THE UNIVERSITY
of EDINBURGH

This thesis has been submitted in fulfiiment of the requirements for a postgraduate degree
(e.g. PhD, MPhil, DClinPsychol) at the University of Edinburgh. Please note the following
terms and conditions of use:

* This work is protected by copyright and other intellectual property rights, which are
retained by the thesis author, unless otherwise stated.

* A copy can be downloaded for personal non-commercial research or study, without
prior permission or charge.

* This thesis cannot be reproduced or quoted extensively from without first obtaining
permission in writing from the author.

* The content must not be changed in any way or sold commercially in any format or
medium without the formal permission of the author.

*  When referring to this work, full bibliographic details including the author, title,
awarding institution and date of the thesis must be given.



The effect of tolerogenic peptide administration on

pathogenic antigen-experienced T cells

Rhoanne Catherine McPherson

A thesis submitted for the degree of Doctor of Philosophy
The University of Edinburgh
2012



Declaration

I declare that this thesis has been composed by myself, describes my own work and

has not been submitted in any other application for a higher degree.

The experiments described in this thesis involving the use of BrdU were done in

collaboration with Dr Richard O’Connor.

Rhoanne Catherine McPherson

April 2012



ABSTRACT

Acknowledgements

First and foremost I would like to thank Steve for giving me the opportunity to do a
PhD in his laboratory. 1 am extremely grateful for all of the support,
encouragement and time you have given me throughout the last three years. In
addition, thanks for introducing me to the Bow bar- I’'m sure my life would not be
quite the same without it! 1’d also like to say a big thank you to Mel, for teaching
me in the ways of the Anderton group and for being a great supervisor! I’ve really
enjoyed learning from you how to be a good scientist, and will be forever indebted
to you for teaching me the ‘bucket’ method- it has revolutionised my time in the

lab!

As for the rest of Team A, what can [ say? It’s been a really fun time working with
you lovely bunch of people! Thanks to all of the people in Dom’s office; Hayley,
Helen, Stephanie, Dom and the office guest Ben, for all of the office chats (of
course all science-related), help in the lab, and frequent merriment! Thank you to
everyone in the TC crew who often made weekends at work less of a hardship;
particularly Ben and Rich M, for enlightening us with your eclectic taste in TC
music. I’d also like to thank Rich O’C for all of the enthusiasm and great
suggestions for experiments. Also a big shout out to Teams B & C: James, Karen,
Siobhan and the Honorary Anderton group member Paul, for all of the fun nights
out in the pub, and in particular to James for proofreading this thesis! Hopefully

many more ‘funky fun times’ to come!!
Thank you to the MS society for funding me through my PhD.

Last but not least, thank you to my friends and family for being amazing. I am
eternally grateful to my parents for their constant support, in particular my dad for
understanding when I go incommunicado for a couple of weeks. Also, muchos
thanks to Jemma and Lisa for all of the afternoon tea and always being so
understanding! Finally, thanks to Andy for his abundant encouragement and for
being convincing when pretending to be excited about the latest scientific

discovery!

i



ABSTRACT

Abstract

The administration of soluble antigenic peptides is known to be effective at
inducing tolerance in naive antigen-reactive CD4" T cells. This observation forms
the basis of antigen-based therapy, which offers the potential to specifically target
the auto-reactive CD4" T cells involved in driving autoimmune disease

pathogenesis, whilst leaving the rest of the immune system intact.

The prophylactic administration of soluble autoantigen-derived peptides has proven
to be effective at inhibiting disease induction in various experimental models of
autoimmune disease. However, the clinical requirement is to switch off the
activated antigen-experienced CD4" T cells that are present during an ongoing
immune response. The effect of soluble peptide administration of antigen-
experienced CD4" T cells is poorly understood, and several clinical trials using
peptides in multiple sclerosis patients had to be halted due to the exacerbation of
disease. This thesis characterises the effect of soluble peptide administration on
pathogenic antigen-experienced CD4" T cells, using experimental autoimmune
encephalomyelitis (EAE) as a model of autoimmune disease of the central nervous

system.

Using traceable myelin-reactive T cells from Tg4 mice, it was determined that
soluble peptide administration induces substantial expansion of antigen-experienced
CD4" T cells. Despite the increase in number, these cells were no longer able to
induce EAE. Production of effector cytokine was significantly decreased in peptide
treated antigen-reactive CD4" T cells, and this correlated with high level expression
of the co-inhibitory molecule PD-1. The induction of tolerance in both naive and
antigen-experienced CD4" T cells was found to be dependent upon PD-1
expression, whereby peptide treatment of naive and antigen-experienced CD4" T

cells that were deficient in PD-1, did not inhibit disease induction.
This thesis identifies a novel mechanism of peptide-induced tolerance in CD4" T

cells, and demonstrates that soluble peptide administration can induce tolerance in

antigen-experienced T cells.
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INTRODUCTION

1. Introduction

Context

The immune system has evolved to protect the body from invasion by a host of
diverse pathogens, including bacteria, viruses, fungi and parasites. The immune
system harnesses several mechanisms by which to protect from infectious
challenge, including physical barriers and the innate and adaptive immune
components. The innate and adaptive immune systems are tasked with the
challenge of discriminating between foreign and self in order to mount an
appropriate defensive response. Although many safety mechanisms exist to ensure
inappropriate immune responses to self do not occur, in situations where these are

circumvented the onset of autoimmune disease can result.

The innate immune system is one of the first lines of defence, and as such possesses
a detection system to recognise harmful pathogens. Cells of the innate immune
system can express pattern-recognition receptors (PRR) that enable them to detect
pathogen-associated molecule patterns (PAMPs) expressed on harmful invading
organisms. Upon detection of infectious agents these cells raise the alarm, and
activate cells of the adaptive immune response. The adaptive immune response
involves T cells, which add specificity to the response and can instruct cells of the
innate immune system. T cells recognise antigenic peptides presented by
specialised innate immune cells through their T cell receptor (TCR). This can
recognise peptides up to 20 amino acid residues in length, and therefore there are
postulated to be 10" different antigenic peptides that the TCR repertoire needs to be
able to recognise (Wooldridge et al., 2012). Despite this, there are only thought to
be a pool of 10° T cells in humans, therefore a certain degree of degeneracy needs
to exist whereby one TCR can recognise more than one peptide. Although highly
efficient, this characteristic increases the potential for T cells to recognise self-
peptides. As such, there are several mechanisms are in place that act to prevent the
activation of self-reactive T cells; these include the processes of central and

peripheral tolerance. It is the breakdown of these mechanisms that is thought to be
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associated with the onset of autoimmune disease. Currently, the mainstay of
therapeutics for autoimmune disease involves non-specific immunosuppression,
which leaves individuals immuno-compromised. As such, therapeutic approaches
that specifically act to switch-off self-reactive T cells and re-instate tolerance to

self-antigens, offer a more targeted method of treating autoimmune disease.

In this thesis the ability to switch-off autoimmune pathology by specifically

targeting the cells driving the disease is investigated.

1.1 T cell biology

1.1.1 T cell development

There are two distinct T cell lineages; the alpha beta (aff) and gamnmadelta (yd) T
cells. The af T cell lineage represent the majority of the T cell repertoire and are
generated in the thymus. T cell precursors originate in the bone marrow and
migrate into the thymus where they develop into mature T cells. T cell progenitors,
which are CD3'CD4°CD8" double negative thymocytes (DN), enter the thymus at
the cotico-medullary junction through high-endothelial venules and they migrate to
the subcaspular region of the cortex (Lind et al., 2001). During the migration from
the cortico-medullary junction to the subcapsular region, thymocytes receive signals
from cortical thymic epithelial cells (cTEC’s) which act to instigate the initial
differentiation stages. These differentiation states are classified as DN1, DN2 and
DN3 and are characterised by different surface marker expression of CD44 and
CD25 (Godfrey et al., 1993). During this process there is rearrangement of the
genes which encode the TCRp chain through a process called VDJ recombination,
which is controlled by the enzymes recombination activating genes 1 & 2 (RAG-1
and RAG-2) (Mombaerts et al., 1992, Shinkai et al., 1992). In order for developing
thymocytes to transition from the DN3 to DN4 stage the TCRpB chain must be
assembled into the pre-TCR complex which consists of the TCRp chain, pre-TCRa
(pTa) chain and CD3 components (Wolfer et al., 2002). The ability of these cells to
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receive signalling through the pre-TCR, in addition to NOTCH signalling, enables
their differentiation into CD4 CD8" double positive (DP) cells (Huang et al., 2003,
Ciofani et al., 2004). Cells that do not express a functional pre-TCR complex do
not survive the transition from DN3 to DP cells (Fehling et al., 1995, Falk et al.,
2001, Hathcock et al.,, 2011); this overall process is called B selection. DP
thymocytes can subsequently interact with cTEC’s which express high levels of
major histompatability complex (MHC I and MHC II) molecules associated with
self-peptides (Bousso et al.,, 2002). Cells with TCRs that interact with a high
avidity for self-peptide MHC complexes are deleted through apoptosis (a process
termed negative selection)(Takahama et al., 2010), whereas cells that do not engage
with peptide:MHC (pMHC) complexes die through neglect (von Boehmer et al.,
1989, Chung et al., 2002). Only cells that interact with pMHC complexes with a
weak affinity receive the necessary signals for survival, this process is termed
positive selection (Jameson et al., 1995). DP thymocytes that form an interaction
with peptide bound to MHC I mature into CD8" single positive cells (SP), whereas
cells that interact with pMHC II complexes mature into CD4" SP cells (Germain,
2002). These SP cells subsequently relocate from the cortical region into the
medulla where they encounter tissue-restricted self-antigens presented by medullary
TEC’s (mTEC) and other antigen presenting cells (APCs) such as dendritic cells
(DC) (Nitta et al., 2009, Koble and Kyewski, 2009). The interaction of DP T cells
with mTEC and APCs enables deletion of remaining self-reactive thymocytes that
have escaped negative selection in the cortex (Douek et al., 1996). Once SP cells
have passed this process and are fully matured, they exit the thymus where they
enter either the blood or the lymphatic system.

The deletion of self-reactive thymocytes in both the cortex and the medulla of the
thymus forms the basis of central tolerance. Through this process it is thought that
the majority of highly self-reactive T cells are removed before they enter the

periphery.
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1.1.2 CD4" T cell activation

Bretscher and Cohen were the first to propose a two-signal model of B lymphocyte
activation (Bretscher and Cohn, 1970). Similarly, a two-signal model of T cell
activation was later proposed (Lafferty and Cunningham, 1975). More recent
studies have revealed the requirement for additional signals in T cell activation, and

have led to the development of a four signal model.

1.1.2.1 Signal 0

Innate immune cells with the capacity to process and present antigen to T cells in
the context of an MHC molecule are called antigen presenting cells (APC). These
include macrophages and DC (Poulter, 1983). DC are the most efficient cell type at
inducing T cell activation, and have therefore been termed ‘professional’ APC
(Guery and Adorini, 1995). These cells reside within the peripheral tissues and
upon encounter with pathogen they capture antigen and migrate to the draining
lymph nodes (Guermonprez et al.,, 2002). Antigen capture can occur through
pinocytosis, endocytosis or phagocytosis and is followed by the processing and

presentation of antigen in the context of an MHC molecule (Burgdorf et al., 2007).

Although antigen can be presented by immature DC (in the steady state), this does
not provide T cells with the full compliment of signals required for effective T cell
activation, and rather can result in the induction of T cell tolerance to antigen
(Miller et al., 2007). Signal zero refers to the pathogenic stimulus required to
induce maturation of the APC, whereby the presence of danger signals or PAMPs
induces the up-regulation of pMHC and co-stimulatory molecules by the APC
(Maddur et al., 2010). Only mature APC have the necessary equipment to drive the
activation of T cells. Therefore, naive T cell activation first requires the activation

of the innate immune system.
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1.1.2.2 Signal 1

The primary signal that T cells require for activation is the recognition of antigen
bound to the MHC of APC by the TCR. Naive CD4" T cells circulate the body and
transit between lymphoid organs via the lymphatic and circulatory systems (Berard
and Tough, 2002). T cells enter the lymph nodes (LN) through high endothelial
venules (HEV) and make contact with APC residing there. Contact between APC
and T cells is facilitated by the adhesion molecules LFA-1 and ICAM-1 (Friedl and
Gunzer, 2001), enabling the T cell to sample peptide presented by MHC molecules
on the surface of the APC. If the TCR does not recognise the pMHC complex,
contact is broken between the T cell and APC and the T cell leaves the LN through
the efferent lymphatics (Catron et al., 2004). However, if the af subunit of the TCR
does recognise the pMHC complex, cell contact is sustained, an immunological
synapse is formed and signalling through the TCR ensues. The TCR complex is
designed so that the afy subunits are for antigen recognition and the associated CD3
€, ¥, 0 and ( subunits are responsible for signal transduction (Love and Hayes,

2010).

Binding of the TCR to pMHC results in the phosphorylation of immune-receptor
tyrosine-based activation motifs (ITAMs) located within the cytoplasmic tails of the
CD3 subunits (Weiss, 1993). Phosphorylation of these ITAMs is conducted by Src-
family protein tyrosine kinases (PTK) such as Fyn and Lck, and subsequently
enables the binding of Zap70 to the phosphorylated motifs (Maltzman and
Koretzky, 2008). Lck associated with the TCR co-receptor (CD4) can then activate
Zap70, which in turn can lead to activation of multiple signalling pathways such as
the PI3K-Akt pathway. Downstream mediators of TCR signalling include the
transcription factors NF-xB, NFAT, ERK and JNK, which facilitate functions such
as activation, proliferation and apoptosis (Coudronniere et al., 2000) (Diehn et al.,

2002, Su et al., 1994)
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1.1.2.3 Signal 2

The suggestion that signalling through the TCR alone is insufficient to drive full T
cell activation was first proposed by Lafferty and Cunningham. They proposed a
two-signal model of T cell activation whereby in addition to TCR signalling a
secondary “inductive stimulus” is required (Lafferty and Cunningham, 1975). This
signal 2 acts in conjunction with the TCR signal and is also known as ‘co-

stimulation’.

The best characterised co-stimulatory molecule, CD28, is constitutively expressed
by CD4" T cells and is engaged upon ligation with CD80 (B7.1) or CD86 (B7.2) on
APC (Gross et al., 1992, Hathcock et al., 1994). Signalling through CD28 is known
to enhance production of IL-2 and the anti-apoptotic molecule Bcl-xL. (Powell et al.,
1998, Boise et al., 1995). TCR signalling alone results in increased levels of pro-
apoptotic factors such as Fas, FasL and Bim (Brunner et al., 1995, Dhein et al.,
1995, Sandalova et al., 2004), and therefore CD28 signalling promotes survival of
the cell. Additional co-stimulatory molecules include CD40L, OX-40 and ICOS,
these bind respectively with CD40, OX40L and ICOSL on APC. CDA40L is
up-regulated upon T cell activation and functions to promote cytokine production
and T cell activation (Daoussis et al., 2004). One of the mechanisms by which
CD40:CD40L interactions are thought to facilitate this is by increasing expression
of B7.1 and B7.2 on APC, and therefore enhancing signalling through CD28 (Caux
et al., 1994). Likewise, CD40 signalling has been shown to up-regulate expression
of OX40L on APC, thereby facilitating signalling though OX40 (Fillatreau and
Gray, 2003). The co-stimulatory molecule OX40 is not constitutively found on
resting T cells but is transiently expressed upon activation (Paterson et al., 1987).
Ligation of OX40 with OX40L results in up-regulation of the anti-apoptotic
molecules Bel-xL and Bcel-2 (Rogers et al., 2001), and is thought to be important in
the generation of memory T cells by promoting cell survival following activation
(Soroosh et al., 2006). Expression of ICOS is a co-stimulatory molecule also
up-regulated on T cells upon TCR ligation (Yoshinaga et al., 1999). ICOS:ICOSL
interactions have been shown to be important for proliferation and cytokine

production by T cells in response to antigen (Hutloff et al., 1999, Dong et al., 2001).
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The full extent of how co-stimulatory molecules function and how they may interact
with one another are not yet fully understood, however, loss of any of these
molecules results in impaired T cell function (Green et al., 1994, Stout et al., 1996,
Kopf et al., 1999, Totsuka et al., 2009). Despite the expression of co-stimulatory
molecules on T cells upon TCR signalling, for T cells to receive the necessary
co-stimulatory signals for full activation, the APC need to express the signalling
counterparts for these molecules. This highlights the importance of Signal 0 in T

cell activation.

An additional feature involved in T cell activation is the expression of co-inhibitory
molecules such as cytotoxic T-lymphocyte antigen 4 (CTLA-4) and programmed
death-1 (PD-1) receptor (discussed in further detail in 1.5.2). These molecules are
also up-regulated upon engagement of the TCR and have been shown to negatively
regulate T cell activation (Walunas et al., 1996, Parry et al., 2005). Therefore, it is
the balance of co-stimulatory and co-inhibitory signals that the cell receives which

dictates whether the cell achieves full activation.

In summary, activation of naive T cells will occur only when an APC displays an
antigen in the context of MHC and concurrently displays the partners of co-
stimulatory molecules. The requirement of Signal 0 for this to occur ensures that T
cells respond only to antigens associated with infection and limits inappropriate

responses to innocuous antigens such as self-peptides.

1.1.2.4 Signal 3

Although Signal 3 is not a requirement for T cell activation, this acts to determine
the phenotype of the T cell response. Signal 3 is the APC-derived cytokine milieu
dictated by the type of PAMPs encountered by the APC, and acts to instruct the
differentiation of CD4" T cells into different helper T cell subsets. This occurs due
to the expression of a range of PRR such as Toll-like receptors (TLR) by APC,
which can detect different types of pathogenic stimulus. In mammals, there are

currently 13 known toll-like receptors TLR1-TLR13, which are thought to
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recognise distinct PAMPs (Akira et al,, 2006, Tabeta et al., 2004). Signalling
through TLRs is triggered by the ligation of PAMPs, and requires signalling
through the adaptor proteins Myd88 and TRIF, resulting in the transcription of
genes necessary for cytokine production (Yamamoto et al., 2003, Takeda and Akira,
2004, Kissner et al., 2010).  The activation of specific TLRs is thought to instruct
the APC to secrete a defined cytokine profile which influences the differentiation of
the T cell upon activation. However, the effects of each TLR on the cytokine
milleu produced by APC are not clearly defined at present (Re and Strominger,
2004). The influence of Signal 3 on T cell differentiation is discussed in further

detail in section 1.1.3.

1.1.3 CD4' T cell subsets

The division of CD4" helper T cells into distinct functional subsets was first
described by Mossman and Coffman in 1986, who defined the T helper type-1
(Thl) and T helper type-2 (Th2) subsets based upon the cytokine profiles secreted
by CD4" mouse T cell clones. Since then, several other CD4" T cell subsets have
been identified including the pro-inflammatory Thl17 cells and the suppressive
regulatory T cells (Treg). Each of these subsets is described in greater detail below

and is illustrated in Figure 1.1.

1.1.3.1 Th1 cells

Thl cells were originally defined as CD4 " T cells that secreted IFN-y in response to
antigenic stimulation (Mosmann et al., 1986). The current understanding of Thl
cells is that they mainly secrete IFN-y and IL-2, but can also produce other
cytokines such as TNF-a and GM-CSF (Romagnani, 1999, Wan, 2010, Ponomarev
et al.,, 2007). Differentiation of Thl cells is driven by the secretion of IL-12 by
APC during signal 3 and is enhanced by IL-18 (Yoshimoto et al., 1998). IL-12
binds to the IL-12 receptor on CD4" T cells and induces signalling through STAT4,
a transcription factor that is required for differentiation of Thl cells (Bacon et al.,

1995, Kaplan et al., 1996). IL-12 signalling can lead to the up-regulation of T-bet,
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the Thl-associated transcription factor which drives production of IFN-y and
expression of the chemokine receptor CXCR3 (Ylikoski et al., 2005, Szabo et al.,
2000, Lord et al., 2005). IFN-y produced by Thl cells can act in an autocrine
manner to activate STATI1 signalling and further promote expression of T-bet
(Afkarian et al., 2002). IFN-y has also been shown to inhibit the proliferation of
Th2 cells (Oriss et al., 1997).

Thl cells are thought to orchestrate cell-mediated immune response and are
involved in the clearance of intracellular pathogens through the activation of
macrophages (Zhu and Paul, 2008). This is mediated by the IFN-y secreted by the
Thl cells, which activates macrophages and enhances their microbicidal activity
(Kagaya et al., 1989). Thl cells have also been implicated in harmful immune

responses and are thought to be involved in the induction of autoimmune pathology.

1.1.3.2 Th2 cells

Th2 cells were initially characterised as CD4" T cells that secreted IL-3 and IL-4
upon stimulation (Mosmann et al., 1986). It is now understood that the main Th2-
associated cytokines are in fact IL-4, IL-5, IL-13 and IL-10 (Hartenstein et al.,
2002, Johnson and Graham, 1999). Differentiation of Th2 cells occurs in the
presence of IL-4, which mediates signalling through STAT6 (Wurster et al., 2000).
IL-4 and STAT6 signalling regulate the expression of GATA-3, the master
transcription factor that drives production of Th2-asscoiated cytokines (Kurata et
al., 1999, Zhu et al., 2004). Similar to IFN-y signalling in Thl cells, IL-4 can also

act in an autocrine manner to provide a positive feedback loop for Th2 cells.

Th2 cells direct humoral immune responses and play a role in the clearance of
certain parasites such as helminths. The Th2 cytokines IL-4, IL-13 and IL-5
mediate these responses through the activation of eosinophils and by promoting IgE
production by B cells (Gleich and Loegering, 1984, Deo et al., 2010). IgE can bind

to Fc receptors located on mast cells and also facilitate the clearance of extracellular
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pathogens (Gurish et al., 2004). Th2 responses to innocuous antigens are also

associated with allergic immune responses (Maggi, 1998).

The Th2-associated cytokine IL-4 has been shown to directly inhibit the induction
of Thl cells (Vercelli et al., 1990, Tanaka et al., 1993). It has also been reported
that IL-4 and IL-10 can antagonise Thl responses by inhibiting the activation of
macrophages (Appelberg et al., 1992, O'Farrell et al., 1998). Due to the reciprocal
inhibitory effects of IFN-y on Th2 responses and IL-4 on Thl responses it was
proposed that these two subsets mutually regulated each other. This Thl/Th2
paradigm was thought to provide a mechanism of immune regulation, whereby a
shift in the helper T cell response would inhibit harmful excessive responses such as
Thl-associated autoimmune disease or Th2-associated allergic disease (Romagnani,
1997). However, the dogma was challenged when a new subset of CD4" T cells

were discovered; the IL-17 secreting Th17 cells.

1.1.3.3 Th17 cells

Before the discovery of Th17 cells there appeared to be certain contradictions to the
Th1/Th2 hypothesis. These included the observation that in “Thl-classified”
models of autoimmune disease, inhibition of IFN-y could exacerbate disease, and
reciprocally, treatment with IFN-y could ameliorate disease (Billiau et al., 1988,
Voorthuis et al., 1990, Nakajima et al., 1991). These models were thought to be
Thl mediated diseases as blockade or deficiency in the p40 subunit of IL-12
protects from disease induction (Leonard et al., 1995, Segal et al., 1998, MclIntyre et
al., 1996). However, in 2000, a novel member of the IL-12 family was identified
which shared the p40 subunit with IL-12, named IL-23 (Oppmann et al., 2000). IL-
12 is a heterodimer comprised of a p40 and a p35 subunit, whereas the 1L-23
heterodimer is composed of p40 and p19 subunits. Subsequent studies revealed that
mice deficient in the p19 subunit were protected from disease induction in certain
models of supposed Thl-classified disease, but mice deficient in p35 were not (Cua
et al., 2003, Murphy et al., 2003). These finding implicated a novel helper T cell
response, which was verified by the discovery of a distinct IL-17 secreting CD4™ T
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cell subset induced by IL-23, called Th17 cells (Langrish et al., 2005, Weaver et al.,
2006).

Although Thl7 cells were originally thought to require IL-23 for their
differentiation (Aggarwal et al., 2003), it has recently been suggested that 1L-23
only functions to stabilise the phenotype of these cells (Stritesky et al., 2008). It is
now believed that IL-6 and TGF- are the cytokines required the differentiation of
Th17 cells, through the activation of the Smad2 and STAT3 signalling pathways
(Bettelli et al., 2006, Tanaka et al., 2008, Malhotra et al., 2010). These cells have
been shown to secrete IL-17A, IL-17F, and IL-22, and are regulated by the
transcription factor RORyt (Ivanov et al.,, 2006, Korn et al., 2009). To further
complicate the original Th1/Th2 paradigm, both IFN-y and IL-4 have been shown
to inhibit the differentiation of Th17 cells (Harrington et al., 2006). However, it is
not currently understood whether Th17 responses can inhibit Thl and Th2 cells.
Th17 responses are thought to play a role in the clearance of extracellular bacteria
and fungi (Stockinger and Veldhoen, 2007, Milner et al., 2008), and since their
discovery, have been implicated in several autoimmune diseases previously thought

to be driven by Thl cells.

The requirement of TGF-B for Thl7 differentiation means that these cells are
closely linked with regulatory T cells which can also be induced by TGF-p.
However, regulatory T cells play a role in limiting effector T cell responses and

therefore these subsets have opposing actions.

1.1.3.4 Regulatory T cells

In addition to the effector T helper subsets (Te) there are CD4" T cells that possess
immunosuppressive characteristics called regulatory T cells or Treg. A cardinal
feature of a regulatory cell population is the ability to dampen immune responses to
antigen upon transfer to mice. This ability was first proposed in the 1970’s, and
these cells were termed ‘suppressor T cells’ (Gershon and Kondo, 1970, Gershon et

al., 1972). However, the concept of suppressor T cells was largely abandoned in the
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1980’s due to difficulties in characterising these cells (Moller, 1988, Sakaguchi et
al., 2007). The existence of suppressive T cells, now called Treg, was resurrected
in the mid 1990°s as a result of experiments that demonstrated the existence of
CD4" T cells that could suppress effector CD4" T cells responses (Chen et al., 1994,
Groux et al., 1997). Regulatory T cells have since been broadly segregated into two
subpopulations; the natural thymically-derived Treg (nTreg) and the adaptive or

induced Treg which are generated in the periphery.

1.1.3.4.1 Natural regulatory T cells

CD4'CD25" natural regulatory T cells (nTreg) were first identified by Sakaguchi et
al, who demonstrated that adoptive transfer of CD4" cells into naive recipient mice
that had been depleted of CD25" cells resulted in the onset of autoimmune
pathology (Sakaguchi et al., 1995). These CD4 CD25" cells were later shown to be
important in the maintenance of self-tolerance and were found to express the
transcription factor Foxp3 (Asano et al., 1996, Suri-Payer et al., 1998, Hori et al.,
2003). Indeed, people with mutations in the Foxp3 gene have been shown to
develop Immune dysregulation Polyendocrinopathy Enteropathy X-linked (IPEX)
syndrome, where autoimmune and allergic responses are observed (Le Bras and
Geha, 2006). nTreg constitute ~5-10% of the circulating CD4" population and are
generated as a distinct CD4" T cell lineage in the thymus during development (Itoh
et al., 1999). This is thought to occur during the later stages of development as
CD25 is only first expressed upon transition of DP CD4'CD8" cells to SP
CD4'CD8’, and Foxp3® cells are only observed within the thymic medulla
(Papiernik et al., 1998, Fontenot et al., 2005). Foxp3 expression is induced in SP
thymocytes by a process thought to involve IL-2 and TGF-f signalling, as absence
of these cytokines results in reduced numbers of circulating CD4 CD25 Foxp3"
cells (Liu et al., 2008). Similar to CD4 Foxp3™ cells, once nTreg cells have been

generated, they can leave the thymus and enter the circulation.
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Although the exact mechanisms by which nTreg suppress T.s responses are not
well defined, multiple potential mechanisms have been identified. These are

discussed in further detail in section 1.1.3.4.3.

1.1.3.4.2 Adaptive regulatory T cells

Adaptive and induced CD4 Foxp3" regulatory T cells (iTreg) are generated from
CD4 Foxp3™ cells within the periphery. These include the generation of
CD4'Foxp3" iTreg and the Tr1 and Th3 CD4 Foxp3 regulatory T cell subsets.

It has been demonstrated that CD4 CD25 Foxp3~ cells can be induced from
conventional CD4 Foxp3~ cells both in vivo and in vitro (Curotto de Lafaille et al.,
2004, Chen et al., 2003b). The generation of these iTreg cells is dependent upon
the presence of TGF-B, and they have been shown to have immunosuppressive
activities in several experimental models (Zheng et al., 2006, DiPaolo et al., 2007).
It has also been reported that the generation of iTreg in vivo can be induced by the
administration of antigen in the absence of DC activation (Apostolou and von
Boehmer, 2004, Mahnke et al., 2003). The ability to generate large numbers of
iTreg from CD4 Foxp3™ cells offers many advantages over the use of nTreg as a
cellular therapy for the treatment of autoimmune conditions. However, the
observation that Foxp3 expression is unstable in iTreg has prompted concerns over
the potential of these cells to convert to a pathogenic phenotype. Reassuringly,
recent studies have demonstrated that loss of Foxp3 expression does not abrogate

the ability of iTreg to suppress T responses (O'Connor et al., 2010).

In addition to regulatory T cells there are CD4 Foxp3 cells that have suppressive
functions; these include the Trl and Th3 subsets. Trl cells can be induced from
naive precursors by the presence of IL-10, and have been shown to down-regulate
immune responses mediated by Te cells (Groux et al.,, 1997). Activation of naive
CD4" T cells by immature DC has also been implicated in the induction of Tr1 cells
(Levings et al., 2005). These regulatory cells function through the production of

large amounts of the immunosuppressive cytokine IL-10 (Roncarolo et al., 2006).
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In contrast, the Th3 cells predominantly produce TGF-B, and were defined in
models of oral tolerance (Chen et al., 1994, Weiner, 2001). Due to their secretion of
TGF-B, Th3 cells might also prompt the induction of Foxp3® iTreg from
“bystander” naive CD4" T cells (Carrier et al., 2007).

Despite the characterisation of the above regulatory populations, the precise
mechanisms of immunosuppression by these cells are not fully understood.

However, several possible mechanisms have been identified.

1.1.3.4.3 Mechanisms of Inmune-suppression
The potential mechanisms of suppression by Treg, Trl and Th3 cells include the
secretion of inhibitory cytokines, metabolic disruption, alteration of APC function,

and cell-cell contact mediated cell death.

Trl and Th3 cells have been shown to secrete IL-10 and TGF-§ respectively, as
have nTreg cells under certain conditions (Liu et al., 2003, Joetham et al., 2007).
IL-10 inhibits both proliferation and cytokine secretion by T cells (Fiorentino et al.,
1991, Taga and Tosato, 1992), and can inhibit the activation of T cells as well as
suppress memory and effector CD4" T cells (Perrin et al., 1999, Brooks et al.,
2010). Furthermore, IL-10 can inhibit maturation of DC and therefore hinder their
ability to activate T cells (Cavani et al., 2000). TGF-B has also been shown to
inhibit proliferation of T cells (Bright et al., 1997), and is thought to act both as a
soluble and membrane bound mediator of T cell suppression (Nakamura et al.,
2001, Shevach, 2002). An additional immunosuppressive cytokine produced by
Treg is IL-35, which has been shown to inhibit effector T cell responses and may
also play a role in expanding nTreg populations (Collison et al., 2007, Castellani et

al., 2010).

Despite the ability of nTreg to secrete immunosuppressive cytokines, these cells are
also thought to mediate suppression through a contact-dependent, cytokine-

independent mechanism. This is due to the observation that neutralisation of IL-10
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and TGF-B in vitro does not inhibit suppression by nTreg, and that nTreg do not
suppress responder cells when they are separated by a permeable membrane
(Thornton and Shevach, 1998, Takahashi et al., 1998). A potential contact-
dependent mechanism of suppression is through cytolysis. nTreg have been shown
to produce Granzyme A (Granzyme B in mice) and can therefore kill target cells
(Gondek et al., 2005, Cao et al., 2007). It has recently also been suggested that
nTreg can suppress through metabolic disruption. nTreg are generally thought to be
anergic as they fail to produce their own IL-2 upon stimulation, and therefore rely
on IL-2 from other cells for their survival and growth (Housley et al., 2011).
Therefore, a proposed mechanism of suppression by nTreg is through deprivation of
IL-2 which can induce apoptosis of Tk cells (Pandiyan et al.,, 2007). A further
mechanism by which nTreg can suppress through metabolic disruption is through
the expression of cell-surface CD39 and CD73. These molecules act to degrade
extracellular ATP which can have pro-inflammatory effects and aid T cell

activation (Deaglio et al., 2007, Romio et al., 2011).

Treg also harness the potential to modulate APC function. In the case of nTreg,
these cells have been shown to express high levels of the inhibitory molecules
CTLA-4 and LAG-3. These molecules can interact with ligands on APC
(CD80/CD86 and MHC 1II) and inhibit their ability to activate naive T cells (Liang
et al., 2008, Onishi et al., 2008).

These examples demonstrate that there are many potential mechanisms of
suppression by regulatory cells, and it is likely that a selection of these are utilised

depending upon the conditions.

1.1.3.5 Novel CD4" T cells subsets

Several novel helper T cell subsets have recently been described. These include the
IL-9 secreting Th9 cells (Veldhoen et al., 2008, Dardalhon et al., 2008) and IL-22
secreting Th22 cells (Trifari et al,, 2009). However, the role of these cells in
immune pathology and their existence as discrete CD4" T cell subsets is not yet

fully understood.
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Figure 1.1 Key CD4" T cells subsets
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1.1.3.6 Plasticity of T cells

There is an emerging field in T cell biology which challenges the paradigm that
CD4" T cell differentiation is an irreversible process. This so-called ‘plasticity’ of
CD4" T cells was first described in nTreg, whereby culture in the presence of IL-6
was shown to promote loss of Foxp3 expression and gain of IL-17 production (Xu
et al.,, 2007). iTreg cells appear to be resistant to this conversion (Zheng et al.,
2008). However, recent studies have demonstrated that they can adopt a Thl-like
phenotype when cultured in the presence of IL-12 (O'Connor et al., 2010).
Similarly, it has been demonstrated that Th2 cells can be re-programmed to produce
IFN-y (Hegazy et al., 2010) and more recently, both Thl and Th17 cells have been
shown to acquire a Th2-like phenotype and produce I1L-4 (Panzer et al., 2011). Thl
cells have also been shown to produce the immunsuppressive cytokine IL-10 under
certain conditions (Jankovic et al., 2007). In addition, the presence of IFN-y and
IL-17 double positive CD4" have been observed during inflammation (Annunziato

et al., 2007, Nistala et al., 2008).

These observations demonstrate that T cell differentiation is not absolute and that
segregation of CD4" T cells into discrete subsets does not accurately reflect the
characteristics or phenotype of these cells. In addition, the ability of so-called
lineage-specific cytokines to inhibit the differentiation of different T cell subsets
adds further complexity to understanding the role of these cells in the induction and

resolution of immune pathology.

1.2 Peripheral tolerance

As mentioned in section 1.1.1 during the development of T cells within the thymus,
many self-reactive T cell clones are thought to be eliminated by negative selection.
However, not all self-antigens are expressed in the thymus and therefore T cells that
recognise these self-peptides escape this negative selection process. Also, due to

the requirement for T cells to recognise and protect from a diverse array of
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pathogens and the degeneracy of the TCR, there are T cells in the periphery that are
cross-reactive and are capable of recognising both foreign and self-antigens.
Therefore, mechanisms need to exist in order to prevent the activation of these
autoreactive T cells. These peripheral tolerance mechanisms include cell death,

anergy and regulation.

1.2.1 Death

In addition to the deletion of self-reactive T cells in the thymus, these cells can also
be programmed to undergo apopotosis in the periphery (Jones et al., 1990, Wells et
al., 1999). This is thought to occur due to encounter with antigen in the absence of
co-stimulation. As discussed in section 1.1.2.3, co-stimulation provides necessary
survival signals required for full T cell activation. Therefore if the TCR of self-
reactive T cells are engaged by self pMHC complexes under steady state conditions,
the up-regulation of pro-apoptotic molecules such as Fas, FasL and Bim leads to
deletion (Walker and Abbas, 2002, Mueller, 2010). The importance of cell death in
maintaining tolerance to self antigens has been demonstrated by the occurrence of
autoimmune disease in mice with mutations in Fas, FasL or Bim (Nagata and Suda,

1995, Bouillet et al., 1999, Weant et al., 2008).

1.2.2 Adaptation

As an alternative fate to apoptosis, stimulation of naive T cells through the TCR in
the absence of co-stimulation can also result in a hypo-responsive phenotype termed
anergy (Choi and Schwartz, 2007). Clonal anergy is classically an in vitro
phenomenon that has been shown to occur when T cells are stimulated in the
absence of co-stimulation (Jenkins and Schwartz, 1987, Harding et al., 1992).
Anergic T cells lack the ability to produce IL-2 and therefore cannot undergo clonal
expansion upon recall stimulation with antigen (Mueller et al., 1989). Production of
effector cytokines such as IFN-y is not impaired in T cells that have been anergised
in vitro. However, the ability to induce this precise form of clonal anergy in vivo

and it’s relevance in peripheral tolerance to self-antigens remains a mater of debate.
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Another form of hypo-responsive state is adaptation, also known as adaptive
tolerance or in vivo anergy. This can occur in vivo due to the persistent presence of
antigen (Rammensee et al., 1989, Oxenius et al., 1998, Rocha et al., 1993). The
induction of adaptive tolerance is thought to be due to TCR signalling in an
environment deficient in co-stimulation and or high in co-inhibition (Schwartz,
2003). Upon encounter with antigen, the T cells undergo an initial phase of
proliferation, which is followed by cell death and a lack of proliferation and
cytokine production in the cells that remain (McCormack et al., 1993, Pape et al.,
1998). Unlike clonal anergy, adaptive tolerance cannot be reversed through the
addition of exogenous IL-2, but is reversed by the removal of antigen (Tanchot et
al.,, 2001, Choi and Schwartz, 2007). Investigation into the role of co-inhibitory
signals in the maintenance of adaptive tolerance has demonstrated that blockade of
CTLA-4 can prevent the induction of adaptive tolerance (Perez et al., 1997). A
further co-inhibitory molecule thought to play a role in maintaining peripheral
tolerance is PD-1 (Fife and Pauken, 2011) (described in further detail in section
1.5.2.2.2)

In situations where antigen is sequestered in an immune privileged site adaptive
tolerance cannot be induced. However, the inability of self-reactive T cells to
encounter their antigen in this situation prevents their activation due to clonal

ignorance (described in further detail in 1.3.2.2).

1.2.3 Regulation

The third pillar of peripheral tolerance is regulation, which involves the
aforementioned regulatory T cells (as described in 1.1.3.4). The obligate role of
nTreg in peripheral tolerance has been demonstrated by the spontaneous
development of multi-organ autoimmune conditions in mice and humans that either
lack or have mutations within the Foxp3 gene (Fontenot et al., 2003, Le Bras and
Geha, 2006). One theory is that nTreg cells stem from thymic T cell precursors that
have a high affinity to self antigens, and therefore can compete with conventional T

cells that have a lower affinity for self-antigens (Jordan et al., 2001, Hsieh et al.,
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2004, Stritesky et al., 2011). Th3 and Trl cells have also been implicated in
maintaining peripheral tolerance, whereby Th3 cells can encourage the generation

of iTreg (Carrier et al., 2007), and Tr1 cells can induce tolerance by the secretion of

IL-10 (Bacchetta et al., 1994, VanBuskirk et al., 2000).

1.3 Autoimmune disease: The breakdown of tolerance

In 1901 Paul Ehrlich famously postulated that a living organism would not
endanger itself by the production of toxic auto-antibodies, a phenomenon termed
horror autotoxicus (Silverstein, 2001). However, work by Julius Donath and Karl
Landsteiner in 1904 demonstrated that auto-antibodies were a causative agent in
Paroxysmal cold haemoglobinuria (Schwartz, 2005) (a haemolytic disease which
occurs upon exposure to cold temperatures), and thus the concept of autoimmune

disease was born.

Autoimmune disease is now understood to be driven by auto-reactive T cells that
have escaped mechanisms of tolerance, and mounted an inappropriate immune
response against target self-antigens. Autoimmune disease must reflect deficiencies

in both central and peripheral tolerance.

1.3.1 Breakdown of central tolerance

Central tolerance was initially thought to be an incomplete mechanism of deleting
auto-reactive T cell progenitors due to a lack of tissue-restricted or tissue-specific
antigen (TSA) expression within the thymus (Sprent and Surh, 2003). Therefore, T
cells that could recognise these TSAs could escape central tolerance and potentially
induce organ-specific autoimmune disease. However, it later became evident that
this theory needed refinement when several studies demonstrated that the thymus
can in fact express TSAs, and that these antigens were largely expressed by mTEC

(Pribyl et al., 1996, Smith et al., 1997, Derbinski et al., 2005). The discovery of the
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autoimmune regulator (AIRE), a transcription factor required for the expression of
TSAs within the thymus, supported these findings (Anderson et al., 2002).
Deficiency in AIRE expression has been shown to result in the inhibition of
negative selection and the onset of autoimmune pathology in both humans and mice

(Nagamine et al., 1997, Ramsey et al., 2002).

Even when AIRE is expressed, there are clear examples where autoantigenic
epitopes are inefficiently presented in the thymus, allowing T cells to avoide
negative selection (Anderton and Wraith, 2002). This has been demonstrated with
the encephalitogenic Acl-9 peptide of myelin basic protein (MBP); whereby the
presence of Acl-9 in the thymus does not induce deletion of T cells that recognise
this peptide (Liu et al., 1995). This is thought to be due to the poor MHC-binding
affinity and therefore low functional avidity of Ac1-9, as systemic administration of
Acl-9 peptide analogs with higher MHC-binding affinities resulted in deletion of
the Acl-9-reactive T cells. Despite the mechanisms by which auto-reactive T cells
can escape central tolerance, these T cell clones also need to circumvent

mechanisms of peripheral tolerance in order to induce autoimmune pathology.

1.3.2 Breakdown of peripheral tolerance

1.3.2.1 Defects in peripheral tolerance mechanisms

There are various defects in peripheral tolerance that have been associated with
autoimmune disease. As mentioned in section 1.2.1, mutations in the genes
encoding the pro-apoptotic molecules Fas, FasL and Bim limits the potential for
self-reactive T cells to be deleted within the periphery and can result in the onset of
autoimmune pathology. In humans, mutations in these genes are associated with
autoimmune lymphoproliferative syndrome (Straus et al.,, 1999). Defects in the
expression and function of co-inhibitory molecules thought to play a role in
peripheral tolerance, such as CTLA-4 and PD-1, have also been implicated in
autoimmune pathology. Genetic polymorphisms at the CTLA-4 and PD-1 loci have

been associated with several autoimmune diseases including type 1 diabetes (T1D),
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Graves’ disease and multiple sclerosis (MS) (Yanagawa et al., 1995, Nistico et al,,
1996, Awata et al., 1998, Nielsen et al., 2003, Kroner et al., 2005). A further
contributing factor to the breakdown in peripheral tolerance can be attributed to
deficiencies in regulation by Treg. Multiple proposed defects in regulation by Treg
have been associated with autoimmunity; including a reduction in numbers of Treg
and functional inadequacies (Buckner, 2010). As mentioned in section 1.1.3.4.1,
mutations affecting Foxp3 expression are associated with the autoimmune condition
IPEX syndrome (Le Bras and Geha, 2006). Studies into the function of
CD4'CD25" cells from patients with T1D or MS have also shown that they have a
reduced in vitro suppressive capacity compared to those from healthy controls

(Lindley et al., 2005, Viglietta et al., 2004).

1.3.2.2 Antigen release from immune privileged sites

Clonal ignorance is a further mechanism that prevents activation of autoreactive T
cells and relies upon the permanent separation of antigen and the self-reactive T
cells. This can occur due to the location of the target self-antigen within an immune
privileged site, such as the eye and central nervous system (CNS). Tissue damage
associated with infection or physical injury is thought to compromise the immune
privileged site and release these hidden antigens, which can result in the onset of
autoimmune pathology (Caspi, 2006). This has been demonstrated in sympathetic
ophthalmia, whereby physical damage to one eye can induce an inflammatory
response in the uninjured contralateral eye. This is thought to occur due to the
release of self-antigens by the initial insult (Rao et al., 1983) which instigates

autoimmune uveitis that can target both eyes (Hellmund et al., 1998).

1.3.2.3 Bystander activation of T cells

Although the exact mechanisms that enable the bystander activation of T cells are
not fully understood, it is thought to occur non-specifically as a result of an immune
response triggered by infection (Burt et al., 2002). The presence of TLR ligands

and inflammatory cytokines present during infection are thought activate APC that
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can subsequently stimulate auto-reactive T cells. This has been demonstrated using
TCR transgenic mice, whereby the CD4" cells from these mice can be activated
during infection with a virus that the T cells do not recognise (Gangappa et al.,
1999, Di Genova et al., 2010). However, the exact role this phenomenon plays in

the onset of autoimmune disease is not currently known.

1.3.2.4 Molecular mimicry

Many autoimmune diseases have also been linked with particular pathogenic
infections.. One attractive idea is that the infection might provide an antigenic
trigger, sowing the seeds (activated/memory T cells) for autoimmune disease to
develop. This is thought to occur due to the degeneracy required of TCR, where the
requirement to recognise a broad range of foreign antigens means there is the
potential that a specific TCR can be cross-reactive with both foreign and self-
antigens. Molecular mimicry is the hypothesis that T cells activated by foreign
antigen during infection can cross-react with self-antigen and lead to the onset of
autoimmune disease (Oldstone, 1987). Evidence of this has been provided by the
observation that potential target auto-antigens bear resemblance to viral peptides
(Honeyman et al., 1998, Atkinson et al., 1994), and that viral infection can trigger
autoimmune pathology in several experimental models (Fujinami and Oldstone,
1985, Yuki et al., 2004, Ohashi et al., 1991, Olson et al., 2001). In addition to this,
it has also been observed that viral peptides can activate auto-reactive T cells
(Ufret-Vincenty et al., 1998), most notably MBP-reactive T cell clones isolated
from MS patients (Wucherpfennig and Strominger, 1995). Despite these
observations, direct evidence of this in humans is difficult to obtain. This might be
because the infection is cleared before the onset of clinical symptoms of

autoimmune disease.

Due to the multitude of mechanisms in place to prevent the activation of
autoreactive T cells, it is thought that a combination of factors needs to coincide in
order to permit the escape from tolerance. Depending upon the contributing factors

leading to the activation of self-reactive T cells, a variety of different autoimmune
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diseases can result. This thesis focuses on the organ-specific autoimmune disease

of the CNS, MS.

1.4 Multiple Sclerosis & EAE

1.4.1 Multiple Sclerosis

MS is thought to be an autoimmune disease of the CNS, whereby CD4" cells
orchestrate immune-mediated damage to the myelin sheath surrounding axons
(Korn, 2008, Prat and Antel, 2005). MS is epidemiologically associated with
extreme geographical latitudes, with the highest incidence occurring in northern
Europe, North America and south Australasia (Kurtzke, 1991, Simpson et al.,
2011), and more frequently occurs in females than males (Sellner et al., 2011). The
exact eitiology of MS is currently unknown, but is thought to include both

environmental and genetic risk factors (Marrie, 2004).

1.4.1.1 Clinical courses of MS

There are three principal clinical courses recognised in MS; relapsing-remitting MS
(RRMS), secondary progressive MS (SPMS) and primary progressive MS (PPMS)
(Figure 1.2). The majority of cases present with an initial relapsing-remitting
course which often later advances to a secondary progressive phase, where
cumulative neurodegeneration and an absence of remission are hallmark features
(Venken et al., 2010, Spain et al., 2009). In RRMS, it is thought that relapse is
associated with active inflammation, and remission reflects the resolution of
inflammation and repair of the myelin sheath (Bruck, 2005). Multiple relapses lead
to an accumulation in neurological damage and axonal loss; once this reaches a
critical level there is thought to be a change in the disease phenotype from
inflammation to neurodegeneration, and the patient goes on to develop SPMS
(Trapp et al., 1999, Spain et al., 2009). In contrast, PPMS is characterised by
progressive axonal degeneration in the absence of any overt inflammation, and
therefore is primarily thought of as a neurodegenerative disease (Matthews, 2004,

Trapp and Nave, 2008).
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Figure 1.2 Clinical courses of MS
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1.4.1.2 Symptoms & Immunopathology of MS

MS is a highly heterogeneous disease and therefore symptoms are many and varied,
and largely depend upon the location of the demyelinating lesions within the CNS
(Kincses et al., 2010). Symptoms can arise from both sensory and motor defects
and include; loss of co-ordination, numbness and tingling, vision loss, neuropathic
pain, fatigue, spasticity and imbalance (Thompson, 2001, Ben-Zacharia, 2011).
There are no symptoms that are specifically unique to MS, and therefore diagnosis
is usually aided by magnetic resonance imaging (MRI) to detect the presence of

lesions within the CNS.

Although the exact mechanisms involved in the pathogenesis of MS are not fully
defined, most of what is known has been aided by studies in animal models of CNS
autoimmune disease (described in more detail in 1.4.2). In MS, myelin-reactive
CD4" T cells are thought to be activated within the periphery, which enables them
to cross the blood brain barrier (BBB) and enter the CNS (Goverman, 2009). Once
there, these cells are thought to orchestrate immune-mediate damage directed at the
myelin sheath (Constantinescu et al., 2011). Other immune cells implicated in the
pathogenesis of MS include CD8" T cells, B cells and innate immune cells such as
macrophages and CNS-resident microglia (Hemmer et al., 2006). Evidence that MS
is a CD4" T cell mediated disease stems from the observation that experimental
autoimmune encephalomyelitis (EAE), an animal model of CNS autoimmune
disease, can be induced by the passive transfer of encephalitogenic CD4™ T cells
into naive mice (Zamvil et al., 1985, Ben-Nun et al., 1981) (described in more detail
in 1.4.2). CD4" T cells can also be observed within MS lesions (Raine, 1994,
Hauser et al., 1986), and myelin-reactive T cells have been shown to exist in a
heightened state of activation in MS patients compared to healthy controls (Zhang
et al., 1994). Furthermore, the monoclonal antibodies Natalizumab (Tysabri®) and
Alemtuzumab (Campath®), which block entry of lymphocytes to the CNS or
induce deletion of lymphocytes respectively, have shown clinical efficacy in the
treatment of relapsing-remitting MS (Pucci et al., 2011, Coles et al., 2008). More in
detail mechanisms of MS pathology can be gleaned from animal models and are

discussed in further detail in 1.4.2.
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1.4.1.3 Suspected causes of MS

As the exact mechanism of disease induction in MS is not understood, no direct
cause has been identified. However, several genetic and environmental risk factors
have been proposed to play a role in the induction of disease. In addition to
potential genetic mutations associated with the function of central and peripheral
tolerance (section 1.2), there is an associated risk between MHC 11 allele expression
and MS. Individuals with the human leukocyte antigen (HLA)-DRB1*15 genotype
have a genetic susceptibility to MS, and comprise over 60% of cases (Haines et al.,
1998, Barcellos et al., 2003, Schmidt et al., 2007). Genome-wide association
studies (GWAS) have also identified other potential genetic associations, the
majority of which include genes associated with immune function (Table 1.1)
(Kemppinen et al., 2011). In addition to providing further evidence that MS is an
immune-mediated disease, the results of GWAS and linkage studies may give an
insight into the pathology of the disease. For example, several of the MS risk loci
identified are associated with activation, proliferation and differentiation of T cells,
namely the IL-12 responsive Thl cells and the STAT3-regulated Th17 cells.
Despite the implications of these GWAS findings, the concordance rate between
monozygotic twins is only thought to be ~25-30% (Sadovnick et al., 1993), which
implicates an important contribution of environmental factors in disease onset and
or progression. Potential environmental triggers thought to be associated with MS

include viral infection and vitamin D deficiency.

As mentioned in section 1.3.2.4 infection with certain viruses are thought to enable
self-reactive T cells to escape tolerance and become activated. Several viral
infections have been linked to MS including Epstein-Barr virus (EBV) and human
herpes virus 6 (HHV-6) (Ascherio et al, 2001, Soldan et al, 1997).
Epidemiological studies have identified these as risk factors in MS, and several
potential molecular mimics have been found in both viruses for MBP (Ascherio and
Munch, 2000, Challoner et al., 1995, Holmoy et al., 2004, Tejada-Simon et al.,
2003). These associations provide a potential mechanism by which MBP-reactive T

cells can become activated in the periphery.
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Nearest p-value  Odds Function of encoded protein
gene to ratio
risk allele
KIF1B 2.50E-10 1.34 Motor protein belonging to the Kinesin family involved in
axonal transport (Aulchenko et al., 2008, Nangaku et al.,
1994)
TMEM39A  3.09E-08 1.24 Transmembrane protein, function unknown (IMSGC,
2007, IMSG 2010)
KIF21B 6.56E-10 1.22 Kinesin family member involved in neuronal transport
unknown (IMSGC, 2007, IMSG 2010, Marszalek et al.,
1999)
CLECI16A* 1.6E-16 1.20 c-type lectin highly expressed in B cells, NK cells and DC
(Hoppenbrouwers et al., 2009, Hakonarson et al., 2007)
IRF8* 3.73E-09 1.25 Transcription factor involved in lineage commitment of
myeloid cells and B cells (De Jager et al., 2009, Wang &
Morse 2009)
CD6* 3.79E-09 1.18 Expressed by T cells and B cells, can function as an
accessory molecule in T cell activation (De Jager et al.,
2009, Gimferrer et al., 2004))
MPHOSPH9  3.96E-08 1.10 M-phase phosphoprotein-9; plays a role in mitosis (De
Jager et al., 2009, Matsumoto-Taniura et al., 1996)
TNFRSF1A*  1.59E-11 1.20 Major receptor for TNF-a (De Jager et al., 2009, Tartaglia
et al., 1993)
IL2RA* 2.38E-23 1.25 The IL-2 receptor alpha chain, expressed on immune cells
such as T cells and B cells, and promotes cell proliferation
via IL-2 signalling (IMSGC 2007, Minami et al., 1993)
CD58* 4.0E-09 1.23 Expressed by APC and facilitates interactions with T cells
through ligation with CD2 (IMSGC 2007, Moingeon et al.,
1989)
RGS1 3.55E-09 1.15 Attenuates signalling activity of G-proteins (De Jager et
al., 2009, Druey et al., 1996)
TYK2* 5.08E-09 1.30 Facilitates interferon-mediated signalling through STAT3
(WTCCC & TASC 2007, Karaghiosoff et al.,
2000)
IL12A%* 3.08E-08 1.11 The alpha subunit of IL-12, a cytokine that plays a role in
Th1 cell differentiation (De Jager et al., 2009, Athie-
Marales et al., 2004)
IL7R* 1.21E-17 1.20 IL-7 receptor
METTLI1 5.4E-11 1.23 Methyl-transferase responsible for post-transcriptional
modification of tRNA’s (ANZgene 2009, Alexandrov et
al., 2002)
STAT3* 2.75E-10 1.15 Signalling transducer of activation that plays a role in T
cell activation (De Jager et al., 2009, Takeda et al., 1998)
CBLB* 1.60E-10 1.40 E3 ubiquitin ligase which acts as a negative regulator of

adaptive immune responses (Sanna et al., 2010, Bachmaier
et al., 2000)

Table 1.1: MS risk loci as identified by GWAS

Table illustrates the nearest genes to 16 identified non-HLA loci associated with multiple

sclerosis. Criteria used to identify associations were based on p-values <5x10E-8. *

Represents genes with known immunological function. Table adapted from Kempinnen

et al., 2011.
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In addition, a potential link between vitamin D deficiency and levels of sunlight
exposure in MS has also been proposed due to the prevalence of MS cases in
geographically extreme latitudes (Cantorna, 2008). It has been observed that
individuals with MS have lower circulating levels of vitamin D compared to healthy
controls (Nieves et al., 1994), and there is an increased prevalence of MS in people

born in the northern hemisphere during spring months, which also implicates an
association with vitamin D exposure during pregnancy (Willer et al., 2005).
Furthermore, the frequency of MS cases is found to be lower in populations
residing at high latitudes with high dietary intake of vitamin D compared to those
with low dietary intake of vitamin D (Kakalacheva and Lunemann, 2011). The
observation that vitamin D possesses immunomodulatory properties may explain
the link between MS and vitamin D levels. The active form of vitamin D (1,25-
dihydroxyvitamin Ds3) has been shown to inhibit the activation and maturation of
DC, and enhance the function and generation of Treg (Ben-Zvi et al., 2010, Jeffery
et al., 2009, Smolders et al., 2009) Various studies have also demonstrated that
administration of vitamin D can inhibit the pathogenesis of EAE (Cantorna et al.,
1996, Spach and Hayes, 2005, Mayne et al., 2011). Although the exact mechanism
by which vitamin D acts to modulate immune responses is not understood, it

appears to act by beneficial immunoregulatory mechanisms.

