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Abstract

Multiple Sclerosis (MS) is a chronic demyelinating disorder of the central nervous
system (CNS) mediated by autoantigen-specific T cells. Experimental autoimmune
encephalomyelitis (EAE) is an animal model for MS driven by pathogenic, myelinspecific Thl and Thl7 cells. A deeper understanding of the role of T cells in EAE
should help to increase our knowledge of the underlying basis of disease in MS
patients and assist in the discovery of novel drug targets. This study examined the
role of the caspase-l-processed cytokines IL-ip and IL-18 in IL-17A production by T
cells and in induction of EAE. IL-ip plays a critical role in promoting IL-17A
production by y5 and CD4 T cells, however, IL-l-targeted drugs, although effective
against autoinflammatory diseases, are less effective against autoimmune diseases.
Caspase-1 dependent secretion of IL-ip and IL-18 from dendritic cells (DCs), in
synergy with IL-23, induced the production of IL-17A by T cells. Direct injection of a
caspase-1 inhibitor suppressed IL-17A production by CD4 T cells and yS T cells and
attenuated disease in actively induced EAE. The findings demonstrate that caspasel-processed cytokines IL-lp and IL-18 promote autoimmunity by stimulating IL-17A
production by T cells and reveal redundancy in the functions of IL-lp and IL-18,
suggesting that caspase-1 or the inflammasome may be an important drug target for
MS and other autoimmune diseases.

A study of the immune responses in relapsing-remitting (rr) EAE was designed to
examine the kinetics of T cell responses and to uncover the immune parameters
associated with relapse or remission, which may explain pathology of rrMS. CD4,
CD8 and y5 T cells were analysed for cytokine production and receptor expression
across a range of time points throughout the course of PLP-induced EAE. The
presence of IFN-y-secreting cells in the CNS was associated with remission and this
indicated a potentially protective role for IFN-y in EAE in SJL mice. Treatment of mice
with anti-IFN-y during the remission phase of EAE induced severe relapse. Injection
of anti-IFN-y at the induction phase of EAE in C57BL/6 mice delayed onset but
increased the severity of disease. Consistent with this finding, onset of EAE in mice
defective in IFN-y (IFN-ywas delayed compared with WT mice, but the disease was
more severe at later stages. Conversely, IL-17A ''' mice showed only weak symptoms
of EAE with a significantly delayed onset. In addition, cells from MOG and CFAimmunised IFN-y '"' mice which were stimulated in vitro with IL-ip and IL-23 did not
induce EAE upon injection into naive syngeneic hosts, but disease was induced with
MOG-specific WT and IL-17A''"' cells. Cells from IFN-y'^' mice did not upregulate the
adhesion molecules LFA-1 and VLA-4, suggesting that they were unable to infiltrate
the CNS. Treatment of MOG-specific IFN-y'^' cells in vitro with recombinant IFN-y as
well as MOG, IL-lp and IL-23 significantly enhanced their capacity to induce severe
EAE upon injection into naive hosts. These data demonstrate a pathogenic role for
IFN-y during the induction phase of EAE but a protective role during the effector
phase.
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of rrEAE enhances IL-17A and GM-CSF production by CD4 T cells in
theCNS.

4.19

Treatment with an anti-IFN-y neutralising antibody during remission
of rrEAE enhances neutrophil recruitment to the CNS.

Chapter 5: A differential role for IFN-y during the induction and
effector stages of EAE
5.1

Neutralisation of IFN-y during actively induced EAE in C57BL/6 mice
delayed the onset but increased the severity of disease.

5.2

Neutralisation of IFN-y during EAE reduced the number of IFN-y, IL17A and GM-CSF-producing CD4 T cells in the CNS, assessed 12 days
post induction.

5.3

Neutralisation of IFN-y during EAE prevents neutrophil and
macrophage recruitment to the CNS, assessed 12 days post induction.

5.4

Neutralisation of IFN-y during EAE increased the number of IFN-y, IL17A and GM-CSF-producing CD4 T cells in the CNS, assessed 18 days
post induction.

5.5

Neutralisation of IFN-y during EAE induces macrophage recruitment
to the CNS, assessed 12 days post induction.

5.6

IFN-y'^' mice had delayed onset but increased severity of EAE
symptoms compared with WT mice while IL-17A‘^‘mice are resistant
to actively induced disease.

5.7

Adoptively transferred, MOG-specific T cells induce severe EAE when
stimulated with IL-ip and IL-23.

5.8

WT but not IFN-y '^'-MOG-specific CD3 T cells upregulate adhesion
molecules \/LA-4 and LFA-1 in response to IL-ip and IL-23 stimulation.
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5.9

MOG-specific WT, IL-17‘^‘ and IFN-y’^' cells secrete a range of
cytokines upon in vitro stimulation with IL-ip and IL-23 or with IL-12.

5.10

IL-ip and IL-23-stimulated or IL-12-stimulated MOG-specific WT and
IL-17A'^' T cells but not IL-ip- and IL-23-stimulated IFN-y'^' T cells are
capable of inducing EAE in WT recipients.

5.11

WT mice injected with IL-ip and IL-23-stimulated, MOG-specific
IFN-y '^' cells have significantly fewer IL-17A^ GM-CSF^ and IFN-y^ CD4
T cells in the CNS than mice injected with the equivalent WT or
IL-17A'^‘cell.

5.12

The spinal cords of WT mice injected with IL-ip- and IL-23-stimulated,
MOG-specific IFN-y"^" cells have significantly less lymphocyte
infiltration and myelin degeneration than mice injected with the
equivalent WT cell.

5.13

MACS Purified, MOG-specific CD3 cells stimulated with IL-ip and IL-23
or IL-12 induce a similar disease pattern to mixed lymphocyte
populations.

5.14

MOG-specific, IFN-y'^'cells treated in vitro with IL-ip and IL-23 secrete
significantly more IL-lRa which is inhibited by an IL-13 neutralising
antibody.

5.15

Stimulation of MOG-specific, IL-ip and IL-23-stimulated WT cells in
vitro with IL-13 partially attenuates their ability to induce EAE upon
adoptive transfer.

5.16

Treatment of a WT donor mouse, but not a WT recipient mouse, with
IFN-y neutralising antibody attenuates EAE.

5.17

Stimulation of MOG-specific, IL-ip and IL-23-stimulated IFN-ycells in
vitro with recombinant IFN-y significantly augments their ability to
induce EAE upon adoptive transfer.

5.18

The frequency IL-17A\ GM-CSF"^ and IFN-y'" CD4 T cells is similar in
the CNS of mice injected with MOG-specific IFN-ycells stimulated
with IL-ip, IL-23 and IFN-y compared with mice injected with MOGspecific IFN-ycells stimulated with IL-ip and IL-23.

5.19

Mice injected with MOG-specific IFN-y’^' cells stimulated with IL-ip
and IL-23 have significantly reduced numbers of CNS-infiltrating
eosinophils but significantly increased numbers of CNS-infiltrating
neutrophils.
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Chapter 1: Introduction

1.1 Overview of the immune system

The function of the immune system is to defend the body against infectious diseases.
In order to control infection, the immune system must be able to detect a range of
pathogens including viruses, bacteria and parasites and mount an appropriate
immune response against the particular invading pathogen. The immune system can
broadly be subdivided into two categories, the innate immune system and the
adaptive immune system. These two branches work together and are responsible for
detecting and eventually eradicating invading microorganisms.

1.2 Immune cell differentiation

Blood is one of the most highly regenerative tissues in the body and the cellular
elements of the blood are derived from haematopoietic stem cells (HSCs) found in
the bone marrow (Fig 1.1). HSCs in the bone marrow are responsible for the
production of approximately 1 X 10^ red blood cells and 1 X 10® white blood cells
ever hour [1]. HSCs can be induced to differentiate into every cellular component of
the vascular system based on the signals that they receive from their surroundings.
Initial differentiation of HSCs follows one of two paths leading to either myeloid
progenitor cells (MPCs), which encompass all of the cellular components that make
up the innate immune system, or lymphoid progenitor cells (LPCs), which encompass
the cells of the adaptive immune system.

1.2.1

The lymphoid progenitor cell lineage

HSCs begin on the haematopoietic path as long term-HSCs (LT-HSCs). In the mouse,
LT-HSCs are defined by markers such as Thyl.l and CD150 [2] and by the absence of
CD34 and Flt3 [3, 4]. LT-HSCs are capable of self renewal and their function is to
maintain a steady number of pluripotent stem cells while also dividing to produce
short term-HSCs (ST-HSCs). ST-HSCs have a reduced self renewal capacity, gain
expression of CD34 and Flt3 and lose expression of CD150 [5]. Subsequent to the ST22
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Figure 1.1. Haematopoietic stem cell differentiation. All cells of the immune system begin life as a
multipotent haematopoietic stem cell which divides to ensure self-renewal and to differentiate down
the lymphoid or myeloid pathways. Common lymphoid progenitors can further differentiate to form T
lymphocytes, B lymphocytes, natural killer cells or dendritic cells. Common myeloid progenitor cells
can further subdivide to become
megakaryocyte/erythroid progenitors
(MEPs)
or
granulocyte/monocyte progenitors (GMPs). MEPs differentiate to become megakaryocytes which
form platelets or erythrocytes. GMPs differentiate to become dendritic cells, monocytes which
become macrophages, or granulocytes. Granulocytes can differentiate into neutrophils, eosinophils or
basophils.
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HSC stage, multipotent progenitors (MPPs) are formed which are defined by the loss
of Thyl.l expression. These MPPs, which have lost their self-renewing capabilities,
give rise to both common lymphoid progenitor (CLP) cells [6] and common myeloid
progenitor (CMP) cells [7],

CLP cells undergo lymphopoiesis to generate all of the lymphocytes which make up
the adaptive immune system. CLPs differentiate to produce natural killer (NK) cells, B
cells and T cells, although they can additionally become dendritic cells (DC) [8]. NK
cells function in an innate fashion to kill virally infected cells. Named after where
they were first discovered in the bursa of fabricus in the chicken, B cells play an
essential role in the humoral response and can mature into antibody secreting
plasma cells. T cells are formed in the bone marrow and migrate to the thymus (after
which they are named) where they mature. T and B cells are the cellular components
of the adaptive immune system.

1.2.2

The myeloid progenitor cell lineage

CMP cells give rise to all myeloid lineages and further differentiate into
megakaryocyte/erythroid progenitor (MEP) cells which give rise to megakaryocytes
and erythrocytes. Megakaryocytes are large cells which differentiate in response to
circulating levels of thrombopoietin [9]. They reside in the bone marrow and are
responsible for giving rise to blood platelets or thrombocytes. Erythrocytes are
anucleate, biconcave red blood cells which function to transport oxygen around the
body. CMP cells also give rise to the granulocyte/monocyte progenitor (GMP) cells
which differentiate into granulocytes, monocytes and DC. Granulocytes further
undergo granulopoiesis to produce three relatively short-lived cell types neutrophils, eosinophils and basophils. These cells are all vital in the normal
functioning of the innate immune system.
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1.3 The innate immune system
The innate immune system provides the first line of host defence against infection. It
includes cells such as macrophages and DCs that express pattern recognition
receptors (PRRs), which can recognise and react to conserved pathogen associated
molecular patterns (PAMPs) from invading pathogens or damage associated
molecular patterns (DAMPs) released from damaged host cells. These receptors
activate signalling pathways which lead to the production of a range of defensive
chemicals such as cytokines and chemokines that also recruit immune cells to the
site of infection. The cells of the innate immune system also play a key role in
promoting the adaptive immune response by acting as antigen presenting cells
(APCs) and secreting cytokines that direct T cell responses.

1.3.1

Cellular elements of the innate immune system

The cellular elements of the innate immune system perform an array of functions
and circulate around the body to detect invading and potentially pathogenic
microorganisms.

1.3.2

Neutrophils

Neutrophils are the most abundant immune cell type and it is estimated that each
day 5-10 X 10^° new neutrophils are formed in the bone marrow [10] (Fig 1.2).
Neutrophils in the bone marrow express CXC chemokine receptor 2 (CXCR2) and
CXCR4 on their cell surface. The ligand for CXCR4, CXC chemokine ligand 12
(CXCL12), is found on osteoblasts in the bone marrow and functions to retain
neutrophils in situ, while the ligands for CXCR2, CXCLl (KC) and CXCL2 (macrophage
inflammatory protein [MIP]-2) are expressed on endothelial cells and compete
constantly with CXCL12 to induce neutrophils to egress from the bone marrow [11].
Neutrophil movement is heavily weighted towards retention in the bone marrow
under normal physiological circumstances, with less than 2% of neutrophils found in
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circulation [12], but during acute inflammation, granulocyte colony-stimulating
factor (G-CSF) is released into the circulation and induces the release of neutrophils
from bone marrow by a combination of a decrease in availability of CXCL12 and an
increase in CXCLl and CXCL2 [12,13],

During inflammation, neutrophils egress from the bone marrow into the vasculature
and begin to circulate around the body. In this form, neutrophils are only short lived
and survive between 6 and 8 hours [10]. However, neutrophils in the peripheral
blood can be rapidly recruited into peripheral tissues in the event of pathogenic
invasion or sterile tissue damage. Local innate cells in the inflamed or damaged
tissue release a range of cytokines, such as interleukin-lp (IL-ip) and tumour
necrosis factor-a (TNF-a) and chemokines [14, 15], which upregulate adhesion
molecules on the endothelium of the local blood vessels. Once the neutrophils
approach the primed endothelial cells they begin to engage in a series of physical
interactions with the endothelium referred to as the leukocyte adhesion cascade
[14]. Neutrophils begin to roll along the surface of the endothelium before
transmigrating across the epithelial barrier. Transepithelial migration is generally
paracellular and is mediated by a range of molecules important for this diapedesis,
such

as

endothelial

cell-selective

adhesion

molecule

(ESAM)

[16],

platelet/endothelial cell adhesion molecule-1 (PECAM-1) or cluster of differentiation
(CD)99 [17]. Upon extravasation neutrophils traverse the basement membrane and
follow a cytokine/chemokine gradient to the site of infection.

At the site of infection neutrophils can induce further recruitment of immune cells
via the release of chemokines, cytokines and lipid mediators [18-20]. Although
individual neutrophils produce less inflammatory mediators than other cells of the
immune system, such as macrophages, the large total number of neutrophils means
that their secretions can contribute to the overall inflammatory milieu. The key role
of neutrophils at the site of infection however lies in their function as phagocytic
cells. Upon detection of an invading microbe, neutrophils are capable of
phagocytosing it, and killing it using superoxide species created in specialised
phagosomes as a result of a respiratory burst [21]. Defects in the number and
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Figure 1.2. Neutrophil egress from the bone marrow and extravasation at site of infection.

Neutrophils differentiate in the bone marrow from granulocytes through the myeloid lineage.
Neutrophils are retained in the bone marrow by binding to CXCL12 on osteoblasts via CXCR4. release
of G-CSF from tissue-resident macrophages at the site of an infection upregulates KC and MIP-2 on
endothelial surfaces which allows neutrophils egress via CXCR2 [11]. Neutrophils move through the
circulation until they reach the site of infection where they adhere to molecules on the vascular
endothelial cell surface [14] and extravasate via a process of diapedesis to reach the inflamed area.
Neutrophils phagocytose pathogens at the site of infection after which they undergo apoptotic cell
death and are engulfed by local macrophages.
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function of neutrophils can give rise to diseases such as chronic granulomatous
disease, where neutrophils cannot create reactive oxygen compounds [22], or
neutropenia, where patients have reduced numbers of neutrophils and suffer
serious or fatal infections [23]. After neutrophils have phagocytosed infectious
organisms they undergo apoptosis and are eventually engulfed by tissue resident
and invading macrophages. Timely removal of neutrophils from a site of infection is
essential to prevent local tissue damage. Excessive neutrophil activation can
significantly contribute to tissue damage in acute disease processes, such as acute
lung injury and spinal cord injuries [24, 25], as well as in chronic diseases processes,
such as chronic obstructive pulmonary disease (COPD) [26-28].

Neutrophils also play a role in autoimmunity and perform a range of functions
critical for autoimmune pathogenesis including antigen presentation, regulation of
the activity of other immune cells and direct tissue damage by release of immune
mediators [29]. Neutrophils isolated from the joints of patients with rheumatoid
arthritis (RA) show an activated phenotype which can lead them to release immune
mediators [29]. Additionally in two animal models of RA, serum transfer arthritis and
collagen induced arthritis, depletion of neutrophils protected mice from disease
pathogenesis indicating that neutrophils are required for disease progression [26, 30,
31]. Neutrophils appear to function in the disease process by allowing auto-antibody
extravasation to and deposition at joints [32]. Neutrophils are also believed to be
pathogenic in other human autoimmune diseases including systemic lupus
erythematosus (SLE), bullous pemphigoid and the rare epidermolysis bullosa
acquisita [33-36]. Neutrophils should be considered a key cell type in autoimmune
disease pathogenesis and may therefore be suitable targets for therapeutic
interventions in these diseases in the future.

1.3.3

Monocytes/macrophages

Monocytes represent 10% of leukocytes in human blood and 4% of leukocytes in the
blood of mice [37]. Monocytes have a wide array of scavenger receptors at their cell
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surface which recognise microorganisms, but also lipids and dying cells, and
stimulated monocytes can produce large amounts of effector molecules which
function in host defence but can be damaging in an auto-inflammatory setting [3840]. The key function of monocytes is to act as a reservoir for the renewal of tissueresident macrophages. Monocytes can also differentiate into DCs but this only
occurs under inflammatory conditions, such as during an active infection [37, 41]. In
mice, Ly6C^' monocyte egression from the bone marrow is mediated by CC
chemokine receptor (CCR)2 and is modulated by bone marrow stromal cells, which
sense circulating microbial molecules and produce CC chemokine ligand 2 {CCL2).
Circulating monocytes can be recruited to inflamed and non-inflamed tissue by a
range of chemokines and cytokine mediators. When circulating monocytes
extravasate and enter tissue they can begin the process of differentiating into
macrophages.

Macrophages are a heterogeneous cell type and are divided into subpopulations
based on their phenotypic function and on their anatomical location [42].
Macrophages can be found in a range of specialised tissue-resident forms, such as
alveolar macrophages in the lung and Kupffer cells in the liver. The gut also has a
range of resident macrophages as do the peripheral lymphoid organs, for instance
the marginal zone macrophages in the spleen [43] and the subcapsular sinus
macrophages of the lymph nodes [44, 45]. Immune privileged sites such as the
central nervous system (CNS) also have their own tissue resident macrophages, such
as the CNS-resident microglia, which protect these delicate organs.

Macrophages can largely be divided into two subsets based on their pro- and anti
inflammatory abilities. Type 1 or Ml macrophages are classically activated, proinflammatory cells which mediate host defence against a range of pathologies from
bacterial infection to parasite infection and have anti-tumour capabilities. The
second subset of macrophages is a more heterogeneous group but they are united
by their common suppressive abilities. M2 or alternatively activated macrophages
fall within this category. M2 macrophages have anti-inflammatory capabilities and
include tumour-associated macrophages (TAMs), which suppress anti-tumour
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immunity, regulatory macrophages which secrete abundant IL-10 and myeloidderived suppressor cells (MDSCs), which may be the precursor of TAMs [46-48].
Upon infection or local tissue injury, tissue resident macrophages will generally
differentiate via the classical activation pathway. These cells display an inflammatory
phenotype and secrete mediators, such as TNF-a, nitric oxide (NO) and IL-ip that
contribute not only to the killing of the invading organism, but also signal for the
recruitment and maturation of a range of immune cells [49]. The mediators released
as a result of Ml macrophage activation however can be damaging to host cells in
the

surrounding

environment

and

can

contribute

to

autoimmune

and

autoinflammatory disorders [50]. M2 macrophages, important in wound healing and
fibrosis [51, 52], secrete factors such as transforming growth factor (TGF)-p and
platelet-derived growth factor (PDGF) which contribute to tissue regeneration by
promoting fibroblast differentiation into myofibroblasts [53, 54]. M2 macrophages
can also antagonise the function of Ml macrophages, which may be crucial to allow
wound healing to begin and for tissue homeostasis [55].

1.3.4

Eosinophils

Eosinophils have long been considered end-stage cells involved in host protection
against parasites. Although this is certainly a primary function, evidence have begun
to emerge which indicates a more pleiotropic and multifunctional role for
eosinophils. Like neutrophils, eosinophils are produced in the bone marrow by
granulopoiesis. Although formed in the bone marrow, the eosinophil is primarily a
tissue-dwelling leukocyte and in healthy individuals the majority of eosinophils are
located in the gut, although some are found in the mammary gland, uterus and
thymus [56, 57]. Eosinophils are important in tissue homeostasis and modulation of
adaptive immune responses by acting as APCs [58-60]. There is also increasing
evidence to suggest that eosinophils are capable of producing immunoregulatory
cytokines and are actively involved in the regulation of Th2-type immune responses
[61]. Flowever, their key function is in protection against infections with helminth
parasites. Eosinophils are rapidly recruited to the site of a helminth infection where
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they release highly basic and cytotoxic granule proteins [62]. Conversely, eosinophil
release of toxic granule proteins and lipid mediators can induce tissue damage and
dysfunction and eosinophils are a major cell type implicated in the pathogenesis of
allergy and asthma [63, 64],

1.3.5

Dendritic cells

DCs are derived from bone marrow resident multipotent HSCs and they are believed
to differentiate from both lymphoid and myeloid progenitors. The majority of DCs
however are derived from myeloid related progenitors because myeloid progenitors
are 10 times more abundant than their lymphoid equivalent [65, 66]. Within 1 hour
of leaving the bone marrow, immature DCs migrate via blood to the lymph nodes.
These cells enter the lymph nodes through high endothelial venules in a CD62Ldependent manner [67]. As the DCs develop they become sessile and gain their
more recognisable dendritic shape and begin primitive probing of the surrounding
tissue. DCs reside in lymphoid tissues such as the lymph node and spleen or in non
lymphoid tissue such as the kidney, gut, lung and skin and their key function is to act
as professional APCs.

The common DC progenitor differentiates from a CMP and goes on to produce either
classical myeloid DCs or plasmacytoid DCs (pDCs) [68]. pDCs represent 0.2%-0.8% of
peripheral blood mononuclear cells. They display plasma cell morphology and
secrete large amounts of type 1 interferon following viral stimulation [69]. Myeloid
DCs are the more conventional DC subtype and they sample their local tissue
microenvironments by a combination of phagocytosis and receptor mediated
endocytosis. DCs sense pathogen or danger/damage signals using a range of innate
receptors called PRRs. DCs can internalise pathogens and digest their antigens into
peptides. DCs can then migrate to the lymphoid tissue in order to present the
peptides to T cells.
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1.3.6

Pathogen recognition receptors

In order to recognise invading pathogens the cells of the innate immune system use
PRRs. PRRs are germ-line encoded receptors which detect microbially derived PAMPs
and host derived DAMPS. PAMPs are molecules including protein, nucleic acids and
lipids which are evolutionarily conserved across a range of microorganisms because
of the vital role they play in their pathogenicity and survival. The ligation of PAMPs
to PRRs activates innate cells, which enhances their capacity to clear the infection,
for instance by releasing a range of inflammatory cytokines, chemokines and type I
interferons [70]. These responses initiate the immune cascade which leads to the
recruitment of cells of the adaptive immune system and eventually the eradication
of the pathogen. There are several families of PRRs including Toll-like receptors
(TLRs), retinoic acid-inducible gene-1 (RIG-l)-like receptors (RLRs) and nucleotide
binding oligomerisation domain {NOD)-like receptors (NLRs).

TLRs are a family of related receptors with 13 members in mice and 10 members in
humans; TLRs 1-9 are conserved across both species. Studies of mice deficient in
distinct TLRs have demonstrated that individual TLRs have distinct functions in
immunity [71]. TLRs 1, 2, 4, 5 and 6 are found primarily at the surface of innate cells
and they sample the surrounding environment for PAMPs from bacteria, parasites or
fungi [72, 73]. TLRs 3, 7, 8 and 9 are exclusively expressed in endocytic
compartments within the cytoplasm of the cell and they sense PAMPs in the form of
nucleic acids from viruses or bacteria [72, 73]. TLRs are composed of an extracellular
leucine rich repeat (LRR) domain which ligates to the appropriate PAMP and
transmits a signal to the intracellular cytoplasmic Toll/interleukin-1 receptor (TIR)
domain, which is required for downstream signalling. The TIR domain recruits a
range of adaptor molecules, such as MyD88 or TIR domain-containing adaptor
protein (TIRAP), which initiate the signal cascade to eventually induce transcription
factor activation and activation of genes encoding for a range of immunological
effector molecules tailored to respond to the specific invading pathogen [74].
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The RLR family is composed of three members called RIG-1, MDA5 and LGP2. RLRs
primarily recognise the ribonucleic acid (RNA) from RNA viruses in the cytoplasm of
infected cells and induce inflammatory cytokines and type I interferons. These
cytokines initiate and coordinate a range of innate immune responses through
recruitment of phagocytic macrophages and DCs [75, 76], NLRs are a large family of
PRRs that respond to various stimuli, including PAMPs such as muramyl dipeptide
(MDP) and L-Ala-y-D-Glu-mDAP (Tri-DAP), non-PAMP particles and cellular stresses
[77, 78], To date 23 NLR proteins have been identified in humans and 34 NLR genes
are present in mice [79], NODI and NOD2, two cardinal members of the NLR family,
recognise and respond to the degradation products of bacterial peptidoglycan, an
essential cell wall component of gram positive bacteria. NLRP3 responds to various
stimuli to form the inflammasome complex which recruits caspase-1, which is
responsible for cleavage of the pro-forms of IL-1(3 and IL-18 [76].

1.4 The adaptive immune system
The adaptive immune system is composed of lymphocytes called T and B cells. T and
B cells express T cell receptors (TCRs) and B cell receptors (BCRs) respectively on
their cell surface, allowing them to respond to a huge range of potential antigens.
Without a competent adaptive immune system an individual would be incapable of
mounting immune responses to the vast majority of potentially pathogenic
organisms. The importance of the adaptive immune system is well illustrated by the
fact that individuals with combined immunodeficiencies (CIDs), a heterogeneous
group of disorders of the adaptive immune system, have greatly increased
susceptibility to a range of opportunistic infections and fail to thrive. CIDs are
characterised by impairment in the development or the function of T cells, often
with additional B cell defects. Occasionally the T cell impairment is almost complete
and this condition becomes known as severe combined immunodeficiencies (SCID)
[80]. Patients with SCID, which is more prevalent in males than females, and can be
fatal, often present very early in life, with severe bacterial, viral or fungal infections
or interstitial lung disease, chronic diarrhoea and a failure to thrive [81]. Although
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SCID only affects approxinnately 1 in every 50,000 live births, it perfectly exemplifies
the unique importance and vital role of the adaptive immune system in human
survival.

1.4. 1

B cells

B cells play a key role in humoral immunity and are characterised by the presence of
the BCR at their cell surface. Although their key role is in the production of antibody
they also play important roles in antigen presentation, cytokine production and
lymphoid tissue organization. Peripheral B cells are comprised of several functionally
and phenotypically distinct subpopulations, which include newly formed immature
or transitional cells, mature follicular B cells, marginal zone B cells, and B1 B cells
[82]. Newly formed B cells in the bone marrov/ become subject to a range of
selection procedures which function to both purge the cell repertoire of potentially
self-reactive B cells, which could lead to autoimmune diseases and additionally
enrich the repertoire for functional diversity. During development in the bone
marrow, expression of the cell surface marker B220 coincides with the commitment
of CLP cells to the B cell lineage [83]. B cell development requires the successful
rearrangement of the immunoglobulin (Ig) H and L chain gene loci and the surface
expression of the BCR [84]. The BCR is composed of the membrane-bound Ig
molecule and the Iga/lgP heterodimer [85]. When the immature B cell has begun to
express its BCR it exits the bone marrow and moves to secondary lymphoid organs
such as the spleen for maturation. In the early phases of development in the bone
marrow, B cells only express IgM while mature B cells in the spleen become follicular
B cells and express both IgM and IgD [86, 87].

Shortly after BCR engagement, B cells migrate to the splenic T zone-B zone border
where they proliferate and, in the case of T-dependent antigens, undergo productive
interactions with T cells [88-92]. From this border some of the cells, by altering
expression of G-protein coupled receptors for small molecule chemoattractants and
chemokines, can migrate into the follicle where they continue their proliferation and
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form nascent germinal centres [93]. In germinal centres B cells undergo extensive
rounds of proliferation, somatic hypermutation and antigen-affinity driven selection
and the centre becomes oligoclonally populated with B cells with high affinity for
their cognate antigen [94-96]. Within these germinal centres during this hyperproliferative period, B cells can differentiate into either memory B cells or plasma
cells. Memory B cells are antigen-specific long-lived cells, which can rapidly respond
to their cognate antigen upon re-infection. Plasma cells are large, activated B cells
which secrete copious amounts of antibody. Antibodies are large proteins which
circulate through the blood and bind to pathogens in order to neutralise them by
agglutination or to recruit elements of the complement cascade which can directly
kill pathogens by forming a membrane attack complex which disrupts the integrity of
the pathogenic membrane [97]. Additionally antibodies can bind to infectious
microbes and protect them from infecting mammalian cells by promoting
phagocytosis through activation of Fc receptors, or indirectly by recruiting
complement in a process known as opsonisation.

