used by the Tregs could be determined,
treatments could be developed that would allow the Tregs to be present but ineffective.

5.3.5 Conclusions
Experiments performed in this chapter found that DCs in AE17 tumour bearing mice
fail to mature in response to the AE17 tumour. Additionally, treatment with LPS can
induce maturation of the DC population and that this maturation affects the expression
of Foxp3 by the CD4+ T-cell population. Furthermore, using this treatment approach in
combination with anti-CD25mAb altered the composition of CD4+ cells returning
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following Treg depletion. Although more work needs to be done confirming these
findings, they do support our original hypothesis that the presence of an immature DC
population may contribute to the over expansion of Tregs in AE17 tumour bearing mice.
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CHAPTER 6
GENERAL DISCUSSION: FEASIBILITY OF TREATMENTS
TARGETING TREGS FOR HUMAN CANCER

128

6.1 Summary of results and findings
This thesis aimed to investigate the hypothesis that Tregs inhibit the immune response
against AE17 tumours. Also, that depletion of the Tregs using anti-CD25mAb will result
in an improved anti-tumour response resulting in clearance of the tumour. Chapter 3
found that Treg depletion using the correct dose of intra-tumoural anti-CD25mAb does
result in immune activation that can result in tumour growth inhibition. However, the
treatment is limited by the eventual return of the Tregs. Following this finding, it was
hypothesised that targeting the mechanisms of suppression used by the Tregs may be
better than depleting the cells. Earlier work had suggested that secretion of TGF-β by
the Tregs in the tumour might be a mechanism used by these cells to maintain immune
suppression. Chapter 4 investigated the role that TGF-β secreted by Tregs had in
inhibiting the anti-tumour immune response. It was found that while TGF-β
neutralisation following Treg depletion provided an improved anti-tumour effect, TGF-β
neutralisation alone could not release the immune system from suppression in a similar
way to Treg depletion. This suggested that secretion of TGF-β in the tumour was not the
only mechanism used by the Tregs to inhibit the anti-tumour immune response. Upon
further investigation, it was found that Tregs may also inhibit the priming function of
DCs in the tumour draining lymph nodes. Both these findings have been published
during the course of this PhD (Kissick et al., 2009; Kissick et al., 2010). These data led
to the hypothesis that Tregs use multiple mechanisms to inhibit the anti-tumour immune
response and if a treatment approach that targeted the mechanisms of Treg immune
suppression was to be developed, the interaction between Tregs and DCs would need to
be considered. Chapter 5 investigated the possibility that an immature DC population is
responsible for the expansion of the Treg subset in AE17 tumour bearing mice. It was
found that by inducing maturation of the DC population using exogenous agents it was
possible to firstly overcome the immune suppression exerted over the DC population in
the TDLNs, as well as causing a reduction in the proportion of effector CD4+ T-cells
expressing Foxp3. These data suggest that a treatment could be developed that prevents
expansion of the Tregs by inducing maturation of the DC population in AE17 tumour
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bearing mice. Together, the results of this thesis indicate that Treg depletion can release
the anti-tumour immune response from suppression. Furthermore, by targeting multiple
mechanisms used by Tregs or other systems, an improved anti-tumour response can be
achieved. Also, although these treatments can be effective for a short period, they are
limited by the eventual return of the Tregs. Finally, it may be possible to alter the nature
of the T-cell response to the tumour by inducing maturation of DCs during treatment
and thereby preventing the return of the Tregs.

Although positive results were obtained in this thesis, the investigation of any treatment
approach in mouse cancer models is ultimately aiming to develop a treatment that could
be used clinically to treat human cancer. The feasibility of the treatments that have been
investigated here will depend on how much the presence of Tregs contributes to immune
suppression in the particular variety of cancer. Tregs have been found to be present in
human mesothelioma, breast cancer, renal carcinoma, gliomas, (Hegmans et al., 2006,
Liyanage et al., 2002; Wolf et al., 2003; Sonabend et al., 2008). Furthermore, the
presence of the cells in human cancers has been associated with suppression of the antitumour immune response (Viguier et al., 2004; Curiel et al., 2004). With these
observations in mind it is plausible that treatments to deplete or inhibit the function of
Tregs could have an anti-tumour effect in humans. However, to put the results of this
thesis in context, the ability of this work to be translated to humans needs to be
considered. Specifically, the availability of drugs to achieve the desired changes in the
immune system, and the susceptibility of the immune system in human cancer patients
to respond to these changes.

