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Abstract

Graft-versus-host disease (GvHD) remains the main complication
associated with haematopoietic stem cell transplantation (HSCT). GvHD is
caused by allo-reactive donor T cells mounting an attack against specific target
tissues. CD4"CD25"Foxp3* regulatory T cells have been shown to modulate
GVHD in vitro and also in vivo animal models. More recently early stage clinical
trials have described the successful use of Treg to reduce the incidence of
GvHD following HSCT. The aim of this study was to investigate further the
suppressive mechanisms by which Treg are able to modulate GvHD and
assess the influence of Treg on the beneficial graft-versus-leukaemia (GvL)
effect therefore providing further insight into the use of Treg in the therapeutic

management of GVHD.

Data presented in this thesis demonstrates the successful isolation and
expansion of a highly pure Treg population which maintained suppressive
capacity throughout culture. We also confirmed that Treg retain suppressive
capacity following cryopreservation resulting in reduced workload and increased
consistency when used for in vitro functional studies. We also provide the first
human in vitro evidence that Treg are able to prevent cutaneous GvH reaction
by blocking the migration of effector T cells into the target tissues. The presence
of Treg during allo-stimulation caused reduced effector cell activation,
proliferation, IFNy secretion and decreased skin homing receptor expression.
Further investigation into the Treg modulation of dendritic cells demonstrated,
for the first time in experimental in vitro human GvHD, that this was due to
ineffective effector T cell priming in the presence of Treg caused by impairment
of dendritic cell functions. Comprehensive phenotypic and functional analysis of
Treg treated moDC showed their decreased antigen processing ability and allo-
stimulatory capacity, resulting in a less severe GvH reaction in the skin explant
model. Furthermore, this work has revealed that despite Treg impairing in vitro
GvL mechanisms at a cellular level there was no association observed between
increased Treg levels and the incidence of relapse in a small clinical cohort of
HSCT patients. In conclusion this study has provided further insight into the
mechanisms by which Treg are able to modulate GvHD. This would inform
future clinical trials using Treg as a therapeutic alternative to current GvHD
treatment and prophylaxis.
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Chapter 1- General Introduction

This chapter will introduce the pathophysiology of graft-versus-host disease
— a common complication associated with allogeneic haematopoietic stem cell
transplantation — and discuss how and why regulatory T cells may act as a
potential treatment or prophylaxis option in the clinic. Introductions for specific

research objectives are included in individual results chapters.

1.1 Allogeneic haematopoietic stem cell transplantation

Allogeneic haematopoietic stem cell transplantation (HSCT) is a well-
established and effective treatment for haematological malignancies and other
inherited or acquired disorders of the haematopoietic system which would
otherwise prove fatal (Shlomchik, 2007). Patients are first subjected to a
conditioning regimen of chemo/radiotherapy and immuno-suppression which
facilitates engraftment, reduces the risk of graft rejection and lowers the number
of malignant cells. The patient is then infused with donor haematopoietic stem
cells and over time recipient immuno-deficiency improves as their immune

system is gradually replaced by donor lymphoid cells (Deeg and Storb, 1985).

Since the first human HSCT pioneered by Thomas et al. in 1959 the number
of patients receiving HSCTs has continued to rise, with current estimates at
around 55,000-60,000 transplants each year (Thomas et al., 1959, Ferrara et
al., 2009, Li and Sykes, 2012). However, acute graft-versus-host disease
(aGvHD) remains the main complication associated with HSCT; approximately
50% of patients are treated at some stage for aGvHD and it is responsible for
up to 26% of transplant related mortality (Appelbaum, 2001, Jagasia et al.,
2012, Gooley et al.,, 2010). aGvHD is an allo-immune disease which occurs
when donor T cells recognise a genetic disparity within the host and mount an
immune response against various host tissues in particular the skin, Gl tract,
liver and lungs, typically developing within 100 days of transplantation (Ferrara
et al., 2009). The severity of aGvHD and incidence of graft failure can be
directly correlated with the level of mismatch between the human leukocyte
antigen (HLA) proteins of the donor and the recipient (Atkinson et al., 1990,
Loiseau et al., 2007, Petersdorf, 2007). Even in cases where donor and
recipient are HLA identical about 50% of recipients require treatment for aGvHD
due to differences in the minor histocompatibility (miHA) antigens (Ferrara et al.,
2009).



Following HSCT, recipients can also develop chronic GvHD (cGvHD); this
typically occurs more than 100 days post-transplant and can occur with or
without the patient having aGvHD previously. cGvHD mainly depends on the
polarisation of CD4" T cells towards a Th2 response and it presents as an auto-
immune-like syndrome. While cGvHD is a significant issue following

transplantation, this introduction will focus on the pathophysiology of aGvHD.