Although B cells function to protect the body from infection, aberrant B cell
development can result in a range of pathologies including auto-antibody linked
diseases such as SLE, myasthenia gravis and Good pasture's syndrome [98, 99]. B
cells also play important roles in certain autoimmune diseases that would
traditionally have been considered to be solely T cell mediated, such as multiple
sclerosis (MS), RA and type I diabetes [98]. In addition to autoinflammatory and
autoimmune pathologies, B cells cause a range of leukaemias and lymphomas. B cell
malignancies develop as a result of unchecked hyper-lymphoproliferation and can
often be fatal.

1.5 T cells
Immature T cell progenitors are formed in the bone marrow and subsequently move
to and mature in the thymus. T cells are integral cells of the adaptive immune system
and are so fundamental to survival that a wide range of diseases result from partial
or complete T cell insufficiency. SCID can result from complete deficiency of T cells
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and a range of other diseases can arise from partial insufficiency, including DiGeorge
Syndrome and Wiskott-Aldrich Syndrome. DiGeorge Syndrome occurs as a result of
athymia, a condition where infants are born without a thymus and therefore T cells
cannot undergo the maturation process [100]. Wiskott-Aldrich Syndrome, is an Xlinked primary immunodeficiency disorder that arises from mutations in the WiskottAldrich Syndrome protein, a cytoplasmic protein that links signalling by cell surface
receptors such as the TCR to actin polymerisation [101]. As well as diseases resulting
from T cell insufficiency, diseases can also occur as a result of aberrant T cell
function. T cells can be responsible for leukaemia and lymphomas and have been
heavily implicated in a range of autoimmune diseases, including RA and MS.

The TCR is the cardinal receptor of T lymphocytes and participates in the activation
of T cells in response to the presentation of antigen. The TCR of the majority of T
cells consists of a disulfide-linked heterodimer of two different polypeptide chains
called the TCRa and TCRp chains. The heterodimer is expressed at the cell surface in
a complex with the invariant CD3 chains [102]. T cells carrying this type of receptor
are called ap T cells and the ap TCR is very similar in structure to the immunoglobulin
molecules of the BCR. An alternative receptor made up of y and 5 chains is expressed
with CD3 on a subset of T cells [103]. Both of these receptors are expressed with a
disulfide-linked homodimer of ^ chains. Each chain of the TCR has an amino-terminal
variable region held to a constant region by a short hinge region which contains the
cysteine residues which form the disulphide bond which holds both chains together.
The variable regions of the TCR are what make T cells capable of recognising such a
wide range of possible antigens. TCR genes undergo somatic rearrangement during
cell development [104, 105]. The variable region of the TCRa chain is composed of a
range of V and J segments which can join together to form the VJ segment which is
joined to the C segment to complete the chain. The TCRp functions in a similar
manner with the exception of an extra segment in the variable region called the D
segment which resides in between the V and J segments to form a VDJ segment.
When the messenger RNA (mRNA) from these two chains is transcribed they form
the functional TCR.
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ap T cells become either CD4 T helper cells or CDS cytotoxic T cells. The CD4
molecule contains four immunoglobulin-like domains while the CDS molecules is
composed of a heterodimer of an a and a P chain covalently linked by a disulfide
bond [106, 107], Both molecules function as co-receptors which aid in the process of
antigen presentation by APCs. CD4 and CDS bind to MHC class II and MHC class I
respectively in such a manner as to leave the site on the MHC to which the TCR binds
free. The cytoplasmic tails of CD4 and CDS molecules, upon binding to MHC, strongly
bind to a tyrosine kinase molecule called Lck and bring it in to close proximity with
the signalling components of the TCR complex [lOS-110]. Binding of CD4 and CDS
molecules to ARC greatly increases the antigen sensitivity of the TCR [111-113].

1.5.1

CD4 T cells

CD4 T helper (Th) cells function by activating and directing the function of other cells
of the immune system through the release of cytokines. Certain cytokines secreted
by Th cells function to enhance the phagocytic and bactericidal activity of innate
immune cells such as macrophages. In addition, Th cells play an intrinsic role in the
process of antibody class switching by B cells. The Th2 subset of helper T cells plays a
protective role against extracellular parasites, but is also known to play a role in
inducing B cells to switch their antibody class in order to secrete IgG and IgE
antibodies, which function in immunity to infection [114, 115]. Thl cells have also
been shown to play a role in the induction of antibody secretion from B cells, as Thlderived IFN-y induces B cells to secrete lgG2a in viral infections [116]. CD4 T cells also
play a key role in the activation and expansion of CDS cytotoxic T cells. If CDS T cells
are primed in the presence of CD4 T cells they acquire the ability to undergo a
second round of clonal expansion upon re-stimulation in the absence of T cell help
[117-119]. On the other hand, CDS T cells that are activated in the absence of Th
cells can still mediate their primary cytotoxicity effector functions but cannot
undergo a second round of clonal expansion. This has important consequences for
long term immunological memory.
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1.5.2

CDS T Cells

The primary function of CDS T cells, or cytotoxic T lymphocytes (CTLs), is the killing of
virally infected, cancerous or abnormal host cells. All nucleated cells express MHC
class I on their outer cell membrane. The MHC class I molecule binds peptides
processed from viruses and intracellular bacteria and presents them at the cell
surface for detection by the TCR on CDS T cells. CDS T cells must kill cells in a specific
and targeted manner and with minimum damaged to surrounding tissues. They
accomplish this by inducing the infected cells to undergo a process called apoptosis.
Morphologically,

apoptosis

is characterised

by chromatin

condensation

and

shrinkage of the nucleus and cytoplasm, followed by fragmentation of the cell into
plasma membrane-bound 'apoptotic bodies', which are quickly engulfed by nearby
phagocytic cells and ultimately digested in lysosomes [120].

Upon detection of infection in the host cell CTLs release specialised lytic granules in a
calcium dependent manner. CDS T cell lytic granules, which are modified lysosomes,
contain perforins and granzymes among other proteins. Apoptosis is induced by CTLs
when perforin released by the T cell polymerises in the target cell membrane to form
a pore through which granzyme can move [121-124]. Once inside the cell, granzymes
A and B, which are serine proteases, cleave and activate multiple protein substrates,
primarily the pro-apoptotic caspases, which eventually results in the apoptotic
demise of the target cell via the fragmentation of deoxyribonucleic acid (DNA) [125127]. Along with their pro-apoptotic functions, granzymes A and B are known to
further aid in the clearance of abnormal host cells by up regulating pro-phagocytic
markers on the dying cell, which aid in the phagocytosis and clearance of the cell and
the cross-presentation of antigens by DC [128, 129]. CTL can also kill aberrant host
cells using a pathway which involves the engagement and aggregation of target-cell
death receptors, such as Fas, by their cognate ligands, such as Fas ligand, on the
killer-cell membrane. This process results in classical caspase-dependent apoptosis
[130, 131].
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1.5.3

Positive and negative selection

The interaction between antigen-bearing MHC molecules on APCs and TCRs on T
cells allows the innate immune system to activate T cells. MHC molecules are
encoded by a set of highly polymorphic genes which serves to increase the range of
potential antigens which they can recognise. While this variability augments the
ability of T cells to respond to a wide range of antigens from pathogens, it can also
affect antigen recognition by TCRs to a certain degree. This is because TCRs can only
recognise and bind to certain MHC molecules. As a result, without interference, a
large number of T cells could be produced with no ability to bind to self-MHC
molecules and therefore no ability to mount an immunological response. In order to
overcome this problem, T cells undergo a process of positive selection in the thymus
as they are maturing. T cells bind to self-MHC expressed by thymic stromal cells as
they move through the thymus and only those cells which can recognise antigens
presented by self MHC molecules are allowed to mature while all other T cells die
before reaching maturity [132-134].

T cells that have been positively selected continue to mature in the thymus and
migrate to the cortico-medullary junction where they encounter bone marrow
derived macrophages and DCs. Although T cells have now been positively selected to
respond only to self MHC molecules in association with antigen, it is still vital to
prevent the maturation of T cells that can respond to self antigens. T cell response to
self antigens can induce autoimmune and autoinflammatory diseases, so self
reactive T cells must be purged from the repertoire, while leaving intact T cells that
have the potential to respond to foreign antigen. T cells in the medulla which bind to
self antigen-bound MHC are killed by apoptosis [135]. Not all self proteins can be
expressed in the thymus, however, due to certain levels of organ-specific expression.
As a result, a percentage of mature T cells that exit the thymus and move into the
circulation retain the ability to respond to self-peptide. In this case, peripheral
encounter with self-antigens can induce T cell anergy, leaving the T cell in an
unresponsive state, incapable of mounting an immune response [136,137].
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1.5.4

Antigen processing by APC

Antigens can be processed in APCs via one of two pathways. In the first pathway,
antigen which has been engulfed by the cell from the external environment is
presented at the cell surface in association with MHC class II for presentation to CD4
Th cells. In the second pathway, antigens from proteins sampled from the cytosol,
for instance viral proteins or endocytic bacterial proteins, are presented at the cell
surface in association with MHC class I for presentation to CDS CTL. Pathogens
engulfed by DCs and macrophages by phagocytosis are internalised into a
phagosome. The endopeptidases, exopeptidases, esterases, and cysteine proteases
such as cathepsins in the phagosome help to digest antigens [138-141]. In spite of
the presence of a wide array of proteolytic enzymes, DC have a lower capacity to
degrade antigens than other phagocytic cells such as macrophages, this is due to low
lysosomal protease concentrations and the presence of certain protease inhibitors
[142-144].

MHC class II molecules are synthesised in the rough endoplasmic reticulum, where
the a and p chains associate with each other and the invariant chain. The invariant
chain functions to stabilise the molecule, chaperone it towards the endosome and
additionally block the peptide binding groove, thereby avoiding premature binding
of self peptides [145]. When the MHC class II molecules reach the antigencontaining phagolysosome the invariant chain is proteolytically degraded and
replaced with antigen of approximately 7-20 amino acids in length [146]. The
antigen-MHC class II complex then traffics to the surface of the cell for presentation
to TCR on CD4 T cells. Additionally, antigenic peptides of no more than 8-10 amino
acids in length are loaded in to the antigen binding site of MHC class I molecules in
the endoplasmic reticulum and these antigen bearing molecules can then traffic to
the cell surface for antigen presentation [147].

Upon PRR activation and antigen uptake and processing DC undergo a process of
maturation which

involves

phenotypic and functional changes.

During the

maturation process, DC become less efficient at antigen uptake and begin to extend
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dendrites. This is accompanied

by upregulation of co-stimulatory molecule

expression on the cell surface [148], DCs also mobilise in response to maturation and
move through the circulation to secondary lymphoid organs. This is facilitated by the
upregulation of adhesion molecules, which assist DC in extravasation from the
circulation and entry into the lymph nodes. Mature DCs lose responsiveness to a
range of cytokines including, CCL20, RANTES and MIP-la and become particularly
sensitive to CCL19 [149, 150]. Cell surface expression of CCRl, CCR5 and CCR6 is also
lost while cell surface CXCR4 and CCR7 is upregulated [151-154]. The CCR7
upregulation in particular promotes responsiveness to CCL21, which is a potent
chemokine for mature DCs and naive T cells and induces the co-localisation of these
two cell types which allows DC to present antigen to the naive T cells [155].

1.5.5

T cell activation via MHC-antigen on an APC

After DCs capture an antigen they move through the lymphatic system to the
draining lymph node or other secondary lymphoid organ such as the Peyer's patches
of the gut or the tonsils. DCs reach the lymph nodes and move into the T cell zone
where they extend dendrites expressing antigen-associated MHC molecules. Naive T
cells, which are constantly circulating through the lymph nodes, sample the antigen
presented by the APC to find an APC expressing their cognate antigen. The ligation
between MHC-bound antigen and TCR provides the first signal of three signals
necessary for activation of the T cell. The initial interaction between naive T cells and
APCs is mediated by adhesion molecules expressed by both cell types. APCs, and DCs
in particular, bind naive T cells very efficiently by expressing Intercellular adhesion
molecule-1 (ICAM-1) and DC-specific ICAM-3-grabbing non-integrin (DC-SIGN) which
bind T cell lymphocyte function-associated antigen 1 (LFA-l) and ICAM-3 respectively
[156, 157]. The transient binding of naive T cells to APCs is essential to give the T
cells time to sample large numbers of MHC on the APC for the presence of their
cognate peptide. When a TCR on a naive T cell recognises its peptide complexed to
an MHC molecule it undergoes a conformational change which greatly increases the
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affinity of the bound adhesion molecules and stabilises the interaction between the
two cells keeping them in close proximity [158].

The second signal necessary for T cell activation is the engagement of co-stimulatory
molecules on the T cell. Binding of the TCR to antigen expressing MHC is not
sufficient to activate naive T cells, and T cells that encounter their cognate antigen
without the binding of a range of co-stimulatory molecules will become anergic. The
first family of co-stimulatory molecules discovered was composed of CD28 on naive
T cells and the corresponding ligands, CD80 (B7-1) and CD86 (B7-2), which are
upregulated on maturing APCs [159, 160]. CD28 signalling involves phosphorylation
of a tyrosine in its cytoplasmic tail, binding of the growth factor receptor bound
protein-2 (Grb2) adapter protein, and activation of the phosphatidylinositol 3kinase/AKT (PI3K/AKT) pathway [161]. This pathway, together with TCR signalling,
promotes IL-2 gene expression and cellular proliferation. In addition, CD28 signals
have been shown to increase cytokine production by T cells, both by stabilising
mRNA and upregulating transcriptional activity [162]. CD28 signals also promote Tcell survival by inducing upregulation of the anti-apoptotic BCL-2 family member,
BCL-XL [163]. Inducible co-stimulator (ICOS) is another B7 co-stimulatory family
member which is expressed on T cells and binds to ICOS-ligand (ICOSL) on APCs. As
well as the B7 family members, several members of the TNF family of proteins also
have T cell co-stimulatory activity. CD40L, a TNF family protein, is rapidly induced on
T cells upon activation and binds to CD40 on APCs. CD40 ligation of APCs upregulates
the production of CD80 and CD86 therefore enhancing the ability of the APCs to co
stimulate the T cells [164, 165].

After naive T cells have become activated by TCR ligation and co-stimulation they
upregulate IL-2 and the IL-2 receptor which induces cell proliferation. Activated T
cells divide two or three times a day and after a number of days they form a clone
comprised of thousands of daughter cells expressing identical TCRs [166, 167]. The
third signal required for T cell activation is provided by the cytokine milieu in the
environment

secreted

from

the

innate

immune

cells.

Different

cytokine

combinations polarise the T cell to become one of a range of subsets of T cells such
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as Thl, Th2 or Thl7 in the case of CD4 T cells [168]. The newly activated T cell can
then proliferate and provide effector functions against pathogens.

1.5.6

T cell subsets and differentiation

T cells in the thymus first express neither CD4 nor CDS and are termed double
negative T cells. These cells then progress to express both CD4 and CDS molecules
and are called double positive T cells. Eventually, single positive ap T cells emerge
from the thymus and migrate to peripheral lymphoid organs where they are
activated by mature DC expressing their cognate antigen coupled to MHC class II and
co-stimulatory molecules. The specific cytokine milieu created by PAMP activated
innate immune cells promotes differentiation of naive helper T cells into one of the
Th subsets (Fig 1.3), which in turn secrete cytokines that mediate effector or
regulatory functions.

1.5.7

Memory and naive cells

The generation of CD4 memory T cells is dependent on the TCR of a naive T cell
encountering and binding to foreign antigen complexed with MHC class II on the
surface of an APC in a peripheral lymphoid structure, such as the lymph node. Both
TCR ligation and APC-derived co-stimulatory signals, such as CD28 interaction with
CD80/CD86, are required to induce naive T cell proliferation and to acquire an
effector phenotype. These CD4 effector T cells, depending on the cytokine milieu
provided by the APC and surrounding cells, will differentiate into the appropriate T
cell subset, required for eradicating invading pathogens. After elimination of the
pathogen, the effector T cells undergo a process of contraction which can last for 2
weeks, where more than 90% of the cells undergo apoptosis, leaving a residual
population of long-lived memory T cells. These memory T cells are heterogeneous
and can be subdivided into at least two further groups, the effector memory T cells
(Tem cells) and the central memory T cells (Tcm cells). Upon re-infection with the
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DC

IL-17A
IL-17F
GM-CSF
IL-22

Figure 1.3. Differentiation pathways of CD4 T helper cells. Naive T cells can be primed by activated
DC bearing peptide in association with MHC class II which binds to the T cell receptor on the surface
of the T cell. Depending on the cytokine milieu secreted by the ARC and surrounding cells in the
microenvironment, naive T cells can differentiate down a range of pathways. An abundance of TGF-p
and IL-10 induces T cells to become regulatory T cells which inhibit effector T cell function. TGF-p in
association with IL-6, or IL-ip in association with IL-23 induce naive T cells to become IL-17-secreting
Thl7 cells. IL-12 directs T cells towards an IFN-y-secreting, Thl phenotype whereas IL-4 in the
environment induces Th2 cell differentiation with consequent secretion of IL-4, IL-5, IL-13 and IL-10.
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same pathogen these memory T cells are uniquely equipped to respond quickly to
the pathogen and produce cytokines to induce a protective immune response. While
Tcm are slower to respond, Tem respond rapidly upon TCR stimulation and can
produce pro-inflammatory cytokines within several hours [169].

1.5.8

Thl and Th2 cells

The concept of functionally distinct subsets of CD4 T helper cells was first described
by Mosmann and Coffman in their seminal paper in 1986 [170]. They introduced the
Thl/Th2 paradigm which, while we now know to be oversimplified, went a long way
to helping explain the functional roles of helper T cells. In their original hypothesis,
Thl cells were described as the primary cell type involved in protection against
intracellular pathogens, but also promoted inflammatory responses leading to
autoimmunity, while Th2 cells were considered to be vital for protection against
extracellular pathogens, but also mediated allergic responses.

The differentiation of naive T cells into Thl cells is primarily induced by IL-12 in the
surrounding environment [171]. The definitive cytokine secreted from Thl cells is
IFN-y, which can act on the Thl cell in a positive feedback loop in order to
upregulate its own secretion and negatively regulate the differentiation of Th2 cells.
IFN-y is a pro-inflammatory cytokine which, following binding to its receptor, signals
mainly through the Janus kinase (Jak)-signal transducer and activator of transcription
(STAT) intracellular signal pathway to promote transcriptional activation of IFN-yinducible genes [172]. IFN-y plays a key role in macrophage activation, inflammation,
host defence against intracellular pathogens and tumour surveillance.

Naive T cells can be induced to differentiating into Th2 cells in the presence of IL-4. It
has been suggested that this early IL-4 could be provided by a range of innate cells,
such as basophils, eosinophils, mast cells and NKT cells [173-176]. Th2 cells secrete
IL-4, IL-5, IL-10 and IL-13 and are involved in humoral immunity and eosinophil
recruitment. Like IFN-y for Thl cells, IL-4 secreted from Th2 cells can promote the
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development of its o\A/n lineage, while inhibiting Thl cells and therefore setting up
both positive and negative feedback loops.

1.5.9

Tregs

Regulatory T cells (Tregs) are a population of lymphocytes which critically maintain
immune cell homeostasis by exerting regulatory or suppressive activity on effector T
cells. Several subsets of CD4 Tregs have been described with distinct phenotypes and
mechanisms of action and can be broadly classified as natural or induced Tregs.
Natural Tregs (nTregs) are generated in the thymus and constitute 5-10% of the total
peripheral T cell population. They express CD25 and the transcription factor
Forkhead box P3 (FoxP3). FoxP3 is known as a master regulator and is crucial to the
activity of nTregs by regulating the expression of proteins, which perform regulatory
functions and mediate immunological tolerance to self antigens, preventing
autoimmune diseases [177]. Inducible Tregs (iTregs) can be divided into subsets such
as type 1 Tregs (Trl), Th3 and even CD8^ Tregs. iTregs are not generated in the
thymus but instead differentiate in the periphery from naive T cells in response to
the immunosuppressive cytokines IL-10 and TGF-p [178]. Naive T cells can be
converted into Tregs upon activation by a mature DC or upon repeated exposure to
an antigen in the presence of IL-10. Certain pathogens, in particular parasites but
also bacteria such as Bordatella pertussis, have even evolved strategies to evade
host protective immune responses by the induction of Tregs, a mechanism which
allows the pathogen to survive [179]. Th3 cells secrete TGF-p and play a role in oral
tolerance [180].

Tregs play a critical role in preventing autoimmune diseases and studies have
demonstrated the functional impairment of Tregs in MS. Viglietta and colleagues
were the first to demonstrate alterations of Treg function in patients with MS and
reported a significant decrease in the suppressive function of CD4'^CD25'^ Tregs from
the peripheral blood of patients with MS when compared with Tregs from healthy
donors [181]. It was further demonstrated that the percentage of circulating
CD4''CD25'^FoxP3'' Tregs was lower in relapsing-remitting MS (rrMS) patients during
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relapses than during remission and these cells had a reduced capacity to suppress
Thl effector function in vitro compared with control cells from a healthy individual
despite similar levels of FoxP3 expression [182]. In addition, Fletcher et al
demonstrated that CD39^ Treg cells from patients with rrMS had a reduced ability to
suppress pathogenic IL-17 production compared with CD39'' Tregs from healthy
controls [183],

1.5.10

Thl7 cells

The discovery of the pro-inflammatory cytokine IL-17A, and consequently a subset of
IL-17A-secreting T helper cells named Thl7 cells has significantly enhanced our
understanding of T helper cell biology [184]. A number of observations were not fully
explained based solely on the Thl/Th2 model. Autoimmunity was believed to be
induced by Thl cells, however mice deficient in IFN-y or IL-12 signalling were found
to have exacerbated symptoms during the course of certain autoimmune diseases
[185-188]. it was shown that IL-23pl9‘^' mice were resistant to EAE while IL-12p35
mice were susceptible [187]. Furthermore, according to a report by Langrish et al
auto-antigen-specific CD4 T cells polarised in vitro to secrete IL-17A were more
efficient than Thl cells at inducing experimental autoimmune encephalomyelitis
(EAE) upon adoptive transfer into naive mice [189]. In addition to their role in
autoimmunity, Thl7 cells are also important in host protection against infection
[190, 191]. Thl7 cells not only produce IL-17A but also other cytokines such as IL17F, IL-22, GM-CSF and IL-21. IL-17A promotes recruitment of neutrophils to the site
of infection, induces the production of structural proteins important in tight junction
stability, and increases the production of matrix-degrading metalloproteinases
(MMPs) [192-204].

The differentiation of naive T cells into Thl7 cells was initially reported to be
stimulated by IL-23 [187, 189, 205-207]. This was consistent with the demonstration
that mice lacking an IL-23 specific subunit were resistant to induction of EAE [187].
However, this was contradicted by evidence that naive T cells from mice do not
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express the IL-23R and are not induced to become Thl7 cells in vitro upon
stimulation with IL-23 [189, 208]. Conversely, naive murine T cells could be induced
to secrete IL-17A when stimulated with IL-6 and TGF-(3 and co-stimulated with antiCD3 and anti-CD28 or APCs in vitro [209-211]. This was supported by observations of
impaired Thl7 cells in mice deficient in TGF-p [210] and mice with T cells defective in
TGF-p signalling [212]. These studies on IL-6 and TGF-P suggested that although IL-23
may not induce differentiation of naive T cells into Thl7 cells, it may play an
important role in expansion or survival of Thl7 cells [209-211]. However, work from
this laboratory demonstrated that IL-la or IL-ip can synergise with IL-23 in the
presence or absence of TCR stimulation to induce secretion of IL-17A from murine T
cells, and this IL-17A secretion was absent in IL-IRI deficient mice [213].
Furthermore, IL-IRL'^' mice had significantly reduced susceptibility to EAE [213].

1.5.11

yd

yST cells

T cells are an unconventional T cell subset which bridges the adaptive and innate

immune systems. They have been shown to be an important early mediator of
inflammatory responses and are important for protection against infection at
mucosal surfaces. y5 T cells develop in the thymus by divergence from ap T cell
progenitors at the CD4’CD8' double negative stage of T cell development [214]. In
contrast to the processes for aP T cell maturation, y6 T cells do not necessarily
undergo positive selection via antigen recognition, and can be released into the
periphery as either "antigen experienced" and therefore positively selected or
"antigen naive" and therefore neither positively nor negatively selected cells. The
level of antigen experience influences the production of particular cytokines by y6 T
cells upon TCR stimulus in the periphery, antigen-experienced y5 T cells produce-fFNy and antigen-naive y5 T cells secrete IL-17A [215].

Despite much research, very few ligands for the y6 TCR have been identified. Those
that are known include self proteins, such as the MHC-I-related proteins TIO and T22
[216, 217], proteins such as the FI subunit of the ATP synthase [218], and microbial
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proteins like the Herpes simplex virus glycoprotein [219], In addition, Vy9V52, the
major subset of human y5T cells, can be activated through the TCR by nonpeptidic,
phosphorylated biometabolites (phosphoantigens) and alkylamines [220], Although
y5 T cells and ap T cells express somatically rearranged TCR, the more limited
diversity in the structures of y6 TCR ligands indicates that the antigen recognition
process for y6 T cells is different from that of aP T cells.

1. 6

Cytokines involved in T cell differentiation and function

Thl, Th2, Thl7 and y8 T cells all have the ability to react to innately produced
cytokines in the surrounding environment to produce further pro- or anti
inflammatory cytokines which mediate immune responses. DC are one of the major
producers of innate cytokines, but in some cases T cells can also secrete cytokines in
an innate fashion without TCR engagement.

1. 6.1

IL-12 family cytokines

The IL-12 family of cytokines consists of at least 4 heterodimeric protein members
and includes IL-12, IL-23, IL-27 and IL-35. IL-12 is the archetypal family member and
is composed of the p35 and p40 subunits, and was the first cytokine shown to be
able to drive the differentiation of naive T-cells into Thl cells [221, 222]. IL-12 binds
to the IL-12 receptor, a heterodimeric molecule composed of the IL-12Rpi and IL12RP2 subunits, both of which are necessary for high affinity binding of the cytokine
[223]. IL-12p40 interacts predominantly with the pi subunit, whereas p35 interacts
largely with the P2 subunit. IL-12R subunits are expressed on a range of cell types
including T cells, NK cells and DCs. The subunits of the IL-12R contribute to the
commitment of Th cells to particular T cell lineages. Thl cells express both subunits,
but IL-12RP2 expression is lost in Th2 cells [224]. The IL-12R transduces its signal via
binding of IL-12 protein which brings the receptor chains into close proximity with
associated members of the Jak family. The Jaks phosphorylate the receptor chains
and when IL-12RP2 is phosphorylated it serves as a docking site for STAT4, which
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becomes phosphorylated upon binding to the receptor chain. STAT4 homodimers
move into the nucleus \A/here they bind to STAT-binding sites in the IFN-y promoter.
IL-12 positively regulates its own production via the induction of IFN-y, which primes
macrophages for further IL-12 production [225].

IL-23 is another member of the IL-12 family of cytokines and is also a heterodimeric
protein composed of two subunits, the p40 subunit, which it shares with IL-12, and
the pl9 subunit [226]. These two subunits are covalently linked through a disulphide
bond. IL-23 binds to and activates its receptor, which is composed of two subunits,
the IL-12Rpi subunit from the IL-12 receptor and the IL-23R subunit [227]. IL-23 has
a well established role in EAE, and in combination with IL-ip, induces the secretion
of IL-17A from Thl7 cells [187, 213]. Importantly, it has also been demonstrated that
IL-23, again in combination with IL-ip, can induce innate IL-17A secretion by y5 T
cells, which can also have a pathogenic role in EAE and other autoimmune diseases
[228].

Similarly to IL-12 and IL-23, IL-27, another member of the IL-12 family, is made up of
two subunits, EBi3 (Epstein-Barr virus induced gene 3), which is related to the p40
subunit of IL-12 and p28, which is a p35-related protein. The EBi3 gene, which codes
for the secreted glycoprotein EBi3, was first identified in 1996, following its
expression during B-lymphocyte infection with Epstein Barr virus [229]. The p28
protein was found to be only efficiently secreted when coupled with EBi3, and this
heterodimeric protein was named IL-27 [230]. IL-27 was initially believed to be proinflammatory, but it was later found to induce IL-10 secretion from Treg cells, which
inhibited Thl7 responses and suppressed inflammation in a collagen induced
arthritis (CIA) mouse model [231, 232].