Despite the association of several risk factors with MS, it is unlikely that there is a
single responsible cause, but rather a combination of risk factors acting in concert to

provoke autoimmune pathology, and the induction of MS.

1.4.1.4 Treatment of MS
Current treatments for MS largely rely upon non-specific immunomodulation of the
immune system. These include the use of mitoxantrone, glatiramer acetate,

interferon-f and natalizumab (Lopez-Diego and Weiner, 2008, Berger, 2009) .

Interferon-f therapeutics (Avonex®, Ribef®, Betaferon®, Extavia®) include both

interferon-p-1a and interferon-f-1b, and have been shown to reduce the frequency
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of relapses in RRMS (Paty and Li, 1993, Jacobs et al., 1996, Kappos et al., 2007).
The mode of action is not fully understood, but potential reported mechanisms
include the inhibition of antigen presentation, T cell proliferation, and effector
cytokine production (Markowitz, 2007, Noronha et al., 1993, Barna et al., 1989).

Glatiramer acetate (Copaxone®) is a synthetic amino acid polymer designed to
mimic MBP which has been shown to reduce the relapse rate and delay the onset of
disability in RRMS (Teitelbaum et al., 1971) (Johnson et al., 1995, Simpson et al.,
2002). Although glatiramer acetate has been shown to switch off an immune
response targeted at the MBP 82-100 epitope (Aharoni et al., 1999), the main mode
of action is thought to be non-specific and functions through effects on DC rather

than T cells (Weber et al., 2004, Vieira et al., 2003).

Mitoxantrone (Novantrone®) is a cytotoxic drug typically used to treat aggressive
forms of MS that are refractory to treatment with interferon-p and glatiramer acetate
(Correale et al., 2005). Treatment with mitoxantrone results in long-lasting
immunosuppression and is thought to decrease the number of demyelinating lesions
and inhibit the progression of disability (Edan et al., 1997, Hartung et al., 2002), but

also renders the patient immunocompromised.

Natalizumab (Tysabri®) is a monoclonal antibody that blocks the adhesion
molecule a-4 integrin (a component of VLA-4), inhibiting the entry of lymphocytes
into the CNS (Hutchinson, 2007). In clinical trials natalizumab has been shown to
reduce the relapse rate and the development of gadolinium-enhancing lesions in
RRMS (Polman et al., 2006, Rudick et al., 2006). However, this drug was briefly
withdrawn from the market due to associations with the deaths of several patients
following treatment (Kleinschmidt-DeMasters and Tyler, 2005, Langer-Gould et al.,
2005). These patients had developed progressive multifocal leukoencephalopathy
(PML), an often fatal condition caused by the reactivation of JC virus (as a result of
the inhibition in immune surveillance), and leads to demyelination within the CNS
(Wenning et al., 2009, Stuve et al., 2006). Although natalizumab was allowed back
onto the market, JC virus is a relatively common infection (Taguchi et al., 1982),

and therefore the development of PML remains a risk.
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Additional new-line therapies include Fingolimod (FTY7220, Gilenya®),
alemtuzumab (Campath®) and rituximab (Rituxan®). Figolimod is an oral therapy
that blocks the sphingosine 1-phosphate receptor, S1P; and inhibits the egress of
lymphocytes from lymph nodes (Brinkmann et al., 2010). Despite demonstrating
clinical efficacy (Kappos et al., 2010), fingolimod is currently under review by the
FDA due to some fatalities (Lindsey et al., 2012). Alemtuzumab is a monoclonal
antibody that targets CD52 and depletes T and B cells (Minagar et al., 2010). This
drug is currently in phase III clinical trials for MS, however, an associated risk is
the development of secondary autoimmune conditions (Jones et al., 2009, Cossburn
et al., 2011). Rituximab, a monoclonal antibody that targets CD20 and selectively
depletes B cells is also in clinical trials for MS (Hauser et al., 2008). However, the

exact role of B cells in MS is not currently understood (Ireland and Monson, 2011).

All of these therapeutic regimes, including the new-line therapeutics act non-
specifically and therefore fail to treat underlying mechanisms of the disease.
Current therapeutics are also frequently associated with adverse side effects and can
render patients susceptible to secondary infections and potentially neoplasia.
(Barker et al., 2007).  As such, there is a pressing need to develop methods of
specifically targeting the relevant pathogenic factors that instigate and maintain
disease, whilst leaving normal immune function intact. Antigen-specific therapy
offers the possibility of selectively switching-off only the T cells involved in
driving disease. Such approaches have been developed in EAE using peptide
antigens (discussed in further detail in section 1.5) and are currently in clinical trials

for MS (clinical trials identifier: NCT01097668).

1.4.2 EAE

Development of the EAE model began after Louis Pasteur’s vaccine against rabies
was found to induce encephalomyelitis (Balaguer 1888). The vaccine involved the
injection of spinal cord matter from rabbits infected with rabies into humans. Later
studies investigating this phenomenon demonstrated that injection of emulsified

brain or spinal cord material into rabbits and rhesus monkeys also induced
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encephalomyelitis, and was characterised by perivascular inflammatory infiltrates
and demyelination within the CNS (Baxter, 2007). Through the use of complete
Freund’s adjuvant (CFA, a mineral oil containing heat-inactivated mycobacterium)
emulsified with CNS homogenate, the reliability of encephalomyelitis induction
was improved, and could be induced by a single injection (Kabat et al., 1946,
Freund et al.,, 1947). These experiments form the basis of the EAE model used
today. EAE is a useful model of organ-specific autoimmune disease and due to its

demyelinating nature, is often referred to an animal model of multiple sclerosis.

1.4.2.1 Immunopatholgy of EAE

Through the identification of several CNS auto-antigens it has been demonstrated
that EAE can be induced in susceptible strains of mice through immunisation with
whole protein or encephalitogenic peptides from myelin basic protein (MBP)
(Laatsch et al., 1962, Zamvil et al., 1986), Proteolipid protein (PLP) (Tuohy et al.,
1988, Tuohy et al., 1989), and myelin oligodendrocyte glycoprotein (MOG) (Amor
et al.,, 1994). Disease can also be induced by the adoptive transfer of activated
CD4" T cells isolated from immunised WT mice or in vitro activated TCR

transgenic cells, into naive recipient mice (Stromnes and Goverman, 2006).

EAE is a CD4" T cell mediated disease, as demonstrated by the inhibition of disease
induction by treatment with a-CD4 depleting antibodies (Waldor et al., 1985), and
the induction of disease in naive mice by the transfer on encephalitogenic CD4" T
cells (Ben-Nun et al., 1981, Zamvil et al., 1985). Although CD8" T cells have been
implicated in the pathology of MS, it has been demonstrated that MOG-reactive
CDS8" T cells do not induce EAE, whereas MOG-reactive CD4" T cells do (Leech et
al., 2011). A role for B cells has also been suggested in MS, however, it has been
observed that EAE can be induced in B cell-deficient mice (Wolf et al., 1996,
Hjelmstrom et al., 1998, Fillatreau et al., 2002). These studies implicate that both
CD8" T cells and B cells may not play a role in the induction of MS.
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During EAE, immunisation with CNS antigens in CFA activates antigen-reactive
CD4" T cells within the draining lymph nodes, and once activated these cells can
then migrate into the CNS (Furtado et al., 2008, Goverman, 2009). In the passive
transfer models of EAE, pre-activated myelin-reactive T cells are administered
(usually intravenously, or intraperitoneally) and these subsequently migrate into the
CNS (Baron et al., 1993). Once there, they are re-activated and produce pro-
inflammatory cytokines that activate CNS-resident microglia and recruit
macrophages from the peripheral circulation and tissues (Ponomarev et al., 2005,
Ajami et al, 2011). Activated microglia up-regulate antigen presentation and
secrete pro-inflammatory cytokines such as IL-1, IL-6 and TNF-o0, which acts to
further disrupt the BBB and enhance the recruitment of immune cells into the CNS
(Conrad and Dittel, 2011, Prendergast and Anderton, 2009). Inflammatory
macrophages induced by the pro-inflammatory cytokines secreted by CD4" T cells
are thought to be directly responsible for the destruction of the myelin sheath and

damage to oligodendrocytes (Epstein et al., 1983, Benveniste, 1997).

The mechanisms of T cell entry into the CNS are not understood but several
chemokine receptors and adhesion molecules have been implicated. These include
the P-selectin glycoprotein ligand-1 (PSGL-1), CXCRS, and CXCR3. PSGL-1
binds to P-selectin on endothelial surfaces and is thought to mediate the initial
stages of cell extravasation through the endothelial wall into sites of inflammation
(Kerfoot and Kubes, 2002). Although T cells are thought to up-regulate PSGL-1
upon activation, PSGL-1 requires glycosylation before it can bind to P-selectin
(McEver and Cummings, 1997). Despite this requirement, studies in MS patients
have shown elevated levels of PSGL-1 expression on circulating CD4" cells, and
enhanced migration of these cells through a brain-derived endothelial cell layer,
compared to healthy controls (Bahbouhi et al., 2009). Using a passive transfer
model of EAE it has also been demonstrated that pre-incubation of activated
myelin-reactive T cells with a-PSGL-1 blocking antibody antagonises or delays the
induction of EAE (Deshpande et al., 2006)(Prendergast, 2011). The frequency of
CCR5" and CXCR3" CD4" cells has also been found to be higher in the CSF of MS
patients compared to healthy controls (Balashov et al, 1999). It has been
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demonstrated that blockade of CXCR3 can inhibit the induction of passive but not
active EAE (Sporici and Issekutz, 2010). Whereas, in the case of CCRS, it has been
shown that CCR5-deficient mice are fully susceptible to EAE (Tran et al., 2000).
Regardless of these findings, the ligands for CXCR3 and CCRS5 are not
constitutively expressed but are up-regulated in the inflammatory milieu (Lacotte et
al., 2009, Fujita et al., 2004). Therefore, expression of these chemokine receptors on
pathogenic CD4" T cells may not be required for the initial entry of the pathogenic
T cells into the CNS, but could act to help later waves of these cells migrating to the
CNS. Another chemokine receptor that is over-represented in MS patients is the
Thl7-associated CCR6. In EAE, it has been demonstrated that CCR6 may enable
the migration of Thl7 and Treg cells into the CNS (Yamazaki et al., 2008).
However, investigation into the requirement of CCR6 for the induction of EAE has
yielded conflicting results. Several studies have reported a reduction in the severity
of EAE in CCR6 deficient mice (Reboldi et al., 2009, Yamazaki et al., 2008, Liston
et al., 2009), whereas studies by Elhofy et al., and Villares et al., have observed that
CCR6 deficient mice developed a more severe disease course than WT mice
(Elhofy et al., 2009, Villares et al., 2009). The disparity in these observations may
reflect the contentious issue regarding the role Th17 cells play in EAE.

EAE was long considered as a Thl-mediated autoimmune disease (Ando et al.,
1989, Bright et al., 1998). However, despite the observation that blockade of the
IL-12p40 subunit protected from the induction of EAE (Bright et al., 1998), mice
deficient in IFN-y were found to be susceptible to disease induction (Ferber et al.,
1996). These conflicting results cast doubt over the requirement for Thl cells in the
induction of EAE. The subsequent discovery of IL-23, a cytokine which shares the
p40 subunit of IL-12 appeared to solve this paradox. As mentioned in section
1.1.3.3, studies by Cua et al., demonstrated that IL-12 deficient mice were fully
susceptible to EAE induction, whereas IL-23 deficient mice were resistant (Cua et
al., 2003). This observation, coupled with the discovery of a novel T cell subset
thought to be induced by IL-23 (Thl7 cells), challenged the standing dogma that
EAE was a Thl-mediated disease (Langrish et al., 2005). However, the idea that

EAE was a Thl7-mediated disease was also later challenged when it was
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determined that the induction of EAE was not abrogated in the absence of IL-17
(Komiyama et al., 2006). In addition, studies from the Anderton laboratory
demonstrated that myelin-reactive T cells polarised to a Thl phenotype could
effectively induce EAE whereas cells polarised to a Th17 phenotype could not
(O'Connor et al., 2008). Further experiments suggested that Thl cells are in fact the
pioneer cells required for the induction of disease, and that Th17 cells can migrate
into the CNS at a later stage (Prendergast, 2011). This paradox was further
complicated by the observation that both T-bet and IL-23 are required for the
induction of EAE (Bettelli et al., 2004, Cua et al., 2003, Lovett-Racke et al., 2004,
Thakker et al., 2007). Taken together, all of this evidence suggests that EAE is not
explicitly a Thl or Thl7 driven disease. This paradox has been some-what
explained by recent studies that have demonstrated the absolute requirement of
GM-CSF production by T cells in the induction of EAE (Ponomarev et al., 2007,
Kroenke et al., 2010). In addition, GM-CSF is found to be produced by both Thl
and Thl17 cells (ElI-Behi et al, 2011). Therefore, rather than an absolute
requirement of Thl or Th17 cells for the induction of EAE, it is the ability of these
cells to produce GM-CSF that dictates their potential to induce disease. It is
thought that the production of GM-CSF may play a role in instigating disease
through the activation of macrophages and other APC within the CNS (Ponomarev
et al., 2007).

Although pathogenic T cells mediate disease induction it is thought that regulatory
T cells may be required for the resolution of disease. Evidence of this stems from
the observation that CD25 Foxp3™ cells accumulate in the CNS during EAE, and
this coincides with recovery from disease (McGeachy et al., 2005). In addition,
depletion of CD25" cells during the peak of disease was shown to inhibit recovery
from EAE. Treg accumulation in the CNS has been shown to occur through the
activation and proliferation of these cells within the inflamed CNS rather than
recruitment of these cells from the periphery (O'Connor et al., 2007). Therefore,
these data suggest that inflammation drives accumulation of Treg cells in the target
organ, and that these cells can then induce resolution of inflammation and enable

disease recovery. The use of Treg therapeutically has also been demonstrated
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whereby transfer of MBP-reactive Treg from TCR-transgenic Tg4 mice can inhibit
disease induced by immunisation of MBP peptide, and can also be used to
accelerate recovery of disease when administered during a chronic EAE disease

course.

In the context of MS, although no differences have been observed in the number of
Treg cells in the peripheral blood of MS patients compared to WT controls, the
Treg in MS patients have been shown to be functionally impaired (Viglietta et al.,
2004). It was observed that CD4 CD25" cells isolated from the peripheral blood of
MS patients were unable to suppress CD4 CD25 responder cells, whereas those
from healthy controls could. It has also been demonstrated that Treg cells from MS
patients have a lower level of Foxp3 expression that those from healthy controls
(Venken et al., 2008). These observations may indicate a lack in the ability to
control inflammation, and may explain why multiple relapses can occur in MS

patients.

1.4.2.2 TCR transgenic models of EAE

The use of traceable CD4" T cells from TCR transgenic mice such as the Tg4 (H-
2") and 2D2 (H-2") strains specifically enables the study of the antigen-reactive T
cells involved in disease pathogenesis. Tg4 TCR transgenic mice have CD4" T
cells that recognise the Acl-9 peptide of MBP (Liu et al.,, 1995)(section 1.5.5),
whereas CD4" T cells from 2D2 mice recognise the 35-55 peptide of MOG
(pMOG) (Bettelli et al., 2003); both MOG and MBP are CNS antigens that have
been identified as potential target self-antigens in MS (Ben-Nun et al., 1996).
Active EAE can be induced by the transfer of naive CD4" cells from Tg4 or 2D2
mice into B10.PL (Tg4), C57BL/6xB10.PL (Tg4) or C57BL/6 (2D2) hosts, before
subsequent immunisation with antigen in CFA (O'Connor et al., 2010)(Chung,
2008). The antigen reactive T cells become activated in the peripheral lymph nodes
and are subsequently able to migrate into the CNS, where they instigate disease
pathogenesis. Although active EAE can be induced in C57BL/6 and B10.PL mice
without the transfer of antigen-reactive T cells, in C57BL/6xB10.PL mice the
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induction of EAE requires the presence of antigen-reactive Tg4 cells. Therefore,
use of the C57BL/6xB10.PL model explicitly enables investigation into the
population of cells responsible for driving disease pathogenesis. T cells from TCR
transgenic mice can also be used to induce a passive transfer model of EAE,
whereby CD4" T cells from Tg4 or 2D2 mice can be activated in vitro in the
presence of antigen and Thl-polarising cytokines, before transfer into recipient
mice (O'Connor et al., 2008, Williams et al., 2011). Following transfer, these

activated cells care able to migrate into the CNS and induce disease.

The many similarities in the immunopathology and demyelination between EAE
and MS, makes this animal model a useful tool in the development of therapeutics
for use in treating MS. The use of transgenic models of EAE enables the effect of
potential therapeutic regimens on the pathogenic cells driving disease to be

investigated.

1.5 Antigen-specific therapy

As mentioned in section 1.4.1.4 the mainstay of current therapeutics for MS, and
indeed the majority of autoimmune diseases, relies upon non-specific
immunosuppression. In contrast, antigen-specific therapy offers the opportunity to

specifically target the T cells driving autoimmune pathogenesis.

Antigen-specific therapy was first utilised in the treatment of allergy over 100 years
ago by Noon & Freeman, whereby subcutaneous injection of pollen was used to
prevent hayfever in humans (Cohen et al., 2003). The use of whole protein antigen
to treat allergy is still in use today, however, due to the repeated exposure to antigen
an associated risk is the development of anaphylactic reactions. Anaphylaxis occurs
due to the generation of antigen-specific IgE and IgG; antibodies upon initial
sensitisation; additional contact with antigen leads to the cross-linking of these

antibodies on the surface of mast cells and the release of inflammatory factors such
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as histamine (Moote and Kim, 2011, Peavy and Metcalfe, 2008). The use of
immunodominant peptides in place of whole antigen offers a safer alternative as the

short peptides are less likely to bind IgE and/or IgG1 (Francis and Larche, 2005).

The basis of antigen-specific or peptide therapy involves the induction of tolerance
in the antigen-reactive CD4" T cells that are driving pathogenesis. This is achieved
through the administration of antigen in a tolerogenic form i.e. soluble peptides in
the absence of adjuvant (Figure 1.4). Peptide therapy offers great potential for the
treatment of autoimmune disease, and the administration of soluble peptides has
proven to be effective when administered prophylactically in animal models of
disease (Gaur et al., 1992, Hoyne et al., 1993). There are various modes and routes
of tolerogenic peptide administration, and the specific mechanisms of tolerance
induction are thought to vary depending on these factors. Administration of peptide
via the oral, intranasal, subcutaneous, intraperitonal and intravenous routes have all
been shown to effectively lead to the induction of tolerance (Aichele et al., 1995,
Daniel and Wegmann, 1996, Sayegh et al., 1996, Kearney et al., 1994). In addition
to other protocols, peptides can induce tolerance when delivered within the context
of a DNA vaccine, bound to ethylene carbodiimide (ECDI) fixed-APC or simply in
a soluble form (Turley and Miller, 2007, Hochweller and Anderton, 2004, Ferrera et
al., 2007). Much akin to mechanisms of peripheral tolerance, the administration of
tolerogenic peptides has been shown to induce death, anergy and regulation of
antigen-reactive T cells, depending on the precise model under investigation (Miller

et al., 2007).

1.5.1 Models to define T cell behaviour during peptide-induced
tolerance

Initial studies into the effects of antigen-specific therapy were conducted using non-

transgenic wild-type (WT) mice (Swanborg, 1973, Kennedy et al., 1988, Gaur et al.,

1992).  Although these models demonstrated the effective protection from

autoimmune disease induction by prophylactic administration of tolerogenic
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peptides, the effect of soluble peptide administration on the antigen-reactive T cells

could not be demonstrated.

The advent of TCR transgenic mice enabled this to be investigated, as all of the T
cells within these mice recognise a particular peptide epitope. However,
administering antigenic peptides to intact TCR transgenic mice makes it impossible
to accurately track the effects of the peptide, given that essentially all T cells are
responsive and will likely be stimulated to differing degrees depending on their
location and state of differentiation. This problem was overcome by the Jenkins
group who first described the transfer of a cohort of naive TCR transgenic T cells
into MHC-syngeneic wild type recipients (Kearney et al., 1994). That study used
OVA-reactive DO11.10 TCR transgenic T cells which could be traced in recipient
BALB/c by flow cytometry using a clonotypic antibody recognizing the DO11.10
TCR. Since then, the use of such “Jenkins chimera” experiments has become a
standard in vivo tool for the assessment of antigen-reactive T cells in many
experimental scenarios, including antigen-induced tolerance. Very few TCR
transgenic models benefit from the availability of clonotypic antibodies, and so rely
on antigenic disparities between the donor TCR transgenic cells and the recipient
immune system in either CD90 (expressed by T cells) or CD45 (expressed by all
leukocytes).

The use of these models has enabled investigation into the effect of peptide-induced
tolerance on both CD4" and CD8" antigen-reactive T cells. In the context of CD4"
T cells, many TCR transgenic strains have been utilised, examples of which include
DOI11.10, OT-II, 2D2 and Tg4 mice. T cells from both DO11.10 (H-2% and OT-11
(H-2") mice recognise the 323-339 peptide of ovalbumin (pOVA); a protein found
in hen egg whites (Robertson et al., 2000). In contrast, T cells from 2D2 (H-2") and
Tg4 (H-2") mice recognise peptides from self-antigens, namely pMOG and the
Acl1-9 of MBP respectively (sectionl.4.2.1) (Liu and Wraith, 1995, Bettelli et al.,
2003). As both 2D2 and Tg4 CD4" T cells can be used to induce EAE (section
1.4.2.2), the use of these cells enables the effect of peptide-induced tolerance to be

investigated in antigen-reactive T cells within the context of autoimmune disease.
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Furthermore, due to the explicit requirement of Tg4 cells in the induction of EAE in
C57BL/6 x B10.PL mice (section 1.4.2.2); this model permits investigation into the

effects of peptide therapy on the cells responsible for driving disease.

Although the use of TCR transgenic models permits the investigation of T cells that
recognise a specified target antigen, human autoimmune disease is a more complex
situation where polyclonal T cell populations are present. Moreover, the diverse
TCR repertoire between individuals and the ability of antigenic peptides to be
presented by a variety of different HLA molecules means that in a given human
population any one peptide can be displayed and recognised in a vast number of
different configurations. These differences in the fine specificity of T cells could
mean that a peptide with an antagonistic effect in one individual could prove to
have an aganostic effect in another. Indeed, murine models have already
demonstrated that a TCR antagonist altered peptide ligand (APL) (as defined by in
vitro responses of T cell lines derived from TCR transgenic mice) could act
agonistically when given in immunogenic form to non-transgenic mice (Anderton et
al.,, 1998). Therefore, it is important to note that although studies utilising TCR
transgenic models can identify important underlying mechanisms of peptide-
induced tolerance, they should not form the sole basis of the argument for the

clinical translation of peptide therapy.

1.5.2 Mechanisms of peptide-induced tolerance

1.5.2.1 Tolerance as a result of insufficient co-stimulation

As mentioned in section 1.1.2.3, signalling through the TCR induces the up-
regulation of Fas, FasL and Bim expression, whereas co-stimulation through CD28
and OX40 counteracts the effect of these molecules by up-regulating Bcl-2 and
Bcl-xL (Boise et al., 1995, Rogers et al., 2001). Peptide-induced tolerance relies
upon the presentation of peptide in the absence of inflammation. This lack of
activating stimuli enables the peptide to be presented by immature APC, which can

engage the TCR of peptide-reactive T cells but do not provide necessary
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costimulatory signals. Therefore, soluble peptide administration can result in the
death of peptide-reactive T cells due to a failure to up-regulate anti-apoptotic

molecules following TCR stimulation.

There are two mechanisms by which T cells can be instructed to undergo apoptosis;
via cell intrinsic and extrinsic pathways. The extrinsic pathway is induced by
signalling through death receptors on the cell surface, such as the binding of Fas
with FasL. (Elmore, 2007). In contrast, the intrinsic pathway is regulated by the
balance of intracellular pro- and anti-apoptotic Bcl-2 family proteins. Pro-apoptotic
molecules such as Bim induce permeabilisation of the mitochondrial outer
membrane, which leads to release of cytochrome c¢ and activation of the caspase
cascade (Bouillet and O'Reilly, 2009). The anti-apoptotic Bcl-2 family members
such as Bcl-2 and Bcl-xL antagonise the actions of the pro-apoptotic molecules and
act to prevent the induction of apoptosis (Chipuk et al., 2008). In addition to
regulating the intrinsic apoptotic pathway, Bcl-2 and Bcl-xL have also been
reported to regulate the Fas-mediated extrinsic pathway (Srinivasan et al., 1998,
Jaattela et al., 1995, Sun et al., 2002). Ultimately, both the intrinsic and extrinsic
pathways drive apoptosis by triggering caspase cascades; the intrinsic pathway
leads to activation of capsase 9 (Pop et al., 2006), whereas the extrinsic pathway
activates caspase 8 (Walczak and Krammer, 2000). Both caspase 8 and capase 9
activate the executioner caspases, such as caspase 3, which mediate cell death
(Fulda and Debatin, 2006). The role of each pathway in the control of T cell
populations is a controversial area. The intrinsic pathway is thought to be involved
in passive cell death which can be triggered due to cytokine and growth factor
deprivation (Wiegers et al., 2011, Park et al., 2002). In contrast, Fas-mediated
apoptosis is thought to be involved in activation-induced cell death (AICD), which
can occur through repetitive TCR stimulation in the presence of IL-2 (Arnold et al.,
2006). Both the intrinsic and extrinsic pathways have been implicated in the
induction of apoptosis during resolution of a primary immune response (Hildeman

et al., 2002, Tischner et al., 2010).
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The induction of cell death by administration of soluble peptides has been shown in
various experimental models; these include the deletion of CD8" LCMV-reactive T
cells by administration of LCMV glycoprotein peptide (Kyburz et al., 1993), and of
CD4" OT-II and 2D2 cells by treatment with soluble pPOVA or pMOG respectively
(Pape et al., 1998, Hochweller and Anderton, 2005, Konkel et al., 2010). Tolerance
induction has been shown to occur through an active process, whereby peptide-
reactive T cells undergo and initial phase of clonal expansion before deletion
occurs, a process that takes three days to occur (Liu and Wraith, 1995, Hochweller
et al., 2006b). In addition, it has been observed that the induction of tolerance can
be abrogated by ligation of OX-40 and CD40 (both of which promote OX-40
signalling) (Hochweller and Anderton, 2005, Hochweller et al., 2006a, Bansal-
Pakala et al., 2001). The ability of OX-40 to up-regulate Bcl-2 has led to the
consensus view that the deletion of antigen-reactive T cells in peptide-induced

tolerance is mediated by the intrinsic pathway (Hochweller et al., 2006b).

Although deletion of antigen-reactive T cells by soluble peptide administration has
been shown to play a major role in the induction of tolerance in many experimental
models, the induction of anergy has also been observed (see section 1.5.2.2)
(Kearney et al., 1994). Furthermore, the induction of tolerance in the absence of
profound cell death has also been described in some models of tolerogenic peptide
administration (Getts et al., 2007)(Konkel, 2009). Thus the idea that peptide-
induced tolerance revolves solely around the induction of apoptosis is over-

simplistic.

1.5.2.2 Tolerance due to dominant co-inhibition

Several studies have demonstrated the survival of a small population of antigen-
reactive cells that have been rendered hyporesponsive to further stimulation
following soluble peptide administration (Kearney et al., 1994, Pape et al., 1998,
Dubois et al., 1998). These cells are long lasting and are found to have reduced
capacity for proliferation, and production of IL-2 and effector cytokines when re-

challenged with antigen in vitro (Pape et al., 1998, Hochweller and Anderton,
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2005). The induction of this “anergic” population (note that this phenotype differs
from classical anergy in that effector cytokine production is inhibited) may depend
on the dose of antigen, as high dose antigen has been associated with deletion and
the induction of anergy in cells that survive, whereas low dose antigen is thought to
induce suppression (Friedman and Weiner, 1994, Gregerson et al, 1993).
Furthermore, Choi & Schwartz have suggested that different biochemical states of
anergy may be induced depending on the mode and route of tolerogenic antigen
administration (Choi and Schwartz, 2007). Factors responsible for the induction
and maintenance of peptide-induced anergy are not fully understood, but the role of

co-inhibitory molecules such as CTLA-4 and PD-1 has been implicated.

1.5.2.2.1 The role of CTLA-4 in peptide-induced tolerance

CTLA-4 is an inhibitory cell-surface molecule up-regulated on conventional CD4"
and CD8" T cells upon activation (Brunet et al., 1987, Linsley et al, 1992).
CTLA-4 is a member of the immunoglobulin superfamily and is thought to inhibit T
cell responses through negative signalling and competition with CD28 for binding
to CD80 and CD86 (Carreno et al., 2000). A cell intrinsic negative signalling
mechanism has been demonstrated by engagement of CTLA-4 using an antibody,
which results in the inhibition of IL-2 production and T cell proliferation (Krummel
and Allison, 1995, Krummel and Allison, 1996). CTLA-4 has also been shown to
have a much higher binding affinity for CD80 than CD28 and therefore is effective
at inhibiting co-stimulatory signals through CD28 (van der Merwe et al., 1997,
Engelhardt et al, 2006). The function of CTLA-4 is important in controlling
primary immune responses and tolerance to self. This is highlighted by the
observation that mice lacking CTLA-4 develop fatal autoimmunity and die within

three-to-four weeks of birth (Waterhouse et al., 1995, Tivol et al., 1995).

In addition to immunogenic antigen exposure, CTLA-4 is also found to be up-
regulated on T cells following tolerogenic peptide administration (Metzler et al.,
1999). Blockade of CTLA-4 can prevent the induction of tolerance in antigen-

reactive T cells following soluble administration of antigen (Perez et al., 1997,
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Samoilova et al., 1998). In contrast, studies by Eagar et al., using ECDI fixed
antigen-coupled splenocytes have implicated a role for CTLA-4 in the maintenance
but not the induction of tolerance, whereby blockade of CTLA-4 did not inhibit the
induction of an unresponsive state in antigen-reactive T cells but could reverse
unresponsiveness upon recall stimulation (Eagar et al., 2002, Eagar et al., 2004).
Despite these observations, other models of antigen-specific tolerance have been
shown to occur through CTLA-4-independent mechanisms (Ratts et al., 1999,
Sotomayor et al., 1999, Tsitoura et al., 1999, Frauwirth et al., 2001). Therefore, the
exact role that CTLA-4 plays in peptide-induced tolerance is not clear-cut, and may

likely depend upon the mode of treatment application.

1.5.2.2.2 The role of PD-1 in peptide-induced tolerance

A further co-inhibitory molecule implicated in the induction of tolerance is the
PD-1. Like CTLA-4, PD-1 is up-regulated on CD4" and CD8" T cells upon
activation and also plays a role in controlling primary immune responses and
maintaining peripheral tolerance (Agata et al., 1996, Keir et al., 2008). The ligands
for PD1, PDL-1 and PDL-2 are expressed on a variety of cell types; PDL-1 is
widely expressed and is found on epithelial cells, parenchymal cells, lymphocytes
and myeloid cells including APC (Freeman et al., 2000, Keir et al., 2006), whereas
PDL-2 expression is more restricted and is found mainly on activated APC (Tseng
et al., 2001). It has recently been reported that PDL-1, which is up-regulated on T
cells upon activation, can also bind to CD80 and therefore may play a similar role in
competitive inhibition as CTLA-4 (Butte et al., 2007). However, the main
mechanism by which the PD-1 pathway is thought to function is through delivery of
negative signals to the T cell (Figure 1.3). Studies by Parry et al., have
demonstrated that although PD-1 and CTLA-4 both inhibit the PI3K/AKT
signalling pathway, they act by distinct mechanisms, whereby PD-1 inhibits CD28-
mediated PI3K phosphorylation and CTLA-4 acts downstream to inhibit AKT
phosphorylation (Parry et al., 2005). PD-1 contains an immunoreceptor tyrosine-
switch motif (ITSM) that is required for suppression of T cell activation, and is

thought to function by recruiting SHP-2, a phosphatase that can inhibit the PI3K
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pathway (Zhang et al., 2002, Chemnitz et al., 2004). Signalling through PD-1 upon
TCR stimulation has been shown to inhibit proliferation, and the production of IL-2
and effector cytokines (Freeman et al., 2000, Sandner et al., 2005, Keir et al., 2006).
A further mechanism by which PD-1 signalling can potentially inhibit immune
responses is by promoting reverse signalling through PDL-1 and PDL-2, which is
thought to inhibit APC maturation (Kuipers et al., 2006, Keir et al., 2008). The
expression of both PD-1 and PDL-1 on activated T cells also suggests that
populations of activated T cells could potentially self-regulate and that negative
signalling could be received through either PD-1 or PDL-1. In addition to
controlling primary immune responses, the role of PD-1 signalling in maintaining
peripheral tolerance has also been demonstrated by the observation that PD-1
deficient mice develop autoimmune pathology, albeit with a delayed onset and less

severe phenotype than CTLA-4 deficient mice (Nishimura et al., 1999).

Evidence that implicates PD-1 signalling in peptide-induced tolerance stems from
the observation that PD-1 is up-regulated on antigen-reactive T cells following
soluble peptide administration (Hochweller and Anderton, 2005, Konkel et al.,
2010). In addition, blockade of, or deficiency in, PD-1 has been shown to inhibit
the induction of tolerance, or reverse established unresponsiveness, in antigen-
reactive cells CD8" T cells after soluble peptide administration (Tsushima et al.,
2007, Chikuma et al., 2009). In particular, the study by Chikuma et al.,
demonstrated that PD-1 may function to induce tolerance via inhibition of IL-2
production, as addition of IL-2 prevented the induction of anergy in the presence of
PD-1 signalling (Chikuma et al., 2009). It has also been demonstrated that lack of
PD-1 signalling can convert a tolerogenic stimulus into an immunogenic one
(Probst et al., 2005), which in certain models can lead to the onset of autoimmune
pathology (Reynoso et al., 2009). The role of PD-1 signalling in the maintenance of
tolerance has been observed in the nonobese diabetic (NOD) mouse model of
diabetes induced by the transfer of transgenic CD4" T cells specific for an islet
antigen. It was observed that blockade of PD-1 signalling was able to reverse the
tolerogenic effects of ECDI-fixed peptide-coupled splenocytes, and resulted in the
development of disease (Fife et al., 2006).
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Figure 1.3 Potential mechanisms of PD-1 mediated inhibition of T cell
activation
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The majority of studies that demonstrate a requirement for PD-1 signalling in the
induction of tolerance have been in the context of CD8" T cells. Although the study
by Fife et al., observed roles for both PD-1 and CTLA-4 signalling in the induction
of tolerance in CD4" T cells using ECDI-fixed APC (Fife et al.,, 2006), another
study using a deletional model of tolerance induction specifically identified the
requirement of PD-1 signalling for the induction of tolerance in CD8" T cells but
not CD4" T cells (Haspot et al., 2008). This is consistent with a recent study
showing that PD-1 signalling could restrict the clonal expansion of CD4" T cells in
response to an immunogenic administration of peptide, but was not required for
peptide-induced tolerance (Konkel et al., 2010). These conflicting results may
reflect differences in the mode or route of tolerogenic antigen administration and
highlight the need for further clarification of the role of PD-1 signalling in the

induction and maintenance of tolerance in CD4" T cells.

1.5.2.2.3 Immune deviation

In addition to anergy several models of peptide-induced tolerance have described a
change in the phenotype of response. This deviation in immune response is
associated with a reduction in pro-inflammatory Thl-associated cytokine
production such as IFN-y and TNF-a and increased production of Th2 cytokines
such as IL-4, IL-5 and IL-10 upon tolerogenic antigen administration (Degermann
et al., 1996, Prakken et al., 2004, Rocken et al., 1996). However, the role by which
this occurs is not fully understood and in light of the recent findings surrounding the
plasticity of T cell subsets (section 1.1.3.6), may not provide a desirable outcome

for antigen-specific therapy if deviation can be reversed.

1.5.2.3 Peptide-induced tolerance: regulation

The induction of T cells with a regulatory phenotype has also been described in
several models of antigen-specific therapy. Due to the immunosuppressive
environment of the gut, oral administration of protein antigen has been shown to

induce cells with a Th3 phenotype, and inhibit the induction of autoimmune disease
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upon subsequent challenge (Chen et al., 1994, Hafler et al., 1997, Miller et al.,
1992). Oral tolerance has also been shown to activate nTreg (Zhang et al., 2001)
and under certain circumstances can promote the generation of iTreg (Mucida et al.,
2005). In contrast, intranasal administration of antigen is associated with the
induction of IL-10 producing Trl cells, and has been shown to be effective at
inhibiting various models of autoimmune and allergic disease (Burkhart et al., 1999,
Akbari et al., 2002, Chen et al., 2003a, O'Neill et al., 2006). Furthermore, studies
by Gabrysova et al., have demonstrated that by repeated administration of intranasal
peptide, IL-10 secreting cells can be induced from IFN-y producing, T-bet” Thl
cells (Gabrysova et al., 2009). The induction of T cells with regulatory function
versus deletion or anergy of antigen-reactive T cells upon oral or nasal
administration of antigen is likely a factor of the dose of antigen treatment, with
high doses of antigen inducing deletion and anergy and low doses resulting in
regulation (Weiner, 2001). Induction of cells that secrete immunosuppressive
cytokines such as Trl and Th3 cells may also enable bystander suppression, where
tolerogenic antigen administration of one peptide epitope can induce tolerance to
different epitopes (Anderton and Wraith, 1998). This characteristic would be
favourable in the context of autoimmune disease where the number of target
autoantigens may have expanded due to the phenomenon of epitope spreading,
provoked by chronic inflammatory tissue damage (Vanderlugt and Miller, 2002).
The role of T cells with regulatory function in tolerance induced by systemic
peptide administration is less well understood. However, studies by Chappert et al.,
have demonstrated expansion of CD4'Foxp3” cell populations following

intravenous administration of peptide (Chappert et al., 2008).

As is clear from the mechanisms of peptide-induced tolerance described, the
predominant phenotype of the response seems to be dependent upon the route of
tolerogenic peptide administration and the method in which the antigen is targeted

and presented to the antigen-reactive T cell.
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1.5.3 Peptide therapy and ongoing disease

Despite the characterisation of peptide-induced tolerance in naive antigen-reactive
T cells, and the effective prophylactic use of peptide therapy to inhibit animal
models of autoimmune disease, the clinical requirement is to switch-off ongoing
disease where antigen-experienced activated or memory T cells may be present.
The exacerbation of clinical disease observed in several clinical trials of peptide
therapy highlights the necessity to understand the effect of peptide therapy on the

pathogenic antigen-experienced T cells driving disease.

The administration of soluble peptides has been shown to be effective at switching-
off naive autoreactive T cells and can inhibit the induction of autoimmune disease
when administered prophylactically (Critchfield et al., 1994). However, the effect
of tolerogenic peptide administration on traceable antigen-experienced TCR
transgenic T cells has been less widely characterised. As shown in Figure 1.4, the
basis of peptide-induced tolerance in naive T cells relies upon the presentation of
antigen in the absence of co-stimulatory signals. However, activated and memory T
cells are less dependent upon co-stimulation, and can become re-activated through
TCR signalling alone (Croft et al., 1994). This implies that soluble peptide
administration given during ongoing disease may act to enhance the activation of
antigen-experienced effector T cells, with the potential to exacerbate rather than

ameliorate disease.

Several studies have reassuringly demonstrated that soluble peptide administration
given after the onset of EAE can reduce the clinical signs of disease (Samson and
Smilek, 1995, Devaux et al., 1997). However, investigation into the effect of
soluble peptide administration on antigen-experienced T cells has been hindered
due the occurrence of severe anaphylactic reactions upon repeat encounter with the
peptide (Pedotti et al., 2001, Marshall, 2001). These observations demonstrate that
despite the use of peptides instead of whole antigen, anaphylaxis can still occur.
In addition, studies by Getts et al, have demonstrated that administration of
antigen-coupled splenocytes targeting activated or memory CD8" T cells during

ongoing pathology in a model of Theiler’s murine encephalomyelitis virus-induced
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Figure 1.4 Signals required for CD4" T cell activation vs. peptide-induced
tolerance
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demyelinating disease, can result in a fatal systemic reaction thought to be mediated
by a “cytokine storm” (Getts et al., 2007). Furthermore, a study by Weishaupt et
al., in experimental autoimmune neuritis observed increased production of the pro-
inflammatory cytokines IFN-y and TNF-o following tolerogenic peptide

administration to treat disease (Weishaupt et al., 1997).

Despite these observations, studies conducted in the Anderton laboratory developed
an APL based on the MOG(35-55) sequence that was unable to bind antibody but
still ligated the TCR (thereby circumventing anaphylaxis) to show that peptide-
induced tolerance can effectively treat EAE. Administration of the APL at the peak
of disease led to a dramatic reduction in clinical signs within 24 hours, which
coincided with a significant decrease in the total number of CD4" T cells present in
the CNS (Leech et al., 2007). Activated and memory CD4" T cells are more
susceptible to the induction of apoptosis compared to naive T cells due to up-
regulated expression of pro-apoptotic molecules (Brunner et al., 2000, Green et al.,
2003). Leech et al., therefore postulated that administration of the pMOG APL in
soluble form may have induced deletion of antigen-reactive T cells through AICD,
thereby accelerating resolution of disease. In addition, due to the observation that
accumulation of CD4 Foxp3" Treg within the CNS is required for the resolution of
EAE (O'Connor and Anderton, 2008), it can therefore be hypothesised that antigen-

reactive Treg might be resistant to AICD following peptide-induced tolerance.

1.5.4 Clinical trials of antigen-specific therapy

Although antigen-specific therapy holds great promise for the treatment of
autoimmune disease, the results of clinical trials have been mixed. Several clinical
trials of antigen-specific therapy have demonstrated no significant benefit on
disease outcome (Weiner, 1997, Weiner, 2004, Skyler et al., 2005, Chaillous et al.,
2000). In particular, a phase III clinical trial using an MBP-derived peptide in MS
showed no difference in disease outcome compared to placebo (Freedman et al.,
2011). In contrast, several other clinical trials of antigen-specific therapy have

reported clinical efficacy. A phase I clinical trial into the use of a proinsulin peptide
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in the treatment of T1D has reported increased IL-10 responses in peptide-specific
T cells (Thrower et al., 2009). Similarly, a clinical trial using nasal administration
of insulin in recent onset T1D reported decreased IFN-y responses to proinsulin
(Fourlanos et al., 2011). Peptide immunotherapy in the context of allergic asthma
has also demonstrated the induction of IL-10 responses, whereby administration of
peptides derived from the cat allergen Fel d 1, decreased production of cytokines
such as IL-4 and IFN-y, and increased production of IL-10 by allergen-specific T
cells (Oldfield et al., 2001, Oldfield et al., 2002). As a result, treatment with Fel d
I-derived peptides has been shown to result in clinical improvement of asthma
(Alexander et al., 2005). A phase II clinical trial using peptide therapy in
rheumatoid arthritis (RA) has also demonstrated a reduction in effector cytokine
production by T cells, and found that this correlated with enhanced expression of
PD-1 (Koffeman et al., 2009). Furthermore, a phase I/II clinical trial using a DNA
vaccine encoding full-length MBP in RRMS and SPMS reported a decrease in the
IFN-y response of CD4" T cells to myelin antigens, reduced anti-myelin antibody
titres in the cerebrospinal fluid, and a reduction in gadolinium-enhancing lesions

within the CNS (Bar-Or et al., 2007).

Despite these encouraging observations, some clinical trials have reported adverse
effects such as exacerbation of disease following antigen-specific therapy. In a
phase I/I clinical trial using oral administration of multiple retinal antigens in
uveitis, disease was worse in the peptide-treated individuals compared to placebo
(Nussenblatt et al., 1997). In addition, two separate phase II clinical trials using an
altered peptide ligand (APL) based on an immunodominant region of MBP
(MBPg3.99) in MS had to be halted due to either the development of hypersensitivity
reactions (Kappos et al., 2000), or apparent clinical exacerbation (Bielekova et al.,

2000).

These conflicting reports on the therapeutic use of peptides to treat ongoing disease,
and the observation that antigen-specific therapy has the potential to exacerbate

disease, highlights the importance of investigating the effect of soluble peptide

52



INTRODUCTION

administration on antigen-experienced T cells in circumstances where disease is

already established.

1.5.5 The Tg4 TCR transgenic model for studying peptide-induced
tolerance in EAE

The observation that encephalitogenic T cell clones from B10.PL (H-2") mice
recognise the Ac1-9 peptide of MBP (Zamvil et al., 1986) prompted development of
the Acl-9-specific Tg4d TCR transgenic mouse. Tg4 mice were created by the
generation of TCR constructs from Acl-9 specific T cell hybridoma derived from
an encephalitogenic T cell clone (Liu et al., 1995). As described in section 1.4.2.2,
Tg4 mice are a useful tool in the study of autoimmune disease. A particular
advantage to using T cells from Tg4 mice is the availability of APL of Acl-9 that
have a range of effects on Tg4 cells due to their differing binding affinities for
MHC 1II (Liu and Wraith, 1995). The native sequence for Acl-9 is
Ac-ASQKRPSQR. Residues 3Q and 6P six are contact residues for the Tg4 TCR,
whereas residues 4K and 5R bind to I-A" (Wraith et al., 1989, Wraith et al., 1992,
Anderton et al., 2001) (Figure 1.5). The WT Acl-9 peptide (4Lys) has a very weak
binding affinity due to the unfavourable interaction of the Lys residue at position
four with a hydrophobic pocket within the I-A" peptide binding grove (Lee et al.,
1998, Pearson et al., 1999). APL in which residue four is substituted with Ala
(4Ala), or particularly the hydrophobic resides Val (4Val) or Tyr (4Tyr), show
graded increases in the binding affinity for I-A". This is most extreme for 4Tyr,
which shows >100,000-fold increase affinity compared with the wild type 4Lys
peptide (Anderton et al., 2001). These alterations in MHC-binding affinities
translate directly into improved antigenicity when the APL are used to stimulate

Tg4 cells (or other Acl-9-reactive T cells) in vitro (McCue et al., 2004).

In vivo, although the WT 4Lys Acl-9 peptide can induce EAE when used to
immunize H-2" mice, it is a relatively poor tolerogen (Metzler and Wraith, 1993).
In contrast, the APL with increased I-A" binding affinities are potent tolerogens.

This has been demonstrated by the observation that prophylactic treatment with
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4Lys offers little protection from the subsequent induction of EAE, whereas 4Tyr
offers the greatest degree of protection (Liu and Wraith, 1995). Both intranasal and
intraperitoneal administration of the 4Tyr peptide can protect WT mice from the
induction of EAE when given prophylactically (Metzler and Wraith, 1993, Liu and
Wraith, 1995). Although the exact mechanisms behind this protection are not fully
understood, treatment of intact Tg4 mice with intranasal administration of 4Tyr can
result in the induction of IL-10 producing cells (Burkhart et al., 1999). However,
using this mode of application in intact Tg4 mice, multiple doses of peptide are
required to offer full protection from disease induction (Gabrysova et al., 2009), and
it is impossible to accurately assess a cohort of T cells with defined starting
characteristics (functional and differentiation state). In other models of peptide-
induced tolerance using cells from TCR transgenic mice, it has been shown that a
single intravenous high dose of peptide is sufficient to induce tolerance (Hochweller

and Anderton, 2005, Konkel et al., 2010).

Despite the observation that 4Tyr administration can also be protective when
administered on the first day after disease onset (Liu and Wraith, 1995), the effect
of 4Tyr administration on activated and antigen-experienced T cells is not known.
For the effective clinical translation of peptides, the effect of soluble peptide
administration on T cell behaviour during ongoing disease needs to be

characterised.
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Figure 1.5 TCR and MHC II I-Au binding residues of Ac1-9
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1.6 Hypothesis & Aims

Hypothesis
Antigen-experienced autoimmune effector T cells will undergo apoptosis upon
soluble peptide administration, whereas protective antigen-reactive Treg will be

resistant to this effect and will persist, giving long-term protection.

The aims of this thesis were:

1) To determine the effect of tolerogenic peptide administration on antigen-
experienced pathogenic CD4" T cells from Tg4 mice, in comparison to
naive Tg4 CD4" T cells.

2) To investigate the response of Tg4 Treg to tolerogenic peptide
administration.

3) To elucidate the mechanisms of peptide-induced tolerance during ongoing

EAE.
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2. Materials & Methods

2.1 Mice

C57BL/6 (H-2"), B10.PL (H-2"), C57BL/6xB10.PL, PD-1"" (H-2") (Nishimura et
al., 1998), Tg4 (Liu et al, 1995) (H-2", CD45.1 or CD90.1),
Tg4xFoxp3.LuciDTR-4 (CD45.1) (O'Connor et al, 2010) and Tg4xPD-1'/ i
(CDY90.1) mice were bred under specific pathogen-free conditions at the University
of Edinburgh. Characterisitcs of mouse strains used can be seen in Table 2.1. Tg4
mice are transgenic for a TCR specific for the Ac1-9 peptide of MBP. Tgd4xPD-1""
mice were generated at the University of Edinburgh by crossing Tg4 mice with
PD-1"7" mice. Tg4xPD-17" mice were genotyped using PCR to detect the presence
of the neo-cassette (Tables 2.2 & 2.3), and blood samples were used to detect the
presence of the VP8 Tg4 TCR and CD90.1 congenic marker using flow cytometry
(Figure 2.1). Cells obtained from Tg4xPD-17" and Tg4xFoxp3.LuciDTR-4 mice
before 10 generations of back-crossing had been completed were transferred into
C57BL/6xB10.PL hosts. Mice were sex matched within experiments and used at 6-
10 weeks of age. All experiments had University of Edinburgh ethical approval and

were performed in accordance with UK legislation

2.2 Peptides and adjuvant

Acetylated myelin basic protein peptides (Acl-9) 4Lys (Ac-ASQKRPSQR), 4Ala
(Ac-ASQARPSQR), 4Val (Ac-ASQVRPSQR) and 4Tyr (Ac-ASQYRPSQR) were
synthesised by the Advanced Biotechnology Centre (Imperial College, London,
UK).  Complete Freund’s adjuvant (CFA) containing 1mg/ml heat-killed
Mycobacterium tuberculosis H37Ra (MTB) was purchased from Sigma-Aldrich
(Poole, UK).
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2.3 Buffers and Media

2.3.1 Wash buffer
RPMI 1640 medium containing 25mM Hepes (Gibco, Life Technologies, Paisley,
UK)

2.3.2 RPMI-5% & RPMI-10%

RPMI 1640 medium, supplemented with 2mM L-Glutamine (PAA Laboratories
Ltd, Somerset, UK), 100U/ml Penicillin (PAA), 100pg/ml Streptomycin (PAA),
50uM 2-mercaptoethanol (Gibco) and 5% or 10% heat-inactivated fetal calf serum
(FCS, Sigma).

2.3.3. X-VIVO serum-free medium
X-VIVO 15 serum-free medium (BioWhittaker, USA) supplemented with 2mM
L-Glutamine and 50uM 2-mercaptoethanol.

2.3.4 MACS buffer
HANKS balanced salt solution (PAA) supplemented with 2% heat-inactivated FCS.

2.3.5 FACS buffer
Phosphate-buffered saline solution (PBS) supplemented with 2% heat-inactivated
FCS and 0.1% sodium azide (Sigma).

2.3.6 Solutions for ELISA

10x Bicarbonate Buffer: 0.1M Na,CO; (Sigma) and 0.2M Na,HCOs; (Sigma) in
ddH,O pH 9.6.

Phosphate citrate-buffer: 0.05M Na,HPO, (Sigma) and 0.02M citrate (Fisher
Scientific, UK), pHS.
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2.4 Antibodies

The RMP1-14 anti-PD-1 Ig (rat IgG2a) was a gift from Dr Hideo Yagata (Juntendo
University, Japan). The isotype control antibody was purified rat IgG (Sigma).

2.5 Cell purification & preparations

2.5.1 Preparation of mononuclear cells from spleen and lymph nodes

Splenocytes and peripheral lymph nodes (LN) cells were obtained by mechanical
disaggregation of the tissue (between layers of sterile gauze) and re-suspended as a
single-cell suspension in wash buffer. For all wash steps, cells were centrifuged at
350g for five minutes. Red blood cells (RBC) were lysed at room temperature for
two minutes using RBC lysis buffer (Sigma), and washed twice in wash buffer.
Cells were re-suspended in wash buffer and counted using trypan blue (Sigma)

exclusion.

2.5.2 Purification of CD4" T cells

Cells were isolated as in 2.5.1 and incubated with 45ul MACS buffer and Sul anti-
CD4 conjugated magnetic beads (Miltenyi Biotec, Germany) per 10’ cells, for 15
minutes at 4°C. Cells were washed in MACS buffer and the pellet re-suspended at
10® cells/ml MACS buffer. CD4" cells were positively selected using an
autoMACS Pro Seperator or LS column and MidiMACS separator as per
manufacturer’s instructions (Miltenyi Biotec). Purity of CD4" T cells was routinely

95% + 5%.

2.5.3 CFSE-labelling of CD4" T cells

CD4" T cells were obtained (as in 2.5.2) and re-suspended at 5x10’/ml in wash
buffer and incubated with 5uM carboxyfluorescein succinimidyl ester (CFSE)
(Sigma) for 5 minutes at 37°C. Unbound CFSE was quenched with the addition of
serum-containing medium (RPMI-10%). Cells were washed twice in RPMI-10%.

59



MATERIALS & METHODS

CFSE-labelled cells were cultured in vitro (as described in section 2.8.5) and

dilution of CFSE was measured using flow cytometry.

2.5.4 Isolation of naive CD4" T cell populations by FACS

CD4" cells were prepared as in 2.5.2 from Tg4xFoxp3.LuciDTR-4 mice and naive
CD4" T cells were isolated by fluorescence-activated cell sorting (FACS) according
to their GFP and/or cell surface marker expression. Cells were stained with anti-
CD4-AlexaFluor700 / eFluor450, anti-CD62L-PE and anti-CD25-APC in MACS
buffer at 4°C for 20 minutes. Cells were washed and re-suspended at ~1x10’/ml in
MACS buffer. CD4"CD62L"CD25 GFP" cells were obtained using a FACSAria II
FACS sorter (Becton Dickinson, USA). Purity of naive CD4'CD62L"CD25 GFP-

T cells was consistently > 90%.

