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Clinical transplantation continues to rely on the wuse of non-specific
immunosuppressive therapy, which reduces the incidence of graft rejection but also
carries with it undesirable side effects such as infection and malignancy. A preferable
option would be to induce operational graft tolerance without the need for such
non-specific therapy, for example by harnessing natural mechanisms. In recent years
there has been much progress in the characterisation of CD4" cells that possess
suppressive or regulatory properties in experimental systems; particular attention has
been focussed upon CD4" cells expressing CD25, the o subunit of the IL-2 receptor,
which have been shown to possess regulatory capacity both in vitro and in vivo in
autoimmune disease and transplantation models. The aim of this study was to examine
the potential role of CD4"CD25" regulatory T cells (Treg) in the induction phase of
tolerance in a transplantation model.

Pre-treatment of mice with fully allogeneic blood administered under the cover
of anti-CD4 antibody is shown to lead to the generation of CD4"CD25" cells capable
of preventing the rejection of donor type, but not third party, skin allografts mediated
by CD4'CD45RB™E" cells in secondary recipients. In addition to their suppressive
properties in vivo, these CD4'CD25" cells also display the ability to regulate the
proliferation of target T cell populations in vitro.

Generation of CD4"CD25" Treg by the pre-treatment protocol is not reliant
upon an intrathymic selection process nor upon the expansion of a pre-existing
CD4'CD25" Treg population, but can occur through the conversion of peripheral
CD4"CD25" cells to a regulatory phenotype.

Although the regulatory function of the CD4'CD25" cells generated by
pre-treatment is donor strain-specific in vivo, this specificity can be overcome by
activating the cells before their regulatory capacity is tested. Moreover, CD4"CD25"
cells generated by pre-treatment with a non-cellular protein antigen completely
unrelated to the graft can also regulate skin allograft rejection provided that these Treg
are first activated.

It is hoped that the principles defined by these findings identify a strategy that
may be applicable in clinical transplantation and in the therapy of autoimmune
disease.
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1.1 Introduction

In the last forty years, transplantation has become a mainstay of therapy for end stage
organ failure. This has occurred partly as a result of advances in areas such as surgery,
anaesthesia and other technology, but also largely due to the introduction of effective
immunosuppressive therapy. For organs such as the heart or liver, transplantation may
provide the only realistic option for prolonging life; even in the case of the kidney,
where artificial support is available in the form of dialysis, transplantation provides an
improvement in quality of life and a significant survival advantage in many cases [1].
However, two major obstacles remain that hamper the success of clinical transplant
programmes. The first is the relative paucity of donor organs available compared to
the number of patients who could potentially benefit from transplantation (Table 1.1).
The second is that grafts have a limited lifespan, partly as a result of immunological
processes that can lead to graft rejection. In order to avoid this, all patients receiving

solid organ transplants (with the exception of grafts from identical twins) require

Patients on waiting list | Transplants performed
(at 31* December 2001)
Kidney and / or pancreas 6252 1749
Heart 113 171
Heart / lung 74 33
Lung 243 93
Liver 160 684
TOTAL 6842 2717t

Table 1.1. United Kingdom transplant activity for the year 2001

tIncludes 13 multi-organ transplants
Source: UK Transplant Annual Report 2001
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treatment with immunosuppressive therapy for the life of the graft. At present this
immunosuppressive therapy is non-specific in nature, and as a result carries with it the
risk of infections (with “opportunistic” organisms that do not normally cause disease
in immunocompetent hosts, as well as with conventional pathogens) [2] and
malignancy (in particular skin tumours and lymphoproliferative disorders) [3-7]. In
addition, however, the individual drugs used also have their own specific side effects.
An ironic example of this is that the calcineurin inhibitors (such as cyclosporin),
which have had a major beneficial effect on the success of clinical transplantation, are
also nephrotoxic. This can result in damage to renal allografts, but may also cause
renal dysfunction in recipients of other organs such as hearts, where up to ten per cent
of recipients may develop end stage renal failure (requiring dialysis or transplantation)
as a consequence of immunosuppressive therapy [8]. Thus, immunosuppressive
therapy not only carries specific risks, but in some settings may also contribute to
graft failure in the long term, compounding the problem of lack of donor organ
availability. For these reasons, the pursuit of strategies that would obviate the need for
long term non-specific immunosuppression remains a major goal of transplantation

research.

1.2 A brief history of solid organ transplantation

The concept of transplantation of tissues or organs from one human being to another
has been around for many years. For example, the legend of Cosmos and Damian, the
patron saints of medicine, describes the transplantation of a leg from a recently
deceased man onto an amputee around the fourth century AD [9]. However, the main

advances that have made transplantation a clinical reality have occurred during the
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twentieth century. The development of techniques for overcoming
immunologically-mediated graft rejection will be described later in this chapter; in
this section some of the more general aspects will be discussed.

The fundamental requirement for successful solid organ transplantation is the
ability to perform the requisite surgery, and the most important aspect of this is to
construct vascular anastomoses to provide the organ with a blood supply. In the early
part of the 20™ century the French surgeon Alexis Carrel, working initially in Lyon
and then in Chicago, developed techniques allowing the successful anastomosis of
blood vessels [10]. His methods still form the basis of those used in both transplant
surgery and in vascular surgery to this day. He went on to examine aspects of
experimental transplantation, and was awarded the Nobel Prize for Medicine in 1912
“in recognition of his work on vascular suture and the transplantation of organs”.

At around the same time that Carrel was carrying out his work, the Austrian
pathologist Karl Landsteiner was investigating use of blood transfusion in humans. He
demonstrated that transfusion of blood from one individual to another often led to
catastrophic haemolytic reactions, and went on to describe the ABO blood group
system in man [11]. He was awarded the Nobel Prize for Medicine in 1930 “for his
discovery of human blood groups”. This work paved the way for clinical blood
transfusion (the first widely practised form of allogeneic transplantation), a supportive
technique that has been essential to enable the support of sick patients and to allow
complex surgical procedures to be undertaken. Furthermore, the discovery of blood
groups also had a more direct impact on transplantation specifically, since the
molecules involved are important histocompatibility antigens that can play a major

role in initiating graft rejection (discussed further later).
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In a similar way to blood transfusion, the development of other techniques has
not only been necessary to allow the surgical procedure of transplantation to be
carried out, but also to support patients for long enough to undergo the procedure. The
most obvious example is the invention by Willem Kolff in the 1940s of the artificial
kidney [12], which was able to keep alive patients who had developed renal failure.
Similarly, the development of cardiopulmonary bypass, first used successfully in man
by John Gibbon in the United States, enabled complex cardiac surgical procedures
(including transplantation) to be undertaken. Many advances in techniques of
anaesthesia, surgery, medicine, and intensive care have similarly contributed to the
success of transplantation, as have methods allowing organ preservation prior to
transplantation.

The first demonstration in man that, in the absence of the immunological
barrier of rejection, transplantation could be successfully carried out was provided in
1954. A group in Boston, led by Joseph Murray, transplanted a kidney from a healthy
man to his identical twin brother who was suffering from chronic renal failure [13].
The procedure was a success, and the recipient survived for eight years. Murray went
on to make many other contributions in the field of transplantation, both in research
and in clinical practice, and in 1990 was awarded the Nobel Prize for Medicine
together with E. Donnall Thomas (a pioneer in the field of bone marrow
transplantation) “for their discoveries concerning organ and cell transplantation in
the treatment of human disease”. The development of effective immunosuppressive
therapy allowed the transplantation of kidneys between genetically non-identical
individuals [14], and enabled the transplantation of other solid organs such as the liver

(first performed by Thomas Starzl in Denver in 1963 [15]), heart (by Christiaan
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Barnard in Capetown in 1967 [16]), pancreas (by Richard Lillehei in Minnesota in
1967 [17]), lung [18], and small bowel [19].

In addition to the many practical techniques that have enabled transplantation
to become a successful clinical procedure, there have also been many ethical and
political issues involved. These have mainly centred around the source of the organs
to be transplanted. For example, in the context of cadaveric transplantation there was
debate in France over whether organs from executed prisoners should be used for
transplantation. An even more fundamental concept was the introduction of criteria for
the diagnosis of brain death, which led to redefinition of the concept of death itself, an
issue that caused much controversy. More recently the development of live donor
transplantation has led to fears over the potential abuse of donors. Finally, attempts to
use solid organ xenografts (for example from pigs) in clinical practice are currently
under a moratorium, partly due to concerns over the potential for the transmission of

infectious agents such as porcine endogenous retroviruses.

1.3 Allograft rejection

By the early 20" century it was already well recognised that allografts transplanted
between non-genetically identical individuals undergo rejection. However, it was in
the 1940s that work by Medawar and colleagues demonstrated that this is an
immunologically-mediated phenomenon, both in animal models [20] and in humans
[21]. This finding led to many efforts to attempt to characterise the processes
responsible.