1. 6. 2

IL-1 family cytokines

The IL-1 superfamily of cytokines has been at the forefront of the field of
inflammatory immunology since the discovery of its first members nearly thirty years
ago [233]. The family encompasses at least 11 members with a range of functions. IL50

ip and IL-la, the archetypal family members, are considered to be pivotal mediators
of inflammation and mediate protection against infection while playing a role in the
pathology of autoinflammatory and autoimmune diseases [234, 235]. IL-18, IL-33
and IL-36 are also members of the IL-1 superfamily. The range of cytokines in the IL-1
superfamily is matched by an equally wide range of receptors, co-receptors and
receptor antagonists including the type 1 IL-1 receptor (IL-IRI), IL-IRII and IL-lRa.

IL-la and IL-ip function by binding to IL-IRI which allows for recruitment of the co
receptor, IL-lRAcP.

The cytokine, receptor and co-receptor form a functional

complex, which recruits the adaptor molecule MyD88 through its TIR domains.
Consequently, nuclear factor (NF)kB is phosphorylated, translocates to the nucleus
and induces the transcription of pro-inflammatory cytokines. Because of the crucial
role of IL-1 in the inflammatory response certain functional inhibitors have evolved
to keep it in check. The naturally occurring antagonist to IL-IRI, IL-lRa, can bind to ILIRI and in doing so prevent the binding of IL-ip and IL-la. As well as antagonists,
cells can also express a decoy receptor for IL-1 binding. The IL-1 type II receptor (ILIRII) can bind IL-la and IL-ip but lacks a TIR domain, without which MyD88 cannot
be recruited. IL-IRII binds IL-1 with a greater affinity than IL-IRI and serves to
sequester the active IL-1 cytokine and control the response [236].

IL-18 functions by binding to the IL-18Ra chain. Similar to IL-lp, ligation of IL-18 to IL18Ra recruits a co-receptor, in this case IL-18RP, and together this complex can
upregulate the transcription of a subset of pro-inflammatory molecules. IL-18
binding protein (IL-18Bp) is a potent and specific endogenous inhibitor that binds to
IL-18 with a high affinity and neutralises it [237, 238].

IL-1 family members have been implicated in the pathogenesis of a range of
autoimmune diseases. IL-1 was found to be pathogenic in a mouse model of arthritis
by the genetic deletion of the IL-IRI antagonist IL-lRa; IL-lRa‘^‘ mice developed
spontaneous arthritis characterised by over-expression of IL-lp, IL-6 and TNF-a in
the joints [239]. IL-18 has also been implicated in the pathogenesis of arthritis and
excessive production of IL-18 is found in both the blood and inflamed joints of
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patients with RA [235], In addition, inhibition of IL-18 alleviates disease symptoms in
an animal model of arthritis and this is associated with reduced IL-1 and TNF-a in the
synovial fluid [240]. EAE, the mouse model for human MS, cannot be induced in mice
deficient in IL-IRI [213] and treatment with two front line MS therapeutics, IFN-(3
and glatiramer acetate, is associated with an increase in serum levels of IL-lRa in
both MS patients and mice with EAE [241, 242]. IL-18 is also expressed in brain
lesions of patients with MS and is increased in cerebro-spinal fluid (CSF) and serum
of patients during relapse. However, conflicting results have been obtained after the
induction of EAE in IL-IS '"' mice. One study reports that IL-18 deficiency ameliorates
the symptoms of EAE while a second study disputes this and says the symptoms are
unchanged compared with a WT control [243, 244]. As a result, the exact role of IL18 in autoimmune pathogenesis remains to be fully elucidated. Like MS, SLE is also
associated with increased serum levels of IL-18 and concentrations positively
correlate with increased disease activity and renal damage [245, 246].

1. 6. 3

IL-ip and IL-18 processing via caspase-1 and the inflammasome

IL-ip and IL-18 are synthesised as biologically inactive precursor forms which require
cleavage to be activated. IL-ip is synthesised as a 31-kDa immature protein, and IL18 as a 24-kDa pro-form. IL-ip and IL-18 are cleaved by the cysteine protease
caspase-1 into their mature 17 and 18-kDa forms respectively. Caspase-1 itself is
synthesised as an inactive precursor which requires cleavage inside the large multi
protein inflammasome to become biologically active. Although four inflammasomes
have so far been identified, NLRP3, NLRPl, NLRC4 and AIM2, perhaps the most
widely studied is the NLRP3 inflammasome. This multi protein complex is composed
of NLRP3, a nucleotide-binding oligomerisation domain-containing (NOD)-like
receptor (NLR) protein, along with an apoptosis-associated speck-like protein
containing a caspase recruitment domain (CARD) (ASC) which is an adaptor
molecule, and pro-caspase-1 which is converted into active caspase-1 in the
complex. A wide range of molecules from bacteria and viruses as well as endogenous
and exogenous non-microbial molecules, such as asbestos, alum or silica have been
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shown to induce inflammasome activation [247-252], Before the activation of the
NLRP3 inflammasome and cleavage of caspase-1 which is required for the secretion
of the mature cytokines, the cell requires an initial signal to induce synthesis of the
immature pro-forms of the proteins. This signal can come in the form of ligation of a
PAMP, such as LPS, with a TLR such as TLR-4. Signalling through TLRs phosphorylates
NFkB which upregulates the transcription of a range of pro-inflammatory cytokines
including pro-IL-ip and pro-IL-18.

1. 7

Autoimmunity

The system of positive and negative selection of T cells does not always eliminate
auto-antigen specific T ceils and sometimes self-reactive T ceils leave the thymus and
circulate through the body. If these T cells are subsequently activated, they can
mount immune responses against self antigens in different tissues. This can result in
tissue damage and can eventually lead to a range of autoimmune diseases such as
RA, myasthenia gravis. Grave's disease, systemic lupus erythematosus, type-1
diabetes and MS depending on the particular tissue or organ that is targeted.

1.7.1

Multiple Sclerosis

MS affects over 7,000 people in Ireland and approximately 2.5 million people
worldwide. It is the most common progressive and disabling neurological condition
in young adults. Typical onset is between 20 and 40 years of age, with average onset
between 30 and 33 years [253-256]. As the disease progresses, the myelin sheath
which surrounds the neuronal cells in the brain and spinal cord is damaged indirectly
by auto-reactive T cells. Myelin insulates and protects neurons and increases their
efficiency. These auto-reactive T cells specific for myelin antigens cross the BBB and
are re-activated in the CNS, inducing inflammation that leads to destruction of
myelin sheath (Fig 1.4) [257]. The protective sheath begins to be degraded and nerve
function is affected resulting in a range of symptoms that are characteristic of MS,
such as fatigue, cognitive impairment, vision problems and physical disability [258].
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MS can follow one of three types of disease course, benign MS, primary progressive
MS (ppMS) or rrMS. Benign MS affects only 10% of patients with MS and is the least
severe course of the disease [259]. Benign MS is defined as disease in which the
patient remains fully functional in all neurologic systems 15 years after disease onset
and is characterised by clinical relapses without intermediary ascending disability
[259, 260]. ppMS affects about 10-15% of patients with the disease [261]. Patients
with ppMS present with gradually increasing neurological disability, are generally
older at onset than the average MS patient and are composed of a higher proportion
of men [261-263]. Although neuro-axonal degeneration seems to underlie ppMS, the
pathogenesis and the extent to which immune-mediated mechanisms operate is
unclear in this form of the disease, and this is underlined by the fact that
conventional immunomodulatory therapies for rrMS are ineffective in the treatment
of ppMS [264].

The most common clinical course of MS is rrMS and approximately 80% of patients
present with this disease course. rrMS is primarily an inflammatory disorder of the
brain and spinal cord in which focal lymphocytic infiltration forms inflammatory
plaques and leads to damage of myelin and axons [255]. Initially, inflammation is
transient and remyelination can lead to remission and hence a decrease in disease
severity. These intervening periods of remission are marked by a progressive
deterioration of symptoms as the disease progresses. Remyelination however is not
durable and after a period of time patients will relapse again. Hence, the early
course of disease is called relapsing-remitting [256]. The vast majority of rrMS
sufferers progress to a stage of secondary progressive MS (spMS) [265]. SpMS is
similar in disease progression to ppMS and like ppMS is infinitely less amenable to
drug treatment.

MS is more prevalent in women than in men with approximately two thirds of all
sufferers being female [266, 267]. Interestingly, however, the ratio of females to
males appears to have increased markedly over the last 100 years [268-273]. In
addition, it has been shown that the prevalence of rrMS in women has increased
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over the past 30 to 60 years, which may account at least partly for the increase in
the incidence of MS in women compared to men [274, 275]. Men also have a later
age of onset and suffer from more rapid disease progression, but with lower rates of
mortality than women. However higher mortality in women has been postulated to
be due to longer life expectancy [276]. There is evidence to suggest that female
hormone levels, such as levels of oestrogen, may play a role in influencing the course
of disease in women based on evidence that disease symptoms are found to worsen
during the pre-menstrual stage of the cycle in 40% of female rrMS sufferers. This, in
combination with reduced rates of relapse during the third trimester of pregnancy
and worsening symptoms during menopause, combine to demonstrate a negative
impact of certain combinations of female hormones on disease symptoms [277].

A range of therapeutics has been developed over the last number of years to treat
rrMS. There are currently two first-line drugs available for the treatment of MS,
interferon-p (IFN-P) and glatiramer acetate. The mechanism of action of IFN-p is not
entirely understood although it is thought to have immunomodulatory effects via
cytokine and T-helper cell modulation, for example the induction of IL-27, and
perhaps by stabilising the BBB [278-280]. Glatiramer acetate (GA), a random polymer
of glutamic acid, lysine, alanine, and tyrosine, four amino acids found in myelin basic
protein (MBP), is believed to modulate the immune response to inhibit MS by
competing with MBP for MHC binding and antagonising TCR binding [281] and
reduces relapses and clinical progression of MS in a proportion of patients [282,
283].

Glatiramer acetate is one of a group of potential therapeutics known as

altered peptide ligands (APIs) which suppress disease in an antigen-specific manner,
thus eliminating some of the severe global immunosuppressive side effects of other
autoimmune therapeutics. APIs are similar in sequence to native peptides and
competitively bind to the MHC rendering the T cells anergic or converting them to
regulatory T cells. Other APIs such as NBI-5788 [284], an altered MBP83-99 peptide,
have been tested for the treatment of MS and are currently in phase II clinical trials
[285, 286]. Another APL, ATX-MS-1467, is derived from four short peptides found in
MBP and is also being tested in clinical trials [www.apitope.com/pipeline/index].
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If first-line agents, IFN-p and GA, are unable to stabilise disease progression and
ongoing relapses are evident, alternative, second-line therapies are used. Licensed
second-line therapies for MS are natalizumab, mitoxantrone and fingolimod [287].
Natalizumab antagonises the a4 subunit of lymphocyte integrins which bind vascular
cell adhesion molecule 1 (VCAM-1) expressed on cerebral endothelium and
therefore blocks lymphocyte entry into the CNS [288]. Mitoxantrone is an
anthracenedione chemotherapeutic agent which reduces lymphocyte proliferation
through several mechanisms of action, including intercalation into DNA strands,
inducing strand breakage and inhibition of the DNA repair enzyme topoisomerase II
[289]. Unlike all the other licensed MS therapeutics which are injectable, fingolimod
is a new orally active MS treatment. Fingolimod is a sphingosine 1-phosphate (SIP)
receptor agonist which sequesters lymphocytes in the lymph nodes and prevents
them from entering the CNS [290]. In addition to the licensed MS therapies a range
of novel therapeutics are currently undergoing trial with the hope of improving
efficacy. Some of the newer potential drugs are alemtuzumab, a monoclonal
antibody against CD52, rituximab, a humanized monoclonal antibody against CD20
cells, teriflunomide, an active metabolite of a medication used in RA, cladribine, a
synthetic purine nucleoside analogue, and dimethyl fumarate and its active
metabolite, methyl hydrogen fumarate, which induce expression of endogenous
antioxidative pathways that protect against oxidative stress-related neuronal death
and myelin damage [287, 291-296].

1.7.2

The Blood Brain Barrier (BBB)

The central nervous system is an immunoprivileged site within the body and
encompasses both the brain and spinal cord. The CNS has a set of specialised glial
cells, including microglia, astrocytes and oligodendrocytes. Microglia are the resident
macrophages of the brain and spinal cord and act as APC and a source of innate
cytokines in the CNS [297]. In addition to their primary role in protection from
disease, microglia also play secondary roles in normal brain physiology. Microglia are
responsible for phagocytosis of synaptic structures during postnatal development.
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phagocytosis of newborn neurons during adult neurogenesis, and active remodelling
of the perisynaptic environment and release of soluble factors in the mature and
aging brain [298-301]. Astrocytes are specialized glial cells that outnumber neurons
by over fivefold and contiguously line the entire CNS [302], They perform many
essential functions such as the maintenance of and provision of nutrients to neurons,
biochemical support of the endothelial cells of the BBB and repair of injured CNS
tissues [302], Oligodendrocytes are the myelinating cells of the CNS and each
oligodendrocyte is able to myelinate up to 50 axonal segments depending on the
region of the CNS in which it resides [303]. The entry of cells and molecules that
circulate in the peripheral blood into the immunoprivileged CNS is tightly regulated
by the BBB.
Evidence for the existence of a barrier between the CNS and the rest of the body
came right at the beginning of the 1900s from the German scientist and Nobel
Laureate Paul Ehrlich. Ehrlich observed that trypan blue, when injected into the
blood stream, leaked out of the capillaries in most regions of the body to stain the
surrounding tissue, but the CNS remained unstained. Ehrlich falsely believed that this
was because the tissue of the CNS had a lower affinity for dye than those of the rest
of the body, but he had unwittingly stumbled across the first direct evidence for the
existence of the BBB [304]. The BBB is formed by the endothelial cells which form
the walls of the capillaries that run throughout the CNS. The total length of
capillaries in the brain is approximately 400 miles and the surface area of these
micro-vessels allows a total area for exchange of 12-18 m^ for the average human
adult [305, 306]. Although the BBB is the primary interface between the CNS and the
blood, there are two further interfaces protecting the CNS. A second interface is
formed by the epithelial cells of the choroid plexus facing the cerebrospinal fluid,
which constitute the blood-cerebrospinal fluid barrier [307] and a third interface,
called the arachnoid barrier, is a multi-layered epithelium with tight junctions
between cells of the inner layer that forms an effective seal [308].

The BBB serves numerous functions in the homeostasis of the CNS including the
regulation of the movement of ions, neurotransmitters, macromolecules and
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neurotoxins into the CNS. By a combination of specific ion channels and transporters
the BBB keeps the ionic composition optimal for synaptic signalling function in the
CNS. The BBB controls the levels of

Ca^^ Mg^'^ and the pH in the CNS [309, 310].

The control of the BBB is so complete that the concentration of potassium in
mammalian plasma is approximately 4.5 mM, but in the CSF it is maintained at 2.52.9 mM [311, 312]. In addition to controlling ion transport, the BBB regulates the
movement of neurotransmitters and neurotoxins from the blood to the CNS.
Glutamate is an important neurotransmitter and is readily ingested in food. The BBB
controls the entry of this and other neurotransmitters tightly as the uncontrolled
release of glutamate into CSF can result in considerable and permanent damage to
neural tissue [308, 313]. The BBB also tightly controls the movement of a number of
macromolecules into the CNS such as albumin, pro-thrombin and plasminogen which
are damaging to nervous tissue and can cause cellular activation leading to apoptosis
[314-316].

In addition to its role in safe guarding against aberrant movement of a number of
non-immunogenic molecules into the CNS the BBB also plays a critical role in
immune homeostasis in the brain by regulating the movement of immune cells and
immunomodulatory molecules into the brain and spinal cord. The BBB can fulfil this
role due to the presence of tight junctions between the cerebral endothelial cells
which significantly reduce permeation through paracellular diffusion [306, 317]. The
cerebral endothelial cells are held in place by adherens junctions made up of
cadherin proteins which span the intercellular cleft and are held into the cytoplasm
of the cell by catenin scaffolding proteins [318, 319]. These adherens junctions give
the tight junction proteins a matrix on which to assemble and are essential for the
integrity of the BBB [320]. The tight junctions themselves are further composed of
claudins and occludins along with junctional adhesion molecules (JAMs). The COOH
terminals of both occludin and claudins bind to a family of highly related cytoplasmic
proteins called zona occludens (ZOs) which in turn bind to actin in the cellular
cytoskeleton and function to anchor the claudins and occludins tightly to the cells on
both sides of the intercellular junction [321-324]. Occludin, the first tight junction
protein to be discovered, is a 65kDa protein which functions along with claudins to
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form tight junctions but is also implicated in epithelial cell differentiation and
apoptosis regulation [325-327]. Claudins are a family of proteins comprised of more
than 20 members that form tight junctions through homophilic claudin-claudin
interactions [328]. Claudins 5, 3 and 12 are all localised to the BBB [329, 330]
whereas the presence of claudin 1 remains controversial [331].

Disorders of the central nervous currently affect over 1.5 billion people worldwide
and account for about a third of the global disease burden. Their share of the total
global burden of disability and mortality is projected to rise from 11% in 1990 to 15%
in 2020, which is a larger proportionate increase than even cardiovascular disease
[332], The BBB is liable to damage, and leakiness in the BBB can lead to or be a
result of a range of diseases. CNS disorders can be neurodegenerative and disruption
of the BBB is a common feature of all neurodegenerative disorders [333]. These
disorders are a varied assortment of conditions characterised by the gradual and
progressive loss of cells from the brain or spinal cord [333]. These diseases include
chronic neurodegenerative disorders that lead to dementia, Alzheimer's disease,
multi-infarct dementia, frontotemporal lobar degeneration, Lewy body dementia,
Parkinson's disease, amyotrophic lateral sclerosis and Huntington's disease as well as
demyelinating disorders, such as MS [256, 334-342].
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De-myelination and
axonal damage

Break down in tight
junction proteins
leads to leaky BBB

Tight Junction

Circulation

Figure 1.4. Myelin reactive T cells cross the BBB and induce demyelination and axonal damage
during MS and EAE. During the progression of MS and EAE, naive, myelin specific T cells in the
peripheral lymph nodes encounter APCs bearing myelin antigens and are activated. T cells leave the
lymph nodes and move into the circulation until the reach the capillaries running through the CNS. T
cells move through the leaky junctions of the BBB into CNS and are reactivated by CNS-resident
microglia. T cells begin to secrete a range of pro-inflammatory cytokines which contributes to an
inflammatory milieu and leads to demyelination and eventual axonal damage,
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1.7.3

Experimental autoimmune encephalomyelitis (EAE)

MS is an extremely complex disease, and although it is known to be autoimmune in
origin, a great many questions remain about how and why it affects specific people
at different times, places and in different ways. In order to further understand the
causes and symptoms and to develop new treatments, an animal model for MS was
developed called EAE. EAE is induced in mice by immunisation with myelin antigens
emulsified in complete Freund's adjuvant (CFA), injected sub-cutaneously (s.c.) into
the back. Mice are subsequently given pertussis toxin (PT) by intraperitoneal (i.p.)
injection on days 0 and 2 post induction. PT is thought to promote EAE by helping to
permeabilise the BBB and may also promote inflammatory cytokine production
including IL-23, which enhances Thl7 function [343-346]. Injected m.ice develop
symptoms of EAE including loss of limb function and eventually paralysis over the
following weeks, which gradually increases in severity.

EAE is inducible in a range of animals, however two particular mice strains are very
commonly used. In C57BL/6 mice the myelin peptide myelin oligodendrocyte
glycoprotein (MOGjas-ss is used to induce a chronic form of the disease, where mice
develop gradual paralysis and remain in that state. In the SJL/JHan strain of mice
proteolipid protein (PLPjisg-isi is used as the myelin peptide and when inoculated
these mice suffer from a relapsing-remitting form of the disease, arguably more
similar to the course seen in human MS.

Classically, Thl cells were believed to be the primary cell type responsible for the
pathogenesis of EAE. Evidence for a pathogenic role for IFN-y came from a number
of early studies in EAE where administration of IFN-y in vivo led to an exacerbation of
symptoms of disease [347-350]. In addition, mice defective in T-bet, a Thl
transcription factor, were found to be resistant to EAE [351]. IFN-y secretion from
Thl cells is stimulated by IL-12 released from innate immune cells and it was shown
that IL-12-stimulated, myelin-specific T cells from SJL mice induced EAE when
transferred into naive hosts [352]. A neutralising antibody to IL-12 was shown to
delay the onset of symptoms of EAE in recipients of primed Thl effector cells [353]
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and nnice deficient in IL-12 were resist to the induction of EAE which further
demonstrated the importance of IFN-y as a pathogenic cytokine in autoimmune
disease induction [354]. In spite of this evidence, the pathogenic role for IFN-y in EAE
is controversial. Two studies conducted in 2002 demonstrated that while genetic
deletion of IL-12-p40, one of the subunits of the IL-12 protein, conferred resistance
to EAE, mice with a genetic deletion of IL-12p35, the second subunit of IL-12, were
completely susceptible to disease [355, 356]. In addition, a report by Zhang et al
showed that mice deficient in the IL-12Rp2 subunit of the IL-12 receptor developed
earlier and more severe EAE, with extensive demyelination and CNS inflammation
[188].

As well as contradictory evidence regarding the role of IL-12 in EAE, there is also
direct evidence to suggest that IFN-y does not have a pathogenic role in this disease.
Mice deficient in IFN-y were found to be fully susceptible to EAE [357] and mice with
a genetic deletion of the IFN-yR were also found to be susceptible to disease [358].
In addition, Krakowski et al showed that abrogation of IFN-y expression by the
targeted disruption of the IFN-y gene conferred EAE susceptibility to a strain of mice
ordinarily resistant [185]. These data demonstrate not only that IFN-y may not be
necessary for the induction of EAE, but that IFN-y may in fact provide protection
from the disease. More evidence for a role for IFN-y in protection from EAE was
demonstrated by a range of publications which show that the injection of
neutralising

antibodies to

IFN-y exacerbated

EAE

while

administration

of

recombinant IFN-y had a protective effect [359-363]. In addition, mice lacking STATl,
a transcription factor essential for the development of Thl cells, develop severe EAE
following immunisation with MOG and CFA [351].

A seminal paper by Cua et al in 2003 helped to clarify some of the apparently
contradictory evidence surrounding the role of IL-12 in EAE. It was shown that IL-23
rather than IL-12 was the critical cytokine for the induction of EAE [187]. Mice
deficient in the IL-23pl9 subunit or the IL-12p40 subunit were resistant to disease
induction while mice deficient in IL-12p35 were fully susceptible to EAE. These data
provided evidence for the essential role of IL-23 in disease. In addition, a role for IL-1
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was established independently as it was demonstrated that IL-IRI'^' mice were
resistant to the induction of EAE [213]. IL-23 in synergy with IL-ip induces the
secretion of IL-17A from T cells and evidence for the role of IL-23 in EAE
consequently implicated IL-17A in the induction of this disease. In 2005 Langrish and
colleagues demonstrated a role for IL-17A by showing that EAE could be induced by
transfer of in vitro expanded PLP-specific, IL-17A-secreting CD4 T cells stimulated
with IL-23 [189], In addition, neutralisation of IL-17A by active immunisation with
virus-like particles conjugated with recombinant IL-17A induced high levels of anti-IL17A antibodies and reduced disease severity in both EAE and collagen-induced
arthritis [364].

Studies by Langrish et al and Rohn et al provided convincing evidence for the
pathogenic role of IL-17A in EAE, however other studies have been published which
contradict this evidence. Haak and colleagues demonstrated in 2009 that IL-17A‘''
mice were fully susceptible to the development of EAE [365]. However, Thl7 cells
not only secrete IL-17A but also a range of other cytokines, including IL-17F, IL-21, IL22 and GM-CSF. Data from Haak et al also demonstrated that abrogation of IL-17F by
genetic deletion did not alter the course of EAE [365]. Deletion of GM-CSF however
did confer resistance to EAE. McQualter et al demonstrated in 2001 that GM-CSF
deficient mice did not display clinical signs of EAE upon active induction with MOG
emulsified in CFA [366] and data published by the Segal lab in 2009 showed that EAE
could be induced in the combined absence of IFN-y and IL-17 signalling, but was
dependent on GM-CSF and CXCR2 [367].

In spite of the controversial role of both IL-17A and IFN-y in the induction of EAE,
evidence suggests that adoptive transfer of either Thl7 or Thl cells can induce EAE.
A study in 2008 demonstrated that adoptive transfer of T cells polarised with either
IL-12 or IL-23 could induce EAE in naive hosts [352]. EAE induced by IL-12 or IL-23stimulated cells was indistinguishable in terms of the clinical phenotype, however,
each cell type induced diseases with distinct histopathological features and immune
profiles. Disease induced by IL-12-stimulated cells was characterised by infiltration of
macrophages into the CNS and upregulation of CXCL9, 10 and 11, while disease
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induced by IL-23-stimulated cells was characterised by neutrophil infiltration and
CXCLl and 2 secretion [352], Evidence for a pathogenic role for Thl cells was further
provided by O'Connor et al who demonstrated that myelin-specific Thl cells from
C57BL/6 mice, devoid of contaminating Thl7 cells, were capable of inducing EAE
[368] . The authors showed that Thl7 cells cannot access the CNS in the absence of
Thl cells and only Thl cells can access the non-inflamed CNS [368]. A study by
Rothhammer et al demonstrated that Thl cells use the adhesion molecule VLA-4 to
gain access to the spinal cord during EAE and antibody mediated blockade of this
molecule prevented Thl access to the CNS and therefore clinical symptoms of EAE
[369] . They also showed that Thl7 cells, in the absence of Thl cell infiltration,
induced an ataxic form of EAE, characterised by supraspinal infiltration of Thl7 cells
into the brain parenchyma but not the spinal cord in an LFA-1 dependent manner
[369].

All the evidence from a range of sources suggests a complex role for cytokines such
as IL-17A and IFN-y in EAE. It is likely that there is a certain amount of redundancy
between cytokines in the pathogenesis of EAE and the genetic deletion of individual
cytokines may not give a complete picture of the role of a particular cytokine in
disease. This may also be complicated by the possibility that polyfunctional T cells
co-secreting a range of inflammatory cytokines may play a key role in disease
progression. It is possible that the individual cytokines, for example IFN-y, can play
dual roles in both the pathogenesis of EAE but also in protection at different stages
of disease. All of these factors must be taken into account when targeting specific
cytokines for the therapy of MS, as ablation of an individual cytokine may not prove
effective due to redundancy or may prove beneficial during certain stages of disease
and

possibly detrimental at others. A range of cytokines,

receptors and

immunomodulatory molecules that may be functional in EAE is summarised in Table
1.1.

Although MOG-specific CD4 T cells play an essential role in EAE pathogenesis, y5 T
cells have also been shown to have a role in EAE early in the immune response. yS T
cell-deficient mice, when compared with age-matched mice from the same genetic
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background, have a delayed onset and much reduced disease severity [215, 370].
Disruption of the 5 chain of y5 T cells resulted in a less severe disease in one study,
although not in another [370, 371], In MS, y5 T cells have been found in acute brain
lesions and the CSF of patients with a recent onset of disease suggesting that they
play a role in inflammation and pathogenesis [372, 373]. There is broader evidence
for the importance of y5 T cells in autoimmune disease. Mice with collagen induced
arthritis, a model for the human autoimmune disease rheumatoid arthritis, have
equivalent absolute numbers of IL-17A producing CD4 and y6 T cells in the draining
lymph nodes, but only depletion of the y6 T cells significantly reduced disease
severity [374]. y5 T cells were also found to exacerbate colitis in a TCRa-deficient
mouse model, in which the mice spontaneously develop chronic colitis with many
features of humian ulcerative colitis [375]. In conclusion, EAE and MS are hugely
complex diseases where the onset and severity can be attributed to a range of
different cell types, cytokine environments and stimulatory factors.
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Table 1.1: The effect of the genetic deletion of a range of key molecules on EAE
Molecule

Effect on EAE

Reference

IL-IR

Resistant

[213]

IL-12p40

Resistant

[187]

IL-12p35

Susceptible

[187]

IL-23pl9

Resistant

[187] / [376]

IL-17A

Reduced susceptibility / Susceptible

[377] / [365]

IL-17F

Susceptible

[365]

IFN-y

Susceptible with increased mortality

[357]

GM-CSF

Resistant

[366]

IL-21

Susceptible

[378]

lL-22

Susceptible

[379]

IL-10

Increased susceptibility

[380]

IL-4

Susceptible

[381]

IL-6

Resistant

[382]

IL-18

Resistant / Susceptible

Caspase-1

Reduced incidence and severity

[383]

RORyt

Resistant

[384]

Tbet

Resistant

[385]

STATl

Increased severity

[385]

NLRP3

Delayed course and reduced severity

[386]

''Adapted from [387]
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[243] / [244]

Chapter 2: Materials and Methods

2.1 General reagents
2.1.1.

Cell culture medium

Roswell

Park

Memorial

Institute

(RPMI)-1640

medium

(Sigma)

was

supplemented with 10% heat-inactivated (56°C for 30 min) foetal calf serum
(PCS;

Biosera),

100

mM

L-Glutamine

(Gibco)

and

100

pg/ml

penicillin/streptomycin (Gibco).