Despite the fact GvHD is a potentially lethal complication associated with
HSCT, a certain level of the graft-versus-host reaction is beneficial to maintain
the graft-versus-leukaemia (GvL) effect. It has been noted in several studies
over the last 30 years that patients who suffered from GvHD had a lower
incidence of relapse (Weiden et al., 1981, Weiden et al., 1979). The allo-
reactive T cells respond to both the host tissue (causing GvHD) and the
leukemic cells (leading to the desirable GvL reaction) (Weiden et al., 1979).
Prevention of aGvHD by T cell depletion of the graft is possible however it
causes increased relapse and graft failure due to the loss of the beneficial GvL
effect of the donor T cells (Shlomchik, 2007, Martin et al., 1985). Also the use of
donor lymphocyte infusions to treat recurring or residual malignancy post-
transplantation illustrates the GvL effect (Kolb, 2008). Therefore treatment of
patients in the clinic is a balancing act between the beneficial and detrimental
graft-versus-host reactions. The GvL effect will be discussed in detail in Chapter
6.

Over the last 20 years the procedures used to treat patients with HSCT have
advanced tremendously. The source of donor stem cells has expanded from
bone marrow harvested under general anaesthesia to also now include
peripheral blood stem cells (PBSS) and umbilical cord blood (UCB). The source
of the stem cells used for transplantation has historically been implicated in
transplant outcome and GvHD status. The use of peripheral blood stem cells
(PBSC) requires administration of growth factors such as G-CSF to the donor,
stimulating haematopoietic stem cell mobilisation into the peripheral blood of the
donor, which can then be harvested by apheresis. Despite the highest relative
increase in the use of cord blood as a stem cell source between 2006-2008
(Figure 1.1), PBSC remains the most common source of donor cells (Gratwohl
et al.,, 2013). The use of UCB as a stem cell source is associated with a

decrease in the incidence of GvHD which is thought to be due to the immaturity
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of the donor T cells and the higher regulatory T cell content within UCB (Li and
Sykes, 2012). The disadvantage of UCB is the low number of stem cells
available from each unit — however transplantation of UCB from two donors can
actually lead to improved engraftment. The ‘sacrifice’ of 1 cord unit enables
successful engraftment of the other (Barker et al., 2009). The use of PBSC had
previously been associated with increased incidence of aGvHD. However a
recent study reported the stem cell source is associated with incidence of
chronic GvHD rather than aGvHD (Flowers et al., 2011).
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Figure 1.1 Stem cell sources for transplants performed in 2006-2008 (Gratwohl et al.,
2013).

Additionally there have been considerable advances in the conditioning
regimens used to prepare patients for transplantation; the objectives of
conditioning being immunosuppression and the eradication of underlying
disease (Figure 1.2). Originally, myeloablative conditioning regimens were used
to eradicate leukemic cells, and then HSCT was used as a rescue therapy.
Myeloablative regimens involve high doses of chemotherapy which is often
combined with total body irradiation (TBI). However the intensive cytotoxic
therapy itself can cause morbidity and mortality and is considered to be too
toxic for elderly patients.

The development of non-myeloablative conditioning regimens has allowed
for more patients, particularly older patients, to be considered for HSCT due to
reduced toxicity. The reduced intensity conditioning regimens provide sufficient
immune-suppression to allow for engraftment of the donor cells and rely on the
GvL activity of the graft followed by donor lymphocyte infusion post-transplant to

eradicate the tumour cells (Martino et al., 2002).
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Figure 1.2 Myeloablative and non-myeloablative conditioning regimens (Bleakley and
Riddell, 2004). Ovals represent chemotherapy and lightning bolts represent TBI.

When deciding upon the transplant protocol there are many factors that
influence the transplant and the conditioning regimen including age, disease,
overall health, gender mismatch between donor and recipient and stem cell
source. Donors who are considered first for transplantation are HLA matched
siblings; if this is not possible then matched unrelated donors (MUD) or haplo-
identical related donors are used. Of the allogeneic transplants that occurred
worldwide between 2006-2008, 51% were performed from family members and

the remaining 49% from MUD donors (Gratwohl et al., 2013).



1.2 The Human Leukocyte Antigen complex

The level of HLA matching between the donor and the recipient is crucial to
the outcome of HSCT. The HLA system (also known as the human major
histocompatibility (MHC) region) is located on the short arm of chromosome 6.
The HLA region contains over 220 genes, 40 of which are believed to function
in the immune response (Horton et al., 2004, Klein and Sato, 2000). Three
distinct regions have been identified (shown in Figure 1.3) that encode proteins
responsible for allo-antigen recognition and greatly influence the outcome of
allogeneic transplantation as well as being responsible for normal immune

defence against pathogens.
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Figure 1.3 Gene map of the HLA region (Mehra and Kaur, 2003).