One major focus of research was to identify the antigenic stimuli that

precipitate graft rejection. In the 1930s Gorer demonstrated that erythrocytes from
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mice of different strains could be distinguished by serological reactions [22, 23], and
that the antigens responsible also appeared to play a role in initiating the rejection of
allogeneic tumours [24, 25]. This work eventually led to the description of the H2
antigen system, the mouse form of the major histocompatibility complex (MHC). The
human form of MHC, the human leukocyte antigen (HLA) system, was first described
by Dausset in 1952 [26] and, as the name suggests, it soon became apparent that these
antigens play a major role in allograft rejection.

As understanding of the immune system grew, the reasons that MHC antigens
act as such a powerful stimulus to allograft rejection became more clear. Figure 1.1
summarises the main events that occur during T cell activation (reviewed in [27, 28]).
T cells recognise antigen through the T cell receptor (TCR). However, unlike antigen
receptors on B cells, TCR do not ligate intact protein antigen but instead bind to
peptide fragments of antigen lying within a binding groove of MHC molecules on the
surface of antigen presenting cells (APC) [29]. The specificity of this TCR interaction
is not dependent solely upon the peptide antigen fragment, but rather is determined by
the structure of the peptide-MHC complex as a whole. During immune responses to
pathogens, peptide is presented in the context of self MHC molecules; however,
following allogeneic transplantation donor MHC can be recognised in two ways, the
so-called “direct” and “indirect” pathways (Figure 1.2). In indirect allorecognition,
donor MHC molecules are processed by recipient APC and then fragments are
presented to T cells in the context of recipient MHC molecules, a process analogous to
the presentation of viral or bacterial antigens. In contrast, in direct allorecognition,
recipient T cells bind directly to intact donor MHC molecules on the surface of donor
cells. The process of direct allorecognition is not one that has developed specifically

during evolution, since encounter of intact foreign MHC molecules is not a natural
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occurrence. Rather, direct allorecogntion appears to be a by-product of cross-reactivity
in binding of TCR to their cognate ligands. Surprisingly it has been shown that a high
proportion of T cells are able to recognise allogeneic MHC molecules via the direct
pathway [30-38]. Two potential explanations for this have been proposed [39]. In the
“binary complex” model [36] it is suggested that intact donor MHC molecules present
a range of peptides; some of these peptide-MHC combinations are capable of
stimulating recipient T cells (through cross-reactivity with antigen restricted by
recipient MHC molecules). Alternatively, in the “high determinant density” model
[40], recognition by T cells is primarily focussed upon the donor MHC molecule
itself, with the peptide carrying less importance. Although the individual interactions
between donor MHC molecules and recipient T cell receptors may be of relatively low
affinity, the high determinant density provided by all the MHC molecules on the
donor cells provides an overall avidity high enough to lead to T cell activation.

Binding of TCR to their cognate peptide-MHC ligand is not on its own
sufficient to activate T cells: there is also a requirement for one or more additional
“costimulatory” signal(s) [41] (Figure 1.1). The best known such costimulatory signal
is provided by the binding of the CD80 (B7-1) or CD86 (B7-2) molecules on APC to
CD28 expressed on T cells [42, 43]. T cell stimulation in the absence of such a signal
can lead to anergy [44-46] or even cell death [47] rather than activation. Another
costimulatory signal that has been identified is the binding of CD40 on APC to CD40
ligand (CD40L, CD154) on T cells [48]. Many other similar costimulatory pathways
have now been identified [49], and this list is likely to continue to grow.

Antigen binding to the TCR in the presence of appropriate costimulation leads
to a signalling cascade resulting in several effects including a rise in intracellular

calcium within the T cell. This activates the calcium-dependent enzyme calcineurin,
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leading to the dephosphorylation of the transcriptional regulatory protein nuclear
factor for activated T cells (NFAT). NFAT then migrates to the cell nucleus where it
induces the transcription of genes including IL-2 and other cytokines. Translation and
secretion of the protein products of these genes then occurs. While the secreted
cytokines have effects on other cells such as B cells and cytotoxic T cells, IL-2 can
also bind to IL-2 receptors on T cells in an autocrine or paracrine fashion. This IL-2
binding leads to transduction of further signals to the cell nucleus. The combination of
all these signals leads to T cell proliferation and thus clonal expansion of
antigen-specific T cell populations. In addition, “help” provided by CD4" T cells,
partially mediated through the secretion of soluble factors, leads to the activation of
effector cell populations which, in the setting of transplantation, results in graft
rejection [50] (Figure 1.3).

The rejection of allografts is traditionally classified according to three
categories, namely hyperacute, acute, and chronic [51]:

Hyperacute rejection is normally mediated by pre-formed antibodies within
the recipient that bind to the donor organ, and can lead to graft loss within minutes.
These antibodies may occur naturally, as in the case of antibodies against ABO blood
group antigens. Alternatively they may be produced in response to previous
sensitisation with alloantigen, for example by pregnancy, blood transfusion, or
previous transplantation. Antibody-mediated hyperacute rejection is preventable by
performing a cross-match test prior to transplantation. Another type of hyperacute
rejection occurs following xenotransplantation, where the graft can activate the
recipient complement cascade directly [52, 53].

Acute rejection follows the scheme depicted in Figure 1.3, and is

predominantly cell-mediated. CD4" T cells play a central role in orchestrating this
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process, providing help to other effector cell populations which then mediate graft
rejection over a period of days, weeks, or months. Current immunosuppressive
therapy mainly targets the acute rejection process and, as will be discussed later, the
majority of agents exert their action through inhibition of T cell activation.

Chronic rejection is not a single specific process, but, as its name suggests, is
much more insidious, with graft damage occurring over a period of months or years.
The mechanisms are less well understood than those of hyperacute or acute rejection
[54, 55]. Immunological factors are thought to contribute, since isografts are less
susceptible than allografts [56], and better HLA matching of solid organ allografts
reduces the incidence of chronic rejection [57]; however, non-immunological
mechanisms also play a role. The latter include non-specific responses to graft injury
(for example due to the ischaemia-reperfusion process, or incurred during acute
rejection episodes), and, in the case of renal allografts, side effects of therapy with
agents such as cyclosporin. Therefore, chronic rejection shows a limited response to
immunosuppressive therapy and, although modern immunosuppressive regimens have
been very effective at reducing rates of acute rejection, they have had less influence

on chronic rejection and thus long term graft survival.

1.4 Immunosuppressive therapy

Medawar’s observation in the 1940s that the rejection of allografts is
immunologically-mediated [20, 21] led to attempts to prolong graft survival by
suppressing the activity of the recipient immune system. One early approach used was
recipient irradiation. This was shown to enhance the survival of skin allografts in

animals [58], but its use in humans proved to carry unacceptable morbidity and
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mortality [59]. At around the same time it was noted that the administration of
glucocortiocoids could prolong the survival of allografts in animal models [60-62].
However, the major breakthrough in immunosuppressive therapy came with the
discovery of the compound 6-mercaptopurine and its imidazole derivative
azathioprine. 6-mercaptopurine was first identified by Gertrude Elion and George
Hitchings (who were subsequently awarded the Nobel Prize for Medicine in 1988 “for
their discoveries of important principles for drug treatment”) as part of a screening
programme for anti-mitotic agents that may be useful for cancer treatment [63], but
was subsequently found to have immunosuppressive properties in submyelotoxic
doses [64]. This led to its use in transplantation models where it was shown to
suppress the rejection of skin allografts in rabbits [65, 66] and renal allografts in dogs
[67, 68]. These results were so promising that, in the early 1960s in Boston,
combination therapy with steroids and azathioprine was tried in human renal allograft
recipients [14]. This proved to be extremely successful in preventing graft rejection
without carrying unacceptable toxicity and represented the first effective clinical
immunosuppressive regimen, heralding a new era in clinical transplantation and
paving the way for the transplantation of other solid organs.

The next significant development in clinical immunosuppression came with
the introduction of antibody therapy to target T cells. Polyclonal anti-lymphocyte
globulin (made by immunising animals with human lymphocytes) was shown to be
effective in preventing the rejection of human renal allografts [69], and polyclonal
anti-thymocyte globulin (active against T cells) remains in widespread clinical use.
OKT3, a monoclonal antibody directed against the CD3 complex on T cells,

underwent trial for the treatment of acute renal allograft rejection in the early 1980s
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[70, 71], and has the distinction of being the first monoclonal antibody introduced into
clinical practice.

A further seminal advance in immunosuppressive therapy occurred with the
introduction of cyclosporin. This agent was first extracted from the fungus
Trichoderma polysporum and was shown by Jean Borel at the pharmaceutical firm
Sandoz in Basle to have immunosuppressive properties [72-74]. This eventually led to
clinical trials of cyclosporin for the prevention of renal allograft rejection by Calne
and colleagues in Cambridge [75, 76], and for treatment and prophylaxis of graft
versus host disease in bone marrow transplant recipients by Powles et al. at the Royal
Marsden Hospital in London [77, 78]. The use of cyclosporin had a dramatic effect on
the success of cadaveric renal transplantation, improving the one year graft survival
rate from around 50% to approximately 80%.

