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Abstract

The lungs are constantly exposed to inhaled antigen during respiration. The resident
immune cells must be hyporesponsive to innocuous inhaled antigen, yet capable of responding
appropriately to respiratory pathogens, with minimal immunopathology to the fragile lung tissue.
Regulatory T (Treg) cells are crucial for the maintenance of immune tolerance in the lungs.
Alveolar macrophages (AM) also contribute to the local immunosuppressive environment of the

lungs.

The results of these studies demonstrate that AM-derived retinoic acid (RA) may help to
control immunosuppression in the lungs. Human and murine AM promoted conversion of
CD4'FoxP3 naive T cells to CD4 FoxP3" T cells in vitro, which was reversed by inhibiting RA
signalling. Furthermore, the majority of CD4'FoxP3" T cells in the murine lung lack the activation
marker CD25. This phenotype resembles that of the FoxP3" T cells induced by AM in vitro.
CD4'FoxP3'CD25" Treg cells must be pre-activated in the presence of IL-2 before they can
suppress effector T (Tef¥) cells in vitro, which is mediated by IL-10.

The study also shows that an RA receptor antagonist could overcome the profound
immunological non-responsiveness to nasally delivered antigen and adjuvant, and allowed systemic
immunity to develop. This strategy might represent a target for immunotherapy in the future.
Additionally, the numbers of AM in the lungs increase as a consequence of cigarette smoking, and
greater numbers of AM are able to induce more FoxP3" T cells. Smokers who are infected with
Mycobacterium tuberculosis have greater morbidity and mortality than infected non-smokers. This
might be a consequence of the enhanced frequencies of induced FoxP3" T cells in their lungs,
which could severely impair protective anti-tuberculosis immune responses and result in

persistence of the bacteria.

In a respiratory model of infection with Bordetella pertussis, a high frequency of antigen-
specific CD4 FoxP3'CD251L-10" cells was found in the lungs throughout the infection. Depletion
of CD25" cells from wild type mice prior to B. pertussis infection did not impair the
immunoregulatory response or alter the course of infection, which suggests that an additional
method of regulation was present in those mice. However, depletion of CD25" cells in IL-10-
deficient (IL-107") mice significantly enhanced bacterial clearance. These results indicate the
presence of two Treg cell populations in the lung — CD4 FoxP3'CD25" nTreg cells and IL-10-
secreting CD4 'FoxP3'CD25™ Treg cells. It is possible that the CD4 FoxP3'CD25™ Treg cells are
induced by AM and comprise a “reservoir” of under-activated Treg cells which will only function
optimally if IL-2 is present, i.e. during an adaptive immune response. This illustrates a novel
feedback loop in the maintenance of immune tolerance in the lungs, which is induced by AM and

executed by FoxP3" T cells.
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Chapter 1

General Introduction
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1.1 Protective immunity against infection

The innate and adaptive immune systems work together to efficiently eradicate harmful
pathogens. The innate immune system is the first line of defence and it also provides the signals to
induce an appropriate adaptive immune response against the invading pathogen (Murphy et al.,
2008). Innate immunity is activated upon binding of pathogen-associated molecular patterns
(PAMPs) to pattern recognition receptors (PRRs), which are expressed by dendritic cells (DC),
macrophages and other innate immune cells. PRRs include Toll-like receptors (TLRs), Nod-like
receptors (NLRs), and lectin receptors (Murphy et al., 2008). PRR engagement with PAMPs
initiates intracellular signalling pathways, ultimately activating genes associated with the immune

response (Murphy et al., 2008).

Immature dendritic cells are resident in most tissues, where they continuously sample their
environment by receptor-mediated and receptor-independent mechanisms of phagocytosis. The
majority of antigens they encounter are harmless and do not induce an immune response. However,
pathogen-induced TLR signalling activates DC and enhances the processing of pathogen-derived
antigens (Murphy et al., 2008). TLR signalling also induces the chemokine receptor CCR7 on the
surface of DC. CCR7 influences both the migration of DC into draining lymph nodes and the
upregulation of costimulatory molecules and major histocompatibility complex (MHC) class II
molecules on the surface of DC (Medzhitov and Janeway, 1997; Moser and Murphy, 2000). The
activation of DC also downregulates their phagocytic ability — they no longer take up
environmental antigen but instead they function as antigen presenting cells (APC) to activate naive

CD4 " and CD8' T cells (Moser and Murphy, 2000).

Priming of naive T cells in the lymph nodes requires three signals — Signal 1 is the
activating signal which involves specific interaction of MHC/antigen complex with the T cell
receptor (TCR). Signal 2 is a survival signal, mediated by costimulatory molecules on the surface

of DC interacting with specific molecules on the T cells. One example includes the B7 group of



molecules (CD80 and CD86) on the DC which bind to CD28 on adjacent T cells (Bour-Jordan and

Blueston, 2002).

Signal 3 results in the differentiation of the naive CD4 T cells into T helper (Th1, Th2, and
Th17) or regulatory T (Treg) cell subsets. This signal also arises from DC and other innate immune
cells and requires cytokines, which polarise the differentiation of the activated T cells into the most
appropriate subset to eradicate the particular invading pathogen (Kapsenberg, 2003). Different
cytokines influence this differentiation — for example interleukin (IL-12) promotes Interferon-y
(IFN-y)-secreting Thl cells, characterised by the transcription factor T-bet, whereas IL-4 induces
GATA-3-expressing Th2 cells, while IL-6 and transforming growth factor (TGF)-p, induce retinoic
acid orphan receptor (ROR)yT-expressing Th17 cells (Mills, 2009). Natural and adaptive Treg cells
can also be induced/expanded by IL-10 or TGF-B, (Mills, 2009). Natural Treg cells and some

adaptive Treg cells express the transcription factor FoxP3.

1.2 Immunological tolerance

Immunological self-tolerance involves the regulation of a damaging immune response that
might arise against self-molecules, cells or tissues (Pugliese, 2004). Loss of this self-tolerance is
associated with the onset of autoimmune disease. The induction of self-tolerance is reliant on
interactions between lymphocytes and APC for both central tolerance and peripheral tolerance

(Pugliese, 2004).

1.2.1 Central tolerance

Central tolerance involves mechanisms of positive and negative selection of T cells within
the thymus (Pugliese, 2004). Initially, double positive (DP) CD4'CD8" thymocytes are exposed to
MHC-peptide complexes in the thymic cortex. The majority of DP thymocytes will have no affinity
to such complexes. They therefore do not receive survival signals and die by neglect via apoptosis
(Fig 1.1) (Romagnani, 2006; Starr et al., 2003). Surviving cells (or “positively selected” cells)
migrate to thymic medullary areas to differentiate into single positive CD4" or CD8" thymocytes

(Starr et al., 2003). However, this pool of positively selected cells contains those that have affinity
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for either foreign antigen or self-antigen. A further process is required to purge the pool of self-
reactive cells — this is called negative selection (Fig 1.1).