Class | molecules (HLA-A, HLA-B and HLA-C) are expressed on the surface
of all nucleated cells and are responsible for the presentation of peptides
derived from intracellular proteins to CD8" T cells. Class | molecules consist of
two polypeptide chains, the B chain is encoded by a gene on chromosome 15
and the a chain encoded by genes from the class | HLA region (Figure 1.4).
Class Il molecules are structurally different to the class | molecules, however
they both function to present peptides to T cells as part of the adaptive immune
response. Both the Class Il a and B chains are coded for by genes from within
the class Il region (Klein and Sato, 2000). Class Il molecules are expressed on
cells involved in the immune response, in particular antigen presenting cells
(APC) — presenting peptides from extra-cellular proteins to CD4" T cells. The
class Ill region, located between Class | and Class Il regions, contains non-HLA
genes which are involved in the immune system such as TNFa (Robinson et al.,
2013).
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Figure 1.4 The structure of HLA class | and Il molecules (Klein and Sato, 2000).

The main function of HLA molecules is to present pathogen derived peptides
to T cells, initiating the adaptive immune response. In HSCT settings recipient
HLA Class | and Class Il molecules function as allo-antigens which can be
recognised by engrafted donor T cells initiating a powerful GvH immune
response, which contributes to both beneficial GvL and detrimental GvHD.
Following HSCT antigen presentation can occur through the direct pathway
where donor T cells recognise allogeneic host HLA molecules either with or
without peptide present (Chakraverty and Sykes, 2007). Antigen presentation
can also occur through the indirect pathway where host allo-antigens are
presented by donor APC following the uptake and processing of host material.
There are many cell types which are able to act as APC including dendritic cells
(DC), monocytes, macrophages and occasionally B cells. These APC are able
to take up antigens through a variety of methods including phagocytosis,
endocytosis and scavenger receptors (Merad et al.,, 2007). Once DCs have
been exposed to antigen in the periphery they mature and migrate to the lymph
nodes. When in the lymph nodes the mature APC are able to present these
HLA-peptide complexes to T cells and initiate T cell activation (Merad et al.,
2007). Typically donor CD4" T cells are activated via class Il HLA-peptide
presentation and CD8" T cells via class | HLA-peptide presentation (Goker et
al., 2001). However, in the HSCT setting donor dendritic cells are also able to

cross-present allo-antigens on Class | MHC to CD8" T cells (Shlomchik, 2007).

Additional signals provided by co-stimulatory molecules engaging complete
T cell activation as TCR-HLA/peptide binding in the absence of co-stimulatory

signals drives T cells to an anergic state. Co-stimulatory signals also govern the
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outcome of T cell activation as either stimulatory or regulatory depending on the

molecules and ligands involved. This will be discussed in the following sections.

HLA matching between donor and recipient is crucial in the outcome of
HSCT. The overall survival of patients is significantly improved when patient
and donor are HLA identical (Figure 1.5) and as the degree of mismatch
increases patient survival decreases (Loiseau et al., 2007). Therefore the
number of mismatches between donor and patient is a major risk factor post
HSCT.
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Figure 1.5 Effect of the number of HLA mismatches on overall survival post HSCT
(Loiseau et al., 2007).

Recent advances have resulted in an increase in both the number of known
HLA alleles and an understanding of their importance in HSCT. The HLA
system is one of the most complex regions of the human genome with, to date,
over 9000 known polymorphisms (Figure 1.6) (Robinson et al., 2013). Although
registries of unrelated donors now include 20 million HLA-typed volunteers
worldwide, the complexity of the HLA system remains a barrier to the success
of HSCT with many patients unable to find a suitable match. Only 30% of
patients have a suitable HLA matched or single mismatch related donor (Li and
Sykes, 2012, Lee et al.,, 2007, Gratwohl et al., 2013). An ideal donor has
matches at 5 HLA loci; HLA-A, HLA-B, HLA-C, HLA-DRB1 and HLA-DQBI1.
Some mismatches are worse than others in terms of transplant outcome and
GVHD (Petersdorf and Hansen, 2008).


http://www.sciencedirect.com/science/article/pii/S1083879107002522#gr2
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Figure 1.6 The number of named HLA alleles (Robinson et al., 2013).



1.3 Graft-versus-host disease

Graft-versus-host disease (GvHD) is generally classified into acute and
chronic forms, commonly distinguished by the time of onset after HSCT. Early
work suggested that aGvHD occurred within 100 days of transplantation and
cGvHD was >100 days, however late onset acute GvHD and overlap syndrome
(with features of both chronic and acute) show that this classification is not
strictly accurate (Ferrara et al., 2009). Although considered to be different
conditions, there is evidence to suggest a close relationship between risk

factors for chronic and acute GvHD (Atkinson et al., 1990).

The mechanisms behind chronic GvHD are complex and are not entirely
understood with a more diverse range of symptoms; it often resembles
autoimmune disorders (Shlomchik, 2007). It can be progressive (acute to
chronic), quiescent (acute then chronic) or de novo (chronic only) (Ferrara et al.,

2009). This review will focus on the mechanisms of aGvHD rather than cGvHD.

1.3.1 The pathophysiology of acute graft-versus-host-disease

In the 1960s Billingham proposed a set of three criteria for the development
of aGvHD (Billingham, 1966). By the mid-1990s a revised set of 4 criteria had
been proposed: they state that (1) the host immune system must be incapable
of mounting an immune response, (2) the graft must contain immune-competent
cells, (3) host cells must express tissue antigens not present in the donor and
therefore appear foreign to the donor cells, and (4) the effector cells must be
able to migrate to the target tissues (Sackstein, 2006). When all these criteria
are fulfilled the patient is then at risk of developing aGvHD following HSCT.