2.5.5 Isolation of nTreg cells by FACS
CD4" T cells from Tg4xFoxp3.LuciDTR-4 mice were stained as in 2.5.4.
CD4'CD62L"CD25"GFP" cells were FACS sorted. Purity of nTreg cells was

consistently >95%.

2.5.6 Re-isolation of donor cells from mixed host-donor cell
populations

CD4" cells were prepared as in 2.5.2 from B10.PL host mice and donor CD4" T

cells were isolated by FACS according to their cell surface expression of CD45.1.

Cells were stained with anti-CD4-AlexaFluor700 / eFluor450 and anti-CD45.1-PE

and obtained as in 2.5.2 by FACS sorting. Purity of donor CD4" T cells was

consistently > 90%.

2.5.7 Isolation of mononuclear cells from the CNS

Mice were sacrificed by CO, asphyxiation and subjected to transcardial perfusion
with 10mls PBS. Spinal cords were removed by intrathecal hydrostatic pressure
and brains were removed by dissection (McGeachy et al., 2005). Brain and spinal
cord were cut into small pieces and disrupted using a 1ml syringe before digestion

in 2.5mg/ml collagenase (Lorne laboratories, UK) and 1mg/ml deoxyribonuclease
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(Sigma) for 40 minutes at 37°C. Mononuclear cells were isolated from the interface
of a 30:70% discontinuous Percoll gradient (GE healthcare, Sweden) by

centrifugation at 850xg for 20 minutes and washed twice in wash buffer.

2.6 Invivo manipulations

2.6.1 T cell transfer
Purified CD4" T cells, Thl polarised (2.8.1) and iTreg cells (2.8.2) were washed
and re-suspended in sterile PBS at stated numbers. Cells were injected

intravenously (i.v.) via the tail vein in a total volume of 200pul.

2.6.2 Administration of soluble peptide
Mice received a single 200ug dose of 4Lys, 4Ala, 4Val or 4Tyr in a total volume of
200ul PBS i.v. Peptide was administered one day after cell transfer or at the peak

of disease.

2.6.3 Administration of BrdU
Mice received intraperitoneal (i.p.) injection of 2mg BrdU in a total volume of

200ul per mouse, on day 1 and day 3 following peptide administration.

2.6.4 Immunisations
Mice received 100pg 4Lys or 10pg 4Tyr emulsified in CFA containing 50ug heat-
killed Mycobacterium tuberculosis H37Ra (Sigma). A total volume of 100ul was

injected subcutaneously (s.c.); 50ul into each hind leg.
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2.7 Induction and assessment of EAE

2.7.1 Induction of active EAE

C57BL/6xB10.PL mice received 0.5-2x10° Tg4 cells i.v. On the day following or
8 days after cell transfer, mice were immunised (as in 2.6.4) and given 200ng of
pertussis toxin (PTX) (Health Protection Agency, Dorset, UK) in 500ul PBS, i.p. on
the day of immunisation and 2 days later. Clinical signs of EAE were assessed

daily from day 6 post-immunisation, and scored as follows:

0 — No disease

1 — Flaccid tail

2 — Impaired righting reflex and/or abnormal gait
3 — Partial hind limb paralysis

4 — Total hind limb paralysis

5 — Partial forelimb paralysis

6 — Moribund or dead

2.7.2 Induction of passive EAE

Tg4 effector cells activated in vitro as in 2.8.1, were harvested and washed in PBS.
Cells were re-suspended in PBS and 2x10° blasts were transferred per host in a total
volume of 200ul i.v. On the same day as cell transfer mice also received 200ng
PTX in 500ul PBS i.p. Clinical signs of EAE were assessed daily (as in 2.7.1) from

day four post-cell transfer.

2.8 Invitro cell culture and T cell polarisations

2.8.1 Polarisation of Tg4 effector (Th1) cells

Cells were obtained from the spleen and peripheral LN of Tg4 mice as in 2.5.1 and
re-suspended in RPMI-10% at 4x10%ml. Cells were stimulated with 10pg/ml 4Lys
in the presence of 10U/ml rIL-2 (purified from the x63-IL-2 hybridoma, a gift from
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David Gray, University of Edinburgh), 25ng/ml rIL-12 and 25ng/ml rIL-18 (R&D
systems) in 6-well plates (Corning, Costar, UK) at 37°C in a humidified atmosphere
at 5% CO; (O'Connor et al., 2008). After 48 hours the cells were split and the

concentration of rIL-2 was increased to 20U/ml for the final 24 hours.

2.8.2 Generation of iTreg cells

Naive CD4" T cells were FACS sorted as in 2.5.4 and re-suspended in RPMI-10%
at a concentration of 2.5x10°cells/ml. Each well of a 24-well plate (Corning,
Costar, UK) was coated with anti-CD3 and anti-CD28 antibodies (eBioscience,
Hatfield, UK), both at a concentration of 2ug/ml in PBS for 2 hours at 37°C. The
plates were washed three times in wash buffer and cells were seeded at 2.5x10°/well
in the presence of 100U/ml rIL-2 and 5ng/ml rTGF-p, and cultured for 120 hours at
37°C in a humidified atmosphere at 5% CO, (O'Connor et al., 2010). After culture,
cells were harvested, washed and re-suspended in RPMI-10% at 1x10"/ml. GFP"
cells were purified using FACS as in 2.5.4.

2.8.3 Expansion of nTreg cells

nTreg cells were obtained as in 2.5.5 and re-suspended at 1x10°/ml in RPMI-10%.
1x10° cells were added per well of a 96-well round bottomed micro-titre plate
(Corning, Costar). Cells were expanded in the presence of mouse a-CD3/a-CD28 T
cell expander Dynabeads (Dynal Biotech, Invitrogen, UK) at a 4:1 bead to cell ratio
and 1000U/ml rIL-2. Cells were maintained at a concentration of 0.5-1x10%well

and incubated at 37°C in a humidified atmosphere at 5% CO; for 21 days.

2.8.4 Stimulation assays

CD4" T cells were obtained from the spleens of Tg4-PD-1"" and Tg4-PD-1"" mice
as described in section 2.5.2 and re-suspended in RPMI-5%. These were cultured at
1x10* or 2x10* per well (as stated) with 2x10°/well gamma-irradiated splenocytes
(40Gy) from C57BL/6xB10.PL mice. Cells were cultured in 96-well flat-bottomed
plates (Corning, Costar) in the presence of increasing antigen concentrations (0-

100uM) 4Lys at 37°C for 48 or 72 hours
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2.8.5 CFSE-proliferation assays

CD4" T cells were from Tg4-PD-1"" and Tg4-PD-1"" mice were CFSE-labelled as
described in section 2.5.3 and re-suspended in RPMI-5%. These were cultured at
1x10°/well or 2x10°/well (as stated) with 2x10°/well gamma-irradiated splenocytes
(40Gy) from C57BL/6xB10.PL mice. Cells were cultured in 48-well plates
(Corning,Costar) in the absence or presence of 1uM or 10 uM 4Lys at 37°C for 72
hours. ~The dilution of CFSE within the CD4°CD90.1° Tg4-PD-1"" and

Tg4-PD-1'/' cells was measured using flow cytometry.

2.8.6 Suppression assays

GFP'" and GFP" CD4'CD45.1" iTreg cells were isolated from the spleens of
CS57BL/6xB10.PL recipient mice four days after soluble peptide (4Tyr)
administration using FACS. GFP" and GFP" cells were re-suspended in RPMI-5%
at 3.2x10°/ml and 100ul was added in duplicate to the top wells of a 96-well round
bottomed plate. 50ul of GFP" or GFP™ cells were taken from the top wells and
diluted two-fold in 50ul RPMI-5% down the plate. Irradiated splenocytes from
C57BL/6xB10.PL mice were suspended in RPMI-5% at 4x10°/ml and 50pul were
added to each well. CD4" Tg4 responder cells were isolated (as in 2.5.2) and were
re-suspended at 3.2x10°/ml in RPMI-5%, 50pul of these cells were added to each
well. In addition, 50ul of 40uM 4Lys in RPMI-5% was added to each well. Cells
were cultured at 37°C for 72 hours before 0.5uCi of [*H]-thymidine (Perkin-Elmer,
UK) was added to each well. After 18 hours of further culture incorporation of
[3H]—thymidine was measured using a liquid scintillation B-counter (Wallac) and

expressed as mean counts per minute (cpm).

2.8.7 Ex vivo recall proliferation assays

Cells were isolated from the spleen and peripheral LN of experimental mice and re-
suspended at 8x10°/ml and 6x10°/ml respectively in X-Vivo medium. Cells were
cultured in duplicate at 8x10°/well or 6x10%well respectively in 96-well flat
bottomed micro-titre plates (Corning, Costar) in the presence of increasing antigen
concentrations (0-100uM) 4Lys at 37°C for 72 hours. 0.5uCi of [*H]-thymidine
(Perkin-Elmer, UK) was added to each well for the final 18 hours of culture.
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Incorporation of [*H]-thymidine was measured using a liquid scintillation p-counter

(Wallac) and expressed as mean counts per minute (cpm).

2.8.8 Cytokine assays
Recall assays were set up as in 2.8.7 and supernatants were used to measure
cytokine production of IL-2 at 48 hours and IFN-y and IL-17 at 72 hours using an

enzyme-linked immunosorbant assay (ELISA).

Cytokine capture antibodies (Table 2.4) were diluted in bicarbonate buffer and used
to coat 96-well plates (maxisorp, Nunc) overnight at 4°C. Plates were washed twice
in PBS containing 0.1% Tween (PBS-Tween; Sigma) and subsequently blocked
with 200ul/well PBS containing 1% bovine serum albumin (BSA) (Sigma) for one
hour at 37°C. Plates were washed twice with PBS-Tween and supernatants from
recall assays were loaded onto the plates in duplicate 100ul/well and incubated for
two hours at room temperature. Known cytokine standards were generated by
doubling dilution of recombinant mouse cytokine in 1% BSA-PBS, top
concentration for each cytokine was as follows; IL-2: 2ng/ml, IFN-y and IL-10:
100ng/ml and IL-17: 10ng/ml (all BD Pharmingen, UK). Plates were washed four
times in PBS-Tween before biotinylated detection antibody (Table 2.4), diluted in
1% BSA-PBS, was added 100ul/well and plates were incubated for one hour at
room temperature. Plates were washed six times with PBS-Tween and were
incubated with 100ul/well extravidin peroxidase (Sigma) diluted 1:1000 in 1%
BSA-PBS, for 30 minutes at room temperature. Plates were washed eight times in
PBS-Tween. The ELISA was developed by adding 100ul/well tetramethyl-
benzidine (TMB) (Sigma) solution (prepared by adding 100ul of 10mg/ml TMB in
DMSO to 9.9ml phosphate-citrate buffer and 3ul of hydrogen peroxide (sigma).
The reaction was stopped by adding 100ul/well 2M sulphuric acid. Plates were
read for optical absorbance at 450nm using a Multiskan plate reader (Labsystems,

UK).
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2.8.9 Recall stimulation for analysis of intracellular cytokines

Splenocytes or cells from LN were re-suspended at 8x10%/ml in X-VIVO medium
and cultured at 8x10%/well in 48-well plates overnight in the presence or absence of
20pg/ml 4Lys. Brefeldin A (eBioscience) was added to cultures at a 1:1000
dilution for the final four-to-five hours of culture, prior to intracellular cytokine

staining.

2.9 Flow cytometric analysis

2.9.1 Antibodies for flow cytometric analysis
Antibodies used for flow cytometric analysis were from eBioscience unless

otherwise stated (Table 2.5).

2.9.2 Surface staining

Cells were washed in FACS buffer and stained with the indicated antibodies (see
Table 2.5 for a list of all antibodies, clones and concentrations used) in 50ul FACS
buffer at 4°C for 20 minutes. Cells were washed in FACS buffer and re-suspended
in FACS buffer for immediate analysis or 1% paraformaldehyde solution (PFA) and
stored at 4°C for analysis the next day.

2.9.3 Intracellular cytokine staining

Cells were incubated with brefeldin A for the final four-to-five hours of culture.
Where stated, cells were also incubated with 50ng/ml phorbol myristate acetate
(PMA) and 1pg/ml ionomycin (both Sigma) for the final four-to-five hours. Cells
were stained for cell surface markers as in 2.9.2 and re-suspended in 200ul BD
Cytofix/Cytoperm (BD Pharmingen) solution and incubated at 4°C for 20 minutes.
Cells were washed twice in 1x BD Perm/Wash buffer (BD Pharmingen) and stained
for intracellular cytokines using indicated antibodies (Table 2.5) diluted in 50ul
Perm/Wash buffer at room temperature for 30 minutes. Cells were washed twice in
Perm/Wash buffer and re-suspended in FACS buffer for immediate or next day

analysis. Alternatively, after incubation with brefeldin A cells were washed in
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FACS buffer and stained for intracellular cytokines using indicated antibodies
diluted in 50ul FACS buffer containing 0.1% saponin (Sigma) and incubated at
room temperature for 30 minutes. Cells were washed in FACS buffer and stained
for cell surface markers as in 2.9.2 and re-suspended in FACS buffer for immediate

analysis or 1% PFA and stored overnight at 4°C for next day analysis.

2.9.4 Intracellular staining for transcription factors

Cells were stained for cell surface markers as in 2.9.2 and re-suspended in 400ul
Foxp3 Fixation/Permeabilisation buffer (ebioscience) overnight at 4°C. Cells were
washed in FACS buffer and stained for transcription factors using indicated
antibodies (Table 2.5) diluted in 50ul permeabilisation buffer (ebioscience) at room
temperature for 30-40 minutes. Cells were washed twice in FACS buffer and re-

suspended in PBS for immediate or next day analysis.

2.9.5 Intracellular BrdU staining

Cells were stained for cell surface markers as in 2.9.2 and re-suspended in 400ul
Foxp3 Fixation/Permeabilisation buffer (ebioscience) overnight at 4°C. Cells were
washed in 1x BD Perm/Wash buffer and re-suspended in 200ul of 10mg/ml DNase
diluted 1:10 in 1x Perm/Wash buffer and incubated at 37°C for one hour. Cells
were washed in IxPerm/Wash buffer and re-suspended in 50ul Perm/Wash
containing diluted a-BrdU and other intracellular antibodies where indicated, and
incubated at room temperature for 20 minutes. Cells were washed and re-

suspended in FACS buffer.

2.9.6 Flow cytometric data analysis

Flow cytometric data were acquired using a BD LSRFortessa cell analyzer (BD
biosciences) and data analysed using FlowJo software (Treestar version 3.2.1,
USA). FACS was performed using a BD FACSAria II. Relevant gating strategies
are shown in results and all intracellular staining analysis gates were determined

using appropriate isotype controls.
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2.10 Statistics

Statistics were performed using GraphPad Prism software (USA). In order to verify
that data were normally distributed D’Agostino & Pearson normality tests were
conducted. In experiments where n numbers were not sufficient to test for
normality, data were assumed to follow a Gaussian distribution and significance
was tested using an unpaired Student’s t-test when comparing two experimental
groups, and a one-way ANOV A with Tukey’s Post-Hoc test when comparing three
or more experimental groups. Bonferroni’s Post-Hoc test was used for analysis of
ELISA data. Data were considered significantly different with p values of <0.05.
Due to the ranked nature of EAE disease scores the non-parametric Mann Whitney
U-test was used to determine differences in the mean maximal score and a Fisher’s
exact test was used to determine differences in disease severity (i.e. number of mice
with score 2 and below, versus number of mice with grade 3 or above) and

incidence.
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Figure 2.1: Representative flow cytometry plots of Tg4-PD-1
Tg4-PD-17 screening.

Red blood cells were lysed from blood samples using RBC lysis buffer.
Cell surface markers were stained as described in section 2.9.2 for CD4,

VB8, CD90.1 and CD90.2
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Strain Genetic background Description
C57BL/6 H-2° Wild-type strain
B10.PL H-2" Wild-type strain
C57BL/6xB10.PL H-2°/H-2" Wild-type strain
PD-17" H-2° Knock-out for PD-1 (Nishimura et al., 1998)
Tg4 H-2" TCR trangenic; T cells specific for the Ac1-9
(CD45.1 or CD90.1) peptide of MBP (Liu et al., 1995)
TgdxFoxp3.LuciDTR-4 H-2°/H-2" TCR transgenic (as above) crossed with BAC
(CD45.1) trangenics co-expressing eGFP, luciferase and
the diphtheria toxin receptor under the Foxp3
promoter (O’Connor et al., 2010)
TgdxPD-1"" H-2°/H-2" TCR transgenic (as above) crossed with PD1™"
(CD90.1) (as above)

Table 2.1 : Genetic background and properties of mouse strains utilised
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Reagent Concentration | Volume per
reaction

dH,0 16.3

PCR buffer 10x 2.5

dNTP 2.5mM 2.0

Primer 1 (Reverse WT) 10pmol/ul 1.0

(CTCGGCCATGGGACGTAGGG)

Primer 2 (Forward) 10pmol/ul 1.0
(GGGTCTGCAGCATGCTAATGGCTG)

Primer 3 (Reverse KO) 10pmol/ul 1.0
(TTGTGTAGCGCCAAGTGCCCAGCQG)

DNA 1.0

Taq 0.2

Table 2.2 : PCR screening reagents for murine PD-1"" gentyoping.
Primers were from VWR International (USA), PCR buffer, INTP and Taq

polymerase were from Qiagen (Holland)

Step Temperature Time
o) (sec)
1 94 180
2 94 30
3 60 30
4 72 60
5 72 300
Repeat steps 2-4 for 30 cycles

Table 2.3: PCR reaction conditions for PD17
genotyping.

PCR’s were conducted using a G-Storm thermal
cycler (UK). Products were subsequently run on
a 1.5% agarose (Invitrogen, UK) gel. WT band:
125bp, KO band: 207bp.
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Capture Clone Final Detection Clone Final
antibody concentration antibody concentration
(biotinylated)
a-1L-2 JES6-1A12 2pg/ml a-1L-2 JES6-5H4 0.5pg/ml
a-IFN-y R4-6A2 2pg/ml o-IFN-y XMG1.2 0.5pg/ml
a-1L-17 TC11-18H10 0.5ug/ml a-1L-17 TC11-8H4.1 0.5pg/ml
a-1L-10 JES5-2A5 2pg/ml a-1L-10 SXC-1 0.5pg/ml

Table 2.4: Capture and detection antibodies used for ELISA

All BD Pharmingen.
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Antibody Conjugate Clone Final Concentration
CD3 PerCP-Cy5.5%* 145-2C11 Ipg/ml
CDh4 AlexaFluor700® RM4-5 2pg/ml

eFluor450*

CD8 APC* 53-6.7 Ipg/ml
CD45.1 FITC*, PE® A20 2pg/ml
CD90.1 APC* HIS-51 Ipg/ml
CD90.2 PE* 53-2.1 Ipg/ml

VB8.1/VB8.2 FITC* KJ16 2pg/ml
CD44 APC-Cy7" M7 1pg/ml
CD62L PE*, Biotinylated* MEL-14 2.5pg/ml
CD25 APC* PCo61.5 Ipg/ml
CD19 APC-Cy7" 6D5 1ug/ml
CDl11b APCH*, eFluor450* M1/70 lpg/ml
CDllc APC* N418 1pg/ml
Ly6G AlexaFluor700”" 1A8 lpg/ml
MHC II (H-2I-Ak/s) FITC® 0X6 0.5ug/ml

PD-1 PE* J43 lpg/ml
PD-L1 APC’ 10F.992 1pg/ml
PD-L2 PE* 122 Ipg/ml
PSGL-1 PE® 2PHI Ipg/ml
CXCR3 PE* CXCR3-173 Ipg/ml

CCR5 PE* 7A4 Ipg/ml

IFNy APC*, FITC*, PE® XMG1.2 2pg/ml
IL-17A PerCP-Cy5.5%, APC* eBIO17B7 2pg/ml

TNFa eFluord50* MP6-XT2 2pg/ml

GM-CSF PE® MP1-22E9 4pg/ml
IL-10 APC? JES5-16E3 2pg/ml

Foxp3 eFluord50* FIK-16a 2pg/ml

T-Bet PerCP-Cy5.5%* 4B10 2pg/ml

Streptavidin PerCP-Cy5.5" 2pg/ml

IgGl PerCP-Cy5.5%* P3.6.2.8.2.1 2pg/ml

IgGl FITC*, PE*, APC* eBRG1 2pg/ml

1gG2a APC*, eFluo450*, PE*, eBR2a 2pg/ml

IgG2a PerCPCy5.5" MOPC-173 2pg/ml

Armenian Hamster IgG PE*, APC" eBIO299Arm, 2pg/ml
HTKS888

Table 2.5: Antibodies used for flow cytometry.
* eBioscience, ' BioLegend, “BD Pharmingen,
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CHAPTER 3 RESULTS

3. The effect of soluble peptide administration
on naive antigen-reactive T cells

3.1 Introduction

As mentioned in chapter 1 (section 1.5), the prophylactic administration of peptide
has been shown to be effective at inducing tolerance in naive antigen-reactive T
cells and inhibiting disease induction in various experimental models of
autoimmune and allergic disease (Gaur et al., 1992, Hoyne et al., 1993, Aichele et
al., 1994). As such, the effect of soluble peptide administration on naive CD4" T
cells has been extensively investigated and several mechanisms of peptide-induced
tolerance have been identified. These include the induction of anergy in antigen-
reactive T cells (Miller et al., 2007), the switch in phenotype of response from
pathogenic to regulatory (Sundstedt et al., 1997, Burkhart et al., 1999) and deletion
of the antigen-reactive T cells (Konkel et al., 2010). Despite this, the definitive
underlying mechanisms involved in peptide-induced tolerance have not yet been

identified, and may vary depending on the mode of peptide application.

Using CD4" T cells from the transgenic Tg4 strain (which have TCR specific for
the Acl-9 peptide of MBP) it is possible to investigate the effects of soluble peptide
administration using peptides with different tolerogenic properties. The WT Acl-9
peptide, 4Lys, has an extremely weak binding affinity for MHC II I-A" and is
relatively poor at inducing tolerance in antigen-reactive T cells (Metzler and
Wraith, 1993). In contrast, the 4Tyr APL of Acl-9 binds with a 100000-fold
greater binding affinity for I-A", and is extremely effective at inducing tolerance in
antigen-reactive T cells (Liu and Wraith, 1995). The use of Acl-9 peptides that
have a range of binding affinities for I-A" enables associations to be drawn between
observed effects and the tolerogenic properties of the peptide. As such, these
associations will facilitate the identification of mechanisms involved in tolerance

induction. Previous studies within the laboratory have focused on characterising the

74



CHAPTER 3 RESULTS

effect of 4Tyr administration on antigen-reactive Tg4 cells, and have identified

several candidate mechanisms to be investigated.

3.1.1 Aims

1) To demonstrate that prophylactic administration of peptide can effectively
inhibit induction of EAE

2) To characterise the effect of soluble peptide administration on naive antigen
reactive CD4" T cells

3) To verify the mechanism of tolerance induction in naive CD4" T cells.

3.1.2 Experimental approach

Due to the low frequency of CD4" cells that recognise the Ac1-9 peptide in B10.PL
mice, induction of EAE requires immunisation with a high dose of the 4Lys Ac1-9
peptide. In C57BL/6xB10.PL mice the frequency of these antigen-reactive cells is
further reduced, and as a result immunisation with Ac1-9 peptide is not sufficient to
induce EAE. However, in both of these strains a robust disease course can be
induced through the pre-transfer of naive CD4" Acl-9-reactive Tg4 cells prior to
immunisation with 100ug 4Lys or 10pug 4Tyr in CFA. The use of CD4" Tg4 cells
that express the congenic markers CD45.1 or CD90.1 enables the fate of these cells
to be traced, and effects of therapeutic interventions on the actual cells driving
disease to be investigated. Previous studies within the Anderton laboratory have
established the use of these models to investigate the effect of soluble peptide
administration on naive antigen-reactive CD4" T cells. In this chapter the same
models are utilised in order to further define the mechanisms of peptide-induced

tolerance.
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3.2 Results

3.2.1 Prophylactic administration of the Ac1-9 (4Tyr) APL reduces
EAE severity

Previous studies have demonstrated that prophylactic administration of soluble
4Lys has little effect on the subsequent EAE disease course compared to treatment
with PBS (Metzler and Wraith, 1993, Liu and Wraith, 1995). This result has been
attributed to the poor tolerogenic properties of 4Lys, which has a low functional
avidity due to its weak binding affinity for MHC II I-A". In contrast, prophylactic
administration of the 4Tyr APL, which has a much stronger binding affinity for
MHC II I-A", has been shown to be effective at inhibiting induction of EAE (Liu
and Wraith, 1995). In order to confirm this observation also held true in the T cell
transfer model used in this project, CD4 CD45.1" Tg4 T cells were transferred into
B10.PL (CD45.1") hosts one day prior to intravenous administration of soluble

4Tyr; EAE was induced seven days later by immunisation (Figure 3.1A).

Induction of EAE in the PBS-treated control group led to a robust monophasic
disease course which began six days after immunisation and had resolved by day 21
(Figure 3.1B). The mean maximal disease score in the PBS-treated group was 3.8
and incidence was 100%. In accordance with previous studies, treatment with
soluble 4Tyr before induction of EAE inhibited the subsequent disease course. This
was evident by the significant reduction in the mean maximal score of disease (1.6
in the 4Tyr-treated group, p<0.05) and the overall severity of disease as judged
using a Fisher’s exact test (p<<0.001). No significant differences were observed in
the incidence of disease (80% in the 4Tyr-treated group). Although there was no
difference in the onset of disease between groups the duration of disease was also
shorter in the 4Tyr-treated group, where complete resolution had occurred by day
13, as opposed to day 21 in the PBS group. These results demonstrate that soluble
administration of the Ac1-9 peptide, 4Tyr, is effective at inhibiting the subsequent
antigen-driven immune response instigated by challenge with the same peptide in

an immunogenic form.
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This effect has also previously been demonstrated in a separate model of EAE,
whereby soluble administration of the CNS-derived peptide pMOG inhibits
subsequent induction of disease by immunisation with pMOG (Leech et al., 2007).
Through the use of pMOG-reactive 2D2 CD4" T cells, it was observed that soluble
pMOG administration induced deletion of the 2D2 cells within three days (Konkel
et al,, 2010). Therefore, the removal of the antigen-reactive T cells by soluble
pMOG administration was responsible for inhibiting disease induction. The next
step was to determine whether the inhibition of disease induction seen here in the
Tg4 model following 4Tyr administration was due to deletion of the CD4" Tg4

cells.

3.2.2 Administration of 4Tyr does not induce deletion of naive

antigen-reactive T cells

To test this, the presence of Tg4 cells was investigated fours days after peptide
administration. Naive CD4" Tg4 cells were transferred into B10.PL hosts one day
prior to intravenous administration of soluble peptide or PBS, spleens were taken
four days after peptide administration and the presence of Tg4 donor cells was
determined (Figure 3.2). In addition to 4Tyr, the administration of Acl-9 peptides
with varying affinities for I-A" was investigated, by comparing the effects of 4Lys,

4Ala, 4Val and 4Tyr treatment.

No difference was found in the total cellularity of the spleens between any of the
treatment groups (data not shown). There was also no difference in the total
numbers and proportion of CD4" T cells within the spleen between any of the
groups (Figure 3.3A). However, the total numbers and proportion of Tgd CD4"
cells appeared to increase in line with the affinity of the peptide for I-A"; with 4Tyr
administration resulting in a significant increase in the total numbers and proportion
of Tg4 cells compared to PBS-treated and all other groups (Figure 3.3B).
Administration of 4Lys, 4Ala, and 4Val did not result in a significant difference in

the number or proportion of donor cells when compared to PBS.
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These results demonstrate that administration of Acl-9 peptide does not induce
deletion of Tg4 cells within 4 days of peptide administration. Instead, the increased
presence of Tg4 cells in the 4Tyr-treated group implies that an inhibitory
mechanism is employed, which acts to limit the pathogenicity of these cells. This
observation correlates with previous studies within the laboratory that suggested

4Tyr administration did not cause deletion of CD4" Tg4 cells (Konkel, 2009)

3.2.3 Administration of 4Tyr does not selectively expand donor
CD4'Foxp3* cells

A potential role of regulatory T cells in limiting the immune response was
investigated by assessing the presence of Foxp3™ cells within the host and Tg4
donor CD4" T cell populations. Spleens were taken four days after peptide
administration and intracellular staining was used to identify Foxp3" cells by flow
cytometry (Figure 3.4A). There was no difference in the number or proportion of
host CD4 Foxp3" cells between any of the groups (Figure 3.4B). However, within
the donor compartment a greater number of CD4 "Foxp3" cells were observed in the
4Tyr-treated group compared to all other treatment groups (Figure 3.4C). When
translated into proportion of Foxp3" cells within the donor CD4" population there
was no difference between groups (Figure 3.4C). The proportion of CD4 Foxp3"

Tg4 cells was no different to the proportion at the time of transfer (data not shown).

3.2.4 Naive antigen-reactive T cells up-regulate expression of PD-1

upon treatment with Ac1-9 peptides

A further candidate inhibitory mechanism is the expression of co-inhibitory
molecules. Previous studies within the laboratory have identified that treatment
with 4Tyr leads to up-regulated expression of PD-1 on Tg4 CD4" T cells (Konkel,
2009). Therefore, the effect of treatment with the panel of Acl-9 peptides, that

have a range of affinities for I-A", was investigated.
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Spleens were taken on day four after peptide treatment and PD-1 expression was
determined by flow cytometry. All Acl-9 peptides led to up-regulation of PD-1
expression on Tg4 CD4" cells (Figure 3.5A). The degree of up-regulation appeared
to be dependent upon the affinity of the peptide for I-A" with 4Lys causing the least
degree of up-regulation and 4Tyr the most. When comparing the geometric mean
fluorescence intensity (MFI) of PD-1 expression, 4Tyr and 4Val were the only
peptides that induced a significant increase in PD-1 (Figure 3.5B). Host CD4" did

not show elevated PD-1 expression in any of the treatment groups (Figure 3.5B)

3.2.5 Tg4 T cells persist for at least 7 days after 4Tyr treatment and

are capable of producing IL-2

PD-1 was first identified as a ligand expressed on T cells before they undergo
apoptosis (Ishida et al., 1992). Therefore, up-regulation of PD-1 on peptide treated
Tg4 cells four days after peptide may imply that these cells are indeed deleted, but
that the process occurs after four days post-treatment. To test whether 4Tyr-treated
Tg4 cells were still present at the point of disease induction, spleens were taken
seven days after treatment with 4Tyr (the time at which mice would be immunised

for EAE, as in Figure 3.1) and donor populations were analysed.

There was no difference in the total number of CD4" T cells present within the
spleen. However, there was a significantly higher proportion of CD4" cells in the
4Tyr-treated group compared to PBS (Figure 3.6A). As seen at day four after
peptide administration, there was still significantly higher numbers and proportion
of Tg4 CD4" cells in the 4Tyr-treated group compared to PBS (Figure 3.6B). These
data further confirmed that antigen-reactive Tg4 T cells were not deleted by
administration of the 4Tyr peptide, despite their expression of PD-1.

PD-1 has also been implicated in the reduced ability of T cells to produce effector

cytokines in response to stimulation with antigen (Freeman et al., 2000). In order to

investigate the ability of Tg4 cells to produce effector cytokines following 4Tyr
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administration, ex vivo recall assays were performed. Spleens were taken seven
days after treatment with 4Tyr or PBS, and cells were stimulated in vitro with a
dose range of 4Lys; production of IL-2 and IFN-y was determined by ELISA.
Levels of IFN-y production were not significantly higher than background in either
the PBS- or 4Tyr-treated group. In contrast, IL-2 production was observed in both
groups in a dose-dependent response to antigenic stimulation (Figure 3.6C). The
low levels of cytokine production observed in the PBS group is likely due to the
low frequency and total numbers of Tg4 cells within samples. These results
demonstrate that 4Tyr-treated cells can produce IL-2 upon recall stimulation but not

the effector cytokine IFN-y.

3.2.6 Numbers of Tg4 cells in the spleen and LN of 4Lys-, 4Tyr- and

PBS-treated mice after immunisation

In order to determine the response of peptide-treated Tg4 cells upon subsequent
immunisation, such as that used to induce EAE, mice were immunised with 4Lys in
CFA seven days after tolerogenic administration of 4Lys or 4Tyr (Figure 3.7). The
spleen and draining LN (Para aortic and inguinal) were taken ten days after

immunisation and host and donor CD4" cell populations investigated.

There was no difference in the total numbers and proportion of CD4" T cells, or the
number and proportion of donor CD4" cells within the spleen ten days after
immunisation (Figure3.8A & 3.8B). In the LN there was also no difference in the
total number or proportion of CD4" T cells (Figure 3.9A). However, there was a
significantly lower number and proportion of Tg4 cells in the 4Lys- and 4Tyr-
treated groups compared to PBS (Figure 3.9B).

Due to the presence of Tg4 cells in the spleen and LN in all groups after

immunisation, it was possible to further characterise the phenotype of the response

in these cells.
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3.2.7 Treatment with 4Lys or 4Tyr increases the proportion of Tg4

CD4'Foxp3* cells after immunisation

The presence of CD4 Foxp3" cells within the host and donor populations ten days
after immunisation was investigated. In the spleen there was no difference in the
numbers or proportion of Foxp3' cells within the host CD4" T cell population
(Figure 3.10B). However, within the Tg4 population there was a significant
increase in the proportion of Foxp3™ cells in the 4Tyr group compared to PBS
(Figure 3.10C). No differences were observed in the proportion of Tg4 Foxp3"
cells in the 4Lys group compared to PBS, and no significant differences were

observed in the numbers of Tg4 Foxp3" cells between any of the groups.

In the LN there was also no difference in the numbers or proportion of host
CD4 Foxp3" cells (Figure 3.11B). A significantly higher proportion of Tg4 Foxp3"
cells were observed in both the 4Lys- and 4Tyr-treated groups compared to PBS
(Figure 3.11C), and similarly to the spleen there were no significant differences in

the numbers of Tg4 Foxp3 " cells between groups.

3.2.8 Peptide treated Tg4 cells produce IL-2 upon recall stimulation

but have a limited capacity to produce IFN-y and IL-17

Due to the differences observed in cytokine production between PBS- and 4Tyr-
treated groups seven days after soluble peptide administration, the ability of 4Tyr-
treated Tg4 cells to produce effector cytokines after immunisation was investigated.
Recall stimulation assays were set up using cells obtained from the spleen and LN
ten days after immunisation; cells were stimulated with a range of 4Lys

concentrations and cytokine production was assessed by ELISA.
There were no significant differences in the production of IFN-y between treatment

groups in the spleen or LN (Figures 3.12A & 3.12B). However, a significant

reduction in the production of IL-17 was observed in the spleen and LN of the
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4Tyr-treated group compared to PBS (Figure 3.12A & 3.12B). IL-17 production in
the 4Tyr-treated group was also lower than the 4Lys group in the spleen but not LN.
Despite the reduced capacity of 4Tyr-treated cells to produce IL-17, there were
similar levels of IL-2 production in response to recall stimulation in all treatment

groups (Figure 3.12A).

In order to verify that it was the Tg4 cells that were responsible for producing
effector cytokines in response to recall stimulation, intracellular cytokine staining
was used. Cells were taken from the spleen and LN ten days after immunisation
and incubated overnight in the presence or absence of 4Lys. No intracellular
cytokine staining was seen within the host CD4" population when stimulated with
peptide (representative data shown in Figure 3.13A). Although no significant
differences were observed in the donor cohort, there was a trend towards a lower
proportion of Tg4 cells that could produce IFN-y and IL-17 in the 4Tyr-treated
group compared to 4Lys and PBS (Figure 3.13B). Similar results were obtained in

repeat experiments.
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Figure 3.1 Prophylactic administration of 4Tyr reduces EAE severity
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Figure 3.2 Experimental approach to determine the effect of soluble peptide
administration on naive antigen-reactive Tg4 T cells
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Figure 3.3 There are higher numbers of Tg4 cells in the 4Tyr-treated group
compared to PBS
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Figure 3.4 Administration of 4Tyr increases the number of Tg4 Foxp3" cells
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Figure 3.5 PD-1 is up-regulated on peptide-treated Tg4 cells
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Figure 3.6 4Tyr-treated Tg4 donor cells persist at greater levels than PBS-
treated donor cells for at least seven days after peptide treatment and are
capable of producing IL-2 in response to ex-vivo stimulation with Ag
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Figure 3.7 Experimental approach to assess the fate of 4Tyr- and 4Lys-treated
Tg4 cells after subsequent immunisation with 4Lys in CFA
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Figure 3.8 4Tyr- and 4Lys-treated Tg4 cells are present at the same number
and frequency as PBS-treated cells in the spleen after immunisation

90



CHAPTER 3 RESULTS

Figure 3.9 4Lys and 4Tyr treatment reduces the number of Tg4 cells
compared to PBS treatment within the draining lymph nodes after
immunisation
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Figure 3.10 Administration of 4Tyr led to an increase in the proportion of
Foxp3" cells within the donor CD4" population in the spleen after
immunisation
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Figure 3.11 Treatment with 4Lys and 4Tyr led to an increase in the
proportion of Foxp3" cells within the donor CD4" population in the draining
lymph nodes after immunisation
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Figure 3.12 4Tyr-treated cells produce IL-2 in response to recall stimulation
with Ag, but do not produce IL-17
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Figure 3.13 No significant differences in effector cytokine production between
4Ty-, 4Lys- and PBS-treated groups, as determined by ICS ten days after
immunisation
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3.3 Discussion

3.3.1 Tolerance induction in Tg4 cells by administration of 4Tyr is not

due to deletion

It is well established that prophylactic administration of soluble peptides is
extremely effective at inhibiting subsequent disease induction using the same
peptide in an immunogenic form (Metzler and Wraith, 1993, Dick et al., 1994,
Staines et al., 1996). The induction of tolerance through the administration of
soluble peptides is largely attributed to the deletion of the majority of antigen-
reactive cells (Liblau et al., 1996, Hawiger et al., 2001, Bonifaz et al., 2002, Miller
et al., 2007). It has been shown that antigen-reactive cells undergo an initial
proliferative phase upon tolerogenic peptide administration, but subsequently
undergo apoptosis and numbers are greatly reduced within 3 days after peptide

(Huang 2003).

In agreement with previous studies (Metzler and Wraith, 1993, Anderton et al.,
1998), the results described within this chapter demonstrate that soluble
administration of 4Tyr effectively inhibits EAE disease course (Figure 3.1). This
observation cannot be attributed to the deletion of the antigen-reactive Tg4 cells
upon administration of 4Tyr. Contrary to the reduction in antigen-reactive cell
numbers seen following peptide administration in other models, 4Tyr-treated Tg4
cells were in fact present in greater numbers and constituted a greater proportion of
CD4" cells within the spleen at both day four and day seven compared to PBS-
treated mice (Figures 3.3B & 3.6B). This was also confirmed by the observation
that 4Tyr-treated cells persist following subsequent challenge with 4Lys in CFA
(Figure 3.8B). Although fewer Tg4 cells were observed in the LN of 4Tyr-treated
mice compared to PBS controls upon immunisation, lower Tg4 numbers were also
observed in the LN of 4Lys-treated mice (Figure 3.9B). As prophylactic 4Lys
administration does not inhibit the induction of EAE compared to PBS (Konkel,
2008), the differences in numbers of Tg4 cells in the LN does not explain the

inhibition of disease induction by 4Tyr administration. The lower number of Tg4

96



CHAPTER 3 RESULTS

cells in the LN of 4Tyr- and 4Lys-treated mice is unlikely to be due to deletion of
the cells upon challenge, as a distinct Tg4 population remained in all groups. It is
more likely that the decrease in numbers reflects a sub-optimal expansion of Tg4
cells upon re-stimulation compared to those in the PBS-treated group, or from

migratory differences between groups.

Investigating the effects of administration of Ac1-9 peptides with differing affinities
for I-A" revealed that in fact none of the Acl1-9 peptides induce deletion of the Tg4
cells. Treatment with 4Lys had a minimal effect on the number of Tg4 cells present
in the spleen four days after treatment and as the affinity of the peptide for I-A"
increased the number of Tg4 cells present escalated (Figure 3.3). The elevated
number of Tg4 cells present following treatment with 4Tyr and their inability to
induce disease implies that these cells have undergone a significant degree of clonal

expansion, but in the space of four days have been rendered hypo-responsive.

3.3.2 4Tyr administration induces non-classical anergy in Tg4 cells

T cell hypo-responsiveness can occur through the processes of clonal anergy or
adaptive tolerance. In addition to signalling through the TCR, T cells require
further signals from the APC to enable full activation of the T cell. Engagement of
the TCR in the absence of these necessary co-stimulatory signals results in abortive
T cell activation and the induction of clonal anergy (Choi and Schwartz, 2007).
Upon re-stimulation, cells that are clonally anergic do not proliferate or produce
IL-2 (Mueller et al, 1989), and therefore do not undergo clonal expansion.
However, this growth arrest state can be reversed by the addition of exogenous IL-2
(Beverly et al., 1992, Schwartz, 2003). Importantly, although clonal expansion is
impaired in anergic T cells, they retain the capacity to produce effector cytokines
(Beverly et al., 1992). In contrast, adaptive tolerance occurs through chronic
antigenic stimulus and results in shutdown of both IL-2 and effector cytokine
production (Tanchot et al., 2001, Choi and Schwartz, 2007, Chiodetti et al., 2006).

Upon antigenic stimulation, T cells initially undergo a proliferative and productive
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response. However, under circumstances where the antigen persists, these cells are
eventually rendered hypo-responsive to further TCR stimulation and switch off both
IL-2 and effector cytokine production (Tanchot et al., 2001). This state is known as
adaptive tolerance. The addition of exogenous IL-2 does not reverse this hypo-
responsive state as it is the continued presence of antigen that is maintaining
adaptive tolerance (Schwartz, 2003). As a result, adaptive tolerance can be reversed
over time following the removal of antigen (Tanchot et al.,, 2001, Fathman and
Lineberry, 2007). It is worth noting that in both clonal anergy and adaptive

tolerance production of IL-2 is switched off.

In models of peptide-induced tolerance where the majority of antigen-reactive CD4"
T cells are deleted, it has also been shown that a small population of antigen-
reactive cells persist. These persisting cells were found to be hypo-responsive, and
did not produce IL-2 or proliferate upon recall stimulation (Jenkins and Schwartz,
1987, Kearney et al., 1994, Konkel et al., 2010). In order to investigate the hypo-
responsiveness of 4Tyr-treated Tg4 cells, cytokine production by these cells was
measured upon ex vivo recall stimulation. In contrast to both the clonally anergic
and the adaptively tolerised phenotypes described above, 4Tyr-treated Tg4 cells
could produce IL-2 in response to recall stimulation with 4Lys. However, despite
the production of IL-2 by these cells, production of IFN-y was not observed (Figure
3.6C). Similar results were also observed following challenge with 4Lys in CFA,
whereby cells from the spleen of PBS-treated mice produced IL-17 and IL-2 in
response to recall stimulation with 4Lys; whereas 4Tyr-treated cells produced IL-2
but not the effector cytokine IL-17 (Figure 3.12). Production of IL-17 was also
seen in cells from the LN of PBS-treated mice but not 4Tyr-treated. Furthermore,
data from intracellular cytokine staining demonstrated limited production of IFN-y

and IL-17 in the 4Tyr-treated Tg4 cells (Figure 3.13).

Despite variations in the mode and phenotype of anergy induction that have been
characterised in the literature, all models of anergy demonstrate the shut down of
IL-2 production (Choi and Schwartz, 2007). The lack of effector cytokine

production observed in 4Tyr-treated Tg4 cells would indicate that clonal anergy has
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not been induced. Also, the ability of these cells to produce IL-2 would suggest that
adaptive tolerance has not occurred either. However, adaptive tolerance requires an
initial phase of IL-2 production and clonal expansion before production of
cytokines is eventually inhibited. Therefore, it is possible that the 4Tyr-treated Tg4
cells may represent cells that are in the process of undergoing adaptive tolerance,
whereby effector cytokine production has been inhibited but IL-2 production has
not yet been switched off. Regardless, the results shown in this chapter demonstrate
a previously unreported state of anergy whereby 4Tyr-treated Tg4 cells switch off

effector cytokine production but have retained the capacity to produce 1L-2.

3.3.3 Relevance of PD-1 expression in peptide induced tolerance?

Many studies have identified the up-regulation of co-inhibitory molecules on
antigen-reactive cells following tolerogenic peptide administration, which may act
to limit the responsiveness of cells upon re-stimulation (Perez et al., 1997, Konkel
et al.,, 2010). Previous studies within the Anderton laboratory have specifically
identified the up-regulation of the co-inhibitory molecule PD-1 following peptide-
induced tolerance (Hochweller and Anderton, 2005, Konkel et al., 2010).

Signalling through PD-1 has been reported to limit the expansion, proliferation and
secretion of cytokines such as IL-2 and IFN-y upon TCR ligation (Keir et al., 2006,
Sandner et al., 2005, Freeman et al., 2000, Parry et al., 2005). Several studies have
also demonstrated that PD-1 signalling plays a critical role in tolerance of CD8"
cells (Reynoso et al., 2009, Probst et al., 2005). Despite a study demonstrating the
role of PD-1 in the maintenance of tolerance in CD4" cells (Fife et al., 2006), it has
been observed that PD-1 may not be required for the induction of tolerance in CD4"
T cells (Haspot et al., 2008, Konkel et al., 2010) However, Konkel et al., used
models of peptide-induced tolerance in which the main mechanism of tolerance
induction was deletion of the antigen-reactive cells, not the induction of hypo-
responsiveness.  Although the persisting antigen-reactive cells were found to

express PD-1, the frequency of these cells was extremely low. Therefore, the
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assays used in those experiments would not be sensitive enough to detect cytokine
production or proliferation from such few cells, even if PD-1 blockade released
those few cells from a hypo-responsive state. As a consequence, the conclusion that
PD-1 signalling is not important in peptide-induced tolerance of CD4" cells may not
be correct. The results in this chapter demonstrate that, in the Tg4 model, the
mechanism of tolerance induction by 4Tyr administration is not due to deletion of
the antigen-reactive cells but the induction hypo-responsiveness. Therefore, an
inhibitory mechanism that prevents the 4Tyr-treated Tg4 cells from responding to
antigenic stimulus must be at work. A possible explanation lies in the marked

upregulation of PD-1 expression by Tg4 T cells in response to 4Tyr.

Although PD-1 was first identified as a molecule expressed on cells about to
undergo apoptosis (Ishida et al., 1992), further experiments failed to confirm the
role of PD-1 in the programmed cell death of these cells (Agata et al., 1996). The
experiments described within this chapter provide further evidence to support these
findings, as PD-1 was found to be highly expressed on 4Tyr-treated Tg4 cells four
days after peptide administration (Figure 3.5). However, these cells were not

deleted and persisted for at least seven days after treatment (Figure 3.6).

Comparison of PD-1 expression after administration of PBS, 4Lys, 4Ala, 4Val and
4Tyr revealed that up-regulation of PD-1 expression correlated with the affinity of
the Acl-9 peptide for I-A", with 4Lys inducing the least up-regulation of PD-1 and
4Tyr the highest levels of PD-1 (Figure 3.5). The increase in PD-1 expression as
the tolerogenic ability of the peptide increases implicates a role for PD-1 in the
induction or maintenance of 4Tyr-induced tolerance, and may provide an indication

as to the degree of tolerance induced in Tg4 cells.

PD-1 is up-regulated on T cells upon stimulation through the TCR and remains high
in the presence of persisting antigen (Francisco et al., 2010). As such, PD-1 has
been shown to be highly expressed on exhausted T cells during chronic viral
infection (Freeman et al., 2006, Barber et al., 2006). Signalling through PD-1 on T
cells has typically been shown to inhibit the production of IL-2 and effector
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cytokines such as IFN-y (Keir et al., 2006, Sandner et al., 2005, Freeman et al.,
2000). It has also been demonstrated that addition of exogenous IL-2 can override
the effects of PD-1 inhibition (Carter et al., 2002). Therefore, the ability of 4Tyr
treated Tg4 cells to produce IL-2 upon recall stimulation with antigen creates an

interesting paradox.

Although high levels of PD-1 expression on peptide-treated Tg4 cells appears to
correlate with a reduced ability of the cells to produce effector cytokines upon re-
stimulation, PD-1 is known to be up-regulated as a consequence of TCR ligation.
Therefore, administration of Ac1-9 peptides may only induce expression of PD-1 on
Tg4 cells as a response to TCR signalling rather than as a mechanism responsible
for tolerance induction in these cells. Taken together, these data provide impetus

for resolving the role of PD-1 in the induction of tolerance.

3.3.4 Avrrole for regulatory T cells in the induction of tolerance?

Regulatory T cells are extremely potent at inhibiting effector CD4" T cell responses
and it has been reported that administration of soluble peptides can mediate
induction of T cells with a regulatory phenotype. Oral administration of whole
MBP protein or MBP-derived peptides has been found to induce TGF- production
by T cells (Miller et al., 1993, Santos et al., 1994). Studies by Wraith et al., have
also demonstrated that repeated intranasal administration of the 4Tyr peptide can
induce IL-10 production in Tgd CD4" T cells (Gabrysova et al., 2009, Burkhart et
al., 1999, Sundstedt et al., 2003). In addition, it has been shown that oral
administration of peptides from target antigens can increase the number of Foxp3"

CD4" T cells at the site of inflammation (van Puijvelde et al., 2007).

The results described in this chapter demonstrate an increase in the absolute number
of Tgd CD4 Foxp3" cells following administration of 4Tyr compared to PBS
(Figure 3.4C). However, the proportion of Foxp3™ cells within the Tg4 CD4"
population did not differ between any of the groups. This suggests that 4Tyr does
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not selectively expand or maintain Tg4 CD4 Foxp3" cells, but rather they are
expanded or maintained to the same extent as the Tg4 CD4 Foxp3™ cells.
Therefore, the increase in Tg4 Foxp3" cells is probably only a secondary effect of

4Tyr administration.

Upon subsequent challenge with 4Lys in CFA the proportion of Foxp3" cells within
the Tg4 CD4 " population was significantly greater in the 4Tyr-treated group in both
the spleen and LN compared to the PBS treated group. These results could possibly
be due to an increase in the proliferation of CD4 Foxp3~ cells in the PBS group
driving down the proportion of donor CD4 Foxp3™ cells. Alternatively, upon
challenge with 4Lys in CFA, the 4Tyr-treated Tg4 CD4 Foxp3" population expands
to a greater extent than the CD4 Foxp3™ Tg4 population. Comparison of
CD4'Foxp3" Tg4 numbers in the spleen of the 4Tyr-treated group four days after
treatment with the numbers ten days after challenge with 4Lys in CFA reveals a ten-
fold increase, whereas the total number of CD4" Tg4 cells only increased by
approximately 2-fold (Figures 3.4 & 3.10). This perhaps represents an inhibition in
the propensity of 4Tyr treated CD4 Foxp3 cells to proliferate upon challenge with
4Lys in CFA, whereas CD4 Foxp3" cell proliferation is not inhibited.

In the CNS of mice with EAE it has been observed that Tg4 CD4 Foxp3" cells play
no role in the resolution of disease, despite the necessity of Tg4 cells to induce
disease. Instead, it is believed that the host CD4 Foxp3" cells are responsible for
driving the resolution, as demonstrated by the substantial increase in the proportion
of host CD4 Foxp3" cells within the CNS upon recovery (Leech & Anderton,
unpublished observations). These observations would suggest that in order for Tg4
CD4 Foxp3" cells to effectively inhibit the proliferation and cytokine secretion of
CD4 Foxp3™ Tg4 cells and therefore subsequent induction of EAE, a large number
and proportion of these cells would be required. The relatively small proportion of
CD4'Foxp3" Tg4 cells in the 4Tyr-treated group after antigenic challenge indicates
that these cells are probably not present in sufficient numbers to inhibit the
CD4Foxp3” cells, and therefore it is likely they play no role in the inhibition of
EAE.
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In order to confirm that donor CD4 Foxp3" cells are not required for inhibition of
EAE induction by 4Tyr administration, it is possible to make use of
Tg4xFoxp3.LuciDTR-4 mice (O'Connor et al., 2010), which express GFP under the
Foxp3 promoter. This offers the opportunity to sort for CD4 Foxp3™ cell
populations before transfer and to determine whether 4Tyr administration can
inhibit induction of EAE in the absence of any Tg4 CD4 Foxp3" cells, or whether

4Tyr administration does indeed induce Foxp3" regulatory T cells.

In summary, Acl-9 peptides that have a greater affinity for MHC II I-A", and
therefore persist as peptide:MHC complexes for longer, are better at inducing
tolerance. The prolonged TCR signalling induced by 4Tyr administration appears
to expand or maintain Tg4 cells to a greater extent than all other Acl-9 peptides,
induces high-level expression of PD-1 on Tg4 cells and increases the number of
Tg4 CD4 Foxp3" cells. The persistence of Tg4 cells following 4Tyr administration,
and the reduced ability of these cells to produce the effector cytokines IFN-y and
IL-17 compared to PBS- and 4Lys-treated cells, would suggest the induction of
adaptive tolerance. Although, adaptively tolerised cells do not typically produce
IL-2 upon recall stimulation with antigen and the observation that 4Tyr-treated cells
do, suggests the combination of IL-2 production and persistent TCR signalling may
push the cells into an exhausted state. Both the high level expression of PD-1 on
Tg4 cells and the increase in antigen-reactive CD4 Foxp3" cells provide potential
mechanisms by which administration of 4Tyr induces tolerance and provide

avenues for further investigation.
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3.4 Concluding remarks

e Prophylactic administration of 4Tyr inhibits induction of EAE, where it has
been previously shown that 4Lys does not.

e Antigen-reactive Tg4 T cells treated with WT peptide or with APL of Ac1-9
are not deleted either upon administration of peptide, or upon subsequent
immunogenic challenge with antigen.

e 4Tyr administration increases the number of donor CD4 Foxp3" cells,
whereas other Ac1-9 peptides do not.

e Administration of Acl-9 peptides induces the up-regulation of PD-1
expression on donor Tg4 cells. The extent of this correlates with the affinity
of the peptide for I-A"; with 4Tyr inducing the highest level of expression.

e 4Tyr administration inhibits the ability of Tg4 cells to produce IL-17,
whereas 4Lys does not.

e A4Tyr administration induces non-classical anergy in Tg4 T cells; i.e. they

lose effector cytokine production but retain their ability to produce IL-2

Despite the extensive characterisation of the effects of soluble peptide
administration on naive antigen-reactive T cells the clinical requirement of peptide
therapeutics is to switch-off activated T cells that are involved in ongoing disease.
The effect of soluble peptide administration on pathogenic antigen-reactive T cells
is investigated in Chapter 4. The potential role of PD-1 in tolerance induction and
the effect of soluble peptide administration on regulatory T cells will also be further

investigated in Chapters 5 & 6.

104



CHAPTER 4 RESULTS

4. The effect of soluble peptide administration
on pathogenic antigen-reactive T cells

4.1 Introduction

Although the prophylactic administration of peptide has been proven to be effective
in inhibiting disease induction, the clinical requirement is to switch-off activated T
cells during ongoing inflammation. Various studies have demonstrated that soluble
peptide administration can be used to treat ongoing EAE and reduce the clinical
signs of disease (Samson and Smilek, 1995, Devaux et al., 1997). However, later
studies identified that using soluble peptides to treat EAE could result in severe
anaphylactic reactions upon repeated encounter with peptide (Pedotti et al., 2001,
Marshall, 2001). Therefore, studies into the effect of soluble peptide administration

during ongoing disease have been hindered.