2.1.2.

Ammonium Chloride Lysis Buffer

0.77g ammonium chloride dissolved in 100ml ddH20

2.1.3.

Phosphate-buffered saline (PBS; 20X)

320 g Sodium chloride (NaCI, 1.4 M)
46 g Sodium hydrogen phosphate (Na2HP04, 0.08 M)
8 g Potassium di-hydrogen phosphate (KH2PO4, 0.01 M)
8 g Potassium chloride (KCI, 0.03 M)
Dissolved in 2 L of dH20 and adjusted to pH 7.0

2.1.4.

ELISA reagents

2.1.3.1.

ELISA wash buffer

500 ml 20X PBS
9.5 LdH20
5 ml Tween 20

2.1.3.2.

Phosphate citrate buffer

20.38 g Citric acid (C6H8O7)
73.8 g di-Sodium hydrogen orthophosphate dodecahydrate (Na2HP04.12H20)
Made up to 2 L with dH20, pH 5.0 (stored at 4°C)
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2.1.3.3.

ELISA substrate solution

1 o-Phenylenediamine dihydrochloride (OPD) tablet (Sigma)
25 ml Phosphate Citrate Buffer
7 pi H2O2

2.1.3.4.

ELISA stop solution (IM H2SO4)

26.74 ml 18 M H2SO4
473.26 ml dH20

2.1.5.

MACS buffer

2% FCS
1% 0.2M EDTA
Made up in IX PBS

2.1.6.

FACS buffer

2% FCS
0.1% Sodium Azide (NaNOs)
Made up in IX PBS

2.1.7.

Stock isotonic percoll

Percoll was made isotonic by diluting 9:1 with lOX PBS (Sigma). The different
density gradients were calculated using the equations described in the percoll
manual (Sigma Website). Briefly, for 1.088 g/ml -100 ml =

Density of SIP

Desired Density

Guess and then alter
volume of SIP required
to make desired final

1.123-1.088

-70 X------------------ =29.48
1.088-1.0046

volume
Density of PBS

Therefore, 70 ml SIP + 29.38 ml IX PBS = 99.38 ml 1.088 g/ml percoll.
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2.1.8.

FACS antibodies

Antigen

Clone

Supplier

Intracellular/Extracellular

IL-IRI

35F5

BD Biosciences

Extracellular

IL-18R

112614

R&D

Extracellular

CD4

GK1.5

eBiosciences

Extracellular

CD8a

53-6.7

eBiosciences

Extracellular

CDS

145-2C11

eBiosciences

Extracellular

TCR5

GL3

eBiosciences

Extracellular

CD62L

MEL-14

eBiosciences

Extracellular

CD44

IM7

eBiosciences

Extracellular

F4/80

BM8

eBiosciences

Extracellular

CDllb

Ml/70

eBiosciences

Extracellular

Ly6G

RBC-8C5

eBiosciences

Extracellular

Siglec F

E50-2440

BD Biosciences

Extracellular

IFN-y

XMG1.2

BD Biosciences

Intracellular

IL-17A

eBiol7B7

eBiosciences

Intracellular

GM-CSF

MPI-22E9

eBiosciences

Intracellular
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2.1.9.

Mouse ELISA duosets

Supplier

Cytokine
IL-1(3

R&D

IL-18

MBL International

IL-23

R&D

IL-17A

R&D

IFN-y

BD Pharmingen

IL-22

R&D

IL-17F

R&D

GM-CSF

R&D

TNF-a

R&D

IL-lRa

R&D

IL-4

BD Pharmingen

IL-10

R&D

IL-13

R&D

IL-21

R&D

IL-6

BD Pharmingen

IL-2

BD Pharmingen
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2.1.10.

Mouse RT-PCR primers

Primer

Product Code

Supplier

18s

4319413E

Applied Biosystems

illb

Mm00434228_ml

Applied Biosystems

ill7a

Mm00439618_ml

Applied Biosystems

ill7f

Mm00521423_ml

Applied Biosystems

il22

Mm01226722_gl

Applied Biosystems

ifng

Mm01168134_ml

Applied Biosystems

csf2

Mm01290062_ml

Applied Biosystems

rorc

Mm01261022_ml

Applied Biosystems

maf

Mm02581355_sl

Applied Biosystems

tbx21

Mm00450960_ml

Applied Biosystems

ills

Mm00434225_ml

Applied Biosystems

il23

Mm01160011_gl

Applied Biosystems

ilia

Mm00439620_ml

Applied Biosystems

il27

Mm00461162_ml

Applied Biosystems

ill2p35

Mm00434165_ml

Applied Biosystems

illSrl

Mm00515178_ml

Applied Biosystems

illrl

Mm00434237_ml

Applied Biosystems

il23r

Mm00519943_ml

Applied Biosystems

itga4/cd49d

Mm00439770_ml

Applied Biosystems

itgal/cdlla

Mm00801807_ml

Applied Biosystems
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2.1.11.

Recombinant cytokines

Cytokine

Supplier

Concentration in

Concentration in vivo

vitro

IL-lp

R&D

10 ng/ml

100 ng/mouse

IL-18

MBL International

10 ng/ml

100 ng/mouse

IL-23

R&D

10 ng/ml

N/A

TGF-p

R&D

5 ng/ml

N/A

IL-6

R&D

10 ng/ml

N/A

IL-12

R&D

10 ng/ml

N/A

IL-15

R&D

10 ng/ml

N/A

IL-13

eBioscience

10 ng/ml

N/A

IFN-y

ImmunoTools

10 ng/ml

N/A

2.1.12.

Monoclonal antibodies

Cytokine

Supplier

Concentration in

Concentration in vivo

vitro

Anti-IFN-y

Bioceros

10 |ig/ml

500 |ig/mouse

Anti-IL-4R

BD Biosciences

10 |ag/ml

N/A

Anti-IL-13

eBioscience

10 pg/ml

N/A

Anti-IL-lRa

R&D

10 |ig/ml

N/A

Anti-CD3

BD Pharmingen

1 pg/ml

N/A

Anti-CD28

BD Pharmingen

1 Mg/ml

N/A
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2.1.13.

Other reagents

Supplier

Reagent

Heat killed Mycobacteria tuberculosis

Difco

IPS

Alexis

ATP

Sigma Aldrich

Nigericin

Invivogen

Ac-YVAD-cmk

Enzo Life Sciences

MOG35-55

GenScript

PI-P139.151

GenScript

Pertussis Toxin

Kaketsuken

DMSO

Sigma Aldrich

CFA

Chondrex

MSU Crystals

Invivogen

PBS

Sigma Aldrich

EDTA

Sigma Aldrich

TRIzol Reagent

Invitrogen

Bovine serum albumin

Sigma Aldrich
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2.2 Methods

2.2.1.

Animals

Specific pathogen free C57BL/6 mice and SJL/JHan mice were purchased from
Harlan, U.K. Ltd. All mice were maintained according to European Union regulations,
and experiments were performed under license from the Department of Health and
Children and with approval from the Trinity College Dublin BioResources Ethics
Committee. Mice were 6-8 weeks old at the initiation of each experiment.

2.2.1.1.

Strain

Mouse strains

Supplier

Background

WT

C57BL/6

Harlan UK Limited

IFN-y'^‘

C57BL/6

Trinity College Dublin Bioresources
Unit

IL-17A‘^'

Trinity College Dublin Bioresources

C57BL/6

Unit
Caspase-1’^’

Prof Kate Fitzgerald - University of

C57BL/6

Massachusetts Medical School
NLRP3'^'

Prof Jurg Tschopp - University of

C57BL/6

Lausanne and Prof Ed Lavelle Trinity College Dublin
IL-IRL^'

Trinity College Dublin Bioresources

C57BL/6

Unit
WT

Harlan UK Limited

SJL/JHan
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2.2.2.

Cell Counts

Cell counts were performed by diluting DCs, lymph node cells, spleen cells or bone
marrow cells 1 in 20 in ethidium bromide - acridine orange (EBAO) or brain or spinal
cord cells 1 in 2 in EBAO. A 10 pi volume of the cell suspension was then loaded onto
a disposable haemocytometer (Hycor Biomedical, UK). The number of viable (green)
and dead (orange) cells were then counted using a fluorescent microscope (Leitz).
The number of cells per ml was calculated according to the manufacturer's protocol
by multiplying the average cell number in 9 small squares by lO'* and then by the
dilution factor. Therefore:Number of cells/ml = average cell number in 9 small squares X lO^'x dilution factor

2.2.3.

MACS ceil purification

2.2.3.I.

CD3,CD4 and CDS T cells

Mice were euthanised and lymph nodes and spleens were removed. Organs were
homogenised into a single cell suspension and cells were counted. Cells were
pelleted by centrifugation at 300 g for 10 minutes. Cells were resuspended in 40 ul
of MACS buffer (see materials) per 10^ total cells. 10 pi of biotin-antibody cocktail
was added per 10^ total cells from the Pan T Cell Isolation Kit II, the CD4^ T Cell
Isolation Kit II or the CDSa"^ T Cell Isolation Kit II (Miltenyi Biotec). Cells were mixed
well and incubated at 4°C for 10 minutes. After 10 minutes 30 pi of MACS buffer was
added per 10^ total cells along with 20 pi of anti-biotin microbeads per 10^ total
cells. Cells were mixed well and incubated at 4°C for 15 minutes. After 15 minutes
cells were washed with MACS buffer and pelleted by centrifugation at 242 g for 5
minutes. Cells were resuspended at a concentration of 10® cells per 500 pL of MACS
buffer and filtered through an LS MACS column pre-rinsed with 3 ml of MACS buffer.
The column was washed through with a further 3 X 3 ml of MACS buffer and all the
effluent, containing the purified T cells, was collected. Cells were pelleted by
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centrifugation at 300 g for 10 minutes. Cells were resuspended in cRPMI, counted
and used as described in individual figure legends.

2.13.2.

y8T

cells

Mice were euthanised and lymph nodes and spleens were removed. Organs were
homogenised into a single cell suspension and cells were counted. Cells were
pelleted by centrifugation at 300 g for 10 minutes. Cells were resuspended in 450 pi
of MACS buffer per 10® total cells. 50 pi of non-T cell depletion cocktail was added
per 10® total cells from the mouse TCRy/6'^ T cell isolation kit (Miltenyi Biotec). Cells
were mixed well and incubated at 4°C for 15 minutes. After 15 minutes cells were
washed with MACS buffer and pelleted by centrifugation at 300 g for 10 minutes.
Cells were resuspended at a concentration of 10® cells per 500 pL of MACS buffer
and passed through the DeplOS separation program on the autoMACS separator. The
unlabelled fraction of cells collected from the negl port was pelleted by
centrifugation at 300 g for 10 minutes. Cells were resuspended in 450 pi of MACS
buffer per 10® total cells. 50 pi of anti-biotin microbeads was added per 10® total
cells from the mouse TCRy/6'^ T cell isolation kit (Miltenyi Biotec). Cells were mixed
well and incubated at 4°C for 15 minutes. After 15 minutes cells were washed with
MACS buffer and pelleted by centrifugation at 300 g for 10 minutes. Cells were
resuspended at a concentration of 10® cells per 500 pL of MACS buffer and passed
through the Posseld2 separation program on the autoMACS separator. The pure yS T
cells collected from the pos2 port were pelleted by centrifugation at 300 g for 10
minutes. Cells were resuspended in cRPMI, counted and used as described in
individual figure legends.

2.2.4.

Generation and stimulation of BMDCs

Bone marrow-derived DC (BMDC) were prepared by culturing bone marrow cells
from C57BL/6, caspase-l-defective (caspasel'^') and NLRP3'^' mice. Mice were
euthanized and their femurs and tibiae were dissected from the surrounding muscle.
77

The ends of each bone were removed. The bone marrow was flushed through using
cRPMl. The cell aggregates were dissociated using the barrel of a 1 ml syringe and
washed through with cRPMI. The cell suspension was pelleted by centrifugation at
242 g for 5 min at 4°C. Cells were resuspended in 2 ml of ammonium chloride lysis
buffer and heated to 37°C for 2 minutes to lyse the erythrocytes. The cells were
washed in cRPMI and pelleted by centrifugation at 242 g for 5 min at 4°C. Cells were
resuspended in 10 ml of cRPMI and counted. Immature BMDC were cultured at 5 X
10^ cells/ml in cRPMI supplemented with 40 ng/ml of GM-CSF in the form of
supernatant from a GM-CSF-secreting J558 cell line. After 3 days in culture, 30 ml of
fresh cRPMI containing 40 ng/ml of GM-CSF was added to each culture flask. On day
6 the flasks were gently removed from the incubator and the cell culture
supernatant was removed and discarded. 15 ml of 37°C sterile PBS was added to
each flask. Flasks were gently agitated and the PBS suspension was then transferred
to falcon tubes containing 10 ml cRPMI. 15 ml of 37'’C sterile EDTA (0.02%; Sigma)
was added to each culture flask and incubated at 37°C for 10 minutes. Meanwhile
the cells removed in the PBS step were pelleted by centrifugation at 242 g for 5
minutes at 4°C and resuspended in cRPMI. After 10 minutes of incubation, cells in
EDTA solution were removed by continuous pipetting down the inside of the flask
after which the EDTA cell suspension was transferred to falcon tubes containing 10
ml cRPMI. Cells were pelleted by centrifugation at 242g for 5 minutes at 4°C and
resuspended in 10 ml cRPMI and pooled with the cells removed via the PBS step.
Cells were recultured at 5 X 10^ cells/ml in cRPMI supplemented with 40 ng/ml of
GM-CSF. On day 8 in culture 30 ml of fresh cRPMI containing 40 ng/ml of GM-CSF
was added to each culture flask. On day 10 the loosely adherent cells were harvested
by gentle pipetting of the culture supernatant. BMDC were counted and cell viability
was assessed. Cells were plated at 1 X lOVml in 96 well, flat bottomed tissue culture
plates in cRPMI supplemented with 20 ng/ml of GM-CSF and rested overnight before
stimulation. DC were cultured with IPS (100 ng/ml; Alexis) and ATP (5 mM; Sigma),
heat-killed Mtb (10 pg/ml - 1 mg/ml; Difco), or medium only, with or without the
caspase-1 inhibitor Ac-YVAD-cmk (8 and 40 pM). Supernatants were recovered and
IL-lp (R&D Systems), IL-18 (MBL), and IL-23 (R&D Systems) concentrations
determined by ELISA.
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2.2.5.
DC (1

X

Co culture of DC with T cells

loVml) were cultured with heat-killed Mtb (50 and 150 ng/ml) with or

without Ac-YVAD-cmk (2 -100 |iM), or medium alone for 24 h. Heat-killed Mtb is the
key immunostimulatory component of CFA, the adjuvant used to induce EAE. Cells
were washed and added to MACS (Miltenyi)-purified CD4 T cells or FACS purified yST
cells (purity was routinely > 95%) at a ratio of 1:4 (0.25 x 10^ DC : 1 x 10^ T cells).
Supernatants were recovered after 72 h, and IL-17A (R&D Systems) and IFN-y (BD
Pharmingen) concentrations determined by ELISA.

2.2.6.

FLICA assay

Active caspase-1 was detected using the caspase-1 FLICA kit from Immunochemistry
Technologies. DC (1 x loVrnl) were treated with Mtb (50 - 500 pg/ml) (6 h), LPS (4 h),
or LPS and nigericin (5 pg/ml; Invivogen) (1 h) prior to treatment with fluorescein
labelled

inhibitor,

FAM-YVAD-fmk

(5-carboxyfluorescein-Tyr-Val-Ala-Asp-

fluoromethyl ketone) for 1 h at 37°C. The cells were then washed 3 times and
analysed

directly

by

flow

cytometry

on

a

CyANAOP

Flow

Cytometer

(DakoCytomation).

2.2.7.

ELISA

The concentration of cytokines in the supernatants of cells after culturing was
determined by commercially available ELISA kits (R&D and BD Pharmingen, see table
2.1.9). High binding certified 96-well microtitre plates (Greiner Bio One) were coated
overnight at 4°C with 50 pl/well of capture antibody in PBS. Plates were washed 5
times with ELISA wash buffer. 50 pl/well of blocking buffer was added to each well
for 2 h at room temperature, 1% bovine serum albumin (BSA) in PBS for R&D ELISAs
and 5% w/v non fat dried milk (Marvel) for BD Pharmingen ELISAs. Blocking buffer
was added to block non-specific binding sites. Plates were washed 5 times in ELISA
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wash buffer. 50 |il/well of sample supernatant was added to each well and the
standard was also added with a specific top working standard concentration
followed by 6 consecutive 1 in 2 serial dilutions leaving a blank of PBS only on each
plate. Plates were incubated overnight at 4°C and then washed 5 times in ELISA wash
buffer, so pl/well of biotinylated anti-mouse detection antibody diluted in 1% BSA
was added and the plates were incubated at room temperature for 2 h. Plates were
again washed 5 times and incubated with 50 pl/well of horseradish peroxidise (HRP)conjugated streptavidin diluted in 1% BSA for 20 minutes at room temperature in the
dark. Plates were washed 5 times and 50 pl/well of substrate solution was added to
each well. When the standard curve had developed sufficiently the enzyme reaction
was stopped by the addition of 25 pl/well of stop solution (IM

H2SO4).

The

absorbance was read at 492 nm on a Versamax Tunable Microplate Reader
(Molecular Devices). Cytokine concentration in each unknown sample was
determined by reference to the standard curve prepared using recombinant cytokine
of known concentration and following subtraction of the blank absorbance reading
from each sample on the plate.

2.2.8.
2.2.8.1.

Induction and assessment of EAE
Active EAE

EAE was induced in C57BL/6 mice by sub-cutaneous (s.c.) injection at one site in the
centre of the lower back with 100 pg of myelin oligodendrocyte glycoproteinss-ss
(MOG35.55)

peptide (GenScript) emulsified 1 in 2 in complete Freund's adjuvant (CFA;

Chondrex) which contains 4 mg/ml of H37 Ra Mycobacterium tuberculosis (Mtb).
SJL/JHan mice were immunised in the same manner however these mice received 80
pg of PLPi39-i5i peptide (GenScript) emulsified in CFA (Chondrex). C57BL/6 mice were
injected intra-peritoneally (i.p.) with 500 ng, and SJL mice with 300 ng, of pertussis
toxin (PT; Kaketsuken) on days 0 and 2 post-immunisation. Animals were monitored
daily for signs of clinical disease and their weights were recorded. Disease severity
was assessed according to percentage weight change and typical clinical scores as
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follows: no clinical signs, 0; limp tail, 1; ataxic gait, 2; hind limb weakness, 3; hind
limb paralysis, 4; tetra paralysis/moribund, 5.

2.2.8.2.

T cell adoptive transfer EAE

EAE was also induced in C57BL/6 mice by adoptive transfer of T cells. Donor
C57BL/6, IL-17A'^' or IFN-y'^’ mice were immunised with 100 pg of MOG35-55
emulsified 1 in 5 in CFA. In certain experiments donor mice also received 500
pg/mouse of IFN-y neutralising antibody i.p. or a PBS control. Mice did not receive
PT. 10 days post immunisation mice were sacrificed and their brachial lymph nodes
(LNs), axillary LNs, inguinal LNs and spleens were removed and homogenised into a
single cell suspension. Cells were stimulated according to the individual figure
legends with combinations of MOG (100 pg/ml), IL-23 (10 ng/ml), IL-ip (10 ng/ml),
IL-12 (10 ng/ml), IFN-y (10 ng/ml), IL-13 (10 ng/ml) anti-IL-13 (10 pg/ml) and anti-ILIRa (10 pg/ml) for 72 h in vitro at 10 X 10® cells/ml in 50 ml of cRPMI in T75 tissue
culture flasks. After 72 h, cells were transferred from the flasks to falcon tubes by
pipetting and pelleted by centrifugation at 242g for 5 minutes at 4°C. Supernatants
were taken at this point and IL-17A, IL-22, IFN-y, IL-17F, GM-CSF, TNF-a, IL-10, IL-4,
IL-13, IL-6, IL-21, IL-2 and IL-lRa levels were assessed by ELISA. Cells were
resuspended in fresh cRPMI and pelleted twice to remove any trace of recombinant
cytokine, monoclonal antibody or MOG. Cells were counted and 15 X 10® viable
whole splenocyte/lymphocyte cells were injected i.p. into wild type C57BL/6
recipient mice. Mice did not receive PT. In certain experiments WT recipient mice
also received 500 pg/mouse of IFN-y neutralising antibody i.p. or a PBS control.
Alternatively CD3 cells were purified from the cell culture after 72 h and 4 X 10®
viable CD3 cells were injected i.p. into wild type C57BL/6 recipient mice. Mice did
not receive PT. Animals were monitored daily for signs of clinical disease and their
weights were recorded. Disease severity was assessed according to percentage
weight change and typical clinical scores as follows: no clinical signs, 0; limp tail, 1;
ataxic gait, 2; hind limb weakness, 3; hind limb paralysis, 4; tetra paralysis/moribund,
5 or an atypical scale as follows: no clinical signs, 0; slight listing/difficulty righting, 1;
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obvious imbalance but able to ambulate, 2; severely impaired balance/ambulation,
3; incapacitated due to inability to maintain upright posture, 4; spinning, 4.5;
moribund, 5.

2.2.8.3.

DC adoptive transfer EAE

EAE was also induced in C57BL/6 mice by adoptive transfer of DC stimulated for 4 h
with

MOG35.55

peptide (50 pg/ml) and Mtb (10 pg/ml), with or without the caspase-1

inhibitor Ac-YVAD-cmk (50 pM), or with medium only. Cells were washed and
transferred (2 x lOVmouse) s.c. in the back to naive mice. Mice were injected i.p.
with 500 ng of PT on d 0 and 2. In certain experiments, IL-ip and/or IL-18 (100
ng/mouse) was administered s.c. 0, 1, 2, 4, 6, 8 and 10 days after transfer of the DC.
Animals were monitored daily for signs of clinical disease and their weights were
recorded. Disease severity was assessed according to percentage weight change and
typical clinical scores as follows: no clinical signs, 0; limp tail, 1; ataxic gait, 2; hind
limb weakness, 3; hind limb paralysis, 4; tetra paralysis/moribund, 5.

2.2.9.

Treatment of EAE with a caspase-1 inhibitor or anti-IFN-y

The caspase-1 inhibitor Ac-YVAD-cmk (25 pg/mouse; Calbiochem) was administered
s.c. to C57BL/6 mice immunised with MOG and CFA at the induction of disease on d
0, 1 and 2 and every second day from d 5 through to d 13. Control mice were
administered vehicle (DMSO) at the same time points. 500 pg/mouse of IFN-y
neutralising antibody was administered i.p. to SJL/JHan mice immunised with PLP
and CFA at day 14 post immunisation or 500 pg/mouse of IFN-y neutralising antibody
was administered i.p. to C57BL/6 mice immunised with MOG and CFA at days 0, 7
and 14 post immunisation. Control mice were administered vehicle (PBS) at the
same time points.
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2.2.10.

Antigen-specific cytokine production

Spleen and lymph node cells (1 x 10® cells/ml) from SJL/JHan mice were stimulated
with

PLP35.55

peptide (2-50 pg/ml) or medium only. Supernatants were recovered

after 72 h, and IL-17A and IFN-y concentrations determined by ELISA.

2.2.11.

Isolation of mononuclear cells from the CNS

Mice were anaesthetised with 40 pi of Pentobarbital Sodium (Euthathal) injected i.p.
When mice were unresponsive their chest cavities were opened and their hearts
exposed, A 23 G needle on a 20 ml syringe filled with ice-cold PBS was inserted into
the left ventricle and PBS was pumped through the body using a peristaltic pump
while the right atrium was cut to allow the blood to flow out. When the mouse was
fully perfused the brain and spinal cord were removed. The organs were dissociated
using the plunger of a 1 ml syringe through a 70 pm cell strainer (Greiner Bio One)
into a falcon tube. Organs were spun down at 242 g for 5 minutes and resuspended
in 2 ml of collagenase D (Img/ml) and DNase I (10 pg/ml). Organs were incubated at
37°C for 1 h with gentle agitation. After 1 h organs were washed and centrifuged at
242 g for 5 minutes. Organs were then resuspended in 9 ml 1.088 g/ml percoll
(densities outlined in materials). This was underlaid with 5 ml stock isotonic percoll
(1.123 g/ml). The 1.088 g/ml layer was carefully overlaid with 9 ml 1.072 g/ml percoll
then with 9 ml 1.030 g/ml percoll then with 9 ml IX PBS. Percoll gradients were
centrifuged for 45 minutes at 1250 g at 18°C. After centrifugation, 5 ml of percoll
containing mononuclear cells (MNCs) was taken from each of the interfaces between
the 1.088 g/ml:1.072 g/ml layers and the 1.072 g/ml:1.030 g/ml layers using a PIOOO
pipette being careful not to disrupt the myelin layer on the surface. MNCs were
washed and centrifuged twice at 242 g for 5 minutes and resuspended in 1 ml
cRPMI. Cells were counted and restimulated as outlined in specific experiments.
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2.2.12.

FACS staining

Cells for staining were isolated from their respective organs and processed into a
single cell suspension. Mononuclear cells (2 x 10® cells/ml) were stimulated for 6 h
with PMA (10 ng/ml) and ionomycin (1 pg/ml), in the presence of brefeldin A (5
|ig/ml). Cells were washed and blocked with Fey block (1 pg/ml; BD Pharmingen)
before extracellular staining for surface antibodies (see table 2.1.8). Cells were then
fixed and permeabilised (Fix and Perm cell permeabilisation kit; Caltag Laboratories)
and stained for intracellular GM-CSF, IL-17A or IFN-y. Flow cytometric analysis was
performed using a CyANAOp Flow Cytometer (DakoCytomation) and analysed with
FloJo software, with gating set on FMOs.

2.2.13.

Detection of cytokine production from T cells by ELISA

Purified CDS, CD4, CDS or y6 T cells were stimulated with combinations of cytokines
as outlined in the particular figure legends. 2 X 10® cells/well were seeded into round
-bottomed 96 well plates and cytokines were added in cRPMI. T cells were incubated
at 37°C for 72 h unless otherwise stated. After 72 h the plates were centrifuged at
242 g for 5 minutes to pellet the cells and the supernatants were removed and
frozen at -20°C until analysis. Supernatants were analysed for the presence of
cytokines by ELISA.

2.2.14.

Real time PCR

Specific organs, as outlined in the figure legends for each experiment, were isolated and
snap frozen in dry ice and then homogenised in TRIzol (Invitrogen). Cell cultures were
resuspended in TRIzol and stored at -20°C until use. Total RNA was extracted from the
tissues using the TRIzol/chloroform method. Homogenised tissue or cells in 1 ml of TRIzol
were transferred to RNase-free tubes. 200 pi of chloroform was added to each tube and
shaken vigorously for 15 seconds. Tubes were centrifuged for 15 minutes at 12,000 g at 4°C.
The resulting upper aqueous layer was removed to a fresh RNase-free tube and 500 pi of
isopropanol was added to each tube. Tubes were shaken vigorously and left at room
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temperature for 10 minutes before being centrifuged for 10 minutes at 12,000 g at 4°C. The
supernatants were removed and the pellet was washed once in 75% ethanol. The remaining
alcohol was pipetted off and the tube was inverted to air dry for 10 minutes. RNA was
diluted in 20-80 pi of nuclease-free water depending on the mass of the starting tissue. RNA
was then incubated on ice for 10 minutes, followed by 10 minutes at 65°C followed by 10
more minutes on ice. RNA concentration was then determined using a NanoDrop
spectrophotometer (NanoDrop). A consistent amount of 300 ng - 1 pg of each RNA sample
was reverse transcribed into cDNA using the Applied Biosystems High Capacity cDNA reverse
transcription kit according to the manufacturer's protocol, and the cDNA reverse
transcription product diluted 1:8 with nuclease-free water. Transcripts were quantified by
real time quantitative PCR on an ABI 7500 Fast real time PCR system with Applied
Biosystems predesigned taqman gene expression primers (see table 2.1.10) and reagents
according to the manufacturer's instructions. For each sample, mRNA concentration was
normalised using the crossing threshold of 18s ribosomal RNA and is expressed as fold
change.