The pathophysiology of aGvHD is commonly described as a three phase
process: the effects of conditioning, donor T cell activation and finally cellular
and inflammatory effector phase (Figure 1.7). Each phase will be discussed in

more detail.
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Figure 1.7 The three phase model of aGvHD (Jaksch and Mattsson, 2005).
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Phase I: Conditioning regimen induces up-regulation of HLA molecule
expression on host APC and inflammatory cytokine production by host
target tissues.

A side effect of conditioning regimens is injury to GvHD target tissues, in
particular the intestinal mucosa and liver. These damaged tissues produce
several pro-inflammatory cytokines, chemokines and adhesion molecules
(Ferrara et al., 2009). The cytokines most commonly secreted during phase | by
activated host cells are TNFaq, IL-1 and IL-6 (Cooke et al., 1998, Matzinger,
2002). These pro-inflammatory cytokines in turn increase expression of further
adhesion molecules, HLA and co-stimulatory molecules activating residual host
dendritic cells (DC) cells (Matzinger, 2002).

Conditioning also causes increased serum levels of lipopolysaccharides
(LPS) which have been able to leak through the damaged intestinal mucosa,;
there is a direct correlation between the serum levels of LPS and the degree of
intestinal damage after HSCT (Cooke et al., 1998). Following conditioning
additional damage to the intestinal mucosa can occur when LPS leaks through
triggering further production of TNFa and IL-1 by macrophages (Nestel et al.,
1992). Increased levels of TNFa receptor 1 have been detected early post
HSCT which were associated with the development of GvHD (Choi et al., 2008).

Several studies have been carried out in murine models to demonstrate the
importance of LPS in the pathophysiology of GVHD. Toll-like-receptor-4 (TLR-
4) detects LPS and experiments in TLR-4 mutant mice, compared to wild type,
have shown a reduction in GvHD risk (Imado et al., 2010). In addition LPS
antagonists have been shown to reduce GvHD while maintaining GvL in murine
models (Cooke et al., 2001). In murine modes recombinant human keratinocyte
growth factor has been shown to reduce GvHD mortality, GvH pathology in the
Gl tract and lower levels of serum LPS while still maintaining the beneficial GvL
and could therefore provide a potential therapeutic option (Krijanovski et al.,
1999).

Gut decontamination using antimicrobial chemotherapy prior to
transplantation has been reported to reduce the severity of GvHD, supporting
the principle that gut micro flora are important in the pathogenesis of GvHD

(Beelen et al., 1999). Damage to the Gl tract is particularly important as it allows
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the translocation of inflammatory stimuli such as LPS which then lead to further
stimulation of APCs in phase 2 of aGvHD (Ferrara et al., 2009)

The conditioning regimen prior to HSCT in essence primes the host for
induction of GvHD. Production of danger signals and maturation of host DC
mean that upon infusion of the donor cells all the signals are already there to

activate the donor T cells and allow for the induction of phase Il of aGvHD.

Phase II: Allo-antigen recognition induces donor T cell activation,
proliferation and differentiation.

Phase Il of GvHD occurs once the transplant has taken place. The
maturation of immature host DCs under the influence of inflammatory cytokines
and LPS continues during and immediately after HSCT (Janeway and
Medzhitov, 2002). Following HCST both host and donor APC are able to
process and present allo-peptides to donor T cells, resulting in T cell activation.
The donor T cells then proliferate and secrete cytokines including IL-2 and
IFNy, causing a cytokine storm further promoting antigen presentation and T
cell recruitment; this sequence of events is crucial to the pathophysiology of
GvHD (Jaksch and Mattsson, 2005).

Many different APC are involved in phase Il of aGvHD; both those from the
host and the donor, including non-haematopoietic APC. DCs which are situated
in various barrier tissues, such as the skin and Gl tract are particularly
important. Interestingly the location of DCs correlates with the specific group of
target tissues associated with aGvHD. Using animal models it has been shown
that the removal of DCs from an organ may prevent aGvHD in that particular
organ but have no effect on aGvHD in other target organs (Zhang et al., 2002).
The presence of donor DCs in peripheral blood can be detected as soon as 1
day post-transplant implicating both host and donor DC in the pathophysiology
of aGvHD (Merad, Collin et al. 2007). It has been suggested that depletion of
DCs from the graft may reduce GvHD as donor APC are not required for GvL
effect (Matte et al., 2004) and donor derived APC may increase severity of
GvHD following transplant (Shlomchik, 2007).

The key process in phase Il is activation of T cells by APC (Figure 1.8), and

as previously mentioned this requires both the presentation of antigen to the T
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cell and a co-stimulatory signal, the absence of a co-stimulatory signal results in

T cell anergy rather than T cell activation (Banchereau et al., 2000).