T cells encounter MHC-self antigen complexes on the medullary epithelial cells. Those
that show high avidity for these complexes undergo apoptosis (Fig 1.1) (Romagnani, 2006). Cells
which do not react with self antigens and therefore survive negative selection can subsequently

migrate from the thymus to peripheral lymphoid organs (Fig 1.1) (Romagnani, 2006).

1.2.2 Peripheral tolerance

Despite the efficiency of central tolerance, not all self-reactive T cells will be deleted in the
thymus. An additional mechanism is therefore required to control potentially self-reactive T cell
responses in the periphery. This process is known as peripheral tolerance and involves at least four
different mechanisms: anergy, deletion and immune suppression (Romagnani, 2006; Taams et al.,

2003), and immunological ignorance (Taams et al., 2003).

Anergy occurs when a T cell receives only one activating signal from an APC —i.e. MHC-
peptide alone (Signal 1) in the absence of costimulatory signalling (Signal 2). In such cases the T
cell is not activated but instead becomes anergic, i.e. unresponsive to antigen even if it later
encounters an APC presenting the same MHC-peptide complex with costimulatory molecules
(Powell, 2006). Additionally, anergy can occur if a T cell is stimulated with its specific MHC-
peptide complex and cytotoxic T-lymphocyte-associated-molecule-4 (CTLA-4), an inhibitory
costimulatory molecule (Asnagli and Murphy, 2001). In both cases the T cell does not die but

persists in the body in a permanent state of unresponsiveness.

Deletion requires apoptotic cell death of the self-reactive T cells. It usually occurs when T
cells encounter high concentrations of specific self antigen and/or are strongly activated
(Romagnani, 2006). This is known as activation-induced cell death (AICD) and involves the
extrinsic apoptotic pathway, specifically mediated by the “death receptor” Fas and its ligand, FasL

(Fas et al., 2006).



Immunological ignorance refers to a situation where reactive T cells in an individual have
not encountered their specific antigen and have a naive phenotype (Ochsenbein, 2005). There is a
minimal “threshold” dose of antigen required to induce an immune response to a particular antigen,
and is dependent on several factors. For example, an antigen might be exclusively expressed on
cells that either do not migrate to secondary lymphoid organs, or do not efficiently migrate there
(Ochsenbein, 2005). It is thought that this is true for most self antigens as well as tumour antigens.
Tumours arise from the host's own tissues, therefore many of the target antigens are tissue-specific
molecules shared by cancer cells and normal cells. These weak antigens therefore do not typically

elicit immunity (Perales et al., 2002).

Sequestration, or “walling oft” of antigen from the immune system also contributes to
immunological ignorance. A well-characterised example is the eye, whose posterior chamber is
separated from the immune system early in ontogeny, separated by the blood-retinal barrier (Caspi,
2006). It was believed that ocular antigens therefore remained “unknown” to the immune system,
as a result of this relative inaccessibility. However, is is now known that the reality is more
complex — in addition to basic sequestration, other mechanisms exist that actively inhibit immune
responses within the eye and modulate immune responses to antigens released from the eye (Caspi,

2006).

Immunosuppression is mediated by regulatory T (Treg) cells, which will be described in

subsequent sections.
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Figure 1.1 Central tolerance
Adapted from Romagnani (Romagnani, 2006)

In the thymic cortex, double positive (DP) CD4'CD8" thymocytes are exposed to MHC-
peptide complexes. Those which lack affinity for such complexes (>95%) do not respond and die
of neglect via apoptosis. Surviving, positively selected DP cells subsequently migrate to the thymic
medulla. Here they differentiate into single positive CD4" or CD8" thymocytes. The pool of
positively selected cells has affinity for self antigen as well as foreign antigen. Those which have
avidity for self antigen are then “negatively selected”, i.e. they undergo apoptosis. Surviving single
positive CD4" or CD8" cells migrate to the secondary lymphoid organs, where they comprise the
entire the T cell repertoire, which can respond to foreign antigen presented by self-MHC
complexes.
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1.3 Natural regulatory T cells

Natural regulatory T (nTreg) cells are a naturally occurring, functionally mature population
of CD4" T cells which constitutively express CD25, the alpha chain of the IL-2 receptor (Sakaguchi
et al., 1995; Sakaguchi et al., 1996; Suri-Payer et al., 1998). After development in the thymus,
nTreg cells enter peripheral tissues and mediate peripheral tolerance by suppressing the activation

of self-reactive Th cells (Itoh ez al., 1999; Toda and Piccirillo, 2006).

The important role of these cells was first shown by Sakaguchi er al (Sakaguchi et al.,
1995). Sakaguchi demonstrated that the transfer of CD4" T cells, from which the CD4'CD25"
population had been depleted, into immunocompromised mice caused spontaneous autoimmune
diseases. This autoimmunity could be prevented by reconstituting the animals with CD4'CD25" T

cells (Sakaguchi et al., 1995).

Murine CD4°CD25" T cells can suppress CD4 CD25 responder cells in a cell-contact
dependent manner in vitro, which involves the inhibition of IL-2 production by the CD4" responder
cells (Thornton and Shevach, 1998). However, CD25 is an activation marker for all T cells and is
therefore not a definitive marker for nTreg cells (Sakaguchi ez al., 1996). This makes it difficult to
differentiate between T cells with effector and regulatory function during an immune response.
nTreg cells have been identified using a number of other surface markers which include CTLA-4
(Read et al., 2000), glucocorticoid-induced TNF receptor family-related gene (GITR) (Ono et al.,
2006), low levels of CD127 (Banham et al., 2006) or low levels of CD45RB (Powrie et al., 1996).

Expression of the transcription factor FoxP3 is also used to identify nTreg cells.

1.3.1 FoxP3

The forkhead box protein transcription factor FoxP3 is presently the most definitive marker
of nTreg cells in both mice and humans (Fontenot ez a/., 2003; Khattri ez al., 2003). Mutations in
FoxP3 result in Scurfy, an X-linked syndrome in male mice, which is a CD4" T cell-mediated
lymphoproliferative disease characterised by wasting and multi-organ lymphocytic infiltrates

(Clark et al., 1999). In humans the recessive IPEX (immunodysregulation polyendocrinopathy
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enteropathy X-linked) syndrome, an aggressive, fatal autoimmune condition is secondary to
mutations in the human homologue of Foxp3 (Bennett et al., 2001). Other studies have shown that
transfection of CD4 'CD25FoxP3 T cells with FoxP3 confers them with regulatory activity (Hori
et al., 2003; Ziegler, 2006). In addition, mice with the Scurfy phenotype could avoid disease when
reconstituted with CD4 ' CD25" Treg cells or when the same mice expressed the FoxP3 transgene
(Ziegler, 2006). Moreover, in a conditional deletion system, silencing of the FoxP3 gene resulted in

the rapid expression of multiorgan immunity (Kim et al., 2007).