2.2.15.

Histological assessment of EAE

Mice were euthanised with Pentobarbital Sodium and intracardially perfused with
ice-cold PBS as described in section 2.2.11 of this chapter. Brains and whole spinal
columns were very carefully isolated and transferred into paraformaldehyde for
preservation. Coronal sections (3mm) of the brain and spinal cord were placed into
cassettes

and

processed

to

paraffin

embedded

tissue

using

standard

histopathological techniques. Sections from each paraffin block cut at 4pm were
stained with haematoxylin and eosin and Luxol fast. 9 spinal cord sections and four
brain sections were examined for each mouse. Inflammation was graded using a
semi-quantitative scale: 0 = no inflammatory cells, 1 = few inflammatory cells, 2 =
moderate perivascular infiltration, perivascular cuffing, 3 = marked inflammatory
perivascular and parenchymal infiltration and parenchymal necrosis. Demyelination
was assessed as mild, moderate and severe on Luxol-fast stained sections.
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2.2.16.

Statistical analysis

Statistical analyses were performed using GraphPad Prism statistical analysis
software. Group differences were analysed by unpaired Student's t test, one-way
ANOVA or two-way ANOVA with multiple comparisons followed by Bonferroni post
test comparisons, for three or more groups. Differences between groups for clinical
scores in EAE were analysed by two-way ANOVA with repeated measures. P-values
of 0.05 or less were considered significant.
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Chapter 3: The caspase-1 processed
cytokines, IL-ip and IL-18, promote IL17A production by yd and CD4 T cells
that mediate autoimmunity

3.1 Introduction
IL-ip plays a pivotal role in autoimmunity and inflammation and functions upstream
of IL-17A to promote pathogenic Thl7 cells [213]. IL-lp can synergise with IL-23 to
induce IL-17A production from T cells in the presence or absence of TCR engagement
and IL-IRI'^’ mice were found to be resistant to the induction of EAE, a mouse model
for the human disease MS [213], MS and EAE are chronic inflammatory diseases of
the CNS. EAE can be induced in C57BL/6 mice by immunisation with a myelin
peptide,

MOG35.55,

emulsified in CFA. It has been shown that IL-17A is a key cytokine

in the pathogenesis of EAE as adoptive transfer of antigen-specific Thl7 cells induced
EAE in SJL mice and administration of neutralising anti-IL-17A antibody reduced, but
did not completely attenuate, the severity of EAE in C57BL/6 mice [189].

IL-18, another member of the IL-1 superfamily of cytokines and receptors, was
initially discovered as an IFN-y-inducing factor which combined with IL-12 to induce
Thl cells. However, it has since been shown that IL-18 has pleiotropic effects and can
also induce Th2 responses in the absence of IL-12 [388].

IL-lp and IL-18 are cleaved to become mature secretable proteins by caspase-1,
which must first be cleaved in a large multi-protein complex known as the
inflammasome. The NLRP3 inflammasome is a particularly well characterised
example and is one of at least four of these large multi-protein complexes that is
assembled and activated in response to a variety of microbial stimuli and
endogenous danger signals [77, 389]. Mutations in the Nlrp3 gene are associated
with autoinflammatory diseases and are characterised by an excessive production of
both IL-ip and IL-18 [390]. These mutations cause hyperactivity of the NLRP3
inflammasome due to a decreased activation threshold, and mice with these gain-offunction mutations show a substantial increase in IL-17A, a predominance of Thl7
responses and develop spontaneous skin inflammation.

Because of its essential role in inflammation and autoimmunity, drugs have been
targeted against IL-ip in an attempt to treat a range of inflammatory diseases.
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Kineret (Anakinra), a mimetic of the naturally occurring IL-IRI antagonist, IL-lRa, is
an example of one of these drugs and, while it has proven beneficial in the treatment
of systemic-onset juvenile idiopathic arthritis, acute pancreatitis and several
autoinflammatory disorders [391, 392], it has had very limited efficacy in the
treatment of autoimmune diseases such as MS.

Because IL-ip is essential for the induction of EAE, yet drugs which block its function
are not highly effective in the treatment of the disease, it was postulated that there
may be a level of redundancy between IL-lp and another cytokine. Because
hyperactivity of the NLRP3 inflammasome leads to increased levels, not only of IL-ip,
but also IL-18, and this in turn leads to substantially increased levels of Thl7 cells, it
was decided to investigate IL-18 for redundancy with IL-ip, and to determine its
ability to induce the production of IL-17A from T cells. This will help to define
whether drugs which directly target the inflammasome and remove the effects of
both IL-ip and IL-18 may be more effective than those that target only IL-IRI.

This study examined the role of the caspase-l-processed cytokines IL-ip and IL-18 in
the development of IL-17A-producing CD4 and y5 T cells. The findings demonstrate
that activation of caspase-1 in innate immune cells promoted the induction of T cells
that secreted IL-17A which led to the development of experimental autoimmunity in
mice. Inhibition of caspase-1 in vivo suppressed the induction of EAE. Passive
induction of EAE through the administration of DC pulsed with MOG and Mtb was
significantly attenuated when the DC were pre-treated with an irreversible caspase-1
inhibitor. This inhibition could be reversed by the in vivo administration of IL-ip, IL18 or both cytokines in combination. y5 T cells expressed high levels of the IL-18
receptor (IL-18R) and secreted IL-17A in response to either IL-18 and IL-23 or IL-ip
and IL-23 in the absence of TCR stimulation. These data demonstrate that caspase-1
plays a crucial role in the generation of innate IL-17A production and provide new
evidence that caspase-1 is an important drug target for autoimmune diseases.
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3.2 Results

3.2.1

M. tuberculosis induces mature IL-ip and IL-18 expression through

activation of caspase-1 and NLRP3

EAE is induced in mice by the injection of myelin peptides emulsified in CFA. The key
immunostimulatory component of CFA is heat killed Mycobacteria tuberculosis
(Mtb). The first aim was to examine the ability of Mtb to induce IL-ip, IL-18 and IL-23
from DC and the role of caspase-1 and the inflammasome in this induction. The
secretion of mature IL-ip and IL-18 from DC requires two separate stimuli. First,
immature forms of both cytokines must be induced through signalling pathways
activated by the ligation of PRRs on the cell surface with PAMPs. The downstream
signalling pathway promotes production of pro-IL-ip and pro-IL-18 mRNA which is
translated to produce the immature proteins. The second signal induces the
formation of the inflammasome and the processing of immature caspase-1 into the
mature protein. Mature caspase-1 cleaves immature IL-ip and IL-18 into their
mature forms which can be secreted from the cell. We investigated the ability of
Mtb to provide both of the signals required for secretion of mature IL-ip and IL-18.
This study showed that ATP was capable of inducing secretion of mature IL-ip and IL18 from DC when DC were first primed with LPS. In contrast, Mtb alone, without LPS
priming, was capable of inducing IL-ip and IL-18 secretion from DC in a dose
dependant manner (Fig 3.1)

The next aim was to examine whether the IL-ip and IL-18 secreted from DC in
response to Mtb stimulation resulted from caspase-1 activation through the NLRP3
inflammasome complex. The first step was to examine the ability of Mtb to induce
caspase-1 activation and this was assessed by flow cytometry. A cell-permeable
fluorescent probe that forms a covalent link with activated caspase-1 (FLICA) was
used to stain cells in which caspase-1 was activated. A kVH^ ionophore named
nigericin was used as a positive control. Nigericin was capable of inducing activation
of caspase-1 in LPS-primed DC, while DC primed with LPS only were negative for
caspase-1 activation (Fig 3.2). Mtb induced activation of caspase-1 without LPS
90

priming, and this was in a dose dependent manner. In order to further analyse the
role of caspase-1 in the secretion of IL-ip and IL-18 from Mtb-primed DC, a cell
permeable, irreversible caspase-1 inhibitor named Ac-YVAD-cmk was used. Ac-YVADcmk significantly reduced the secretion of IL-ip and IL-18 from DC in response to
stimulation with Mtb or ATP and LPS (Fig 3.3). We also demonstrated that Mtb was
capable of inducing the secretion of IL-23 from DC, but the caspase-1 inhibitor had
little effect on IL-23 production, demonstrating that secretion of this cytokine from
DC is caspase-1 independent (Fig 3.3).

DC from mice deficient in either the caspase-1 protein (caspase-1'^'), or the NLRP3
protein (NLRP3'^') were used to further confirm the role of caspase-1 and NLRP3 in
Mtb-induced secretion of IL-ip and IL-18 from DC. DC from v«/ild type mice were
capable of secreting mature IL-ip and IL-18 in response to Mtb in a dose dependant
manner (Fig 3.4). Secretion of both IL-ip and IL-18 was significantly reduced in the
DC from mice deficient in both caspase-1 and NLRP3 (Fig 3.4). These data
demonstrate that Mtb alone is capable of activating the NLRP3 inflammasome,
leading to caspase-1 activation in DC and IL-ip and IL-18 production.

3.2.2

Mtb-activated DC promote IL-17A and IFN-y production by T ceils and

induction of EAE, which is suppressed by a caspase-1 inhibitor and reversed by
administration of IL-ip and IL-18

Having shown that Mtb induces the secretion of IL-ip, IL-18 and IL-23 from DC, and
knowing the importance of these innate cytokines in the induction of proinflammatory cytokines such as IL-17A from T cells, the next experiments assessed
the ability of Mtb-stimulated DC to induce cytokine secretion from T cells. DC were
stimulated with Mtb for 24 h, washed and added to MACS purified CD4 T cells (purity
> 95%) or FACS purified y6 T cells (purity > 99%) for 72 h in a ratio of 1 DC to 4 T cells.
After 72 h the concentrations of IL-17A and IFN-y in the supernatants were assessed
by ELISA. The results showed that only DC pre-treated with Mtb, and not those pre
treated in medium alone, were capable of inducing the secretion of significant
concentrations of IL-17A and IFN-y from both CD4 and y5 T cells (Fig 3.5). In addition,
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when the DC were first treated with Ac-YVAD-cmk for an hour before being treated
with Mtb, their ability to induce IL-17A and IFN-y secretion from CD4 T cells was
significantly reduced in a dose dependant manner (Fig 3.6 A). In addition, pre
treatment with the caspase-1 inhibitor had no effect on the proliferation of the CD4
T cells (Fig 3.6 B). These results demonstrate that IL-ip, IL-18 and IL-23-secreting,
Mtb-stimulated DC are capable of inducing IL-17A and IFN-y secretion from CD4 and
y5 T cells, and this is caspase-1 dependent.

The next experiment examined the ability of MOG-pulsed, Mtb-activated DC to
induce EAE and the role of caspase-1 in this process. EAE was induced by the
injection of DC pre-treated with MOG and Mtb. EAE induced by adoptive transfer of
DC in this manner is less severe than that generated by active immunisation with
MOG and CFA and does not develop a chronic stage. However, MOG-pulsed, Mtbactivated DC were capable of inducing detectable disease in 100% (15/15) of mice
(Fig 3.7). In contrast, mice given DC pre-treated for 1 h with Ac-YVAD-cmk and
subsequently stimulated with MOG and Mtb had significantly attenuated disease
symptoms with only 67% (10/15) of mice showing symptoms (Fig 3.7).

In order to examine the specific role of IL-ip and IL-18 in EAE induced by injection of
MOG and Mtb-stimulated DC, both cytokines individually and together were injected
in vivo into mice which had received DC pre-treated for 1 h with Ac-YVAD-cmk and
subsequently stimulated with MOG and Mtb. Administration of IL-ip, IL-18 or both
together reversed the suppressive effects of the caspase-1 inhibitor (Fig 3.7),
however with different disease courses and severities. Administration of IL-18
induced a prolonged disease course, however the symptoms were not significantly
more severe than in mice given DC pulsed with MOG, Mtb and caspase-1 inhibitor
(Fig 3.7). Administration of IL-ip delayed the onset of disease, but resulted in a
significant increase in disease severity and an extension of disease symptoms.
Administration of both cytokines together induced an early but more protracted and
severe disease (Fig 3.7). These findings suggest that there is a degree of redundancy
between IL-lp and IL-18, but that both of these caspase-1 processed cytokines can
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contribute to disease pathogenesis in EAE. However, the data do point to a more
dominant role for IL-1[3.

3.2.3

Inhibition of caspase-1 suppresses the induction of EAE

Having shown that Mtb-stimulated DC are capable of inducing IL-17A secretion from
CD4 and y6 T cells and MOG and Mtb-stimulated DC are capable of inducing EAE
upon adoptive transfer in an IL-ip, IL-18 and caspase-1 dependent manner, the next
aim was to examine the role of caspase-1 inhibition in vivo in actively induced EAE.
Mice were immunised with MOG emulsified in CFA and the caspase-1 inhibitor, AcYVAD-cmk, was administered at the induction phase of EAE on day 0,1,2 and every
second day from day 5 to 13 throughout the course of disease. Mice treated with the
caspase-1 inhibitor had significantly attenuated symptoms of EAE (p < 0.01) when
compared with control mice given DMSO only (Fig 3.8).

3.2.4

yb and CD4 T cells express IL-18R and secrete IL-17A in response to IL-18

and IL-23

Having shown that Mtb alone can drive the secretion of mature IL-ip and IL-18 from
DC in a caspase-1 dependent manner and that direct inhibition of caspase-1 in EAE
leads to attenuation of the symptoms of EAE, the next experiment analysed the
relative roles of both IL-ip and IL-18 in the induction of pro-inflammatory cytokines
implicated in disease pathogenesis in EAE. It is known that IL-ip in synergy with IL-23
is capable of inducing the production of IL-17A from CD4 and y6 T cells [191, 208,
393]. Receptors for both IL-1 and IL-23 are expressed on y5 T cells [393, 394] and
although IL-23 receptor is not expressed on naive CD4 cells, it is upregulated in
response to signalling induced by IL-1, IL-6, IL-21 and IL-23 [394, 395]. As a result the
expression of IL-18R on both CD4 and y5 T cells was examined. The results show that
IL-18R is expressed at low levels on CD4 cells from the lymph nodes of naive mice,
but the proportion of CD4^ IL-18R^ T cells increased significantly in mice with EAE (Fig
3.9). In contrast, IL-18R is constitutively expressed at high levels on y5 T cells from
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naive mice, and this expression was significantly upregulated in mice with EAE (Fig
3.9)

In order to analyse the cytokine production from y6 T cells in response to !L-ip and
IL-18, MACS purified y5 T cells (85% pure) were stimulated with IL-ip, IL-18 and IL-23
or combinations thereof for 24 h with brefeldin A added for the final 6 hours. y5 T
cells were stained for extracellular TCR5 and intracellular IL-17A and IFN-y. y6 T cells
secreted IFN-y in response to IL-18 alone and this was enhanced by the addition of
IL-ip, but IFN-y secretion was not detected in response to the other cytokine
combinations (Fig 3.10 A). IL-23 alone, or in synergy with IL-ip and IL-18 was capable
of inducing IL-17A secretion by y8 T cells (Fig 3.10 A). It has also been reported that
IL-23 alone can promote IL-17A production by y5 T cells [396], however because the
y5 T cells used in that study were not completely pure it was not possible to rule out
the presence of a small amount of contaminating cells which may have been
providing a signal to synergise with exogenous IL-23 to induce the secretion of IL-17A
from the y5 T cells. As a result we carried out a FACS purification of y8 T cells in order
to obtain a population of cells that was over 99% pure. Although IL-ip in
combination with IL-23 or IL-18 in combination with IL-23 induced secretion of IL17A from the y6 T cells, IL-23 alone was unable to induce IL-17A secretion in the
highly purified y5 T cell population (Fig 3.10 B). The results generated by ICS were
confirmed by ELISA; highly purified y6 T cells, in the absence of TCR stimulus,
secreted IL-17A, IFN-y, and IL-22 only in response to either IL-ip + IL-23 or IL-18 + IL23 but none of these cytokines alone (Fig 3.10 C).

3.2.5

IL-18, with IL-23, promotes IL-17A production by CD4 T cells in part through

induction of IL-ip

Having demonstrated that IL-18, in combination with IL-23, can induce the secretion
of IL-17A, IL-22 and IFN-y from y5 T cells in the absence of TCR stimulation, the next
experiment examined the role of IL-18 in inducing cytokine secretion from CD4 cells.
CD4 cells from naive mice were MACS purified (>95% pure) and stimulated with IL-
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1(3, IL-18 and IL-23 or combinations thereof, or IL-12, or TGF-p and IL-6 in the
presence of anti-IFN-y and anti-IL-4R. The cytokine combination of TGF-P and IL-6
promotes the development of Thl7 cells from naive T cells, while IL-12 polarises CD4
cells to become Thl cells and secrete IFN-y. These cytokine combinations were used
as positive controls to demonstrate that the concentrations of IL-17A, IL-22 and IFN-y
induced by IL-lp, IL-18 and IL-23 were of physiological relevance. As with y5 cells,
only IL-ip + IL-23 or IL-18 + IL-23 were capable of inducing CD4 cells to secrete IL17A, IL-22, and IFN-y in the absence of TCR stimulation (Fig 3.11 A). A wider range of
cytokines induced CD4 cells to secrete cytokines in association with TCR stimulation
via exogenous anti-CD3 and anti-CD28. IL-17A was induced by all of the cytokine
combinations with the exception of IL-12. IL-p -t- IL-23 and IL-18 + IL-23 induced
higher concentrations of iL-17A than TGF-p + IL-6 (Fig 3.11 B). IL-22 was induced by
all cytokine combinations with the exception of IL-18 or IL-12 and IFN-y was induced
by all cytokine combinations with the exception of TGF-P + IL-6 (Fig 3.11 B).

The results presented in Fig 3.10 and 3.11 demonstrated that IL-18 plays an
important role in the induction of IL-17A from y8 and CD4 T cells. It is known that ILip in combination with IL-23 induces the secretion of IL-17A from T cells [213, 393].
Therefore, it is possible that IL-18 mediates its effects through IL-ip induction and is
not itself inducing IL-17A secretion. In order to test this hypothesis, spleen cells from
wild type and IL-lRr*^' mice were stimulated with IL-ip, IL-18, IL-23 and combinations
thereof and culture supernatants were tested for IL-17A secretion by ELISA. As
expected, IL-ip + IL-23 induced IL-17A secretion from wild type mice, but not from
IL-IRF'^’ mice (Fig 3.12). IL-18 + IL-23 promoted IL-17A secretion from wild type cells,
and while they also induced IL-17A secretion from IL-IRL^' cells, the concentrations
were significantly lower than with T cells from wild type mice (Fig 3.12). IFN-y
production was also assessed and it was found that IL-18 + IL-23 induced similar
concentrations of IFN-y from WT and IL-IRF^' spleen cells, demonstrating that IL-18
may mediate its effect on IL-17A production but not IFN-y production in part through
IL-ip.
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These data suggest that IL-18 can induce the secretion of IL-ip, which can synergise
with IL-23 to induce IL-17A secretion from CD4 and y6 T cells. In order to confirm this
hypothesis, DC were stimulated with IL-ip, IL-18 and IL-23 with and without pre
treatment with LPS and expression of //-ly? was assessed after 24 h by RT-PCR. The
results showed that IL-23 did not enhance il-1/] mRNA expression but both IL-ip and
IL-18 significantly upregulated the expression of il-l/i mRNA and this was further
augmented by pre-treatment with LPS (Fig 3.13). Taken together these results
demonstrate that IL-18 can induce IL-17A secretion from CD4 and yb cells directly by
synergising with IL-23, and indirectly by inducing the secretion of IL-ip from cells of
the innate immune system, which in turn combines with IL-23 to induce IL-17A
secretion.

These findings demonstrate that caspase-1 processed cytokines can

promote innate secretion of pro-inflammatory cytokines from T cells which
contribute to autoimmunity. In addition, these data demonstrate that while IL-ip
plays a vital role in induction of autoimmunity, there may be some redundancy in the
roles of IL-lp and IL-18 in the induction of IL-17A secretion and the promotion of
autoimmune diseases.
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3.3 Discussion
The most significant finding of this study was that the caspase-1 processed cytokines
IL-ip and IL-18 are capable of inducing the secretion of IL-17A from CD4 and y6 T
cells which can lead to the induction of EAE, a mouse model for the human disease
MS. The results demonstrated that Mtb, the key immunostimulatory component of
CFA, the adjuvant used to induce EAE in mice, was capable of stimulating DC to
secrete mature IL-13 and IL-18 in a dose dependent manner. In addition it was
demonstrated that the secretion of mature IL-ip and IL-18 was dependent upon
activation of the NLRP3 inflammasome and the cleavage of pro-caspase-1 into the
active protein. Inhibition of caspase-1 using the irreversible caspase-1 inhibitor AcYVAD-cmk reduced the secretion of IL-I3 and IL-18 from DC and subsequently the
secretion of IL-17A and IFN-y from DC-stimulated CD4 T cells, in addition, the results
demonstrated that CD4 and y6 T cells both express IL-18R and can respond to
stimulation with IL-23 in synergy with either IL-ip or IL-18, but neither cytokine
alone, to secrete innate IL-17A which is important in the induction of experimental
autoimmune diseases. These data demonstrate a possible reason for the limited
success of IL-1 targeted drugs in the treatment of autoimmune diseases. Although IL1 targeted drugs may inhibit the function of IL-1, it is possible the IL-18 can function
in its absence to induce symptoms of autoimmune diseases.

The role of IL-18 in experimental autoimmune diseases is controversial. Evidence
that IL-18 promotes autoimmunity comes from the demonstration that over
expression in the CNS of IL-18 binding protein, a natural inhibitor of IL-18, led to a
marked reduction of Thl7 responses and inhibition of autoimmune disease [397]. In
addition, Shi et al demonstrated that mice defective in IL-18 are resistant to EAE
[243] . Flowever, Gutcher and colleagues demonstrated that IL-18'^' mice were fully
susceptible to EAE, while loss of the IL-18 receptor induced resistance to the disease
[244] . In addition, IL-18'^' mice develop Ag-induced arthritis and slL-18Rp, an IL-18
inhibitor, promoted collagen induced arthritis by inhibiting levels of Treg, thus
allowing activated Thl7 cells [398, 399]. The present study demonstrated that IL-18R
is expressed on both CD4 and y6 T cells. In addition, it demonstrated that CD4 and y5
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T cells secreted significant concentrations of IL-17A, IL-22 and IFN-y in response to
stimulation with IL-18 in synergy with IL-23 in the absence of TCR engagement. The
concentration of IL-17A, IL-22 and IFN-y induced in T cells by IL-18 in combination
with IL-23 is at least comparable, and sometimes greater than, that induced by IL-ip
and IL-23. These findings suggest that IL-18 promotes innate IL-17A production from
CD4 and y5 T cells, which may be important in the pathogenesis of EAE. The results
of the present study may also help to explain some of the inconsistencies in the
literature. Although IL-18 and IL-23 induce concentrations of IL-17A that are
equivalent to those induced by IL-ip and IL-23, IL-18-induced secretion of IL-17A was
attenuated in IL-IRL'^' cells. Furthermore, IL-18 induced the expression of/7-ly? mRNA.
This suggests that at least some of the effects of IL-18 may be mediated through its
ability to induce IL-ip.

Interestingly, caspase-1 inhibition also significantly down-regulates the secretion of
IFN-y from DC-stimulated CD4 T cells. Although IL-18 is known to induce IFN-y
secretion [400, 401], IL-12 is the key cytokine responsible for IFN-y-induction.
Caspase-1 inhibition does not directly block the secretion of IL-12 however evidence
from the literature demonstrates that caspase-1 processed IL-18 significantly
contributes to induction of IFN-y by IL-12 [402]. Daily injections of IL-12 into mice
result in high circulating levels of IFN-y, which was completely prevented by prior
treatment with anti-IL-18 antibodies, or absent in mice deficient in caspase-1 [402],
Data from this thesis contribute to the evidence of a role for IL-18 in the induction of
IFN-y by IL-12 but further work must be done to elucidate a mechanism by which this
might function.

In addition to in vitro evidence for the role of IL-18 in the induction of proinflammatory cytokines from T cells which promote autoimmunity, this study
provided direct in vivo evidence for the pathogenic role of IL-18 in EAE.
Administration of IL-18 to mice injected with DC pre-treated with caspase-1 inhibitor
and pulsed with MOG and Mtb induced a more prolonged disease course when
compared with control mice given only the DC pre-treated with caspase-1 inhibitor
followed by MOG and Mtb. Although injection of IL-ip induced a significantly more
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severe disease, the onset of disease was delayed. Interestingly, when both IL-1(3 and
IL-18 are co-administered, the disease onset was no longer delayed and the course
of disease was as severe as in mice receiving IL-ip alone. This indicates that both ILip and IL-18 contribute to disease, with IL-18 perhaps providing a role early in
disease onset, and IL-ip contributing to disease severity.

IL-23 is of vital importance in the induction of EAE. Mice deficient in the pl9 subunit
of IL-23 are resistant to EAE induced by immunisation with MOG [187]. However
transfer of encephalitogenic T cells from wild type mice immunised with MOG into
IL-23pl9 deficient and wild type mice induced indistinguishable courses of disease,
demonstrating that IL-23 is critical in the induction but not the effector phase of EAE
[376]. Data from this study demonstrates that while IL-23 is important for the
induction of IL-17A from y6 T cells which contribute to the induction of EAE, IL-23
alone cannot induce IL-17A secretion. Although IL-23 induced IL-17A secretion from
a MACS purified population of yS T cells, IL-23 could not induce IL-17A from a highly
purified population of either CD4 or y5 T cells or from IL-IRI '^’ spleen cells. These
data indicate that exogenous IL-23 can synergise with even small concentrations of
other cytokines such as IL-ip or IL-18 secreted by small numbers of contaminating
cells, and is not able to induce IL-17A secretion alone.

Because of its pro-inflammatory properties, IL-ip is an obvious target for drugs used
to treat autoinflammatory and autoimmune diseases. Anakinra, the

IL-IRI

antagonist, was approved as a treatment for RA, but despite being highly effective in
the treatment of certain autoinflammatory disease such as Muckle wells syndrome
(MWS), it has proven largely ineffective as a treatment for RA [391, 403]. In addition,
anakinra has also been evaluated as a treatment for MS however the results of the
clinical trials were never published suggesting that it was not effective. There are a
number of reasons which may account for its relative ineffectiveness in autoimmune
diseases. It is possible that IL-1 functions too early in the immune responses that
lead to the development of autoimmune diseases so by the time symptoms present
and the drug is prescribed, IL-1 may already have completed its pro-inflammatory
functions. Another possibility is that the drug may not remain at a high enough
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concentration at the site of tissue damage to be properly effective. This study
suggests another possible reason for the ineffectiveness of IL-1 blocking drugs in the
treatment of autoimmune disease. It is possible that there is redundancy in caspase1 processed cytokines IL-ip and IL-18. Therefore inhibition of IL-1 may not be
sufficient as IL-18 will still function to mediate effects similar to those mediated by
IL-lp.