Apoptosis Proliferation Cell-cycle arrest
Anergy Differentiation
Effector function

Figure 1.8 T cell activation (Alegre et al., 2001).

The consequence of T cell receptor signalling by cognate antigenic peptides
is determined by the co-signalling receptor - which can be co-stimulatory or co-
inhibitory. The CD80/86-CD28 co-stimulatory receptor-ligand interaction (Figure
1.8) was the first to demonstrate the two-signal process of T cell activation
(Bretscher and Cohn, 1970, Lafferty and Cunningham, 1975). The discovery of
cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) as a co-inhibitory
CD80/86 ligand highlighted the complexity of the T cell activation system
(Linsley et al., 1991). CD28 is constitutively expressed on T cells and provides a
co-stimulatory signal following ligation with CD80/86, conversely interactions
between CTLA-4 and CD80/86 result in cell cycle arrest. CTLA-4-CD80/86
interactions can also induce the expression of indoleamine-pyrrole 2,3
dioxygenase (IDO) in the APC which can act in trans to supress T cell
responses and induce Regulatory T cells (Treg). Furthermore when CLTA-4
expression is increased CD28 is down regulated by endocytosis providing
another level of regulation of the T cell responses (Rudd et al., 2009). In
addition to the CD80/86-CD28/CTLA-4 receptor ligand interactions there are
dozens of other interactions between co-signalling receptors, forming a highly

complex regulatory system (Chen and Flies, 2013).
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T cell activation is a highly regulated process with multiple levels of control.
It requires the correct spatial and temporal expression of receptors and their
ligands on the different cell types, and co-signalling receptors/ligands are able
to interact with more than 1 ligand/receptor resulting in multiple functions and bi-
directional co-signalling provides additional control. T cell activation is a balance
between various stimulatory and inhibitory factors; these pathways and
interactions between T cells and APC provide a potential method for treatment
and prevention of GHVD and therefore has been the subject of various

investigations.

The importance of the co-stimulatory B7 antigens expressed on APC, B7-1
(CD80) and B7-2 (CD86) was shown by blockage of B7-CD28 interaction
inhibiting aGvHD in murine models (Ogawa et al., 2001). Additionally when
cells were transplanted from CD28(-/-) mice there was a reduction in T cell
activation, proliferation and ultimately better survival following transplantation
(Yu et al.,, 1998). Furthermore blockage of interactions between CD40 and
CD154 co-stimulatory pathway has been shown to prevent CD28 independent
aGvHD (Saito et al., 1998). Over the course of APC-T cell interaction various
cytokines and chemokines are released. The secretion of IL-1 by APC
stimulates TNFa production and also the production of IL-2 by T cells. IL-2 is
commonly considered the most important cytokine in the pathophysiology of
aGvHD because of its central role as a T-cell growth factor; IL-2 causes allo-
reactive T cells to expand and differentiate into CD8" cytotoxic T lymphocytes
(Jaksch and Mattsson, 2005).

In addition IFN-y is produced during the cytokine storm and it has many
roles in aGvHD. Mice with aGvHD have higher levels of IFN-y than those
without aGvHD (Hill et al., 1997). Along with IL-2, IFN-y is able to promote T-cell
expansion and induce cytotoxic T lymphocyte and NK cell responses (Jaksch
and Mattsson, 2005). IFN-y also induces increased expression of chemokines,
adhesion molecules and HLA molecules and it appears to mediate nitric oxide
production and FAS expression (Jaksch and Mattsson, 2005). Although it is
commonly seen as detrimental, IFN-y can have opposing functions in the
pathophysiology of aGvHD. IFN-y is also able to suppress the immune system
by inducing FAS expression on donor cells and causing activation-induced cell

death (Goker et al., 2001). This provides an example of why targeting cytokines
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as a method of GvHD prophylaxis or treatment would prove challenging. It is a
highly complex system requiring a fine balancing act, reducing levels and
increasing levels may both have beneficial and detrimental outcomes.

Chemokines have an important role in the pathophysiology of aGvHD. The
process of recruitment of effector T cells to target tissues involves all three
families of migration molecules including chemokines, integrins and lectins.
Many of the inflammatory cytokines (for example IL-1, TNFa and IFNy)
produced during phase | and Il induce expression of chemokines and
chemokine receptors in GvHD target tissue and on effector T cells respectively
(Jaksch and Mattsson, 2005). Increased gene expression of CCR5, CXCRS3,
CCR1 and CCR2 has been shown to correlate with aGvHD following HSCT
(Jaksch et al., 2005). Chapter 4 contains a more detailed review of the role of

chemokines in the pathophysiology of GvHD.

Phase 2 of aGvHD is one of T cell activation and proliferation and also
production of pro-inflammatory cytokines and chemokines which recruit effector

T cells to aGvHD target tissues.

Phase IlI: Effector cells and inflammatory cytokines induce target tissue
damage.