6.2 Delivery and functionality of immune modifying drugs in humans
The experiments in this thesis relied on the use of easily available compounds to
manipulate the immune response against the AE17 tumour. However, if the treatment
approach used here is ever to be translated to humans, the availability and effect of
human equivalents must be considered.
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6.2.1 Treg depletion in humans
6.2.1.1 Human regulatory T-cell depleting regimes
Systemic depletion of Tregs in human cancer patients has been carried out by
administration of denileukin diftitox (Ontak), an IL-2-diphtheria fusion protein or
LMB-2, a toxin derived from pseudomonas directed to CD25 (Barnett et al, 2005,
Powell et al., 2007). The first of these trials administered Ontak systemically to 4
patients with late stage cancers and found that the CD4+CD25+ cell population in the
blood was reduced in all. Additionally, an increase in the number of CD8+IFN-γ+ cells
in the blood was also found (Barnett et al., 2005). However, the authors of this paper
acknowledge that targeting a depleting treatment to cells expressing CD25 is likely to
deplete important anti-tumour effector cells. The second study administered LMB-2 to
patients with melanoma and found that 80% of the circulating Tregs were depleted.
Together these studies indicate that depletion of Tregs by targeting CD25 can be
completed in humans as effectively as in mice.

6.2.1.2 Intra-tumoural or systemic administration
Experiments in this thesis investigated the intra-tumoural administration of antiCD25mAb to deplete Tregs. It was found that this depletion regime depleted not only in
the tumour, but also systemically depleted the majority of CD4+CD25+ for cells for
around 3 days and the Tregs took around 7-10 days to return (Figures 3.5 and 3.6).
Whether or not administration of anti-CD25mAb directly into the tumour is more
efficient than systemically is unclear from our experiments, however, it may allow more
accurate dose administration of Treg depleting treatments. This is likely to be important
as demonstrated by the mouse work conducted in this thesis. When attempting Treg
depletion in humans, correctly titrating the dose of anti-CD25mAb will also be
important so that only the Tregs are depleted and effector cell populations are left
unaffected. In humans this may be difficult if the tumour is widely dispersed or
metastasised to other organs. However, if the tumour is in a relatively localised area, as
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is the case with mesothelioma, stereotactic injection could easily be used to
preferentially deplete Tregs in the tumour and TDLNs where they appear to exert their
immune suppression.

6.2.2 Inhibition of Treg mechanisms in humans
An alternative to Treg depletion in human patients could be to target the mechanisms
used by the Tregs to maintain immune suppression. The limitation of this approach is that
different mechanisms of suppression appear to operate in different cancer models.
Furthermore, as demonstrated in this thesis, targeting only one mechanism is unlikely to
release the immune system from suppression. Therefore, treatment regimes that inhibit
multiple mechanisms used by the cells to maintain immune suppression would need to
be devised. Nonetheless, if these difficulties can be overcome, the drugs exist or could
be easily produced to target the mechanisms used by Tregs in humans. The main
mechanisms associated with Treg mediated immune suppression are surface bound or
secreted TGF-β, expression of CTLA-4 and secretion of IL-10. Other than IL-10,
clinical trials of human drugs targeting these molecules are currently underway.

TGF-β inhibiting therapies have been widely investigated in human cancer and other
diseases. Lerdelimumab and Metelimumab are 2 anti-TGF-β monoclonals that have
been well tolerated in clinical trials (Bonafoux et al., 2009; Benigni et al., 2003). A
different approach to TGF-β inhibition is the use of TGF-β anti-sense oligoneucleotides.
AP12009 and AP11014 have both been shown to inhibit TGF-β transcription in mice
(Fakhrai et al., 1996; Liau et al, 1998). Furthermore, AP12009 has been used in human
glioma patients and is well tolerated was successful at improving patient outcomes
compared to chemotherapy controls (Schlingensiepen et al., 2005). Finally, small
molecules that inhibit TGF-β signal transduction are also under investigation. These
compounds are kinase inhibitors with a high degree of specificity towards the TGF-β
signal transduction molecules SMAD2 and SMAD3. The benefit of these molecules is
they are easily systemically delivered and are metabolically stable. However, one
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limitation of these small molecules is that the specificity of these molecules may not be
limited to TGF-β signal transduction (Reviewed in Yingling et al., 2004). These studies
indicate that if TGF-β needed to be inhibited to abrogate the effect of Tregs in cancer
patients, numerous agents would be available.