“Triple therapy” with steroids, azathioprine, and cyclosporin remained the
cornerstone of immunosuppressive therapy in clinical transplantation for many years,
but more recently other drugs have been introduced. The main agents in current use in
the United Kingdom are listed below, and their mechanisms of action are summarised
in Figure 1.4. However, current immunosuppressive therapy remains non-specific in
its action and thus, in addition to reducing the immune response against the graft, also
increases susceptibility to infection [2] and malignancy [3-7].

Anti-thymocyte globulin and OKT3, as discussed above, are respectively
polyclonal and monoclonal antibodies directed against T cells. They exert their
activity by deleting T cells and / or modulating their function, thus inhibiting graft
rejection [79].

Cyclosporin is a cyclic endecapeptide, and acts to block signal transduction

via the calcineurin pathway. It binds to the intracytoplasmic molecule cyclophilin, and
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the cyclosporin-cyclophilin complex thus formed then inhibits the activity of
calcineurin, preventing the dephosphorylation of NFAT [80-83]. Ironically, although
(as discussed above) the use of cyclosporin led to a dramatic improvement in outcome
following cadaveric renal transplantation, it is toxic to the kidney and so can
contribute to the loss of renal allografts and cause renal damage in recipients of other
solid organ allografts [8]; this nephrotoxicity may, at least in part, be due to increased
production of the pro-fibrotic cytokine TGF-3 [84].

Tacrolimus (FK506) is a cyclic macrolide that binds to its intracellular target,
FK binding protein 12 (FKBP12) and then, like the cyclosporin-cyclophilin complex,
inhibits the activity of calcineurin [83, 85-89]. As a calcineurin inhibitor, tacrolimus
shares the nephrotoxicity of cyclosporin.

Glucocorticoids such as prednisolone have complex effects. They bind to
intracytoplasmic receptors that then migrate to the cell nucleus and influence gene
transcription [90, 91]. They have specific actions related to IL-2, inhibiting both IL-2
gene transcription [92] and signalling via the IL-2 receptor [93]. In addition they
suppress the activity of the enzymes involved in prostaglandin metabolism, thus also
exerting a direct anti-inflammatory effect [94, 95].

Azathioprine acts to inhibit nucleic acid synthesis [96], and thus targets
proliferating cells in a relatively non-specific manner. However, rapidly-dividing cells
such as proliferating lymphocytes are particularly susceptible to this inhibition. For
the same reason, the main toxicity of azathioprine is bone marrow suppression.

Mycophenolate mofetil also acts to inhibit nucleic acid synthesis but is more
lymphocyte-specific in its action than azathioprine. It is converted to mycophenolic
acid, which inhibits inosine monophosphate dehydrogenase, an enzyme required for

the synthesis of purines via the de novo pathway [97-100]. While most other cell types
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are able to synthesise purines via both the de novo and salvage pathways, lymphocytes
are entirely dependent upon the de novo pathway and are thus particularly susceptible
to the effects of mycophenolate mofetil.

Basiliximab and daclizumab are monoclonal antibodies directed against the
CD25 molecule, the a subunit of the IL-2 receptor [101-112]. CD25 is not generally
expressed at significant levels on resting T cells, but is upregulated following cell
activation [113-115]. These antibodies therefore theoretically target activated T cells
and spare resting cells that have not been stimulated by the graft. However, as will
become clear in this thesis, CD25 may also be expressed by regulatory cells that have
the potential to confer graft protection. The use of these agents will be discussed
further in Chapter 7.

Sirolimus (rapamycin) and its more recently developed analogue everolimus
are macrolide antibiotics that also have immunosuppressive properties. They bind to
the molecule “target of rapamycin” (TOR) [116, 117] and inhibit transduction of the
signal generated by the extracellular binding of IL-2 to its cell surface receptor [89,

118].

1.5 The blood transfusion effect

Following the introduction of successful immunosuppressive regimens into clinical
practice in the 1960s, transplant programmes were established, with cadaveric renal
transplantation leading the way. Unsurprisingly, there was much interest in analysing
the results of these new programmes, with particular emphasis being placed on
identifying factors that may have an influence on graft outcome. In 1967 Dossetor and

colleagues published a retrospective analysis of the results of their cadaveric renal
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transplant programme [119]. One of their findings was that patients who had received
blood transfusions (for the treatment of anaemia secondary to chronic renal failure)
while awaiting transplantation showed superior graft survival compared to those who
had not. This was a surprising observation since it was assumed that pre-operative
blood transfusion would lead to recipient sensitisation and thus predispose to graft
rejection. However, a similar retrospective study published the following year by
Morris and colleagues also showed that blood transfusion conferred a beneficial effect
on graft outcome [120]. These observations prompted more detailed investigation of
this phenomenon, and thus larger studies were performed, predominantly led by Opelz
and Terasaki [121-124]. The data obtained were striking, and the degree of benefit
was found to increase with the number of transfusions given. Patients who received
more than 20 transfusions had a one year graft survival of 75% compared to 59% in
recipients of a single transfusion and 41% in non-transfused patients [123]. This
“blood transfusion effect” led the authors to advocate routine blood transfusion for
patients awaiting renal transplantation, and fitted well with the need for transfusion to
treat the anaemia resulting from chronic renal failure. However, the introduction of
erythropoietin therapy in the 1980s meant that anaemia in dialysis patients could be
treated without the need for blood transfusion [125-127], and in addition it was
suggested that, following the introduction of cyclosporin, pre-operative transfusion no
longer had such a significant effect on graft outcome [128]; these factors, together
with concerns over the potential for the transmission of infection, led to a wane in
popularity of the practice of routine blood transfusion prior to transplantation.
However, a more recent randomised prospective study in cadaveric renal transplant
recipients has shown that, even in the cyclosporin era, transfusion still carries benefit,

with one year graft survival in non-transfused recipients of 82% compared to 90% in
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patients who had received one or more transfusions, and five year graft survival of
70% and 79% respectively [129].

Blood administered to patients awaiting transplantation is, of necessity,
random in terms of matching to the eventual graft donor. With the advent of live
donor transplantation, where the identity of the donor is known well in advance of the
procedure, there was speculation that pre-operative administration of blood from the
graft donor may have an even more beneficial effect than transfusion of random
blood. Several clinical trials have been performed in which donor-specific transfusion
(DST) has been administered prior to live donor renal transplantation [130-143]. The
results suggest that DST does indeed have a beneficial effect on graft survival,
although follow-up has been relatively short and the effects on long term graft
outcome have not been well studied. A caveat from these trials is that a significant
proportion of recipients became sensitised to the donor following transfusion,
precluding subsequent transplantation; however, the rate of sensitisation was reduced
by the administration of immunosuppressive therapy at the time of transfusion.

In order to investigate the mechanisms underlying the blood transfusion effect,
various experimental models have been developed. Such models have shown that
pre-treatment of allograft recipients with donor antigen (for example in the form of
transfused blood) can lead to prolonged (and in some cases indefinite) allograft
survival in situations such as rat renal [144-147] and cardiac [148-151], and mouse
skin [152] and cardiac [153-158] transplantation. In our laboratory it has been
demonstrated that pre-treatment of mice with donor-specific blood transfusion under
the cover of anti-CD4 antibody therapy leads to the long term survival of donor strain,
but not third party, cardiac allografts [155-158]; this pre-treatment protocol will be a

major focus of this thesis and will be discussed further in Chapter 3.
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1.6 Mechanisms of tolerance

During the Second World War, following the crash of an aircraft near his home, the
young zoologist Peter Medawar became aware that airmen who suffered widespread
burns often died as a direct result of skin loss. This fortuitous event led him to become
interested in the question of why skin transplanted from one person to another
undergoes rejection, and provided the foundation for the focus of the rest of his career
[159]. As discussed earlier, Medawar showed that the rejection of allografts is an
immunologically-mediated process [20, 21]. This observation prompted him to
investigate a phenomenon that has long been of interest to immunologists, namely
“self-tolerance”, the term applied to mechanisms by which the immune system is able
to avoid responses directed against the host. The dogma at the time was that all tissue
or organ grafts performed between non-genetically identical individuals would
undergo rejection. However, Medawar and his colleagues made the surprising
observation that there was an exception to this rule: dizygotic cattle twins are able to
accept grafts from one another without any evidence of rejection, but show normal
ability to reject grafts from other donors [160]. The geneticist Ray D. Owen, working
at the University of Wisconsin, had observed that dizygotic cattle twins show
microchimerism, containing a mixture of circulating cells derived from their twin as
well as themselves, and demonstrated that this was due to the sharing of a single
placenta [161]. This led Medawar to speculate that exposure of the developing
immune system to foreign antigen could lead to antigen-specific tolerance. Together
with his colleagues Rupert Billingham and Leslie Brent, Medawar tested this
hypothesis by inoculating recipient CBA mice in utero with cells from mice of the
fully allogeneic donor strain A. In a seminal paper published in 1953 [162], they

showed that, as adults, these CBA mice accepted A strain skin grafts long term,
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demonstrating that tolerance can be an actively acquired phenomenon. Medawar
subsequently received the 1960 Nobel Prize for Medicine “for the discovery of
acquired immunological tolerance”. Since that time, many groups have worked to
determine the means by which tolerance (either to self or exogenous antigens) can be
achieved; the main mechanisms identified to date are summarised below. It is hoped
that it may be possible to achieve operational tolerance to allografts by harnessing
these mechanisms, thus obviating the need for non-specific immunosuppressive

therapy.