The third and final phase of aGvHD is a complex cascade of effector
processes. Effector cells which were activated during phase Il induce target cell
damage during phase Ill. Through the action of chemokines and adhesion
molecules allo-reactive T cells (CD4" and CD8") are able to migrate into the
target tissue and cause damage characteristic of aGvHD. The ability of allo-
reactive cytotoxic T cells to migrate to target tissues will be discussed in more

detail in Chapter 4.

There are three main pathways responsible for tissue damage in aGvHD
target tissues; The FAS/FASL pathway, the perforin/granzyme pathway and
direct injury mediated by cytokines. The importance of each of these processes
has been shown in knockout mouse models (Jaksch and Mattsson, 2005).
Figure 1.9 from Shlomchik, 2007, summarises various methods of tissue injury
caused by infiltrating T cells. Perforin and FAS mechanisms account for most
CD8" T cell effector function in aGvHD (Via et al., 1996). CD8" T cells tend to
favour FAS/FASL pathway (shown in figure 1.11 as CD95/CD95L), but also

15



cause target cell death via the perforin/granzyme cytolytic granules pathway
(Lowin et al., 1994). The perforin/granzyme pathway requires binding of perforin
— following direct cell contact — then penetration of the cell granule (granzyme A
and B) which then leads to activation of the caspase cascade and cell cytolysis
takes place (Goker et al., 2001). The FAS receptor (CD95) is expressed on
many tissues and expression levels increase during inflammation and FAS
receptor ligand (FASL/CD95L) is predominantly expressed on activated T cells,
macrophages and neutrophils. Interaction between FAS and FASL results in
FAS mediated apoptosis (Nagata and Golstein, 1995). During aGvHD FASL
expression is increased on CD8" T cells and CD4" T cells and serum levels of
both FAS and FASL correlate with GvHD severity grade (Jaksch and Mattsson,
2005). The FAS/FASL mechanism appears to be particularly important in
hepatic GvHD as FAS deficient recipients are protected from hepatic GvHD
(van Den Brink et al., 2000).
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Figure 1.9 Mechanisms of tissue injury by T cells in GVHD (Shlomchik, 2007).
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Further TNFa and IL-1 are produced by APC once they have been
stimulated. TNFa activates further DCs thereby increasing allo-antigen
presentation, production of cytokines and recruitment of more effector cells
exacerbating the situation (Jaksch and Mattsson, 2005). It is also able to induce

tissue destruction through apoptosis (Wall and Sheehan, 1994).

The pathophysiology of GvHD is highly complex with several important
mechanisms acting together resulting in damage to the specific set of target
organs. GvHD still presents a very real challenge in the clinic and therefore
remains the focus of much research both into the cellular mechanisms of the

disease and new therapeutic options.
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1.3.2 Current clinical strategies for management of GVHD

The aim of clinical management of GvHD is to limit the risk of patients
developing GvHD without reducing engraftment or the beneficial GvL effect.
Unfortunately despite all the advances made over the past decades the overall
outcome of GVHD treatment has not improved significantly therefore prevention
of severe GvHD is imperative. A combination of prophylactic tactics can be
used in the clinic such as high resolution HLA typing, manipulation of donor T
cells, immuno-suppressants including methotrexate, cyclosporine and
corticosteroids (Goker et al., 2001). Another approach is to T cell deplete the
graft either before infusion or post-transplant using mono-clonal antibodies; this
however often results in a higher incidence of graft failure and relapse
(Shlomchik, 2007, Martin et al., 1985). The administration of monoclonal
antibodies against leukocytes (for example alemtuzumab-anti CD52) has also

been used as a method of GvVHD prophylaxis (Ferrara et al., 2009).

Current first line treatment for GvHD is still steroids, however being a pan
immunosuppressive there is an association with prolonged infection, graft
failure and relapse (Ferrara et al., 2009). Furthermore in some cases patients
do not respond to steroids therefore alternative treatments must be explored.
An alternative treatment option for GvHD sometimes used in the clinic is
extracorporeal photopheresis (ECP). In ECP white blood cells are removed by
apheresis, incubated with DNA-intercalating agent and exposed to UV light
before being returned to the patient. The first report of ECP treatment of
patients with GvHD came in 1996 (Rossetti et al., 1996) Murine models
suggest that ECP works by increasing the number of donor regulatory T cells
(Treg) (Gatza et al., 2008).

More recently the use of cellular therapy for clinical management has
become an interesting prospect. Clinical trials have been carried out using
different populations of suppressive or regulatory cells to prevent GvHD. Treg
have been identified as a particular population that are able to suppress allo-
immune responses in a HSCT setting and therefore interest for use in the
prevention of GVHD. Various studies both in murine models and human studies
progressing as far as clinical trials have shown that potentially Treg are able to
reduce incidence of aGVHD possibly by prevention of T cell activation in phase
2 of aGVHD.
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1.4 Immune tolerance and regulatory T cells

Immune tolerance is a state of un-responsiveness to particular antigens.
Immune tolerance can be established during T cell development in the thymus
(central tolerance through depletion of T cells with a high affinity TCR to self-
antigens) or in the periphery through anergy induction, Treg suppression and
inhibitory molecules. Central tolerance is an important gatekeeper stopping
large numbers of auto-reactive T cells being released into the periphery, while
the small numbers of auto-reactive T cells which escaped thymic negative
selection are eliminated or kept under control by peripheral tolerance

mechanisms.