CD4'FoxP3" cells represent approximately 5-8% of the total CD4" population in the
spleens of naive mice (Bochtler et al., 2006). nTreg cells in human peripheral blood represent
approximately 3% of total CD4" T cells (Walker ef al., 2003). Unlike in mice where there is a
distinct correlation between FoxP3 and CD25 expression, almost all activated human CD4" T cells
(i.e. CD4'CD25 '™ are FoxP3" due to induction of FoxP3 expression via the TCR (Walker et al.,
2003). The induced FoxP3" population only expresses FoxP3 transiently however, and these cells
do not suppress CD4" T cell responses in vitro (Gavin et al., 2006). In addition, the existence of a
CD25™mermediate (0 population of CD4" T cells further complicates the study of nTreg cells in

humans; these cells are also FoxP3 " but express it at a lower intensity than CD4'CD25"" cells.

Since FoxP3 is a nuclear transcription factor it can only be detected by cell fixation and
permeabilisation. For this reason FoxP3 cannot be used to purify live Treg cells from murine or
human tissue for in vitro functional assays. As mentioned in section 1.3, CD45RB and CD127 are
surface markers which can distinguish nTreg cells from non-Treg cells. The expression of these
markers is inversely correlated with FoxP3 expression, and they are used as surrogate markers to

identify FoxP3" and FoxP3™ T cells.

1.3.2 CD45RB

The glycoprotein CD45 is a tyrosine phosphatase expressed abundantly on lymphocytes
(Alexander, 2000). Its expression is critical for antigen receptor signalling, as shown by the

arrested development of CD45™ T and B cells (Kishihara et al., 1993; Koretzky et al., 1990). Eight
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different isoforms of CD45 can be generated by alternative splicing of three consecutive exons
termed A, B and C (Rogers ef al., 1992). Different stages of T cell differentiation and function are
associated with the differential expression of the CD45 isoforms (Lee ef al., 1990; Trowbridge and
Thomas, 1994). In mice, CD45RB is expressed by CD8" T cells, CD4" helper T cells and most
thymocytes (Luke ef al., 2001). Its expression decreases as a T cell progresses from naive to

memory states (Lee et al., 1990; Trowbridge and Thomas, 1994).

CD45RB"™" T cells are associated with organ rejection and inflammation (Powrie et al.,
1994a; Powrie et al., 1994b; Read er al., 2000). Notably, T cells with regulatory function express
low levels of CD45RB (CD45RB"") and can inhibit allograft rejection (Luke ef al., 2001). It has
also been shown that the T cells which control intestinal inflammation and autoimmunity express
low levels of CD45RB (Read et al., 2000). Anti-CD45RB monoclonal antibody (mAb)
administration has been shown to prolong allograft survival (Lazarovits et al., 1996; Parry et al.,
1999) and promote immunosuppressive activity in xenografts and preclinical autoimmunity models

(Abu-Hadid et al., 2000; Zhang et al., 2000).

Importantly, it has been demonstrated that murine CD4'CD45RB"™ T cells express higher
levels of FoxP3 than CD4'CD45RB"™" T cells (Luke er al., 2006). This discovery has made the
purification of functional murine Treg cells more straightforward and less contentious than using
CD25 alone, due to the potential contamination of CD25" Tregs with non-regulatory activated T

cells.

1.3.3 CD45RA and CD45RO in humans

As described in section 1.3.1, almost all activated human CD4'CD25"™" T cells are
FoxP3" due to induction of FoxP3 expression via the TCR (Walker et al., 2003). Nonetheless, the
induced FoxP3" population only transiently expresses FoxP3, and do not suppress CD4" T cell
responses in vitro (Gavin et al., 2006). Different isoforms of the surface marker CD45 can be
generated by alternative splicing of the three consecutive exons A, B and C (Rogers et al., 1992).
Studies in humans have reported that the expression of CD45RA or CD45RO can differentiate
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naive T cells and memory T cells, respectively, as expression of these markers is mutually
exclusive (Sakaguchi et al., 2010). CD45RO, in conjunction with CD25 and/or FoxP3 expression is
a useful human Treg cell marker. CD4'CD25""CD45RO" T cells express FoxP3, and were
believed to be the human counterpart of murine CD4'CD25 FoxP3" Treg cells (Baecher-Allan ef

al., 2001; Levings et al., 2001b; Ng et al., 2001; Taams et al., 2002).

However, FoxP3 expression and suppressive function have also been described in naive
human CD4" T cells which express CD45RA, but not CD45RO (Fritzsching ef al., 2006; Miyara et
al., 2009; Seddiki et al., 2006b; Valmori et al., 2005).These cells have been designated as “naive”
Treg cells, and are characterised by their surface expression of CD45RA and their low levels of
FoxP3 (Fritzsching et al., 2006; Ito et al., 2008; Miyara et al., 2009). This population of Treg cells
are probably not strictly “naive”, given that Treg cells must be stimulated with their cognate
antigen in order to be maintained in the periphery (Fisson et al., 2003). However, it has been
known for some time that activated CD4" T cells can express CD45RA (Brod er al., 1989).
Nonetheless, most of these CD45RA ‘FoxP3"" “naive” Treg cells express CD32, which identifies
recent thymic emigrants, while CD45RO" Treg cells lack this marker (Haas et al., 2007; Miyara et
al., 2009). Once they are activated, “naive” Treg cells proliferate, upregulate FoxP3 expression and

convert to a CD45RO'CD25"8"FoxP3 " phenotype (Miyara et al., 2009).

1.3.4 CDI127

CD127, the alpha chain of the IL-7 receptor, is also routinely used to discriminate FoxP3"
regulatory T cells from FoxP3'CD25" activated CD4 " T cells, as Treg cells are generally CD127""
(Banham, 2006). Two studies have illustrated the inverse correlation between FoxP3 and CD127
on Treg cells (Liu et al., 2006; Seddiki et al., 2006a). It was also shown in these reports that CD127

low

was a more specific marker for Treg cells than CD25 in mice as most CD127"" cells were FoxP3"
(Liu et al., 2006; Seddiki et al., 2006a). Importantly, both studies found functionally suppressive

CD127"°" human Treg cell populations irrespective of their CD25 expression. In the same way that

CD45RB can be used to distinguish murine Treg cells from non-Treg cells, using CD127 negativity
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as a surrogate marker for human and murine Treg cells has facilitated the purification of

uncontaminated Treg cell populations.