The present study provides convincing evidence that caspase-1 processed cytokines
play a critical role in promoting IL-17A production that leads to the development of
autoimmune diseases. Meng et al demonstrated that a missense mutation in the
gene which codes for Nlrp3 induced inflammasome hyper-activation, excessive
production of IL-lp and a Thl7-dominant skin inflammation, which demonstrated
the importance of the inflammasome in driving a Thl7 response [390]. Caspase-1
deficient mice had a reduced incidence and severity of EAE, and this reduction was
even more pronounced in mice lacking ASC, an adaptor molecule in the NLRP3
inflammasome [383, 404]. Inhibitors of caspase-1 have been used in experimental
models for a range of diseases including MS, colitis pancreatitis and in the treatment
of seizures [383, 405-408]. In fact, a caspase-1 inhibitor, Pralnacasan, had already
reached the phase II clinical trials, and although it was proving effective its use had
to be discontinued due to toxicity in long term animal studies [409]. The current
study provides fresh evidence for the value of NLRP3 and caspase-1 as drug targets
in the treatment of autoimmune diseases. The results have shown that IL-18 in
synergy with IL-23, or IL-ip also in combination with IL-23 can promote IL-17A
secretion from CD4 and yb T cells. Although a certain function of IL-18 could be
attributed in part to its ability to induce IL-ip, the results also showed that IL-18 and
IL-23

induced

appreciable

concentrations

of

IL-17A

from

IL-IRL^'

mice,

demonstrating that the cytokine has a function independent of IL-ip. Therefore,
non-toxic drugs that specifically target caspase-1 or the inflammasome may have
greater potential for the treatment of autoimmune diseases than those that target
IL-1 signaling alone.
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Figure 3.1. Heat killed Mtb induces IL-lp and IL-18 production by DC. DC from
C57BL/6 mice were stimulated with LPS, LPS and ATP or Mtb (50 |J,g/ml - 1 mg/ml) for
24 h and IL-ip and IL-18 concentrations in the supernatant were quantified by ELISA.
*p < 0.05, ***p < 0.001 versus medium only. Data is representative of four
independent experiments performed in triplicate.
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Figure 3.2. Heat killed Mtb activates caspase-1 in DC. DC from C57BL/6 mice were
stimulated with LPS for 3 h, LPS for 3 h followed by nigericin for 1 h or with Mtb (50
|ig/ml - 500 ^ig/ml) for 6 h. Expression of active caspase-1 was measured by
intracellular PLICA staining of DC. Results shown are mean caspase-1 (PLICA) positive
cells (A), with representative PACS plots (6). *p < 0.05, ***p < 0.001 versus medium
only. Data is representative of three independent experiments performed in triplicate.
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Figure 3.3. Mtb induced IL-lf3 and IL-18 from DC is caspase-1 dependent. DC from
C57BL/6 mice were stimulated with Mtb (10 (ig/ml and 50 |ig/ml) for 24 h, LPS for 3 h
followed by ATP for 1 h or medium only, with and without the caspase-1 inhibitor AcYVAD-cmk (8 and 40 pM). IL-ip, IL-18 and IL-23 concentrations in the supernatants
were quantified by ELISA. **p < 0.01, ***p < 0.001 versus medium only. Experiment
performed by Lalor, SJ.
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Figure 3.4. Mtb induced IL-ip and IL-18 from DC is caspase-1 and NLRP3 dependent.
DC from wild type C57BL/6, caspase-l^- and NLRP3
mice were stimulated with
increasing doses of Mtb (50 pg/ml - 1 mg/ml) or medium only for 24 h. IL-ip and IL18 concentrations in the supernatants were quantified by ELISA. *p < 0.05, **p< 0.01,
***p < 0.001 versus WT. *^p < 0.01,
< 0.001 versus medium only. Data is
representative of two independent experiments performed in triplicate.
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Figure 3.5. Mtb treated DC induce IL-17A and IFN-y secretion from CD4 and yd cells.
DC from C57BL/6 were stimulated with Mtb (50 )ig/ml or 150 |J.g/ml) or medium only
for 24 h, washed and added to MACS purified CD4 T cells (purity > 95%) (A) or FACS
purified y5 T cells (purity > 99%) (S) at a ratio of 1:4. After 72 h supernatants were
removed and the concentrations of IL-17A and IFN-y quantified by ELISA. ***p < 0.001
versus medium only. Data is representative of two independent experiments
performed in triplicate.
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Figure 3.6. Pre-treatment of DC with caspase-1 inhibitor suppressed IL-17A and IFNy secretion from CD4 cells but not proliferation. {A) DC from C57BL/6 mice were
stimulated with Mtb (50 [ig/ml) alone or with the caspase-1 inhibitor Ac-YVAD-cmk (2
and 10 pM) for 24 h, washed and added to MACS purified CD4 T cells (purity > 95%) at
a ratio of 1:4. After 72 h supernatants were removed and the concentrations of IL-17A
and IFN-y were quantified by ELISA. *p < 0.05 versus DC treated with Mtb only. (B)
Proliferation was measured after 3 days by ^H-thymidine incorporation. Results were
expressed as mean counts per minute (CPM). Data is representative of two
independent experiments performed in triplicate.
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Figure 3.7. Inhibition of caspase-1 inhibits adoptively transferred EAE. DC from
C57BL/6 mice were pre-treated with the caspase-1 inhibitor Ac-YVAD-cmk or a DMSO
control for 1 h and then pulsed with Mtb and MOG for 3 h. These cells were washed
and injected sub-cutaneously in the back of naive C57BL/6 mice with or without
administration of IL-ip and/or IL-18 (100 ng/mouse) on days 0, 1, 2, 4, 6, 8 and 10.
These mice were assessed for the development of EAE. Results are mean clinical
scores from 3 experiments with 5-6 mice per group in each experiment. The
percentages of mice in each group developing EAE is shown in the legend. *p < 0.05,

**p < 0.01 with versus without YVAD. *p < 0.05,
alone.
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Figure 3.8. Inhibition of caspase-1 in vivo inhibits actively induced EAE. EAE was
induced in C57BL/6 mice by immunisation with MOG and CFA. Mice were treated by
sub-cutaneous injection of the caspase-1 inhibitor Ac-YVAD-cmk (25 p-g/mouse) on d
0, 1, 2, 5, 7, 9, 11 and 13 or with DMSO only as the vehicle control. Mice were
assessed for the development of EAE by clinical score (A) and % weight change (B). *p
< 0.05, **p < 0.01 versus DMSO-treated control. Data is representative of three
independent experiments.

108

40t m Naive

□ EAE
J 30-

S

®

20
10-

0

B

CD4

y8

Naive

EAE

3.8

Q

O

Naive

EAE
38.2

29.3
OC

cm
IL-18R

Figure 3.9. yd T cells express high levels of IL-18R which is upregulated in EAE. Lymph
node cells from naive mice and mice with EAE were stained ex vivo for CD4, TCR8 and
IL-18R. Results are mean values for 5 mice {A) with representative dot plots (6). **p <
0.01, ***p < 0.001 versus naive control.

109

A
t

IL-18

Medium

1

2.8

12

g

1

16

0.1

0.5

8.6

IL-17A

B

Medium

IL-ip

0.3

0.2

IL-18

IL-23

lL-1 p+IL-18

0.0

02

IL-ip + IL-23

IL-18 + IL-23

t

3.4

5.7

IL-17A

1.5-

1200-1
„1000-

I 800

^

< 600-1
hT 400

a

40

10-

0.5-

2000.0

0

Med IL-1

IL-18 IL-23 IL-1 IL-18
•HL-23 +IL-23

Med IL-1

IL-18 IL-23 IL-1 IL-18
+IL-23 +IL-23

Med IL-1

IL-18 IL-23 IL-1 IL-18
+IL-23 +IL-23
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gated TCR5 cells. FACS purified yd T cells (C; >99% pure) were cultured for 72 h with ILip, IL-18, IL-23 or combinations thereof, or with medium only. IL-17A, IL-22 and IFN-y
concentrations in the supernatants were quantified by ELISA. Data is representative of
two independent experiments performed in triplicate.
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Figure 3.11. CD4 T cells secrete IL-17A, IL-22 and IFN-y in response to IL-ip and IL-23
or IL-18 and IL-23 without TCR engagement. MACS purified CD4 T cells (>95% pure)
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or absence (B) of anti-CD3 and anti-CD28. IL-17A, IL-22 and IFN-y concentrations in
the supernatants were quantified by ELISA. **p < 0.01, ***p < 0.001 versus medium
only. Data is representative of two independent experiments performed in triplicate.

Ill

300
□ IL-IRl'O)

200

<
100

800
^ 600
o>

Q.

-

400
200

Med IL-ip IL-18

IL-23

IL-1 p IL-lp IL-18
+IL-18 +IL-23+IL-23
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experiments performed in triplicate.
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Chapter 4: A kinetic study of the
immune responses in relapsingremitting EAE

4.1 Introduction
Mouse models have been developed for a range of human autoimmune diseases.
These have played a major role in elucidating the cellular and molecular components
of diseases and have been instrumental in the development of ne\A/ therapies. EAE, a
well established model for multiple sclerosis, can be induced in a wide range of
animals including primates, goats, rabbits, chickens, guinea pigs, dogs, rats, hamsters
and mice [410-418] by the injection of myelin antigens or CNS homogenates along
with an adjuvant. The origin of EAE began with studies by Louis Pasteur around the
development of a vaccine for rabies. The vaccine involved repeated injections of
patients with rabbit spinal cord after different degrees of desiccation, from animals
which had been intra-cranially inoculated with rabies virus. Eventually this led to
sporadic cases of paralysis, some of which were so severe they resulted in problems
with breathing and eventually death. Many years later a scientist named Thomas M.
Rivers decided to investigate the cases of ascending paralysis in these inoculated
individuals believing it to be due to a viral infection. He injected rhesus macaques
with emulsions of rabies-infected rabbit brains in order to induce the disease, and as
a control he also injected monkeys with emulsions containing healthy rabbit brains.
Two of the eight monkeys injected with emulsions of healthy rabbit brains
developed weakness and clumsy gaits and histological analysis of their brains
revealed perivascular infiltrates and demyelination [410]. This opened up the field of
research that led to the development of the EAE model.

EAE has been investigated in the mouse more than in any other species. Rather than
EAE being a homogenous disease inducible in all mice, different mice strains react
differently to inoculation with specific myelin antigens which can result in different
courses of disease. The two most widely used mouse strains for the induction of EAE
are SJL and C57BL/6 mice. SJL mice are an albino strain of Swiss mice that were
inbred by James Lambert since 1955. EAE is induced in these mice by the injection of
the myelin peptide antigen PLP139.151, hereafter referred to only as PLP, emulsified in
CFA co-administered with PT on day 0 and 2. This particular epitope of PLP was
identified as an encephalitogenic determinant in 1989 [419]. Mice injected with PLP
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and CFA begin to suffer symptoms of disease approximately 8 days after induction,
however, after the initial peak of disease the mice undergo a remission where the
severity of the disease lessens. This is followed by a relapse with an increase in
disease severity and this relapsing-remitting pattern continues throughout disease.
Similar to EAE in SJL mice, the disease is induced in C57BL/6 mice by the injection of
a myelin antigen emulsified in CFA, co-administered with PT. The
MOG35-55

MOG

peptide

is the most common peptide used for induction of EAE in C57BL/6 mice.

Mice begin to develop EAE approximately 8 days after immunisation and stay
chronically paralyzed for the duration of the experiment. This type of EAE is known
as chronic EAE and the clinical course differs from relapsing-remitting EAE.

EAE as a model has led directly to the discovery of at least four therapies approved
for use in MS, glatiramer acetate, mitoxantrone, natalizumab/Tysabri and fingolimod
[420], Glatiramer acetate is a standardised, randomised mixture of synthetic
polypeptides consisting of the four naturally occurring amino acids, L-alanine, Lglutamine, L-lysine, and L-tyrosine [421]. Mitoxantrone is an antineoplastic,
immunomodulatory agent which suppresses the clinical symptoms of EAE by
disrupting DNA synthesis and repair, and is also used in the treatment of certain
cancers [422]. Natalizumab, also known as Tysabri, is a humanised monoclonal
antibody specific for a4pi-integrin (VLA4) [423]. Fingolimod (Gilenya) is an orally
active

drug

which

blocks

sphingosine-l-phosphate

receptors,

consequently

sequestering lymphocytes in the lymph nodes, preventing them from moving into
the CNS [424]. There are pitfalls in the use of any animal model, certain treatments
which have had functional efficacy in the treatment of EAE have proved to be
ineffective in the consequent treatment of MS [425]. However, overall, EAE has been
remarkably useful as a tool for research for understanding the pathogenesis of MS.

As a result the importance of animal disease models to our understanding of the
cellular and molecular basis of disease, kinetics studies of immune responses provide
useful information on the different immunological components that contribute to
symptoms of autoimmune diseases. In the C57BL/6 MOG model of EAE, kinetics
studies of immune responses have been conducted to look at various immune cell
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types recruited and cytokines produced during disease [426]. Although studies have
been conducted into the CNS distribution and cytokine production of CD4 T cells in
PLP-induced EAE in SJL mice [427, 428], a comprehensive study, including research
into a range of immune cell types, cytokines and receptor expression has not been
reported for this model. A study of this type has the potential to uncover previously
unidentified facets of PLP-induced EAE, which could help to elucidate potential drug
targets for treatment of this and other autoimmune diseases. In this study CD4, CDS
and y8 T cells were analysed for their cytokine production and receptor expression in
the CNS and peripheral lymphoid organs across a range of time points throughout
the disease course of PLP-induced relapsing-remitting EAE in SJL mice.

The findings dem.onstrate that the inguinal lymph nodes and spleen are important
induction sites for the activation of IL-17A-secreting PLP-specific effector T cells. In
addition, although clinically similar, there are discrete cellular differences between
the initial peak of disease and the peak of relapse, in that there were greater
numbers of CNS-infiltrating cells accompanied by greater levels of pro-inflammatory
cytokine secretion at the initial peak of disease. An examination of cytokine mRNA
expression suggested that there is significant migration of cells secreting proinflammatory cytokines in the brain at the onset of disease, and in the spinal cord at
the peak of disease.

Surprisingly, increased IFN-y is negatively correlated with

clinical score and may have, therefore, a putative protective effect in the disease at
certain time points. Administration of an IFN-y neutralising antibody during
remission exacerbated disease demonstrating that IFN-y has a protective function
during the effector phase of rrEAE.
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4.2 Results
4.2.1

Clinical scores in the relapsing-remitting model

EAE was induced in SJL/JHan mice by injecting PLP emulsified in CFA. The clinical
scores and weights of the mice were recorded (Fig 4.1). Mice began to show
symptoms of the disease 8 days after injection with PLP, which first manifested as
limpness of the tail. The mice gradually deteriorated and by 10 days post induction
had an average clinical score of 2, which manifested as weakness in the hind limbs,
visualised as a wobbly gait. 12 days post EAE induction, many of the mice had hind
limb paralysis and this was recorded as a clinical score of 3. This was followed by the
peak of disease at day 14 which manifested as either complete or partial paralysis of
the hind limbs of the mice. From day 14 until day 21 post induction the mice
underwent a gradual remission in the severity of symptoms, regressing to an average
clinical score of approximately 1.5 at the trough of the clinical score curve. Remission
in the mice was sustained for a period of about 6 days from day 21 to day 26. From
day 26 until cessation of the experiment the clinical scores for the mice began to
gradually increase as they underwent a progressive relapse in disease severity until a
peak was reached at day 30, at which the mice were sacrificed. The score at the peak
of relapse was approximately 2.5 and was therefore less severe than the score at the
peak of the initial disease onset, which had been an average of 3.5. Notably, the
mice in remission did not return to a clinical score of 0 but instead retained some
mild disease symptoms and remained at an average score of just under 1.5.

The average weights of the mice were recorded as an alternative indicator of disease
in the animals (Fig 4.1). As EAE clinical scores progressed the mice lost weight, and as
their symptoms improved they gained weight. Mice began to lose weight 7 days post
induction. This weight loss progressed over the following 9 days up until day 16 post
induction at which point mice had lost an average of 5.6g or 25.9% of their original
body weight. From day 16 to day 26 post induction the mice progressively increased
in weight and gained an average of 4.2g or 19.4% of the weight that they had initially
lost. From day 27 until cessation of the experiment the mice then progressively lost
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weight and by day 31 had lost an average of 2.55g, or 11.7% of their average body
weight as measured on day 6 post induction. The weight loss and gain of the mice
correlated with the clinical scores, insofar as the mice showed a trend towards
weight loss as the clinical score of the mice increased in severity and the mice
tended towards weight gain as the clinical score of the mice decreased in severity.

4.2.2

Antigen-specific IL-17A and IFN-y production during relapsing-remitting EAE

In order to evaluate the immune responses in the pathogenesis of EAE, immune cells
from different peripheral organs and the CNS were evaluated for antigen-specific
cytokine production at different stages of disease. Cytokine production by antigenspecific cells can be used as an indicator of the type of T helper cell subsets that are
present

at

different

stages

of

disease.

In

these

experiments,

increasing

concentrations of PLP peptide (2, 10 and 50 pg/ml) were used for ex vivo stimulation
of cells from inguinal lymph nodes, cervical lymph nodes, spleens and brains at
different stages of disease, and production of IL-17A and IFN-y after 72 h of culture
was assessed by ELISA. Cells stimulated with anti-CD3 and PMA were used as a
positive control. The time points analysed were induction phase/pre-disease onset
(day 6; n=5), onset of initial disease symptoms (day 9; n=5), peak of initial disease
symptoms (day 12; n=5), remission of disease (day 20; n=5), onset of first disease
relapse (day 25; n=5). Peak of first disease relapse (day 30; n=4). Three other groups
of mice were also analysed, namely naive mice (n=4), continuously sick mice (n=3)
and continuously well mice (n=5). The continuously sick mice developed disease at
the same rate as the rest of the mice initially, however they failed to go into
remission after the initial peak and remained at a clinical score equivalent to peak of
disease throughout the course of the experiment. The continuously well mice were
administered PLP emulsified in CFA in exactly the same way as the other mice in the
experimental group, however they never experienced any disease symptoms.

The inguinal lymph nodes are the draining lymph nodes from the site of inoculation
during induction of EAE. PLP-specific IL-17A production was increased, although not
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significantly, in the inguinal lymph node cells from mice during the induction phase
stage of disease when compared with levels of IL-17A production by lymph node
cells from naive mice (Fig 4.2). Antigen-specific IL-17A was significantly increased in
inguinal lymph node cells during remission and through to onset of relapse, although
not at either the peak of disease or the peak of relapse. Antigen-specific IFN-y was
significantly increased in the inguinal lymph node cells from mice during remission.

In the cervical lymph node cells, antigen-specific IL-17A was increased at the peak of
disease, and significantly increased during remission and onset of disease relapse
(Fig 4.3). The continuously sick mice also showed significant levels of IL-17A
production by their cervical lymph node cells in comparison with IL-17A production
by lymph node cells from naive mice. PLP-specific IFN-y was not increased in the
cervical lymph node cells at any of the time points analysed.

PLP-specific IL-17A production from spleen cells was significantly increased across a
range of disease time points including induction phase, onset of disease, peak of
disease, remission, and the greatest increase was during onset of relapse (Fig 4.4).
Despite an increase at onset of relapse, antigen-specific IL-17A was not detected
during the peak of relapse and was also not detected in the continuously sick or
continuously well mice. Some antigen-specific IFN-y was detectable from spleen cells
during disease peak and at the onset of disease relapse, however the highest levels
of PLP-specific IFN-y were detectable from the spleen cells during disease remission
and these levels were significant when compared with naive mice.

Isolating relatively pure mononuclear cells from the CNS of mice is a difficult and
complex procedure complicated by the fact that these cells are generally found in
very low numbers in the brain and spinal cord. This is altered slightly during EAE
because mononuclear cells trafficking into the brain enter by crossing the leaky BBB.
Consequently during onset and peak of disease there are more cells present in the
brains of mice. Therefore, these were the only two time points during which enough
mononuclear cells from the brains were recovered in order to analyse antigen recall
responses. At both onset and peak of disease, significant levels of antigen-specific IL120

17A and IFN-y were detected from brain cells compared with the medium only
control (Fig 4.5). The concentrations of both cytokines were higher during the onset
period and had decreased somewhat by the peak of disease.

In summary, the concentration of antigen-specific IL-17A produced by inguinal lymph
node cells was increased before disease onset and again in remission and onset of
relapse, but not in the interim. In cells from the cervical lymph node, antigen-specific
IL-17A was initially detected at the onset of disease and then throughout the time
points until the onset of first relapse, but not during the peak of relapse. Significant
concentrations of antigen-specific IL-17A were also produced by the cervical lymph
node cells of continuously sick mice. Spleen cells secreted significant concentrations
of antigen-specific IL-17A from disease onset ail the way through until the onset of
the disease relapse. The concentrations of antigen-specific IL-17A secreted from
PLP-stimulated, mononuclear cells isolated from the brain were significantly
increased when compared with cells stimulated with medium only.

In the inguinal lymph node cells, antigen-specific IFN-y was only detected during
remission, and while it was not detected in the cervical lymph node cells at any time
point, this pattern was repeated in the spleen where antigen-specific IFN-y was
detected at remission. PLP-specific IFN-y secretion from spleen cells was also
detected at the peak of disease and at the onset of relapse. Antigen-specific IFN-y
was also detected at both the onset and peak of disease by the mononuclear cells
isolated from homogenised brain tissue, however because there were not enough
cells to test for antigen-specific cytokine production at any other time points from
the brain cells, these concentrations cannot be compared with those at remission, or
indeed any other time point.
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4.2.3

Intracellular IL-17A and IFN-y production by CD4, CDS and yb T cells during

relapsing-remitting EAE

An evaluation of the concentration of antigen-specific cytokines by ELISA has
provided useful information on the immune responses in ceils of different organs at
particular time points in the EAE model, however it is also of vital importance to
determine the particular cell types from which the cytokines are being released. This
should provide useful information on the role of different T cell subsets in either
pathology or protection throughout the course of disease. Therefore, intracellular
cytokine staining was performed on single cell suspensions isolated from inguinal
lymph nodes, cervical lymph nodes, spleens and brains stimulated with PMA and
ionomycin for 6 hours, with brefeldin A added for the final 5 hours. After stimulation,
cells were washed and stained for surface CD4, CDS and TCR5 and intracellular IL17A and IFN-y and analysed by flow cytometry.

In the inguinal lymph nodes, the frequency of CD4^ IL-17A'^ cells was low at all the
time points, however the highest frequencies and absolute numbers were seen at
the onset of relapse, the peak of relapse, and in the continuously sick mice (Fig 4.6).
The frequency and absolute number of IL-17A-producing CD8^ T cells was also high
at the onset of relapse. IL-17A-producing y6 T cells were at their highest frequency at
the induction phase and during the peak of relapse, while absolute numbers of yS T
cells were highest during the peak of relapse. The frequency of IL-17A-producing
CD4, CDS and y6 T cells was low at the onset and peak of disease. Frequencies of IFNy-producing CD4, CDS and y5 T cells were significantly increased in the continuously
well mice compared with naive mice (Fig 4.7). Absolute numbers of IFN-y-secreting
y8 T cells were also at their highest in continuously well mice, however absolute
numbers of IFN-y-secreting CD4 and CDS T cells were at their highest in the
continuously sick mice. Furthermore, IFN-y-secreting y6 T cell frequencies and
absolute numbers were high during remission. Similar to IL-17A-secreting cells, IFNy-producing CD4, CDS and y5 T cell frequencies and absolute numbers were at their
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lowest during onset of disease symptoms and remained generally low at the peak of
disease and the peak of relapse.

In the cervical lymph nodes, like in the inguinal lymph nodes, frequencies of CD4'' IL17A'' cells were low at all the time points (Fig 4.8). However, in comparison with
naive mice, the frequency of IL-17A-producing CD4 cells was increased at the
induction phase and frequencies and absolute numbers were high at the peak of
relapse and in continuously sick mice. The frequency and absolute number of CD8^
IL-17A^ cells was significantly increased at the onset of relapse and non-significantly
increased at the induction phase. The frequency of IL-17A-producing y5 T cells was
increased across most time points when compared with naive mice; however the
largest increases were seen during the peak of relapse and in the continuously sick
mice. Absolute numbers were also high at the peak of relapse. There was a reduced
frequency and absolute number of IL-17A-secreting CD8 and yb T cells at onset of
disease. Similar to in the inguinal lymph nodes, the frequencies and absolute
numbers of IFN-y-secreting CD4, CD8 and y5 T cells were increased in the cervical
lymph nodes in the continuously well mice (Fig 4.9). In addition, the frequencies and
absolute numbers of IFN-y-secreting CD4, CD8 and y5 cells were low at the induction
phase and at onset of disease.

In the spleen, the frequencies and absolute numbers of IL-17A-secreting CD4, CD8
and y6 T cells were increased across most of the time points (Fig 4.10). In particular,
the frequency of CD4 T cells secreting IL-17A was increased significantly during the
induction phase and at remission. The frequency of CD8^ IL-17A^ cells was decreased
at the onset of disease, but was significantly increased at the peak of disease,
throughout remission and into the onset of relapse. There was an increase in IL-17Aproducing y5 cells, particularly during the induction phase of disease. The absolute
numbers of IL-17A-secreting CD4, CD8 and y6 T cells were notably low in the spleens
at the peak of disease. The frequency of CD4^ IFN-y"” cells was increased in the spleen
during the remission time point, and in the continuously well mice and this was
mirrored in the CD8 and y5 T cell populations (Fig 4.11). Similar to IL-17A-secreting T
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cells, absolute numbers of IFN-y-secreting CD4, CDS and y6 T cells were notably low
in the spleens at the peak of disease.

Frequencies and absolute numbers of IL-17A-secreting CD4, CDS and y5 T cells were
at their highest in the brain at the peak of disease (Fig 4.12). The frequency of IL17A-secreting CD4 cells was also significantly increased in the brains of the
continuously sick mice and the absolute numbers of IL-17A-producing CD4, CDS and
y8 T cells were increased in the continuously sick mice. Large frequencies of y5 cells,
even in the brains of naive mice, constitutively secreted IL-17A, however there was
an increase in frequency across all time points, with the exception of the onset of
disease. The frequency of IFN-y-secreting CD4, CDS and y6 T cells in the brain was
significantly increased in the continuously well mice and IFN-y-secreting CD4 and yS
T cell frequencies were significantly increased during remission (Fig 4.13). The
absolute numbers of IFN-y-secreting CD4, CDS and y5 T cells were highest during the
peak of disease, and CD4 and CDS numbers were also high in the continuously sick
mice.

In summary, frequencies and absolute numbers of IL-17A-secreting cells in the
cervical and inguinal lymph nodes were generally low during the initial onset and
peak of disease but were higher at the onset of the peak of the first relapse. The
frequency of IFN-y-secreting T cells in the inguinal lymph nodes was enhanced at
time points where the mice suffer their least severe disease symptoms such as
remission and in the continuously well mice. In the spleen, the frequency of IL-17Asecreting T cells was generally increased across all time points and in all three cell
types analysed while absolute numbers peaked during relapse. Frequencies of IFN-ysecreting cells in the spleen, like in the lymph nodes, were higher during remission
and in the continuously well mice. Of the T cells that had infiltrated the brain, IL-17Aproducing CD4, CDS and y6 cells were at their highest frequency and absolute
number during the peak of disease. The frequency of IFN-y-secreting cells in the
brain was at its highest during remission and in the continuously well mice. These
results point to a pathogenic role for IL-17A-secreting, but perhaps a protective role
for IFN-y-secreting, T cells.
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4.2.4

Expression of cytokine and cytokine receptor mRNA in the CNS during

relapsing-remitting EAE

The relative expression of mRNA of a range of key immunomodulatory cytokines and
cytokine receptors was analysed in the brains and spinal cords of mice during
relapsing-remitting EAE. The cytokines analysed were IL-17A, IFN-y, IL-18, IL-23, ILip, IL-la, IL-27 and IL-12p35 and the cytokine receptors analysed were IL-18R, IL-IRI
and IL-23R.

IL-17A mRNA expression was increased in the brain at all stages of RR-EAE compared
with naive mice, and was notably high in the continuously sick mice (Fig 4.14). IL-17A
expression was at its highest in the brain at the onset of disease, remained high at
peak but was comparatively low during remission. Alternatively, in the spinal cord,
IL-17A expression did not reach its highest until the peak of disease but remained
high through remission. In addition, IL-17A mRNA expression was high in the spinal
cord during the peak of relapse, however was comparatively low at this same time
point in the brain. Similarly, expression of IFN-y at the peak of the first relapse was
also low in the brain but high in the spinal cord. IFN-y expression was high during
remission and at the onset of relapse in both brain and spinal cord. Expression of IL17A and IFN-y mRNA in the continuously well mice in the brain and the spinal cord
was low compared to most other time points.

The expression of IL-18 and IL-23 mRNA was not elevated at any of the time points
when compared with naive mice (Fig 4.14). Despite this, IL-18R expression was
significantly higher at the onset and peak of disease in the brains, and was
significantly higher during peak of disease in the spinal cord (Fig 4.16). IL-18R
expression was high during remission in the spinal cord but was comparatively low
during remission in the brain. IL-23 receptor expression was significantly higher in
the brains of mice at disease onset and remained high at disease peak, however the
expression was generally low throughout disease (Fig 4.16). Expression of IL-23R in
the spinal cord was high from the onset of disease to the peak of relapse.
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IL-ip mRNA expression in the brain was significantly increased at the onset of
disease but was reduced by the peak of disease and remained low across all the time
points (Fig 4.15). In the spinal cord IL-lp expression was at its highest during the
peak of disease, and while remaining comparatively high during remission, was low
for the remaining time points. IL-ip mRNA expression was low in the continuously
well mice in the brain and spinal cord. In a similar manner to IL-17A and IFN-y
expression, expression of IL-lp was increased in the spinal cord and not in the brain
during the peak of the first relapse. Expression of IL-la was high in the brain at
disease peak and at onset of relapse (Fig 4.15). Expression of IL-IRI mRNA in the
brain was not increased at any time point, whereas in the spinal cord, IL-IRI mRNA
expression increased significantly at both the peak and the peak of the relapse (Fig
4.16). IL-27 mRNA expression in the brain was at its highest at the onset of disease
but was low at the other time points (Fig 4.15). In the spinal cord IL-27 mRNA
expression peaked during peak of disease. IL-12p35 expression in the brain was
significantly increased at the onset and peak of disease, but was only slightly
increased across the remaining time points (Fig 4.15). In the spinal cord IL-12p35
mRNA was significantly increased at the peak of disease, slightly increased during
remission and relatively low throughout the other time points.