1.6.1 Central (deletional) tolerance

The development of T cells includes a period of maturation within the thymus, during
which they are subjected to positive and negative selection. These selection processes
will be discussed in greater detail in Chapter 5, and are summarised in Figure 1.5a,b.
T cells that possess receptors with low affinity for self peptide-MHC complexes die
through neglect as they are not rescued from apoptosis during the process of positive
selection [163, 164], whereas those with high affinity are deleted during negative
selection [165-169]. The former process ensures that mature T cells are capable of
activation by peptide antigen presented in the context of self MHC molecules,
whereas the latter deletes T cells that could be reactive against self antigens and that
may therefore have the capacity to cause autoimmune disease. This negative selection
process is referred to as central tolerance, and is regarded as a major mechanism by
which self tolerance is achieved [170, 171]. However, it is not the sole mechanism,

partly because not all self antigens are expressed within the thymus.
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1.6.2 Peripheral deletion

Under certain circumstances mature T cells may undergo deletion in the periphery
following antigen encounter [172-177], a process that may contribute to tolerance.
One example of this is through the action of so-called “veto cells”, APC with the
capacity to delete target T cell populations [178, 179]. A further example is the
deletion of donor-reactive T cells that can occur following hepatic transplantation
[180, 181], contributing to the “liver effect” whereby liver allografts are relatively
resistant to rejection [182-185] and can confer protection upon other grafts

transplanted from the same donor [186-189].

1.6.3 Anergy

A third potential outcome (other than activation or deletion) following antigen
encounter by T cells is that they become “anergic” (functionally inactive): although
the T cell populations in question remain present, they are unable to mediate an
immune response [45, 190-192]. As discussed in Section 1.3, one situation where
anergy may result is when T cells are presented with antigen in the absence of a

suitable costimulatory signal [44-46].

1.6.4 Ignorance

In order for an antigen to stimulate a response it must be “seen” by the immune
system. If it is expressed at a site at which it is not normally accessible or it is not
processed and presented appropriately, then immunological ignorance (and thus
non-responsiveness) can result [193-196]. The importance of intact antigen
presentation pathways for the rejection of allografts is demonstrated by the fact that

rejection does not occur in the absence of afferent lymphatic drainage [197] or of
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secondary lymphoid organs [198]. The new immunosuppressive drug FTY720
exploits this phenomenon by altering lymphocyte trafficking, leading to sequestration
within secondary lymphoid organs and thus potentially maintaining immunological

ignorance by preventing lymphocyte circulation through the graft or tissue [199-201].

1.6.5 Regulation

Immunological “suppression” or “regulation” is a phenomenon whereby cell
populations are able to suppress immune responses in an active manner. Such
regulation will form the major subject of this thesis, and is therefore discussed in
greater detail below. It is possible that the generation of regulatory cells is, at least in

part, responsible for the blood transfusion effect [156, 202-204].

1.7 Regulatory T cells

1.7.1 Introduction
The existence of lymphocyte populations able to suppress antigen-specific immune
responses was first described over thirty years ago by Gershon and Kondo [205].
However, in recent years there has been a resurgence of interest in this area, and
evidence supporting the importance of active immunoregulation has continued to
accumulate.

Various experimental systems have demonstrated the ability of cells from
tolerant animals to suppress responses by pathogenic cells both in models of
autoimmune disease [206-227] and transplantation [175, 202, 228-241]. Similarly, in a

clinical study, patients with long term surviving kidney and liver allografts but who
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were off maintenance immunosuppression were shown to contain cells that were able
to suppress donor-specific immune responses in vitro [242].

Further evidence for the existence of active regulatory mechanisms is provided
by the phenomenon of infectious tolerance, whereby regulatory cells are not only able
to suppress the activation of other cell populations but can actually convert them to a
regulatory phenotype [175, 231, 232], and by the observation of linked epitope
suppression, where regulatory cells can suppress responses not only to their specific
antigens, but also to other antigens expressed on the same target [154, 175, 243-247].

The discovery of the existence of regulatory cells has led to many studies
attempting to identify T cell populations that have such properties. Although the
majority of the regulatory T cell (Treg) populations so far identified are contained
within the CD4" fraction, other T cell subsets such as CD8" [226, 238, 248, 249],
CD8'CD28" [250-253], and TCR'CD4°CD8 (“double negative™) [235, 254-256] have
been shown to contain cells with suppressive properties.

The presence of Treg within the CD4" population has been demonstrated by
numerous studies. Adoptive transfer of whole CD4" populations from tolerant animals
to naive recipients has been shown to confer protection against disease in rat
autoimmunity [211], rat cardiac [229] and renal [202], and mouse skin [175, 231,
232], and cardiac [175] allograft models. Similarly, depletion of CD4" populations
from tolerant animals can result in rejection of mouse skin [257] or cardiac [156]
allografts. Within the CD4" population various fractions have been identified that

possess regulatory properties.
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1.7.2 Trl and Th3 cells

Culture of CD4" cells in the presence of antigen and IL-10 leads to the generation of
IL-10-secreting cells, designated Trl, that are able to suppress antigen-specific T cell
responses in vitro and the development of autoimmune colitis in vivo [258, 259].
Generation of Trl cells has been shown to be enhanced by the addition of IFN-a, but
not of TGF-B, to cultures [260] and by CD2 costimulation [261]. Cells with a similar
suppressive phenotype have been isolated following culture of CD4" T cells and
antigen in the presence of vitamin D and dexamethasone [262].

A further subset of regulatory CD4" cells, designated Th3, has been identified
in mouse models, where they are characteristically produced following oral antigen
administration and predominantly secrete IL-4, IL-10, and TGF-B [212, 263], while
IL-4 may play a role in their generation [264]. Like their Tr1 counterparts, Th3 cells
are able to ameliorate autoimmune disease in vivo [212, 263, 264] and suppress
antigen-specific T cell proliferation in vitro [263]. Similar cells have been identified in
humans, either as naturally-occurring autoreactive cells [265], or following oral
myelin administration to multiple sclerosis patients [266]. In both the mouse and
human studies, regulation in vitro was abrogated by blockade of TGF-B and, in the

case of the human cells, IL-10 [263, 265].

1.7.3 CD4'CD45RB"” and CD4'CD45RC" Treg

Although the ability to distinguish Treg on the basis of functional characteristics is
useful, identification of phenotypic markers such as cell surface molecules that
identify, or at least enrich for, regulatory populations would provide an immensely

useful tool for experimental study and, potentially, clinical application.
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One of the first cell surface molecules identified that enriches for Treg was
CD45. This is the leukocyte common antigen and is expressed on the surface of all
leukocytes. However, the gene contains several exons that are differentially utilised,
giving rise to several splice variants and thus different final protein products [267-
270]. 1t is one of these proteins, CD45RB in the mouse and CD45RC in the rat, which
helps to distinguish Treg. CD45RB is expressed at high levels on naive T cells
(“CD45RB"™), but is downregulated following antigen exposure (“CD45RB""”)
[271]. It is the latter CD4"CD45RB!" (CD45RC" in the rat) population that contains
cells with regulatory properties. In the rat, CD4"CD45RC™ cells can prevent the
development of autoimmune thyroiditis and diabetes induced by thymectomy and
irradiation [215]. In the mouse, CD4"CD45RB"" cells have been shown to prevent
CD4"CD45RB""_induced autoimmune wasting disease [207] and colitis [208, 214].
In the transplantation setting, CD4 CD45RB™" cells from mice with long term
surviving cardiac allografts are able to prevent CD4"CD45RB"®" cell-mediated
rejection of donor-specific skin allografts when adoptively transferred into
T cell-deficient recipients [236], and, similarly, CD4"CD45RB"™" cells can suppress
rejection of pancreatic islet allografts [234].

In addition to their regulatory properties in vivo, CD4"CD45RB"" cells have
also been shown to exert suppressive activity in vitro. One study has suggested that it
is the CD38" subfraction that possesses regulatory properties in vitro [272], and in the
model using CD4'CD45RB"™ cells from mice with long term surviving cardiac
allografts, regulation in vitro appears to require alloantigen presentation via the
indirect pathway [236].

Although the pattern of expression of CD45 isoforms may be helpful in

identifying Treg, it does not provide an absolute marker. For example, a study by Zhai
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et al. demonstrated that, in rats with long term surviving cardiac allografts, regulatory
cells existed within the CD4"CD45RC", but not the CD4'CD45RC", subset. The
authors postulated that this population may represent memory cells that had reverted

from a CD45RC" to a CD45RC" phenotype [239].