1.3.5 Helios

Helios is a member of the Ikaros transcription factor family (Thornton et al., 2010). Its
expression appears to be restricted to the T lymphocyte lineage (Hahm et al., 1998). It is thought
that Ikaros family members regulate gene transcription via chromatin remodelling (Thornton et al.,
2010). Helios is thought to be a potential FoxP3 target gene, and it has been shown that Helios is
selectively expressed in FoxP3" T cells (Hill e al., 2007; Kang et al., 2007a; Sugimoto et al.,
2006). It has been subsequently reported that Helios is exclusively expressed by thymically-derived
FoxP3" nTreg cells and can therefore differentiate these cells from those which acquire FoxP3
expression in the periphery in mice and humans (Thornton ez al., 2010). Helios expression does not

seem to be required for Treg function (Thornton e al., 2010).

However, more recent studies have challenged the idea that Helios can distinguish
thymically-derived and peripherally induced FoxP3  Treg cells, as it has been identified in
inducible FoxP3" Treg cells in vitro and in vivo (Gottschalk et al., 2011). Furthermore, Helios
expression is apparently induced in human and murine T cells during proliferation and activation,
but can regress in the same cells when they are rested (Akimova et al., 2011). It would appear that
Helios expression is associated with T cell activation and cellular division, regardless of the cell
subset involved. Therefore it might not be suitable as a marker to distinguish natural and induced

Treg cells.

1.3.6 Additional surface markers used to identify Treg cells

Depletion of total CD4'CD25" T cells either by thymectomy (Day 3 thymectomy model) or
the adoptive transfer of CD4'CD25 T cells into athymic nude mice induces gastritis, thyroiditis
and either oophoritis or prostatitis/orchitis, depending on the gender of the mice (Sakaguchi et al.,
2006; Sakaguchi et al., 1995). As stated in section 1.3, CD25 is an imperfect phenotypic marker of

Treg cells, and it has been reported that FoxP3'CD25™ Treg cells exist. However, it is not clear
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whether they are nTreg cells which have lost CD25 expression or whether they represent inducible

FoxP3" Treg cells.

Furthermore, there are diverse subsets within the CD25" Treg cell population, which
express or lack particular surface markers. Investigation into organ-specific autoimmune disease
has demonstrated that distinct diseases are evident depending on the type of Treg cells that are
depleted. CD25" nTreg cells prevent gastritis and late onset diabetes in NOD SCID (non-obese
diabetic, severe combined immunodeficient) mice (Alyanakian et al., 2003), however CD25
CD62L" (L-selectin) cells protect against fulminant diabetes, and CD4 CD45RB"™" cells inhibit
colitis with wasting disease but have little or no effect on gastritis or diabetes (Alyanakian et al.,
2003). However, only CD4'CD25" Treg cells could efficiently suppress proliferation of target T
effector (Teff) cells in vitro. Furthermore, the cytokine profile varies significantly for each subset
analysed (Alyanakian er al., 2003). This data suggests distinct subsets of CD4 " Treg cells prevent
induction of certain autoimmune diseases in vivo and these subsets are not necessarily confined to

the CD4'CD25" population.
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Marker Function Human/Mouse Evidence
FoxP3 Transcription Human and CD4 FoxP3" T cells have regulatory function in
factor, governs mouse vitro and in vivo (Fontenot et al., 2003).
expression of Defects in foxp3 gene are associated with IPEX
regulatory genes (humans) and scurfy (mice) (Bennett et al., 2001).
CD25 | Alpha chain of IL- Human and Thymically-derived nTreg cells are
2R, T cell mouse CD4'FoxP3'CD25" (Sakaguchi et al., 1995).
activation marker CD25 expression may not be essential to identify
functional Treg cells , but may discriminate
activated from inactive Treg cells (Zelenay et al.,
2005).
GITR member of the Human and CD4 FoxP3 CD25GITR™" T cells have
TNFR mouse suppressive function in murine organ
superfamily, transplantation (Nishimura et al., 2004),
Costimulatory inflammatory bowel disease (Uraushihara et al.,
molecule 2003) and autoimmune myocarditis in mice (Ono
et al.,2006)
CTLA-4 Inhibitory Human and Constitutive expression of CTLA-4 has been
costimulatory mouse reported in Treg cells (Read et al., 2000). Anti-
molecule CTLA-4 blocking experiments and experiments
using CTLA-4-deficient Treg cells have suggested
arole for CTLA-4 in Treg cell-mediated
suppression via DC (Oderup ef al., 2006; Serra et
al.,2003).
ICOS Costimulatory Human and ICOS plays an essential and specific role in
molecule, mouse mucosal tolerance (Miyamoto et al., 2005). ICOS
stimulates IL-10 is crucial for the induction of peripheral tolerance
production (Akbari et al., 2002; Tuettenberg et al., 2009)
CD45RB | CD4S is a tyrosine Mouse FoxP3 cells are generally CD45RB™" (Luke et al.,
phosphatase. 2001).
CD45RB isoform Regulatory activity has been described for
is a naive T cell CD4'CD45RB"™CD25 T cells in rodents (Hori et
marker al., 2003; Powrie et al., 1994a)
CD127 | Alpha chain of IL- Human and FoxP3™ cells are generally CD127°" (Banham,
7R mouse 2006; Liu et al., 2006; Seddiki et al., 2006a).
CD45RO Tyrosine Human CD45RO can be used in conjunction with FoxP3
phosphatase. and CD25 expression to identify human Treg cells
CD45RO isoform (Baecher-Allan et al., 2001; Taams et al., 2002).
is amemory T
cell marker
CD45RA Tyrosine Human Most CD45RA" human T cells are FoxP3’,
phosphatase. however a “naive” Treg cell population has been
CD45RA isoform described — these cells are CD45RA+FoxP3low
is anaive T cell and become CD45RO "FoxP3highCD25" upon
marker activation (Miyara et al., 2009)
Helios Transcription Human and May differentiate thymically-derived FoxP3" Treg
factor mouse cells from peripherally induced FoxP3" Treg cells
(Thornton et al., 2010)
CD62L Adhesion Human and CD25CD62L" T cells protect against fulminant
molecule mouse diabetes in mice (Alyanakian er al., 2003)

Table 1.1 Summary of important markers for Treg cells

28




1.4 Adaptive Treg cells

Adaptive Treg cells differ from nTreg cells as they do not develop in the thymus. Instead
they are generated from mature CD4" T cells in the periphery under particular conditions of sub-
optimal antigenic stimulation and/or costimulation. The cytokine milieu also plays an important
role in their induction (Roncarolo et al., 2006). Adaptive Treg cells are generally FoxP3™ and are
defined by their cytokine production profile rather than their cell surface markers (Taams and
Akbar, 2005). They are also weaker suppressors than nTreg cells and are less stable (Gupta ef al.,
2008). Furthermore, there is highly variable expression of CD25 among such Treg cell populations

(Bluestone and Abbas, 2003).