In summary, expression of IL-17A, IFN-y, IL-ip, IL-27, IL-23R and IL-18R was at its
highest in the brain during the onset of disease, but did not reach its highest levels in
the spinal cord until the peak of disease. Similarly, expression of IL-la, and IL-12p35
was high in the brain at the onset of disease but did not reach its highest levels in the
brain or the spinal cord until the peak of disease, approximately 3 days later. The
expression of IL-17A, IFN-y, IL-ip, IL-la, IL-27 and IL-IRI was all comparatively high in
the spinal cord of mice during the peak of relapse, but was comparatively low in the
brain at this same time point. Continuously sick mice expressed relatively small
amounts of all the cytokines and receptors analysed in both brain and spinal cord
with the exception of IL-17A and IFN-y which were relatively high in the brain.
Continuously well mice expressed low levels of all the cytokines and receptors in
both the spinal cord and brain.
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4.2.5

Neutralisation of IFN-y during remission of EAE in SJL mice induces an IL-

17A and GM-CSF-driven, severe and early relapse

Having shown a putative protective role for IFN-y, the next aim was to examine the
role of IFN-y inhibition in vivo in actively induced rrEAE in SJL mice. Mice were
immunised with PLP emulsified in CFA and one dose of 500 pg of an IFN-y
neutralising antibody was administered by i.p. injection during the remission phase
of EAE on day 14 post-immunisation. Mice treated with anti-IFN-y had a significantly
earlier relapse of EAE with significantly augmented clinical scores (p < 0.001) when
compared with control mice administered only PBS (Fig 4.17). In addition, mice
treated with anti-IFN-y lost significantly more weight than control mice (Fig 4.17). At
the peak of the difference in weight loss on day 23 mice treated with the anti-IFN-y
had lost 23.67% of their body weight compared with their weights as recorded on
day 1 post-immunisation, while control mice had gained 4.6% of their body weight
compared with day 1, for an overall difference of 28.24% between the two
treatment groups.

The effect of IFN-y neutralisation on cellular infiltration in the CNS was next
examined. IL-17A and GM-CSF production by CD4 T cells isolated from the brains
and spinal cords of mice treated with IFN-y neutralising antibody or a PBS control
was analysed using ICS on day 25 post EAE induction (Fig 4.18). Neutralisation of IFNy induced an increase in the frequency of IL-17A secreting CD4 cells in the brain and
spinal cord. In addition, the absolute number of both IL-17A- and GM-CSF-secreting
CD4 cells infiltrating the brains and spinal cords of anti-IFN-y treated mice was
increased. IL-17A and GM-CSF-secreting CD4 cells were increased by ~5 times and
~3 times, respectively, in the brain and by ~13 times and ~10 times, respectively, in
the spinal cord.

IL-17A is known to induce neutrophil recruitment [429] so the presence of
neutrophils in the brain and spinal cord was next analysed (Fig 4.19). Frequencies of
CDllb’' and Ly6G'' neutrophils were increased in brains and spinal cords of mice
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treated with anti-IFN-y, significantly so in the brain. Absolute numbers of neutrophils
in both the brain and spinal cord were also increased in treated mice versus control
mice. Frequencies and absolute numbers of CDllb^ and F4/80^ macrophages were
unchanged between mice treated with anti-IFN-y and control mice. Taken together
these data suggest that blocking IFN-y during the remission of rrEAE augments the
disease via increased IL-17A- and GM-CSF-secreting CD4 T ceils infiltrating the CNS
and consequent recruitment of neutrophils.
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4.3 Discussion
IL-17A is now well acknowledged as a crucial cytokine in host defence against fungal
infections and is implicated in the pathogenesis of autoimmune diseases. IL-17A can
be produced by a range of cell types, including 0(3 CD4 and CDS T cells,

T cells,

lymphoid tissue inducer-like cells, NK cells and neutrophils. IL-17A can induce tissuespecific inflammation in multiple ways, including the recruitment of neutrophils and
the induction of the secretion of MMPs, all of which contribute to autoimmunity.

The results of this study showed that antigen-specific IL-17A secretion by cells from
the spleen and inguinal lymph nodes was detected during the induction phase, day 6
post-immunisation, prior to the detection of any symptoms of disease. PLP-specific
IL-17A secretion was not detected from cervical lymph node cells until the onset of
disease. Similarly, IL-17A mRNA expression was undetected in the brain until disease
onset at day 9. Furthermore, the frequencies and absolute numbers of IL-17Aproducing CD4, CDS and yS T cells in the brain were highest at the peak of disease.
This suggests that the inguinal lymph nodes, the lymph nodes draining the site of
immunisation with PLP/CFA, and the spleen are important sites for the induction or
peripheral expansion of PLP-specific effector T cells. These T cells migrate from the
spleen and lymph nodes and cross the BBB where they may be re-stimulated by CNS
resident APC to secrete IL-17A in the brain, where it contributes to disease
pathogenesis.

Interestingly, IL-17A production in any of the organs analysed, detected by ELISA or
ICS, was not particularly high at the peak of relapse. Indeed there were a range of
differences between mice at the initial peak of disease and during the peak of
relapse despite their similarly high clinical scores. In the spleen and the cervical
lymph nodes, antigen-specific IL-17A was detectable at the peak of disease, whereas
it was undetectable at the peak of relapse. Twice as many IL-17A-secreting CD4 cells
and four times as many IL-17A-secreting CDS cells were detectable in the brain at the
peak of disease compared with the peak of relapse. There are just over 4.5 times
more infiltrating mononuclear cells in the brain at the peak of disease than at the
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peak of relapse (319,393 cells at peak compared with 70,877 at the peak of relapse).
IL-17A-producing CD4 cells are the most abundant cell type in the brains of mice at
the peak of disease, however CD4'^IL-17A'^ cells are not the most abundant cell type
in the brains of mice at the peak of relapse and are only equivalent in numbers to
the CD4''IFN-y^ cells. Furthermore, IL-17A, IFN-y, IL-ip, IL-la, IL-12p35, IL-18R and IL23R mRNA expression in the brain and spinal cord is higher at the peak of disease
than at the peak of relapse. Taken together, these data show there is comparatively
more IL-17A and other pro-inflammatory cytokines at the peak of disease than at the
peak of relapse, and larger amounts of infiltrating cells in the CNS.

In 1995 McRae et al demonstrated that the majority of immunopathological
reactivity at the initial peak of EAE in SJL mice was directed against the PLPi39_i5i
epitope, while responses to secondary encephalogenic PLP epitopes may contribute
to the later relapsing phase of disease, a process known as epitope spread [430]. It is
possible therefore that epitope spread may result in differences in immune cell
infiltration of the CNS between the peak of disease and the peak of relapse. The
results of the current study suggest an alternative explanation for the differences
between the peak of disease and the peak of relapse. In the inguinal lymph nodes,
cervical lymph nodes, spleens and brains during the peak of relapse the frequency of
y8 cells secreting IL-17A is increased relative to those at the other time points, while
the frequency of y6 cells secreting IFN-y at this same time point is comparatively low.
This trend is also observed in the absolute numbers where, in all four organs, IL-17Asecreting y6 cells are more abundant than those secreting IFN-y, a trend not seen
consistently at any other time point. This may be a potential reason for the
difference in cell infiltration and cytokine production at the peak of disease and the
peak of relapse, despite the fact that the mice displayed similar clinical symptoms.
The tissue damage at the peak of relapse may be driven by y6 T cells preferentially
secreting IL-17A and not IFN-y, compared with the auto-antigen-specific CD4 T cells
that dominate at the peak of disease. The IL-17A produced by these cells leads to the
disease symptoms seen at the peak of relapse. These cells are not secreting IFN-y
and because IFN-y plays a protective role during the effector phase of EAE thus
further contributes to the disease pathogenesis.
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Expression of a range of pro-inflammatory cytokines was at its highest in the brain at
the onset of disease but was reduced by the peak of disease whereas in the spinal
cord, expression of these pro-inflammatory cytokines did not reach its highest until
the peak of disease. The cytokine receptors IL-18R, IL-IRI and IL-23R also followed
this pattern as expression was at its highest in the spinal cord during the peak of
disease. In addition, expression of IL-17A, IFN-y, IL-ip and IL-la mRNA was high in
the spinal cord at the peak of relapse although it was relatively low in the brain.
These data suggest that cells which initially cross the BBB are reactivated in the brain
where they begin to secrete cytokines but then begin to move into the spinal cord.
By the peak of disease, cells secreting pro-inflammatory cytokines such as IL-17A and
IL-ip have moved to the spinal cord or alternatively remain in the brain but have
down-regulated their production of these cytokines.

The role of IFN-y in EAE is controversial. Thl cells were originally believed to be the
major pathogenic T cell in EAE. These observations were based on the evidence that
mice defective in the p40 subunit of IL-12, a cytokine known to induce secretion of
IFN-y from NK cells and T cells, were resistant to induction of EAE [187]. However, it
was later shown that the p40 subunit of IL-12 is also shared with IL-23. IL-12p40 and
IL-12p35 make up IL-12 and IL-12p40 complexes with IL-23pl9 to form iL-23. It was
then shown that IL-23pl9 defective mice, but not IL-12p35 defective mice, had
significantly reduced susceptibility to EAE [431], and that IL-23 promoted Thl7 cells,
not Thl cells. This suggested that Thl7 cells and not Thl cells were the crucial
pathogenic T cells in EAE. Furthermore, IFN-y'^' and IFN-yR'^' mice are fully
susceptible to EAE and in fact suffer from more severe symptoms [357, 432]. In
addition to this, mice lacking STATl, a transcription factor essential for the
development of Thl cells, develop a more severe EAE

than WT mice following

immunisation with MOG and CFA [351]. However, a pathogenic role for Thl cells was
demonstrated by O'Connor et al who showed that myelin-reactive Thl cells from
C57BL/6 mice, devoid of contaminating Thl7 cells, were capable of inducing EAE,
and only Thl cells can access the non-inflamed CNS [368]. In addition, myelinspecific cells from SJL mice stimulated with IL-12 reproducibly induced EAE in 100%
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of hosts [352] and mice defective in T-bet, a Thl transcription factor, are resistant to
EAE [351],

Clearly the precise role of IFN-y in EAE is still controversial and it may play distinct
roles in different mouse strains or at different stages of disease. Evidence of
increased disease severity in mice deficient in IFN-y, IFN-yR, IL-12p35 and STAT-1 not
only suggests that Thl cells or IFN-y do not have a pathogenic role in EAE, but points
towards a possible protective role. It has been demonstrated that IFN-y can be a
potent suppressor of IL-17A production, a cytokine known to be important in the
induction of EAE [205]. Harrington et al demonstrated that APCs from IFN-y '^' mice
induce greater production of IL-17A from CD4 T cells than APCs from WT mice.
Furthermore, IL-17A production from IFN-y'^' effector T cells is inhibited by the
addition of exogenous IFN-y and IFN-y signalling may exert its suppressive effect on
the

development

of Thl7

cells

by facilitating

IL-12RP2

expression,

while

simultaneously inhibiting or not inducing IL-23R expression [205].

Evidence from the current study supports the hypothesis of a protective role for IFNy in EAE, but perhaps only at certain stages of disease. Antigen-specific IFN-y in the
spleen and inguinal lymph nodes was significantly higher in mice at remission than in
naive mice or mice at any other time during the course of disease. In addition, mice
that remain continuously well throughout the experiment, following immunisation
with PLP and CFA, had high frequencies of IFN-y-secreting CD4, CDS and y5 T cells in
inguinal lymph nodes, cervical lymph nodes, spleens and brains. This was most
obvious in the brains of continuously well mice where IFN-y secretion from all cell
types is greatly increased compared with naive mice, and increased compared with
mice at all other stages of disease. This trend is also seen in the absolute numbers of
cells in the brains of continuously well mice in which the most abundant cell type by
far is the IFN-y secreting CD4 T cell. In addition, the frequency of CD4, CDS and y5
cells secreting IFN-y is increased in the brains of mice during remission, significantly
so for the CD4 and y5 T cells; and again in remission in the brain the most abundant
cell type is the IFN-y secreting CD4 T cell. In general it is apparent that antigenspecific IFN-y-secreting cells are associated with mice during remission and the
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continuously well mice. These are the two time points at which mice show the least
severe, or no, symptoms.

The putative protective role for IFN-y was confirmed by neutralisation of this
cytokine in vivo. Blocking IFN-y during disease remission severely exacerbated
disease and promoted a severe relapse of symptoms and severe weight loss. Mice
administered with IFN-y neutralising antibody become significantly sicker than PBStreated control mice within 6 days of administration, and within 7 days had clinical
scores higher even than those seen during the initial peak of disease. Neutralisation
of IFN-y at this time point induced this severe phenotype and was associated with
high numbers of CD4 T cells in the brain and spinal cord. These cells secreted the
pro-inflammatory cytokines IL-17A and GM-CSF which are known to contribute to
innate cell recruitment. Treatment of mice with anti-IFN-y was associated with high
numbers of neutrophils which invaded the brain and spinal cord, and these may have
contributed to the overall damage which leads to the severe clinical symptoms of
disease. In summary, during the effector phase of EAE high levels of IFN-y may
contribute to the induction of remission. Blocking IFN-y function at this stage leads
to up regulation of IL-17A and GM-CSF from CNS-infiltrating encephalitogenic CD4 T
cells, neutrophil recruitment and consequently significantly more severe disease.
These results suggest that IFN-y plays a protective role during the effector phase of
rrEAE in SJL mice.
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Figure 4.1. SJL/JHan mice display a relapsing remitting form of EAE. EAE was induced
in SJL/JHan mice by immunization with PLP emulsified in CFA. Mice were assessed for
the development of EAE by clinical score (A) and weight change (B). Mean +/- SEM for
24 mice.
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Figure 4.2. PLP-specific IFN-y in inguinal lymph node cells is enhanced during
remission of EAE. SJL/JHan mice, induced with EAE, were sacrificed at the following
disease stages: pre-clinical (day 6; n=5), onset of initial disease symptoms (day 9
n=5), peak of initial disease symptoms (day 12; n=5), remission of disease (day 20
n=5), onset of first disease relapse (day 25; n=5), Peak of first disease relapse (day 30
n=4). Two other groups were also sacrificed: mice that remained continuously sick
(cont. sick, n=3) and mice that remained continuously well (cont. well, n=5). Inguinal
lymph nodes were isolated and lymph node cells were re-stimulated with medium or
PLP (2, 10 or 50 pg/ml). After 72 h IL-17A and IFN-y concentrations in the
supernatants were determined by ELISA. **p < 0.01, ***p < 0.001 versus naive.
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Figure 4.3. PLP-specific IL-17A and IFN-y from cervical lymph node cells at a range of
EAE disease stages. EAE was induced in SJL/JHan mice and PLP-specific IL-17A and
IFN-y production in cervical lymph nodes was determined as described in the legend
to Fig 4.2. *p < 0.05, **p < 0.01 versus naive.
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Figure 4.4. PLP-specific IFN-y in the spleen is enhanced during remission of EAE. EAE
was induced in SJL/JHan mice and PLP-specific IL-17A and IFN-y production in spleens
was determined as described in the legend to Fig 4.2. *p < 0.05, **p < 0.01 versus
naive, ***p < 0.001 versus naive.
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Figure 4.5. PLP-specific IL-17A and IFN-y from brain cells at onset and peak of EAE.

EAE was induced in SJL/JHan mice and PLP-specific IL-17A and IFN-y production in
brains was determined as described in the legend to Fig 4.2. *p < 0.05, **p < 0.01
versus naive, ***p < 0.001 versus medium only.
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Figure 4.6. Frequency and absolute number of IL-17A-secreting T cells in inguinal
lymph nodes throughout the course of RR-EAE. EAE was induced in SJL/JHan mice.
Mice were sacrificed and their inguinal lymph nodes isolated. Cells were restimulated
for 6 hours with PMA (10 ng/ml), ionomycin (1 pg/ml) and brefeldin A (5 pg/ml),
washed and stained for surface CD4, CDS, TCR5 and intracellular IL-17A and analysed
by flow cytometry. *p < 0.05, **p < 0.01, ***p < 0.001 versus naive.
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Figure 4.7. Frequency and absolute number of IFN-y-secreting T cells in inguinal
lymph nodes throughout the course of RR-EAE. EAE was induced in SJL/JHan mice.
Mice were sacrificed and their inguinal lymph nodes isolated. Cells were restimulated
for 6 hours with PMA (10 ng/ml), ionomycin (1 pg/ml) and brefeldin A (5 pg/ml),
washed and stained for surface CD4, CDS, TCR8 and intracellular IFN-y and analysed
by flow cytometry. *p < 0.05, **p< 0.01, ***p< 0.001 versus naive.
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Figure 4.8. Frequency and absolute number of IL-17A-secreting T cells in cervical
lymph nodes throughout the course of RR-EAE. EAE was induced in SJL/JHan mice
and the frequency of IL-17A-secreting cells in the cervical lymph nodes was
determined as described in the legend to Fig 4.6. *p < 0.05, ***p < 0.001 versus naive.
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Figure 4.9. Frequency and absolute number of IFN-y-secreting T cells in cervical
lymph nodes throughout the course of RR-EAE. EAE was induced in SJL/JHan mice
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Figure 4.10. Frequency and absolute number of IL-17A-secreting T cells in spleens
throughout the course of RR-EAE. EAE was induced in SJL/JHan mice and the
frequency of IL-17A-secreting cells in the spleens was determined as described in the
legend to Fig 4.6. *p < 0.05, **p < 0.01, ***p < 0.001 versus naive.
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Figure 4.11. Frequency and absolute number of IFN-y-secreting T cells in spleens
throughout the course of RR-EAE. EAE was induced in SJL/JHan mice and the
frequency of IFN-y-secreting cells in the spleens was determined as described in the
legend to Fig 4.7. *p < 0.05, **p < 0.01, ***p < 0.001 versus naive.
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Figure 4.12. Frequency and absolute number of IL-17A-secreting T cells in brains
throughout the course of RR-EAE. EAE was induced in SJL/JHan mice and the
frequency of IL-17A-secreting cells in the brains was determined as described in the
legend to Fig 4.6. *p < 0.05, ***p < 0.001 versus naive.
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Figure 4.13. Frequency and absolute number of IFN-y-secreting T cells in brains
throughout the course of RR-EAE. EAE was induced in SJL/JHan mice and the
frequency of IFN-y-secreting cells in the brains was determined as described in the
legend to Fig 4.7. *p < 0.05, **p < 0.01, ***p < 0.001 versus naive.
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Figure 4.14. IL-17A, IFN-y, IL-18 and IL-23 mRNA expression in the brain and spinal
cord of mice throughout the RREAE disease course. EAE was induced in SJL/JHan
mice . Mice were sacrificed at the specified time points and their brains and spinal
cords isolated. 1117a, ifng, ill8 and il23 mRNA expression was evaluated by real-time
PCR normalised to 18s rRNA and relative to naive mice. *p < 0.05, ***p < 0.001 versus
naive.
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Figure 4.15. IL-ip, IL-la, IL-27 and IL-12p35 mRNA expression in the brain and spinal
cord of mice throughout the RREAE disease course. EAE was induced in SJL/JHan
mice and illb, ilia, il27 and ill2p35 mRNA expression was evaluated as described in
the legend to Fig 4.14 **p < 0.01, ***p < 0.001 versus naive.
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Figure 4.16. IL-18R, IL-IRI and IL-23R mRNA expression in the brain and spinal cord
of mice throughout the RREAE disease course. EAE was induced in SJL/JHan mice and
illSrl, illrl and il23r mRNA expression was evaluated as described in the legend to
Fig 4.14. *p < 0.05, **p < 0.01, ***p < 0.001 versus naive.
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Figure 4.17. Treatment with an IFN-y neutralising antibody during remission of rrEAE
in SJL/JHan mice severely exacerbates disease relapse. EAE was induced in SJL/J mice
by immunisation with PLP emulsified in CFA. On day 14 post induction mice were
injected intra-peritoneally with 500 pg of anti-IFN-y neutralising antibody or with a
PBS control. Mice were assessed for the development of EAE by clinical score (A) and
% weight change (B). ***p < 0.001 versus PBS treated mice. Data are representative of
three independent experiments (n=6-7) and analysed using two-way A NOVA.
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Figure 4.18. Treatment with an anti-IFN-y neutralising antibody during remission of
rrEAE enhances IL-17A and GM-CSF production by CD4 T cells in the CNS. EAE was
induced in SJL/J mice and IFN-y neutralising antibody was administered on day 14 post
induction. Mice were sacrificed on day 25 post-induction and mononuclear cells were
isolated from the brain {A,C,E) and spinal cord {B,D,F). Cells were stained for surface
CD4 and intracellular IL-17A and GM-CSF and analysed by flow cytometry. Results are
mean percentage IL-iyA"^ and GM-CSF^ CD4 T cells {A,B) with representative FACS
plots (C,D) and absolute numbers {E,F) for anti-IFN-y treated mice versus PBS treated
control. *p < 0.05 versus PBS-treated control.
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Figure 4.19. Treatment with an anti-IFN-y neutralising antibody during remission of
rrEAE enhances neutrophil recruitment to the CNS. EAE was induced in SJL/J mice
and IFN-y neutralising antibody was administered on day 14 post induction. Mice
were sacrificed on day 25 post-induction and mononuclear cells were isolated from
the brain {A,C,E) and spinal cord {B,D,F). Cells were stained for surface CDllb, Ly6G
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Chapter 5: A differential role for IFN-y
during the induction and effector
stages of EAE

5.1 Introduction
The role of IFN-y in EAE is controversial. The results in chapter 4 demonstrated that
neutralisation of this cytokine during remission of disease in SJL/JHan mice
significantly increased the severity of disease, but the importance of IFN-y in the
induction phase of disease was not addressed. Some cytokines, such as IL-6 and TGFP, play opposing roles in the progression of EAE during different phases of disease
[433]. IL-6, for example, contributes to the differentiation of pathogenic Thl7 cells
and to the breakdown of the BBB in EAE [434], but also promotes the survival of
oligodendrocytes, the cell type responsible for repairing damaged myelin [435]. In
addition, TGF-P stimulates the induction of encephalitogenic Thl7 cells and TGF-p
secreted from glial cells creates an environment for immune cell infiltration to the
CNS during development of EAE [436]. Flowever, TGF-p is also involved in EAE lesion
repair as it induces oligodendrocyte precursors to differentiate into myelinproducing cells [437]. TGF-P is also a key cytokine in the differentiation of Treg cells,
which suppress inflammation [178, 437]. Like IL-6 and TGF-p, IFN-y plays a complex
role in EAE, although its contribution to disease initiation and progression has not
been clearly defined.

IFN-y-secreting Thl cells play a pro-inflammatory role in the induction of EAE.
Evidence for this was provided by the demonstration that transfer of myelin-specific
Thl cells from SJL mice, stimulated in vitro with IL-12, induced EAE in 100% of
recipient mice [352]. Furthermore, myelin-reactive Thl cells from C57BL/6 mice,
depleted of Thl7 cells, induced EAE upon adoptive transfer into naive syngeneic
hosts [368]. Only Thl cells can access the non-inflamed CNS which allows for the
subsequent infiltration of Thl7 cells [368]. In addition, mice deficient in T-bet, a Thl
transcription factor that drives IFN-y, are resistant to EAE [351]. In contrast, mice
deficient in either IFN-y or IFN-yR are fully susceptible to EAE [357, 358] and STATl'^'
mice, in which IFN-y signalling is blocked, develop more severe EAE than their WT
counterparts [385]. Furthermore, a number of studies have demonstrated that the
incidence and severity of EAE in mice was reduced by administration of recombinant
IFN-y and augmented by treatment with anti-IFN-y neutralising antibodies, which
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points to a protective role for this cytokine [359-363]. The contrasting evidence for
the role of IFN-y in EAE indicates that it may function as both a pro and anti
inflammatory cytokine at different stages of disease or perhaps in different tissues.

Chronic EAE in C57BL/6 mice can be separated into an induction and an effector
phase. The induction phase is initiated by immunisation with MOG peptide
emulsified in CFA. The key immunostimulatory component of CFA, heat killed M.
tuberculosis (Mtb), binds to PRRs on the cell surface of DCs, and other innate
immune cells, activating them, with resulting upregulation of antigen presenting
activity. MOG-bearing DCs promote the differentiation of naive MOG-specific CD4 T
cells into encephalitogenic Thl and Thl7 cells. Thus, activated T cells enter the
circulation and migrate to the CNS. A range of adhesion molecules allow T cells to
adhere to and cross the BBB, whereupon the effector phase of disease begins. In
addition to the active immunisation protocol, EAE can also be induced by the
adoptive transfer of MOG-specific T cells into naive recipient mice. The T cell
adoptive transfer model of EAE is a useful mouse model to analyse the distinct
mechanisms involved in both the induction and the effector phases of EAE, as
cytokines may have very distinct roles in these two phases. A study by Thakker and
colleagues showed that IL-23 is essential at the induction but not the effector phase
of EAE; transfer of MOG-specific T cells from WT mice induced indistinguishable
clinical courses of disease in IL-23pl9'^' or WT mice [376].

The neuroinflammatory function of T cells in EAE is dependent on migration of the T
cells into the CNS. Entry of T cells into the CNS is mediated by chemotactic signals
and adhesion molecules. One such adhesion molecule is VLA-4, a heterodimeric
integrin composed of a4 (CD49d) and pi (CD29) subunits [438]. VLA-4, which is
expressed on the surface of T cells, interacts with VCAMl expressed by endothelial
cells lining the microvasculature of the CNS and slows the movement of T cells
allowing them to transmigrate across the BBB and emerge in the perivascular space
of the CNS, where the T cells are reactivated [439]. A monoclonal antibody against
VLA-4 prevents the accumulation of T cells in the CNS and the development of EAE
[423], and is an effective therapy against MS.
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LFA-1, another adhesion molecule; is a member of the P2 integrin family and is
composed of two heterodimeric subunits, CDlla and CD18. LFA-1 interacts with
both endothelial ICAMl and ICAM2. ICAMl mediates shear-resistant T cell arrest,
while endothelial ICAMl and ICAM2 mediate T cell crawling to sites permissive for
diapedesis across BBB endothelium [440, 441]. The entry of Thl7 cells to the brain
parenchyma is dependent on LFA-1 expression and blockade of LFA-1 with a
monoclonal antibody abrogates the clinical signs of EAE induced by Thl7 cells [369].
Other adhesion molecules such as CDS, a ligand for ALCAM found on BBB endothelial
cells, and MCAM [439], which binds to MCAM on the endothelium, are also known
to aid in T cell entry into the CNS [442],.

The aim of this chapter is to determine the importance of IFN-y secreted from autoantigen-specific T cells in the induction and the effector phases of EAE, and to
analyse the role of IFN-y secretion on the regulation of adhesion molecule
expression on the surface of T cells.
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5.2 Results

5.2.1

Neutralisation of IFN-y during actively induced EAE in C57BL/6 mice

significantly delayed the onset but augmented the severity of disease

To determine the role of IFN-y in the development of EAE, the effect of blocking IFNY in actively induced EAE was analysed by administration of an anti-IFN-y neutralising
antibody. C57BL/6 mice were immunised with MOG emulsified in CFA and anti-IFN-y
(500 pg) was administered by i.p. injection on days 0, 7 and 14 after immunisation.
Mice treated with anti-IFN-y had a significantly delayed onset of EAE compared with
PBS treated control mice (Fig 5.1). The mean day of onset for mice treated with antiIFN-y was day 12 after immunisation, while the mean day of onset in untreated
control mice was 7 days after immunisation (Fig 5.1). Mice treated with anti-IFN-y
also lost significantly less weight in the early phase of disease compared with control
mice (Fig 5.1). Conversely, from day 12 to day 18 after immunisation, blocking IFN-y
caused exacerbation of the clinical signs of EAE, which were significantly more
severe than control mice by day 15 (Fig 5.1). This rapid onset of disease was
mirrored by a substantial weight loss from day 13 in anti-IFN-y treated mice
compared with control mice (Fig 5.1).

Since it has been suggested that Thl cells may promote the entry of Thl7 cells into
the CNS, the delay in the onset of EAE in anti-IFN-y-treated mice may be due to a
failure of T cells to gain entry into the CNS. To test this hypothesis, cellular
infiltration into the CNS was analysed at day 12, when mice treated with anti-IFN-y
had less severe disease, and at day 18, when mice treated with anti-IFN-y had
significantly worse disease. Furthermore, IFN-y, IL-17A and GM-CSF production was
assessed in CD4 T cells isolated from the brains and spinal cords of mice treated with
anti-IFN-y or a PBS control. On day 12, anti-IFN-y treated mice had less IFN-y, IL-17A
and GM-CSF-producing CD4 cells in the brain and spinal cord than control mice (Fig
5.2). This reduction was associated with the appearance of fewer CDllb^ and F4/80^
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macrophages and CDllb'^ and LyGC^ neutrophils in both the brain and spinal cord
(Fig 5.3).