Previous work within the Anderton laboratory circumvented the problem of
anaphylaxis through the design of an APL that retained the capacity to bind to the
TCR, but no longer bound anti-peptide antibodies (Leech et al., 2007). These
studies used the pMOG-induced model of EAE and demonstrated that
administration of the APL in PBS at the peak of disease caused a striking reduction
in the clinical signs of disease within 24 hours of treatment. This curative effect
was associated with a reduction in the total number of CD4" cells within the CNS,
and therefore it was thought that soluble peptide administration at the peak of
disease induced deletion of the antigen-reactive cells. The findings promisingly
demonstrate the use of peptide therapy to effectively treat ongoing disease, and
prompt investigation into the effect of soluble peptide administration specifically on

the pathogenic antigen-reactive T cells present during disease.
The use of traceable Tg4 cells allows the phenotype of activated antigen-reactive T

cells to be investigated following soluble peptide administration. However, unlike

the pMOG model of tolerance where naive antigen-reactive T cells are deleted by
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pMOG administration (Konkel et al., 2010), the data in Chapter 3 show that
administration of soluble Ac1-9 peptide does not induce deletion of naive Tg4 cells.
Therefore, it was of interest to characterise the effect of soluble peptide

administration on pathogenic Tg4 effector cells in an alternative form of tolerance.

Although activated CD4" T cells are less dependent on co-stimulatory signals than
naive T cells, the administration of pMOG appears to work in a similar mechanism
on both naive and activated T cells; by inducing their deletion. However, due to the
observation that naive Tg4 T cells are not deleted by 4Tyr administration, and in
fact are present in greater numbers than after PBS administration, it was
hypothesised that 4Tyr may induce expansion of pathogenic Tg4 T cell populations
and therefore exacerbate disease. An alternative hypothesis was that Tg4 T cells
may be driven to activation-induced cell death upon 4Tyr administration due to
persistent TCR stimulation in the absence of co-stimulatory signals (Green et al.,
2003). This is because activated T cells are more prone to apoptosis than naive
CD4" T cells due to their high expression of the pro-apoptotic molecule FasL
(Brunner et al., 2000).

41.1 Aims

1) To investigate the effect of soluble peptide administration on EAE driven by

Tg4 Tes cells.

2) To determine the fate of Tg4 Tex cells following soluble peptide
administration.

3) To identify a potential mechanism of action of soluble peptide

administration on EAE driven by Tg4 T cells.
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4.1.2 Experimental approach

In this chapter a passive model of EAE was used, in which Tg4 cells polarised to a
Thl effector phenotype in the presence of Acl-9 (4Lys) were transferred into
B10.PL mice. This approach results in clinical signs of disease within ~5 days.
Previous work has determined that the Tg4 T cells can first be identified in the

CNS ~4 days after transfer in this model (Prendergast, 2011).

To test the effect of soluble peptide administration on pathogenic T cells, the
generation of these effector cells was required. Although both IFN-y and IL-17
producing T cells can be seen in the CNS at the peak of active EAE (Rothhammer
et al., 2011), previous work within the laboratory has demonstrated that Th1 and not
Th17 effector cells, are absolutely required for the induction of EAE (O'Connor et
al., 2008). These studies established the protocol for the generation of pathogenic
Tg4 Thl cells. In accordance with this protocol, splenocytes from Tg4 mice were
isolated and cultured in vitro in the presence of WT Acl-9 (4Lys), IL-2, IL-12 and
IL-18. After three days of culture, the phenotype of these cells was assessed
(Figure 4.1A). Effector cytokine production was measured in a small cohort of
cells by ICS and flow cytometry; cells were stimulated with PMA and ionomycin in
the presence of Brefeldin A for four hours prior to cytokine staining. Production of
the Thl-associated cytokine IFN-y was detected in a large proportion of CD4" Tg4
cells, and was present at high levels in the supernatant of cultures (as measured by
ELISA) (Figure 4.1B & 4.1D). TNF-o and GM-CSF production by the polarised
CD4" Tg4 population was also detected; and no IL-17 production was observed
(Figure 4.1B). Expression of the Thl-associated transcription factor T-bet, which
has been shown to be required for the induction of EAE (Bettelli et al., 2004, Gocke
et al., 2007), was also observed in the CD4" population (Figure 4.1C). These data

confirm the generation of Tg4 Thl effector cells.
In order to investigate the effect of soluble peptide administration on pathogenic T

cells and disease course, two approaches were used. The first approach investigated

the effect of 4Tyr administration during ongoing disease, and was given at the peak
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of EAE (Figure 4.2A). The second investigated the effect of 4Tyr administration on

the day following cell transfer into B10.PL hosts, before the pathogenic Tg4 cells
had migrated to the CNS (Figure 4.3A).

In addition to observing the effect of 4Tyr administration on disease course, the
second approach was also utilised to investigate the fate of Tg4 T cells; whereby
4Tyr was administered on the day following cell transfer and spleens were taken for
analysis four days later (Figure 4.7A). In this set of experiments Ptx was not
administered in order to maintain the effector cells within the periphery. The fate of
the Tg4 cells following 4Tyr administration was assessed by examining the number
and phenotype of these cells. Characteristics thought to be required for the
pathogenicity of Tg4 cells were investigated, including the ability to produce
effector cytokines, transcription factor expression and the presence of cell surface
molecules associated with entry into the CNS. To follow the effects of soluble
peptide administration on Tg4 T cells over time, a separate experiment was
conducted whereby 4Tyr was administered on the day after cell transfer, and from
separate cohorts of mice spleens were taken for analysis on days two, five, seven

and sixteen after treatment (Figure 4.9A).

In order to identify potential mechanisms of action of soluble peptide administration
on EAE driven by effector T cells, the effect of treatment with the panel of Ac1-9
analog peptides on Tg4 T cells was investigated. In these experiments Tg4 Tes
cells were transferred into B10.PL hosts one day prior to treatment with 4Lys, 4Ala,
4Val, 4Tyr or PBS, and the spleens were taken for analysis four days later (Figure
4.10A). Associations between the phenoptype of the Tg4 cells and the MHC-
binding affinity of the peptide were interrogated.

In this chapter the effect of Acl-9 peptide administration of pathogenic Tg4 Tes

cells was investigated.
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4.2 Results

4.2.1 Administration of 4Tyr at the peak of passive EAE does not alter

disease course.

For the effective clinical translation of peptide therapy, it is vital to understand the
consequences of soluble peptide administration during ongoing disease. Previous
work from the lab has demonstrated that soluble peptide administration at the peak
of EAE has the ability to induce a dramatic reduction in the clinical signs of disease
(Leech et al., 2007). However, due to the differences in models, it was important to
determine the effects of 4Tyr administration on EAE induced by Tg4 cells. To
investigate this, EAE was induced using passive transfer of Tg4 T cells and at the

peak of disease host mice were treated with 4Tyr or PBS (Figure 4.2A).

As can be seen in Figure 4.2B, 4Tyr administration had no significant effects on
disease course compared to PBS. In both groups, entry into the resolution stage of
disease appeared to occur without hindrance. To investigate if 4Tyr administration
had induced expansion of the Tg4 cell population within the CNS, the total
cellularity of the CNS and spleen were analysed three days after treatment.
However, no significant differences were observed in the total cellularity of the
spleen or CNS (Figure 4.2C). From these data it can be concluded that
administration of 4Tyr neither exacerbates ongoing passive EAE, nor accelerates

the natural recovery phase of disease.

4.2.2 Administration of 4Tyr prevents induction of EAE by pathogenic
Tg4 T cells

Clinical signs of EAE develop ~ 5 days after Tg4 Te cell transfer. This allows the
opportunity to deliver tolergenic peptide between cell transfer and development of
disease. Tg4 Ter cells were transferred into B10.PL hosts one day prior to

administration of 4Tyr, 4Lys or PBS (Figure 4.3A). Mice also received Ptx on the
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same day as peptide treatment. PBS-treated mice showed a robust disease course
(mean maximal disease score 3.3, incidence 100%, Figure 4.3B). Administration of
4Lys did not alter the course of EAE. However, administration of 4Tyr completely

abrogated disease induction.

These results demonstrated that in addition to inducing tolerance in naive Tg4 cells,
4Tyr administration is capable of inducing tolerance in activated T cells. In an
attempt to investigate if the lack of disease induction was due to deletion of the Tg4
Tesr cells upon 4Tyr administration, spleens were taken on day 28 post-treatment
and the presence of donor cells was determined (Figure 4.4). No differences in the
total numbers or proportion of CD4" cells or CD4" Tg4 cells were observed
between any of the groups (Figure 4.4B & 4.4C). However, distinct populations of
Tg4 cells were present in all treatment groups. These results implied that 4Tyr

administration did not induce deletion of Tg4 T cells.

4.2.3 4Tyr administration inhibits the ability of Tg4 T cells to migrate
into the CNS

In subsequent experiments, the spleens and CNS of 4Tyr- and PBS-treated mice
were harvested directly after the peak of disease, and the presence of CD4" Tg4
cells was determined to identify any changes in location of the Tg4 T cells (Figure
4.5A). Within the CNS, lower total cellularity and lower total numbers of CD4"
cells were observed in the 4Tyr-treated group compared to PBS (Figure 4.5B).
There were also significantly lower numbers of CD4" Tg4 cells in the CNS of the
4Tyr-treated group compared to PBS (Figure 4.5B). These data show that 4Tyr-
treated Tesr cells had not migrated to the CNS as readily as PBS-treated cells.

Tg4 numbers were also analysed in the spleen (Figure 4.6A). The total cellularity
and numbers of CD4" cells within the spleen were significantly higher in the 4Tyr-
treated group compared to PBS (Figure 4.6B). Despite no significant differences in

the numbers or proportion of CD4" Tg4 cells between groups, the numbers of donor
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cells within the spleens of the PBS-treated group were <I1x10°, whereas in the 4Tyr-

treated group three out of the six mice had >1x10° donor cells within the spleen

(Figure 4.6B).

These results provided evidence that administration of 4Tyr alters the migratory
potential of Tg4 Tes cells, and that these cells may be inhibited from trafficking to
the CNS.

4.2.4 PSGL-1 expression is down-regulated on Tg4 T cells upon

4Tyr administration

In this passive transfer model of EAE, the earliest CNS infiltration by Tg4 cells is
evident at 3-4 days after transfer (Prendergast, 2011). To identify changes in
molecules associated with CNS entry, the experimental protocol was adapted to
analyse splenocytes four days after peptide administration (no Ptx was given)
(Figure 4.7A). PSGL-1, CXCR3 and CCR5 have each been reported to be
important in the migration of CD4" T cells into the CNS during EAE (Bahbouhi et
al., 2009, Balashov et al., 1999, Sorensen et al., 1999). Previous work within the
laboratory has also demonstrated a potential role for PSGL-1 expression in enabling

pathogenic CD4 Tg4 cells to enter the CNS and induce disease (Prendergast, 2011).

Four days after administration of 4Tyr or PBS, PSGL-1 was found to be expressed
on host and donor CD4" populations in both groups (Figure 4.7B). However,
PSGL-1 expression was significantly higher on CD4" Tg4 cells from PBS-treated
mice compared to those from 4Tyr-treated. Levels of PSGL-1 expression on Tg4
cells from 4Tyr-treated mice were similar to those expressed on the host CD4 " cells
of both groups. The high level of expression on PBS treated CD4" Tg4 cells
compared to both 4Tyr- treated and host CD4 " populations adds further evidence to
suggest that pathogenic T cells require PSGL-1 expression to enter the CNS and

induce disease.
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CXCR3 expression has been shown to be induced by the transcription factor T-bet
and therefore its expression is associated with Thl-driven pathology. Tg4 Tes cells
from PBS-treated mice expressed high levels of CXCR3, and 4Tyr administration
caused no loss of this molecule on CD4 ' Tg4 cells (Figure 4.7C). The majority of
host CD4" cells were not found to express CXCR3 in either group. Expression of
the Thl-associated chemokine receptor CCRS, was not detectable on host or donor

cells of either group (Figure 4.7D).

4.2.5 4Tyr administration induces substantial expansion of the Tg4

Tets population

In the above experiments there was no shortage of Tg4 T cells in the spleens of
4Tyr-treated mice. Therefore, the protection from EAE mediated by 4Tyr
administration was not due to deletion of the effector cells. In fact, four days after
4Tyr administration the overall cellularity of the spleen was found to be
significantly higher than that of the PBS-treated group (Figure 4.8A). Although, no
significant differences were observed in the total numbers or proportion of CD4"
cells within the spleen, there were significantly higher numbers and a greater
proportion of CD4" Tg4 donor cells in the 4Tyr-treated group, compared to PBS-
treated (Figure 4.8B). The total numbers of CD4" Tg4 cells within the spleens were
around ten-fold greater than the numbers transferred, accounting for ~50% of all
CD4" cells within the spleen following 4Tyr administration. These data
demonstrate that within four days, administration of 4Tyr induces considerable

expansion of the Tg4 T population.

4.2.6 Tg4 T cell numbers decline after five days in 4Tyr-treated mice

Due to the large numbers of CD4" Tg4 cells observed in the spleen four days after

4Tyr-treatment, a time-course experiment was conducted to investigate if these cells
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persisted at these numbers. Spleens were taken at day two, five, seven and 16 after

peptide treatment (Figure 4.9A).

Although the total cellularity of the spleens appeared higher in the 4Tyr-treated
group at all time points, this was only found to be significantly different at day two
and day 16 (Figure 4.9B). The total numbers of CD4" cells were significantly
higher within two days of 4Tyr administration compared to PBS-treated mice and
remained so until day five (Figure 4.9C). The total proportion of CD4" cells was
decreased at day two in the 4Tyr-treated group; however, by day five the proportion
was significantly higher than the PBS treated controls. Thereafter, there were no

significant differences in the total proportion of CD4" cells.

CD4" donor cells were present in significantly higher numbers at both day two and
day five after 4Tyr administration (Figure 4.9D). By day seven, however, the
number of CD4" donor cells in the 4Tyr- treated group had declined, and by day 16
there was no longer any significant difference in donor numbers between groups.
These data suggest that the expansion of the Tg4 T population following 4Tyr

administration is maximal around day five.

4.2.7 Only the 4Tyr Ac1-9 peptide induces a significant increase in the

number of Tg4 T cells

As shown in Figure 4.3, 4Tyr administration inhibits induction of EAE by Tg4 Tes
cells, whereas administration of 4Lys has no effect on disease course. In order to
try and elucidate the mechanism responsible for inhibition of disease induction, Tg4
Terr cells were treated with the panel of Acl-9 analog peptides (4Lys, 4Ala, 4Val,
4Tyr) or PBS, with the hypothesis that the mechanism of inhibition would correlate
with the MHC-binding affinity of the peptide (Figure 4.10A). Tg4 T cells were
transferred into B10.PL hosts one day prior to administration of peptide and spleens

were taken for analysis on day four post-treatment.
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There was a significant increase in the total cellularity of the spleen and the total
numbers of CD4" cells in the 4Tyr-treated group compared to PBS, but not in any
other peptide-treated group (Figures 4.10B & 4.10C). Despite the lack of
significant differences, the total cellularity and number of CD4" cells appeared to
increase with the MHC-binding affinity of the peptide. The total proportion of
CD4" cells was significantly higher in the 4Lys-treated group compared to PBS-
treated, but was significantly lower in the 4Tyr-treated group compared to the PBS-

treated group.

None of the Ac1-9 peptides induced deletion of the Tg4 T cells (Figure 4.10D).
The total numbers of CD4" donor cells appeared to follow a similar pattern as the
total cellularity and total numbers of CD4" cells, with the numbers of donor cells
increasing with the MHC-binding affinity of the peptide (Figure 4.10D). However,
the only peptide that induced a significant increase in the number of CD4" Tg4 cells
compared to PBS was 4Tyr. As expected this result was also mirrored in the
proportion of donor cells within the CD4" population, with the greatest proportion
of donor cells present in the 4Tyr-treated group (Figure 4.10D).

4.2.8 Tg4 T cells are inhibited in their ability to produce IL-2 and

effector cytokines after 4Tyr administration

Thus far, the data demonstrate a striking expansion of the Tg4 T population
within four days of 4Tyr administration, but profound inhibition of EAE,
correlating with lower expression of PSGL-1 on the transferred Tg4 cells. To test
additional reasons for the impaired pathogenic activity of the Tg4 Teg cells,

functional readouts (cytokine production and T-bet expression) were examined.

Due to the substantial difference in CD4" Tg4 numbers between the 4Tyr- and PBS-
treated groups, the numbers of these cells had to be normalised in order to measure
cytokine production from recall assays. This was achieved by FACS sorting the

CD4" Tg4 cells from the spleen four days after treatment and subsequent culture
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with irradiated B10.PL splenic APC. These cells were subjected to a recall assay
with increasing doses of 4Lys and cytokine production was measured by ELISA.
Tg4 cells from the 4Tyr-treated group produced significantly lower amounts of both
IL-2 and IFN-y upon recall stimulation (Figure 4.11A&B). No evidence of a
change in phenotype from Thl to a Th2 was observed, as assessed by the lack of
production of IL-13, IL-4 and IL-10 (data not shown).

To achieve a measure of cytokine production on a per-cell basis, unsorted
splenocytes were cultured overnight in the presence or absence of 4Lys, and
effector cytokine production assessed by flow cytometry. Intracellular cytokine
staining revealed that a large proportion of CD4" Tg4 cells were able to produce
[FN-y in the PBS-treated group, however, this was significantly lower in the 4Tyr-
treated group (Figure 4.12B) Levels of TNF-a production were also significantly
lower in the 4Tyr- treated group. Despite very low production of GM-CSF by the
Th1 effector cells at the time of transfer (Figure 4.1B), a greater proportion of PBS-
treated CD4" Tg4 cells were now GM-CSF' (Figure 4.12B). No GM-CSF
production was observed in the donor cells of the 4Tyr- treated group, and no
production of any of these effector cytokines was observed in the host CD4 " cells of

either group.

A possible explanation for the loss of IFN-y production by Tg4 cells from 4Tyr-
treated mice would be inhibition of the master regulator of Thl function, T-bet.
Importantly, T-bet expression is also reported to be essential for T cell
pathogenicity in EAE (Bettelli et al., 2004). As shown in Figure 4.1C, Tg4 Texr
cells express high levels of T-bet as the time of transfer. This was maintained four
days after treatment with PBS (Figure 4.12C) and somewhat surprisingly, exposure
to 4Tyr in vivo did not inhibit T-bet expression by Tg4 T cells. This demonstrates
that the inhibition of IFN-y production occurs downstream of T-bet expression. As

expected, T-bet was not found to be expressed in the host CD4" cells of either

group.
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4.2.9 Production of effector cytokines by Tg4 T« cells remains low for

at least 16 days after 4Tyr treatment

It was important to ascertain whether 4Tyr-treated Tg4 cells could regain effector
cytokine production with time or if this function was permanently lost. Intracellular
cytokine staining of IFN-y and TNF-o after overnight stimulation with 4Lys
suggested that it was the latter case (Figure 4.13B). PBS-treated Tg4 cells
maintained their ability to produce IFN-y and TNF-a until day seven, but these
cytokines remained inhibited in the 4Tyr- treated group. As expected, these data
show that the ability to produce effector cytokine coincides with the pathogenicity
of the cell.

PBS-treated Tg4 cells were found to maintain their expression of T-bet as far as day
16 (Figure 4.13C). However, Tg4 cells exposed to 4Tyr in vivo maintained their
expression of T-bet only until day five; at subsequent time points expression of

T-bet was found to be significantly lower than that seen in PBS-treated Tg4 cells.

4.2.10 Down-regulation in effector cytokine production correlates with
the MHC-binding affinity of the Ac1-9 peptide

When splenocytes were sampled four days after in vivo exposure to the panel of
Ac1-9 analog peptides the inhibition in effector cytokine production correlated with
the MHC-binding affinity (Figure 4.14B). There was no significant difference in
the proportion of cells that were IFN-y" following overnight stimulation with the
Acl1-9 peptide between the PBS-, 4Ala- or 4Lys-treated groups. The 4Val-treated
group showed some inhibition of IFN-y production, but this inhibition was greatest
in the 4Tyr-treated group. Due to the link between pathogenicity and effector
cytokine production, these data may indicate why 4Lys administration has no effect
on the ability of Tg4 Tes cells to induce disease, whereas 4Tyr administration

completely inhibits disease induction. Expression of T-bet was found to be
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maintained in all treatment groups, with no significant differences found (Figure

4.140).

4.2.11 CD4" Tg4 cells in the 4Tyr-treated group do not express CTLA-4,
but do express high levels of PD-1

It has been demonstrated that Tg4 T cells exposed to 4Tyr in vivo have profound
inhibition of IL-2 and effector cytokine production. How might this be mediated?
The expression of two co-inhibitory molecules CTLA-4 and PD-1 was studied.
PD-1 was identified in Chapter 3 as being selectively up-regulated on naive Tg4
cells following 4Tyr administration. Previous reports have also suggested that
signalling through CTLA-4 may play an important role in the induction of tolerance

(Eagar et al., 2004).

At the time of transfer, Tg4 T cells were not found to express CTLA-4, but did
express high levels of PD-1 (data not shown). Following in vivo transfer and
administration of PBS, Tg4 T cells had lost expression of PD-1 (Figure 4.15A).
However, CD4" Tg4 cells in the 4Tyr-treated group had maintained PD-1
expression. Expression of CTLA-4 on CD4" Tg4 cells was not detected in either
treatment group (Figure 4.15B). PD-1 and CTLA-4 were also not found to be
expressed on host CD4" cells in either group. The PD-1 ligand, PDL-1, was found
to be expressed on both donor and host CD4" cells, but no significant differences
were observed between groups (data not shown). In addition, expression of PDL-2

was not detected on host or donor CD4" cells in either group (data not shown).

Observation of PD-1 expression over time revealed that PD-1 expression was lost
on PBS treated cells by day two after PBS injection, and remained low throughout
the 16-day time-course (Figure 4.16A). However, 4Tyr-treated Tg4 cells

maintained their expression of PD-1 at all time points observed.
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4.2.12 4Tyr and 4Val administration maintain PD-1 expression on Tg4

Tess cells

Comparison of the effects of Ac1-9 analog peptides on PD-1 expression (four days
after exposure) showed the influence of MHC-binding affinity (Figure 4.16B).
PD-1 was expressed to a significantly higher level on Tg4 T cells in both 4Val-
and 4Tyr-treated mice compared to PBS-treated. Importantly, the levels of PD-1
expression on 4Lys-exposed cells were not different to PBS controls, and may
further explain why these cells remain pathogenic. These findings are consistent
with the PD-1 expression on naive cells following peptide administration shown in

Chapter 3.

4.2.13 4Tyr administration increases the total number of donor

CD4'Foxp3” cells and the proportion of host CD4*Foxp3” cells

In Chapter 3, differences in donor and host CD4 Foxp3" populations following
administration of 4Tyr identified a potential role for these cells in the inhibition of
disease induction. Therefore, in the context of pathogenic Tg4 cell transfer,
CD4 ' Foxp3" donor and host populations were investigated four days after 4Tyr

administration.

There were no significant differences in the total numbers of host CD4 Foxp3"
cells. However, there was a trend toward higher numbers in the 4Tyr-treated group
(Figure 4.17B). This coincided with an increased proportion of Foxp3™ cells within
the host CD4 " population of the 4Tyr-treated group compared to PBS-treated. This
finding suggests that following Tg4 Ter cell transfer, 4Tyr administration may
either directly or indirectly cause expansion of the host CD4 Foxp3" Treg
population. Despite the increase in the total numbers and proportion of donor
CD4'Foxp3" cells in the 4Tyr-treated group compared to PBS-treated, the
frequency of Foxp3™ cells within the donor CD4" cohort was no higher than at the
time of transfer (1-3%, data not shown) (Figure 4.17B).
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4.2.14 Host and donor CD4*Foxp3" cell numbers begin to decline five

days after 4Tyr administration

Within two days of 4Tyr administration the total numbers of host CD4 "Foxp3" cells
were significantly greater than in the PBS-treated group (Figure 4.18B). These cells
remained present in higher numbers until day five, after which time the total
number of these cells declined. Unlike the data from day four after peptide
administration, no differences were observed in the proportion of Foxp3™ cells
within the host CD4" population at any of the time points. Donor CD4 Foxp3" cell
numbers were only found to be significantly elevated at day five following 4Tyr
administration, this effect was diminished by day seven (Figure 4.18C). No
differences were observed in the proportion of Foxp3™ cells within the donor CD4"
population at any time point. Thus the increased Foxp3™ Tg4 cell numbers
appeared to reflect the general expansion of the Tg4 population caused by 4Tyr
administration. This indicated that Foxp3" donor cells had neither enhanced nor

reduced ability to proliferate in response to soluble peptide.

When comparing the effects of different Ac1-9 analog peptides (at day four after
peptide administration) only 4Tyr was found to cause a) a significantly higher
frequency of host Foxp3™ cells and b) significantly higher numbers, but not
frequency, of Tg4 Foxp3" cells (Figure 4.19A & B). This again suggests that in this
experiment the increase in CD4 Foxp3" numbers is due to the overall increase in

donor cell numbers

4.2.15 4Tyr administration induces proliferation of host CD4'Foxp3”*

cells in the presence of Tg4 effectors

To further investigate the expansion of the host CD4 Foxp3" population following
4Tyr administration, mice were given BrdU on days one and three after 4Tyr- or
PBS-treatment.  Spleens were harvested on day four after peptide and the

proportion of BrdU™ cells within host CD4 Foxp3 " was determined (Figure 4.20A).
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There were insufficient numbers of donor CD4 Foxp3" cells to adequately analyse
the proportion of BrdU" cells within this population. The proportion of BrdU" cells
within the host CD4 Foxp3™ population was very low and no significant differences
were observed between treatment groups (Figure 4.20B). However, in the host
CD4 Foxp3" population, the proportion of BrdU" cells ranged from 5-20% and was
found to be significantly higher in the 4Tyr- treated group compared to PBS. These
data demonstrate that 4Tyr administration induces proliferation of host CD4 Foxp3"

cells.
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Figure 4.1 Polarisation of Tg4 cells to an effector (Th1) phenotype
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Figure 4.2 4Tyr administration at the peak of EAE has no effect on disease
course or the cellularity of the spleen or CNS
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Figure 4.3 4Tyr administration abrogates disease induced by Tg4 effector cells

123



CHAPTER 4 RESULTS

Figure 4.4 4Tyr administration does not result in the deletion of pathogenic
Tg4 cells
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Figure 4.5 Tg4 effector cells do not enter the CNS after 4Tyr administration
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Figure 4.6 Tg4 effector cells are present in the spleen after 4Tyr
administration
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Figure 4.7 Tg4 effector cells have lower expression of PSGL-1 and higher
expression of CXCR3 after 4Tyr administration compared to PBS
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Figure 4.8 4Tyr administration causes expansion of the Tg4 T population
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Figure 4.9 Expansion of Tg4 effector cells peaks at DS after 4Tyr
administration, but Tg4 cells are still present in the spleen at D16
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Figure 4.10 Only the 4Tyr Ac1-9 APL induces expansion of Tg4 effector
population
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Figure 4.11 Tg4 effector cells produce lower amounts of IL-2 and IFN-y
following 4Tyr administration compared to PBS
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Figure 4.12 4Tyr treatment decreases the proportion of Tg4 effector cells that
produce IFN-y, TNF-a and GM-CSF upon recall stimulation, but maintains
T-bet expression
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Figure 4.13 4Tyr treatment decreases the proportion of Tg4 effector cells that
produce IFN-y and TNF-a within two days
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Figure 4.14 Only 4Tyr and 4Val administration significantly reduces the
proportion of Tg4 cells that are IFN-y"
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Figure 4.15 Tg4 effector cells express high levels of PD-1 in the 4Tyr-treated
group but not in the PBS-treated group. CTLA-4 is not detected on host or
donor CD4" populations in either group
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Figure 4.16 Tg4 effector cells maintain PD-1 expression up to D16 after 4Tyr
administration. Expression of PD-1 correlates with the MHC-binding affinity
of the peptide
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Figure 4.17 4Tyr administration increases the proportion of host & donor
Foxp3" cells, and the number of donor Foxp3" cells
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Figure 4.18 Numbers of host CD4 ' Foxp3" cells peak at D2 after 4Tyr
administration whereas numbers of donor CD4 Foxp3™ cells peak at D5
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Figure 4.19 4Tyr is the only Acl1-9 peptide that results in an increased
proportion of host CD4+Foxp3+ cells and number of donor CD4 Foxp3™ cells
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Figure 4.20 4Tyr-treatment induces proliferation of host CD4 Foxp3™ cells
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4.3 Discussion

4.3.1 The effect of soluble peptide administration during ongoing

disease

Antigen-experienced CD4" T cells have been shown to have a lower activation
threshold and are less dependent on co-stimulation for activation than naive T cells
(Croft et al., 1994, Kimachi et al., 2003). The current consensus is that peptide-
induced tolerance in naive CD4" T cells relies upon the absence of co-stimulatory
signals (Miller et al., 2007). Therefore, it is imperative to determine whether
soluble peptide administration can actually induce tolerance in pre-activated CD4"
T cells that have no strong requirement for co-stimulation. Due to this ability to
become re-activated following only TCR signalling, it is possible that peptide
administration may induce further activation of these antigen-experienced cells and
therefore cause exacerbation of disease. Indeed, a phase II clinical trial involving
an APL of MBP had to be halted due to a suspected exacerbation of multiple
sclerosis (Bielekova et al., 2000). Alternatively, activated CD4" T cells are known
to be more susceptible to apoptosis due to the up-regulation of FasL (Brunner et al.,
2000) and therefore, persistent signalling through the TCR may drive the cells into
activation-induced cell death (Green et al., 2003).

Investigation into the effect of 4Tyr administration during ongoing disease
demonstrated no effect on disease course (Figure 4.2). This observation was
supported by the lack of differences in the total cellularity of the spleen and CNS
three days after treatment. As mentioned in Chapter 3, it is thought that the host
and not the donor CD4 Foxp3" cells are responsible for driving the resolution of
EAE. As is evident from the disease course, resolution of disease began in both
4Tyr- and PBS-treated groups the day after treatment (Figure 4.2). This may
suggest that host CD4 Foxp3" cells had begun to suppress the pathology caused by
CD4" Tg4 cells, and that the number of CD4" Tg4 cells had already started to
decline. Therefore 4Tyr administration at this time point might not be expected to

influence the disease course. Due to the short duration of the disease, it would be
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more pertinent to administer 4Tyr administration immediately after clinical signs

are established.

4.3.2 Peptide-induced tolerance in Tg4 T cells is not due to deletion

Despite the absence of any effect on disease course by soluble peptide
administration at the peak of disease, the results shown in this chapter demonstrate
that soluble peptide administration can switch-off activated antigen-experienced
CD4" T cells and prevent them from inducing disease (Figure 4.3). However, this
could only be achieved through the administration of the 4Tyr APL, with high
MHC-binding affinity, not with the WT 4Lys peptide. Neither peptide was found to

induce exacerbation of disease.

Surprisingly, this effect was not due to the deletion of the antigen-reactive cells
upon peptide administration. Elevated numbers of CD4" Tg4 cells were found
within the spleen of the 4Tyr group at day four (a five-fold increase) compared to
PBS and 4Lys treatment (Figures 4.8 & 4.10). The expansion of the Tg4 T
population appeared to peak at day five after 4Tyr administration, but they could
still be identified readily at day 16 (Figure 4.9). The reduction in CD4" Tg4
numbers after day five could be due to cell death induced by cytokine-withdrawal,
as CD4" Tg4 cells were no longer found to produce IL-2 or IFN-y at four days after
4Tyr injection (Figure 4.11).

Treatment with the panel of Ac1-9 analog peptides revealed a similar pattern to that
seen in the treatment of naive CD4" Tg4 cells, whereby a correlation exists between
the number of Tg4 T cells and the MHC-binding affinity of peptide (Figure 4.10).
This observation, coupled with the finding that the ability of the cells to produce
effector cytokines decreased as the MHC-binding affinity of the peptide increased
(Figure 4.14), suggests that the induction of tolerance in Tg4 T cells may be a

function of the sustained TCR engagement. This correlates with previous studies
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within the laboratory that demonstrated that 4Tyr can persist for up to 14 days after
administration (Konkel, 2008).

4.3.3 The abrogation of effector cytokine production by Tg4 T« after

in vivo exposure to 4Tyr

A major contributing factor to the pathogenicity of a T cells is their ability to
produce effector cytokines. Whilst neither IFN-y nor TNF-a production is an
exquisite requirement for the induction of EAE (Ferber et al., 1996, Krakowski and
Owens, 1996, Frei et al., 1997), the standing paradigm is that the transcription
factor responsible for driving IFN-y production, T-bet, is required (Bettelli et al.,
2004, Gocke et al., 2007, Yang et al., 2009).

Although a significantly lower proportion of 4Tyr- treated CD4 ' Tg4 cells were
capable of producing IFN-y and TNF-a from as early as two days after treatment
(Figure 4.13), these cells were found to maintain expression of T-bet at all time
points investigated. If T-bet expression was necessary for the induction of EAE this
does not explain why the 4Tyr- treated Tg4 Tex cells are no longer pathogenic.
However, current studies within the laboratory have suggested that T-bet may not
be an absolute requirement for the induction of EAE (O’Connor & Anderton,

unpublished observations).

Several recent studies have demonstrated that the production of GM-CSF by CD4"
T cells is necessary for the induction of EAE (Ponomarev et al., 2007, Kroenke et
al., 2010, Codarri et al., 2011, El-Behi et al., 2011). It is reported that the Th17-
associated transcription factor, RORyt, and not the Thl-associated T-bet, is
responsible for driving GM-CSF production in CD4" T cells (Codarri et al., 2011).
The results within this chapter demonstrate that despite the very low frequency of
Thl polarised Tg4 cells that produced GM-CSF at the time of transfer (Figure 4.1),
a significant proportion of CD4" Tg4 cells in the PBS treated group had gained the
ability to produce GM-CSF four days after treatment (Figure 4.12). The
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observation that the proportion CD4" Tg4 cells capable of producing GM-CSF was
significantly lower in the 4Tyr- treated group may at least partly explain why these

cells are no longer pathogenic.

The inability of Tg4 T cells to produce effector cytokines appears to be related to
the degree of expansion of the cells, which in turn is determined by the MHC-
binding affinity of the peptide used as tolerogen (Figure 4.14). This could possibly
be due to the proliferation of cells in the absence of Thl polarising cytokines, and
therefore the progeny of the cells are not programmed to become Thl cells.
However, expression of T-bet was maintained to a similar extent in all peptide-
treated groups, which would suggest that this is not the case (Figure 4.14C).
Studies by Gabrysova et al., have shown that multiple doses of 4Tyr can induce a
switch in phentotype from IFN-y producing cells to IL-10 producing Thl cells, and
that these cells maintain expression of T-bet (Gabrysova et al., 2009). In the
experiments detailed in this chapter, IL-10 production by Tg4 T cells from 4Tyr-

treated mice was not detected (data not shown).

In addition to reduced effector cytokine production, four days after 4Tyr
administration, CD4" Tg4 cells also produced less IL-2 than PBS treated cells upon
recall stimulation (Figure 4.11). This is in contrast to naive CD4" Tg4 cells, which
retained the capacity to produce IL-2 after treatment with 4Tyr (Figure 3.6). These
results suggest that due to the substantial expansion of CD4" Tg4 cells following
4Tyr administration, the cells have become exhausted by day four and therefore
cytokine production has been switched-off. This implication is supported by the
observation that CD4" Tg4 cells from 4Tyr-treated mice express high levels of PD-1
(Figure 4.15B), and may explain why the CD4" Tg4 population decreases after five
days post-treatment (Figure 4.9D).
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4.3.4 Altered migratory potential of Tg4 T« cells after in vivo

exposure to 4Tyr

Despite the expansion of CD4" Tg4 population following 4Tyr administration,
fewer of these cells reached the CNS (Figure 4.5B). This might suggest that 4Tyr
administration inhibits the ability of Tg4 T cells to migrate into the CNS in order

to induce disease.

Adhesion molecules and chemokine receptors that are associated with Thl cells and
are thought to potentially play a role in the recruitment of cells into the CNS include
CCRS5, CXCR3 and PSGL-1. The chemokine receptors CCRS5 and CXCR3 have
been shown to be expressed on T cells found within the MS lesions and CSF from
MS patients (Sorensen et al., 1999, Balashov et al., 1999). In addition, both of these
receptors are found to be preferentially up-regulated on Thl cells (Loetscher et al.,
1998, Sallusto et al., 1998). Up-regulation of PSGL-1 on CD4" T cells can be
induced by IL-12 (Deshpande et al., 2006) and has been found to be up-regulated on
the circulating CD4" T cells of MS patients (Bahbouhi et al., 2009).

CCRS was not detected on either host or donor CD4" cells (Figure 4.7D). Previous
studies within the laboratory have demonstrated that administration of a CCRS5
inhibitor, Tak779, had no effect on the subsequent disease induction by Tg4 T
cells (Prendergast, 2011), implying that CCRS5 may not be required for Tg4 T
cells to enter the CNS.

The expression of CXCR3 on CD4" T cells is thought to be induced by T-bet (Lord
et al., 2005, Beima et al., 2006). Consistent with the expression of T-bet on CD4"
Tg4 cells in both the 4Tyr- and PBS-treated groups, CXCR3 was found to be
expressed on these populations (Figure 4.7C). The significant increase in the level
of CXCR3 expression on CD4" Tg4 cells in the 4Tyr-treated group compared to
PBS contorls can not be explained by differences in the expression of T-bet
between these groups. Nevertheless, these results indicate that alteration in CXCR3

expression is not responsible for the lack of CD4" Tg4 cell migration into the CNS
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in the 4Tyr- treated group. This is supported by the data using Tak779 (as
described above), as this inhibitor also blocks the function of CXCR3 (Gao et al.,
2003).

Although CCRS5 and CXCR3 do not appear to play a role in the migration of Tg4
Tesr cells into the CNS, PSGL-1 expression was found to be lower on 4Tyr-treated
CD4" Tg4 cells compared to PBS (Figure 4.7B). Although constitutively expressed
on CD4" T cells, PSGL-1 levels were elevated on CD4" Tg4 cells in the PBS-
treated group compared to both 4Tyr-treated and host CD4" populations. The role
of PSGL-1 in enabling pathogenic cells to traffic into the CNS to induce EAE is a
contentious issue. Several studies have demonstrated that the induction of EAE in
PSGL-1-deficient mice is no different to that of WT mice (Osmers et al., 2005,
Engelhardt et al., 2005, Bill et al.,, 2011). In contrast, others have shown that
incubation of pathogenic myelin-reactive CD4" cells with a PSGL-1 blocking
antibody before passive transfer, results in a milder form of disease (Deshpande et
al., 2006). Indeed, previous studies within the laboratory have demonstrated that
incubation of Tg4 T cells with anti-PSGL-1 before transfer results in the delayed
onset of disease (Prendergast, 2011).

The down-regulation of PSGL-1 may explain why the migration of CD4" Tg4 cells
into the CNS is inhibited in the 4Tyr-treated group, but this does not explain the
functional impairment of these cells and their lack of effector cytokine production
within two days of peptide-treatment. It would be interesting to further investigate
the kinetics of PSGL-1 expression, in order to determine whether down-regulation

of this molecule occurs after tolerance has already been induced in these cells.

4.3.5 Arole forregulatory T cells in suppressing Tg4 T cells upon

4Tyr administration?

The increase in numbers of donor CD4 Foxp3™ cells following administration of

4Tyr is likely due to the overall increase in the number of CD4" Tg4 cells
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(Figure 4.17B). Although a significant difference was observed in the proportion of
Foxp3" cells within the donor CD4" cohort at day four in several experiments, this
finding was not consistently observed, and the proportion was no greater than that at
the time of transfer. During the time course experiment and upon investigation of
all Acl-9 peptides, no differences were seen in the proportion of donor
CD4'Foxp3" cells (Figure 4.18C & 4.19C). Due to the small numbers of cells in
this population compared to the number of donor CD4 Foxp3~ cells, it is unlikely
that these cells are responsible for tolerance induction in Tg4 T cells. In order to
test this, Tg4 Ter cells could be generated from Tgd4xFoxp3.LuciDTR-4 cells
(O'Connor et al., 2010) and sorted for CD4 Foxp3~ cells before transfer.

As mentioned in Chapter 3, during EAE there is an enrichment of host CD4 Foxp3"
cells within the CNS and it is thought that these cells are responsible for driving
resolution of Tg4-mediated disease. Donor CD4 Foxp3" cells are not thought to be
required for this process. Therefore, the increase in the proportion of host
CD4'Foxp3" cells after 4Tyr administration could be implicated in the inhibition of
disease induction in this group (Figures 4.17B). In support of this, the host
CD4'Foxp3" population of cells were found to have proliferated to a greater extent

in the 4Tyr-treated group compared to PBS controls (Figure 4.20B).

CD4 ' Foxp3" nTreg cells are generally classified as being anergic due to their lack
of IL-2 production upon in vitro stimulation (Fehervari and Sakaguchi, 2004).
Despite their own lack of IL-2 production they express high levels of the IL-2
receptor a-chain, CD25 (Sakaguchi et al., 1995). Several studies have suggested
that a potential mechanism by which Treg can suppress Teg cells is through
competition for IL-2, and therefore the induction apoptosis in T cells by IL-2
deprivation (de la Rosa et al., 2004, Pandiyan et al., 2007). If a large amount of
IL-2 is produced due to the expansion of CD4" Tg4 population upon 4Tyr
administration, this may explain the subsequent increased proliferation and number
of host CD4 Foxp3™ cells after treatment with 4Tyr, compared to PBS (Figures
4.18B & 4.20B). In addition, this suggests that the consumption of IL-2 by the host
CD4'Foxp3" cells may be responsible for the decrease in CD4" Tg4 numbers five
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days after peptide, due to IL-2 deprivation and the induction of apoptosis in the Tg4
cells. However, this mechanism of suppression by nTreg cells is currently under
debate as other studies have demonstrated that suppression can occur by Treg
deficient in the IL-2 receptor a-chain (Fontenot et al., 2005), and that Treg are
capable of suppressing T cells that are resistant to apoptosis (Szymczak-Workman
et al, 2011). There is also the possibility that the expansion of the CD4" Tg4
population is self-limiting and that they stop producing IL-2 and other cytokines on

their own accord due to exhaustion rather than regulation.

Comparison of treatment with the panel of Ac1-9 analog peptides demonstrated that
only the 4Tyr APL, which caused the greatest increase in numbers of CD4" Tg4
cells, was able to induce significant changes in the host CD4 Foxp3"~ population
(Figure 4.19B). This observation further implicates a role for IL-2 production in the
proliferation of host CD4'Foxp3™ cells. In order to investigate whether the
increased numbers in host CD4 Foxp3" cells was due to IL-2 production by CD4"
Tg4 cells upon 4Tyr treatment, an IL-2 blocking antibody could be administered to
observe whether this abrogates the effect. Clearly, further investigation is

warranted.

Despite these observations, administration of 4Val was also found to reduce the
proportion of CD4" Tg4 cells that produced effector cytokines (Figure 4.14B), even
though no changes were observed in host regulatory T cells. However, both 4Tyr
and 4Val treated CD4" Tgd' cells were found to have significantly higher
expression of PD-1 compared to PBS (Figure 4.16B). When CD4" Tg4 cells were
isolated for recall assays, production of IL-2 and IFN-y remained low despite the
removal of any influence by host CD4 Foxp3" cells (Figure 4.11). Also, effector
cytokine production remained low in 4Tyr- treated cells even after the number of
host CD4 Foxp3" cells had decreased by day seven (Figures 4.13B & 4.18B).
These results indicate that host CD4 Foxp3" cells may play some role in controlling
the expansion of CD4 Tg4 cells, but not necessarily in regulating the pathogenicity

of these cells.
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4.3.6 Arole for PD-1 in the induction of tolerance in Tg4 T cells

upon in vivo exposure to 4Tyr?

The results in this chapter demonstrate that PBS-treated CD4" Tg4 cells lose their
PD-1 expression within two days of treatment, whereas 4Tyr-treated cells maintain
elevated levels of PD-1 expression until at least day 16 after treatment (Figure
4.16A). These data provide a clear cut mechanism by which 4Tyr administration
may inhibit the pathogenicity of Tg4 T cells.

It has been demonstrated that PD-1 expression is elevated on exhausted virus-
specific CD8" T cells found in chronic viral infections where antigen persists, such
as LCMV, HCV and HIV (Barber et al., 2006, Urbani et al., 2006, Day et al., 2006).
Exhaustion of virus-specific CD8" cells is associated with inhibited proliferative
capacity and ability to produce cytokines such as IL-2, [FN-y and TNF-a (Fuller
and Zajac, 2003, Wherry et al., 2003). Blockade of PD-1 signalling on CD8" T
cells has been shown to restore effector function and enable viral clearance (Barber
et al., 2006, Lukens et al., 2008). Therefore, it may be possible to restore effector
function in 4Tyr- treated Tg4 Tex cells by blockade of PD-1 signalling, and re-
establish pathogenicity in this population.

It is thought that expression of both PD-1 and its ligand PDL-1 on activated T cells
supports T cell-to-T cell interactions, and therefore is important in the inhibition of
the PD-1 expressing cells (Latchman et al., 2004). The observation that both host
and donor CD4" cells were found to express PDL-1 (data not shown), suggests that

these cells may act to support inhibition of PD-1-expressing T cells.

PD-1 has been shown to be up-regulated during T cell activation (Keir et al., 2008).
As a result it is also possible that PD-1 expression on 4Tyr- treated Tg4 Ter cells
may simply be a result of continued TCR signalling through the presence of 4Tyr.
However, PD-1 expression remained elevated until at least day 16 after 4Tyr

treatment, when most of the 4Tyr peptide will have been eliminated.
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The observation that levels of PD-1 expression appeared to correlate with both the

MHC-binding affinity of the peptide and with the reduction in Ter cytokine

production, supports a role for PD-1 signalling in the inhibited pathogenicity of

4Tyr- treated Tg4 T cells (Figures 4.16B & 4.14B). Similar results were observed

in Chapter 3, whereby PD-1 signalling was implicated in the induction of tolerance

in naive CD4" Tg4 cells. Taken together, the results shown in both Chapters 3 and

4 provide evidence for PD-1 signalling in the induction and maintenance of

tolerance in both naive and antigen-experienced effector CD4" cells.

4.4

Concluding remarks

Administration of 4Tyr abrogates induction of EAE by Tg4 T cells,
whereas 4Lys does not.

Tg4 Te cells from 4Tyr-treated mice have lower expression of PSGL-1
compared to PBS-treated, and are inhibited in their ability to migrate into
the CNS.

4Tyr administration induces substantial expansion of the Tg4 T cell
population compared to PBS and 4Lys.

The expansion of the Tg4 T cell population correlates with the MHC-
binding affinity of the peptide

The increase in the number of Tg4 cells upon 4Tyr administration is
associated with a decrease in the proportion of Tg4 cells that can produce
I[FN-y, TNF-oo and GM-CSF. Effector cytokine production in this
population remains low until at least day seven after peptide treatment.
4Tyr-treatment is not associated with a change in phenotype from Thl to
Th2, as is evident by lack Th2-associated cytokine production

Tg4 cells maintain elevated levels of PD-1 expression in 4Tyr-treated mice;
whereas Tg4 cells from PBS-treated mice lose their PD-1 expression by day

two after treatment.
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e Levels of PD-1 expression correlate with the MHC-binding affinity of the
peptide.
e 4Tyr administration also induces proliferation of host CD4 Foxp3" cells;

however, their expansion is not maintained past day five after treatment.

The results in this chapter demonstrate that although administration of 4Tyr induces
a substantial increase in the numbers of Tg4 T cells, these cells are no longer
pathogenic. The inability of these cells to induce disease may be associated with
down-regulation of PSGL-1, a reduction in the ability to produce effector cytokines
such as GM-CSF, or due to regulation by host CD4 Foxp3" cells. However, the
evidence shown more likely indicates that 4Tyr administration drives Tg4 T cells
into an exhausted state that is regulated by PD-1 expression. In Chapter 5, the
direct effect of 4Tyr administration on Tg4 Treg cells is investigated, and in

Chapter 6 the role of PD-1 in the induction of tolerance by 4Tyr is explored further.
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5. The effect of soluble peptide administration
on antigen-reactive regulatory T cells

5.1 Introduction

One of the mechanisms by which the administration of soluble peptides has been
demonstrated to induce tolerance is through the generation of T cells with a
regulatory phenotype (Miller et al., 1992, Burkhart et al., 1999, Thorstenson and
Khoruts, 2001). It is thought that oral administration of antigen leads to the
induction of TGF-B producing Th3 cells (Chen et al., 1994, Hafler et al., 1997),
whereas intranasal administration of peptide has been shown to induce IL-10
producting cells from Thl cells, which have switched from IFN-y to IL-10
production (Gabrysova et al, 2009). In addition, delivery of antigen via
intravenous routes has previously been shown to induce expansion of antigen-

reactive CD4'CD25" Treg cells (Chappert et al., 2008).

In Chapters 3 and 4 it was demonstrated that treatment of naive and Teg Tg4 cells
with 4Tyr resulted in an increase in the numbers of Tg4 CD4 Foxp3" cells that were
present in the transferred population. This population was found to expand at the
same rate as the CD4 Foxp3™ population as no differences were found in the
proportion of Foxp3 " cells within the donor CD4 " cohort. Although soluble peptide
administration did not appear to induce Foxp3" regulatory T cells, the potential
ability of peptide therapy to expand or maintain antigen-reactive Treg cells could be

exploited in the use of Treg in cellular therapy.

The use of cells from Tg4xFoxp3.LuciDTR-4 reporter mice (O'Connor et al., 2010)
enables the identification and purification of Acl-9-responsive Foxp3™ cells, that
can be traced due to their expression of CD45.1. Therefore, the effect of peptide
administration on the number, stability and function of antigen-reactive Treg can be

investigated.

152



CHAPTER 5 RESULTS

5.1.1 Aims

1) To determine whether in vivo administration of 4Tyr can induce the
expansion of an antigen-reactive Treg population.

2) To investigate the effect of 4Tyr administration on the expression of Foxp3
by Treg.

3) To verify if 4Tyr treated Treg maintain their ability to suppress responder T

cells.

5.1.2 Experimental approach

Although nTreg cells are typically characterised as being CD4'CD25 Foxp3", many
previous studies on nTreg have used only CD4 and CD25 expression as a method
for distinguishing and isolating these cells. The use of Tgd4xFoxp3.LuciDTR-4
mice (O'Connor et al.,, 2010), which express GFP under the Foxp3 promoter,
enables the isolation of nTreg based also upon their expression of Foxp3”, and
therefore 1s a more stringent method of obtaining nTreg. Although
Tg4xFoxp3.LuciDTR-4 mice also express luciferase and the diphtheria toxin
receptor under the Foxp3 promoter, enabling imaging and selective depletion of
Foxp3" cells respectively, neither of these additional features were utilised in the
experiments described in this chapter. Previous work within the laboratory has also
determined that CD62L" nTreg cells retain their expression of Foxp3 to a greater
extent than CD62L" cells (Stephens et al., 2009), and therefore nTreg cells were
isolated by sorting for CD4 CD62L"CD25 GFP" cells.

Due to the low frequency of nTreg found in Tg4 transgenic mice (~1-3% of CD4"
cells, data not shown) it is challenging to obtain sufficient numbers of these cells to
transfer directly into recipient mice. Therefore, in order to obtain adequate numbers
of nTreg to be able to determine the effect of 4Tyr administration on these cells, an
in vitro expansion protocol was utilised whereby nTreg were cultured in the

presence of a-CD3/a-CD28 coated beads and high dose IL-2 (1000U/ml).
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An alternative method of obtaining large numbers of antigen-reactive Treg is
through the in vitro generation of iTreg cells. This can be achieved by the
purification and stimulation of naive CD4 CD62L"CD25 GFP" cells in the presence
of TGF-B and IL-2. Furthermore, the use of cells from Tg4xFoxp3.LuciDTR-4
reporter mice enables the purification of Foxp3 expressing iTreg cells at the end of

culture based on GFP expression.
In this chapter the effect of soluble peptide administration antigen-reactive nTreg

and iTreg is investigated, and the stability of their phenotype following peptide

administration is determined.
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5.2 Results

5.2.1 nTreg maintain expression of Foxp3 to a higher extent after 4Tyr

administration compared to PBS

nTreg were isolated from Tg4xFoxp3.LuciDTR-4 mice and expanded in vitro as
described in 5.1.2. After 21 days of culture, GFP' nTreg were purified by FACS
and 0.75-1x10° cells were transferred into C57BL/6xB10.PL hosts one day prior to
administration of 4Tyr or PBS (Figure 5.1A). The purity of the GFP" transferred
population was consistently >98% (Figure 5.1B). Four days after 4Tyr/PBS
administration, the numbers and proportion of host and donor CD4" cells were
similar in both treatment groups (Figure 5.2B & 5.2C). Assessment of Foxp3
expression revealed that the majority of Tg4 nTreg had lost expression of Foxp3 in
the PBS treated group (Figure 5.3B). However, a higher proportion of nTreg cells
were found to maintain Foxp3 expression in the 4Tyr-treated group. This was
reflected in the higher total numbers of CD4 Foxp3" cells within the donor cohort

after 4Tyr administration.

5.2.2 nTreg cells that maintain Foxp3 expression after 4Tyr treatment

express PD-1

Within the donor population of the 4Tyr-treated group, bi-modal expression of
PD-1 was observed (Figure 5.4A). In contrast, very few donor cells from the PBS-
treated group were found to express PD-1. The majority of donor Tg4 cells in the
PBS group were Foxp3'PD-1, and the few that had maintained Foxp3 expression
were largely PD-1" (Figure 5.4B). In the 4Tyr-treated group, the majority of Tg4
cells that had maintained Foxp3 expression were also found to express PD-1 (Figure

5.4C).
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5.2.3 Antigen-reactive iTreg lose Foxp3 expression upon treatment
with 4Tyr

Due to the limitations of using nTreg cells to determine the effect of peptide
administration of regulatory T cells, iTreg were also utilised as these could be
generated in large numbers. Tg4 iTreg cells were generated as stated in 5.1.2.
After five days of in vitro culture, GFP' iTreg cells were FACS sorted and
transferred into C57BL/6xB10.PL hosts one day prior to administration of 4Tyr or
PBS. Spleens were taken for analysis four days later (Figure 5.5A). Induction of
GFP expression was consistently >90% in iTreg, and the purity of the GFP"

population transferred was consistently >98% (Figure 5.5B).

No differences were observed in the total cellularity of the spleen or the total
numbers and proportion of CD4" cells between groups (Figure 5.6B). However,
there were higher numbers and proportion of donor cells in the 4Tyr-treated group
compared to PBS (Figure 5.6C). This suggests that 4Tyr administration maintains
the iTreg population to a greater extent than PBS. Investigation into the expression
of Foxp3 by Tg4 donor cells, as determined by GFP expression, revealed that PBS-
treated 1Treg largely maintained expression of Foxp3, whereas the majority of 4Tyr-
treated iTreg had lost Foxp3 expression (Figure 5.7B). Despite the decrease in the
proportion of Foxp3" donor cells, there were greater numbers of these cells in the
4Tyr-treated group compared to the PBS group. The effect of 4Tyr administration

on PD-1 expression by iTreg was not investigated.