Adaptive Treg cells are specific for antigens which are not encountered in the thymus
during clonal selection, such as food antigens, commensal microorganisms, and certain pathogens
(Curotto de Lafaille and Lafaille, 2009). They are especially important in mucosal immunology, as
the mucosal environments, such as the lungs and intestines, encounter substantial amounts of

foreign antigen.

In the event of infection or injury, the generation of adaptive Treg cells facilitates a
dynamic immune response. Activated T cells can recruit other inflammatory cells to the site, but as
the response progresses and matures, adaptive Treg cells can develop locally in response to the
inflammatory environment. These Treg cells can allow inflammation to resolve by regulating the
magnitude of the T cell response. They can also limit bystander immune responses directed against
self-antigen that might have become exposed during the inflammatory response (Buckner and

Ziegler, 2004).

It has also been hypothesised that the Treg cells might restrict the number of surviving T
cells and therefore memory cells, in order to avoid overwhelming secondary immune responses
upon repeated exposure to the same antigen. The importance of Treg cells in this context is

highlighted by studies on Leishmania major infection, whereby the absence of Treg cells or IL-10
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allows the infection to be cleared more quickly in mice, but the animals do not develop resistance
to a second infection (Belkaid et al., 2002). On the other hand, the presence of Treg cells leads to

low-level persistence of the pathogen but facilitates the development of long-term immunity

(Belkaid et al., 2002).

1.4.1 Trl cells

CD4 FoxP3 Treg cells that secrete predominantly IL-10 are called Tr1 cells (Groux et al.,
1997). They can be generated in vitro from naive human or mouse CD4" T cells via antigenic
stimulation in the presence of IL-10 (Chen et al., 1994; Groux et al., 1997). IFN-a in conjunction
with IL-10 has also been shown to induce human Tr1 cells in vitro (Levings et al., 2001a). Despite
being FoxP3", Trl cells are functionally similar to FoxP3" nTreg cells as they are hypo-proliferative
when stimulated with antigen (Vieira et al., 2004). Trl cells can also be induced in vitro by
repeated stimulation of the TCR by immature DC or IL-10-producing DC in the presence of high
concentrations of IL-10 (McGuirk et al., 2002). These cells can also be generated by culture with

vitamin D3 and dexamethasone (Barrat ef al., 2002).

It has been demonstrated that antigen-specific Trl cells can be generated in vivo, in mice
infected with the gram negative bacterium Bordetella pertussis, and these cells can suppress Thl
cells (McGuirk et al., 2002). It is thought that these cells function to limit immunopathology as a
result of the Thl response against B. pertussis. Pathogens are also able to induce regulatory cells as
a mechanism of immune evasion, such as Epstein Barr virus (EBV) which has been reported to

induce IL-10-producing Tr1 cells (Marshall et al., 2003).

1.4.2 Th3 Cells

TGF-B,-producing adaptive Treg cells have been called Th3 cells. In the gut the
generation of Th3 cells is associated with the induction of oral tolerance to exogenous ingested
antigens (Chen et al., 1994). Oral tolerance is a continuous immunologic process established in the
gut-associated lymphoid tissue (GALT) (Weiner, 2001b). It is presumed that oral tolerance evolved

to avert unwarranted immune responses against commensal flora in the gut and of course

30



innocuous food antigens from the diet (Weiner, 2001b). Research has shown that there are two
mechanisms of oral tolerance — induction of clonal anergy or clonal deletion and induction of Treg
cells which actively suppress effector immune responses (Fig 1.2). The dose of antigen appears to

be the deciding factor for the type of oral tolerance induced (Weiner, 2001b).

Stimulation with low doses of antigen generates Th2 cells as well as antigen-specific Th3
cells (Chen et al., 1994). Th3 cells are believed to be induced by TGF-B,, which along with I1L-10
and IL-4 is constitutively expressed at high levels in the gut (Inobe et al., 1998; Seder et al., 1998).
After feeding oral antigen, their expression is further upregulated (Gonnella et al., 1998). Th3 cells
are distinct from Th2 celis as they secrete little or no 1L-4 or IL-10 (Weiner, 2001a). Notably, these
cells can transfer tolerance in vivo and are also abie to suppress in vitro (Miller et al., 1992). In
contrast, hyporesponsiveness to oral antigen is generated after administration of high dose of
antigen and is mediated by anergy or deletion, as demonstrated by a study in which the
development of experimental autoimmune encephalomyelitis (EAE) in rats could be inhibited by

feeding high doses of antigen known to induce EAE (Whitacre et al., 1991).
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Figure 1.2 Different mechanisms of oral tolerance
Adapted from H.L. Weiner (Weiner, 2001b)

The different mechanisms of oral tolerance are determined by the dose of fed antigen.
Stimulation with low doses of antigen generates Th2 cells as well as antigen-specific Th3 cells.
Th3 cells can actively transfer tolerance in vivo and are also able to suppress in vitro. In contrast,
hyporesponsiveness to oral antigen is generated after administration of high dose of antigen and is
mediated by clonal anergy or clonal deletion.
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1.4.3 Inducible FoxP3" Treg cells

In contrast to FoxP3™ Trl and Th3 cells, adaptive or inducible FoxP3" Treg (iTreg) cells
have also been reported. Like Tr1 and Th3 cells, iTreg cells arise in the periphery and therefore
differ from thymically-derived nTreg cells (Bluestone and Abbas, 2003). /n vitro and in vivo
studies support the existence of FoxP3" iTreg cells, and it appears that TGF-B, is important for their

induction, at least in mice.

In vitro, TGF-B; converts naive CD4'FoxP3™ T cells to CD4 FoxP3'CD25" iTreg cells
(Chen et al., 2003; Fantini ef al., 2004). These cells were able to suppress normal T cell
proliferation in vitro and could also inhibit allergic responses upon adoptive transfer in vivo (Chen
et al., 2003). DC have been reported to play a role in the TGF-B;-dependent induction of FoxP3"
iTreg cells. Studies in a diabetes model have demonstrated that DC pulsed with beta-ceil peptide
from NOD mice can convert naive CD4" T cells into CD4 FoxP3'CD25" iTreg cells in the
presence of TGF-f,. The iTreg cells could inhibit T cell proliferation in vitro and prevented
autoimmune diabetes in vivo (Luo ef al., 2007). The induction of Treg cells might be an important
strategy for maintaining tolerance at mucosal interfaces. Indeed, the conversion of naive CD4" T
cells to antigen-specific CD4 'FoxP3" iTreg cells has been shown to take place in the intestine
(Coombes et al., 2007). CD103" DC from the mesenteric lymph nodes promoted this conversion,

via TGF-B, and the vitamin A metabolite retinoic acid (RA) (Coombes et al., 2007).