CTLA-4 blockade in mice has been found to inhibit the function of Tregs (Takahashi et
al., 2000). Furthermore, the use of antibodies that block the interaction between
CTLA-4 and CD80 and CD86 are undergoing clinical trials in human patients. Initial
trials found that this approach was effective against melanoma although there were
auto-immune side effects (Phan et al., 2003). However, the occurrence of the
autoimmunity appears to correlate with tumour regression (Attia et al., 2005). Activity
of anti-CTLA-4 has also been found against prostate and ovarian cancer (Small et al.,
2007). These studies indicate that if Treg expression of CTLA-4 is involved in
suppression of the anti-tumour immune response in humans, drugs to inhibit this are
available.

In all likelihood, there are other mechanisms of suppression used by Tregs. However,
with the continued development of antibody based drugs, small molecules and antisense oligonucleotides, the problem is unlikely to be finding a way of inhibiting a
particular mechanism, more in determining the exact mechanisms responsible in each
particular cancer. Additionally, although drugs to overcome various aspects of immune
suppression are available for use in humans, this does not necessarily indicate that they
are suitable for long term treatment of all cancers. Tregs and TGF-β, IL-10 and CTLA-4
all have normal physiological roles and in most cases this is to prevent development of
autoimmunity. Treg depletion is associated with retinitis, TGF-β regulates cell
proliferation in addition to its effects on the immune system so neutralisation of this
cytokine could have a variety of effects and anti-CTLA-4 treatment has been associated
with dermatits, colitis, hepatits and pancreatitis (Ruddle et al, 2007, Attia et al., 2005).
With these findings in mind, targeting the mechanisms used by Tregs to maintain
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immune suppression is likely associated with a range of problems and other approaches
should be considered.

6.2.3 Treatments preventing Treg dysfunction in human cancer
Depletion of Tregs or inhibition of their mechanisms used is really just the treatment of a
symptom of a much greater problem, that being the failure of the immune system to
respond to the tumour as a threat and to clear it. Whether or not this is a dysfunction of
the immune system or not depends on what the role of the immune system is. Given the
importance of immune surveillance in preventing the development of early cancers, it is
not unfair to include the clearance of tumour cells within the normal function of the
immune system (See section 1.6). If this is the case, then the expansion of Tregs in
response to the tumour could be seen as inappropriate. As discussed in Chapter 5, the
expansion of the Treg population in response to the tumour centres around 2
circumstances. Firstly, because the antigen specificity of thymically derived Tregs is
skewed towards recognising host antigens and most of the tumour antigens are host
antigens, these cells are preferentially expanded (Hsieh et al., 2004; Hsieh et al., 2006).
Additionally, naturally occurring Tregs of the same antigen specificity as other CD4+ Tcells preferentially expand in response to tumour antigens. This was found when HA
specific Tregs were found to proliferate more than any other subset of HA specific CD4+
T-cells in response to an HA expressing A20 lymphoma (Zhou et al., 2006). This may
be due to the constitutive expression of CD25 by Tregs that could allow these cells to
respond to TCR activation faster than naïve T-cells. The other circumstance that results
in the expansion of Treg population in response to the tumour is the conversion of naïve
T-cells to Foxp3+ Tregs (Valzasina et al., 2006). A hypothesis of how this process occurs
is presented in section 5.3.4.1, but the central theme is that the failure of a signal to
induce differentiation of T-cells that have undergone TCR-ligatation and been exposed
to IL-2 results in the T-cell taking the Treg phenotype by default. This situation is
thought to occur when T-cells encounter immature DCs. Originally, the role of DCs was
thought to be to present antigen and provide co-stimulation to T-cells. However, it is
now clear that the DCs do far more than this and with the increasing discovery of
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phenotypes that activated CD4+ T-cells are able to undertake, the role of DCs in
determining these phenotypes is under investigation. It has been known for some time
that Il-12 production by DCs leads T-cells down the TH1 path (Trinchieri et al., 2003).
Additionally, Notch signalling from DCs has been found to be important in TH2
differentiation (Tu et al., 2005) and DCs have also been implicated in the differentiation
of T-cells into TH17 cells also (Veldhoen et al., 2006). Finally, the DC phenotype
associated with Treg differentiation in vivo is low expression of MHCII and CD80 and
86 and production of TGF-β.