Progenitor double negative T cells enter the thymus at the cortico-medullary
junction (Lind et al., 2001) and migrate through the cortex. As cells migrate
through the thymus they pause as their TCR interacts with peptide-HLA
complexes; low avidity interactions induce survival signals and enrich for useful
T cells able to recognise HLA molecules (Takahama, 2006). High avidity
interactions between the TCR and peptide-HLA complexes lead to the deletion
of the thymocytes, through the induction of apoptosis. This negative selection
results in the deletion of self-reactive T cells. The positively selected double
positive thymocytes then differentiate into single positive thymocytes, either
CD4" or CD8" (Egerton et al., 1990). Following negative selection in the thymus
naive T cells are released back into circulation, and only around 3-5% of cells

survive this process (Takahama, 2006).

The thymus also functions in the generation of naturally occurring Foxp3®
Treg. Most Foxp3® cells are found in the medulla region of the thymus,
suggesting this is where Treg development occurs (Takahama, 2006). The
current model states that when the TCR avidity lies between the levels which
drive positive and negative selection Treg development occurs (Maloy and
Powrie, 2001). This model is supported by more recent data showing self-
antigens for Treg are relatively uncommon (Hsieh et al.,, 2012). The APC
present in the thymus are also believed to be influential in the development of
Treg as co-stimulation promotes maturation of Treg precursors, preventing their
deletion (Hinterberger et al., 2011). The control of central tolerance is a highly
regulated process, controlling the number of auto-reactive T cells and

generating Treg. Any auto-reactive T cells which do escape central tolerance
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are then controlled by Treg mediated tolerance induction in the periphery. The

mechanisms by which Treg do this are discussed in section 1.6.

In the context of normal physiology, both central and peripheral tolerance
function to abolish auto-reactive T cells, preventing autoimmune responses and
therefore protecting individuals from developing autoimmune diseases. In
allogeneic transplant settings, peripheral tolerance plays a key role to maintain
certain levels of immune tolerance against allo-antigens. Therefore most
transplant tolerance induction utilises peripheral tolerance mechanisms, and of

particular interest are Treg.

1.4.1 Regulatory T cells and their role in immune regulation

Treg are a heterogeneous sub population of T cells; the best defined
population of Treg is the naturally occurring Treg, commonly characterised as
being CD4*CD25""Foxp3*. They have a vital role in maintaining self-tolerance
and preventing proliferation of auto-reactive T cells (Sakaguchi et al., 1995).
Tregs have been shown to be able to influence most immune responses:
autoimmunity, transplantation tolerance, anti-tumour immunity and anti-
infectious responses (Tang and Bluestone, 2008). Undoubtedly Treg are an
exciting component of the immune system and are worthy of significant further
study. In order to study their mechanisms of action in more detail further in vitro

studies are required.

After controversy in the late 1980s and early 1990s as to the existence of
Treg, Sakaguchi and colleagues identified a population of murine T cells which
were CD4" and expressed high levels of the IL-2Ra subunit CD25. This
subpopulation, between 5-10% of CD4" cells, was shown to have suppressive
properties (Sakaguchi et al., 1995). Further characterisation and isolation of
this population of murine Treg and confirming their existence in humans
attracted a huge amount of attention in the following 5 years. By 2001 several
groups had confirmed the existence of a CD4*CD25" sub-population of Treg in
human peripheral blood (Baecher-Allan et al., 2001, Dieckmann et al., 2001,
Jonuleit et al., 2001, Ng et al., 2001, Taams et al., 2001, Levings et al., 2001).
Although Treg had been successfully characterised as CD4'CD25" the
identification of more markers was required in order to distinguish regulatory T

cells from activated T cells. CD62L adhesion molecule L selectin was first
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identified in NOD mice as a Treg marker, although it is not exclusively
expressed on Treg and is therefore of little use as an isolation aid (Lepault and
Gagnerault, 2000). The co-signalling molecule CTLA-4 was also shown to be
expressed on Treg, however again this marker is also present on other T cell
subsets (Takahashi et al., 2000).