It has been reported that up to 90% of naive CD4" T can be converted to FoxP3" iTreg cells
in the presence of TGF-, (Selvaraj and Geiger, 2007). Conversion only occurs if TGF-B, is added
to T cell culture within 2-3 days of activation in vitro, and it is reversible, as removal of the
cytokine resulted in loss of FoxP3 expression after approximately 4 days (Selvaraj and Geiger,
2007). In addition, FoxP3 expression was lost from most of the iTreg cells upon adoptive transfer
into wild-type mice (Selvaraj and Geiger, 2007). This suggests that in vitro conversion is transient,

and depends on TGF-f,.
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IL-2 may promote the TGF-f,-mediated conversion of iTreg cells (Zheng et al., 2007).
Both cytokines are essential for the maintenance of nTreg cells (Khattar e al., 2009). However,
normal Treg cell function has been reported in the absence of TGF-B; or in mice unresponsive to
TGF-B; (Piccirillo et al., 2002). In humans TGF-B; might not be required for suppression of
immune responses, as suggested by a study showing cell-contact dependent iTreg cell function
(Walker et al., 2003). Nonetheless, it seems that activation of the T cells by antigen or superantigen
is required for the generation of iTreg cells (Buckner and Ziegler, 2004; Duthoit e al., 2004;

Thorstenson and Khoruts, 2001; Zheng et al., 2002).

In vivo Treg cell conversion has also been reported. When CD4'CD25 T cells from
CD45.1" mice were adoptively transferred into congenic CD45.2" mice, 5-12% of the transferred
cells converted to CD4 FoxP3'CD25" iTreg cells within 6 weeks (Liang et al., 2005). The iTreg
cells were refractory to stimulation and could suppress Teff cell proliferation in vitro (Liang et al.,
2005). The administration of very low doses of antigen in conjunction with suboptimal DC
activation can also induce conversion of FoxP3" iTreg cells in vivo, which can be further enhanced
by TGF-B, but does not require IL-2 (Kretschmer et al., 2005). Furthermore, blocking TGF-B,
during feeding of Ovalbumin (Ova) inhibited both the induction of oral tolerance and the peripheral

conversion of Ova-specific Treg cells (Mucida et al., 2005).

It has been reported that CD4 FoxP3'CD25 T cells can convert to CD4 FoxP3'CD25
iTreg cells. Kretschmer et al demonstrated the existence of antigen-specific CD4 FoxP3'CD25
iTreg in vivo (Kretschmer er al., 2005). Malaria infection can also drive the conversion of

CD4'FoxP3'CD25 T cells to CD4 FoxP3'CD25" iTreg cells (Couper et al., 2007).

1.4.4 Retinoic Acid

The induction of Treg cells and Th17 cells are reciprocally regulated by cytokines (Bettelli
et al., 2006). When activated CD4" T cells are exposed to TGF-B, alone, they can convert to
FoxP3" iTreg cells, but if 1L-6, IL-1B and IL-23 or IL-21 are also present FoxP3 induction is

blocked and Th17 cells are induced (Bettelli et al., 2006; Manel et al., 2008; Mangan et al., 2006;
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Veldhoen et al., 2006). The induction of iTreg cells by TGF-f3, is concomitant with the inhibition

of Th1 and Th2 polarisation (Li ef al., 2006; Mucida et al., 2005; Wahl et al., 2006).

This reciprocal relationship suggests that the TGF-B, polarisation of Treg or Thl17
differentiation is highly controlled. Retinoic acid (RA) has been shown to modulate the pleiotropic
effects of TGF-B, and promote induction of FoxP3" Treg cells (Benson ef al., 2007; Coombes et
al., 2007; Kang et al., 2007b; Mucida et al., 2007; Sun et al., 2007). If CD4" T cells are activated in
the presence of TGF-B; and RA, FoxP3" iTreg cell induction is enhanced. Even if IL-6 is also
present, Th17 cell differentiation is inhibited because RA blocks the IL-6-dependent expression of
RORyt, the key Th17-polarising transcription factor (Ivanov et al., 2006; Mucida and Cheroutre,

2007; Mucida et al., 2007; Zhou et al., 2008).

RA, or all-trans retinoic acid (atRA), is a biologically active metabolite of vitamin A.
Vitamin A is obtained from the diet, in the form of all-trans retinol, retinyl esters or -carotene
(Blomhoff and Blomhoft, 2006; Moise et al., 2007). The oxidation of all-trans retinol or -carotene
by alcohol dehydrogenases or short-chain dehydrogenase reductases results in the synthesis of all-
trans retinal. All-trans retinal is the precursor of RA. RA is formed when all-trans retinal is
irreversibly oxidised by retinal dehydrogenases (RALDH) (Blomhoff and Blomhoff, 2006; Moise
et al., 2007). The expression of RALDH is tightly controlled and is restricted to specific cells and
tissues; therefore RA production is restricted to these cells and tissues, for example the gut, where
RA is found in abundance. RALDH is expressed by certain gut-associated cells such as intestinal
epithelial cells (Iwata et al., 2004; Lampen et al., 2000) and gut-associated DC (Coombes et al.,

2007; Germain et al., 2006).

It is well known that vitamins play a role in the immune system, in particular vitamins A
and D (Mora ef al., 2008). Both promote Th2 responses and inhibit Th1 and Th17 responses. In
addition, they promote the induction of FoxP3" iTreg cells (Cantorna et al., 1994; Mora et al.,

2008). The importance of vitamin A in T cell function is exemplified by the fact that vitamin A-
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deficient mice have defective T cell activity (Carman et al., 1989), and in vitamin A-deficient rats,
where deficiency is associated with decreased Th2 responses (Wiedermann es al., 1993). In a
mouse model of asthma, vitamin A supplementation led to increased disease severity, while
vitamin A deficiency has the opposite effect, due to decreased Th2 cytokines (Schuster et al.,
2008). Vitamin A deficiency also correlates with impaired intestinal immune responses (Mora and
von Andrian, 2008; Sirisinha er al., 1980; Wiedermann ef al., 1993) and increased mortality,

associated with gastrointestinal and respiratory infections (Sommer ef al., 1983).

As the biologically active metabolite of vitamin A, the presence or absence of RA is likely
to be responsible for these effects. Supplementation of vitamin A blocks the production of Thl
cytokines in vitro and in vivo (Iwata et al., 2003; Nikawa et al., 1999). RA is directly responsible
for these effects on T cells. The /L4 gene is induced by RA, and thus promotes Th2 differentiation
(Lovett-Racke and Racke, 2002). Furthermore, RA blocks T-bet, the Thl-cell promoter, and
induces Th2-cell promoting factors such as GATA3 and STAT6 (Dawson et al., 2006; Iwata et al.,

2003).