1.7.4 CD4°CD25" Treg

A further cell surface marker that enriches for CD4" cells with regulatory activity is
the CD25 molecule, a component of the IL-2 receptor. The high affinity receptor for
IL-2 consists of three subunits [273]. The a subunit, CD25, is unique to the IL-2
receptor; it is not in general expressed at significant levels on resting CD4" cells, but
is upregulated following antigen experience [115]. The B subunit, CD122, is utilised
only by the receptors for IL-2 and IL-15. The third (y) chain, CD132, is responsible
for signalling activity [274], and is also known as the common v chain as it forms part
of the receptors for IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21. Cells within the
CD4"CD25" population possess regulatory properties. In 1995, Sakaguchi and
colleagues published the seminal observation that this population is able to prevent the
development of autoimmune disease that otherwise occurs in nude mice reconstituted
with the reciprocal CD4"CD25 subset [209]. Since then there have been numerous
further examples of the ability of CD4"CD25" cells to regulate autoimmune disease in
vivo in mouse [210, 213, 216-218, 222-224, 227, 275-281] and rat [220, 221] models.
Studies in vitro have revealed that CD4'CD25" cells do not proliferate in response to
stimulation, a state reversed by exogenous IL-2 [276, 277, 282-287], but they are able
to regulate the proliferation of other T cell populations, both CD4" [217, 240, 276,
277, 282, 285, 286, 288, 289] and CD8" [240, 285, 290-292]. This suppressive effect

requires TCR stimulation of the Treg and also requires direct cell contact with the
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population being regulated but, interestingly, is not antigen-specific: the Treg do not
need to be activated by the same antigen, or indeed the same APC, as the population
being regulated [276, 289, 291, 293].

In addition to their ability to prevent autoimmune disease, CD4"CD25" cells
can also play a role in areas such as tumour immunity [294-297] and transplantation.
In the case of the latter, such cells can inhibit the development of graft versus host
disease [298-300] or, more importantly in the context of this thesis, may facilitate
allograft survival. The first example of this was provided by the observation by
Hall et al. who showed, as early as 1990, that tolerance could be adoptively
transferred by CD4"'CD25" cells taken from rats with long term surviving cardiac
allografts [229]. The accumulating data from autoimmune disease models have
prompted a more thorough examination of the role of such cells in transplantation
tolerance, and donor-specific CD4'CD25" Treg capable of preventing graft rejection
have now been identified in mice with long term surviving cardiac [236] and
pancreatic islet [237, 240] allografts; indeed, as previously mentioned, it is possible
that the generation of such Treg may contribute to the clinical blood transfusion effect
described earlier [156, 202-204].

CD4'CD25" Treg are not confined to rodents. In humans it has been
demonstrated that CD4"CD25" cells in the peripheral blood are able to suppress T cell
proliferation in response to both polyclonal and alloantigen stimulation [283-287, 301-
303]. Human CD4°CD25" cells with regulatory properties have also been isolated
from other tissues such as the thymus [304] and the tonsils [305].

As mentioned above, CD25 is not expressed on resting CD4" cells but is
upregulated following cell activation. In an attempt to distinguish regulatory from

activated cells within the CD4"CD25" population, Sakaguchi’s group has shown that,
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in the mouse, cells with regulatory properties express high and persistent levels of
CD25, whereas activation of naive cells leads to expression of CD25 at intermediate
levels which is only transient [217]. Similar data from humans support the suggestion
that the “CD25-intermediate” population does not possess regulatory properties [283].

In view of the fact that CD25 expression does not serve to identify Treg
populations absolutely, other phenotypic markers have been sought that may define
subfractions of the CD4"CD25" population that possess regulatory activity. Some of
the markers that have been proposed include CD122 [283, 285, 286, 301, 306, 3071,
CTLA-4 (cytotoxic T lymphocyte-associated antigen 4, CD152) [216, 218, 237, 284-
288, 301, 302, 304, 306-310], TGF-B [279, 304, 311], GITR (glucocorticoid-induced
tumour necrosis factor receptor family-related gene) [308, 312-314], the integrin agf;
(CD103) [225, 308, 313], and the transcription factor Foxp3 (forkhead box P3, also
known as scurfin) [249, 315, 316]; these markers will be discussed in greater detail in
Chapter 3.

Although at present CD25 appears to be the most convenient marker to
identify CD4" Treg with the greatest overall sensitivity and specificity, cells with
regulatory properties have been identified within the CD4"CD25" population [220,
223-225, 241, 279, 317-319]; this also provides further impetus for the quest for

methods allowing more precise identification of Treg.

1.7.5 Generation of CD4°'CD25" Treg
Current data suggest that naturally-occurring CD4"CD25" Treg are generated through
a positive selection process within the thymus [307, 317, 320-328], which will be

discussed in greater detail in Chapter 5. These cells possess receptors with relatively
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high affinity for self peptide-MHC complexes, and leave the thymus already
committed as CD4"CD25" Treg (Figure 1.5c¢).

Intact costimulatory pathways appear to be required for the generation and
maintenance of CD4"CD25" Treg. CD40-deficient mice show a reduction in the size
of the CD4"CD25" population and develop autoimmune disease, and CD40-deficient
APC are unable to induce Treg development in vitro [329]. Non-obese diabetic
(NOD) mice that are deficient in B7 or CD28 have reduced numbers of CD4"CD25"
cells and show exacerbated autoimmune diabetes mellitus, and B7-CD28 blockade in
wild type NOD mice leads to a five-fold reduction in the size of the CD4'CD25"
population [216].

As well as developing naturally, CD4'CD25" Treg can be generated by
exposure to exogenous antigen. As discussed earlier, CD4'CD25" cells capable of
regulating anti-donor responses may be found in animals with long term surviving
allografts in some transplantation models [236, 237, 240]. It has also been shown that
oral antigen administration can lead to the development of CD4"CD25" Treg [309,
330-332]. Furthermore, such cells may be generated by exposure to antigen in vitro.
CD4"CD25" cells capable of preventing the development of uveoretinitis in vivo have
been successfully isolated following culture of mouse CD4" cells in the presence of
a-MSH (melanocyte stimulating hormone) [333]. Similarly, culture of human CD4"
cells under appropriate conditions can generate CD4'CD25" cells that are able to

regulate T cell responses in vitro [291, 334].

1.7.6 The role of cytokines in Treg function
A further area of intense investigation has been to attempt to elucidate the

mechanisms by which Treg may exert their suppressive function. One possibility that
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has been suggested is the secretion of cytokines; however, this has proved
controversial. Peripheral CD4'CD25" cells from normal unmanipulated mice
transcribe IL-4, IL-10, and TGF-B mRNA more actively than does the reciprocal
CD4'CD25" population [210], and, similarly, CD4"CD25" cells generated following
oral antigen administration secrete IL-4, IL-10, and TGF-p [331]. However, although
production of these cytokines by normal ex vivo CD4"CD25" cells when stimulated in
vitro has been demonstrated in some studies [285, 286, 331], this has not been the case
in others [276], and furthermore a number of groups have suggested that they play no
role in regulation in vitro [276, 285, 286, 291, 335], whereas other authors have
demonstrated abrogation of regulation in vitro by blockade of IL-10 or TGF-$ [309].
In vivo experiments have been rather more persuasive in demonstrating a role
for cytokines in Treg function. Pontoux and colleagues have shown that CD4"CD25"
cells from IL-10 knockout mice do not exert regulatory activity in vivo [336], and, in
an autoimmune disease model, it has been demonstrated that regulation is dependent
upon IL-10 and TGF-B, but not IL-4 [214, 218, 223, 281, 337]. Similarly, in
transplantation, blockade of IL-10, but not of IL-4, has been shown in one model to
abrogate regulation (by cells taken from mice with long term surviving cardiac
allografts) of skin allograft rejection [236]; however, this is not the case in all models,
since in another transplantation study blockade of neither IL-4 nor IL-10 was able to
abrogate regulation of skin allograft rejection [241]. A potential explanation for the
apparent discrepancy in the role of IL-10 in these two studies is that in the former,
IL-10 blockade was achieved by administration of an antibody directed against the
IL-10 receptor, whereas in the latter, an anti-IL-10 antibody (which may provide less

complete blockade) was used.
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Although the mechanisms by which IL-10 and TGF-B contribute to regulation
have not yet been clearly elucidated, both cytokines are known to have
immunomodulatory effects. IL-10 can inhibit secretion of pro-inflammatory cytokines
[338] and expression of both B7 costimulatory molecules [339] and MHC class 1I
[340] by APC. In addition, IL-10 inhibits cytokine secretion [341] and promotes
upregulation of TGF-B receptor expression [342] by T cells. TGF-B itself acts on
macrophages to increase IL-10 secretion [343], and on leukocytes to downregulate
adhesion molecule expression thus inhibiting endothelial adhesion [344]. However,
despite these potentially beneficial effects of IL-10 and TGF-B, it has been shown that
they can also have adverse effects in experimental systems of both autoimmunity
[345] and transplantation [346-348] by exacerbating disease and rejection

respectively.

1.7.7 The role of CTLA-4

As alluded to earlier, published data suggest that both mouse and human CD4"'CD25"
Treg express the B7 ligand CTLA-4 [216, 218, 237, 284-288, 301, 302, 304, 306-308,
310]. Furthermore, some groups have found that an intact CTLA-4 pathway is
required for regulation [218, 222, 240, 288, 304, 309], although other studies have
suggested the opposite [241, 282, 283, 286, 293, 349]. This controversial subject will

be addressed in greater detail in Chapters 3 and 4.