5.2.4 iTreg cells that lose Foxp3 expression upon 4Tyr administration

retain their suppressive function

In order to determine if the 4Tyr-treated iTreg cells that had lost Foxp3 expression
had retained their suppressive capacity, GFP" and GFP" CD4'CD45.1" cells were
isolated from the spleen four days after peptide treatment using FACS. The GFP"

and GFP" populations were subjected to a suppression assay using Tg4 responder
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cells and stimulation with 4Lys. The post-sort purity of the GFP" population was
99.5%, and was 100% in the GFP" population (Figure 5.8A). Both the 4Tyr-treated
GFP" and GFP™ Tg4 iTreg presented an anergic phenotype, whereby proliferation
was not detected in either population when stimulated with 4Lys (Figure 5.8B). In
contrast, T responder cells cultured with 4Lys in the absence of 4Tyr-treated iTreg
were found to proliferate. Both GFP"™ and GFP™ 4Tyr treated iTreg were able to
suppress the proliferation of the Tg4 responder cells in response to stimulation with
4Lys (Figure 5.8) However, there was an overall trend for increased suppression by
the GFP" donor cells, and was significantly different at two dilution points. This
data implies that although iTreg can lose Foxp3 expression upon administration of
4Tyr, they can still suppress proliferation of Tegr cells albeit to a potentially lower

extent than the iTreg that retain Foxp3 expression.
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Figure 5.1 Experimental approach to determine the effect of 4Tyr
administration of antigen-reactive nTreg cells
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Figure 5.2 4Tyr administration has no effect on the number or frequency of
antigen-reactive nTreg
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Figure 5.3 nTreg cells maintain expression of Foxp3 to a greater extent after
4Tyr administration compared to PBS
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Figure 5.4 nTreg cells that maintain Foxp3 expression in the 4Tyr-treated
group are PD-1"
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Figure 5.5 Experimental approach to determine the effect of 4Tyr
administration on antigen-reactive iTreg
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Figure 5.6 4Tyr maintains the peptide-reactive iTreg population to a greater
degree than PBS
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Figure 5.7 iTreg cells lose expression of Foxp3 upon 4Tyr administration
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Figure 5.8 iTreg cells retain their suppressive function following 4Tyr
administration
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5.3 Discussion

5.3.1 The effect of 4Tyr administration on Treg numbers

Despite evidence in the literature to suggest that soluble peptide administration can
expand nTreg cell populations (Chappert et al., 2008), no evidence of this was seen
in the Tg4 nTreg population four days after administration of 4Tyr (Figure 5.2B).
In the studies conducted by Chappert et al., nTreg cells were isolated by purification
of CD4"CD25" cells, and the clonal expansion of ‘Treg’ cells upon administration
of peptide was measured based upon total donor numbers. The expression of
Foxp3" in the transferred population or after peptide administration was not stated.
As effector CD4" T cells are also known to express CD25 (Waldmann, 1986), there
is the potential for contamination of the Treg with T cells, and therefore it may be
the Tes cells which expand upon peptide administration rather than the Treg. In the
experiments shown in this chapter, nTreg were isolated on the basis of Foxp3
expression using the Tg4xFoxp3.LuciDTR-4 reporter strain of mice. The results
shown in this chapter demonstrate that administration of soluble peptide may not
result in the clonal expansion of pure nTreg populations, and therefore the increased
numbers of these populations seen in Chapter 3 & 4 are likely due to a secondary

effect of peptide administration on naive or T cells, such as the provision of IL-2.

Alternatively, the lack of nTreg expansion observed following peptide may be due
to the prolonged in vitro expansion of these cells before transfer. The experiments
conducted by Chappert et al., had the advantage of using direct transfer of freshly
isolated CD4'CD25" cells. However, the nTreg used for experiments in this
chapter were subjected to persistent TCR stimulation for 21 days and had
undergone ~100-fold expansion. Therefore, once transferred in vivo it is possible
that these cells were in an exhausted state and were therefore refractory to further
expansion by the administration of peptide. Another factor to consider is the
requirement for IL-2 in the expansion of nTreg populations (D’Cruz et al., 2005,
Fontenot et al., 2005). During the in vitro expansion of nTreg they were cultured in

the presence of a high concentration of IL-2, and therefore it is possible that upon
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transfer in vivo and during the subsequent administration of peptide, there was

insufficient IL-2 production to support the further expansion of these cells

Unlike nTreg cells, iTreg cells were present in greater numbers and constituted a
higher proportion of the CD4" T cells within the spleen four days following 4Tyr
administration (Figure 5.6C). During the generation of iTreg cells, naive CD4"
cells were subjected to stimulation through their TCR for only five days before
transfer, as opposed to the 21 days received by nTreg cells. Also, iTreg cells
require less IL-2 for their expansion as they are generated from naive CD4" T cells,
which can produce sufficient IL-2 on their own and are therefore less dependent
upon exogenous addition of IL-2. As a result, it is likely that iTreg cells were not in
an exhausted state upon transfer, and were capable of expanding in response to

stimulation by peptide.

The use of human nTreg in the cellular therapy of autoimmune disease would likely
require in vitro expansion in order to obtain sufficient numbers of these cells, as the
frequency of circulating nTreg in humans is very low (Trzonkowski et al., 2009).
The experiments shown in this chapter demonstrate that prolonged in vitro
expansion of nTreg may render them unresponsive to further stimulation. It would
be interesting to compare the suppressive function of in vitro expanded nTreg cells

with freshly isolated cells, in order to determine if they are functionally different.

Due to the limitations in obtaining sufficient quantities of nTreg cells from humans,
and the difficulty in identifying true nTreg cell populations there is increasing
interest in the thereapeutic use of in vitro generated iTreg cells. iTreg cells can be
generated in large numbers in vitro and have been shown to be effective in the
prevention of autoimmune disease (DiPaolo et al., 2007, Haribhai et al., 2009). In
particular, the use of antigen-reactive iTreg have been shown to be more potent in
treating models of autoimmune disease than polyclonal iTreg (Stephens et al.,
2009). Therefore, the expansion of antigen-reactive iTreg upon administration of
soluble peptide may provide a mechanism by which to enhance the numbers of

iTreg cells and therefore increase suppression. However, due to the observation
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that nTreg cells can acquire a Th17 phenotype in the absence of TGF-f (Xu et al.,
2007), concerns about the potential ability of iTreg to convert to a pathogenic
phenotype and the stability of Foxp3 expression in these cells have recently been

raised (Koenecke et al., 2009, Beres et al., 2011).

5.3.2 Maintenance of Foxp3 expression in nTreg cells

Previous work within the laboratory has determined that CD62L" nTreg maintain
expression of Foxp3 after in vivo challenge with peptide in CFA, and also after in
vitro expansion for seven days. Whereas the majority of CD62L'° nTreg cells lose
their Foxp3 expression (Stephens et al., 2009). Similar findings have been shown in
human nTreg whereby cells with a memory phenotype (CD45RO" or CD45RA")
were found to lose Foxp3 expression upon activation, but those with a naive
phenotype maintained expression of Foxp3 even after three weeks of in vitro
expansion (Hoffmann et al.,, 2009, d'Hennezel et al., 2011). The experiments
described in this results chapter used CD62L" nTreg, and the proportion of Foxp3™
cells at the end of culture was consistently >70% (Figure 5.1B). However, despite
the purification of Foxp3™ nTreg cells before transfer, the vast majority of PBS

treated nTreg were found to have lost their expression of Foxp3 (Figure 5.3B).

Stephens et al., suggested that the CD62L" cells represented naive nTreg and
CD62L" cells were activated nTreg, and their studies determined that upon TCR
stimulation CD62L" nTreg cells down-regulated expression of CD62L. This may
suggest that after 21 days of in vitro stimulation, the CD62L" cells had down-
regulated expression of CD62L and therefore were more prone to loss of Foxp3
expression upon transfer in vivo. However, the loss of Foxp3 expression by nTreg
cells has typically been shown to occur upon continued TCR stimulation, and the
4Tyr treated nTreg were actually found to maintain Foxp3 expression to a greater
degree than the PBS treated cells (Figure 5.3B). This implies that after three weeks
of in vitro expansion, nTreg cells actually require continued TCR stimulation to

maintain Foxp3 expression.
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Epigenetic analysis has revealed that the Foxp3 promoter is largely un-methylated
in nTreg, but is methylated in CD4 Foxp3~ cells (Floess et al., 2007). The studies
conducted by Hoffman et al., into the loss of Foxp3 expression in human nTreg
cells determined that upon in vitro expansion, CpG methylation within the Foxp3
promoter increased and this correlated with a decrease in Foxp3 expression.
Therefore, it may be pertinent to monitor the methylation status of the Foxp3
promoter during in vitro expansion of nTreg as an indication of their potential to

lose Foxp3 expression.

The observation that the majority of nTreg that had maintained Foxp3" expression
in the 4Tyr treated group also expressed PD-1, adds further evidence to suggest that
continued activation of the nTreg cell is required for the maintenance of Foxp3
expression (Figure5.4C). The absence of PD-1 expression appeared to correlate
with the loss of Foxp3 expression in both the PBS- and the 4Tyr-treated group
(Figure 5.4B) (Figure 5.9).

The results shown in this chapter demonstrate that in order to fully determine the
effect of peptide administration on nTreg it would be more pertinent to transfer
freshly isolated nTreg cells. However, this would be impractical due to the
extremely large number of donor mice this would require. In addition, the problems
identified with the stability of nTreg cells after in vitro expansion, highlights the

potential obstacles in using nTreg as a cellular therapy for autoimmune disease.

5.3.3 Loss of Foxp3 expression in 4Tyr-treated iTreg cells

In contrast to nTreg cells, the majority of PBS-treated iTreg cells were found to
maintain their expression of Foxp3 at four days after treatment (Figure 5.7B).
However, upon treatment with 4Tyr, iTreg cells lost Foxp3 expression. It has
previously been demonstrated that re-stimulation of iTreg in vivo can result in the
loss of Foxp3 expression (Chen et al., 2011)(O’Connor & Anderton, unpublished

observations). These studies involved the treatment of antigen-reactive iTreg with
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their cognate peptide in adjuvant. The results shown in this chapter using soluble
peptide administration imply that it is only the signalling through the TCR that is

required for the loss of Foxp3 expression, rather than the immunogenic challenge.

Understandably, doubts have been raised about the use of iTreg cells therapeutically
due to this instability in Foxp3 expression. Although it has been demonstrated that
iTreg cells are less prone to conversion to a pathogenic phenotype under pro-
inflammatory conditions than nTreg cells (Zheng et al., 2008, O'Connor et al.,
2010), it is not known whether the loss of Foxp3 expression is associated with a loss
in suppressive capacity. The data shown in this chapter demonstrate that both 1Treg
cells that have maintained expression of Foxp3, and those that have lost expression
upon treatment with 4Tyr, are capable of suppressing Tg4 CD4" responder cells
(Figure 5.8B). Suppression by GFP™ cells was not due to contamination of GFP"
cells, as the purity of this population was 100% (Figure 5.8A). Therefore, this
establishes that iTreg that lose expression of Foxp3 can retain suppressive
capabilities; however, cells that retain Foxp3 expression may be more potent at

suppressing responder T cells.

5.4 Concluding remarks

e Administration of 4Tyr does not alter the number or proportion of Tg4
nTreg cells compared to PBS.

e Antigen-reactive nTreg maintain expression of Foxp3 to a higher extent
upon administration of 4Tyr compared to PBS.

e Expression of PD-1 on 4Tyr-treated nTreg cells is associated with
maintenance of Foxp3 expression.

e Administration of 4Tyr results in increased numbers and proportion of iTreg
cells compared to PBS.

e 4Tyr treatment results in a loss of Foxp3 expression in iTreg cells, whereas

the majority of PBS-treated iTreg maintain Foxp3 expression.
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e A4Tyr-treated iTreg cells that lose their expression of GFP retain their

capacity to suppress Tg4 CD4" responder cells.

The results shown within this chapter demonstrate that administration of 4Tyr does
not directly induce expansion of antigen-reactive nTreg populations. This implies
that the increase in numbers of antigen-reactive nTreg observed in Chapters 3 and 4
is likely due to a secondary effect of peptide administration on naive and effector
Tg4 cells. The expansion of naive and Tes Tg4 cells upon 4Tyr administration
would suggest that IL-2 is produced, and that this is responsible for the expansion

of nTreg.

The increased numbers of iTreg following 4Tyr administration and the observation
that both Foxp3" and Foxp3~ cells can suppress the proliferation of naive antigen-
reactive cells may provide an opportunity to use soluble peptide administration in

order to enhance the function of iTreg-based cellular therapy.
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Figure 5.9 Effect of 4Tyr / PBS administration on nTreg vs iTreg.
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6. The role of PD-1 signalling in the
establishment and maintenance of peptide-
induced tolerance

6.1 Introduction

PD-1 is thought to limit the clonal expansion during a primary T cell response,
thereby enabling resolution of the effector response. Blockade or lack of PD-1
results in earlier onset of diabetes in NOD mice (Ansari et al., 2003) and earlier
onset and increased severity of EAE (Salama et al., 2003). The inhibition of PD-1
signalling has also been demonstrated to break tolerance in CD4" T cells in an
experimental model of diabetes (Fife et al., 2006), and re-instate cytokine
production and proliferation in exhausted CD8" T cells during chronic viral
infection (Barber et al., 2006, Trautmann et al., 2006). Although the role of PD-1
signalling in T cell tolerance has been demonstrated, the role of PD-1 expression in
the induction of tolerance in naive CD4" T cells has yet to be fully defined. Further,
the role of PD-1 signalling in the induction of tolerance in T cells has not been
characterised. In the context of peptide-induced tolerance, prophylactic
administration of peptide in deletional models of tolerance showed no role for PD-1
signalling in the induction of tolerance in CD4" T cells (Haspot et al., 2008, Konkel
et al., 2010). However, as demonstrated in this thesis, peptide-induced tolerance in
naive CD4" Tg4 cells occurs through a mechanism that does not involve deletion of
the peptide-reactive cells. Similarly, the data in Chapter 4 demonstrate that peptide-
induced tolerance can also be established in Tg4 Te¢ cells, and this occurs through a
non-deletional mechanism. In fact, the cells persist in sizeable numbers, but

express high levels of PD-1.
This chapter describes the results of preliminary experiments designed to test the

importance of PD-1 expression, in the tolerant phenotype seen in Tg4 naive and

effector cells after in vivo exposure to the 4Tyr peptide.
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6.1.1 Aims
1) To verify the role of PD-1 signalling in controlling the primary stimulation
of CD4" T cells.

2) To investigate the role of PD-1 signalling in the establishment and
maintenance of tolerance in naive CD4" Tg4 cells.
3) To explore the role of PD-1 signalling in the establishment and maintenance

of tolerance in Tg4 T cells.

6.1.2 Experimental approach

A PD-1 blocking antibody was used in in vitro recall assays for initial studies into
the role of PD-1 signalling in the maintenance of tolerance in naive Tg4 cells. The
availability of PD1”" (H-2°) mice (kindly provided by Professor Honjo, Kyoto
University, Japan) allowed the generation of Tg4-PD1”" mice, thereby providing a
source of MBP-reactive T cells that could not receive signalling through PD-1, and
which could be transferred and monitored in PD-1 sufficient hosts. Tg4-PD17" cells
expressed the congenic marker CD90.1 and therefore could be traced in CD90.1°
hosts. This enabled the specific effects of PD-1 signalling on the antigen-reactive T
cells to be investigated upon peptide administration. Tg4-PD1”" mice had not been
fully back-crossed onto the B10.PL genetic background and therefore cells from
these mice were transferred into C57BL/6xB10.PL recipients. Although the
development of spontaneous autoimmune disease has been reported in PD-1"" mice
on the C57BL/6 background, this was found to occur with a late onset appearing in
mice aged 6-14 months (Nishimura et al., 1999). In order to avoid complications
arising from the onset of spontaneous autoimmune disease all mice used in the

experiments described in this chapter were used at under ten weeks of age.
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6.2 Results

6.2.1 Absence of PD-1 signalling increases production of IFN-y and
IL-2 by CD4" T cells

In order to verify the role of PD-1 signalling in limiting a primary T cell response,
in vitro primary stimulation assays were performed using naive CD4" Tg4 cells.
These cells were cultured with C57BL/6xB10.PL splenocytes at a 1:10 ratio (2x10*
Tg4 cells and 2x10° splenocytes per well), with increasing concentrations of 4Lys
and in the presence of a PD-1 blocking antibody or isotype control (Figure 6.1A).
In the absence of a-PD-1, IL-2 was produced in response to antigenic stimulation,
whereas no IFN-y production was observed. Thus suggesting the Tg4 cells had
been driven towards a ThO phenotype under these conditions. Inhibition of PD-1
signalling by a-PD-1 increased production of IL-2 and enabled the cells to produce
IFN-y (Figure 6.1B).

Similar primary cultures were performed comparing CD4" Tg4-PD1”" and Tg4-
PD1™" cells. These were cultured with C57BL/6xB10.PL splenocytes at 1:20 ratio
(1x10* Tg4 cells and 2x10° splenocytes per well) and stimulated with increasing
doses of 4Lys (Figure 6.2A). Tg4-PD1"" cells produced both IL-2 and IFN-y upon
stimulation; however, levels of these cytokines were low. In contrast Tg4-PD-1""
cells produced significantly higher amounts of IL-2 and IFN-y (Figure 6.2B).
Together, these two lines of investigation demonstrated that PD-1 signalling acts to
limit the gain of effector function (IFN-y production) by CD4" T cells upon primary

stimulation.

6.2.2 PD-1 signalling may inhibit the proliferation of CD4" T cells upon

primary stimulation

To determine if PD-1 signalling acts to limit the clonal expansion of CD4" T cells

upon stimulation, proliferation assays were perfomed using CFSE labelled Tg4
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CD4" cells cultured with C57BL/6xB10.PL splenocytes at a 1:10 ratio. Cells were
stimulated with two doses of 4Lys in the presence of a-PD-1 antibody or isotype
control and the extent of cell division was determined by the dilution of CFSE using
flow cytometry (Figure 6.3A). Very few CD4" Tg4 cells were found to proliferate
in the absence of antigen. The proportion of dividing cells increased with the
addition of 4Lys, with a larger proportion dividing at the higher concentration of
4Lys (Figure 6.3B). There appeared to be no difference in the proportion of
dividing cells in the presence or absence of a-PD-1 at either of the 4Lys

concentrations used.

The effect of PD-1 on clonal expansion was also assessed by comparing CFSE
labelled CD4" cells isolated from Tg4-PD-17" and Tg4-PD-1"" mice (cultured with
CS57BL/6xB10.PL splenocytes at a 1:20 ratio) (Figure 6.4A). Similarly, in the
absence of antigen very few CD4" Tg4 cells were found to proliferate, and upon
addition of 4Lys the proportion of both Tg4-PD1”" and Tg4-PD-1"" cells that had
divided increased. However, the proportion of divided cells appeared markedly

++

higher in the Tg4-PD-1"" group compared to Tg4-PD1™".

6.2.3 CD4" Tg4 cells can induce EAE under sub-optimal conditions in

the absence of PD-1 signalling

The above observations suggested that PD-1 deficient naive Tg4 T cells had
undergone clonal expansion and had gained effector function in vitro. Such an
enhancement would be predicted to lead to greater pathogenic activity following
immunisation in vivo. It was also predicted that this would best be observed using
conditions known to be sub-optimal when PD-1 is present. The presence of naive
CD4" Tg4 cells is required for the induction of EAE in C57BL/6xB10.PL mice.
Decreasing the number of CD4" Tg4 cells transferred should therefore act to limit
the severity of disease. Thus, 5x10° Tg4-PD-1"" or Tg4-PD-17" CD4" T cells were
transferred into C57BL/6xB10.PL hosts, one day prior to the induction of EAE by
immunisation with 4Tyr in CFA (Figure 6.5A).
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EAE did not develop in the hosts that received Tg4-PD-1""" cells; incidence was 0/8
(Figure 6.5B). However, a robust monophasic disease course was seen in the Tg4-
PD-1"" group, with a mean maximal score of 3.5 and 100% incidence. Although no
differences were observed in the total number or proportion of CD4" cells within
the spleen upon resolution of disease, in five out of the seven hosts that received
Tg4-PD-17" cells the donor cells were still detectable, whereas in the Tg4-PD-1"*
group no donor cells were seen in any of the spleens analysed (Figure 6.6A &

6.6B). This might reflect a greater expansion of Tg4-PD-17" population upon

immunisation.

These data demonstrate that Tg4-PD-1"" cells can induce disease under sub-optimal
conditions and therefore provides further evidence to suggest that PD-1 acts to limit

a primary T cells response.

6.2.4 Inhibition of PD-1 signalling enables effector cytokine

production by tolerised Tg4 cells

In Chapter 3 it was shown that naive CD4" Tg4 cells that have been rendered
tolerant by administration of soluble 4Tyr express high levels of PD-1 (Figure 3.5).
These 4Tyr-treated cells were found to produce IL-2 upon recall stimulation, but
their ability to produce the effector cytokines IFN-y and IL-17 was inhibited (Figure
3.6 & 3.12). To determine if PD-1 signalling plays a role in the inhibition of
effector cytokine production by CD4" Tg4 cells from 4Tyr-treated mice, the effect
of PD-1 blockade was investigated. Naive CD4" Tg4 cells were transferred into
B10.PL hosts one day prior to administration of 4Tyr or PBS. Seven days later,
splenocytes were isolated and subjected to a recall stimulation assay in the presence

of a-PD-1 or isotype control antibody (Figure 6.7A).
In agreement with previous experiments, the total number and proportion of CD4"

Tg4 cells was increased in the 4Tyr-treated group compared to PBS (Note: Figure
6.7B is a reproduction of Figure 3.6B). Production of IL-2, IFN-y or IL-17 was not
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observed in splenocytes from the PBS-treated group in either presence or absence of
0-PD-1 (Figure 6.7C); this is likely due to the low number of CD4" Tg4 cells
remaining in this group. The ability of cells from 4Tyr-treated mice to produce
IL-2 was also not altered by the addition of a-PD-1. Production of IFN-y and IL-17
in the absence of a-PD-1 was not detected in the 4Tyr-treated group. However,
inhibition of PD-1 signalling enabled 4Tyr treated cells to produce both IFN-y and
IL-17 in response to stimulation with 4Lys. These data provide evidence to suggest
that PD-1 plays a role in the maintenance of a tolerant phenotype by preventing

effector cytokine production.

6.2.5 Prophylactic administration of 4Tyr does not inhibit EAE
induction by CD4" Tg4 cells that lack PD-1

In order to investigate the requirement for PD-1 signalling in vivo during the
induction of tolerance, the effect of prophylactic 4Tyr administration on the
subsequent induction of EAE was determined using Tg4-PD1"" versus Tg4-PD17”"
CD4" T cells. Cells were transferred into C57BL/6xB10.PL hosts one day prior to
administration of 4Tyr, and EAE was induced seven days later by immunisation

with 4Tyr (Figure 6.8A).

Despite no significant differences in the mean maximal score or severity of disease,
there was a significant difference in the incidence of disease. The mean maximal
score in the Tg4-PD-17" group was 3 and incidence was 80%, compared to a mean

+H+

maximal score of 0.8 and incidence of 20% in the Tg4-PD-1"" group. These data
show that prophylactic administration of 4Tyr is not as effective at inhibiting

disease induction in the absence of PD-1 signalling.
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6.2.6 Greater numbers of Tg4-PD-1" cells are present after

++

immunisation compared to Tg4-PD-1
with 4Tyr or PBS

regardless of treatment

To further clarify if the induction of tolerance by 4Tyr administration was inhibited
in naive CD4" Tg4-PD-1"" cells, the numbers and phenotype of these cells were
investigated after subsequent immunisation. Naive CD4" Tg4-PD-1"" or
Tg4-PD-1'/' cells were transferred into C57BL/6xB10.PL hosts one day prior to
administration of 4Tyr or PBS. Seven days after peptide/PBS mice were
immunised with 4Lys in CFA, and the spleens and LN were taken ten days later

(Figure 6.9A).

There was no difference in the total numbers and proportion of CD4" cells within
the spleen (Figure 6.10A) or LN (Figure 6.11A) ten days after immunisation. In the
spleen there were significantly higher numbers and proportion of CD4" Tg4-PD-1""

++

cells compared to Tg4-PD-1"" cells in the 4Tyr-treated groups (Figure 6.10B). A
higher proportion of Tg4-PD1” cells were also observed in the PBS-treated groups.
Similarly, in the LN there were significantly higher numbers of Tg4-PD-1"" cells
than Tg4-PD-1"" in the PBS-treated groups (Figure 6.11B). However, no
significant differences were observed between the 4Tyr-treated groups in the LN.
No change was observed in either the Tg4-PD-1"" or Tg4-PD-17" 4Tyr versus PBS
groups. This correlates with data shown using PD-1 sufficient Tg4 cells in

Chapter 3.

6.2.7 Comparison of cytokine production by Tg4-PD-1*"* and
Tg4-PD-1"" CD4" cells after in vivo exposure to 4Tyr

Due to the differences observed in the numbers of Tg4-PD-1"" and Tg4-PD-1""

cells after 4Tyr administration, it was important to determine if there were any

differences in the ability of these cells to produce effector cytokines. To test this,
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spleens and LN were taken ten days after immunisation and cells were cultured

overnight in the presence or absence of 4Lys; cytokine production was measured by

ICS.

No differences were observed in the proportion of donor cells that were able to
produce IFN-y or TNF-a between any of the groups (Figure 6.12A&B). However,
a lower proportion of both Tg4-PD-1"" and Tg4-PD-1"* cells were able to produce
IL-17 in the 4Tyr-treated groups compared to PBS-treated (Figure 6.12C). No
differences were seen in the proportion of IL-17" donor cells within the PBS- or the

4Tyr-treated groups.

These data demonstrate that despite the differences in the total numbers and
proportion of donor cells, effector cytokine production appears to be inhibited to a
similar level in both Tg4-PD-1"" and Tg4-PD-1"" cells after prophylactic treatment
with 4Tyr.

6.2.8 In the absence of PD-1 signalling 4Tyr no longer inhibits the
induction of EAE by Tg4 T cells

In Chapter 4 it was demonstrated that administration of 4Tyr abrogated the
induction of EAE by Tg4 effector cells. Therefore, using Tgd-PD-1"" and
Tg4-PD-1"" effector T cells the role of PD-1 signalling in disease inhibition by 4Tyr
was investigated (Figure 6.13A).

In agreement with previous experiments, administration of 4Tyr abrogated the
induction of EAE by Tg4-PD-17" effector cells (Figure 6.13B). In contrast,
administration of 4Tyr did not prevent the induction of disease by Tg4-PD-17" Tes
cells. Clinical signs of EAE were evident from day 15 post-cell transfer and a
monophasic disease course ensued with a mean maximal score of 1.3 and incidence
of 50%. This experiment suggests that 4Tyr administration does not induce

tolerance in Tg4 T cells in the absence of PD-1 signalling.
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6.2.9 Exposure of Tg4 T« cells to 4Tyr enhances clonal expansion
and induces splenomegaly in the absence of PD-1 signalling

+/+
* and

To disect the effect of 4Tyr administration on Tg4-PD-1"" cells, Tg4-PD-1
Tg4-PD-1"" effector T cells were transferred into C57BL/6xB10.PL hosts one day
prior to administration of 4Tyr or PBS and spleens were analysed four days later

(Figure 6.14A).

ATyr-treated mice that had received Tg4-PD-17 effector cells developed
splenomegaly, as demonstrated by significant increases in the weight and total
cellularity of the spleen in the 4Tyr-treated Tg4-PD-1"" group compared to all other
groups (Figure 6.14B).

A significant increase in the total numbers and proportion of CD4" cells was
observed in the Tg4-PD-17" group after 4Tyr administration, compared to all other
groups (Figure 6.15A). The total numbers of CD4 " donor cells was also found to be
significantly higher in the 4Tyr-treated Tg4-PD-17" group compared to all other
groups (Figure 6.15B). No further significant differences were observed in the total
number of CD4" donor cells in any of the groups. In agreement with previous
experiments the proportion of donor cells was significantly higher in the 4Tyr-
treated Tg4-PD-1"" compared to PBS (Figure 6.15B). Strikingly, Tg4-PD-17 cells
were found to constitute nearly 80% of total CD4" T cells within the spleen after
4Tyr administration, and this was a significantly greater proportion than that seen in
all other groups. Despite the vast differences observed in the number of donor
CD4" cells between groups, no differences were observed in the number of host

CD4" cells (data not shown).

These data demonstrate that 4Tyr administration induces considerable expansion of
the Tg4 Ter population in the absence of PD-1 signalling, and this surpasses the
increase of Tg4-PD-1""" numbers upon 4Tyr treatment. Therefore, PD-1 signalling
in Tg4 effector cells is implicated in controlling the expansion of this population

upon 4Tyr administration.
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6.2.10 Tg4 effector cells from 4Tyr-treated mice maintain expression of

T-bet in the absence of PD-1 signalling

As shown in Chapter 4, both 4Tyr- and PBS-treated Tg4 effector T cells are found
to maintain expression of T-bet four days after treatment (Figure 4.12C). However,
in contrast to previous experiments, Tg4-PD-1"" and Tg4-PD-1"" cells did not
maintain T-bet expression in the PBS treated group to the same extent as the 4Tyr-
treated on this occasion (Figure 6.16A). No differences were observed in T-bet
expression between Tg4-PD-1"" and Tg4-PD-17" cells in either the 4Tyr- and PBS-

treated group.

6.2.11 4Tyr administration reduces the ability of Tg4 effector cells to

produce effector cytokines independently of PD-1 signalling

In Chapters 3 & 4, it was demonstrated that the administration of 4Tyr reduces
effector cytokine production by naive and effector CD4" Tg4 cells. PD-1 signalling
in T cells is thought to inhibit production of effector cytokines such as IFN-y
(Freeman et al., 2000, Latchman et al., 2001). Therefore, the ability of Tg4-PD-1""
effector cells to produce effector cytokines after 4Tyr administration was
investigated as a possible reason for their maintained pathogenic activity.
Splenocytes were isolated four days after administration of 4Tyr or PBS and were

cultured overnight in the presence or absence of 4Lys.

No significant differences were observed in the proportion of IFN-y" cells within
the donor CD4" population between any of the groups (Figure 6.16B). No
differences were observed in the proportion of Tg4-PD-1"" or Tg4-PD-1" cells that
could produce IFN-y or TNF-a in the PBS-treated group. This demonstrates that
cytokine production was not exaggerated in the absence of PD-1 signalling. Upon
exposure to 4Tyr the proportion of both Tg4—PD—1+/+ and Tg4—PD—1'/' cells that

could produce TNF-a was reduced.
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These data imply that PD-1 signalling may not be directly involved in the inhibition

of effector cytokine production by Tg4 effector cells upon 4Tyr administration.
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Figure 6.1 PD-1 signalling limits cytokine production upon stimulation
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Figure 6.2 Tg4-PD-1"" CD4" cells produce more IFN-y and IL-2 upon
stimulation with 4Lys
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Figure 6.3 Blocking PD-1 signalling does not enhance proliferation upon
stimulation
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Figure 6.4 Tg4-PD-1" CD4" cells proliferate to greater extent than Tg4-PD-
1" cells upon stimulation
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Figure 6.5 Tg4-PD-1"" CD4" cells can induce EAE under sub-optimal
conditions
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Figure 6.6 There are no significant differences in the numbers of Tg4-PD-1"
CD4" cells in the spleen after resolution of EAE
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Figure 6.7 Blocking PD-1 signalling can induce effector cytokine production
by 4Tyr treated Tg4 cells

190



CHAPTER 6 RESULTS

Figure 6.8 There is an increased incidence of EAE in mice that received Tg4-
PD1"" cells following prophylactic administration of 4Tyr
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Figure 6.9 Experimental approach to assess the fate of 4Tyr-treated Tg4-PD-
1" and Tg4-PD-17 cells after immunisation with 4Tyr in CFA

192



CHAPTER 6 RESULTS

Figure 6.10 There is a larger number of Tg4-PD1”" cells in the spleen of the
4Tyr treated group compared to Tg4-PD-1"" after immunisation
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Figure 6.11 There is a larger number of Tg4-PD1™ cells in the LN of the PBS
treated group compared to Tg4-PD-1"" after immunisation

194



CHAPTER 6 RESULTS

++

Figure 6.12 4Tyr administration decreases the proportion of both Tg4-PD-1
and Tg4-PD-1"" cells that can produce IL-17 upon recall stimulation
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Figure 6.13 4Tyr treated Tg4-PD-1"" T cells can induce EAE
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Figure 6.14 4Tyr administration results in splenomegaly in the group that
received Tg4-PD1'/' Tt cells
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Figure 6.15 Tg4-PD-17" T, cells expand to a greater extent than Tg4-PD-1
upon 4Tyr administration
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Figure 6.16 4Tyr treated Tg4-PD-1"" T, cells maintain T-bet expression but
have a reduced capacity to produce effector cytokines
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6.3 Discussion

6.3.1 Regulation of primary T cells responses by PD-1

It is well established that PD-1 is up-regulated on T cells upon activation, and that
signalling through this co-inhibitory molecule can act to limit their expansion and
effector cytokine production (Freeman et al., 2000, Keir et al., 2008, Carter et al.,
2002). PD-1 signalling is thought to inhibit the downstream activity of Akt,
through inhibition of PI3K (Parry et al., 2005). The exact mechanism of PI3K
inhibition is unknown. However, it is thought that the recruitment of SHP-2, known
to be a negative regulator of PI3K in the EGFR pathway (Zhang et al., 2002), to the
ITSM domain of PD-1 may play a role (Latchman et al., 2001, Chemnitz et al.,
2004). The activation of Akt in T cells is required for effective proliferation and
effector production (Sun et al., 2010). Therefore, inhibition of this pathway through

PD-1 signalling can limit T cells responses.

The inhibition of PD-1 signalling has been shown to enhance proliferation and
production of IFN-y and IL-2 of T cells upon stimulation (Freeman et al., 2000,
Konkel et al., 2010). In accordance with this, the results shown in this chapter
demonstrate that either the inhibition of PD-1 signalling by a-PD-1 or the absence
of PD-1 expression increases the production of IFN-y and IL-2 by naive Tg4 T cells
upon stimulation with antigen (Figures 6.1B& 6.2B). The investigation into the
effect of PD-1 signalling inhibition on the proliferation of T cells has yielded
conflicting results. Although no differences were seen in the proliferation of Tg4
cells in the presence of PD-1 blocking antibody, the observation that permanent
lack of PD-1 signalling resulted in increased proliferation upon stimulation suggests
that PD-1 can act to limit clonal expansion of cells (Figure 6.3B & 6.4B). Similarly
it has also been reported in other studies that PD-1 blockade can enhance
proliferation of T cells (Iliopoulos et al., 2011).  The lack of differences observed
in the proliferation of cells in presence of a-PD-1 are possibly due to the turnover of
antibody in culture, and sub-optimal inhibition of PD-1 signalling compared to the

constant absence of PD-1 signalling in Tg4-PD-17" cells. The increased IL-2
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production in the presence of a-PD-1 would support the idea that inhibition of PD-1

signalling would enhance clonal expansion.

Despite the differences in proliferation, these results illustrate that upon stimulation
CD4'PD17" cells display a similar phenotype to CD4 PD1"" cells stimulated under

conditions of PD-1 inhibition.

In experimental models of autoimmune disease, inhibition or lack of PD-1 can bring
about alterations in the disease course. It has been reported that blockade or
deficiency of PD-1 in NOD mice results in disease with an earlier onset and more
severe insulitis (Ansari et al., 2003, Wang et al., 2005). Similar results have also
been reported in models of EAE whereby blockade of PD-1, or PD-1 deficiency,
can induce an accelerated and more severe disease course (Salama et al., 2003,
Carter et al., 2007). The findings in this chapter correlate with these reports,
whereby Tg4-PD1” cells can induce a robust disease course under suboptimal

" cells do not (Figure 6.5B). The continued presence

conditions, whereas Tg4-PD1
of Tg4-PD17" cells in the spleen at the point of resolution of disease (Figure 6.6B),
coincides with the observation that severity of disease in PD-17" myelin mutant

mice correlated with increased clonal expansion of T cells (Kroner et al., 2009).

Taken together these data demonstrate that inhibition or lack of PD-1 signalling
upon T cell activation increases the production of IL-2 and IFN-y, and results in

increased severity and incidence of EAE.

6.3.2 The role of PD-1 signalling in the maintenance of peptide

induced tolerance in naive CD4" T cells

In Chapter 3 it was demonstrated that tolerised naive CD4" Tg4 cells were able to
produce IL-2 in response to recall stimulation with peptide, however, these cells did
not have the capacity to produce the effector cytokines IFN-y and IL-17. Shut-

down of effector cytokine production was most profound in the 4Tyr-treated group,
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which displayed the highest expression of PD-1. PD-1 has been shown to be up-
regulated as a consequence of TCR stimulation (Parry et al., 2005). Previous
studies within the laboratory have demonstrated that the 4Tyr peptide can persist in
an immunologically relevant form, and induce proliferation of naive Tg4 cells for
up to 14 days after administration (Konkel, 2009). Therefore, the prolonged
exposure of naive CD4" Tg4 cells to 4Tyr may be responsible for the high
expression of PD-1, and the shut down in effector cytokine production. Indeed the
ability of tolerised Tg4 cells to produce IFN-y and IL-17 upon inhibition of PD-1
signalling (Figure 6.7C) provides evidence to suggest that PD-1 has a role in the
maintenance of tolerance induced by 4Tyr administration. The lack of differences
observed in IL-2 production upon PD-1 inhibition is most likely due to the ability of
4Tyr-treated cells to produce this cytokine even in the presence of PD-1 signalling.
These data, suggest that expression of PD-1 on 4Tyr-treated CD4" Tg4 cells is
responsible for the inhibition of effector cytokine production and for maintaining

these cells in a tolerant state.

6.3.3 The role of PD-1 signalling in the induction of peptide induced

tolerance in naive CD4" T cells

Expression of PD-1 is thought to play a role in both peripheral and central T cell
tolerance. Thymocytes are shown to express PD-1 and PDL-1, and signalling
through these molecules is thought to play a role in both positive and negative
selection (Nishimura et al., 2000, Blank et al., 2003). Also, the observation that
PD-1 deficient mice develop spontaneous autoimmune pathology implicates a role
for PD-1 signalling in the maintenance of peripheral tolerance (Nishimura et al.,

1998).

Several studies have demonstrated that PD-1 signalling is required for the induction
of tolerance in experimental models of autoimmune disease. Inducible expression
of antigen by resting DC in the absence of PD-1 signalling has been shown to

convert a tolerogenic stimulus into immunogenic response (Probst et al., 2005).
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Another study has demonstrated that blockade of PD-1 signalling upon transfer of
OT-I CD8" cells into RIP-mOVA mice results in the onset of diabetes (Martin-
Orozco et al., 2006). It has also been observed that tolerance can not be induced in
PD-17 OT-1 CD8" cells upon transfer into RIP-OVA™€" mice, whereas tolerance is
readily induced in PD-1""" OT-I cells (Keir et al., 2007). The requirement of PD-1
signalling in the induction of tolerance in CD4" cells is poorly understood.
Previous studies within the laboratory have demonstrated that PD-1 signalling is not
required for the induction of tolerance in naive CD4" T cells (Konkel et al., 2010).
However, those studies were conducted using a model of deletional tolerance,
whereas here it has been shown that the induction of tolerance in naive CD4" Tg4

cells does not rely upon deletion of the cells.

The observation that prophylactic treatment of Tg4-PD-1"" cells with 4Tyr is not as

o cells

effective at inhibiting subsequent disease induction as it is in Tg4-PD-1
(Figure 6.8B), suggests that PD-1 signalling does play a role in the induction of
tolerance in this model.

++
™ and

The ability of 4Tyr to inhibit effector cytokine production in both Tg4-PD-1
Tg4-PD-17 T cells suggests that this may not be the mechanism responsible for
inhibiting pathogenicity (Figure 6.12). The lack of differences observed in IFN-y
and TNF-a production between groups is most likely due to the small group sizes
and lack of statistical power. However, due to the significantly elevated numbers of
Tg4-PD-1"" cells compared to Tg4-PD1"" in the 4Tyr treated group this may in fact
indicate a higher number of effector cytokine producing cells in the Tg4-PD-17"

group. Therefore, this may explain their increased propensity to induce disease.

6.3.4 The role of PD-1 signalling in the induction of peptide tolerance

in T cells

As demonstrated in Chapter 4, the induction of tolerance in antigen-experienced

Tg4 T cells by 4Tyr administration was also found to coincide with expression of
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PD-1. Data in this chapter indicate that administration of 4Tyr does not protect
from disease if the Tg4 T cells lack PD-1 (Figure 6.14B). Thus, PD-1 appears to

be required for the induction of tolerance in effector CD4" T cells in this model.

The splenomegaly observed four days after 4Tyr administration in host mice that
had received Tg4-PD-1"" T cells was striking. Although PD-1 deficient mice have
been reported to develop splenomegaly under steady state (Nishimura et al., 1998),
this was not observed in the PBS-treated Tg4-PD-1"" group. The reason for this
enlargement of the spleen was found to be almost entirely due to the substantial

expansion of CD4" Tg4-PD-1'/' cells upon 4Tyr administration.

Despite the considerable numbers of CD4" Tg4-PD-17" cells in the spleen four days
after 4Tyr administration, the disease course induced by Tg4-PD-1'/ " effector cells
in 4Tyr-treated mice was relatively mild (mean maximal score of 1.3), and clinical
signs were not observed until 14 days after treatment (Figure 6.13B). Phenotypic
analysis of the Tg4 T cells four days after peptide treatment, revealed that T-bet
expression was maintained in both Tg4-PD-17" and Tg4-PD-1"" groups. However,
even with the lack of PD-1 signalling, the proportion of cells that could produce
effector cytokines was reduced in both the 4Tyr-treated Tg4-PD-1"" and
Tg4-PD-1"" groups (Figure 6.16B). These data imply that PD-1 signalling may not
be directly responsible for the inhibition of effector cytokine production by 4Tyr
treated Tg4 T cells.

The expansion of both Tg4—PD—1+/+ and Tg4—PD—1'/' effector populations upon
administration of 4Tyr may be a contributing factor in decreasing the proportion of

cells that produce effector cytokines upon recall stimulation.

In Chapter 3 it was indicated that 4Tyr administration may alter the migratory
potential of Tg4 T cells, as fewer of these cells were present in the CNS of the
4Tyr treated group compared to the PBS treated group. This observation could be
due to direct changes in molecules associated with migration into the CNS on the

Tg4 cells, or perhaps it is the prolonged presence of 4Tyr in the periphery that
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removes any requirement for the Tg4 Teg cells to migrate into the CNS in search of
antigen. The demonstration that 4Tyr persists for up to fourteen days, may explain
why 4Tyr treated Tg4-PD-17" effector cells do not induce EAE until this time point.
It would be interesting to monitor the migration of these cells in order to determine
if they do not migrate into the CNS before this time point. In Chapter 4 it was also
demonstrated that after five days post-4Tyr administration, the number of Tg4 T
cells steadily declined.  Therefore, there may be insufficient numbers of
Tg4-PD-1+/+ effector cells to induce disease once the peptide is no longer present,
whereas Tg4-PD-17" effector cells, which expand to a greater extent upon 4Tyr
administration, may be present in greater numbers at this later time point. An
alternative but related possibility is that Tg4-PD-17" effector cells regain
pathogenicity due to the absence of PD-1 signalling once the peptide is no longer

+/+

present, whereas Tg4-PD-1"" cells which maintain PD-1 expression can not.

In order to answer these questions it would be pertinent to conduct time-course
experiments to monitor the migration and effector cytokine production by the 4Tyr
treated Tg4 T cells in the presence or absence of PD-1. Experiments should also
be conducted to ascertain whether the presence of 4Tyr within the periphery does
prevent migration of 4Tyr treated Tg4 cells into the CNS. This question can be
answered through the isolation of 4Tyr treated Tg4 T cells and the transfer of
these cells into hosts that have not been treated with 4Tyr. In addition, one of the
caveats of using Tg4-PD-1 deficient cells is the potential differences in the initial

7 cells. Therefore, it

generation of the pathogenic Thl cells compared to Tg4-PD1
would be beneficial to conduct experiments using the a-PD-1 blocking antibody in

order to provide substantiating evidence.
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6.4 Concluding remarks

e Inhibition or lack of PD-1 signalling enhances production of IFN-y and IL-2
by naive Tg4 T cells upon in vitro stimulation with peptide.

e PD-1 signalling may limit proliferation of naive Tg4 cells upon in vitro
stimulation with 4Lys.

e Tg4 cells that lack PD-1 can induce EAE under sub-optimal conditions.

e Blockade of PD-1 signalling can break tolerance of naive Tg4 cells and
allow IFN-y and IL-17 production upon recall stimulation.

e PD-1 is required for the induction of tolerance in naive CD4" Tg4 cells upon
4Tyr administration.

e 4Tyr administration does not protect from induction of EAE by Tg4-PD-1""
Ter cells.

o ATyr treated Tg4-PD-17 effector cells induce EAE but not until 14 days
after peptide treatment

e 4Tyr treated Tg4-PD-17 Ter cells expand to a greater extent than
Tg4-PD-1"" T cells upon 4Tyr administration.

+H+

e Administration of 4Tyr reduces the proportion of both Tg4-PD-1"" and

Tg4-PD-17 cells that produce effector cytokines upon recall stimulation.

In summary, the results shown in this chapter implicate a role for PD-1 signalling in
the induction of tolerance in naive and Tg4 T cells. These initial observations
warrant further detailed analysis of the functions of PD-1 in the development of a

therapeutic intervention in this EAE model.
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7.

General discussion

This thesis tested the hypothesis that antigen-experienced autoimmune effector T

cells will undergo apoptosis upon soluble peptide administration, whereas

protective antigen-reactive Treg will be resistant to this effect and will persist,

giving long-term protection.

The results can be summarised as follows:

4Tyr administration induces tolerance in naive antigen-reactive CD4" Tg4 cells,
as prophylactic administration of 4Tyr can inhibit the induction of EAE.

4Tyr administration does not delete naive CD4" Tg4 cells; in fact there are
higher numbers of these cells evident following 4Tyr administration.

These tolerant T cells express high levels of PD-1, and are capable of producing
IL-2 but not effector cytokines upon recall stimulation.

PD-1 is required for maintaining tolerance in naive Tg4 T cells (blockade of
PD-1 signalling during recall stimulation enables effector cytokine production).
PD-1 signalling is also required for the induction of tolerance in naive Tg4 T
cells (prophylactic administration of 4Tyr does not inhibit EAE induction in the
absence of PD-1).

4Tyr also induces tolerance in Tg4 T cells and abrogates induction of EAE.

A striking expansion is seen in the number of Tg4 T cells within four days of
4Tyr treatment.

Tg4 Tesr cells maintain high levels of PD-1 expression for at least 16 days after
4Tyr administration.

4Tyr does not inhibit the induction of EAE by Tg4 T cells that cannot express
PD-1.

4Tyr administration does not induce deletion of antigen-reactive iTreg or nTreg
cells.

nTreg cells maintain expression of Foxp3, whereas iTreg lose Foxp3 expression
after 4Tyr administration. Loss of Foxp3 expression does not correlate with a

loss in suppressive activity
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Therefore, tolerance can be induced in both naive and effector CD4" Tg4 cells by
the administration of 4Tyr. The mechanism behind tolerance induction in both
types of cells relies upon signalling through PD-1. In addition, soluble peptide

administration may function to maintain antigen-reactive Treg populations.

7.1 The role of PD-1 signalling in peptide-induced tolerance

In contrast to many described models of peptide-induced tolerance, the mechanism
by which 4Tyr administration induced tolerance in naive CD4" Tg4 cells did not
involve deletion of the cells. Instead, 4Tyr administration induced a non-classical
form of anergy, as the tolerised Tg4 T cells retained the capacity to produce IL-2
(Figure 7.1). The observation that PD-1 signalling was required to induce and
maintain tolerance in this model, and that PD-1 expression correlated with the
MHC-binding affinity of the peptide, provides an explanation as to why 4Lys is
very poor at inducing tolerance in naive CD4" T cells, whereas 4Tyr is a very

effective tolerogen (Metzler and Wraith, 1993, Liu and Wraith, 1995).

Determining the mechanism of tolerance induction in naive antigen-reactive T cells
provides useful insights into the use of peptide therapy to switch-off autoreactive T
cells. However, the clinical requirement of peptide therapy is to switch-off antigen-
experienced activated and memory T cells that may be present during ongoing
disease. The model described in this thesis provided the opportunity to characterise
the effect of soluble peptide administration on pathogenic effector T cells, and in
addition provided a clinical readout of therapeutic intervention. Furthermore, the
use of a passive transfer model of EAE also enabled investigation into the effect of
peptide administration during ongoing disease without the risk of anaphylaxis.
Therefore, these models may provide significant advantages for the clinical

translation of peptide therapy.
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Figure 7.1 The effects of 4Tyr administration on naive, effector & regulatory T
cells
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The discovery that 4Tyr administration could induce tolerance in Tg4 T cells
holds promise for the clinical use of peptides to treat autoimmune disease.
However, the significant expansion in the number of Tegr cells upon 4Tyr
administration highlights the need to determine the mechanisms by which tolerance
is induced, and how easily these cells could potentially revert to a pathogenic

phenotype.

The identification of PD-1 as a requirement for tolerance induction in Tg4 T.scells
means further investigation into this co-inhibitory molecule in the context of
peptide therapy is warranted. Despite similarities in the effect of peptide-
administration on naive and effector Tg4 T cells, the inhibition of IL-2 production
and the significant expansion in the number of Tg4 T cells following 4Tyr

administration suggests a different mechanism of tolerance induction (Figure 7.1).

The induction of tolerance by 4Tyr may be a function of its ability to persist in an
immunologically relevant form for a long period of time. Previous studies within
the laboratory have demonstrated that 4Tyr can form stable functional complexes
with MHC which persist for at least 14 days after administration (Konkel, 2009).
This ability of 4Tyr to provide consistent TCR stimulation would favour the
induction of adaptive tolerance in naive Tg4 T cells, a process that is thought to
require persistent antigenic signalling in the absence of co-stimulation (Schwartz,
2003). Adaptive tolerance typically takes longer than seven days to become
established, and requires an initial phase of proliferation (Tanchot et al., 2001, Choi
and Schwartz, 2007). Therefore, the phenotype of tolerised naive Tg4 T cells may
represent the initial stages of adaptive tolerance, before IL-2 production is switched-
off. Regardless of the exact process involved in tolerance induction, PD-1 was

required for both the establishment and maintenance of tolerance in naive Tg4 cells.

The phenotype of Tg4 Tex cells after 4Tyr administration may be more akin to
clonal exhaustion rather than adaptive tolerance. Similarly to naive T cells, the
induction of tolerance coincided with the level of PD-1 expression maintained by

the Tg4 T cells. Expression of PD-1 has also been associated with exhaustion of
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CD8" T cells (Day et al., 2006, Urbani et al., 2006). Persistent antigenic stimulus,
for example during chronic LCMV or HIV infection, is thought to be responsible
for driving and maintaining the expression of PD-1 on virus-reactive CD8" cells
(Hokey et al., 2008). The inhibition of PD-1 signalling on exhausted CD8" T cells,
enabled the production of effector cytokines and increased cytolytic capacity,
thereby enhancing viral clearance (Barber et al., 2006, Trautmann et al., 2006,
Lukens et al., 2008). Those studies, together with the data described in this thesis,
demonstrate that PD-1 plays a functional role in maintaining T cell hypo-
responsiveness. It has also been shown that expression of PD-1 can be influenced

by epigenetic modification of the Pdcdl gene as a result of antigenic stimulation.

Studies by Youngblood et al, into the expression of PD-1 in CD8" cells during viral
infection, identified a CpG island in the promoter region of the PD-1 encoding
Pdcdl gene that plays a role in the transcriptional regulation of PD-1 expression. It
was demonstrated that upon initial T cell activation, the Pdcdl promoter is
demethylated which correlates with the expression of PD-1. Once the antigenic
stimulus is removed the Pdcdl promoter can be remethylated, which is associated
with the down-regulation of PD-1 expression on memory CD8" cells. However,
under conditions of persistent antigenic stimulation, such as during chronic viral
infection, the Pdcdl promoter remains un-methylated and the ability to re-methylate
the promoter is eventually lost, therefore maintaining PD-1 expression. In the case
of the 4Tyr-treated Tg4 T cells, PD-1 expression was maintained for at least 16
days after peptide treatment, when the majority of the administered 4Tyr peptide
will no longer be present. Therefore, it is possible that similar epigenetic
modifications occur in the Tg4 T cells upon 4Tyr administration, whereby PD-1

expression is maintained even once 4Tyr has cleared from the system.

This may explain the delayed EAE disease course induced by Tg4-PD-1"" T cells
cells after 4Tyr administration. One hypothesis would be that the presence of
4Tyr:I-A" complex within the periphery prevents the Tg4-PD-1"" Ty cells from
migrating into the CNS in search of antigen. Once the peptide has been cleared,

any remaining Tg4 cells can traffic to the CNS but due to their maintained
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expression of PD-1 are unable to mount an immune response. Tg4-PD-17" cells
would also migrate into the CNS once 4Tyr has been cleared, but their lack of PD-1

would allow them to mount a pathogenic response.

In light of this potential mechanism, it would be pertinent to investigate the
epigenetic modification of the pdcdl promoter in Tg4 cells upon 4Tyr
administration, and to determine whether removal of the peptide can enable the loss

of PD-1 expression and regain of effector function.

7.3 Therapeutic implications

The crucial role of PD-1 signalling in the induction and maintenance of tolerance,
as demonstrated in this thesis, provides a mechanism that can be exploited
therapeutically. Although the induction of clonal exhaustion in pathogenic antigen-
reactive T cells by soluble peptide administration would be clinically benenficial,
this therapeutic regime poses a danger in the continued presence of autoreactive T
cells that could potentially revert to a pathogenic phenotype. In order to minimise
this risk and to achieve optimal tolerance induction during peptide therapy,
signalling through PD-1 on T cells should be instigated from the time of peptide
administration. This could be achieved using an agonistic PD-1 antibody, but as all
T cells express PD-1 during a normal primary immune response, this could inhibit T
cells involved in beneficial inflammatory responses and therefore would remove the
specificity of peptide therapy. An alternative mechanism of ensuring PD-1
signalling is through the delivery of peptide coupled to APC that constitutively
express high levels of PD-1 ligand. This would ensure delivery of a negative signal
to antigen-experienced T cells upon encounter with peptide. This method has
already been used effectively in a model of EAE, whereby administration of
dendritic cells transfected with PDL-1 and a peptide of MOG inhibited the
induction of disease (Hirata et al., 2005). However, the observation that antigen-

reactive T cells can express PDL-1 following 4Tyr administration, suggests that
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both counterparts required for PD-1 signalling can be induced by peptide

administration alone.

Additionally, the up-regulated expression of PD-1 seen on tolerised antigen-reactive
T cells offers the potential use of PD-1 expression as a biomarker in peptide
therapy. Peptide-reactive T cells could be identified through the use of tetramers
and PD-1 expression on these cells could be monitored during treatment. This
could inform whether peptide-induced tolerance has been achieved, and conversely
whether loss of tolerance is occurring. The potential use of PD-1 as a biomarker is
supported by a phase II clinical trial of peptide therapy in RA, where PD-1
expression on T cells was found to be enhanced in patients that responded to
treatment (Koffeman et al., 2009). Such approaches would be useful in developing
optimal dosing regimes and would enable the success of treatment to be determined
without having to wait for clinical read-outs. Likewise, the use of tetramers to
identify peptide-reactive T cells enables the phenotype of these cells to be assessed
during treatment, and could provide a quicker, safer mechanism of determining if

the peptide therapy is likely to induce exacerbation of disease.