In addition, RA can enhance the induction of FoxP3" iTreg cells by TGF-B, in the
periphery (Benson et al., 2007; Mucida et al., 2007). While it has been reported that gut DC from
GALT and small intestinal lamina propria use RA to induce iTreg cells (Coombes et al., 2007; Sun
et al., 2007), this is contentious since there is evidence that macrophages from lamina propria

induce iTreg cells, while DC induce Th17 cells (Denning et al., 2007).

In vivo studies have demonstrated that the administration of exogenous RA inhibited the
induction of Th17 cells, while injection of retinoic acid receptor (RAR) antagonists decreased the
frequencies of lamina propria FoxP3" cells (Mucida et al., 2007). RA treatment has proven to be
beneficial in an arthritis model. Arthritis is associated with enhanced IL-17 production and
treatment with RA improved clinical symptoms by reducing the levels of IL-6, tumor necrosis

factor (TNF)-a. and IFN-y (Hirota et al., 2007; Tabata et al., 2006).
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Modulation of the immune response by RA also affects B cells. Activated B cells undergo
immunoglobulin (Ig) class-switching, which gives rise to different antibody isotypes. Class-
switching is differentially influenced by Thl and Th2 cytokines — IFN—y (Th1) promotes switching
to 1gGa, and 1gGs, whereas IL-4 (Th2) induces IgG, and IgE production and suppresses IgGyy, and
1gGs (Snapper et al., 1997). The promotion of Treg/Th2 immunity by RA and its inhibition of Thi
responses therefore affects both humoral and cellular immune responses. With respect to the role of
RA in mucosal immunology and homeostasis, its abundant production by intestinal DC, epithelial
cells and macrophages results in dominance of RA over IL-6 in terms of modulating the effects of
TGF-B,. This might explain the dominance of FoxP3" Treg cells in the intestine, which facilitate a
tolerogenic environment in spite of a large burden of commensal microbes and regular encounters

with food antigens (Mucida and Cheroutre, 2007).

RA functions in a paracrine manner, by binding to nuclear hormone receptors (Mora et al.,
2008). These receptors belong to the RAR family, which has three isoforms — o, B and y. Unlike
RALDH, RAR proteins are ubiquitously expressed (Blomhoff and Blomhoff, 2006; Moise et al.,
2007). They form heterodimers with nuclear receptors of the retinoic X receptor (RXR) family.
RAR-RXR heterodimers can interact with retinoic acid responsive elements (RARESs), which are
found within the promoters of RA-responsive genes (Blomhoff and Blomhoff, 2006; Moise et al.,

2007).

STATS and STAT3 are the transcription factors which are important for the transcription
of FoxP3 and IL-17, respectively (Ivanov et al., 2006; Laurence et al., 2007; Yang et al., 2007).
The enhancement of FoxP3 expression by RA suggests a relationship between RAR and STATS, in
a similar manner to the relationship between RORyt and STAT3. It should also be noted that RARs
and RORyt are very homologous (Winoto and Littman, 2002). Indeed, interaction between STATS
and RARs has been demonstrated in vivo, which promotes RAR-mediated transcription (Si and

Collins, 2002). The STATS consensus binding site overlaps with a RARE, and therefore facilitates
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coordinated transcriptional activity in response to RA signalling, rather than competing for the

same binding site (Si and Collins, 2002).

More recent studies have indicated that RA may also have a pro-inflammatory role in
immunity, rather than exclusively promote anti-inflammatory responses (Hall er al., 2011). Mice
were orally infected with Toxoplasma gondii, an intracellular protozoan which induces strong Thl
immunity. Compared with control mice, those on a vitamin A-deficient diet had reduced Thl cell
numbers in their spleens and intestines, and had a higher parasite load (Hall et al., 2011),
suggesting that vitamin A/RA is required for an optimal Th1 immune response against 7. gondii.
Feeding of RA to the vitamin A-deficient mice restored CD4" T cell immunity to 7. gondii (Hall et

al., 2011).

The same study also investigated the role of RA in T cell responses to vaccination. Using
ovalbumin as antigen, the oral vaccination of vitamin A-deficient mice failed to induce Thl and
Th17 responses, which occur in response to ovalbumin in mice which are fed a normal diet (Hall et
al., 2011). As with T. gondii challenge, feeding RA to vitamin A-deficient mice allowed them to
respond to orally administered ovalbumin (Hall es al., 2011). It has been proposed that the
concentration of RA is crucial in determining whether the induction of Th17 cells occurs or not.
Lower RA concentrations (1-10 nM) seem to promote, while higher concentrations (>100 nM)
suppress Th17 responses (Hall er al., 2011). Furthermore, the presence or absence of microbial
antigens may be important in determining the outcome of RA stimulation of naive T cells. Flagellin
is a TLRS ligand, and it stimulates intestinal DC to both produce RA and induce Th17 cell
differentiation (Uematsu et al., 2008). Finally, the source of RA might be important in terms of
dictating whether pro- or anti-inflammatory immune responses are invoked. While intestinal DC
can produce RA and promote Treg cell induction, it is not clear whether systemic DC can produce

RA.

It might be the case that the cytokine milieu determines the outcome of RA signalling.

Certainly, RA and TGF-B; synergise to induce FoxP3" Treg cells, and TGF-B, is abundant in the
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gut. However, in the absence of TGF-f3;, and/or abundant production of other cytokines, perhaps

RA can promote pro-inflammatory rather than anti-inflammatory immune responses.

1.5 CD25 Treg cells

It has been reported that Treg cells are not exclusive to the CD25" population (Annacker et
al., 2001; Lehmann et al., 2002). Subsets of CD4" T cells which lack CD25 expression have been
shown to have suppressive function, such as CD4'CD25CD62L" cells discussed in section 1.3.6
(Alyanakian et al., 2003) and CD4 FoxP3'CD25 GITR" cells which contribute to suppression of
several autoimmune diseases (Ono et al., 2006). Conversely, FoxP3 positivity is proving to be a
more reliable indicator of regulatory function, irrespective of cell surface marker expression. A
recent study in mice has shown that CD25FoxP3" cells can acquire CD25 expression in
lymphopenic conditions to allow them to maintain homeostasis and that CD25 surface expression
on Treg cells is labile, with cells able to lose and regain CD25 on the surface without affecting their
function (Zelenay et al., 2005). However, the number of CD25" cells that are able to convert to

CD25" nTreg cells in vivo is limited (Curotto de Lafaille er al., 2004).