1.7.8 Outcomes of Treg activity
Just as there are a number of mechanisms through which Treg may act, there are also
several possible consequences of these actions (Figure 1.6). APC may be induced to

downregulate B7 costimulatory molecules [253, 339] or to secrete IL-10 [343] as a
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result of IL-10 and TGF-f activity respectively, or skewed towards a tolerogenic
phenotype by induction of the inhibitory receptors ILT3 (immunoglobulin-like
transcript 3) and ILT4 [253]. Treg may also exert effects on other (“target”) T cells,
such as inhibition of cytokine secretion [341], downregulation of adhesion molecule
expression [344], inhibition of cell expansion [207, 219], induction of anergy [290] or
death [235], or even conversion to a Treg phenotype in the process of infectious

tolerance [175, 231, 232].

1.8 Aims of this thesis

The overall goal of this thesis is to investigate the role of CD4'CD25" Treg in a
mouse transplantation model, with particular emphasis on the induction phase of
tolerance. The aims of Chapter 3 will be to examine the phenotypic characteristics of
CD4'CD25" cells and to develop a protocol allowing the generation of
CD4'CD25" cells capable of preventing allograft rejection in vivo. Chapter 4 will
describe attempts to design in vitro assays mirroring the regulatory activity of
CD4*CD25" cells in vivo. In Chapter 5 the pathways by which Treg are generated will
be studied, and the focus of Chapter 6 will be to examine aspects of Treg function in
vivo, in particular their antigen specificity requirements. It is hoped that the data
obtained in this thesis might help to elucidate principles facilitating the development
of protocols that may eventually be useful clinically in transplantation or in the

therapy of autoimmune disease.
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Figure 1.1. Overview of the main events during T cell activation
The T cell receptor complex binds to a peptide-MHC complex on the antigen
presenting cell; this interaction is stabilised by adhesion molecules and coreceptors.
The presence of costimulatory signal(s) results in signal transduction to the nucleus,
mediated via the calcineurin pathway. Within the nucleus DNA replication and RNA
synthesis occur. Proteins are synthesised within the cytoplasm, including cytokines
(such as IL-2) that are secreted. IL-2 binds to the IL-2 receptor providing an
autocrine / paracrine signal which is transduced back to the nucleus. Together these

events result in T cell activation and proliferation.
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CHAPTER 2

MATERIALS AND METHODS
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2.1 Animals

Animals were bred and housed in the conventional facilities of the Biomedical
Services Unit (BMSU), John Radcliffe Hospital, Oxford, UK. All housing and
procedures were in accordance with the Animals (Scientific Procedures) Act 1986.
The CBK mice (H2" also expressing K® as a transgene) [350] and DES mice (bearing
a transgenic TCR specific for K% [351] were a generous gift from Dr A Mellor,
Medical College, Augusta, GA, USA. The CBA-Rag 1 knockout mice (CBA mice
deficient in the recombination activating gene 1) [352] were a generous gift from
Dr D Kioussis, Division of Molecular Immunology, National Institute for Medical
Research, Mill Hill, London, UK. The mouse strains used are detailed in Table 2.1.

All mice were aged 6-12 weeks at the time of first experimental procedure.

Strain Abbreviation H2 haplotypes Notes

K D L A E

CBA/Ca CBA k | k | k | k| k
CBA-Rag 1™ CBA-Rag k | k | k | k | k | Ragl-deficient
CBK CBK kbl k | k | k | k | K°transgenic
C57BL/10 B10 b|{b|b|Db|b

(CBA x C57BL/6)F; | (CBAxB6)F; | kb | kb | kb |kb|kb
BALB/c BALB d | d|d|d]|d

DES DES k | k | k | k | k | TCR transgenic

Table 2.1. Mouse strains used in this thesis
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2.2 Monoclonal antibodies and flow cytometry reagents

The purified monoclonal antibodies used for cell purification, in vitro cell culture, and
in vivo administration are listed in Table 2.2. The hybridomas for YTS169.4.2
(abbreviated as YTS169) and YTS177.9 (YTS177) were a generous gift from Prof H
Waldmann, Sir William Dunn School of Pathology, Oxford, UK. 4F10 was a generous
gift from Dr J Bluestone, Diabetes Center, University of California, San Francisco,
CA, USA. DTA-1 was a generous gift from Dr S Sakaguchi, Institute for Frontier
Medical Sciences, Kyoto, Japan. GL113, a rat IgG, isotype control antibody reactive
with B-galactosidase, was used as a control for the anti-IL-10R antibody 1B1.2.
Purified hamster IgG, used as a control for 4F10, was purchased from Jackson
ImmunoResearch Laboratories (West Grove, PA, USA).

Monoclonal antibodies used for flow cytometry were conjugated to fluorescein
isothiocyanate (FITC), R-phycoerythrin (PE), Cy-chrome (CyC), peridinin
chlorophyll protein (PerCP), allophycocyanin (APC), or biotin. Antibodies purchased
from Pharmingen (San Diego, CA, USA) are listed in Table 2.3.
Fluorochrome-conjugated streptavidin (SA) was also purchased from Pharmingen.

Other reagents used for flow cytometry were as follows. Biotinylated
anti-TGF-B;, a chicken IgY antibody, was purchased from R&D Systems Inc
(Minneapolis, MN, USA). Biotinylated chicken IgY whole molecule, used as a
negative control, and FITC-conjugated mouse anti-rat IgG (H+L) were purchased
from Jackson. For staining of cell surface IL-15Ra chain expression, we used a
biotinylated mutant IL-15-Fcy2a fusion protein kindly provided by Drs X Zheng and
T Strom, Department of Medicine, Harvard Medical School, Boston, USA. This
fusion protein consists of mutant human IL-15 coupled to mouse Fcy2a and has been

shown to bind with high affinity to the a chain of the mouse IL-15 receptor [353].
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Specificity Clone Species Isotype Source | Ref
CD3 145-2C11 Hamster | IgG group 1, x NDS [354]
CD4 YTS177.9 Rat 1gGaa HW [355]
CDS8 YTS169.4.2 Rat IgGap HW [356]
CD25 PC61 Rat IgG; NDS [357]
CD28 37.51 Hamster | IgG group 2 NDS [358]
CD45 M1/9.3.4. HL.2 Rat IgGaa NDS [359]
CTLA-4 4F10 Hamster | IgG group 1, x JB [360]
Hamster IgG Polyclonal Hamster IgG Jackson
GITR DTA-1 Rat IgGsa SS [312]
MHC class II M5/114.15.2 Rat IgGap, NDS [361]
IL-10R 1B1.2 Rat IgG NDS [362]
Isotype control GL113 Rat IgG, NDS [363]

Table 2.2. Antibodies used in vitro and in vivo in this thesis
NDS: Nuffield Department of Surgery
HW: Prof H Waldmann
JB: Dr J Bluestone
SS: Dr S Sakaguchi
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Specificity Clone Species Isotype
CD3 145-2C11 Hamster | IgG group 1,
CD4 RMS5-5 Rat IgGaa,
CD8 53-6.7 Rat IgGaa,
CD25 7D4 Rat IgM, x
CD44 IM7 Rat IgGap,
CD45RB 16A Rat IgGaa,
CD62L MEL-14 Rat IgGsa, K
CD69 H1.2F3 Hamster | IgG group 1, A
CD122 T™-B1 Rat IgGop,
CD132 4G3 Rat 1gG2a, ¥
CTLA-4 UC10-4F10-11 | Hamster | IgG group 1,
Isotype control | Polyclonal | Hamster | IgG group 1, x

Table 2.3. Pharmingen antibodies used for flow cytometry in this thesis

2.3  Other reagents
Recombinant mouse IL-2 was obtained from culture supernatant from an
IL-2-secreting X63 myeloma cell line kindly provided by Dr. Hajime Karasuyama,
Tokyo Metropolitan Institute of Medical Science, Tokyo, Japan [364].

Human gamma globulin (HGG) was purchased from Sigma-Aldrich Co Ltd
(Poole, Dorset, UK), and was heat-aggregated at 63°C for 25 minutes and then
incubated overnight on ice prior to use, according to the protocol previously described

by Benjamin and Waldmann [365].
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2.4 Flow cytometric analysis

All incubation steps were carried out for 20 minutes at 4°C. Single cell splenocyte
suspensions were prepared in FACS buffer consisting of PBS (Oxoid Ltd,
Basingstoke, UK, containing 2.6 mM KH,PO,;, 26 mM Na,HPO,, 145 mM NaCl,
final pH 7.2) supplemented with 2% fetal calf serum (FCS, PAA Laboratories GmBH,
Linz, Austria) and 0.02% sodium azide (Sigma). Erythrocytes were removed by
hypotonic lysis using distilled water and the cells re-suspended in FACS buffer at a
concentration of 107 cells/ml. 50 pl of cell suspension were then incubated with 50 pl
of FACS buffer containing the appropriate mAbs for staining of cell surface markers.
Following this incubation the cells were washed in FACS buffer, and if necessary
incubated with the appropriate second stage reagents before being washed again.
Finally the cells were re-suspended in 200 ul of FACS buffer containing 1% v/v
formaldehyde (Sigma) and stored at 4°C until acquisition.