In contrast to the induction of tolerance, PD-1 signalling has also been implicated in
the inhibition of protective immune responses against tumours, parasites and
chronic viral infections (Mumprecht et al., 2009, Zhang et al., 2009, Butler et al.,
2012, Taylor et al., 2007). Therefore, in situations where antigen persists, and
where immune responses are beneficial, PD-1 signalling has a detrimental effect.
As a result, therapeutic vaccines targeting PD-1 signalling are currently in
development for use in cancer. This includes the use of an anti-PD-1 humanised
antibody currently in clinical trials (Rosenblatt et al., 2011, Berger et al., 2008). In
contrast to the induction of tolerance, the desired outcome in cancer therapeutics is
the inhibition of PD-1 signalling in order to re-invigorate tumour-reactive CD8" T
cells and enable tumour clearance. Therefore, the observation that PD-1 signalling
is beneficial in the induction of tolerance demonstrates that the role PD-1 plays in

immune responses is a double-edged sword. As a consequence, therapeutic regimes
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that block PD-1 signalling may have implications in the context of autoimmunity

and vice versa.

An additional note of caution with respect to therapeutic manipulation of PD-1
signalling is the observation that a polymorphism in the PD-1 gene is associated
with autoimmunity. Autoimmune diseases found to be associated with this
polymorphism include; systemic lupus erythematosus (Prokunina et al., 2002), T1D
(Nielsen et al., 2003), and RA (Prokunina et al., 2004). Furthermore, in MS
patients this polymorphism has been associated with disease progression and an
inhibited capacity to switch-off effector cytokine production by T-cells (Kroner et
al., 2005). Therefore, if PD-1 signalling is crucial for the induction of tolerance,

peptide-induced tolerance may not be as effective in these individuals.

The potentially detrimental outcome associated with defects in PD-1 signalling
highlights the fundamental risk of using a therapeutic regime that can increase the
number of antigen-reactive T cells. Despite the tolerant status of these cells there
remains the very real possibility that under favourable conditions they are poised to
revert to a pathogenic phenotype which could prove to have catastrophic
repercussions for the patient. In light of this fact, it would perhaps be beneficial to
combine peptide therapy with a therapeutic regime that involved the induction or
transfer of Treg, thereby utilising peptides to target and switch-off the antigen-
reactive T cells in the first instance and Treg to prevent the subsequent

activation/re-activation of pathogenic T cells.

7.4 Future work

The primary question that needs to be answered now is, how easily can antigen-
reactive T effector cells revert to a pathogenic phenotype following 4Tyr
administration? As PD-1 expression is required for the maintenance of tolerance in

naive Tg4 T cells, the role of PD-1 signalling in maintaining tolerance in Tg4 Tegr
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cells needs to be investigated. This can be determined using a-PD-1 antibodies

during recall stimulation of 4Tyr-treated Tg4 T cells.

In order to investigate whether the continued presence of antigen is required for the
maintenance of tolerance (perhaps through PD-1 expression), tolerised Tg4 Tes
cells can be isolated from recipient mice and transferred into secondary hosts that
have not been exposed to 4Tyr. The ability of these cells to regain pathogenicity
and potentially induce disease can be monitored. This protocol can be repeated,
reisolating Tg4 effector cells at various time points after 4Tyr administration to the
primary host. In conjunction with epigenetic analysis of the Pdcdl promoter, this
will determine a) if irreversible tolerance can be induced in antigen-experienced T
cells and b) if this coincides with prolonged expression of PD-1 due to epigenetic
modifications of the pdcdl promoter. In addition, epigenetic analysis of the Pdcdl
promoter will help determine the requirements for stable PD-1 expression and
whether this can be achieved by only a single peptide administration or whether

continued treatment is required.

It would also be pertinent to determine the effect of soluble peptide administration
during peak of EAE, i.e. at a time point where T cells are actively prosecuting
their inflammatory activity. The ability of 4Tyr administration to expand the
number of antigen-experienced Tg4 cells may have a detrimental effect on disease

course if this occurs once the cells are established in the CNS.

7.5 Concluding remarks

This thesis demonstrates a crucial role for PD-1 signalling in the induction of
tolerance in naive and effector Tg4 cells by 4Tyr administration, and therapeutic

implications include the use of PD-1 as a biomarker of peptide-induced tolerance.

215



REFERENCES

8. References

Afkarian, M., Sedy, J. R., Yang, J., Jacobson, N. G., Cereb, N., Yang, S. Y.,
Murphy, T. L. & Murphy, K. M. (2002) T-bet is a STAT1-induced regulator
of IL-12R expression in naive CD4+ T cells. Nat Immunol, 3, 549-57.

Agata, Y., Kawasaki, A., Nishimura, H., Ishida, Y., Tsubata, T., Yagita, H. &
Honjo, T. (1996) Expression of the PD-1 antigen on the surface of
stimulated mouse T and B lymphocytes. Int Immunol, 8, 765-72.

Aggarwal, S., Ghilardi, N., Xie, M. H., De Sauvage, F. J. & Gurney, A. L. (2003)
Interleukin-23 promotes a distinct CD4 T cell activation state characterized
by the production of interleukin-17. J Biol Chem, 278, 1910-4.

Aharoni, R., Teitelbaum, D., Arnon, R. & Sela, M. (1999) Copolymer 1 acts against
the immunodominant epitope 82-100 of myelin basic protein by T cell
receptor antagonism in addition to major histocompatibility complex
blocking. Proc Natl Acad Sci U S A4, 96, 634-9.

Aichele, P., Brduscha-Riem, K., Zinkernagel, R. M., Hengartner, H. & Pircher, H.
(1995) T cell priming versus T cell tolerance induced by synthetic peptides.
J Exp Med, 182, 261-6.

Aichele, P., Kyburz, D., Ohashi, P. S., Odermatt, B., Zinkernagel, R. M.,
Hengartner, H. & Pircher, H. (1994) Peptide-induced T-cell tolerance to
prevent autoimmune diabetes in a transgenic mouse model. Proc Natl Acad
Sci US A4, 91, 444-8.

Ajami, B., Bennett, J. L., Krieger, C., Mcnagny, K. M. & Rossi, F. M. (2011)
Infiltrating monocytes trigger EAE progression, but do not contribute to the
resident microglia pool. Nat Neurosci, 14, 1142-9.

Akbari, O., Freeman, G. J., Meyer, E. H., Greenfield, E. A., Chang, T. T., Sharpe,
A. H., Berry, G., Dekruyff, R. H. & Umetsu, D. T. (2002) Antigen-specific
regulatory T cells develop via the ICOS-ICOS-ligand pathway and inhibit
allergen-induced airway hyperreactivity. Nat Med, 8, 1024-32.

Akira, S., Uematsu, S. & Takeuchi, O. (2006) Pathogen recognition and innate
immunity. Cell, 124, 783-801.

Alexander, C., Tarzi, M., Larche, M. & Kay, A. B. (2005) The effect of Fel d 1-
derived T-cell peptides on upper and lower airway outcome measurements
in cat-allergic subjects. Allergy, 60, 1269-74.

Alexandrov, A., Martzen, M. R. & Phizicky, E. M. (2002) Two proteins that form
a complex are required for 7-methylguanosine modification of yeast tRNA.
RNA, 8, 1253-1266

Amor, S., Groome, N., Linington, C., Morris, M. M., Dornmair, K., Gardinier, M.
V., Matthieu, J. M. & Baker, D. (1994) Identification of epitopes of myelin
oligodendrocyte glycoprotein for the induction of experimental allergic
encephalomyelitis in SJL and Biozzi AB/H mice. J Immunol, 153, 4349-56.

Anderson, M. S., Venanzi, E. S., Klein, L., Chen, Z., Berzins, S. P., Turley, S. J.,
Von Boehmer, H., Bronson, R., Dierich, A., Benoist, C. & Mathis, D.
(2002) Projection of an immunological self shadow within the thymus by
the aire protein. Science, 298, 1395-401.

216



REFERENCES

Anderton, S. M., Burkhart, C., Liu, G. Y., Metzler, B. & Wraith, D. C. (1998)
Antigen-specific  tolerance induction and the immunotherapy of
experimental autoimmune disease. Novartis Found Symp, 215, 120-31;
discussion 131-6, 186-90.

Anderton, S. M., Radu, C. G., Lowrey, P. A., Ward, E. S. & Wraith, D. C. (2001)
Negative selection during the peripheral immune response to antigen. J Exp
Med, 193, 1-11.

Anderton, S. M. & Wraith, D. C. (1998) Hierarchy in the ability of T cell epitopes
to induce peripheral tolerance to antigens from myelin. Eur J Immunol, 28,
1251-61.

Anderton, S. M., Manickasingham, S. P., Burkhart, C., Luckuck, T. A., Holland, S.
J., Lamont, A. G. & Wraith, D. C. (1998) Fine specificity of the myelin-
reactive T cell repertoire: implications for TCR antagonsim in
autoimmunity. J Immunol, 161, 3357-3364.

Anderton, S. M. & Wraith, D. C. (2002) Selection and fine-tuning of the
autoimmune T-cell repertoire. Nat Rev Immunol, 2, 487-98.

Ando, D. G., Clayton, J., Kono, D., Urban, J. L. & Sercarz, E. E. (1989)
Encephalitogenic T cells in the B10.PL model of experimental allergic
encephalomyelitis (EAE) are of the Th-1 lymphokine subtype. Cell
Immunol, 124, 132-43.

Annunziato, F., Cosmi, L., Santarlasci, V., Maggi, L., Liotta, F., Mazzinghi, B.,
Parente, E., Fili, L., Ferri, S., Frosali, F., Giudici, F., Romagnani, P.,
Parronchi, P., Tonelli, F., Maggi, E. & Romagnani, S. (2007) Phenotypic
and functional features of human Th17 cells. J Exp Med, 204, 1849-61.

Ansari, M. J., Salama, A. D., Chitnis, T., Smith, R. N., Yagita, H., Akiba, H.,
Yamazaki, T., Azuma, M., Iwai, H., Khoury, S. J., Auchincloss, H., Jr. &
Sayegh, M. H. (2003) The programmed death-1 (PD-1) pathway regulates
autoimmune diabetes in nonobese diabetic (NOD) mice. J Exp Med, 198,
63-9.

Apostolou, I. & Von Boehmer, H. (2004) In vivo instruction of suppressor
commitment in naive T cells. J Exp Med, 199, 1401-8.

Appelberg, R., Orme, I. M., Pinto De Sousa, M. I. & Silva, M. T. (1992) In vitro
effects of interleukin-4 on interferon-gamma-induced macrophage
activation. Immunology, 76, 553-9.

Arnold, R., Brenner, D., Becker, M., Frey, C. R. & Krammer, P. H. (2006) How T
lymphocytes switch between life and death. Eur J Immunol, 36, 1654-8.

Asano, M., Toda, M., Sakaguchi, N. & Sakaguchi, S. (1996) Autoimmune disease
as a consequence of developmental abnormality of a T cell subpopulation. J
Exp Med, 184, 387-96.

Ascherio, A. & Munch, M. (2000) Epstein-Barr virus and multiple sclerosis.
Epidemiology, 11, 220-4.

Ascherio, A., Munger, K. L., Lennette, E. T., Spiegelman, D., Hernan, M. A., Olek,
M. J., Hankinson, S. E. & Hunter, D. J. (2001) Epstein-Barr virus antibodies
and risk of multiple sclerosis: a prospective study. Jama, 286, 3083-8.

Athie-Morales, V., Smits, H. H., Cantrell, D. A. & Hilkens, C. M. (2004)
Sustained IL-12 signalling is required for Thl development. J Immunol, 39,
1329-1337

217



REFERENCES

Atkinson, M. A., Bowman, M. A., Campbell, L., Darrow, B. L., Kaufman, D. L. &
Maclaren, N. K. (1994) Cellular immunity to a determinant common to
glutamate decarboxylase and coxsackie virus in insulin-dependent diabetes.
J Clin Invest, 94, 2125-9.

Aulchenko, Y. S., Hoppenbouwers, I. A., Ramagopalan, S. V., Broer, L., Jufari. N.,
Hillert, J., Link, J., Lundstrom, W., Greirer, E., Sadornick, A. D., Goossens,
D., Van Brockhoen, C., Del-Favero, J., Ebers, G. C., Oostra, B. A., Van
Duijin, C. M. & Hintzen, R.Q. (2008) Genetic variation in the KIF1B locus
influences susceptibility to multiple sclerosis. Nat Gen, 40, 1402-1403.

Australia & New Zealand Multiple Sclerosis Consortium (ANZgene). (2009)
Genome-wide association study identifies new multiple sclerosis
susceptibility loci on chromosomes 12 & 20. Nat Gen, 41, 824-828.

Awata, T., Kurihara, S., litaka, M., Takei, S., Inoue, I., Ishii, C., Negishi, K.,
Izumida, T., Yoshida, Y., Hagura, R., Kuzuya, N., Kanazawa, Y. &
Katayama, S. (1998) Association of CTLA-4 gene A-G polymorphism
(IDDM12 locus) with acute-onset and insulin-depleted IDDM as well as
autoimmune thyroid disease (Graves' disease and Hashimoto's thyroiditis) in
the Japanese population. Diabetes, 47, 128-9.

Bacchetta, R., Bigler, M., Touraine, J. L., Parkman, R., Tovo, P. A., Abrams, J., De
Waal Malefyt, R., De Vries, J. E. & Roncarolo, M. G. (1994) High levels of
interleukin 10 production in vivo are associated with tolerance in SCID
patients transplanted with HLA mismatched hematopoietic stem cells. J Exp
Med, 179, 493-502.

Bachmaier, K., Krawczyk, C., Kozieradzki, I., Sasaki, T., Oliveira-dos-santos, A.,
Mariathasan, S., Bouchard, D., Wakemam, A., Itie, A., Le, J., Ohashi, P. S.,
Sarosi, I., Nishina, H., Lipkowitz, S. & Penninger, J. M. (2000) Negative
regulation of lymphocyte activation and autoimmunity by the molecular
adaptor cbl-b. Nat, 403, 211-216.

Bacon, C. M., Petricoin, E. F., 3rd, Ortaldo, J. R., Rees, R. C., Larner, A. C.,
Johnston, J. A. & O'shea, J. J. (1995) Interleukin 12 induces tyrosine
phosphorylation and activation of STAT4 in human lymphocytes. Proc Natl
Acad Sci U S 4, 92, 7307-11.

Bahbouhi, B., Berthelot, L., Pettre, S., Michel, L., Wiertlewski, S., Weksler, B.,
Romero, I. A., Miller, F., Couraud, P. O., Brouard, S., Laplaud, D. A. &
Soulillou, J. P. (2009) Peripheral blood CD4+ T lymphocytes from multiple
sclerosis patients are characterized by higher PSGL-1 expression and
transmigration capacity across a human blood-brain barrier-derived
endothelial cell line. J Leukoc Biol, 86, 1049-63.

Balaguer, DDG. (1888) Un caso de rabia paralitica. Gaceta Medica
Catalana, 11, 45-57

Balashov, K. E., Rottman, J. B., Weiner, H. L. & Hancock, W. W. (1999) CCR5(+)
and CXCR3(+) T cells are increased in multiple sclerosis and their ligands
MIP-1alpha and IP-10 are expressed in demyelinating brain lesions. Proc
Natl Acad Sci U S A, 96, 6873-8.

Bansal-Pakala, P., Jember, A. G. & Croft, M. (2001) Signaling through OX40
(CD134) breaks peripheral T-cell tolerance. Nat Med, 7, 907-12.

218



REFERENCES

Bar-or, A., Vollmer, T., Antel, J., Arnold, D. L., Bodner, C. A., Campagnolo, D.,
Gianettoni, J., Jalili, F., Kachuck, N., Lapierre, Y., Niino, M., Oger, J.,
Price, M., Rhodes, S., Robinson, W. H., Shi, F. D., Utz, P. J., Valone, F.,
Weiner, L., Steinman, L. & Garren, H. (2007) Induction of antigen-specific
tolerance in multiple sclerosis after immunization with DNA encoding
myelin basic protein in a randomized, placebo-controlled phase 1/2 trial.
Arch Neurol, 64, 1407-15.

Barber, D. L., Wherry, E. J., Masopust, D., Zhu, B., Allison, J. P., Sharpe, A. H.,
Freeman, G. J. & Ahmed, R. (2006) Restoring function in exhausted CD8 T
cells during chronic viral infection. Nature, 439, 682-7.

Barcellos, L. F., Oksenberg, J. R., Begovich, A. B., Martin, E. R., Schmidt, S.,
Vittinghoff, E., Goodin, D. S., Pelletier, D., Lincoln, R. R., Bucher, P.,
Swerdlin, A., Pericak-Vance, M. A., Haines, J. L. & Hauser, S. L. (2003)
HLA-DR2 dose effect on susceptibility to multiple sclerosis and influence
on disease course. Am J Hum Genet, 72, 710-6.

Barker, R. N., Vickers, M. A. & Ward, F. J. (2007) Controlling autoimmunity--
Lessons from the study of red blood cells as model antigens. Immunol Lett,
108, 20-6.

Barna, B. P., Chou, S. M., Jacobs, B., Yen-Lieberman, B. & Ransohoff, R. M.
(1989) Interferon-beta impairs induction of HLA-DR antigen expression in
cultured adult human astrocytes. J Neuroimmunol, 23, 45-53.

Baron, J. L., Madri, J. A., Ruddle, N. H., Hashim, G. & Janeway, C. A., Jr. (1993)
Surface expression of alpha 4 integrin by CD4 T cells is required for their
entry into brain parenchyma. J Exp Med, 177, 57-68.

Baxter, A. G. (2007) The origin and application of experimental autoimmune
encephalomyelitis. Nat Rev Immunol, 7, 904-12.

Beima, K. M., Miazgowicz, M. M., Lewis, M. D., Yan, P. S., Huang, T. H. &
Weinmann, A. S. (2006) T-bet binding to newly identified target gene
promoters is cell type-independent but results in variable context-dependent
functional effects. J Biol Chem, 281, 11992-2000.

Ben-Nun, A., Mendel, 1., Bakimer, R., Fridkis-Hareli, M., Teitelbaum, D., Arnon,
R., Sela, M. & Kerlero De Rosbo, N. (1996) The autoimmune reactivity to
myelin oligodendrocyte glycoprotein (MOG) in multiple sclerosis is
potentially pathogenic: effect of copolymer 1 on MOG-induced disease. J
Neurol, 243, S14-22.

Ben-Nun, A., Wekerle, H. & Cohen, I. R. (1981) The rapid isolation of clonable
antigen-specific T lymphocyte lines capable of mediating autoimmune
encephalomyelitis. Eur J Immunol, 11, 195-9.

Ben-Zacharia, A. B. (2011) Therapeutics for multiple sclerosis symptoms. Mt Sinai
J Med, 78, 176-91.

Ben-Zvi, 1., Aranow, C., Mackay, M., Stanevsky, A., Kamen, D. L., Marinescu, L.
M., Collins, C. E., Gilkeson, G. S., Diamond, B. & Hardin, J. A. (2010) The
impact of vitamin D on dendritic cell function in patients with systemic
lupus erythematosus. PLoS One, 5, €9193.

Benveniste, E. N. (1997) Role of macrophages/microglia in multiple sclerosis and
experimental allergic encephalomyelitis. J Mol Med (Berl), 75, 165-73.

219



REFERENCES

Berard, M. & Tough, D. F. (2002) Qualitative differences between naive and
memory T cells. Immunology, 106, 127-38.

Beres, A., Komorowski, R., Mihara, M. & Drobyski, W. R. (2011) Instability of
Foxp3 expression limits the ability of induced regulatory T cells to mitigate
graft versus host disease. Clin Cancer Res, 17, 3969-83.

Berger, R., Rotem-Yehudar, R., Slama, G., Landes, S., Kneller, A., Leiba, M.,
Koren-Michowitz, M., Shimoni, A. & Nagler, A. (2008) Phase I safety and
pharmacokinetic study of CT-011, a humanized antibody interacting with
PD-1, in patients with advanced hematologic malignancies. Clin Cancer
Res, 14,3044-51.

Berger, T. (2009) Current therapeutic recommendations in multiple sclerosis. J
Neurol Sci, 287 Suppl 1, S37-45.

Bettelli, E., Carrier, Y., Gao, W., Korn, T., Strom, T. B., Oukka, M., Weiner, H. L.
& Kuchroo, V. K. (2006) Reciprocal developmental pathways for the
generation of pathogenic effector TH17 and regulatory T cells. Nature, 441,
235-8.

Bettelli, E., Pagany, M., Weiner, H. L., Linington, C., Sobel, R. A. & Kuchroo, V.
K. (2003) Myelin oligodendrocyte glycoprotein-specific T cell receptor
transgenic mice develop spontaneous autoimmune optic neuritis. J Exp Med,
197, 1073-81.

Bettelli, E., Sullivan, B., Szabo, S. J., Sobel, R. A., Glimcher, L. H. & Kuchroo, V.
K. (2004) Loss of T-bet, but not STATI, prevents the development of
experimental autoimmune encephalomyelitis. J Exp Med, 200, 79-87.

Beverly, B., Kang, S. M., Lenardo, M. J. & Schwartz, R. H. (1992) Reversal of in
vitro T cell clonal anergy by IL-2 stimulation. /nt Immunol, 4, 661-71.

Bielekova, B., Goodwin, B., Richert, N., Cortese, 1., Kondo, T., Afshar, G., Gran,
B., Eaton, J., Antel, J., Frank, J. A., Mcfarland, H. F. & Martin, R. (2000)
Encephalitogenic potential of the myelin basic protein peptide (amino acids
83-99) in multiple sclerosis: results of a phase II clinical trial with an altered
peptide ligand. Nat Med, 6, 1167-75.

Bill, R., Doring, A., Deutsch, U. & Engelhardt, B. (2011) PSGL-1 is dispensible for
the development of active experimental autoimmune encephalomyelitis in
SJL/J mice. J Neuroimmunol, 232, 207-8.

Billiau, A., Heremans, H., Vandekerckhove, F., Dijkmans, R., Sobis, H., Meulepas,
E. & Carton, H. (1988) Enhancement of experimental allergic
encephalomyelitis in mice by antibodies against IFN-gamma. J Immunol,
140, 1506-10.

Blank, C., Brown, 1., Marks, R., Nishimura, H., Honjo, T. & Gajewski, T. F. (2003)
Absence of programmed death receptor 1 alters thymic development and
enhances generation of CD4/CD8 double-negative TCR-transgenic T cells. J
Immunol, 171, 4574-81.

Boise, L. H., Minn, A. J., Noel, P. J., June, C. H., Accavitti, M. A., Lindsten, T. &
Thompson, C. B. (1995) CD28 costimulation can promote T cell survival by
enhancing the expression of Bcl-XL. Immunity, 3, 87-98.

Bonifaz, L., Bonnyay, D., Mahnke, K., Rivera, M., Nussenzweig, M. C. &
Steinman, R. M. (2002) Efficient targeting of protein antigen to the dendritic
cell receptor DEC-205 in the steady state leads to antigen presentation on

220



REFERENCES

major histocompatibility complex class I products and peripheral CD8+ T
cell tolerance. J Exp Med, 196, 1627-38.

Bouillet, P., Metcalf, D., Huang, D. C., Tarlinton, D. M., Kay, T. W., Kontgen, F.,
Adams, J. M. & Strasser, A. (1999) Proapoptotic Bcl-2 relative Bim
required for certain apoptotic responses, leukocyte homeostasis, and to
preclude autoimmunity. Science, 286, 1735-8.

Bouillet, P. & O'reilly, L. A. (2009) CD95, BIM and T cell homeostasis. Nat Rev
Immunol, 9, 514-9.

Bousso, P., Bhakta, N. R., Lewis, R. S. & Robey, E. (2002) Dynamics of
thymocyte-stromal cell interactions visualized by two-photon microscopy.
Science, 296, 1876-80.

Bretscher, P. & Cohn, M. (1970) A theory of self-nonself discrimination. Science,
169, 1042-9.

Bright, J. J., Du, C., Coon, M., Sriram, S. & Klaus, S. J. (1998) Prevention of
experimental allergic encephalomyelitis via inhibition of IL-12 signaling
and IL-12-mediated Thl differentiation: an effect of the novel anti-
inflammatory drug lisofylline. J Immunol, 161, 7015-22.

Bright, J. J., Kerr, L. D. & Sriram, S. (1997) TGF-beta inhibits IL-2-induced
tyrosine phosphorylation and activation of Jak-1 and Stat 5 in T
lymphocytes. J Immunol, 159, 175-83.

Brinkmann, V., Billich, A., Baumruker, T., Heining, P., Schmouder, R., Francis, G.,
Aradhye, S. & Burtin, P. (2010) Fingolimod (FTY720): discovery and
development of an oral drug to treat multiple sclerosis. Nat Rev Drug
Discov, 9, 883-97.

Brooks, D. G., Walsh, K. B., Elsaesser, H. & Oldstone, M. B. (2010) IL-10 directly
suppresses CD4 but not CD8 T cell effector and memory responses
following acute viral infection. Proc Natl Acad Sci U S 4, 107, 3018-23.

Bruck, W. (2005) The pathology of multiple sclerosis is the result of focal
inflammatory demyelination with axonal damage. J Neurol, 252 Suppl 5,
v3-9.

Brunet, J. F., Denizot, F., Luciani, M. F., Roux-Dosseto, M., Suzan, M., Mattei, M.
G. & Golstein, P. (1987) A new member of the immunoglobulin
superfamily--CTLA-4. Nature, 328, 267-70.

Brunner, T., Kasibhatla, S., Pinkoski, M. J., Frutschi, C., Yoo, N. J., Echeverri, F.,
Mahboubi, A. & Green, D. R. (2000) Expression of Fas ligand in activated T
cells is regulated by c-Myc. J Biol Chem, 275, 9767-72.

Brunner, T., Mogil, R. J., Laface, D., Yoo, N. J., Mahboubi, A., Echeverri, F.,
Martin, S. J., Force, W. R., Lynch, D. H., Ware, C. F. & Et Al. (1995) Cell-
autonomous Fas (CD95)/Fas-ligand interaction mediates activation-induced
apoptosis in T-cell hybridomas. Nature, 373, 441-4.

Buckner, J. H. (2010) Mechanisms of impaired regulation by
CD4(+)CD25(+)FOXP3(+) regulatory T cells in human autoimmune
diseases. Nat Rev Immunol, 10, 849-59.

Burgdorf, S., Kautz, A., Bohnert, V., Knolle, P. A. & Kurts, C. (2007) Distinct
pathways of antigen uptake and intracellular routing in CD4 and CD8 T cell
activation. Science, 316, 612-6.

221



REFERENCES

Burkhart, C., Liu, G. Y., Anderton, S. M., Metzler, B. & Wraith, D. C. (1999)
Peptide-induced T cell regulation of experimental autoimmune
encephalomyelitis: a role for IL-10. Int Immunol, 11, 1625-34.

Burt, R. K., Slavin, S., Burns, W. H. & Marmont, A. M. (2002) Induction of
tolerance in autoimmune diseases by hematopoietic stem cell
transplantation: getting closer to a cure? Blood, 99, 768-84.

Butler, N. S., Moebius, J., Pewe, L. L., Traore, B., Doumbo, O. K., Tygrett, L. T.,
Waldschmidt, T. J., Crompton, P. D. & Harty, J. T. (2012) Therapeutic
blockade of PD-L1 and LAG-3 rapidly clears established blood-stage
Plasmodium infection. Nat Immunol, 13, 188-95.

Butte, M. J., Keir, M. E., Phamduy, T. B., Sharpe, A. H. & Freeman, G. J. (2007)
Programmed death-1 ligand 1 interacts specifically with the B7-1
costimulatory molecule to inhibit T cell responses. Immunity, 27, 111-22.

Cantorna, M. T. (2008) Vitamin D and multiple sclerosis: an update. Nutr Rev, 66,
S135-8.

Cantorna, M. T., Hayes, C. E. & Deluca, H. F. (1996) 1,25-Dihydroxyvitamin D3
reversibly blocks the progression of relapsing encephalomyelitis, a model of
multiple sclerosis. Proc Natl Acad Sci U S A4, 93, 7861-4.

Cao, X., Cai, S. F., Fehniger, T. A., Song, J., Collins, L. 1., Piwnica-Worms, D. R.
& Ley, T. J. (2007) Granzyme B and perforin are important for regulatory T
cell-mediated suppression of tumor clearance. Immunity, 27, 635-46.

Carreno, B. M., Bennett, F., Chau, T. A., Ling, V., Luxenberg, D., Jussif, J., Baroja,
M. L. & Madrenas, J. (2000) CTLA-4 (CD152) can inhibit T cell activation
by two different mechanisms depending on its level of cell surface
expression. J Immunol, 165, 1352-6.

Carrier, Y., Yuan, J., Kuchroo, V. K. & Weiner, H. L. (2007) Th3 cells in
peripheral tolerance. 1. Induction of Foxp3-positive regulatory T cells by
Th3 cells derived from TGF-beta T cell-transgenic mice. J Immunol, 178,
179-85.

Carter, L., Fouser, L. A., Jussif, J., Fitz, L., Deng, B., Wood, C. R., Collins, M.,
Honjo, T., Freeman, G. J. & Carreno, B. M. (2002) PD-1:PD-L inhibitory
pathway affects both CD4(+) and CD8(+) T cells and is overcome by IL-2.
Eur J Immunol, 32, 634-43.

Carter, L. L., Leach, M. W., Azoitei, M. L., Cui, J., Pelker, J. W., Jussif, J., Benoit,
S., Ireland, G., Luxenberg, D., Askew, G. R., Milarski, K. L., Groves, C.,
Brown, T., Carito, B. A., Percival, K., Carreno, B. M., Collins, M. &
Marusic, S. (2007) PD-1/PD-L1, but not PD-1/PD-L2, interactions regulate
the severity of experimental autoimmune encephalomyelitis. J
Neuroimmunol, 182, 124-34.

Caspi, R. R. (2006) Ocular autoimmunity: the price of privilege? Immunol Rev, 213,
23-35.

Castellani, M. L., Anogeianaki, A., Felaco, P., Toniato, E., De Lutiis, M. A., Shaik,
B., Fulcheri, M., Vecchiet, J., Tete, S., Salini, V., Theoharides, T. C.,
Caraffa, A., Antinolfi, P., Frydas, I., Conti, P., Cuccurullo, C., Ciampoli, C.,
Cerulli, G. & Kempuraj, D. (2010) IL-35, an anti-inflammatory cytokine
which expands CD4+CD25+ Treg Cells. J Biol Regul Homeost Agents, 24,
131-5.

222



REFERENCES

Catron, D. M., Itano, A. A., Pape, K. A., Mueller, D. L. & Jenkins, M. K. (2004)
Visualizing the first 50 hr of the primary immune response to a soluble
antigen. Immunity, 21, 341-7.

Caugx, C., Massacrier, C., Vanbervliet, B., Dubois, B., Van Kooten, C., Durand, I. &
Banchereau, J. (1994) Activation of human dendritic cells through CD40
cross-linking. J Exp Med, 180, 1263-72.

Cavani, A., Nasorri, F., Prezzi, C., Sebastiani, S., Albanesi, C. & Girolomoni, G.
(2000) Human CD4+ T lymphocytes with remarkable regulatory functions
on dendritic cells and nickel-specific Thl immune responses. J Invest
Dermatol, 114, 295-302.

Chaillous, L., Lefevre, H., Thivolet, C., Boitard, C., Lahlou, N., Atlan-Gepner, C.,
Bouhanick, B., Mogenet, A., Nicolino, M., Carel, J. C., Lecomte, P.,
Marechaud, R., Bougneres, P., Charbonnel, B. & Sai, P. (2000) Oral insulin
administration and residual beta-cell function in recent-onset type 1
diabetes: a multicentre randomised controlled trial. Diabete Insuline Orale
group. Lancet, 356, 545-9.

Challoner, P. B., Smith, K. T., Parker, J. D., Macleod, D. L., Coulter, S. N., Rose,
T. M., Schultz, E. R., Bennett, J. L., Garber, R. L., Chang, M. & Et Al
(1995) Plaque-associated expression of human herpesvirus 6 in multiple
sclerosis. Proc Natl Acad Sci U S A, 92, 7440-4.

Chappert, P., Leboeuf, M., Rameau, P., Stockholm, D., Liblau, R., Danos, O.,
Davoust, J. M. & Gross, D. A. (2008) Antigen-driven interactions with
dendritic cells and expansion of Foxp3+ regulatory T cells occur in the
absence of inflammatory signals. J Immunol, 180, 327-34.

Chemnitz, J. M., Parry, R. V., Nichols, K. E., June, C. H. & Riley, J. L. (2004)
SHP-1 and SHP-2 associate with immunoreceptor tyrosine-based switch
motif of programmed death 1 upon primary human T cell stimulation, but
only receptor ligation prevents T cell activation. J Immunol, 173, 945-54.

Chen, C., Lee, W. H., Yun, P., Snow, P. & Liu, C. P. (2003a) Induction of
autoantigen-specific Th2 and Trl regulatory T cells and modulation of
autoimmune diabetes. J Immunol, 171, 733-44.

Chen, Q., Kim, Y. C., Laurence, A., Punkosdy, G. A. & Shevach, E. M. (2011) IL-2
controls the stability of Foxp3 expression in TGF-beta-induced Foxp3+ T
cells in vivo. J Immunol, 186, 6329-37.

Chen, W., Jin, W., Hardegen, N., Lei, K. J., Li, L., Marinos, N., Mcgrady, G. &
Wahl, S. M. (2003b) Conversion of peripheral CD4+CD25- naive T cells to
CD4+CD25+ regulatory T cells by TGF-beta induction of transcription
factor Foxp3. J Exp Med, 198, 1875-86.

Chen, Y., Kuchroo, V. K., Inobe, J., Hafler, D. A. & Weiner, H. L. (1994)
Regulatory T cell clones induced by oral tolerance: suppression of
autoimmune encephalomyelitis. Science, 265, 1237-40.

Chikuma, S., Terawaki, S., Hayashi, T., Nabeshima, R., Yoshida, T., Shibayama,
S., Okazaki, T. & Honjo, T. (2009) PD-1-mediated suppression of IL-2
production induces CD8+ T cell anergy in vivo. J Immunol, 182, 6682-9.

Chiodetti, L., Choi, S., Barber, D. L. & Schwartz, R. H. (2006) Adaptive tolerance
and clonal anergy are distinct biochemical states. J Immunol, 176, 2279-91.

223



REFERENCES

Chipuk, J. E., Fisher, J. C., Dillon, C. P., Kriwacki, R. W., Kuwana, T. & Green, D.
R. (2008) Mechanism of apoptosis induction by inhibition of the anti-
apoptotic BCL-2 proteins. Proc Natl Acad Sci U S A4, 105, 20327-32.

Choi, S. & Schwartz, R. H. (2007) Molecular mechanisms for adaptive tolerance
and other T cell anergy models. Semin Immunol, 19, 140-52.

Chung, C-Y, (2008) CD4+ T cell responses to myelin autoantigens- activation,
memory and tolerance. Thesis (PhD) University of Edinburgh.

Chung, H., Choi, Y. L., Ko, M. G. & Seong, R. H. (2002) Rescuing developing
thymocytes from death by neglect. J Biochem Mol Biol, 35, 7-18.

Ciofani, M., Schmitt, T. M., Ciofani, A., Michie, A. M., Cuburu, N., Aublin, A.,
Maryanski, J. L. & Zuniga-Pflucker, J. C. (2004) Obligatory role for
cooperative signaling by pre-TCR and Notch during thymocyte
differentiation. J Immunol, 172, 5230-9.

Codarri, L., Gyulveszi, G., Tosevski, V., Hesske, L., Fontana, A., Magnenat, L.,
Suter, T. & Becher, B. (2011) RORgammat drives production of the
cytokine GM-CSF in helper T cells, which is essential for the effector phase
of autoimmune neuroinflammation. Nat Immunol, 12, 560-7.

Cohen, S. G., Frankland, A. W. & Dworetzky, M. (2003) Noon and Freeman on
prophylactic inoculation against hay fever. J Allergy Clin Immunol, 111,
1142-50.

Coles, A. J., Compston, D. A., Selmaj, K. W., Lake, S. L., Morgan, S., Margolin, D.
H., Norris, K. & Tandon P. K.: CAMMS223 Trial Investigators. (2008)
Alemtuzumab vs. ineterferon Beta-1a in early multiple sclerosis. N Engl J
Med, 359, 1786-1801.

Collison, L. W., Workman, C. J., Kuo, T. T., Boyd, K., Wang, Y., Vignali, K. M.,
Cross, R., Sehy, D., Blumberg, R. S. & Vignali, D. A. (2007) The inhibitory
cytokine IL-35 contributes to regulatory T-cell function. Nature, 450, 566-9.

Conrad, A. T. & Dittel, B. N. (2011) Taming of macrophage and microglial cell
activation by microRNA-124. Cell Res, 21, 213-6.

Constantinescu, C. S., Farooqi, N., O'brien, K. & Gran, B. (2011) Experimental
autoimmune encephalomyelitis (EAE) as a model for multiple sclerosis
(MS). Br J Pharmacol, 164, 1079-106.

Correale, J., Rush, C., Amengual, A. & Goicochea, M. T. (2005) Mitoxantrone as
rescue therapy in worsening relapsing-remitting MS patients receiving IFN-
beta. J Neuroimmunol, 162, 173-83.

Cossburn, M., Pace, A. A., Jones, J., Ali, R., Ingram, G., Baker, K., Hirst, C,,
Zajicek, J., Scolding, N., Boggild, M., Pickersgill, T., Ben-Shlomo, Y.,
Coles, A. & Robertson, N. P. (2011) Autoimmune disease after
alemtuzumab treatment for multiple sclerosis in a multicenter cohort.
Neurology, 77, 573-9.

Coudronniere, N., Villalba, M., Englund, N. & Altman, A. (2000) NF-kappa B
activation induced by T cell receptor/CD28 costimulation is mediated by
protein kinase C-theta. Proc Natl Acad Sci U S 4, 97, 3394-9.

Critchfield, J. M., Racke, M. K., Zuniga-Pflucker, J. C., Cannella, B., Raine, C. S.,
Goverman, J. & Lenardo, M. J. (1994) T cell deletion in high antigen dose
therapy of autoimmune encephalomyelitis. Science, 263, 1139-43.

224



REFERENCES

Croft, M., Bradley, L. M. & Swain, S. L. (1994) Naive versus memory CD4 T cell
response to antigen. Memory cells are less dependent on accessory cell
costimulation and can respond to many antigen-presenting cell types
including resting B cells. J Immunol, 152, 2675-85.

Cua, D. J., Sherlock, J., Chen, Y., Murphy, C. A., Joyce, B., Seymour, B., Lucian,
L., To, W., Kwan, S., Churakova, T., Zurawski, S., Wiekowski, M., Lira, S.
A., Gorman, D., Kastelein, R. A. & Sedgwick, J. D. (2003) Interleukin-23
rather than interleukin-12 1is the critical cytokine for autoimmune
inflammation of the brain. Nature, 421, 744-8.

Curotto De Lafaille, M. A., Lino, A. C., Kutchukhidze, N. & Lafaille, J. J. (2004)
CD25- T cells generate CD25+Foxp3+ regulatory T cells by peripheral
expansion. J Immunol, 173, 7259-68.

D'hennezel, E., Yurchenko, E., Sgouroudis, E., Hay, V. & Piccirillo, C. A. (2011)
Single-cell analysis of the human T regulatory population uncovers
functional heterogeneity and instability within FOXP3+ cells. J Immunol,
186, 6788-97.

Daniel, D. & Wegmann, D. R. (1996) Protection of nonobese diabetic mice from
diabetes by intranasal or subcutaneous administration of insulin peptide B-
(9-23). Proc Natl Acad Sci U S 4, 93, 956-60.

Daoussis, D., Andonopoulos, A. P. & Liossis, S. N. (2004) Targeting CD40L: a
promising therapeutic approach. Clin Diagn Lab Immunol, 11, 635-41.

Dardalhon, V., Awasthi, A., Kwon, H., Galileos, G., Gao, W., Sobel, R. A.,
Mitsdoerffer, M., Strom, T. B., Elyaman, W., Ho, 1. C., Khoury, S., Oukka,
M. & Kuchroo, V. K. (2008) IL-4 inhibits TGF-beta-induced Foxp3+ T cells
and, together with TGF-beta, generates 1L-9+ IL-10+ Foxp3(-) effector T
cells. Nat Immunol, 9, 1347-55.

Day, C. L., Kaufmann, D. E., Kiepiela, P., Brown, J. A., Moodley, E. S., Reddy, S.,
Mackey, E. W., Miller, J. D., Leslie, A. J., Depierres, C., Mncube, Z.,
Duraiswamy, J., Zhu, B., Eichbaum, Q., Altfeld, M., Wherry, E. J.,
Coovadia, H. M., Goulder, P. J., Klenerman, P., Ahmed, R., Freeman, G. J.
& Walker, B. D. (2006) PD-1 expression on HIV-specific T cells is
associated with T-cell exhaustion and disease progression. Nature, 443, 350-
4.

D'Cruz, LM. & Klein, L. (2005) Regulatory CD4 T cells: expression of IL-2R
alpha chain, resistance to clonal deletion and IL-2 dependency. Nat
Immunol, 6, 1151-1158

De La Rosa, M., Rutz, S., Dorninger, H. & Scheffold, A. (2004) Interleukin-2 is
essential for CD4+CD25+ regulatory T cell function. Eur J Immunol, 34,
2480-8.

Deaglio, S., Dwyer, K. M., Gao, W., Friedman, D., Usheva, A., Erat, A., Chen, J.
F., Enjyoji, K., Linden, J., Oukka, M., Kuchroo, V. K., Strom, T. B. &
Robson, S. C. (2007) Adenosine generation catalyzed by CD39 and CD73
expressed on regulatory T cells mediates immune suppression. J Exp Med,
204, 1257-65.

De Jager, P. L., Jia, X., Wang, T., Bakker, P. I. W., Ottoboni, L., Aggawal, N. T.,
Piccio, 1., Raychaudhuri, S., Tran, D., Aubin, C., Briskin, R., Romano, S.,
IMSGC, Balanzini, S. E., McCauley, J. L., Perick-Vance, M. A., Haines, J.

225



REFERENCES

L., Gibson, R. A., Naeglin, Y., Uitdehaag, B., Natthews, P. M., Kapps, L.,
Polman, C., McArdle, W. L., Strachan, D. P., Evans, D., Cross, A. H., Daly,
m. J., Compston, A., Sawcer, S. J., Wein, H. L., Hauser, S. L., Hafler, D. A.
& Oksenberg, J. R. (2009) Meta-analysis of genome scans & replication
identify CD6, IRF8 & TNFRSFIA as new multiple sclerosis susceptibility
loci. Nat Gen, 41, 776-782.

Degermann, S., Pria, E. & Adorini, L. (1996) Soluble protein but not peptide
administration diverts the immune response of a clonal CD4+ T cell
population to the T helper 2 cell pathway. J Immunol, 157, 3260-9.

Deo, S. S., Mistry, K. J., Kakade, A. M. & Niphadkar, P. V. (2010) Role played by
Th2 type cytokines in IgE mediated allergy and asthma. Lung India, 27, 66-
71.

Derbinski, J., Gabler, J., Brors, B., Tierling, S., Jonnakuty, S., Hergenhahn, M.,
Peltonen, L., Walter, J. & Kyewski, B. (2005) Promiscuous gene expression
in thymic epithelial cells is regulated at multiple levels. J Exp Med, 202, 33-
45.

Deshpande, P., King, I. L. & Segal, B. M. (2006) IL-12 driven upregulation of P-
selectin ligand on myelin-specific T cells is a critical step in an animal
model of autoimmune demyelination. J Neuroimmunol, 173, 35-44.

Devaux, B., Enderlin, F., Wallner, B. & Smilek, D. E. (1997) Induction of EAE in
mice with recombinant human MOG, and treatment of EAE with a MOG
peptide. J Neuroimmunol, 75, 169-73.

Dhein, J., Walczak, H., Baumler, C., Debatin, K. M. & Krammer, P. H. (1995)
Autocrine T-cell suicide mediated by APO-1/(Fas/CD95). Nature, 373, 438-
41.

Di Genova, G., Savelyeva, N., Suchacki, A., Thirdborough, S. M. & Stevenson, F.
K. (2010) Bystander stimulation of activated CD4+ T cells of unrelated
specificity following a booster vaccination with tetanus toxoid. Eur J
Immunol, 40, 976-85.

Dick, A. D., Cheng, Y. F., Liversidge, J. & Forrester, J. V. (1994) Intranasal
administration of retinal antigens suppresses retinal antigen-induced
experimental autoimmune uveoretinitis. /mmunology, 82, 625-31.

Diehn, M., Alizadeh, A. A., Rando, O. J., Liu, C. L., Stankunas, K., Botstein, D.,
Crabtree, G. R. & Brown, P. O. (2002) Genomic expression programs and
the integration of the CD28 costimulatory signal in T cell activation. Proc
Natl Acad Sci U S 4, 99, 11796-801.

Dipaolo, R. J., Brinster, C., Davidson, T. S., Andersson, J., Glass, D. & Shevach, E.
M. (2007) Autoantigen-specific TGFbeta-induced Foxp3+ regulatory T cells
prevent autoimmunity by inhibiting dendritic cells from activating
autoreactive T cells. J Immunol, 179, 4685-93.

Dong, C., Juedes, A. E., Temann, U. A., Shresta, S., Allison, J. P., Ruddle, N. H. &
Flavell, R. A. (2001) ICOS co-stimulatory receptor is essential for T-cell
activation and function. Nature, 409, 97-101.

Douek, D. C., Corley, K. T., Zal, T., Mellor, A., Dyson, P. J. & Altmann, D. M.
(1996) Negative selection by endogenous antigen and superantigen occurs at
multiple thymic sites. Int Immunol, 8, 1413-20.

226



REFERENCES

Druey, K. M., Bluma, K. J., Kang, V. H. & Kehrl, J. H. (1996) Inhibition of G-
protein-mediated MAp kinase activation by a new mammalian gene family.
Nat, 379, 742-746.

Dubois, P. M., Pihlgren, M., Tomkowiak, M., Van Mechelen, M. & Marvel, J.
(1998) Tolerant CD8 T cells induced by multiple injections of peptide
antigen show impaired TCR signaling and altered proliferative responses in
vitro and in vivo. J Immunol, 161, 5260-7.

Eagar, T. N., Karandikar, N. J., Bluestone, J. A. & Miller, S. D. (2002) The role of
CTLA-4 in induction and maintenance of peripheral T cell tolerance. Eur J
Immunol, 32, 972-81.

Eagar, T. N., Turley, D. M., Padilla, J., Karandikar, N. J., Tan, L., Bluestone, J. A.
& Miller, S. D. (2004) CTLA-4 regulates expansion and differentiation of
Thl cells following induction of peripheral T cell tolerance. J Immunol, 172,
7442-50.

Edan, G., Miller, D., Clanet, M., Confavreux, C., Lyon-Caen, O., Lubetzki, C.,
Brochet, B., Berry, I., Rolland, Y., Froment, J. C., Cabanis, E., Iba-Zizen,
M. T., Gandon, J. M., Lai, H. M., Moseley, 1. & Sabouraud, O. (1997)
Therapeutic effect of mitoxantrone combined with methylprednisolone in
multiple sclerosis: a randomised multicentre study of active disease using
MRI and clinical criteria. J Neurol Neurosurg Psychiatry, 62, 112-8.

El-Behi, M., Ciric, B., Dai, H., Yan, Y., Cullimore, M., Safavi, F., Zhang, G. X.,
Dittel, B. N. & Rostami, A. (2011) The encephalitogenicity of T(H)17 cells
is dependent on IL-1- and IL-23-induced production of the cytokine GM-
CSF. Nat Immunol, 12, 568-75.

Elhofy, A., Depaolo, R. W., Lira, S. A., Lukacs, N. W. & Karpus, W. J. (2009)
Mice deficient for CCR6 fail to control chronic experimental autoimmune
encephalomyelitis. J Neuroimmunol, 213, 91-9.

Elmore, S. (2007) Apoptosis: a review of programmed cell death. Toxicol Pathol,
35, 495-516.

Engelhardt, B., Kempe, B., Merfeld-Clauss, S., Laschinger, M., Furie, B., Wild, M.
K. & Vestweber, D. (2005) P-selectin glycoprotein ligand 1 is not required
for the development of experimental autoimmune encephalomyelitis in SJL
and C57BL/6 mice. J Immunol, 175, 1267-75.

Engelhardt, J. J., Sullivan, T. J. & Allison, J. P. (2006) CTLA-4 overexpression
inhibits T cell responses through a CD28-B7-dependent mechanism. J
Immunol, 177, 1052-61.

Epstein, L. G., Prineas, J. W. & Raine, C. S. (1983) Attachment of myelin to coated
pits on macrophages in experimental allergic encephalomyelitis. J Neurol
Sci, 61, 341-8.

Falk, I., Nerz, G., Haidl, I., Krotkova, A. & Eichmann, K. (2001) Immature
thymocytes that fail to express TCRbeta and/or TCRgamma delta proteins
die by apoptotic cell death in the CD44(-)CD25(-) (DN4) subset. Eur J
Immunol, 31, 3308-17.

Fathman, C. G. & Lineberry, N. B. (2007) Molecular mechanisms of CD4+ T-cell
anergy. Nat Rev Immunol, 7, 599-609.

Fehervari, Z. & Sakaguchi, S. (2004) CD4+ Tregs and immune control. J Clin
Invest, 114, 1209-17.

227



REFERENCES

Fehling, H. J., Krotkova, A., Saint-Ruf, C. & Von Boehmer, H. (1995) Crucial role
of the pre-T-cell receptor alpha gene in development of alpha beta but not
gamma delta T cells. Nature, 375, 795-8.

Ferber, 1. A., Brocke, S., Taylor-Edwards, C., Ridgway, W., Dinisco, C., Steinman,
L., Dalton, D. & Fathman, C. G. (1996) Mice with a disrupted IFN-gamma
gene are susceptible to the induction of experimental autoimmune
encephalomyelitis (EAE). J Immunol, 156, 5-7.

Ferrera, F., La Cava, A., Rizzi, M., Hahn, B. H., Indiveri, F. & Filaci, G. (2007)
Gene vaccination for the induction of immune tolerance. Ann N Y Acad Sci,
1110, 99-111.

Fife, B. T., Guleria, 1., Gubbels Bupp, M., Eagar, T. N., Tang, Q., Bour-Jordan, H.,
Yagita, H., Azuma, M., Sayegh, M. H. & Bluestone, J. A. (2006) Insulin-
induced remission in new-onset NOD mice is maintained by the PD-1-PD-
L1 pathway. J Exp Med, 203, 2737-47.

Fife, B. T. & Pauken, K. E. (2011) The role of the PD-1 pathway in autoimmunity
and peripheral tolerance. Ann N Y Acad Sci, 1217, 45-59.

Fillatreau, S. & Gray, D. (2003) T cell accumulation in B cell follicles is regulated
by dendritic cells and is independent of B cell activation. J Exp Med, 197,
195-206.

Fillatreau, S., Sweenie, C. H., Mcgeachy, M. J., Gray, D. & Anderton, S. M. (2002)
B cells regulate autoimmunity by provision of IL-10. Nat Immunol, 3, 944-
50.

Fiorentino, D. F., Zlotnik, A., Vieira, P., Mosmann, T. R., Howard, M., Moore, K.
W. & O'garra, A. (1991) IL-10 acts on the antigen-presenting cell to inhibit
cytokine production by Thl cells. J Immunol, 146, 3444-51.

Floess, S., Freyer, J., Siewert, C., Baron, U., Olek, S., Polansky, J., Schlawe, K.,
Chang, H. D., Bopp, T., Schmitt, E., Klein-Hessling, S., Serfling, E.,
Hamann, A. & Huehn, J. (2007) Epigenetic control of the foxp3 locus in
regulatory T cells. PLoS Biol, 5, e38.

Fontenot, J. D., Gavin, M. A. & Rudensky, A. Y. (2003) Foxp3 programs the
development and function of CD4+CD25+ regulatory T cells. Nat Immunol,
4, 330-6.

Fontenot, J. D., Rasmussen, J. P., Gavin, M. A. & Rudensky, A. Y. (2005) A
function for interleukin 2 in Foxp3-expressing regulatory T cells. Nat
Immunol, 6, 1142-51.

Fourlanos, S., Perry, C., Gellert, S. A., Martinuzzi, E., Mallone, R., Butler, J.,
Colman, P. G. & Harrison, L. C. (2011) Evidence that nasal insulin induces
immune tolerance to insulin in adults with autoimmune diabetes. Diabetes,
60, 1237-45.

Francis, J. N. & Larche, M. (2005) Peptide-based vaccination: where do we stand?
Curr Opin Allergy Clin Immunol, 5, 537-43.

Francisco, L. M., Sage, P. T. & Sharpe, A. H. (2010) The PD-1 pathway in
tolerance and autoimmunity. /mmunol Rev, 236, 219-42.

Frauwirth, K. A., Alegre, M. L. & Thompson, C. B. (2001) CTLA-4 is not required
for induction of CD8(+) T cell anergy in vivo. J Immunol, 167, 4936-41.

Freedman, M. S., Bar-or, A., Oger, J., Traboulsee, A., Patry, D., Young, C., Olsson,
T., Li, D., Hartung, H. P., Krantz, M., Ferenczi, L. & Verco, T. (2011) A

228



REFERENCES

phase III study evaluating the efficacy and safety of MBP8298 in secondary
progressive MS. Neurology, 77, 1551-60.

Freeman, G. J., Long, A. J., Iwai, Y., Bourque, K., Chernova, T., Nishimura, H.,
Fitz, L. J., Malenkovich, N., Okazaki, T., Byrne, M. C., Horton, H. F.,
Fouser, L., Carter, L., Ling, V., Bowman, M. R., Carreno, B. M., Collins,
M., Wood, C. R. & Honjo, T. (2000) Engagement of the PD-1
immunoinhibitory receptor by a novel B7 family member leads to negative
regulation of lymphocyte activation. J Exp Med, 192, 1027-34.

Freeman, G. J., Wherry, E. J., Ahmed, R. & Sharpe, A. H. (2006) Reinvigorating
exhausted HIV-specific T cells via PD-1-PD-1 ligand blockade. J Exp Med,
203, 2223-7.

Frei, K., Eugster, H. P., Bopst, M., Constantinescu, C. S., Lavi, E. & Fontana, A.
(1997) Tumor necrosis factor alpha and lymphotoxin alpha are not required
for induction of acute experimental autoimmune encephalomyelitis. J Exp
Med, 185, 2177-82.

Freund, J., Stern, E. R. & Pisani, T. M. (1947) Isoallergic encephalomyelitis and
radiculitis in guinea pigs after one injection of brain and Mycobacteria in
water-in-oil emulsion. J Immunol, 57, 179-94.

Friedl, P. & Gunzer, M. (2001) Interaction of T cells with APCs: the serial
encounter model. Trends Immunol, 22, 187-91.

Friedman, A. & Weiner, H. L. (1994) Induction of anergy or active suppression
following oral tolerance is determined by antigen dosage. Proc Natl Acad
Sci US A4, 91, 6688-92.