The discovery of Foxp3 as a marker for Treg came about in 2001 through
studies into severe auto-immune disorders both in humans and mice. Immune-
dysregulation-polyendocrinopathy-enteropathy X linked syndrome (IPEX) is a
rare autoimmune disease in humans with the murine equivalent being scurfy
(Powell et al., 1982, Godfrey et al., 1991). These diseases were found to be
caused by mutations in the gene for the transcription factor Foxp3 which in turn
resulted in a lack of functional Treg (Wildin et al., 2002). In 2003 two groups
reported the importance of Foxp3 in the development and regulation of Treg
illustrating its functional importance and confirming its reliability as an
identification marker for Treg (Fontenot et al., 2003, Hori et al., 2003). Fontenot
et al showed adaptive transfer of wild type Treg could rescue disease
development when transferred to neo-natal Foxp3 deficient mice. Additionally
Hori et al used retro-viral transfer to convert naive T cells into Treg which were
phenotypically similar to naturally occurring Treg. Recent work has shown that
Foxp3 gene transfer into CD4" T cells from IPEX patients allows for the
conversion into functionally stable Treg emulating the function of Treg from
healthy donor cells thereby confirming Foxp3 as the master transcription factor
for functional Treg (Passerini et al., 2013). Therefore Foxp3 is how considered

to be the gold standard identifier of Treg.

CD4*CD25"Foxp3* Treg can be further classified into naturally occurring
Treg (nTreg) which develop in the thymus and induced Treg (iTreg) which are
induced in the periphery. Naive CD4'CD25" cells can become regulatory T cells
in the periphery or in vitro through a variety of signals including IL-10 and TGF(
(Sojka et al., 2008). Expression of the transcription factor Helios was thought to
differentiate between nTreg and iTreg; Thornton et al. showed that 100% of
CD4'Foxp3* thymocytes expressed Helios but only 70% CD4'Foxp3*
peripheral cells expressed Helios (Thornton et al., 2010). This notion has
recently been challenged by an observation showing Helios expression in Treg

induced in the periphery (Gottschalk et al., 2012) However the current
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consensus is that Helios expression is a reasonable, although not definitive,

marker for distinguishing nTreg from iTreg.

1.4.2 Other regulatory cell populations

In addition to CD4"CD25""Foxp3* Treg there are other populations of T cells
able to promote tolerance and regulate immune functions. One such population
of regulatory T cells which have been suggested to have a beneficial role in
aGvHD are CD8'Foxp3* Treg. These cells were shown, in murine models, to be
induced during early GvHD and have the ability to potently suppress allo-
reactive T cell responses in vitro (Beres et al., 2012). CD8" Treg cells, also
identified in humans express many of the same surface markers as their CD4"
equivalents; such as glucocorticoid-induced TNFR family related gene (GITR),
CD103 and CTLA-4. Although Foxp3 is often seen as the master regulator of
Treg other populations of regulatory CD4" T cells which lack Foxp3 expression
have also been described, including CD4" Trl cells which secrete IL1-0 and
TGFB in response to antigen stimulation (Liu et al., 2014, Banchereau et al.,
2012).

Other subpopulations include “adaptive” or “induced” regulatory CD4" T cells
which are created ex vivo. Haque et al have used a mouse model to
demonstrate a potential method of generating large numbers of Treg — they
were able to programme Treg from induced pluripotent stem (iPS) cells which
functioned to reduce arthritis development (Haque et al., 2012). This provides
an interesting and exciting alternative to the isolation and expansion of naturally
occurring Treg. Zhang et al reported the conversion of human conventional CD4
and CD8 donor T cells into large numbers of iTreg in just 1 week (Zhang et al.,
2013). However unlike nTreg these cells lost expression of Foxp3.
Administration of rapamycin and IL-2 to the patients did significantly improve
Foxp3 stability. This study demonstrated the feasibility of generating large
numbers of iTreg which function to induce tolerance post transplantation in the

presence of systemic rapamycin (Zhang et al., 2013).

Various populations of regulatory T cells exist, some naturally occurring in
vivo and others generated ex vivo, although all important and of potential use in
the prevention and/or treatment of aGvHD only the function and role of nTreg

will be discussed and investigated further within this thesis.
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1.4.3 Treg in autoimmunity

Autoimmune disorders are caused by a breakdown in the mechanisms
which balance tolerance and protection against invading pathogens. Treg are
able to subdue peripheral activation of auto-reactive T cells which escaped
negative selection in the thymus thereby preventing auto-immune diseases. The
importance of Treg in the control of autoimmunity is seen in conditions such as
IPEX where a lack of Treg results in severe autoimmune disorders (Wildin et al.,
2002). Peripheral Treg are polyclonal and undergo a similar selection process in
the thymus with the exception of positive selection for recognition of auto
peptides (Andre et al., 2009). Once Treg are exposed to antigen in the lymph
nodes they become activated and exert their suppressive properties. Treg are
activated at a much lower concentration of antigen than conventional T cells
preventing autoimmunity (Sakaguchi et al., 2008). The important role of Treg
has been shown in several auto-immune disorders, and in some cases

administration of Treg is being investigated as a possible treatment option.

Multiple Sclerosis (MS) is a progressive auto-immune disorder characterised
by demyelination of axonal tracks (Sospedra and Martin, 2005). In MS the
suppressive function and number of Treg was seen to be reduced, along with
lower Treg proliferative capacity (Viglietta et al., 2004, Carbone et al., 2014).
Murine models of MS showed that depletion of Treg accelerated disease
progression while adaptive transfer of Treg was able to attenuate disease

progression (McGeachy et 