For intracellular staining, cell surface markers were stained as described
above. The cells were then fixed by incubating in PBS containing 4% v/v
formaldehyde, washed, and incubated in permeabilisation buffer consisting of FACS
buffer supplemented with 0.5% saponin (Sigma). They were then washed again in
permeabilisation buffer prior to incubation with the appropriate mAbs for intracellular
staining. They underwent a final wash in permeabilisation buffer and then in FACS
buffer following which they were re-suspended in FACS buffer containing 1% v/v
formaldehyde and stored at 4°C until acquisition.

Data were acquired using a FACSort (Becton Dickinson, San Jose, CA, USA)
and analysed using the CellQuest software package (Becton Dickinson). Results are
presented as mean * standard deviation, and statistical comparison between groups

was performed using the 2 tailed Student’s t test.
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2.5 177/DST in vivo pre-treatment protocol

For the basic “177/DST” in vivo pre-treatment protocol adult CBA mice received
200 pg of the anti-CD4 mAb YTS177 intravenously on days —28 and —27, and on day
—27 they also received a DST (donor-specific transfusion) of 250 ul of B10 blood
intravenously. The spleens were then harvested on day 0 for cell isolation (Figure 2.1).

In some experiments further doses of DST were administered as indicated, or
B10 blood was replaced with 250 pl of blood from other mouse strains or with 500 pg

of heat-aggregated HGG prepared as described above.

2.6 Cell purification

CD4"CD45RB"" cells were purified from pooled spleens and lymph nodes of naive
CBA mice, and CD4"CD25" and CD4°CD25" populations from spleens of naive or
pre-treated CBA mice. Tissues were harvested into Hanks’ balanced salt solution
(HBSS, PAA Laboratories) containing 0.1% bovine serum albumin (BSA) fraction V
(Sigma) and single cell suspensions prepared. Erythrocytes were removed by
hypotonic lysis using distilled water. The cells were then washed and re-suspended at
a concentration of 2x10% cells/ml in PBS / 0.1% BSA. In order to enrich for CD4"
cells, antibodies directed against CD8 (YTS169) and MHC class II (M5/114.15.2)
were added, each to a final concentration of 100 pg/ml. The cell / antibody mixture
was then incubated for 20 minutes at 4°C before being washed, re-suspended at a
concentration of 10% cells/ml in PBS, and added to sheep anti-rat Ig-coated Dynabeads
(Dynal AS, Oslo, Norway) at a ratio of one bead per cell. After incubation of the cell /
bead mixture on a rotating wheel for 20 minutes at 4°C, unlabelled cells were isolated

by negative separation using a Dynal magnet. The resulting CD4 " -enriched cell
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population was washed and re-suspended at 107 cells/ml in PBS / BSA and stained
with fluorochrome-conjugated mAbs specific for CD4, CD45RB, CD25, and CD122
as appropriate. Cells were then fractionated into the desired populations by flow

cytometry using a FACSVantage SE (Becton Dickinson).

2.7  Invivo cell adoptive transfer protocol

For in vivo experiments the appropriate purified cell populations were adoptively
transferred into CBA-Rag recipients via the intravenous route, and the following day
these mice received skin allografts (Figure 2.1). For some experiments the recipients
were also treated with the anti-IL-10R antibody 1B1.2 or the isotype control antibody
GL113. These were administered via the intraperitoneal route at a dose of 1 mg at the
time of cell adoptive transfer and then 0.5 mg per week until graft rejection occurred

or for a total of six weeks, whichever period was the shorter.

2.8 CFSE-labelling

The fluorescent dye CFSE (5-(and 6-)-carboxyfluorescein diacetate, succinimidyl
ester) was purchased from Molecular Probes Inc (Leiden, the Netherlands). The cell
population to be stained was washed in plain RPMI 1640 (PAA Laboratories) and
then re-suspended in RPMI that had been warmed to 37°C. CFSE was then added to a
final concentration of 5 uM (0.1 uM for cell conjugate assays where analysis was
performed on the same day). This suspension was then incubated in a water bath at
37°C for 10 minutes, during which time it was agitated regularly. At the end of the

incubation period the reaction was stopped by the addition of ice-cold RPMI. The
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cells were mixed with a pipette to break up any clumps and then washed twice in
RPML. For in vitro cultures the cells were then washed and re-suspended in tissue

culture medium, while for in vivo administration PBS was used.

2.9 PKH26-labelling

Cell membrane labelling with the red fluorescent label PKH26 was performed using a
PKH26 red fluorescent cell linker kit purchased from Sigma. Cells were suspended at
a concentration of 2x107 cells/ml in diluent C provided by the manufacturer, and an
equal volume of PKH?26, diluted to a concentration of 4 uM in diluent C, was added.
The sample was incubated for 5 minutes at room temperature, during which time it
was agitated frequently. At the end of the incubation period the staining reaction was

stopped by the addition of an equal volume of HBSS containing 1% FCS for 1 minute.

2.10 In vitro proliferation assays

All in vitro assays were performed using complete culture medium consisting of
RPMI 1640 containing 10% fetal calf serum, 2 mM L-glutamine (Sigma), 0.5 mM
2-mercaptoethanol (Sigma), and 100 units/ml each of penicillin and streptomycin
(Sigma). Purified responder cells (labelled with CFSE where appropriate) were
cultured at 2x10° cells per well in round-bottomed 96 well plates (Corning Inc, New
York, USA) with or without various doses of putative regulatory T cell populations.
For anti-CD3-stimulated cultures, the anti-CD3 mAb 145-2C11 was added at a final
concentration of 2 pg/ml, together with 5x10° irradiated (3600 rad) syngeneic spleen

cells as antigen presenting cells. For allostimulated cultures, 5x10° irradiated
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(3600 rad) allogeneic spleen cells were added. Cell cultures were maintained at 37°C
in 5% CO,. Cell proliferation was assessed either by incorporation of *H-thymidine or
by analysis of CFSE expression.

For measurement of *H-thymidine incorporation anti-CD3-stimulated cultures
were harvested after 4 days, and allostimulated cultures after 5 days based on pilot
assays to identify optimal harvest times. In both cases cultures were pulsed with
0.5 uCi *H-thymidine (Amersham International, Amersham, UK) per well for the final
18 hours of culture. Cells were then harvested using a Skatron Micro Cell Harvester
(Skatron, Lier, Norway) onto glass fibre filter mats (Wallac, Turku, Finland).
Betaplate Scint scintillation fluid (Wallac) was added, and *H-thymidine incorporation
measured using a Betaplate counter (Wallac). Assays were performed in triplicate
wells and the results are presented as mean + standard deviation.

Cultures analysed for CFSE expression were harvested after 4 days for
anti-CD3-stimulated cultures and after 7 days for allostimulated cultures (based on
time course experiments described in Chapter 4). Cells were harvested from the wells
and washed in FACS buffer. They were then re-suspended in FACS buffer prior to

data acquisition using the FACSort.

2.11 PMA and ionomycin stimulation

Cells were cultured in complete culture medium for 4 days in the presence of phorbol
myristate acetate (PMA, Sigma) at a concentration of 50 ng/ml and ionomycin

(Sigma) 500 ng/ml.
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2.12 IL-2 ELISA

IL-2 concentration in tissue culture supernatant samples was measured by ELISA
(enzyme-linked immunosorbent assay). The anti-IL-2 capture antibody JES6-1A12
(rat IgG,,, Pharmingen) was diluted to a concentration of 2 pg/ml in ELISA coating
buffer consisting of 0.1 M NaOH, pH 8.2. 50 ul of antibody solution were added to
the wells of Nunc-Immuno 96 MicroWell Plates (Nalge Nunc International,
Rochester, NY, USA) and the plates covered and incubated overnight at 4°C. The
following day unbound antibody was flicked out of the wells and the plates washed
twice with PBS / Tween solution containing 0.5 ml Tween-20 (Sigma) per litre of
PBS. Unoccupied protein binding sites were then blocked by the addition of 200 ul of
10% FCS in PBS to the wells and incubation for 2 hours at room temperature. The
plates were then washed twice with PBS / Tween. 50 pl of sample were added to the
appropriate wells, and standard wells were also prepared containing 50 ul of doubling
dilutions (prepared in PBS / 10% FCS) of recombinant mouse IL-2 (Pharmingen)
starting at a concentration of 4000 pg/ml. The plates were incubated overnight at 4°C
and then washed 4 times with PBS / Tween. Biotinylated anti-IL-2 detection antibody
(JES6-544, rat I1gG,p, Pharmingen) was diluted to 1 pg/ml in PBS / 10% FCS and
100 pl added to each well, and the plates were incubated for 45 minutes at room
temperature and then washed 6 times with PBS / Tween. Streptavidin-conjugated
horseradish peroxidase (HRP, Vector Laboratories Ltd, Peterborough, UK) was
diluted 1:2000 in PBS / 10% FCS and 100 pl added to each well. The plates were
incubated for 30 minutes at room temperature and then washed 8 times in
PBS / Tween. 100 ul of ABTS substrate were then added to each well. This substrate
was prepared by adding 150mg of 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic

acid) (Sigma) to 500ml of 0.1 M citric acid in distilled water, adjusting the pH to 4.35
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using NaOH, and finally adding H,O, 1 ul/ml immediately prior to use. The plates
were then incubated for between 10 and 80 minutes until the colourimetric reaction
developed, and optical density (OD) at 405 nm was read using an ELISA Plate Reader
(Molecular Devices, Sunnyvale, CA, USA) and analysed using SOFTmax software
(Molecular Devices). Samples were assayed in triplicate and the results are presented

as mean =+ standard deviation.