Fujinami, R. S. & Oldstone, M. B. (1985) Amino acid homology between the
encephalitogenic site of myelin basic protein and virus: mechanism for
autoimmunity. Science, 230, 1043-5.

Fujita, H., Asahina, A., Gao, P., Fujiwara, H. & Tamaki, K. (2004) Expression and
regulation of RANTES/CCLS5, MIP-1alpha/CCL3, and MIP-1beta/CCL4 in
mouse Langerhans cells. J Invest Dermatol, 122, 1331-3.

Fulda, S. & Debatin, K. M. (2006) Extrinsic versus intrinsic apoptosis pathways in
anticancer chemotherapy. Oncogene, 25, 4798-811.

Fuller, M. J. & Zajac, A. J. (2003) Ablation of CD8 and CD4 T cell responses by
high viral loads. J Immunol, 170, 477-86.

Furtado, G. C., Marcondes, M. C., Latkowski, J. A., Tsai, J., Wensky, A. &
Lafaille, J. J. (2008) Swift entry of myelin-specific T lymphocytes into the
central nervous system in spontaneous autoimmune encephalomyelitis. J
Immunol, 181, 4648-55.

Gabrysova, L., Nicolson, K. S., Streeter, H. B., Verhagen, J., Sabatos-Peyton, C. A.,
Morgan, D. J. & Wraith, D. C. (2009) Negative feedback control of the
autoimmune response through antigen-induced differentiation of IL-10-
secreting Th1 cells. J Exp Med, 206, 1755-67.

Gangappa, S., Deshpande, S. P. & Rouse, B. T. (1999) Bystander activation of
CD4(+) T cells can represent an exclusive means of immunopathology in a
virus infection. Eur J Immunol, 29, 3674-82.

Gao, P., Zhou, X. Y., Yashiro-Ohtani, Y., Yang, Y. F., Sugimoto, N., Ono, S.,
Nakanishi, T., Obika, S., Imanishi, T., Egawa, T., Nagasawa, T., Fujiwara,
H. & Hamaoka, T. (2003) The unique target specificity of a nonpeptide

229



REFERENCES

chemokine receptor antagonist: selective blockade of two Thl chemokine
receptors CCRS and CXCR3. J Leukoc Biol, 73, 273-80.

Gaur, A., Wiers, B., Liu, A., Rothbard, J. & Fathman, C. G. (1992) Amelioration of
autoimmune encephalomyelitis by myelin basic protein synthetic peptide-
induced anergy. Science, 258, 1491-4.

Germain, R. N. (2002) T-cell development and the CD4-CDS lineage decision. Nat
Rev Immunol, 2, 309-22.

Gershon, R. K., Cohen, P., Hencin, R. & Liebhaber, S. A. (1972) Suppressor T
cells. J Immunol, 108, 586-90.

Gershon, R. K. & Kondo, K. (1970) Cell interactions in the induction of tolerance:
the role of thymic lymphocytes. Immunology, 18, 723-37.

Getts, M. T., Kim, B. S. & Miller, S. D. (2007) Differential outcome of tolerance
induction in naive versus activated Theiler's virus epitope-specific CD8+
cytotoxic T cells. J Virol, 81, 6584-93.

Gimferrer, 1., Calvo, M., Mittelbrunn, M., Farnos, M., Sarrias, M. R., Enrich, C.,
Vives, J., Sanchez-Madrid, F. & Lozano, F. (2004) Relevance of CD6-
mediated interactions in t cell activation and proliferation. J Immunol, 173,
2262-2270.

Gleich, G. J. & Loegering, D. A. (1984) Immunobiology of eosinophils. Annu Rev
Immunol, 2, 429-59.

Gocke, A. R., Cravens, P. D., Ben, L. H., Hussain, R. Z., Northrop, S. C., Racke, M.
K. & Lovett-Racke, A. E. (2007) T-bet regulates the fate of Thl and Th17
lymphocytes in autoimmunity. J Immunol, 178, 1341-8.

Godfrey, D. 1., Kennedy, J., Suda, T. & Zlotnik, A. (1993) A developmental
pathway involving four phenotypically and functionally distinct subsets of
CD3-CD4-CD8- triple-negative adult mouse thymocytes defined by CD44
and CD25 expression. J Immunol, 150, 4244-52.

Gondek, D. C., Lu, L. F., Quezada, S. A., Sakaguchi, S. & Noelle, R. J. (2005)
Cutting edge: contact-mediated suppression by CD4+CD25+ regulatory
cells involves a granzyme B-dependent, perforin-independent mechanism. J
Immunol, 174, 1783-6.

Goverman, J. (2009) Autoimmune T cell responses in the central nervous system.
Nat Rev Immunol, 9, 393-407.

Green, D. R., Droin, N. & Pinkoski, M. (2003) Activation-induced cell death in T
cells. Immunol Rev, 193, 70-81.

Green, J. M., Noel, P. J., Sperling, A. 1., Walunas, T. L., Gray, G. S., Bluestone, J.
A. & Thompson, C. B. (1994) Absence of B7-dependent responses in
CD28-deficient mice. Immunity, 1, 501-8.

Gregerson, D. S., Obritsch, W. F. & Donoso, L. A. (1993) Oral tolerance in
experimental autoimmune uveoretinitis. Distinct mechanisms of resistance
are induced by low dose vs high dose feeding protocols. J Immunol, 151,
5751-61.

Gross, J. A., Callas, E. & Allison, J. P. (1992) Identification and distribution of the
costimulatory receptor CD28 in the mouse. J Immunol, 149, 380-8.

Groux, H., O'garra, A., Bigler, M., Rouleau, M., Antonenko, S., De Vries, J. E. &
Roncarolo, M. G. (1997) A CD4+ T-cell subset inhibits antigen-specific T-
cell responses and prevents colitis. Nature, 389, 737-42.

230



REFERENCES

Guermonprez, P., Valladeau, J., Zitvogel, L., Thery, C. & Amigorena, S. (2002)
Antigen presentation and T cell stimulation by dendritic cells. Annu Rev
Immunol, 20, 621-67.

Guery, J. C. & Adorini, L. (1995) Dendritic cells are the most efficient in presenting
endogenous naturally processed self-epitopes to class II-restricted T cells. J
Immunol, 154, 536-44.

Gurish, M. F., Bryce, P. J., Tao, H., Kisselgof, A. B., Thornton, E. M., Miller, H.
R., Friend, D. S. & Oettgen, H. C. (2004) IgE enhances parasite clearance
and regulates mast cell responses in mice infected with Trichinella spiralis. J
Immunol, 172, 1139-45.

Hafler, D. A., Kent, S. C., Pietrusewicz, M. J., Khoury, S. J., Weiner, H. L. &
Fukaura, H. (1997) Oral administration of myelin induces antigen-specific
TGF-beta 1 secreting T cells in patients with multiple sclerosis. Ann N Y
Acad Sci, 835, 120-31.

Haines, J. L., Terwedow, H. A., Burgess, K., Pericak-Vance, M. A., Rimmler, J. B.,
Martin, E. R., Oksenberg, J. R., Lincoln, R., Zhang, D. Y., Banatao, D. R.,
Gatto, N., Goodkin, D. E. & Hauser, S. L. (1998) Linkage of the MHC to
familial multiple sclerosis suggests genetic heterogeneity. The Multiple
Sclerosis Genetics Group. Hum Mol Genet, 7, 1229-34.

Hakonarson, H., Grant, S. F. A., Bradfield, J. P.,, Marchand, L., Kim, C. E.,
Glessner, J. T., Grabs, R., Casalinovo, T., Tabak, S. P., Frackelton, E. C.,
Lawson, M. L., Robinson L. J., Skraban, R., Lu, Y., Chiavacci, R. M.,
Stanley, C. A., Kirsch, S. E., Rapport, E. F., Ovange J. S., Monos, D. S.,
Devoto, M., Qu, H-Q. & Polychronakos, C. (2007) A genome-wide
association study identifies KIAA0350 as a type I diabetes gene. Nat, 448,
591-594.

Harding, F. A., Mcarthur, J. G., Gross, J. A., Raulet, D. H. & Allison, J. P. (1992)
CD28-mediated signalling co-stimulates murine T cells and prevents
induction of anergy in T-cell clones. Nature, 356, 607-9.

Haribhai, D., Lin, W., Edwards, B., Ziegelbauer, J., Salzman, N. H., Carlson, M. R.,
Li, S. H., Simpson, P. M., Chatila, T. A. & Williams, C. B. (2009) A central
role for induced regulatory T cells in tolerance induction in experimental
colitis. J Immunol, 182, 3461-8.

Harrington, L. E., Mangan, P. R. & Weaver, C. T. (2006) Expanding the effector
CD4 T-cell repertoire: the Th17 lineage. Curr Opin Immunol, 18, 349-56.

Hartenstein, B., Teurich, S., Hess, J., Schenkel, J., Schorpp-Kistner, M. & Angel, P.
(2002) Th2 cell-specific cytokine expression and allergen-induced airway
inflammation depend on JunB. Embo J, 21, 6321-9.

Hartung, H. P., Gonsette, R., Konig, N., Kwiecinski, H., Guseo, A., Motrissey, S.
P., Krapf, H. & Zwingers, T. (2002) Mitoxantrone in progressive multiple
sclerosis: a placebo-controlled, double-blind, randomised, multicentre trial.
Lancet, 360, 2018-25.

Haspot, F., Fehr, T., Gibbons, C., Zhao, G., Hogan, T., Honjo, T., Freeman, G. J. &
Sykes, M. (2008) Peripheral deletional tolerance of alloreactive CD8 but not
CD4 T cells is dependent on the PD-1/PD-L1 pathway. Blood, 112, 2149-
55.

231



REFERENCES

Hathcock, K. S., Farrington, L., Ivanova, 1., Livak, F., Selimyan, R., Sen, R.,
Williams, J., Tai, X. & Hodes, R. J. (2011) The requirement for pre-TCR
during thymic differentiation enforces a developmental pause that is
essential for V-DJbeta rearrangement. PLoS One, 6, €20639.

Hathcock, K. S., Laszlo, G., Pucillo, C., Linsley, P. & Hodes, R. J. (1994)
Comparative analysis of B7-1 and B7-2 costimulatory ligands: expression
and function. J Exp Med, 180, 631-40.

Hauser, S. L., Bhan, A. K., Gilles, F., Kemp, M., Kerr, C. & Weiner, H. L. (1986)
Immunohistochemical analysis of the cellular infiltrate in multiple sclerosis
lesions. Ann Neurol, 19, 578-87.

Hauser, S. L., Waubant, E., Arnold, D. L., Vollmer, T., Antel, J., Fox, R. J., Bar-or,
A., Panzara, M., Sarkar, N., Agarwal, S., Langer-Gould, A. & Smith, C. H.
(2008) B-cell depletion with rituximab in relapsing-remitting multiple
sclerosis. N Engl J Med, 358, 676-88.

Hawiger, D., Inaba, K., Dorsett, Y., Guo, M., Mahnke, K., Rivera, M., Ravetch, J.
V., Steinman, R. M. & Nussenzweig, M. C. (2001) Dendritic cells induce
peripheral T cell unresponsiveness under steady state conditions in vivo. J
Exp Med, 194, 769-79.

Hegazy, A. N., Peine, M., Helmstetter, C., Panse, 1., Frohlich, A., Bergthaler, A.,
Flatz, L., Pinschewer, D. D., Radbruch, A. & Lohning, M. (2010)
Interferons direct Th2 cell reprogramming to generate a stable GATA-
3(+)T-bet(+) cell subset with combined Th2 and Thl cell functions.
Immunity, 32, 116-28.

Hellmund, K., Fruhauf, A., Seiler, T. & Naumann, G. O. (1998) [Sympathetic
ophthalmia 50 years after penetrating injury. A case report]. Klin Monbl
Augenheilkd, 213, 182-5.

Hemmer, B., Nessler, S., Zhou, D., Kieseier, B. & Hartung, H. P. (2006)
Immunopathogenesis and immunotherapy of multiple sclerosis. Nat Clin
Pract Neurol, 2,201-11.

Hildeman, D. A., Zhu, Y., Mitchell, T. C., Kappler, J. & Marrack, P. (2002)
Molecular mechanisms of activated T cell death in vivo. Curr Opin
Immunol, 14, 354-9.

Hirata, S., Senju, S., Matsuyoshi, H., Fukuma, D., Uemura, Y. & Nishimura, Y.
(2005) Prevention of experimental autoimmune encephalomyelitis by
transfer of embryonic stem cell-derived dendritic cells expressing myelin
oligodendrocyte glycoprotein peptide along with TRAIL or programmed
death-1 ligand. J Immunol, 174, 1888-97.

Hjelmstrom, P., Juedes, A. E., Fjell, J. & Ruddle, N. H. (1998) B-cell-deficient
mice develop experimental allergic encephalomyelitis with demyelination
after myelin oligodendrocyte glycoprotein sensitization. J Immunol, 161,
4480-3.

Hochweller, K. & Anderton, S. M. (2004) Systemic administration of antigen-
loaded CD40-deficient dendritic cells mimics soluble antigen
administration. Eur J Immunol, 34, 990-8.

Hochweller, K. & Anderton, S. M. (2005) Kinetics of costimulatory molecule
expression by T cells and dendritic cells during the induction of tolerance
versus immunity in vivo. Eur J Immunol, 35, 1086-96.

232



REFERENCES

Hochweller, K., Sweenie, C. H. & Anderton, S. M. (2006a) Circumventing
tolerance at the T cell or the antigen-presenting cell surface: antibodies that
ligate CD40 and OX40 have different effects. Eur J Immunol, 36, 389-96.

Hochweller, K., Sweenie, C. H. & Anderton, S. M. (2006b) Immunological
tolerance wusing synthetic peptides--basic mechanisms and clinical
application. Curr Mol Med, 6, 631-43.

Hoffmann, P., Boeld, T. J., Eder, R., Huehn, J., Floess, S., Wieczorek, G., Olek, S.,
Dietmaier, W., Andreesen, R. & Edinger, M. (2009) Loss of FOXP3
expression in natural human CD4+CD25+ regulatory T cells upon repetitive
in vitro stimulation. Eur J Immunol, 39, 1088-97.

Hokey, D. A., Johnson, F. B., Smith, J., Weber, J. L., Yan, J., Hirao, L., Boyer, J.
D., Lewis, M. G., Makedonas, G., Betts, M. R. & Weiner, D. B. (2008)
Activation drives PD-1 expression during vaccine-specific proliferation and
following lentiviral infection in macaques. Eur J Immunol, 38, 1435-45.

Holmoy, T., Kvale, E. O. & Vartdal, F. (2004) Cerebrospinal fluid CD4+ T cells
from a multiple sclerosis patient cross-recognize Epstein-Barr virus and
myelin basic protein. J Neurovirol, 10, 278-83.

Honeyman, M. C., Stone, N. L. & Harrison, L. C. (1998) T-cell epitopes in type 1
diabetes autoantigen tyrosine phosphatase IA-2: potential for mimicry with
rotavirus and other environmental agents. Mol Med, 4, 231-9.

Hoppenbrouwers, 1. A., Aulchenko, Y. S., Janssens, A. C., Ramagopaken, S. V.,
Broer, L., Kayser, M., Ebers, G. C., Oostra, B. A., Van Duijn, M. V. &
Hintzen, R. Q. (2009) Replication of CD58 and CLEC16A as genome-wide
significant risk genes for multiple sclerosis. J Hum Genet, 54, 676-680.

Hori, S., Takahashi, T. & Sakaguchi, S. (2003) Control of autoimmunity by
naturally arising regulatory CD4+ T cells. Adv Immunol, 81, 331-71.

Housley, W. J., Adams, C. O., Nichols, F. C., Puddington, L., Lingenheld, E. G.,
Zhu, L., Rajan, T. V. & Clark, R. B. (2011) Natural but not inducible
regulatory T cells require TNF-alpha signaling for in vivo function. J
Immunol, 186, 6779-87.

Hoyne, G. F., O'hehir, R. E., Wraith, D. C., Thomas, W. R. & Lamb, J. R. (1993)
Inhibition of T cell and antibody responses to house dust mite allergen by
inhalation of the dominant T cell epitope in naive and sensitized mice. J Exp
Med, 178, 1783-8.

Hsieh, C. S., Liang, Y., Tyznik, A. J., Self, S. G., Liggitt, D. & Rudensky, A. Y.
(2004) Recognition of the peripheral self by naturally arising CD25+ CD4+
T cell receptors. Immunity, 21, 267-77.

Huang, E. Y., Gallegos, A. M., Richards, S. M., Lehar, S. M. & Bevan, M. J. (2003)
Surface expression of Notchl on thymocytes: correlation with the double-
negative to double-positive transition. J Immunol, 171, 2296-304.

Hutchinson, M. (2007) Natalizumab: A new treatment for relapsing remitting
multiple sclerosis. Ther Clin Risk Manag, 3, 259-68.

Hutloff, A., Dittrich, A. M., Beier, K. C., Eljaschewitsch, B., Kraft, R.,
Anagnostopoulos, I. & Kroczek, R. A. (1999) ICOS is an inducible T-cell
co-stimulator structurally and functionally related to CD28. Nature, 397,
263-6.

233



REFERENCES

[liopoulos, D., Kavousanaki, M., loannou, M., Boumpas, D. & Verginis, P. (2011)
The negative costimulatory molecule PD-1 modulates the balance between
immunity and tolerance via miR-21. Eur J Immunol, 41, 1754-63.

The International Multiple Sclerosis Genetics Consortium (IMSGC). (2010)
Comprehensive follow-up of the genome-wide association study of multiple
sclerosis identifies KIF21B & TMEM39A as susceptibility loci. Hum Mol
Genet, 19, 953-962.

Ireland, S. & Monson, N. (2011) Potential impact of B cells on T cell function in
multiple sclerosis. Mult Scler Int, 2011, 423971.

Ishida, Y., Agata, Y., Shibahara, K. & Honjo, T. (1992) Induced expression of PD-
I, a novel member of the immunoglobulin gene superfamily, upon
programmed cell death. Embo J, 11, 3887-95.

Itoh, M., Takahashi, T., Sakaguchi, N., Kuniyasu, Y., Shimizu, J., Otsuka, F. &
Sakaguchi, S. (1999) Thymus and autoimmunity: production of
CD25+CD4+ naturally anergic and suppressive T cells as a key function of
the thymus in maintaining immunologic self-tolerance. J Immunol, 162,
5317-26.

Ivanov, Ii, Mckenzie, B. S., Zhou, L., Tadokoro, C. E., Lepelley, A., Lafaille, J. J.,
Cua, D. J. & Littman, D. R. (2006) The orphan nuclear receptor
RORgammat directs the differentiation program of proinflammatory IL-17+
T helper cells. Cell, 126, 1121-33.

Jaattela, M., Benedict, M., Tewari, M., Shayman, J. A. & Dixit, V. M. (1995) Bcl-x
and Bcl-2 inhibit TNF and Fas-induced apoptosis and activation of
phospholipase A2 in breast carcinoma cells. Oncogene, 10, 2297-305.

Jacobs, L. D., Cookfair, D. L., Rudick, R. A., Herndon, R. M., Richert, J. R.,
Salazar, A. M., Fischer, J. S., Goodkin, D. E., Granger, C. V., Simon, J. H.,
Alam, J. J., Bartoszak, D. M., Bourdette, D. N., Braiman, J., Brownscheidle,
C. M., Coats, M. E., Cohan, S. L., Dougherty, D. S., Kinkel, R. P., Mass, M.
K., Munschauer, F. E., 3rd, Priore, R. L., Pullicino, P. M., Scherokman, B.
J., Whitham, R. H. & Et Al (1996) Intramuscular interferon beta-la for
disease progression in relapsing multiple sclerosis. The Multiple Sclerosis
Collaborative Research Group (MSCRG). Ann Neurol, 39, 285-94.

Jameson, S. C., Hogquist, K. A. & Bevan, M. J. (1995) Positive selection of
thymocytes. Annu Rev Immunol, 13, 93-126.

Jankovic, D., Kullberg, M. C., Feng, C. G., Goldszmid, R. S., Collazo, C. M.,
Wilson, M., Wynn, T. A., Kamanaka, M., Flavell, R. A. & Sher, A. (2007)
Conventional T-bet(+)Foxp3(-) Thl cells are the major source of host-
protective regulatory IL-10 during intracellular protozoan infection. J Exp
Med, 204, 273-83.

Jeffery, L. E., Burke, F., Mura, M., Zheng, Y., Qureshi, O. S., Hewison, M.,
Walker, L. S., Lammas, D. A., Raza, K. & Sansom, D. M. (2009) 1,25-
Dihydroxyvitamin D3 and IL-2 combine to inhibit T cell production of
inflammatory cytokines and promote development of regulatory T cells
expressing CTLA-4 and FoxP3. J Immunol, 183, 5458-67.

Jenkins, M. K. & Schwartz, R. H. (1987) Antigen presentation by chemically
modified splenocytes induces antigen-specific T cell unresponsiveness in
vitro and in vivo. J Exp Med, 165, 302-19.

234



REFERENCES

Joetham, A., Takeda, K., Taube, C., Miyahara, N., Matsubara, S., Koya, T., Rha, Y.
H., Dakhama, A. & Gelfand, E. W. (2007) Naturally occurring lung
CDA4(+)CD25(+) T cell regulation of airway allergic responses depends on
IL-10 induction of TGF-beta. J Immunol, 178, 1433-42.

Johnson, K. P., Brooks, B. R., Cohen, J. A., Ford, C. C., Goldstein, J., Lisak, R. P.,
Myers, L. W., Panitch, H. S., Rose, J. W. & Schiffer, R. B. (1995)
Copolymer 1 reduces relapse rate and improves disability in relapsing-
remitting multiple sclerosis: results of a phase III multicenter, double-blind
placebo-controlled trial. The Copolymer 1 Multiple Sclerosis Study Group.
Neurology, 45, 1268-76.

Johnson, T. R. & Graham, B. S. (1999) Secreted respiratory syncytial virus G
glycoprotein induces interleukin-5 (IL-5), IL-13, and eosinophilia by an IL-
4-independent mechanism. J Virol, 73, 8485-95.

Jones, J. L., Phuah, C. L., Cox, A. L., Thompson, S. A., Ban, M., Shawcross, J.,
Walton, A., Sawcer, S. J., Compston, A. & Coles, A. J. (2009) IL-21 drives
secondary autoimmunity in patients with multiple sclerosis, following
therapeutic lymphocyte depletion with alemtuzumab (Campath-1H). J Clin
Invest, 119, 2052-61.

Jones, L. A., Chin, L. T., Longo, D. L. & Kruisbeek, A. M. (1990) Peripheral clonal
elimination of functional T cells. Science, 250, 1726-9.

Jordan, M. S., Boesteanu, A., Reed, A. J., Petrone, A. L., Holenbeck, A. E.,
Lerman, M. A., Naji, A. & Caton, A. J. (2001) Thymic selection of
CD4+CD25+ regulatory T cells induced by an agonist self-peptide. Nat
Immunol, 2, 301-6.

Kabat, E. A., Wolf, A. & Bezer, A. E. (1946) Rapid Production of Acute
Disseminated Encephalomyelitis in Rhesus Monkeys by Injection of Brain
Tissue With Adjuvants. Science, 104, 362-3.

Kagaya, K., Watanabe, K. & Fukazawa, Y. (1989) Capacity of recombinant gamma
interferon to activate macrophages for Salmonella-killing activity. Infect
Immun, 57, 609-15.

Kakalacheva, K. & Lunemann, J. D. (2011) Environmental triggers of multiple
sclerosis. FEBS Lett, 585, 3724-9.

Kaplan, M. H., Sun, Y. L., Hoey, T. & Grusby, M. J. (1996) Impaired IL-12
responses and enhanced development of Th2 cells in Stat4-deficient mice.
Nature, 382, 174-7.

Kappos, L., Freedman, M. S., Polman, C. H., Edan, G., Hartung, H. P., Miller, D.
H., Montalban, X., Barkhof, F., Radu, E. W., Bauer, L., Dahms, S., Lanius,
V., Pohl, C. & Sandbrink, R. (2007) Effect of early versus delayed
interferon beta-1b treatment on disability after a first clinical event
suggestive of multiple sclerosis: a 3-year follow-up analysis of the
BENEFIT study. Lancet, 370, 389-97.

Kappos, L., Radue, E. W., O'connor, P., Polman, C., Hohlfeld, R., Calabresi, P.,
Selmaj, K., Agoropoulou, C., Leyk, M., Zhang-Auberson, L. & Burtin, P.
(2010) A placebo-controlled trial of oral fingolimod in relapsing multiple
sclerosis. N Engl J Med, 362, 387-401.

Karaghiosoff, M., Neubauer, H., Lassnig, C., Kavarik, P., Schindler, H., Pircher, H.,
McCoy, B., Bogdan, C., Decker, T., Brem, G., Pfeffer, K. & Muller, M.

235



REFERENCES

(2000) Partial impairment of cytokine responses in Tyk2-deficient mice.
Immunity, 4, 549-560.

Kearney, E. R., Pape, K. A., Loh, D. Y. & Jenkins, M. K. (1994) Visualization of
peptide-specific T cell immunity and peripheral tolerance induction in vivo.
Immunity, 1, 327-39.

Keir, M. E., Butte, M. J., Freeman, G. J. & Sharpe, A. H. (2008) PD-1 and its
ligands in tolerance and immunity. Annu Rev Immunol, 26, 677-704.

Keir, M. E., Freeman, G. J. & Sharpe, A. H. (2007) PD-1 regulates self-reactive
CD8+ T cell responses to antigen in lymph nodes and tissues. J Immunol,
179, 5064-70.

Keir, M. E., Liang, S. C., Guleria, 1., Latchman, Y. E., Qipo, A., Albacker, L. A.,
Koulmanda, M., Freeman, G. J., Sayegh, M. H. & Sharpe, A. H. (2006)
Tissue expression of PD-L1 mediates peripheral T cell tolerance. J Exp
Med, 203, 883-95.

Kemppinen, A., Sawcer, S. & Compston, A. (2011) Genome-wide association
studies in multiple sclerosis: lessons and future prospects. Brief Funct
Genomics, 10, 61-70.

Kennedy, M. K., Dal Canto, M. C., Trotter, J. L. & Miller, S. D. (1988) Specific
immune regulation of chronic-relapsing  experimental allergic
encephalomyelitis in mice. J Immunol, 141, 2986-93.

Kerfoot, S. M. & Kubes, P. (2002) Overlapping roles of P-selectin and alpha 4
integrin to recruit leukocytes to the central nervous system in experimental
autoimmune encephalomyelitis. J Immunol, 169, 1000-6.

Kimachi, K., Sugie, K. & Grey, H. M. (2003) Effector T cells have a lower ligand
affinity threshold for activation than naive T cells. Int Immunol, 15, 885-92.

Kincses, Z. T., Ropele, S., Jenkinson, M., Khalil, M., Petrovic, K., Loitfelder, M.,
Langkammer, C., Aspeck, E., Wallner-Blazek, M., Fuchs, S., Jehna, M.,
Schmidt, R., Vecsei, L., Fazekas, F. & Enzinger, C. (2010) Lesion
probability mapping to explain clinical deficits and cognitive performance in
multiple sclerosis. Mult Scler, 17, 681-9.

Kissner, T. L., Ruthel, G., Cisney, E. D., Ulrich, R. G., Fernandez, S. & Saikh, K.
U. (2010) MyD88-dependent pro-inflammatory cytokine response
contributes to lethal toxicity of staphylococcal enterotoxin B in mice. Innate
Immun, 17, 451-62.

Kleinschmidt-Demasters, B. K. & Tyler, K. L. (2005) Progressive multifocal
leukoencephalopathy complicating treatment with natalizumab and
interferon beta-1a for multiple sclerosis. N Engl J Med, 353, 369-74.

Koble, C. & Kyewski, B. (2009) The thymic medulla: a unique microenvironment
for intercellular self-antigen transfer. J Exp Med, 206, 1505-13.

Koenecke, C., Czeloth, N., Bubke, A., Schmitz, S., Kissenpfennig, A., Malissen, B.,
Huehn, J., Ganser, A., Forster, R. & Prinz, I. (2009) Alloantigen-specific de
novo-induced Foxp3+ Treg revert in vivo and do not protect from
experimental GVHD. Eur J Immunol, 39, 3091-6.

Koffeman, E. C., Genovese, M., Amox, D., Keogh, E., Santana, E., Matteson, E. L.,
Kavanaugh, A., Molitor, J. A., Schiff, M. H., Posever, J. O., Bathon, J. M.,
Kivitz, A. J., Samodal, R., Belardi, F., Dennehey, C., Van Den Broek, T.,
Van Wijk, F., Zhang, X., Zieseniss, P., Le, T., Prakken, B. A., Cutter, G. C.

236



REFERENCES

& Albani, S. (2009) Epitope-specific immunotherapy of rheumatoid
arthritis: clinical responsiveness occurs with immune deviation and relies on
the expression of a cluster of molecules associated with T cell tolerance in a
double-blind, placebo-controlled, pilot phase II trial. Arthritis Rheum, 60,
3207-16.

Komiyama, Y., Nakae, S., Matsuki, T., Nambu, A., Ishigame, H., Kakuta, S., Sudo,
K. & Iwakura, Y. (2006) IL-17 plays an important role in the development
of experimental autoimmune encephalomyelitis. J Immunol, 177, 566-73.

Konkel, JE., 2008. Signals required for the induction of antigen-based therapeutic
tolerance. Thesis (PhD), University of Edinburgh.

Konkel, J. E., Frommer, F., Leech, M. D., Yagita, H., Waisman, A. & Anderton, S.
M. (2010) PD-1 signalling in CD4(+) T cells restrains their clonal expansion
to an immunogenic stimulus, but is not critically required for peptide-
induced tolerance. Immunology.

Kopf, M., Ruedl, C., Schmitz, N., Gallimore, A., Lefrang, K., Ecabert, B.,
Odermatt, B. & Bachmann, M. F. (1999) OX40-deficient mice are defective
in Th cell proliferation but are competent in generating B cell and CTL
Responses after virus infection. Immunity, 11, 699-708.

Korn, T. (2008) Pathophysiology of multiple sclerosis. J Neurol, 255 Suppl 6, 2-6.

Korn, T., Bettelli, E., Oukka, M. & Kuchroo, V. K. (2009) IL-17 and Th17 Cells.
Annu Rev Immunol, 27, 485-517.

Krakowski, M. & Owens, T. (1996) Interferon-gamma confers resistance to
experimental allergic encephalomyelitis. Eur J Immunol, 26, 1641-6.
Kroenke, M. A., Chensue, S. W. & Segal, B. M. (2010) EAE mediated by a non-

IFN-gamma/non-IL-17 pathway. Eur J Immunol, 40, 2340-8.

Kroner, A., Mehling, M., Hemmer, B., Rieckmann, P., Toyka, K. V., Maurer, M. &
Wiendl, H. (2005) A PD-1 polymorphism is associated with disease
progression in multiple sclerosis. Ann Neurol, 58, 50-7.

Kroner, A., Schwab, N., Ip, C. W., Ortler, S., Gobel, K., Nave, K. A., Maurer, M.,
Martini, R. & Wiendl, H. (2009) Accelerated course of experimental
autoimmune encephalomyelitis in PD-1-deficient central nervous system
myelin mutants. Am J Pathol, 174, 2290-9.

Krummel, M. F. & Allison, J. P. (1995) CD28 and CTLA-4 have opposing effects
on the response of T cells to stimulation. J Exp Med, 182, 459-65.

Krummel, M. F. & Allison, J. P. (1996) CTLA-4 engagement inhibits IL-2
accumulation and cell cycle progression upon activation of resting T cells. J
Exp Med, 183, 2533-40.

Kuipers, H., Muskens, F., Willart, M., Hijdra, D., Van Assema, F. B., Coyle, A. J.,
Hoogsteden, H. C. & Lambrecht, B. N. (2006) Contribution of the PD-1
ligands/PD-1 signaling pathway to dendritic cell-mediated CD4+ T cell
activation. Eur J Immunol, 36, 2472-82.

Kurata, H., Lee, H. J., O'garra, A. & Arai, N. (1999) Ectopic expression of activated
Stat6 induces the expression of Th2-specific cytokines and transcription
factors in developing Th1 cells. Immunity, 11, 677-88.

Kurtzke, J. F. (1991) Multiple sclerosis: changing times. Neuroepidemiology, 10, 1-
8.

237



REFERENCES

Kyburz, D., Aichele, P., Speiser, D. E., Hengartner, H., Zinkernagel, R. M. &
Pircher, H. (1993) T cell immunity after a viral infection versus T cell
tolerance induced by soluble viral peptides. Eur J Immunol, 23, 1956-62.

Laatsch, R. H., Kies, M. W., Gordon, S. & Alvord, E. C., Jr. (1962) The
encephalomyelitic activity of myelin isolated by ultracentrifugation. J Exp
Med, 115, 777-88.

Lacotte, S., Brun, S., Muller, S. & Dumortier, H. (2009) CXCR3, inflammation, and
autoimmune diseases. Ann N Y Acad Sci, 1173, 310-7.

Lafferty, K. J. & Cunningham, A. J. (1975) A new analysis of allogeneic
interactions. Aust J Exp Biol Med Sci, 53, 27-42.

Langer-Gould, A., Atlas, S. W., Green, A. J., Bollen, A. W. & Pelletier, D. (2005)
Progressive multifocal leukoencephalopathy in a patient treated with
natalizumab. N Engl J Med, 353, 375-81.

Langrish, C. L., Chen, Y., Blumenschein, W. M., Mattson, J., Basham, B.,
Sedgwick, J. D., Mcclanahan, T., Kastelein, R. A. & Cua, D. J. (2005) IL-23
drives a pathogenic T cell population that induces autoimmune
inflammation. J Exp Med, 201, 233-40.

Latchman, Y., Wood, C. R., Chernova, T., Chaudhary, D., Borde, M., Chernova, 1.,
Iwai, Y., Long, A. J., Brown, J. A., Nunes, R., Greenfield, E. A., Bourque,
K., Boussiotis, V. A., Carter, L. L., Carreno, B. M., Malenkovich, N.,
Nishimura, H., Okazaki, T., Honjo, T., Sharpe, A. H. & Freeman, G. J.
(2001) PD-L2 is a second ligand for PD-1 and inhibits T cell activation. Nat
Immunol, 2,261-8.

Latchman, Y. E., Liang, S. C., Wu, Y., Chernova, T., Sobel, R. A., Klemm, M.,
Kuchroo, V. K., Freeman, G. J. & Sharpe, A. H. (2004) PD-L1-deficient
mice show that PD-L1 on T cells, antigen-presenting cells, and host tissues
negatively regulates T cells. Proc Natl Acad Sci U S A4, 101, 10691-6.

Le Bras, S. & Geha, R. S. (2006) IPEX and the role of Foxp3 in the development
and function of human Tregs. J Clin Invest, 116, 1473-5.

Lee, C., Liang, M. N., Tate, K. M., Rabinowitz, J. D., Beeson, C., Jones, P. P. &
Mcconnell, H. M. (1998) Evidence that the autoimmune antigen myelin
basic protein (MBP) Acl-9 binds towards one end of the major
histocompatibility complex (MHC) cleft. J Exp Med, 187, 1505-16.

Leech, M., Carillo-Vico, A., Liblau R., Anderton S. (2011) Recognition of a high
affinity MHC class I-restricted epitope of myelin oligodendrocyte
glycoprotein by CD8+ T cells derived from autoantigen-deficient mice.
Frontiers in Immunology, 2.

Leech, M. D., Chung, C. Y., Culshaw, A. & Anderton, S. M. (2007) Peptide-based
immunotherapy of experimental autoimmune encephalomyelitis without
anaphylaxis. Eur J Immunol, 37, 3576-81.

Leonard, J. P., Waldburger, K. E. & Goldman, S. J. (1995) Prevention of
experimental autoimmune encephalomyelitis by antibodies against
interleukin 12. J Exp Med, 181, 381-6.

Levings, M. K., Gregori, S., Tresoldi, E., Cazzaniga, S., Bonini, C. & Roncarolo,
M. G. (2005) Differentiation of Trl cells by immature dendritic cells
requires IL-10 but not CD25+CD4+ Tr cells. Blood, 105, 1162-9.

238



REFERENCES

Liang, B., Workman, C., Lee, J., Chew, C., Dale, B. M., Colonna, L., Flores, M., Li,
N., Schweighoffer, E., Greenberg, S., Tybulewicz, V., Vignali, D. & Clynes,
R. (2008) Regulatory T cells inhibit dendritic cells by lymphocyte activation
gene-3 engagement of MHC class I1. J Immunol, 180, 5916-26.

Liblau, R. S., Tisch, R., Shokat, K., Yang, X., Dumont, N., Goodnow, C. C. &
Mcdevitt, H. O. (1996) Intravenous injection of soluble antigen induces
thymic and peripheral T-cells apoptosis. Proc Natl Acad Sci U S A, 93,
3031-6.

Lind, E. F., Prockop, S. E., Porritt, H. E. & Petrie, H. T. (2001) Mapping precursor
movement through the postnatal thymus reveals specific microenvironments
supporting defined stages of early lymphoid development. J Exp Med, 194,
127-34.

Lindley, S., Dayan, C. M., Bishop, A., Roep, B. O., Peakman, M. & Tree, T. 1.
(2005) Defective suppressor function in CD4(+)CD25(+) T-cells from
patients with type 1 diabetes. Diabetes, 54, 92-9.

Lindsey, J., Haden-Pinneri, K., Memon, N. & Buja, L. (2012) Sudden unexpected
death on fingolimod. Mult Scler.

Linsley, P. S., Greene, J. L., Tan, P., Bradshaw, J., Ledbetter, J. A., Anasetti, C. &
Damle, N. K. (1992) Coexpression and functional cooperation of CTLA-4
and CD28 on activated T lymphocytes. J Exp Med, 176, 1595-604.

Liston, A., Kohler, R. E., Townley, S., Haylock-Jacobs, S., Comerford, I., Caon, A.
C., Webster, J., Harrison, J. M., Swann, J., Clark-Lewis, 1., Korner, H. &
Mccoll, S. R. (2009) Inhibition of CCR6 function reduces the severity of
experimental autoimmune encephalomyelitis via effects on the priming
phase of the immune response. J Immunol, 182, 3121-30.

Liu, G. Y., Fairchild, P. J., Smith, R. M., Prowle, J. R., Kioussis, D. & Wraith, D.
C. (1995) Low avidity recognition of self-antigen by T cells permits escape
from central tolerance. Immunity, 3, 407-15.

Liu, G. Y. & Wraith, D. C. (1995) Affinity for class I MHC determines the extent
to which soluble peptides tolerize autoreactive T cells in naive and primed
adult mice--implications for autoimmunity. /nt Immunol, 7, 1255-63.

Liu, H., Hu, B., Xu, D. & Liew, F. Y. (2003) CD4+CD25+ regulatory T cells cure
murine colitis: the role of IL-10, TGF-beta, and CTLA4. J Immunol, 171,
5012-7.

Liu, Y., Zhang, P., Li, J., Kulkarni, A. B., Perruche, S. & Chen, W. (2008) A
critical function for TGF-beta signaling in the development of natural
CD4+CD25+Foxp3+ regulatory T cells. Nat Immunol, 9, 632-40.

Loetscher, P., Uguccioni, M., Bordoli, L., Baggiolini, M., Moser, B., Chizzolini, C.
& Dayer, J. M. (1998) CCRS is characteristic of Thl lymphocytes. Nature,
391, 344-5.

Lopez-Diego, R. S. & Weiner, H. L. (2008) Novel therapeutic strategies for
multiple sclerosis--a multifaceted adversary. Nat Rev Drug Discov, 7, 909-
25.

Lord, G. M., Rao, R. M., Choe, H., Sullivan, B. M., Lichtman, A. H., Luscinskas, F.
W. & Glimcher, L. H. (2005) T-bet is required for optimal proinflammatory
CD4+ T-cell trafficking. Blood, 106, 3432-9.

239



REFERENCES

Love, P. E. & Hayes, S. M. (2010) ITAM-mediated signaling by the T-cell antigen
receptor. Cold Spring Harb Perspect Biol, 2, a002485.

Lovett-Racke, A. E., Rocchini, A. E., Choy, J., Northrop, S. C., Hussain, R. Z.,
Ratts, R. B., Sikder, D. & Racke, M. K. (2004) Silencing T-bet defines a
critical role in the differentiation of autoreactive T lymphocytes. Immunity,
21, 719-31.

Lukens, J. R., Cruise, M. W., Lassen, M. G. & Hahn, Y. S. (2008) Blockade of PD-
1/B7-H1 interaction restores effector CD8+ T cell responses in a hepatitis C
virus core murine model. J Immunol, 180, 4875-84.

Maddur, M., Vani, J., Dimitrov, J., Bajaji, K., (2010) Dendritic cells in
Autoimmune Diseases. The Open Arthritis Journal, 3, 1-7.

Maggi, E. (1998) The TH1/TH2 paradigm in allergy. Immunotechnology, 3, 233-44.

Mahnke, K., Qian, Y., Knop, J. & Enk, A. H. (2003) Induction of CD4+/CD25+
regulatory T cells by targeting of antigens to immature dendritic cells.
Blood, 101, 4862-9.

Malhotra, N., Robertson, E. & Kang, J. (2010) SMAD?2 is essential for TGF beta-
mediated Th17 cell generation. J Biol Chem, 285, 29044-8.

Maltzman, J. S. & Koretzky, G. A. (2008) CD3varepsilon: PeRuSing for positive
selection. Nat Immunol, 9, 457-9.

Markowitz, C. E. (2007) Interferon-beta: mechanism of action and dosing issues.
Neurology, 68, S8-11.

Marrie, R. A. (2004) Environmental risk factors in multiple sclerosis aetiology.
Lancet Neurol, 3, 709-18.

Marshall, H. (2001) Self-peptide anaphylaxis. Trends Immunol, 22, 242.

Marszalek, J. R., Weiner, J. A., Farlow, S. J., Chun, J. & Goldstein, L. S. B. (1993)
Novel dendritic kinesin sorting identified by different process targeting of
two related kinesins: KIF21A and KIF21B. JCB, 145, 469-479.

Martin-Orozco, N., Wang, Y. H., Yagita, H. & Dong, C. (2006) Cutting Edge:
Programmed death (PD) ligand-1/PD-1 interaction is required for CD8+ T
cell tolerance to tissue antigens. J Immunol, 177, 8291-5.

Matsumoto-Taniura, N., Pirollet, F., Monroe, R., Gerace, L. 7 Westendorf, J. M.
(1996) Identification of novel m phase phosphoproteins by expression
cloning. Molecular biol cell, 7, 1455-1469.

Matthews, P. M. (2004) Primary progressive multiple sclerosis takes centre stage. J
Neurol Neurosurg Psychiatry, 75, 1232-3.

Mayne, C. G., Spanier, J. A., Relland, L. M., Williams, C. B. & Hayes, C. E. (2011)
1,25-Dihydroxyvitamin D3 acts directly on the T lymphocyte vitamin D
receptor to inhibit experimental autoimmune encephalomyelitis. Eur J
Immunol, 41, 822-32.

Mccormack, J. E., Callahan, J. E., Kappler, J. & Marrack, P. C. (1993) Profound
deletion of mature T cells in vivo by chronic exposure to exogenous
superantigen. J Immunol, 150, 3785-92.

Mccue, D., Ryan, K. R., Wraith, D. C. & Anderton, S. M. (2004) Activation
thresholds determine susceptibility to peptide-induced tolerance in a
heterogeneous myelin-reactive T cell repertoire. J Neuroimmunol, 156, 96-
106.

240



REFERENCES

Mcever, R. P. & Cummings, R. D. (1997) Role of PSGL-1 binding to selectins in
leukocyte recruitment. J Clin Invest, 100, S97-103.

Mcgeachy, M. J., Stephens, L. A. & Anderton, S. M. (2005) Natural recovery and
protection from autoimmune encephalomyelitis: contribution of
CD4+CD25+ regulatory cells within the central nervous system. J Immunol,
175, 3025-32.

Mcintyre, K. W., Shuster, D. J., Gillooly, K. M., Warrier, R. R., Connaughton, S.
E., Hall, L. B., Arp, L. H., Gately, M. K. & Magram, J. (1996) Reduced
incidence and severity of collagen-induced arthritis in interleukin-12-
deficient mice. Eur J Immunol, 26, 2933-8.

Metzler, B., Burkhart, C. & Wraith, D. C. (1999) Phenotypic analysis of CTLA-4
and CD28 expression during transient peptide-induced T cell activation in
vivo. Int Immunol, 11, 667-75.

Metzler, B. & Wraith, D. C. (1993) Inhibition of experimental autoimmune
encephalomyelitis by inhalation but not oral administration of the
encephalitogenic peptide: influence of MHC binding affinity. Int Immunol,
5, 1159-65.

Miller, A., Al-Sabbagh, A., Santos, L. M., Das, M. P. & Weiner, H. L. (1993)
Epitopes of myelin basic protein that trigger TGF-beta release after oral
tolerization are distinct from encephalitogenic epitopes and mediate epitope-
driven bystander suppression. J Immunol, 151, 7307-15.

Miller, A., Lider, O., Roberts, A. B., Sporn, M. B. & Weiner, H. L. (1992)
Suppressor T cells generated by oral tolerization to myelin basic protein
suppress both in vitro and in vivo immune responses by the release of
transforming growth factor beta after antigen-specific triggering. Proc Natl
Acad Sci U S 4, 89, 421-5.

Miller, S. D., Turley, D. M. & Podojil, J. R. (2007) Antigen-specific tolerance
strategies for the prevention and treatment of autoimmune disease. Nat Rev
Immunol, 7, 665-717.

Milner, J. D., Brenchley, J. M., Laurence, A., Freeman, A. F., Hill, B. J., Elias, K.
M., Kanno, Y., Spalding, C., Elloumi, H. Z., Paulson, M. L., Davis, J., Hsu,
A., Asher, A. 1., O'shea, J., Holland, S. M., Paul, W. E. & Douek, D. C.
(2008) Impaired T(H)17 cell differentiation in subjects with autosomal
dominant hyper-IgE syndrome. Nature, 452, 773-6.

Minagar, A., Alexander, J. S., Sahraian, M. A. & Zivadinov, R. (2010)
Alemtuzumab and multiple sclerosis: therapeutic application. Expert Opin
Biol Ther, 10,421-9.

Minami, Y., Kono, T., Miyazaki, T. & Taniguchi, T. (1993) The IL-2 receptor
complex: its structure, function & target genes. Annual rev immunol, 11,
245-268.

Moingeon, P., Chang, H. C., Wallner, B. P., Stebbins, C., Frey, A. Z. & Reinherz,
E. C. (1989) CD2-mediated adhesion facilitates T lymphocyte antigen
recognition function. Nat, 339, 312-314.

Moller, G. (1988) Do suppressor T cells exist? Scand J Immunol, 27, 247-50.

Mombaerts, P., lacomini, J., Johnson, R. S., Herrup, K., Tonegawa, S. &
Papaioannou, V. E. (1992) RAG-1-deficient mice have no mature B and T
lymphocytes. Cell, 68, 869-77.

241



REFERENCES

Moote, W. & Kim, H. (2011) Allergen-specific immunotherapy. Allergy Asthma
Clin Immunol, 7 Suppl 1, S5.

Mosmann, T. R., Cherwinski, H., Bond, M. W., Giedlin, M. A. & Coffman, R. L.
(1986) Two types of murine helper T cell clone. 1. Definition according to
profiles of lymphokine activities and secreted proteins. J Immunol, 136,
2348-57.

Mucida, D., Kutchukhidze, N., Erazo, A., Russo, M., Lafaille, J. J. & Curotto De
Lafaille, M. A. (2005) Oral tolerance in the absence of naturally occurring
Tregs. J Clin Invest, 115, 1923-33.

Mueller, D. L. (2010) Mechanisms maintaining peripheral tolerance. Nat Immunol,
11,21-7.

Mueller, D. L., Jenkins, M. K. & Schwartz, R. H. (1989) An accessory cell-derived
costimulatory signal acts independently of protein kinase C activation to
allow T cell proliferation and prevent the induction of unresponsiveness. J
Immunol, 142, 2617-28.

Mumprecht, S., Schurch, C., Schwaller, J., Solenthaler, M. & Ochsenbein, A. F.
(2009) Programmed death 1 signaling on chronic myeloid leukemia-specific
T cells results in T-cell exhaustion and disease progression. Blood, 114,
1528-36.

Murphy, C. A., Langrish, C. L., Chen, Y., Blumenschein, W., Mcclanahan, T.,
Kastelein, R. A., Sedgwick, J. D. & Cua, D. J. (2003) Divergent pro- and
antiinflammatory roles for IL-23 and IL-12 in joint autoimmune
inflammation. J Exp Med, 198, 1951-7.

Nagamine, K., Peterson, P., Scott, H. S., Kudoh, J., Minoshima, S., Heino, M.,
Krohn, K. J., Lalioti, M. D., Mullis, P. E., Antonarakis, S. E., Kawasaki, K.,
Asakawa, S., Ito, F. & Shimizu, N. (1997) Positional cloning of the
APECED gene. Nat Genet, 17, 393-8.

Nagata, S. & Suda, T. (1995) Fas and Fas ligand: Ipr and gld mutations. /mmunol
Today, 16, 39-43.

Nakajima, H., Takamori, H., Hiyama, Y. & Tsukada, W. (1991) The effect of
treatment with recombinant gamma-interferon on adjuvant-induced arthritis
in rats. Agents Actions, 34, 63-5.

Nakamura, K., Kitani, A. & Strober, W. (2001) Cell contact-dependent
immunosuppression by CD4(+)CD25(+) regulatory T cells is mediated by
cell surface-bound transforming growth factor beta. J Exp Med, 194, 629-44.

Nangaku, M., Sato-Yoshitake, R., Noda, Y., Talemura, R., Yamazaki, H. &
Hirokawa, N. (1994) KIFIB a novel microtubule plus end-directed
monomeric motor protein for transport of mitochondria. Cell, 79, 1209-
1220.

Nielsen, C., Hansen, D., Husby, S., Jacobsen, B. B. & Lillevang, S. T. (2003)
Association of a putative regulatory polymorphism in the PD-1 gene with
susceptibility to type 1 diabetes. Tissue Antigens, 62, 492-7.

Nieves, J., Cosman, F., Herbert, J., Shen, V. & Lindsay, R. (1994) High prevalence
of vitamin D deficiency and reduced bone mass in multiple sclerosis.
Neurology, 44, 1687-92.

242



REFERENCES

Nishimura, H., Honjo, T. & Minato, N. (2000) Facilitation of beta selection and
modification of positive selection in the thymus of PD-1-deficient mice. J
Exp Med, 191, 891-8.

Nishimura, H., Minato, N., Nakano, T. & Honjo, T. (1998) Immunological studies
on PD-1 deficient mice: implication of PD-1 as a negative regulator for B
cell responses. Int Immunol, 10, 1563-72.

Nishimura, H., Nose, M., Hiai, H., Minato, N. & Honjo, T. (1999) Development of
lupus-like autoimmune diseases by disruption of the PD-1 gene encoding an
ITIM motif-carrying immunoreceptor. Immunity, 11, 141-51.

Nistala, K., Moncrieffe, H., Newton, K. R., Varsani, H., Hunter, P. & Wedderburn,
L. R. (2008) Interleukin-17-producing T cells are enriched in the joints of
children with arthritis, but have a reciprocal relationship to regulatory T cell
numbers. Arthritis Rheum, 58, 875-87.

Nistico, L., Buzzetti, R., Pritchard, L. E., Van Der Auwera, B., Giovannini, C.,
Bosi, E., Larrad, M. T., Rios, M. S., Chow, C. C., Cockram, C. S., Jacobs,
K., Mijovic, C., Bain, S. C., Barnett, A. H., Vandewalle, C. L., Schuit, F.,
Gorus, F. K., Tosi, R., Pozzilli, P. & Todd, J. A. (1996) The CTLA-4 gene
region of chromosome 2q33 is linked to, and associated with, type 1
diabetes. Belgian Diabetes Registry. Hum Mol Genet, 5, 1075-80.

Nitta, T., Nitta, S., Lei, Y., Lipp, M. & Takahama, Y. (2009) CCR7-mediated
migration of developing thymocytes to the medulla is essential for negative
selection to tissue-restricted antigens. Proc Natl Acad Sci U S A4, 106,
17129-33.

Noronha, A., Toscas, A. & Jensen, M. A. (1993) Interferon beta decreases T cell
activation and interferon gamma production in multiple sclerosis. J
Neuroimmunol, 46, 145-53.

Nussenblatt, R. B., Gery, 1., Weiner, H. L., Ferris, F. L., Shiloach, J., Remaley, N.,
Perry, C., Caspi, R. R., Hafler, D. A., Foster, C. S. & Whitcup, S. M. (1997)
Treatment of uveitis by oral administration of retinal antigens: results of a
phase I/II randomized masked trial. Am J Ophthalmol, 123, 583-92.

O'connor, R. A. & Anderton, S. M. (2008) Foxp3+ regulatory T cells in the control
of experimental CNS autoimmune disease. J Neuroimmunol, 193, 1-11.

O'connor, R. A., Leech, M. D., Suffner, J., Hammerling, G. J. & Anderton, S. M.
(2010) Myelin-reactive, TGF-beta-induced regulatory T cells can be
programmed to develop Thl-like effector function but remain less
proinflammatory than myelin-reactive Thl effectors and can suppress
pathogenic T cell clonal expansion in vivo. J Immunol, 185, 7235-43.

O'connor, R. A., Malpass, K. H. & Anderton, S. M. (2007) The inflamed central
nervous system drives the activation and rapid proliferation of Foxp3+
regulatory T cells. J Immunol, 179, 958-66.

O'connor, R. A., Prendergast, C. T., Sabatos, C. A., Lau, C. W., Leech, M. D.,
Wraith, D. C. & Anderton, S. M. (2008) Cutting edge: Thl cells facilitate
the entry of Th17 cells to the central nervous system during experimental
autoimmune encephalomyelitis. J Immunol, 181, 3750-4.

O'farrell, A. M., Liu, Y., Moore, K. W. & Mui, A. L. (1998) IL-10 inhibits
macrophage activation and proliferation by distinct signaling mechanisms:

243



REFERENCES

evidence for Stat3-dependent and -independent pathways. Embo J, 17, 1006-
18.

O'neill, E. J., Day, M. J. & Wraith, D. C. (2006) IL-10 is essential for disease
protection following intranasal peptide administration in the C57BL/6 model
of EAE. J Neuroimmunol, 178, 1-8.

Ohashi, P. S., Oehen, S., Buerki, K., Pircher, H., Ohashi, C. T., Odermatt, B.,
Malissen, B., Zinkernagel, R. M. & Hengartner, H. (1991) Ablation of
"tolerance" and induction of diabetes by virus infection in viral antigen
transgenic mice. Cell, 65, 305-17.

Oldfield, W. L., Kay, A. B. & Larche, M. (2001) Allergen-derived T cell peptide-
induced late asthmatic reactions precede the induction of antigen-specific
hyporesponsiveness in atopic allergic asthmatic subjects. J Immunol, 167,
1734-9.

Oldfield, W. L., Larche, M. & Kay, A. B. (2002) Effect of T-cell peptides derived
from Fel d 1 on allergic reactions and cytokine production in patients
sensitive to cats: a randomised controlled trial. Lancet, 360, 47-53.

Oldstone, M. B. (1987) Molecular mimicry and autoimmune disease. Cell, 50, 819-
20.

Olson, J. K., Croxford, J. L., Calenoff, M. A., Dal Canto, M. C. & Miller, S. D.
(2001) A virus-induced molecular mimicry model of multiple sclerosis. J
Clin Invest, 108, 311-8.