6.2.3.1 Induction of dendritic cell maturation by administration of exogenous
agents

Chapter 5 of this thesis investigated if intervention into the nature of the T-cell/DC
interaction in AE17 tumour bearing mice could prevent the expansion of the Tregs in
response to the tumour. Unfortunately, an optimal procedure to induce and maintain
DCs in a mature state was not found. However, the few experiments performed
examining the changes in the phenotypes of the T-cell population indicated that the
induction of DC maturation could reduce the proportion of CD4+CD25+ T-cells
expressing Foxp3 (Figure 5.9). Similar to other treatments discussed, systemic
administration of TLR ligands or CD40L is likely to have negative consequences on the
patient due to their strong inflammatory nature. Since the target of this treatment is
DCs, a better way to achieve the desired outcome may be to program the DCs ex vivo
and adoptively transfer the cells back into the patient.

6.2.3.2 Adoptive transfer of pre-conditioned DCs
The adoptive transfer of DCs to generate a desired immune response is the subject of
much investigation and its areas of application illustrate the power of this approach. By
inducing certain states of the DCs ex vivo very specific immune outcomes can be
achieved. This approach has been investigated extensively in transplantation
immunology to induce tolerance to transplanted organs. The research has centred
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around culturing bone marrow derived stem cells with GM-CSF and
immunosuppressive cytokines such as TGF-β and IL-10 to generate permanently
immature DCs. Pulsing these immature DCs with the desired antigen and subsequent
transplantation leads to induction of tolerance to the antigen by a number of
mechanisms including the induction of new antigen specific Tregs (Reviewed in Morelli
2007). The use of adoptively transferred DCs in cancer vaccines uses a similar approach
with the opposite outcomes. In the case of cancer, the desired outcome is the generation
of a strong CD4 TH1 response coupled with CD8 anti-tumour effector cells activation.
This is achieved by inducing a population of IL-12 producing, CD80, CD86, CD40
expressing DCs; or more specifically, a DC that provides all the signals required for
CD4+ T-cell differentiation into TH1 cells. The standard protocol to mature DCs ex vivo
is by culture with IL-1β, TNF-α, IL-6 and PGE2 (Jonuleit et al., 1997). However, more
recently adjustments to this protocol involving culture with type I and II interferons has
resulted in even better IL-12 production (Mailliard et al., 2004). Similar to the protocol
used to induce tolerance to organ transplant antigens, the ex vivo, mature DCs are
loaded with tumour antigen and transferred into the recipient. The results are mixed and
depend on the specific subset of DCs used, the method of antigen loading, the number
of DCs transferred, how well the DCs migrate to the relevant lymph-node as well as the
immunological conditions that transferred cells find themselves in, in the recipient
(Reviewed in Banchereau, 2007). However, in many cases a detectable increase in the
number of CD4+ and CD8+ T-cells acting against the tumour can be found. One
limitation of this approach appears to be the presence of immuno-suppressive
mechanisms in the cancer patient that inhibit the ability of these cells to prime an
effective TH1 response. One of the major mechanism sighted is the presence of Tregs.
This is illustrated by the improvement of DC vaccine therapies that are used in
conjunction with Treg depletion (Van Meirvenne et al., 2005; Morse et al., 2008, Saha et
al. 2010). With this in mind, future investigation in the AE17 model of mesothelioma
could determine if adoptive transfer of tumour antigen pulsed mature DCs following
Treg depletion was effective an preventing the re-accumulation of these cells.
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Together, these observations indicate that it is within the reach of currently available
drugs to inhibit the immuno-suppressive activity of Treg in cancer patients and that the
current problem is more associated with finding a suitable method of achieving this
without too many negative side effects to the patient. Furthermore, many treatment
approaches target the symptoms of dysfunction of Treg homeostasis, where a more long
term solution might be to target the conditions that lead to the initial imbalance.

6.3 Limitations to regulatory T-cell depletion as a treatment for human cancer
Human cancers develop under the natural selection of the immune system in some cases
for up to 30 years. The result of this is that when a tumour becomes clinically relevant,
the immune system faces numerous obstacles to be able to respond efficiently to it.
Unfortunately, in animal models, these obstacles are only partially replicated. This in
part explains the history of successful results of immunotherapy in mice that fail to
translate to effective treatment for the human disease. However, consideration of what
aspects of the human disease an animal model actually represents may allow realisation
of the relevance of animal experiments and in the case of the experiments conducted in
this thesis, the effect of Treg depletion on AE17 tumours. It was found in Chapter 3 that
depletion of Tregs alone was enough to generate an effective immune response against
the tumour (Figures 3.4, 3.6 and 3.7). This implies that the immune system of AE17
tumour bearing mice recognises the tumour antigens as foreign, has the capacity to
respond to them, and no other major mechanism of immune suppression inhibits its
function. As discussed below, while this may be the case in the AE17 model of
mesothelioma, it may not be the case in human cancers.