2.13 Anti-HGG antibody ELISA

Serum anti-HGG antibodies were measured using a modification of the IL-2 ELISA
protocol. Plates were coated with HGG diluted to a concentration of 100 pg/ml in
PBS. After overnight incubation at 4°C the plates were washed twice with
PBS / Tween, blocked with PBS / 10% FCS for 2 hours at room temperature, and
washed twice with PBS / Tween. 50 pl of doubling dilutions (starting from 1:10) of
test serum diluted in PBS/10% FCS were then added to the wells. Following
incubation overnight at 4°C the plates were washed 6 times, and HRP-conjugated
rabbit anti-mouse IgG and IgM (Jackson) was diluted 1:500 in PBS / 10% FCS and
100 pul added per well. The plates were incubated at room temperature for 45 minutes
and washed 8 times, and then the reaction was developed by the addition of ABTS
substrate and OD at 405 nm measured. Samples were assayed in triplicate and the

results are presented as mean + standard deviation.
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2.14 Cell biotinylation

For biotinylation of whole cells single cell suspensions were prepared, washed in PBS
adjusted to pH 8.0 by the addition of NaOH, and re-suspended at a concentration of
25x10° cells/ml. EZ-Link Sulfo-NHS-LC-Biotin (Pierce Chemical Co, Rockford, IL,
USA) was added to the cell suspension to a final concentration of 0.5 mg/ml and the
mixture incubated at room temperature for 30 minutes. After the incubation period the

cells were washed 3 times in pH 8.0 PBS.

2.15 Capture and detection of biotinylated cells

Nunc-Immuno 96 MicroWell Plates were coated with streptavidin by incubation
overnight at 4°C with streptavidin (Sigma) diluted to a concentration of 10 pg/ml in
ELISA coating buffer. The following day the plates were washed twice with PBS /
Tween and then unoccupied protein binding sites were blocked by the addition of
200 pl of PBS / 10% FCS to the wells and incubation for 2 hours at room temperature.
The plates were then washed twice in PBS / Tween and biotinylated B10 spleen cells
suspended in PBS / 10% FCS were added at varying numbers in a total volume of
100 pl per well. The plates were then incubated for 30 minutes at 4°C following which
they were washed 4 times with PBS / Tween. Anti-mouse CD45 antibody was diluted
to a concentration of 100 pg/ml in PBS / 10% FCS and 100 pl added per well. After
incubation at room temperature for 45 minutes the plates were washed 6 times in
PBS / Tween; HRP-conjugated mouse anti-rat IgG (Jackson) was then diluted 1:500 in
PBS / 10% FCS and 100 pul added per well. The plates were incubated at room
temperature for 30 minutes, washed 8 times with PBS / Tween, ABTS substrate

added, and OD at 405 nm read following development of the colourimetric reaction.
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Assays were performed in triplicate wells and the results are presented as
mean * standard deviation.

For attempted detection of alloantigen-specific T cells, plates were coated with
streptavidin and incubated with biotinylated B10 spleen cells as already described.
The plates were then washed 4 times with PBS / Tween and then the appropriate test
cell populations containing the T cells of interest were suspended in PBS / 10% FCS
and added at doubling dilutions starting at 5x10° cells per well, in a total volume of
100 pl. The plates were then incubated for 30 minutes at 4°C following which they
were washed four times with PBS / Tween. In some cases the test cells were coated
with anti-CD45 antibody by incubation for 20 minutes in PBS / 10% FCS at a
concentration of 10% cells/ml and 100 pg antibody/ml prior to addition to wells. In
other cases 100 pl of anti-CD45 antibody (100 pg/ml) were added to wells after the
incubation with the test cells, incubated for 30 minutes at 4°C, and washed 4 times
with PBS / Tween. In both cases HRP-conjugated mouse anti-rat IgG was added to

wells and the colourimetric reaction developed and read as previously described.

2.16 Cell conjugate assays

Attempted formation and detection of conjugates between T cells and antigen
presenting cells was performed by modification of the protocol previously described
by Schaefer et al. [366]. The two cell populations (containing the T cells and APC of
interest respectively) were prepared and one stained with CFSE (0.1 uM) and the
other with PKH26. The cells were then re-suspended at various concentrations in
RPMI containing 10% FCS, and 50 pl of each cell fraction were added to FACS

tubes. This mixture was incubated for varying periods of time at 37°C and then placed
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on ice. In some experiments PerCP-conjugated anti-CD4 antibody was then added to
the tubes and incubated at 4°C for 20 minutes, and in some experiments 4%
formaldehyde was added to tubes and incubated at 4°C for 20 minutes. Data were

acquired using the FACSort.

2.17 General anaesthesia

General anaesthesia was attained by administration of equal volumes of Hypnorm®

(10 ug/ml fentanyl and 330 pg/ml fluanisone, Janssen Pharmaceutical Ltd, Oxford,
UK) and midazolam (500 pg/ml, Roche Products Ltd, Welwyn Garden City, UK).
Anaesthetic doses were adjusted according to animal age and size, varying from
0.2 ml to 0.4 ml of each agent (recovery doses), or a high dose of 1 ml of each agent

for blood donors (lethal dose).

2.18 Intravenous injection

Intravenous injection was performed through the penile vein. Under general
anaesthesia the animal was secured in the supine position with the tail facing the
operator. The penis was sprayed with 70% alcohol and stretched to reveal the dorsal

penile vein, and the injection was performed through a 30 gauge needle.
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2.19 Blood collection

Blood donors received high dose general anaesthesia as described above. Heparinised
whole blood (100 units heparin/ml, Leo Laboratories Ltd, Princes Risborough, UK)

was harvested from the inferior vena cava and kept on ice until used.

2.20 Skin grafting

Skin transplantation was performed broadly according to the technique described by
Billingham and Medawar [367]. The donor mouse was sacrificed by cervical
dislocation and the tail sprayed with 70% alcohol. Incisions were made through the
full thickness of the tail skin circumferentially around the proximal end and
longitudinally to the distal end. The tail skin was then stripped, placed into normal
saline, and cut into individual grafts approximately 12 mm in length. The recipient
animal underwent general anaesthesia and the flank was shaved using electric
clippers. The skin was sprayed with 70% alcohol and a graft bed prepared on the flank
by dissection of the skin from the underlying fascia to match the graft size. The graft
was placed on the bed and secured by applying Flexible Collodion BP methylated
(William Ransom & Son, Herts, UK) around the margin. A povidone-iodine
non-adherent dressing (Inadine®, Johnson & Johnson Medical, Ascot, UK) was placed
over the graft and covered with adhesive tape wrapped circumferentially around the
animal. The dressing was removed under general anaesthesia 7 days later. Grafts that
were necrotic at the time of unwrapping were considered to be technical failures.
Grafts were inspected regularly and rejection was defined as complete necrosis of the

donor skin. Allograft survival between groups was compared using the log rank test
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[368] using software developed and kindly provided by Dr Stephen Cobbold, Sir

William Dunn School of Pathology, Oxford, UK.

2.21 Thymectomy

Under general anaesthesia the animal was secured in the supine position with the head
facing the operator. The head was stretched and immobilized with a piece of 7-0 silk
holding the upper incisor teeth of the animal and taped to the operating board, and the
skin was sprayed with 70% alcohol. A midline skin incision was made over the neck
and upper thorax, and the salivary glands were retracted laterally. The manubrium was
divided with sharp scissors and the strap muscles of the neck were separated in the
midline using fine forceps and retracted laterally with 8/0 nylon stay sutures. The two
lobes of the thymus were revealed by dissection of the pre-tracheal fascia. Each lobe
was freed separately by blunt dissection and removed, taking care to remove each lobe
intact and to avoid damage to surrounding structures. The stay sutures were removed

and the skin closed with a continuous 4/0 catgut suture.

2.22 Histology

Histological sections were kindly prepared by the staff of the Department of Cellular
Pathology, John Radcliffe Hospital, Oxford, UK. Skin grafts were harvested into 10%
formaldehyde in PBS. 5 um formalin-fixed paraffin-wax sections were de-waxed in
xylene (BDH Laboratory Supplies, Poole, UK), rinsed in 100% ethan<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>