It is not clear whether expression of CD25 on the cell surface is absolutely required for
effective regulatory function. However, it has been shown that activation (i.e. upregulation of
CD25) confers suppressive ability on CD4 CD45RB"“CD25  cells, which otherwise do not
suppress (Caramalho ef al., 2003). It has also been shown that nTreg cells can “shed” soluble CD25
(sCD25) upon activation, thereby acting as an IL-2 sink to prevent survival of Teff cells (von
Bergwelt-Baildon et al., 2006). However, while a recent study has demonstrated that activated
human CD4'CD25" Treg cells can secrete sCD25, they also showed that sCD25 does not inhibit
IL-2-dependent T cell function (Pedersen and Lauritsen, 2009). In addition, a significant increase in
the frequency of CD4 FoxP3'CD25 T cells has been observed in aged mice compared with young
mice (Nishioka ef al., 2006) and it has been postulated that this population might be responsible for
the age-related decline in T cell-mediated immunity rather than to any quantitative or qualitative

enhancement of the suppressive capacity of CD4'CD25" nTreg (Nishioka et al., 2006).
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Regulatory activity has also been described for CD4'CD45RB"™CD25 T cells in rodents
(Hori et al., 2003) and the corresponding CD4 CD45RO'CD25 T cell subset in humans (Yagi e
al., 2004). The suppressive activity of CD4'CD25" Treg cells is generally weaker than nTreg cells
(Annacker et al., 2001; Lehmann et al., 2002; Stephens and Mason, 2000), although
CD4'FoxP3'CD25 GITR™" T cells have been shown to have suppressive function in murine organ
transplantation (Nishimura et al., 2004) and inflammatory bowel disease (Uraushihara et al., 2003).
Furthermore, a role has been proposed for CD4'CD25 GITR"" cells in preventing autoimmune
myocarditis in mice (Ono et al., 2006). Further studies demonstrated that CD25™ Treg cells can also
prevent colitis, myositis, hepatitis and glomerulonephritis upon transfer into NOD SCID mice, but
not gastritis, thyroiditis, oophoritis, sialoadenitis, adrenalitis or insulitis; all of which can be
prevented by transfer of CD4'CD25 " cells (Alyanakian ef al., 2003). This finding is consistent with

the suggestion of an organ-specific role for different subsets of Treg cells.

Further evidence that Treg cells are not confined to the CD4 ' CD25" population comes from
a study on heart transplantation (Degauque et al., 2007). The transfer of CD3 CD25 T cells from
rats which had received a heart graft into naive hosts could convey acceptance to a subsequent
heart graft. In addition, CD3'CD25™ T cells from tolerant rats have high expression of FoxP3, IL-10

and IFN-y mRNA in response to the graft when compared to control rats.

Studies in the rat lung have illustrated the downregulation of CD25 by adoptively
transferred pre-activated CD3'CD25" T cells (Strickland er al., 1996b). This phenomenon has been
attributed to “active inhibition” in the lung environment and may result from alveolar macrophage
(AM)-derived inhibitory molecules such as nitric oxide (NO) (Holt et al., 1993; Strickland et al.,
1993). Such organ-specific modulation of T cells might explain how different Treg cell subsets can

modulate distinct autoimmune diseases (Alyanakian et al., 2003; Ono et al., 2006).

While there is a large body of evidence regarding suppressive function in

CD4'FoxP3'CD25 T cells, it is not clear whether these cells represent nTreg cells that have
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somehow downregulated CD25 expression, or whether FoxP3 expression was induced in the

periphery.

1.6 Mechanisms of suppression by Treg cells

It has been widely reported that nTreg cells exert their suppressive effects through direct
cell-contact with target cell(s). Evidence supporting this theory has come from experiments using
transwell inserts, where the Treg cells and Teff cells are separated by a permeable membrane.
These studies have shown that Treg cells are unable to suppress responder cells when both
populations are separated (Takahashi er al., 1998; Thornton and Shevach, 1998). However,

suppressive mechanisms requiring direct cell-contact between populations are still unclear.

FoxP3" nTreg cells do not produce the T cell growth factor IL-2, a feature attributed to
transcriptional repression by FoxP3 (Fontenot ef al., 2003; Ono et al., 2007). However, nTreg cells
still require IL-2 for survival (Maloy and Powrie, 2005). It has therefore been proposed that nTreg
cells may suppress by depriving Teff cells of IL-2, thereby preventing their proliferation (Fig 1.3).
A recent study reported that nTreg cells can induce cytokine deprivation-mediated apoptosis
(Pandiyan et al., 2007). However, this hypothesis has been compounded by conflicting data
showing efficient suppression mediated by CD25” (IL-2Ra”) Treg cells (Fontenot et al., 2005a),
and experiments detailing a defect in IL-2 production by responder cells in culture with Treg cells

(Duthoit et al., 2005).

Other studies have illustrated that Treg cells can directly lyse target cells using a
perforin/granzyme B-dependent mechanism (Fig 1.3) (Cao et al., 2007; Gondek et al., 2005; Zhao
et al., 2006). Additionally, it has been proposed that Treg cells may induce the release of adenosine
nucleotides (Fig 1.3) (Bopp et al., 2007; Deaglio et al., 2007). Adenosine, generated by the
degradation of adenosine nucleotides by the ectonucleotidases CD39 and CD73 on Treg cells, can
suppress Teff cell function through its interaction with the A2A receptor on Teff cells (Deaglio et
al., 2007). CD39 converts ATP directly to AMP (Wang and Guidotti, 1996). Extracellular ATP is

released from damaged cells as a result of trauma or cell death and it acts as a danger signal to alert
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the immune system to tissue destruction (Borsellino er al., 2007; Matzinger, 2002). Extracellular
ATP predominantly induces proinflammatory responses (Borsellino e/ al., 2007; Ferrari et al.,
1997; Idzko et al., 2002; MacKenzie et al., 2001). CD39 is expressed on a wide range of cell types
including activated lymphocytes (Kansas et al., 1991; Maliszewski et al., 1994), vascular

endothelial cells (Kansas ef al., 1991) and neurons (Wang and Guidotti, 1998; Wang et al., 1997).

Notably, murine CD4 FoxP3'CD25" Treg cells express CD39 (Borsellino ez al., 2007), and
it has also been shown that FoxP3 induces CD39 expression (Borsellino et al., 2007). CD39
appears to be a marker for human Treg cells, but unlike murine cells its expression is restricted to a
population of FoxP3" regulatory effector/memory-like T (Trem) cells (Borsellino et al., 2007). It is
believed that the removal of extracellular ATP by CD39 could enable Treg cells to enter inflamed
tissues and suppress immune responses. Alternatively, CD39" Treg cells could function to inhibit
ATP-induced IL-1P secretion by endothelial cells or monocytes (Imai e al., 2000). Additionally,
the generation of the suppressive molecule adenosine from extracellular ATP through CD39 and

CD73 could further amplify these anti-inflammatory effects (Ferrari et al., 1997).

Similarly to CD39, CD73 is expressed on a wide range of murine cells including
lymphocytes (Thomson et al., 1990), but it does not appear to have a role in human cells. CD73
catalyses the conversion of AMP to adenosine (Bours ef al., 2006), and may also play a role in cell
adhesion (Airas et al., 1995). Adenosine has p