6.3.1 Immunogenicity of human tumour cells
Tumour cells develop from host cells and therefore the ability of the T-cell population to
respond to the tumour is limited by central tolerance mechanisms. However, due to
mutations in tumour cells, many of the antigens presented from the tumour are over
expressed or altered self molecules which the T-cell population can respond to. Over the
duration of life of the tumour rapidly dividing and mutating tumour cells are under the
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selective pressure of the immune system. The interaction between tumour cells and the
immune system is similar to a process of natural selection. Immunogenic tumour
variants are cleared by the immune system, while less immunogenic cells are free to
continue dividing. Over a long period, this results in a tumour that presents very few
antigens that the immune system recognises as foreign (Dunn, 2004). Additionally,
presence of a tumour implies that that this process has already occurred and the tumour
has escaped control by the immune system. Events that commonly occur in human
cancers are mutations in β2-microglobulin resulting in loss of MHC I expression,
reduced expression of CD80 and 86, and selection of less antigenic tumour variants.
(See section 1.3.2). It is unclear to what degree this is replicated in animal models. The
fact that the AE17 tumour can grow in an immunocompetent mouse suggests that the
tumours do have reduced immunogenicity However, the immunogenicity of tumour
cells is likely to be increased by in vitro culture due to foreign proteins used in the
media supplement. This could result in more T-cells responding to the tumour in the
mouse model than would be occurring in a human cancer that only presents self and
altered self antigens.

6.3.2 DC dysfunction in human cancer patients
Along with the changes to the tumour cells and as discussed in Chapter 5 (section
5.3.2), the dendritic cell population in human cancers is subject to a range of problems
associated with the presence of the tumour, including failure of haematopoietic cells to
differentiate into DCs, failure of DCs to mature in response to danger or suppression of
already activated DCs. Whether all these problems are replicated in animal models is
unclear. In the AE17 model, it was found that Treg depletion was enough to activate the
DCs suggesting that danger signals do exist and the DCs are able to respond to the
tumour. Also, it was found that provision of DC activating signals such as LPS or
CD40L resulted in activation of the DC population. In some cancers, treatment with
these molecules does not activate the DC population supporting the idea that the DC
population in the AE17 model is more functional than in some human cancers
(Gabrilovich, 2004). If the DC dysfunction found in human cancers is not replicated in
138

the animal model, it is likely to result in an unrealistically “optimistic” immune
response to the tumour. Despite this limitation of animal models and as discussed in
section 6.2.3, a lot of research has been conducted on restoring a functional DC
population in human and mice with cancer. For this reason, combination therapy in
humans using adoptive transfer of DCs could overcome this problem.

6.3.3 Functionality of the anti-tumour effector cell population in human cancer patients
Over the course of tumour development, the immune system also undergoes changes.
Persistent exposure to tumour antigens can result in anergy of T-cells specific for
tumour antigens (Lee et al., 1999; Dalyot-Herman et al., 2000; Ohlen et al., 2001;
Noonan et al., 2005). Anergic CD4+ T-cells do not produce IL-2 or proliferate in
response to TCR signalling (Schwartz, 2003). This is thought to be a result of TCR
ligation without the provision of proper co-stimulation. This leads to NFAT
translocation to the nucleus without co-localisation of AP-1 that results in an anergic
gene expression profile (Macian et al., 2001). Additionally, expression of molecules
such as FasL by tumour cells can result in deletion of tumour specific effector cells
(Hahne et al., 1996; Andreola et al., 2002). FasL activates caspase dependent apoptosis
of target cells. Together, these processes result in a T-cell population that is unable to
respond to the tumour. Anergy and deletion of T-cell populations are unlikely to occur in
models where tumours are treated within a few weeks of inoculation, as these processes
take considerably longer than this before the entire T-cell repertoire is weakened. For
example, in the AE17 model it was found that following Treg depletion there was an
increase in the number of CD8+ T-cells in the TDLNs, an increase in the IFN-γ in the
tumour, and regression of the established AE17 tumour. This suggests that the T-cell
population of AE17 tumour bearing mice is still functional, it is just held under
suppression by the Tregs. If Treg depletion were applied to human cancer patients, it
would require a T-cell population that could respond to the tumour antigens for it to be
effective. Currently, investigation of therapies that reverse T-cell anergy are underway.
High dose IL-2 treatment is thought to be able to reverse the anergic state of T-cells in
cancer patients (Waldmann, 2006). However, IL-2 treatment is also associated with
139

preferential expansion of Tregs due to its activation of STAT5 that leads to Foxp3
expression (Antov et al., 2003). This has proved a problem as treatment with IL-2 is
associated with increases numbers of circulating Tregs (Nelson et al., 2004; Wei et al.,