Onishi, Y., Fehervari, Z., Yamaguchi, T. & Sakaguchi, S. (2008) Foxp3+ natural
regulatory T cells preferentially form aggregates on dendritic cells in vitro
and actively inhibit their maturation. Proc Natl Acad Sci U S A4, 105, 10113-
8.

Oppmann, B., Lesley, R., Blom, B., Timans, J. C., Xu, Y., Hunte, B., Vega, F., Yu,
N., Wang, J., Singh, K., Zonin, F., Vaisberg, E., Churakova, T., Liu, M.,
Gorman, D., Wagner, J., Zurawski, S., Liu, Y., Abrams, J. S., Moore, K. W.,
Rennick, D., De Waal-Malefyt, R., Hannum, C., Bazan, J. F. & Kastelein, R.
A. (2000) Novel p19 protein engages IL-12p40 to form a cytokine, IL-23,
with biological activities similar as well as distinct from IL-12. Immunity,
13, 715-25.

Oriss, T. B., Mccarthy, S. A., Morel, B. F., Campana, M. A. & Morel, P. A. (1997)
Crossregulation between T helper cell (Th)l and Th2: inhibition of Th2
proliferation by IFN-gamma involves interference with IL-1. J Immunol,
158, 3666-72.

Osmers, 1., Bullard, D. C. & Barnum, S. R. (2005) PSGL-1 is not required for
development of experimental autoimmune encephalomyelitis. J
Neuroimmunol, 166, 193-6.

Oxenius, A., Zinkernagel, R. M. & Hengartner, H. (1998) Comparison of activation
versus induction of unresponsiveness of virus-specific CD4+ and CD8+ T
cells upon acute versus persistent viral infection. Immunity, 9, 449-57.

Pandiyan, P., Zheng, L., Ishihara, S., Reed, J. & Lenardo, M. J. (2007)
CD4+CD25+Foxp3+ regulatory T cells induce cytokine deprivation-
mediated apoptosis of effector CD4+ T cells. Nat Immunol, 8, 1353-62.

244



REFERENCES

Panzer, M., Sitte, S., Wirth, S., Drexler, I., Sparwasser, T. & Voehringer, D. (2011)
Rapid in vivo conversion of effector T cells into Th2 cells during helminth
infection. J Immunol, 188, 615-23.

Pape, K. A., Merica, R., Mondino, A., Khoruts, A. & Jenkins, M. K. (1998) Direct
evidence that functionally impaired CD4+ T cells persist in vivo following
induction of peripheral tolerance. J Immunol, 160, 4719-29.

Papiernik, M., De Moraes, M. L., Pontoux, C., Vasseur, F. & Penit, C. (1998)
Regulatory CD4 T cells: expression of IL-2R alpha chain, resistance to
clonal deletion and IL-2 dependency. Int Immunol, 10,371-8.

Park, S., Murray, D., John, B. & Crispe, 1. N. (2002) Biology and significance of T-
cell apoptosis in the liver. Immunol Cell Biol, 80, 74-83.

Parry, R. V., Chemnitz, J. M., Frauwirth, K. A., Lanfranco, A. R., Braunstein, I.,
Kobayashi, S. V., Linsley, P. S., Thompson, C. B. & Riley, J. L. (2005)
CTLA-4 and PD-1 receptors inhibit T-cell activation by distinct
mechanisms. Mol Cell Biol, 25, 9543-53.

Paterson, D. J., Jefferies, W. A., Green, J. R., Brandon, M. R., Corthesy, P.,
Puklavec, M. & Williams, A. F. (1987) Antigens of activated rat T
lymphocytes including a molecule of 50,000 Mr detected only on CD4
positive T blasts. Mol Immunol, 24, 1281-90.

Paty, D. W. & Li, D. K. (1993) Interferon beta-1b is effective in relapsing-remitting
multiple sclerosis. II. MRI analysis results of a multicenter, randomized,
double-blind, placebo-controlled trial. UBC MS/MRI Study Group and the
IFNB Multiple Sclerosis Study Group. Neurology, 43, 662-7.

Pearson, C. I., Gautam, A. M., Rulifson, I. C., Liblau, R. S. & Mcdevitt, H. O.
(1999) A small number of residues in the class I molecule I-Au confer the
ability to bind the myelin basic protein peptide Acl-11. Proc Natl Acad Sci
US 4, 96, 197-202.

Peavy, R. D. & Metcalfe, D. D. (2008) Understanding the mechanisms of
anaphylaxis. Curr Opin Allergy Clin Immunol, 8, 310-5.

Pedotti, R., Mitchell, D., Wedemeyer, J., Karpuj, M., Chabas, D., Hattab, E. M.,
Tsai, M., Galli, S. J. & Steinman, L. (2001) An unexpected version of horror
autotoxicus: anaphylactic shock to a self-peptide. Nat Immunol, 2,216-22.

Perez, V. L., Van Parijs, L., Biuckians, A., Zheng, X. X., Strom, T. B. & Abbas, A.
K. (1997) Induction of peripheral T cell tolerance in vivo requires CTLA-4
engagement. /mmunity, 6, 411-7.

Perrin, G. Q., Johnson, H. M. & Subramaniam, P. S. (1999) Mechanism of
interleukin-10 inhibition of T-helper cell activation by superantigen at the
level of the cell cycle. Blood, 93, 208-16.

Polman, C. H., O'connor, P. W., Havrdova, E., Hutchinson, M., Kappos, L., Miller,
D. H., Phillips, J. T., Lublin, F. D., Giovannoni, G., Wajgt, A., Toal, M.,
Lynn, F., Panzara, M. A. & Sandrock, A. W. (2006) A randomized, placebo-
controlled trial of natalizumab for relapsing multiple sclerosis. N Engl J
Med, 354, 899-910.

Ponomarev, E. D., Shriver, L. P., Maresz, K. & Dittel, B. N. (2005) Microglial cell
activation and proliferation precedes the onset of CNS autoimmunity. J
Neurosci Res, 81, 374-89.

245



REFERENCES

Ponomarev, E. D., Shriver, L. P., Maresz, K., Pedras-Vasconcelos, J., Verthelyi, D.
& Dittel, B. N. (2007) GM-CSF production by autoreactive T cells is
required for the activation of microglial cells and the onset of experimental
autoimmune encephalomyelitis. J Immunol, 178, 39-48.

Pop, C., Timmer, J., Sperandio, S. & Salvesen, G. S. (2006) The apoptosome
activates caspase-9 by dimerization. Mol Cell, 22, 269-75.

Poulter, L. W. (1983) Antigen presenting cells in situ: their identification and
involvement in immunopathology. Clin Exp Immunol, 53, 513-20.

Powell, J. D., Ragheb, J. A., Kitagawa-Sakakida, S. & Schwartz, R. H. (1998)
Molecular regulation of interleukin-2 expression by CD28 co-stimulation
and anergy. Immunol Rev, 165, 287-300.

Prakken, B. J., Samodal, R., Le, T. D., Giannoni, F., Yung, G. P., Scavulli, J.,
Amox, D., Roord, S., De Kleer, 1., Bonnin, D., Lanza, P., Berry, C., Massa,
M., Billetta, R. & Albani, S. (2004) Epitope-specific immunotherapy
induces immune deviation of proinflammatory T cells in rheumatoid
arthritis. Proc Natl Acad Sci U S A4, 101, 4228-33.

Prat, A. & Antel, J. (2005) Pathogenesis of multiple sclerosis. Curr Opin Neurol,
18, 225-30.

Prendergast, C. T. & Anderton, S. M. (2009) Immune cell entry to central nervous
system--current understanding and prospective therapeutic targets. Endocr
Metab Immune Disord Drug Targets, 9, 315-27.

Prendergast, C.T., 2011. Exploring the pathogenic potential of myelin-reactive Thl
and Th17 cells in central nervous system autoimmune disease. Thesis (PhD)
University of Edinburgh.

Pribyl, T. M., Campagnoni, C., Kampf, K., Handley, V. W. & Campagnoni, A. T.
(1996) The major myelin protein genes are expressed in the human thymus.
J Neurosci Res, 45, 812-9.

Probst, H. C., Mccoy, K., Okazaki, T., Honjo, T. & Van Den Broek, M. (2005)
Resting dendritic cells induce peripheral CD8+ T cell tolerance through PD-
1 and CTLA-4. Nat Immunol, 6, 280-6.

Prokunina, L., Castillejo-Lopez, C., Oberg, F., Gunnarsson, I., Berg, L.,
Magnusson, V., Brookes, A. J., Tentler, D., Kristjansdottir, H., Grondal, G.,
Bolstad, A. I., Svenungsson, E., Lundberg, I., Sturfelt, G., Jonssen, A.,
Truedsson, L., Lima, G., Alcocer-Varela, J., Jonsson, R., Gyllensten, U. B.,
Harley, J. B., Alarcon-Segovia, D., Steinsson, K. & Alarcon-Riquelme, M.
E. (2002) A regulatory polymorphism in PDCDI1 is associated with
susceptibility to systemic lupus erythematosus in humans. Nat Genet, 32,
666-9.

Prokunina, L., Padyukov, L., Bennet, A., De Faire, U., Wiman, B., Prince, J.,
Alfredsson, L., Klareskog, L. & Alarcon-Riquelme, M. (2004) Association
of the PD-1.3A allele of the PDCDI1 gene in patients with rheumatoid
arthritis negative for rheumatoid factor and the shared epitope. Arthritis
Rheum, 50, 1770-3.

Pucci, E., Giulliani, G., Solari, A., Simi, S., Minozzi, S., Di Pietrontonj, C. & Galea,
I. (2011) Natalizumab for relapsing remitting multiple sclerosis. Cochrane
database syst rev, 10, CD007621.

246



REFERENCES

Raine, C. S. (1994) Multiple sclerosis: immune system molecule expression in the
central nervous system. J Neuropathol Exp Neurol, 53, 328-37.

Rammensee, H. G., Kroschewski, R. & Frangoulis, B. (1989) Clonal anergy
induced in mature V beta 6+ T lymphocytes on immunizing Mls-1b mice
with Mls-1a expressing cells. Nature, 339, 541-4.

Ramsey, C., Winqvist, O., Puhakka, L., Halonen, M., Moro, A., Kampe, O.,
Eskelin, P., Pelto-Huikko, M. & Peltonen, L. (2002) Aire deficient mice
develop multiple features of APECED phenotype and show altered immune
response. Hum Mol Genet, 11, 397-409.

Rao, N. A., Robin, J., Hartmann, D., Sweeney, J. A. & Marak, G. E., Jr. (1983) The
role of the penetrating wound in the development of sympathetic ophthalmia
experimental observations. Arch Ophthalmol, 101, 102-4.

Ratts, R. B., Arredondo, L. R., Bittner, P., Perrin, P. J., Lovett-Racke, A. E. &
Racke, M. K. (1999) The role of CTLA-4 in tolerance induction and T cell
differentiation in experimental autoimmune encephalomyelitis: i.p. antigen
administration. Int Immunol, 11, 1881-8.

Re, F. & Strominger, J. L. (2004) Heterogeneity of TLR-induced responses in
dendritic cells: from innate to adaptive immunity. /mmunobiology, 209, 191-
8.

Reboldi, A., Coisne, C., Baumjohann, D., Benvenuto, F., Bottinelli, D., Lira, S.,
Uccelli, A., Lanzavecchia, A., Engelhardt, B. & Sallusto, F. (2009) C-C
chemokine receptor 6-regulated entry of TH-17 cells into the CNS through
the choroid plexus is required for the initiation of EAE. Nat Immunol, 10,
514-23.

Reynoso, E. D., Elpek, K. G., Francisco, L., Bronson, R., Bellemare-Pelletier, A.,
Sharpe, A. H., Freeman, G. J. & Turley, S. J. (2009) Intestinal tolerance is
converted to autoimmune enteritis upon PD-1 ligand blockade. J Immunol,
182, 2102-12.

Robertson, J. M., Jensen, P. E. & Evavold, B. D. (2000) DO11.10 and OT-II T cells
recognize a C-terminal ovalbumin 323-339 epitope. J Immunol, 164, 4706-
12.

Rocha, B., Tanchot, C. & Von Boehmer, H. (1993) Clonal anergy blocks in vivo
growth of mature T cells and can be reversed in the absence of antigen. J
Exp Med, 177, 1517-21.

Rocken, M., Racke, M. & Shevach, E. M. (1996) IL-4-induced immune deviation as
antigen-specific therapy for inflammatory autoimmune disease. Immunol
Today, 17, 225-31.

Rogers, P. R., Song, J., Gramaglia, 1., Killeen, N. & Croft, M. (2001) OX40
promotes Bcl-xL and Bcl-2 expression and is essential for long-term
survival of CD4 T cells. Immunity, 15, 445-55.

Romagnani, S. (1997) The Th1/Th2 paradigm. Immunol Today, 18, 263-6.

Romagnani, S. (1999) Th1/Th2 cells. Inflamm Bowel Dis, 5, 285-94.

Romio, M., Reinbeck, B., Bongardt, S., Huls, S., Burghoff, S. & Schrader, J. (2011)
Extracellular purine metabolism and signaling of CD73-derived adenosine
in murine Treg and Teff cells. Am J Physiol Cell Physiol, 301, C530-9.

247



REFERENCES

Roncarolo, M. G., Gregori, S., Battaglia, M., Bacchetta, R., Fleischhauer, K. &
Levings, M. K. (2006) Interleukin-10-secreting type 1 regulatory T cells in
rodents and humans. Immunol Rev, 212, 28-50.

Rosenblatt, J., Glotzbecker, B., Mills, H., Vasir, B., Tzachanis, D., Levine, J. D.,
Joyce, R. M., Wellenstein, K., Keefe, W., Schickler, M., Rotem-Yehudar,
R., Kufe, D. & Avigan, D. (2011) PD-1 blockade by CT-011, anti-PD-1
antibody, enhances ex vivo T-cell responses to autologous dendritic
cell/myeloma fusion vaccine. J Immunother, 34, 409-18.

Rothhammer, V., Heink, S., Petermann, F., Srivastava, R., Claussen, M. C.,
Hemmer, B. & Korn, T. (2011) Th17 lymphocytes traffic to the central
nervous system independently of alpha4 integrin expression during EAE. J
Exp Med, 208, 2465-76.

Rudick, R. A., Stuart, W. H., Calabresi, P. A., Confavreux, C., Galetta, S. L.,
Radue, E. W., Lublin, F. D., Weinstock-Guttman, B., Wynn, D. R., Lynn,
F., Panzara, M. A. & Sandrock, A. W. (2006) Natalizumab plus interferon
beta-1a for relapsing multiple sclerosis. N Engl J Med, 354, 911-23.

Sadovnick, A. D., Armstrong, H., Rice, G. P., Bulman, D., Hashimoto, L., Paty, D.
W., Hashimoto, S. A., Warren, S., Hader, W., Murray, T. J. & Et Al. (1993)
A population-based study of multiple sclerosis in twins: update. Ann Neurol,
33, 281-5.

Sakaguchi, S., Sakaguchi, N., Asano, M., Itoh, M. & Toda, M. (1995) Immunologic
self-tolerance maintained by activated T cells expressing IL-2 receptor
alpha-chains (CD25). Breakdown of a single mechanism of self-tolerance
causes various autoimmune diseases. J Immunol, 155, 1151-64.

Sakaguchi, S., Wing, K. & Miyara, M. (2007) Regulatory T cells - a brief history
and perspective. Eur J Immunol, 37 Suppl 1, S116-23.

Salama, A. D., Chitnis, T., Imitola, J., Ansari, M. J., Akiba, H., Tushima, F.,
Azuma, M., Yagita, H., Sayegh, M. H. & Khoury, S. J. (2003) Critical role
of the programmed death-1 (PD-1) pathway in regulation of experimental
autoimmune encephalomyelitis. J Exp Med, 198, 71-8.

Sallusto, F., Lenig, D., Mackay, C. R. & Lanzavecchia, A. (1998) Flexible
programs of chemokine receptor expression on human polarized T helper 1
and 2 lymphocytes. J Exp Med, 187, 875-83.

Samoilova, E. B., Horton, J. L., Zhang, H., Khoury, S. J., Weiner, H. L. & Chen, Y.
(1998) CTLA-4 is required for the induction of high dose oral tolerance. Int
Immunol, 10, 491-8.

Samson, M. F. & Smilek, D. E. (1995) Reversal of acute experimental autoimmune
encephalomyelitis and prevention of relapses by treatment with a myelin
basic protein peptide analogue modified to form long-lived peptide-MHC
complexes. J Immunol, 155, 2737-46.

Sandalova, E., Wei, C. H., Masucci, M. G. & Levitsky, V. (2004) Regulation of
expression of Bcl-2 protein family member Bim by T cell receptor
triggering. Proc Natl Acad Sci U S A4, 101, 3011-6.

Sandner, S. E., Clarkson, M. R., Salama, A. D., Sanchez-Fueyo, A., Domenig, C.,
Habicht, A., Najafian, N., Yagita, H., Azuma, M., Turka, L. A. & Sayegh,
M. H. (2005) Role of the programmed death-1 pathway in regulation of
alloimmune responses in vivo. J Immunol, 174, 3408-15.

248



REFERENCES

Sanna, S., Pitzalis, M., Zoledziewska, M., Zara, 1., Sidore, C., Murru, R., Whalen,
M. B., Busonero, F., Maschio, A., Costa, G., Molis, M. C., Deidda, F.,
Poddie, F., Morelli, L., Farina, G., Li, Y., Dei, M., Lai, S., Mulas, A.,
Cuccuru, G., Porai, E., Liang, L., Zavattari, P., Moi, L., Dariu, E., Urru, M.
F., Bakorek, M., Satta, M. A., Cocco, E., Ferrigno, P., Sotgiu, S., Pugliatti,
M., Traccis, S., Angius, A., Melis, M., Rosait, G., Abecasis, G. R., Uda, M.,
Marrosu, M. G., Schlessinger, D. & Cucca, F. (2010) Variants within the
immunoregulatory CBLB gene are associated with multiple sclerosis. Nat
Gen, 42, 495-497.

Santos, L. M., Al-Sabbagh, A., Londono, A. & Weiner, H. L. (1994) Oral tolerance
to myelin basic protein induces regulatory TGF-beta-secreting T cells in
Peyer's patches of SJIL mice. Cell Immunol, 157, 439-47.

Sayegh, M. H., Khoury, S. J., Hancock, W. W., Weiner, H. L. & Carpenter, C. B.
(1996) Mechanisms of oral tolerance by MHC peptides. Ann N Y Acad Sci,
778, 338-45.

Schmidt, H., Williamson, D. & Ashley-Koch, A. (2007) HLA-DRI15 haplotype and
multiple sclerosis: a HuGE review. Am J Epidemiol, 165, 1097-109.

Schwartz, R. H. (2003) T cell anergy. Annu Rev Immunol, 21, 305-34.

Schwartz, R. S. (2005) Autoimmune folate deficiency and the rise and fall of
"horror autotoxicus". N Engl J Med, 352, 1948-50.

Segal, B. M., Dwyer, B. K. & Shevach, E. M. (1998) An interleukin (IL)-10/IL-12
immunoregulatory circuit controls susceptibility to autoimmune disease. J
Exp Med, 187, 537-46.

Sellner, J., Kraus, J., Awad, A., Milo, R., Hemmer, B. & Stuve, O. (2011) The
increasing incidence and prevalence of female multiple sclerosis--a critical
analysis of potential environmental factors. Autoimmun Rev, 10, 495-502.

Shevach, E. M. (2002) CD4+ CD25+ suppressor T cells: more questions than
answers. Nat Rev Immunol, 2, 389-400.

Shinkai, Y., Rathbun, G., Lam, K. P., Oltz, E. M., Stewart, V., Mendelsohn, M.,
Charron, J., Datta, M., Young, F., Stall, A. M. & Et Al (1992) RAG-2-
deficient mice lack mature lymphocytes owing to inability to initiate V(D)J
rearrangement. Cell, 68, 855-67.

Silverstein, A. M. (2001) Autoimmunity versus horror autotoxicus: the struggle for
recognition. Nat Immunol, 2,279-81.

Simpson, D., Noble, S. & Perry, C. (2002) Glatiramer acetate: a review of its use in
relapsing-remitting multiple sclerosis. CNS Drugs, 16, 825-50.

Simpson, S., Jr., Blizzard, L., Otahal, P., Van Der Mei, [. & Taylor, B. (2011)
Latitude is significantly associated with the prevalence of multiple sclerosis:
a meta-analysis. J Neurol Neurosurg Psychiatry, 82, 1132-41.

Skyler, J. S., Krischer, J. P., Wolfsdotf, J., Cowie, C., Palmer, J. P., Greenbaum, C.,
Cuthbertson, D., Rafkin-Mervis, L. E., Chase, H. P. & Leschek, E. (2005)
Effects of oral insulin in relatives of patients with type 1 diabetes: The
Diabetes Prevention Trial--Type 1. Diabetes Care, 28, 1068-76.

Smith, K. M., Olson, D. C., Hirose, R. & Hanahan, D. (1997) Pancreatic gene
expression in rare cells of thymic medulla: evidence for functional
contribution to T cell tolerance. Int Immunol, 9, 1355-65.

249



REFERENCES

Smolders, J., Thewissen, M., Peelen, E., Menheere, P., Tervaert, J. W.,
Damoiseaux, J. & Hupperts, R. (2009) Vitamin D status is positively
correlated with regulatory T cell function in patients with multiple sclerosis.
PLoS One, 4, ¢6635.

Soldan, S. S., Berti, R., Salem, N., Secchiero, P., Flamand, L., Calabresi, P. A.,
Brennan, M. B., Maloni, H. W., Mcfarland, H. F., Lin, H. C., Patnaik, M. &
Jacobson, S. (1997) Association of human herpes virus 6 (HHV-6) with
multiple sclerosis: increased IgM response to HHV-6 early antigen and
detection of serum HHV-6 DNA. Nat Med, 3, 1394-7.

Sorensen, T. L., Tani, M., Jensen, J., Pierce, V., Lucchinetti, C., Folcik, V. A., Qin,
S., Rottman, J., Sellebjerg, F., Strieter, R. M., Frederiksen, J. L. &
Ransohoff, R. M. (1999) Expression of specific chemokines and chemokine
receptors in the central nervous system of multiple sclerosis patients. J Clin
Invest, 103, 807-15.

Soroosh, P., Ine, S., Sugamura, K. & Ishii, N. (2006) OX40-OX40 ligand
interaction through T cell-T cell contact contributes to CD4 T cell longevity.
J Immunol, 176, 5975-87.

Sotomayor, E. M., Borrello, 1., Tubb, E., Allison, J. P. & Levitsky, H. 1. (1999) In
vivo blockade of CTLA-4 enhances the priming of responsive T cells but
fails to prevent the induction of tumor antigen-specific tolerance. Proc Natl
Acad Sci U S 4, 96, 11476-81.

Spach, K. M. & Hayes, C. E. (2005) Vitamin D3 confers protection from
autoimmune encephalomyelitis only in female mice. J Immunol, 175, 4119-
26.

Spain, R. 1., Cameron, M. H. & Bourdette, D. (2009) Recent developments in
multiple sclerosis therapeutics. BMC Med, 7, 74.

Sporici, R. & Issekutz, T. B. (2010) CXCR3 blockade inhibits T-cell migration into
the CNS during EAE and prevents development of adoptively transferred,
but not actively induced, disease. Eur J Immunol, 40, 2751-61.

Sprent, J. & Surh, C. D. (2003) Knowing one's self: central tolerance revisited. Nat
Immunol, 4, 303-4.

Srinivasan, A., Li, F., Wong, A., Kodandapani, L., Smidt, R., Jr., Krebs, J. F., Fritz,
L. C., Wu, J. C. & Tomaselli, K. J. (1998) Bcl-xL functions downstream of
caspase-8 to inhibit Fas- and tumor necrosis factor receptor I-induced
apoptosis of MCF7 breast carcinoma cells. J Bio/ Chem, 273, 4523-9.

Staines, N. A., Harper, N., Ward, F. J., Malmstrom, V., Holmdahl, R. & Bansal, S.
(1996) Mucosal tolerance and suppression of collagen-induced arthritis
(CIA) induced by nasal inhalation of synthetic peptide 184-198 of bovine
type II collagen (CII) expressing a dominant T cell epitope. Clin Exp
Immunol, 103, 368-75.

Stephens, L. A., Malpass, K. H. & Anderton, S. M. (2009) Curing CNS
autoimmune disease with myelin-reactive Foxp3+ Treg. Eur J Immunol, 39,
1108-17.

Stockinger, B. & Veldhoen, M. (2007) Differentiation and function of Th17 T cells.
Curr Opin Immunol, 19, 281-6.

250



REFERENCES

Stout, R. D., Suttles, J., Xu, J., Grewal, 1. S. & Flavell, R. A. (1996) Impaired T
cell-mediated macrophage activation in CD40 ligand-deficient mice. J
Immunol, 156, 8-11.

Straus, S. E., Sneller, M., Lenardo, M. J., Puck, J. M. & Strober, W. (1999) An
inherited disorder of Iymphocyte apoptosis: the autoimmune
lymphoproliferative syndrome. Ann Intern Med, 130, 591-601.

Stritesky, G. L., Jameson, S. C. & Hogquist, K. A. (2011) Selection of Self-
Reactive T Cells in the Thymus. Annu Rev Immunol.

Stritesky, G. L., Yeh, N. & Kaplan, M. H. (2008) IL-23 promotes maintenance but
not commitment to the Th17 lineage. J Immunol, 181, 5948-55.

Stromnes, I. M. & Goverman, J. M. (2006) Passive induction of experimental
allergic encephalomyelitis. Nat Protoc, 1, 1952-60.

Stuve, O., Marra, C. M., Jerome, K. R., Cook, L., Cravens, P. D., Cepok, S.,
Frohman, E. M., Phillips, J. T., Arendt, G., Hemmer, B., Monson, N. L. &
Racke, M. K. (2006) Immune surveillance in multiple sclerosis patients
treated with natalizumab. Ann Neurol, 59, 743-7.

Su, B., Jacinto, E., Hibi, M., Kallunki, T., Karin, M. & Ben-Neriah, Y. (1994) JNK
is involved in signal integration during costimulation of T lymphocytes.
Cell, 77, 727-36.

Sun, J., Dotti, G., Huye, L. E., Foster, A. E., Savoldo, B., Gramatges, M. M.,
Spencer, D. M. & Rooney, C. M. (2010) T cells expressing constitutively
active Akt resist multiple tumor-associated inhibitory mechanisms. Mol
Ther, 18,2006-17.

Sun, X. M., Bratton, S. B., Butterworth, M., Macfarlane, M. & Cohen, G. M. (2002)
Bcl-2 and Bcel-xL  inhibit CD95-mediated apoptosis by preventing
mitochondrial release of Smac/DIABLO and subsequent inactivation of X-
linked inhibitor-of-apoptosis protein. J Biol Chem, 277, 11345-51.

Sundstedt, A., Hoiden, 1., Rosendahl, A., Kalland, T., Van Rooijen, N. & Dohlsten,
M. (1997) Immunoregulatory role of IL-10 during superantigen-induced
hyporesponsiveness in vivo. J Immunol, 158, 180-6.

Sundstedt, A., O'neill, E. J., Nicolson, K. S. & Wraith, D. C. (2003) Role for IL-10
in suppression mediated by peptide-induced regulatory T cells in vivo. J
Immunol, 170, 1240-8.

Suri-Payer, E., Amar, A. Z., Thornton, A. M. & Shevach, E. M. (1998)
CD4+CD25+ T cells inhibit both the induction and effector function of
autoreactive T cells and represent a unique lineage of immunoregulatory
cells. J Immunol, 160, 1212-8.

Swanborg, R. H. (1973) Antigen-induced inhibition of experimental allergic
encephalomyelitis. II. Studies in guinea pigs with the small rat myelin basic
protein. J Immunol, 111, 1067-70.

Szabo, S. J., Kim, S. T., Costa, G. L., Zhang, X., Fathman, C. G. & Glimcher, L. H.
(2000) A novel transcription factor, T-bet, directs Thl lineage commitment.
Cell, 100, 655-69.

Szymczak-Workman, A. L., Delgoffe, G. M., Green, D. R. & Vignali, D. A. (2011)
Cutting edge: Regulatory T cells do not mediate suppression via
programmed cell death pathways. J Immunol, 187, 4416-20.

251



REFERENCES

Tabeta, K., Georgel, P., Janssen, E., Du, X., Hoebe, K., Crozat, K., Mudd, S.,
Shamel, L., Sovath, S., Goode, J., Alexopoulou, L., Flavell, R. A. & Beutler,
B. (2004) Toll-like receptors 9 and 3 as essential components of innate
immune defense against mouse cytomegalovirus infection. Proc Natl Acad
Sci US 4, 101, 3516-21.

Taga, K. & Tosato, G. (1992) IL-10 inhibits human T cell proliferation and IL-2
production. J Immunol, 148, 1143-8.

Taguchi, F., Kajioka, J. & Miyamura, T. (1982) Prevalence rate and age of
acquisition of antibodies against JC virus and BK virus in human sera.
Microbiol Immunol, 26, 1057-64.

Takahama, Y., Nitta, T., Mat Ripen, A., Nitta, S., Murata, S. & Tanaka, K. (2010)
Role of thymic cortex-specific self-peptides in positive selection of T cells.
Semin Immunol, 22, 287-93.

Takahashi, T., Kuniyasu, Y., Toda, M., Sakaguchi, N., Itoh, M., Iwata, M.,
Shimizu, J. & Sakaguchi, S. (1998) Immunologic self-tolerance maintained
by CD25+CD4+ naturally anergic and suppressive T cells: induction of
autoimmune disease by breaking their anergic/suppressive state. Int
Immunol, 10, 1969-80.

Takeda, K., Kaisho, T., Yoshida, N., Takeda, J., Kishimoto, T. & Akira, S. (1998)
Stat3 activation is responsible for IL-6-dependent T cell proliferation
through preventing apoptosis: generation and characterisation or T cell-
specific Stat3-deficient mice. J immunol, 161, 4652-4660.

Takeda, K. & Akira, S. (2004) TLR signaling pathways. Semin Immunol, 16, 3-9.

Tanaka, K., Ichiyama, K., Hashimoto, M., Yoshida, H., Takimoto, T., Takaesu, G.,
Torisu, T., Hanada, T., Yasukawa, H., Fukuyama, S., Inoue, H., Nakanishi,
Y., Kobayashi, T. & Yoshimura, A. (2008) Loss of suppressor of cytokine
signaling 1 in helper T cells leads to defective Th17 differentiation by
enhancing antagonistic effects of IFN-gamma on STAT3 and Smads. J
Immunol, 180, 3746-56.

Tanaka, T., Hu-Li, J., Seder, R. A., Fazekas De St Groth, B. & Paul, W. E. (1993)
Interleukin 4 suppresses interleukin 2 and interferon gamma production by
naive T cells stimulated by accessory cell-dependent receptor engagement.
Proc Natl Acad Sci U S A4, 90, 5914-8.

Tanchot, C., Barber, D. L., Chiodetti, L. & Schwartz, R. H. (2001) Adaptive
tolerance of CD4+ T cells in vivo: multiple thresholds in response to a
constant level of antigen presentation. J Immunol, 167, 2030-9.

Tartaglia, L. A., Pemica, D. & Goeddel, D. V. (1993) Ligand passing: the 75kDa
tumour necrosis factor (TNF) receptor recruits TNF for signalling by the
55kDa TNF receptors. J Biol Chem, 268, 18542-18548.

Taylor, M. D., Harris, A., Babayan, S. A., Bain, O., Culshaw, A., Allen, J. E. &
Maizels, R. M. (2007) CTLA-4 and CD4+ CD25+ regulatory T cells inhibit
protective immunity to filarial parasites in vivo. J Immunol, 179, 4626-34.

Teitelbaum, D., Meshorer, A., Hirshfeld, T., Arnon, R. & Sela, M. (1971)
Suppression of experimental allergic encephalomyelitis by a synthetic
polypeptide. Eur J Immunol, 1, 242-8.

252



REFERENCES

Tejada-Simon, M. V., Zang, Y. C., Hong, J., Rivera, V. M. & Zhang, J. Z. (2003)
Cross-reactivity with myelin basic protein and human herpesvirus-6 in
multiple sclerosis. Ann Neurol, 53, 189-97.

Thakker, P., Leach, M. W., Kuang, W., Benoit, S. E., Leonard, J. P. & Marusic, S.
(2007) IL-23 is critical in the induction but not in the effector phase of
experimental autoimmune encephalomyelitis. J Immunol, 178, 2589-98.

Thompson, A. J. (2001) Symptomatic management and rehabilitation in multiple
sclerosis. J Neurol Neurosurg Psychiatry, 71 Suppl 2, ii22-7.

Thornton, A. M. & Shevach, E. M. (1998) CD4+CD25+ immunoregulatory T cells
suppress polyclonal T cell activation in vitro by inhibiting interleukin 2
production. J Exp Med, 188, 287-96.

Thorstenson, K. M. & Khoruts, A. (2001) Generation of anergic and potentially
immunoregulatory CD25+CD4 T cells in vivo after induction of peripheral
tolerance with intravenous or oral antigen. J Immunol, 167, 188-95.

Thrower, S. L., James, L., Hall, W., Green, K. M., Arif, S., Allen, J. S., Van-Krinks,
C., Lozanoska-Ochser, B., Marquesini, L., Brown, S., Wong, F. S., Dayan,
C. M. & Peakman, M. (2009) Proinsulin peptide immunotherapy in type 1
diabetes: report of a first-in-man Phase I safety study. Clin Exp Immunol,
155, 156-65.

Tischner, D., Woess, C., Ottina, E. & Villunger, A. (2010) Bcl-2-regulated cell
death signalling in the prevention of autoimmunity. Cell Death Dis, 1, e48.

Tivol, E. A., Borriello, F., Schweitzer, A. N., Lynch, W. P., Bluestone, J. A. &
Sharpe, A. H. (1995) Loss of CTLA-4 leads to massive lymphoproliferation
and fatal multiorgan tissue destruction, revealing a critical negative
regulatory role of CTLA-4. Immunity, 3, 541-7.

Totsuka, T., Kanai, T., Nemoto, Y., Tomita, T., Okamoto, R., Tsuchiya, K.,
Nakamura, T., Sakamoto, N., Akiba, H., Okumura, K., Yagita, H. &
Watanabe, M. (2009) RANK-RANKL signaling pathway is critically
involved in the function of CD4+CD25+ regulatory T cells in chronic
colitis. J Immunol, 182, 6079-87.

Tran, E. H., Kuziel, W. A. & Owens, T. (2000) Induction of experimental
autoimmune encephalomyelitis in C57BL/6 mice deficient in either the
chemokine macrophage inflammatory protein-lalpha or its CCRS5 receptor.
Eur J Immunol, 30, 1410-5.

Trapp, B. D. & Nave, K. A. (2008) Multiple sclerosis: an immune or
neurodegenerative disorder? Annu Rev Neurosci, 31, 247-69.

Trappl, B., Ranshoff, R., Fisher, E., Rudick, R. (1999) Neurodegenration in
Multiple Sclerosis: Relationship to Neurological Disability. Neuroscientsist,
5: 48-57.

Trautmann, L., Janbazian, L., Chomont, N., Said, E. A., Gimmig, S., Bessette, B.,
Boulassel, M. R., Delwart, E., Sepulveda, H., Balderas, R. S., Routy, J. P.,
Haddad, E. K. & Sekaly, R. P. (2006) Upregulation of PD-1 expression on
HIV-specific CD8+ T cells leads to reversible immune dysfunction. Nat
Med, 12, 1198-202.

Trifari, S., Kaplan, C. D., Tran, E. H., Crellin, N. K. & Spits, H. (2009)
Identification of a human helper T cell population that has abundant

253



REFERENCES

production of interleukin 22 and is distinct from T(H)-17, T(H)1 and T(H)2
cells. Nat Immunol, 10, 864-71.

Trzonkowski, P., Szarynska, M., Mysliwska, J. & Mysliwski, A. (2009) Ex vivo
expansion of CD4(+)CD25(+) T regulatory cells for immunosuppressive
therapy. Cytometry A, 75, 175-88.

Tseng, S. Y., Otsuji, M., Gorski, K., Huang, X., Slansky, J. E., Pai, S. 1., Shalabi,
A., Shin, T., Pardoll, D. M. & Tsuchiya, H. (2001) B7-DC, a new dendritic
cell molecule with potent costimulatory properties for T cells. J Exp Med,
193, 839-46.

Tsitoura, D. C., Dekruyff, R. H., Lamb, J. R. & Umetsu, D. T. (1999) Intranasal
exposure to protein antigen induces immunological tolerance mediated by
functionally disabled CD4+ T cells. J Immunol, 163, 2592-600.

Tsushima, F., Yao, S., Shin, T., Flies, A., Flies, S., Xu, H., Tamada, K., Pardoll, D.
M. & Chen, L. (2007) Interaction between B7-H1 and PD-1 determines
initiation and reversal of T-cell anergy. Blood, 110, 180-5.

Tuohy, V. K., Lu, Z., Sobel, R. A., Laursen, R. A. & Lees, M. B. (1989)
Identification of an encephalitogenic determinant of myelin proteolipid
protein for SJL mice. J Immunol, 142, 1523-7.

Tuohy, V. K., Sobel, R. A. & Lees, M. B. (1988) Myelin proteolipid protein-
induced experimental allergic encephalomyelitis. Variations of disease
expression in different strains of mice. J Immunol, 140, 1868-73.

Turley, D. M. & Miller, S. D. (2007) Peripheral tolerance induction using
ethylenecarbodiimide-fixed APCs uses both direct and indirect mechanisms
of antigen presentation for prevention of experimental autoimmune
encephalomyelitis. J Immunol, 178, 2212-20.

Ufret-Vincenty, R. L., Quigley, L., Tresser, N., Pak, S. H., Gado, A., Hausmann, S.,
Wucherpfennig, K. W. & Brocke, S. (1998) In vivo survival of viral
antigen-specific T cells that induce experimental autoimmune
encephalomyelitis. J Exp Med, 188, 1725-38.

Urbani, S., Amadei, B., Tola, D., Massari, M., Schivazappa, S., Missale, G. &
Ferrari, C. (2006) PD-1 expression in acute hepatitis C virus (HCV)
infection is associated with HCV-specific CD8 exhaustion. J Virol, 80,
11398-403.

Van Der Merwe, P. A., Bodian, D. L., Daenke, S., Linsley, P. & Davis, S. J. (1997)
CD80 (B7-1) binds both CD28 and CTLA-4 with a low affinity and very
fast kinetics. J Exp Med, 185, 393-403.

Van Puijvelde, G. H., Van Es, T., Van Wanrooij, E. J., Habets, K. L., De Vos, P.,
Van Der Zee, R., Van Eden, W., Van Berkel, T. J. & Kuiper, J. (2007)
Induction of oral tolerance to HSP60 or an HSP60-peptide activates T cell
regulation and reduces atherosclerosis. Arterioscler Thromb Vasc Biol, 27,
2677-83.

Vanbuskirk, A. M., Burlingham, W. J., Jankowska-Gan, E., Chin, T., Kusaka, S.,
Geissler, F., Pelletier, R. P. & Orosz, C. G. (2000) Human allograft
acceptance is associated with immune regulation. J Clin Invest, 106, 145-55.

Vanderlugt, C. L. & Miller, S. D. (2002) Epitope spreading in immune-mediated
diseases: implications for immunotherapy. Nat Rev Immunol, 2, 85-95.

254



REFERENCES

Veldhoen, M., Uyttenhove, C., Van Snick, J., Helmby, H., Westendorf, A., Buer, J.,
Martin, B., Wilhelm, C. & Stockinger, B. (2008) Transforming growth
factor-beta reprograms' the differentiation of T helper 2 cells and promotes
an interleukin 9-producing subset. Nat Immunol, 9, 1341-6.

Venken, K., Hellings, N., Liblau, R. & Stinissen, P. (2010) Disturbed regulatory T
cell homeostasis in multiple sclerosis. Trends Mol Med, 16, 58-68.

Venken, K., Hellings, N., Thewissen, M., Somers, V., Hensen, K., Rummens, J. L.,
Medaer, R., Hupperts, R. & Stinissen, P. (2008) Compromised CD4+
CD25(high) regulatory T-cell function in patients with relapsing-remitting
multiple sclerosis is correlated with a reduced frequency of FOXP3-positive
cells and reduced FOXP3 expression at the single-cell level. Immunology,
123, 79-809.

Vercelli, D., Jabara, H. H., Lauener, R. P. & Geha, R. S. (1990) IL-4 inhibits the
synthesis of IFN-gamma and induces the synthesis of IgE in human mixed
lymphocyte cultures. J Immunol, 144, 570-3.

Vieira, P. L., Heystek, H. C., Wormmeester, J., Wierenga, E. A. & Kapsenberg, M.
L. (2003) Glatiramer acetate (copolymer-1, copaxone) promotes Th2 cell
development and increased IL-10 production through modulation of
dendritic cells. J Immunol, 170, 4483-8.

Viglietta, V., Baecher-Allan, C., Weiner, H. L. & Hafler, D. A. (2004) Loss of
functional suppression by CD4+CD25+ regulatory T cells in patients with
multiple sclerosis. J Exp Med, 199, 971-9.

Villares, R., Cadenas, V., Lozano, M., Almonacid, L., Zaballos, A., Martinez, A. C.
& Varona, R. (2009) CCR6 regulates EAE pathogenesis by controlling
regulatory CD4+ T-cell recruitment to target tissues. Eur J Immunol, 39,
1671-81.

Von Boehmer, H., Teh, H. S. & Kisielow, P. (1989) The thymus selects the useful,
neglects the useless and destroys the harmful. Immunol Today, 10, 57-61.

Voorthuis, J. A., Uitdehaag, B. M., De Groot, C. J., Goede, P. H., Van Der Meide,
P. H. & Dijkstra, C. D. (1990) Suppression of experimental allergic
encephalomyelitis by intraventricular administration of interferon-gamma in
Lewis rats. Clin Exp Immunol, 81, 183-8.

Walczak, H. & Krammer, P. H. (2000) The CD95 (APO-1/Fas) and the TRAIL
(APO-2L) apoptosis systems. Exp Cell Res, 256, 58-66.

Waldmann, T. A. (1986) The multichain interleukin-2 receptor: from the gene to the
bedside. Harvey Lect, 82, 1-17.

Waldor, M. K., Sriram, S., Hardy, R., Herzenberg, L. A., Herzenberg, L. A., Lanier,
L., Lim, M. & Steinman, L. (1985) Reversal of experimental allergic
encephalomyelitis with monoclonal antibody to a T-cell subset marker.
Science, 227, 415-7.

Walker, L. S. & Abbas, A. K. (2002) The enemy within: keeping self-reactive T
cells at bay in the periphery. Nat Rev Immunol, 2, 11-9.

Walunas, T. L., Bakker, C. Y. & Bluestone, J. A. (1996) CTLA-4 ligation blocks
CD28-dependent T cell activation. J Exp Med, 183, 2541-50.

Wan, Y. Y. (2010) Multi-tasking of helper T cells. Immunology, 130, 166-71.

255



REFERENCES

Wang, J., Yoshida, T., Nakaki, F., Hiai, H., Okazaki, T. & Honjo, T. (2005)
Establishment of NOD-Pdcd1-/- mice as an efficient animal model of type I
diabetes. Proc Natl Acad Sci U S A4, 102, 11823-8.

Wang, H. & Morse, H. C. (2009) IRFS8 regulates myeloid & B lymphoid lineage
diversification. Immunol Res, 43, 109-117.

Waterhouse, P., Penninger, J. M., Timms, E., Wakeham, A., Shahinian, A., Lee, K.
P., Thompson, C. B., Griesser, H. & Mak, T. W. (1995)
Lymphoproliferative disorders with early lethality in mice deficient in Ctla-
4. Science, 270, 985-8.

Weant, A. E., Michalek, R. D., Khan, I. U., Holbrook, B. C., Willingham, M. C. &
Grayson, J. M. (2008) Apoptosis regulators Bim and Fas function
concurrently to control autoimmunity and CD8+ T cell contraction.
Immunity, 28, 218-30.

Weaver, C. T., Harrington, L. E., Mangan, P. R., Gavrieli, M. & Murphy, K. M.
(2006) Th17: an effector CD4 T cell lineage with regulatory T cell ties.
Immunity, 24, 677-88.

Weber, M. S., Starck, M., Wagenpfeil, S., Meinl, E., Hohlfeld, R. & Farina, C.
(2004) Multiple sclerosis: glatiramer acetate inhibits monocyte reactivity in
vitro and in vivo. Brain, 127, 1370-8.

Weiner, H. L. (1997) Oral tolerance for the treatment of autoimmune diseases. Annu
Rev Med, 48, 341-51.

Weiner, H. L. (2001) Oral tolerance: immune mechanisms and the generation of
Th3-type TGF-beta-secreting regulatory cells. Microbes Infect, 3, 947-54.

Weiner, H. L. (2004) Current issues in the treatment of human diseases by mucosal
tolerance. Ann N Y Acad Sci, 1029, 211-24.

Weishaupt, A., Gold, R., Gaupp, S., Giegerich, G., Hartung, H. P. & Toyka, K. V.
(1997) Antigen therapy eliminates T cell inflammation by apoptosis:
effective treatment of experimental autoimmune neuritis with recombinant
myelin protein P2. Proc Natl Acad Sci U S A4, 94, 1338-43.

Weiss, A. (1993) T cell antigen receptor signal transduction: a tale of tails and
cytoplasmic protein-tyrosine kinases. Cell, 73, 209-12.

Wellcome Trust Case Control Consortium: Australo-Anglo-American Spondylitis
Consortium (TASC). (2007) Association scan of 14,500 nonsynonymous
SNPs in four diseases identifies autoimmunity variants. Nat Gen, 39, 1329-
1337.

Wells, A. D., Li, X. C., Li, Y., Walsh, M. C., Zheng, X. X., Wu, Z., Nunez, G.,
Tang, A., Sayegh, M., Hancock, W. W., Strom, T. B. & Turka, L. A. (1999)
Requirement for T-cell apoptosis in the induction of peripheral
transplantation tolerance. Nat Med, 5, 1303-7.

Wenning, W., Haghikia, A., Laubenberger, J., Clifford, D. B., Behrens, P. F., Chan,
A. & Gold, R. (2009) Treatment of progressive multifocal
leukoencephalopathy associated with natalizumab. N Engl J Med, 361,
1075-80.

Wherry, E. J., Blattman, J. N., Murali-Krishna, K., Van Der Most, R. & Ahmed, R.
(2003) Viral persistence alters CD8 T-cell immunodominance and tissue
distribution and results in distinct stages of functional impairment. J Virol,
77,4911-27.

256



REFERENCES

Wiegers, G. J., Kaufmann, M., Tischner, D. & Villunger, A. (2011) Shaping the T-
cell repertoire: a matter of life and death. Immunol Cell Biol, 89, 33-9.
Willer, C. J., Dyment, D. A., Sadovnick, A. D., Rothwell, P. M., Murray, T. J. &
Ebers, G. C. (2005) Timing of birth and risk of multiple sclerosis:

population based study. Bmj, 330, 120.

Williams, J. L., Kithcart, A. P., Smith, K. M., Shawler, T., Cox, G. M. & Whitacre,
C. C. (2011) Memory cells specific for myelin oligodendrocyte glycoprotein
(MOG) govern the transfer of experimental autoimmune encephalomyelitis.
J Neuroimmunol, 234, 84-92.

Wolf, S. D., Dittel, B. N., Hardardottir, F. & Janeway, C. A., Jr. (1996)
Experimental autoimmune encephalomyelitis induction in genetically B
cell-deficient mice. J Exp Med, 184, 2271-8.

Wolfer, A., Wilson, A., Nemir, M., Macdonald, H. R. & Radtke, F. (2002)
Inactivation of Notchl impairs VDJbeta rearrangement and allows pre-TCR-
independent survival of early alpha beta Lineage Thymocytes. Immunity, 16,
869-79.

Wooldridge, L., Ekeruche-Makinde, J., Van Den Berg, H. A., Skowera, A., Miles,
J. J., Tan, M. P., Dolton, G., Clement, M., Llewellyn-Lacey, S., Price, D. A.,
Peakman, M. & Sewell, A. K. (2012) A single autoimmune T cell receptor
recognizes more than a million different peptides. J Biol Chem, 287, 1168-
77.

Wraith, D. C., Bruun, B. & Fairchild, P. J. (1992) Cross-reactive antigen
recognition by an encephalitogenic T cell receptor. Implications for T cell
biology and autoimmunity. J Immunol, 149, 3765-70.

Wraith, D. C., Smilek, D. E., Mitchell, D. J., Steinman, L. & Mcdevitt, H. O. (1989)
Antigen recognition in autoimmune encephalomyelitis and the potential for
peptide-mediated immunotherapy. Cell, 59, 247-55.

Wucherpfennig, K. W. & Strominger, J. L. (1995) Molecular mimicry in T cell-
mediated autoimmunity: viral peptides activate human T cell clones specific
for myelin basic protein. Cell, 80, 695-705.

Waurster, A. L., Tanaka, T. & Grusby, M. J. (2000) The biology of Stat4 and Stat6.
Oncogene, 19, 2577-84.

Xu, L., Kitani, A., Fuss, I. & Strober, W. (2007) Cutting edge: regulatory T cells
induce CD4+CD25-Foxp3- T cells or are self-induced to become Th17 cells
in the absence of exogenous TGF-beta. J Immunol, 178, 6725-9.

Yamamoto, M., Sato, S., Hemmi, H., Hoshino, K., Kaisho, T., Sanjo, H., Takeuchi,
O., Sugiyama, M., Okabe, M., Takeda, K. & Akira, S. (2003) Role of
adaptor TRIF in the MyD88-independent toll-like receptor signaling
pathway. Science, 301, 640-3.

Yamazaki, T., Yang, X. O., Chung, Y., Fukunaga, A., Nurieva, R., Pappu, B.,
Martin-Orozco, N., Kang, H. S., Ma, L., Panopoulos, A. D., Craig, S.,
Watowich, S. S., Jetten, A. M., Tian, Q. & Dong, C. (2008) CCR6 regulates
the migration of inflammatory and regulatory T cells. J Immunol, 181, 8391-
401.

Yanagawa, T., Hidaka, Y., Guimaraes, V., Soliman, M. & Degroot, L. J. (1995)
CTLA-4 gene polymorphism associated with Graves' disease in a Caucasian
population. J Clin Endocrinol Metab, 80, 41-5.

257



REFERENCES

Yang, Y., Weiner, J., Liu, Y., Smith, A. J., Huss, D. J., Winger, R., Peng, H.,
Cravens, P. D., Racke, M. K. & Lovett-Racke, A. E. (2009) T-bet is
essential for encephalitogenicity of both Thl and Thl7 cells. J Exp Med,
206, 1549-64.

Ylikoski, E., Lund, R., Kylaniemi, M., Filen, S., Kilpelainen, M., Savolainen, J. &
Lahesmaa, R. (2005) IL-12 up-regulates T-bet independently of IFN-gamma
in human CD4+ T cells. Eur J Immunol, 35, 3297-306.

Yoshimoto, T., Takeda, K., Tanaka, T., Ohkusu, K., Kashiwamura, S., Okamura,
H., Akira, S. & Nakanishi, K. (1998) IL-12 up-regulates IL-18 receptor
expression on T cells, Thl cells, and B cells: synergism with IL-18 for IFN-
gamma production. J Immunol, 161, 3400-7.

Yoshinaga, S. K., Whoriskey, J. S., Khare, S. D., Sarmiento, U., Guo, J., Horan, T.,
Shih, G., Zhang, M., Coccia, M. A., Kohno, T., Tafuri-Bladt, A., Brankow,
D., Campbell, P., Chang, D., Chiu, L., Dai, T., Duncan, G., Elliott, G. S.,
Hui, A., Mccabe, S. M., Scully, S., Shahinian, A., Shaklee, C. L., Van, G.,
Mak, T. W. & Senaldi, G. (1999) T-cell co-stimulation through B7RP-1 and
ICOS. Nature, 402, 827-32.

Youngblood, B., Oestreich, KJ., Ha, SJ., Duraiswemy, J., Akondy, RS., West, EE.,
Wei, Z., Lu, P., Austin, JW., Riley, JL., Boss, JM., Ahmed. (2011) Chronic
virus infection enforces demethylation of the locus that encodes PD-1 in
antigen-specific CD8(+) T cells. Immunity, 35 (3), 400-412.

Yuki, N., Susuki, K., Koga, M., Nishimoto, Y., Odaka, M., Hirata, K., Taguchi, K.,
Miyatake, T., Furukawa, K., Kobata, T. & Yamada, M. (2004) Carbohydrate
mimicry between human ganglioside GM1 and Campylobacter jejuni
lipooligosaccharide causes Guillain-Barre syndrome. Proc Natl Acad Sci U
S 4,101, 11404-9.

Zamvil, S., Nelson, P., Trotter, J., Mitchell, D., Knobler, R., Fritz, R. & Steinman,
L. (1985) T-cell clones specific for myelin basic protein induce chronic
relapsing paralysis and demyelination. Nature, 317, 355-8.

Zamvil, S. S., Mitchell, D. J., Moore, A. C., Kitamura, K., Steinman, L. &
Rothbard, J. B. (1986) T-cell epitope of the autoantigen myelin basic protein
that induces encephalomyelitis. Nature, 324, 258-60.

Zhang, J., Markovic-Plese, S., Lacet, B., Raus, J., Weiner, H. L. & Hafler, D. A.
(1994) Increased frequency of interleukin 2-responsive T cells specific for
myelin basic protein and proteolipid protein in peripheral blood and
cerebrospinal fluid of patients with multiple sclerosis. J Exp Med, 179, 973-
84.

Zhang, L., Gajewski, T. F. & Kline, J. (2009) PD-1/PD-L1 interactions inhibit
antitumor immune responses in a murine acute myeloid leukemia model.
Blood, 114, 1545-52.

Zhang, S. Q., Tsiaras, W. G., Araki, T., Wen, G., Minichiello, L., Klein, R. & Neel,
B. G. (2002) Receptor-specific regulation of phosphatidylinositol 3'-kinase
activation by the protein tyrosine phosphatase Shp2. Mol Cell Biol, 22,
4062-72.

Zhang, X., lzikson, L., Liu, L. & Weiner, H. L. (2001) Activation of
CD25(+)CD4(+) regulatory T cells by oral antigen administration. J
Immunol, 167, 4245-53.

258



REFERENCES

Zheng, S. G., Meng, L., Wang, J. H., Watanabe, M., Barr, M. L., Cramer, D. V.,
Gray, J. D. & Horwitz, D. A. (2006) Transfer of regulatory T cells generated
ex vivo modifies graft rejection through induction of tolerogenic
CD4+CD25+ cells in the recipient. Int Immunol, 18, 279-89.

Zheng, S. G., Wang, J. & Horwitz, D. A. (2008) Cutting edge: Foxp3+CD4+CD25+
regulatory T cells induced by IL-2 and TGF-beta are resistant to Thl7
conversion by IL-6. J Immunol, 180, 7112-6.

Zhu, J., Min, B., Hu-Li, J., Watson, C. J., Grinberg, A., Wang, Q., Killeen, N.,
Urban, J. F., Jr., Guo, L. & Paul, W. E. (2004) Conditional deletion of Gata3
shows its essential function in T(H)1-T(H)2 responses. Nat Immunol, 5,
1157-65.

Zhu, J. & Paul, W. E. (2008) CD4 T cells: fates, functions, and faults. Blood, 112,
1557-69.

259



	PhD coversheet April 2012
	R.McPherson thesis text