2007). An alternative to IL-2 treatment may be IL-15. IL-15 has the same beneficial
effects on effector T-cell populations that IL-2 does but is unable to directly induce
Foxp3 expression in naïve T-cell like IL-2 does (Waldmann, 2006, Pandiyan et al.,
2008). An alternative to reversing the anergy is to repopulate the T-cell population by
adoptive cell transfer (ACT). This process takes tumour antigen specific CD4+ or CD8+
T-cells from tumour bearing patients, expands them in vitro, and then re-injects these
anti-tumour effector cells into the patient. This treatment approach has resulted in long
term survival of some patients that had failed to respond to standard treatment protocols
(Dudley et al., 2002; Rosenberg et al., 2008). In a similar manner to other
immunotherapies, ACT is inhibited by the presence of other immunosuppressive
systems in the patient. These include the presence of Tregs, immunosuppressive
cytokines and immature DCs (Gattinoni et al., 2005;). With this in mind, it has been
found that ACT combined with Treg depletion results in an improved anti-tumour effect
(June, 2007). With these observations in mind, treatments are currently available to
restore the ability of the immune system to recognise and destroy the tumour cells so
while these problems may not be encountered in the AE17 model, if they were found in
human cancer, it could be overcome.

6.3.4 Presence of immunosuppressive systems other than Tregs
Finally, other systems of immune suppression in human cancer patients may be present
that are not found in specific animal models. It was found in Chapter 4 that antiCD25mAb treatment combined with TGF-β neutralisation gave an improved antitumour effect than either treatment alone. This was presumably due to removing TGF-β
resulting in the immunosuppressive tumour micronenvironment returning to a more
favourable state for effector cells. In the AE17 model TGF-β was critical to maintaining
immune suppression, however, in other models of cancer, other immuno-suppressive
cytokines play a role. Specifically, IL-10 has been associated with Treg immune
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suppression in cancer models (Seo et al., 2001). Additionally, VEGF is also often
associated with suppression of the anti-cancer immune response. It was found that no
IL-10 was present in the AE17 tumour so this is not a factor in this model but it may be
in human cancers where Treg depletion is used. Finally, there are is probably other
mechanisms of suppression or conditions that inhibit the immune response that are yet
to be discovered.

Taken together, the idea that animal models of cancer only represent a small susbset of
the problems that go wrong in the human disease may explain why little success has
been made in translating immunotherapies from animals to humans. Also, considering
all the problems that occur during tumour progression, it seems unlikely that any single
treatment approach will restore full functionality to the immune system. Clinical
immuno-therapeutic treatments in the past have investigated administration of single or
combinations of cytokines and found some success but a viable immunotherapeutic
approach used as a first option to treat cancer patients has never been developed. With
this in mind, the future for immunotherapy appears to lie in combination therapies that
can fully restore the ability of the human immune system to clear the tumour.

6.4 Final conclusions
The failure of the immune system to respond effectively to the tumour in humans or
mice is never characterised by one obstacle. Furthermore, due to the nature of the
development of human cancer over a long period under the selective pressure of the
immune system, no single animal model can truly represent all the aspects of the
interaction between human cancer and the immune system. However, animal models are
invaluable to dissect smaller parts of the human disease. The AE17 model used in this
thesis appears especially useful for investigating how Tregs operate when functional DC
and CD8+ T-cell populations and no other major mechanism of suppression are present.
Similar to this work in the AE17 model, countless other studies in other models have
investigated very specific obstacles that can inhibit the anti-tumour immune response.
This has resulted in the development of numerous immunotherapeutic treatment
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approaches for cancer that work in the specific animal model tested but when applied to
humans fail to achieve much at all. However, this phase of research as a whole has
solved many of the individual problems that can possibly in human cancer and
simultaneous treatment regimes can now be devised for almost any set of problems. The
challenge faced now is to integrate this research to develop combination therapies that
can overcome the obstacles the human immune system needs to clear before it can clear
the tumour. Furthermore, because every case of cancer is different, the real challenge for
cancer immunotherapy will be to find the correct combination of therapies that work for
the specific case.
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