On day 18 after immunisation, anti-IFN-y treated mice had similar numbers of IFN-y,
IL-17A and GM-CSF-producing CD4 T cells in the brain when compared with control
mice, but increased numbers of IFN-y, IL-17A and GM-CSF-producing CD4 T cells in
the spinal cord (Fig 5.4). In addition, there were significantly more macrophages in
the brain and spinal cord of mice treated with anti-IFN-y at this time point (Fig 5.5).
Collectively these data indicate that blocking IFN-y at the induction of active EAE in
C57BL/6 mice delays the onset of clinical symptoms, which may result from blocking
cellular infiltration to the CNS, but leads to a more severe disease when
inflammation has been established by a mechanism independent of IFN-y.

5.2.2

IFN-ymice had delayed onset but increased severity of EAE compared

with WT mice while IL-17A'^’ mice are resistant to actively induced EAE

Neutralising antibodies are not always 100% effective so in order to confirm the
results in figure 5.1, EAE was induced in IFN-yand WT mice. IL-17A is also known to
function in EAE and negatively regulates IFN-y production [443], but its role as an
inducer of autoimmunity is controversial [365, 377], therefore EAE was also induced
in IL-17A^ mice to compare the clinical scores of these mice with those of WT and
IFN-y^ mice. C57BL/6, IL-17A’^' and IFN-y'^' mice were immunised with MOG
emulsified in CFA. IFN-y ^ mice had a delayed onset of EAE compared with WT mice
(Fig 5.6). The mean day of onset for WT mice was day 6 post-immunisation while the
mean day of onset of IFN-y '^’ mice was day 10 after immunisation (Fig 5.6). However,
IFN-y'^’ mice had a more severe peak of EAE than WT controls. All of the WT .mice
had typical EAE however, only half of the IFN-y"^' mice displayed typical EAE while
half of them displayed atypical symptoms. Of the mice that displayed atypical
symptoms initially, approximately half of these were displaying typical flaccid
paralysis by the time they reached the peak of disease while the other half retained
atypical axial rotatory symptoms throughout the course of disease (Fig 5.6). WT mice
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lost weight up to day 15 then began to recover, in contrast IFN-y '^' mice lost a similar
amount of weight in the early phase of disease compared with WT mice but
continued to lose weight up to the termination of the experiment by day 25 after
immunisation (Fig 5.6). The clinical scores and % weight change of IFN-y '^' mice were
similar to those in anti-IFN-y treated WT mice (Fig 5.1). IL-17A''^' mice were largely
resistant to the induction of EAE with only 20% of immunised mice showing only
mild clinical symptoms, with very little associated weight loss (Fig 5.6). These
findings suggest that IFN-y functions as a pro-inflammatory cytokine early in the
disease process but plays an inhibitory role at later stages while IL-17A is essential
for the induction of EAE.

5.2.3

EAE is induced in C57BL/6 mice by adoptive transfer of MOG-specific lymph

node and spleen cells stimulated with IL-ip and IL-23

Encephalitogenic T cells can be induced in vitro by stimulating MOG-specific T cells
with T cell polarising cytokines such as IL-23 [189]. Flowever, studies from our
laboratory have shown that IL-lp is also important in promoting IL-17A production
by T cells [213]. Therefore IL-23 or IL-ip with IL-23 were compared at different
concentrations for their ability to enhance Thl7 cells that induce EAE. Cells from
spleens and lymph nodes of MOG-immunised mice were re-stimulated in vitro with
MOG (100 pg/ml) and IL-23 or IL-ip and IL-23. After 72 h cells were washed and
injected i.p. into naive C57BL/6 recipient mice (15 X 10® per mouse). Mice that were
injected with cells stimulated with MOG only did not develop clinical symptoms of
disease nor lose weight (Fig 5.7 A,B). Cells stimulated with MOG and IL-23 induced
moderate EAE and moderate weight loss (Fig 5.7 A,B). Cells stimulated with MOG, ILip and IL-23 induced significantly more severe EAE than cells stimulated with either
MOG only or MOG and IL-23 (Fig 5.7 A,B). These mice also lost significantly more
weight (Fig 5.7 A,B) indicating that cell stimulation with MOG, IL-ip and IL-23 was
the most effective combination to induced severe EAE by T cell adoptive transfer.
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To determine the optimum concentration of IL-ip and IL-23 for the polarisation of
Thl7 cells EAE was induced by adoptive transfer using cells stimulated with IL-lp and
IL-23, each at 100 pg/ml, 1 ng/ml and 10 ng/ml. Cells stimulated with IL-1|3 and IL-23
at 100 pg/ml induced very weak disease symptoms and no weight loss, while cells
stimulated with 10 ng/ml of IL-ip and IL-23 induced the most severe clinical
symptoms and weight loss (Fig 5.7 C,D). Taken together these data indicate that the
pathogenicity of T cells is directly determined by the concentrations of IL-ip and IL23 used during their in vitro re-activation. Induction of EAE by T cell transfer is very
efficient using cells stimulated with MOG and the recombinant cytokines IL-ip and
IL-23 each at 10 ng/ml, and these concentrations were used for subsequent
experiments.

5.2.4

MOG-specific T cells from WT and IL-17A'^' but not IFN-y'^' mice induce EAE

following in vitro restimulation with IL-ip and IL-23 or IL-12.

In order to further analyse the role of IFN-y during the induction phase of EAE, IFN-y'
mice were used as donors for the induction of EAE by T cell adoptive transfer.
Because Thl7 cells as well as Thl cells have been implicated in the pathogenesis of
EAE, and because IL-17A'^' mice are resistant to EAE, IL-17A'^' mice were also used as
T cell donors in order to compare the role of IFN-y with IL-17A in the induction of
EAE. WT, IL-17A'^' and IFN-y'^' donor mice were immunised with MOG emulsified in
CFA and sacrificed 10 days later. Lymph node and spleen cells were re-stimulated
with MOG (100 pg/ml) and IL-lp and IL-23 (10 ng/ml) or IL-12 (10 ng/ml). After 72 h,
supernatants were analysed for cytokines. Cells stimulated with IL-ip and IL-23
secreted high concentrations of IL-17A, IL-22, IFN-y, IL-17F, GM-CSF, IL-10 and IL-6,
while cells stimulated with IL-12 secreted high concentrations of IFN-y, GM-CSF and
IL-10 (Fig 5.8). None of the supernatants contained detectable amounts of IL-4, IL-21
and IL-2 (data not shown). The supernatants from IFN-ycells stimulated with either
IL-ip and IL-23 or IL-12 had significantly higher concentrations of GM-CSF and IL-13
compared with supernatants from WT and IL-17A'^' cells, suggesting that IFN-y may
be involved in the negative regulation of these cytokines.

160

Cytokine stimulated, MOG-specific cells from WT, IL-17A‘^‘ and IFN-y‘^’ mice were
washed and injected i.p. into WT recipient mice (15 X 10^ cells/mouse). Mice injected
with WT cells stimulated with IL-ip and IL-23 or IL-12 developed EAE with severe
clinical scores and weight loss (Fig 5.9). Mice injected with IL-17A'^' cells also
developed severe EAE (Fig 5.9). In contrast, mice injected with IFN-y'^' cells
stimulated with IL-12 developed an atypical form of EAE characterised by axial
rotation, balance impairment and spinning (Fig 5.9). Mice injected with IFN-y"'"' cells
stimulated with IL-lp and IL-23 either developed no clinical symptoms of EAE or
weight loss (81.5%) or developed very mild EAE (Fig 5.9).

Mice injected with IL-17A''^' cells had significantly reduced numbers of IL-17Asecreting cells in the brains at day 14 post-immunisation compared with mice
injected with WT cells, but similar numbers of GM-CSF and IFN-y-secreting cells (Fig
5.10). Mice injected with IFN-y '^" cells had similar frequencies of IL-17A-secreting CD4
cells but fewer GM-CSF and IFN-y-secreting cells in the brain compared with mice
irijected with WT cells. Adoptive transfer of IFN-y ' cells also resulted in substantially
lower numbers of pathogenic CD4 T cells in the brains than when WT MOG-specific
T cells were transferred.

Spinal cords of mice injected with WT or IFN-y‘^" cells stimulated with IL-ip and IL-23
were also examined for lymphocyte infiltration and de-myelination (Fig 5.11). Mice
injected with WT cells had marked lymphocyte infiltration into the meninges,
perivascular space and parenchyma of the white matter tracts of the spinal cord.
This inflammation was associated with moderate to severe myelin degeneration. In
contrast, mice injected with IFN-y'^’ cells had little or no inflammatory changes in
spinal cord sections and myelin degeneration was not detected. Collectively these
data indicate that MOG-specific WT and IL-17A''^' cells stimulated with IL-ip and IL-23
are capable of inducing severe symptoms of EAE accompanied by significant weight
loss and infiltration of CD4 cells secreting pro-inflammatory cytokines. In contrast,
MOG-specific T cells from IFN-y'^' mice stimulated with IL-ip and IL-23 induced only
very mild EAE in a minority of recipients accompanied by little cellular infiltration
into the CNS.
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5.2.5

Purified CD3 T cells induce EAE by adoptive transfer.

Having demonstrated that adoptively transferred EAE is induced by the injection of
whole mixed lymph node and spleen cell populations, it was important to
demonstrate which cell type in the mixed population was responsible for the
induction of disease. WT and IFN-y'^' donor mice were immunised with MOG
emulsified in CFA and sacrificed 10 days later. Lymph node and spleen cells were
stimulated with MOG (100 pg/ml), IL-ip and IL-23 (10 ng/ml) or IL-12 (10 ng/ml).
After 72 h, CD3 T cells were MACS purified from the mixed cell culture (>95% pure)
and 4 X 10® pure CD3 T cells were injected i.p. into naive WT C57BL/6 recipient mice.
Transfer of WT CD3 T cells stimulated with MOG, IL-ip and IL-23 or MOG and IL-12
induced severe clinical symptoms of EAE (Fig 5.12), which were comparable to those
induced by injection of whole lymph node and spleen cell mixed populations (Fig
5.8). Mice injected with CD3 T cells from IFN-y'^' mice stimulated in vitro with MOG
and IL-12 developed severe clinical symptoms, however, unlike mice injected with
whole lymph node and spleen cell mixed populations, mice injected with purified
CD3 T cells displayed typical rather than atypical EAE (Fig 5.12). Mice injected with
purified CD3 T cells from IFN-ymice stimulated in vitro with MOG, IL-ip and IL-23
developed very weak disease symptoms comparable with those developed by mice
injected with whole lymph node and spleen cell mixed populations stimulated in the
same way (Fig 5.12). The results demonstrate that CD3 T cells within the mixed
lymph node and spleen cell culture are responsible for the induction of disease in
adoptively transferred EAE although a role for other cells in the mixed culture in the
modulation of disease cannot be excluded.

5.2.6

Role of IL-13 in failure of T cells from IFN-y'^' mice to induce EAE

The possible role of IL-13 was examined in an attempt to provide an explanation for
the failure of T cells from IFN-y’^‘ mice to induce EAE. The data in figure 5.5 showed
that IL-13 production is significantly higher in MOG, IL-ip and IL-23 stimulated lymph
node cells from IFN-y'^‘ mice compared with WT mice. Furthermore, it has been
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reported that IL-13 induces IL-lRa secretion from human PBMCs [444], which
inhibits IL-ip and IL-la signalling. Therefore, IL-13-induced upregulation of IL-lRa
and consequent inhibition of IL-ip may provide a mechanism for the inability of IFNcells to induce EAE by adoptive transfer. To test this, MOG-specific WT, IL-17A'^’
and IFN-y'^' cells were stimulated with IL-lp and IL-23 for 72 h. IL-lRa secretion was
significantly greater in MOG-specific cells from IFN-y’^’ mice compared with cells
from WT and IL-17A‘^' mice (Fig 5.13).

To determine if IL-13 is involved in the induction of IL-lRa, MOG-specific WT cells
were stimulated for 72 h with IL-ip and IL-23 with and without recombinant IL-13.
Addition of recombinant IL-13 to the WT cells stimulated with IL-ip and IL-23
significantly increased the secretion of IL-lRa (Fig 5.13). In addition, IFN-y'^' cells
were stimulated for 72 h with IL-ip and IL-23 with and without a neutralising
antibody against IL-13. Addition of anti-IL-13 to the IFN-y '^’ cells stimulated with ILip and IL-23 significantly reduced the secretion of IL-lRa (Fig 5.13). After 72 h, cells
were washed and injected into naive WT recipient mice and the clinical course of
disease was assessed. The addition of IL-13 to the T cell stimulation conditions very
mildly ameliorated the symptoms of EAE and slightly reduced the weight loss
compared with disease induced by WT cells stimulated without IL-13 (Fig 5.14). Mice
injected with IFN-y"^'cells stimulated with IL-ip and IL-23 did not display symptoms
of EAE or lose weight and the clinical scores and weight change were unaltered by
addition of anti-IL-13 or anti-IL-lRa antibodies during T cell stimulation in vitro (Fig
5.14). These data demonstrate only a very limited role for IL-13 in protection against
disease and indicate that an upregulation in IL-13 is unlikely to be responsible for the
inability of MOG-specific IFN-y '^" cells stimulated with IL-lp and IL-23 to induce EAE
upon adoptive transfer.
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5.2.7

WT but not IFN-y'^' MOG-specific CD3 T cells upregulate the adhesion

molecules \/LA-4 and LFA-1 in response to stimulation with IL-ip and IL-23

T cells must upregulate adhesion molecules on their cell surface in order to infiltrate
the CNS and induce EAE. The data in figures 5.10 and 5.11 showed that there were
very few infiltrating immune cells in the brains and spinal cords of mice injected with
IFN-y'^’ cells, and this lower inflammatory infiltrate correlated with significantly
reduced disease severity. It is possible therefore that the inability of IFN-ycells to
induce EAE upon adoptive transfer was due to a failure to enhance adhesion
molecule expression on the T cell surface. To assess this hypothesis WT and IFN-y'‘
donor mice were immunised with MOG emulsified in CFA and sacrificed 10 days
later. Lymph node and spleen cells were stimulated with MOG (100 pg/'ml) and IL-lp
and IL-23 (both 10 ng/ml). After 72 h, CD3 T cells were MACs purified and isolated
into TRIzol reagent. Total mRNA was extracted and cDNA was prepared. The relative
expression of itgal/cdlla (part of LFA-1) and itga4/cd49d (part of \/LA-4) was
analysed (Fig 5.15). Both cdlla and cd49d were enhanced in WT cells but not on IFNy'■ cells stimulated with MOG, IL-ip and IL-23. Therefore, MOG-specific IFN-y‘’ cells
do not upregulate VLA-4 and LFA-1 in response to stimulation with IL-ip and IL-23
compared with cells from WT mice.

5.2.8

IFN-y is an essential pro-inflammatory cytokine at the induction but not the

effector phase of EAE induced by adoptive transfer of IL-ip and IL-23stimulated MOG-specific T cells

MOG-specific IFN-y'^' T cells stimulated with IL-lp and IL-23 were unable to induce
EAE upon adoptive transfer, however it was unclear whether this was due to events
occurring in the donor mice at the immunisation stage or during the in vitro stage
when T cells were restimulated with MOG, IL-ip and IL-23. In order to examine the
role of IFN-y during the immunisation stage in the donor mouse an experiment was
performed to compare the encephalitogenic capacity of 1) T cells from WT donor
mice, 2) T cells from WT donor mice in which IFN-y had been neutralised at the time
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of immunisation by injection of an anti-IFN-y antibody (500 |ig/mouse) and 3) T cells
from donor mice completely deficient in IFN-y. Consistent with earlier data, T cells
from WT donor mice induced robust symptoms of EAE and severe weight loss, while
T cells from IFN-ymice induced very mild disease (Fig 5.16). T cells from WT mice in
which IFN-y had been neutralised at the time of immunisation induced only
moderate EAE, accompanied by moderate weight loss. The disease was significantly
less severe than that induced by WT cells (Fig 5.16). These data indicate that
neutralisation of IFN-y in the donor mouse at the same time as immunisation with
MOG and CFA partially impairs the capacity of T cells to induce EAE.

In order to analyse the role of neutralising IFN-y at the effector stage of EAE induced
by T cell adoptive transfer, naive WT recipient mice were injected with anti-IFN-y
(500 pg/mouse) at the time of injection with MOG-specific T cells from a WT donor.
Neutralisation of IFN-y at the time of transfer marginally increased the EAE clinical
scores and weight loss (Fig 5.16). Taken together, these data indicate that IFN-y plays
a pro-inflammatory role in the donor mouse during the immunisation phase of
adoptive transfer EAE, but plays an anti-inflammatory role during the effector phase.

To analyse the role of IFN-y during the in vitro stage when T cells were restimulated
with MOG, IL-lp and IL-23, IFN- y'^' cells were supplemented with recombinant IFN-y.
MOG-specific WT cells were stimulated in vitro with MOG, IL-ip and IL-23 and IFN-y'
cells were stimulated in vitro with MOG, IL-ip and IL-23 with and without
recombinant IFN-y at 10 ng/ml. The concentration of IFN-y used was relative to the
concentration of IFN-y produced by WT cells stimulated with MOG, IL-ip and IL-23
(Fig 5.8). After 72 h, cells were injected i.p. into naive WT recipient mice and animals
were assessed for clinical symptoms of disease and weight loss. Transfer of IFN-ysupplemented IFN-y"'^' cells stimulated with IL-ip and IL-23 induced severe EAE
clinical scores and weight loss (Fig 5.17). Disease induced by IFN-ycells stimulated
in vitro with recombinant IFN-y was significantly more severe than disease induced
by IFN-y'^' cells stimulated without recombinant IFN-y and more severe even than
disease induced by WT cells (Fig 5.17). These data suggest that IFN-y is directly
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responsible for driving the differentiation of pathogenic T cells during the in vitro
restimulation phase of EAE induced by adoptive transfer.

The cytokine production profiles of CNS-infiltrating T cells were analysed 16 days
after T cell transfer and showed that similar frequencies of IL-17A and GM-CSFsecreting CD4 T cells were found in the brains of mice injected with WT cells, IFN-y^
cells stimulated without recombinant IFN-y, and IFN-y"^' cells stimulated with
recombinant IFN-y. However, fewer IFN-y-secreting CD4 cells were found in the
brains and spinal cords of mice injected with IFN-y’^' cells with or with IFN-y
supplementation (Fig 5.18). These data demonstrated that CNS-infiltrating T cells
induced robust disease in naive recipient mice in the absence of IFN-y secretion at
the effector stage.

Infiltrating CDllb^ Ly6G^ neutrophils and CDllb"^ Siglec F^ eosinophils were also
analysed in the brains and spinal cords of mice 16 days after T cell transfer.
Frequencies of neutrophils and eosinophils in the brains of mice were similar in mice
injected with WT cells, IFN-y '^'cells stimulated without recombinant IFN-y, and IFN-y’
cells stimulated with recombinant IFN-y (Fig 5.19). Mice injected with IFN-ycells
treated with IL-ip and IL-23 had a high frequency of infiltrating neutrophils in the
spinal cord. WT cells induced eosinophil recruitment to the spinal cord and
eosinophils at the peak of disease represent nearly 40% of CDllb"^ cells.
Furthermore, IFN-y’'"' cells supplemented with IFN-y induced eosinophil recruitment
to the spinal cord, with eosinophils accounting for nearly half of all CDllb"^ cells at
the peak of disease. In contrast, IFN-y''"' cells stimulated without recombinant IFN-y
had very low numbers of eosinophils in the spinal cords. These data suggest an
association between eosinophil recruitment to the spinal cord and severe symptoms
of EAE. Collectively these data indicate an important early, pro-inflammatory role for
IFN-y in the induction of EAE by T cell adoptive transfer but a protective role for this
cytokine during the effector phase of disease.
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5.3 Discussion

The key finding of this study is that IFN-y exerts pro-inflammatory effects during the
induction phase of EAE but plays an anti-inflammatory role during the effector phase
of disease. Injection of an anti-IFN-y neutralising antibody into WT mice with EAE on
days 0, 7 and 14 post-immunisation led to a delayed onset of disease but a more
severe disease peak compared with PBS-treated controls. Furthermore, IFN-ymice
showed a delay in the onset of clinical symptoms but a more severe peak compared
with WT control mice following active induction of EAE. In addition, in EAE induced
by adoptive transfer, IFN-y‘^' cells induced significantly milder EAE than WT cells.
Treatment of WT donor mice with anti-IFN-y suppressed the ability of their MOG re
stimulated cells to induce EAE following transfer to WT mice. Furthermore, cultures
of lymph node cells from IFN-y '^' mice stimulated in vitro with IFN-y had augmented
ability to induce EAE by adoptive transfer, suggesting a pathogenic role for IFN-y in
the induction of EAE. It was shown that IFN-y is necessary for disease induction
during both the early phase of T cell activation and the later phase of T cell re
stimulation to licence T cells to induce EAE, but plays a protective role in the later
effector phase.

A possible mechanism was investigated to explain the inability of MOG-specific cells
from IFN-y'^ mice to induce EAE upon adoptive transfer based on their ability to
secrete high concentrations of IL-13. Given that IL-13 is a Th2 cytokine and IFN-y '^'
mice secreted considerable concentrations of IL-13 while WT cells did not, it was
possible that IL-13 was responsible for protecting mice from the induction of EAE.
The role of IL-13 in EAE has been previously investigated and it was shown that IL-13
inhibits EAE by inactivating macrophages in rats [445] and IL-13 production by Treg
cells is protective in a mouse model of EAE [446]. In addition, expression of IL-13
during T cell adoptive transfer EAE in SJL/J mice prevents axonal injury [447] and
addition of IL-13 neutralising antibody to myelin-specific T cell cultures during the re
stimulation phase before adoptive transfer induces a more severe disease [448]. IL13 also stimulates the secretion of IL-lRa [444], which blocks the function of IL-ip
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and inhibits EAE. Therefore, it is possible that IL-13-induced IL-lRa could prevent the
induction of EAE induced by adoptive transfer. Treatment of Lewis rats with
recombinant human IL-lRa significantly inhibited clinical signs of EAE, delaying the
onset of disease and reducing the severity of paralysis and weight loss [449]. Mice
deficient in IL-lRa have exacerbated symptoms of EAE, with enhanced proliferation
of T cells and increased production of IFN-y, IL-17A and TNF-a [450]. Furthermore,
the recombinant human IL-1 receptor antagonist, anakinra, is used to treat RA and
systemic onset juvenile idiopathic arthritis [451]. The present study suggests that IL13-mediated expression of IL-lRa is negatively regulated by IFN-y. However, the
secretion of IL-13 from MOG-specific IFN-y”'"' cells did not prevent the cells from
inducing EAE. Therefore, IFN-y does not suppress EAE via the upregulation of IL-13.

A second possible mechanism was investigated to explain the role of IFN-y in
augmenting EAE during the induction phase of disease. Adhesion molecules play a
role in EAE by allowing access of myelin-specific T cells into the CNS. T cell-associated
adhesion

molecules

are

required

for

the

adhesion

and

diapedesis

of

encephalitogenic T cells at the tight junctions of endothelial cells lining the BBB. Both
VLA-4 and LFA-1 have been implicated in this process [423, 452-455]. Yednock and
colleagues demonstrated that blockade of VLA-4 in Lewis rats, in which EAE was
induced by adoptive transfer of CD4 T cells, prevented the accumulation of
leukocytes in the CNS and the development of the symptoms of EAE [423].
Furthermore, administration of anti-VLA-4 antibody inhibited the onset and severity
of clinical disease in both an adoptive transfer mouse model of EAE and in actively
induced EAE [456]. Additionally, conditional knockout of VLA-4 in CD4 T cells resulted
in delayed onset of symptoms in a mouse model of actively induced EAE [457]. In
this model 90% of CD4 T cells were deficient in VLA-4, which accounted for the delay
in onset of disease, however, the residual disease was due to infiltration into the CNS
of the remaining 10% of CD4 T cells expressing VLA-4 [457]. In addition, adoptive
transfer of MOG-specific VLA-4-deficient T cells failed to induce EAE, while WT
control cells induced severe EAE [457]. The importance of VLA-4 in the induction of
EAE has been translated to human MS where Natalizumab, a monoclonal antibody
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against VLA-4, is currently an effective therapy. Natalizumab, or Tysabri as it is
marketed, reduces the risk in MS patients of experiencing relapses [288],

The findings of the current study provide circumstantial evidence that VLA-4 is
pathogenic in the induction of EAE. MOG-specific T cells from IFN-y'^' mice
stimulated with IL-lp and IL-23 did not upregulate their expression of VLA-4
compared with ceils from WT mice under the same conditions. Therefore, it is
possible that the cells were not capable of infiltrating the CNS and did not induce
EAE in WT recipient mice because they lacked VLA-4. VLA-4 however is not the only
adhesion molecule known to be important for the induction of EAE. Another
adhesion molecule, LFA-1 also plays a pathogenic role in disease induction. Blockade
of LFA-1 using a neutralising antibody, or genetic deletion of LFA.-l on T cells results
in a delayed onset of EAE with a decreased severity in clinical symptoms [458-460]. A
study by Rothhammer et al showed that MOG-specific VLA-4'^' Thl7 cells induced
mild atypical EAE in WT recipients and blockade of LFA-1 with a neutralising antibody
prevented disease. There is evidence from the literature to suggest a requirement
for both VLA-4 and LFA-1 in the entry of cells into the CNS. This is consistent with
findings presented in this thesis that MOG-specific T cells from IFN-y'^‘ mice are
unable to upregulate VLA-4 or LFA-1 expression and therefore cannot use either
molecule to gain access to the CNS. Furthermore, IFN-y upregulates both VCAMl and
ICAMl (ligands for VLA-4 and LFA-1, respectively) in BBB endothelial cells, and this
may be another method by which WT but not IFN-y'^' cells access the CNS to induce
EAE [461, 462]. This restriction in CNS access may prevent T cells from IFN-y '^‘ mice
from inducing EAE, while WT cells induce robust and severe disease.

A key finding of the present study is that IL-17A''' mice are resistant to actively
induced EAE. IL-17A is a pro-inflammatory cytokine and plays a role in immune
mediated diseases such as psoriasis [463], however its role in EAE is controversial as
there have been conflicting reports on actively induced EAE in IL-17A''^' mice.
Komiyama et al showed that active induction of EAE in IL-17A‘^' mice led to
significantly suppressed disease with mice exhibiting delayed onset, reduced
maximum clinical scores, improved histological changes and early recovery [377].
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Conversely, Haak et al demonstrated that neither over-expression of IL-17A in T cells
nor complete genetic deletion of the molecule had a major impact on the
development of EAE [365]. The findings of the current study help to clarify the role
of IL-17A in EAE and suggest that it is an essential cytokine for the induction of EAE
by immunisation with MOG and CFA. In addition to evidence from active EAE
induction, it has been shown previously that Thl7 cells induce EAE in a T cell
adoptive transfer model [189, 352]. Interestingly, data from the present study
showed that MOG-specific T cells from IL-17A'''' mice stimulated with IL-ip and IL-23
induced robust EAE comparable with disease induced by WT cells. These data
indicate that in the T cell adoptive transfer model of disease, IL-17A is not an
essential molecule for the induction of EAE. One possibility is that IL-17F is
compensating for the absence of IL-17A in the T cell adoptive transfer model to
induce disease, but does not have the same function in the model of active
induction. A second possible explanation is that MOG-specific IL-17A'^' T cells in the
adoptive transfer model can induce the secretion of IL-17A from host cells in the WT
recipient mouse, and this IL-17A is sufficient to induce disease. These data indicate
that IL-17A may have different roles in different models of disease induction. In light
of recent reports that an anti-IL-17 antibody called ixekizumab is efficacious in the
treatment of human MS, the findings in this thesis require further analysis.

Another additional mechanism to explain the ability of MOG-specific IL-17A''^' T cells
to induce EAE may be their ability to secrete GM-CSF, as studies have shown that
GM-CSF induces EAE in the absence of IL-17A [367]. The importance of GM-CSF in
the induction of EAE was initially demonstrated in 2001 when it was shown that GMCSF'^’ mice were resistant to EAE [366]. More recently it was demonstrated that
classical EAE, characterised by predominant spinal cord inflammation, could be
induced in the absence of IFN-y and IL-17A and was dependent on GM-CSF and
CXCR2 [367]. Transfer of encephalitogenic IL-12-stimulated IFN-ycells into IL-17RA'
hosts induced an atypical form of EAE which was abolished by treatment of
recipient mice with an anti-GM-CSF antibody [367]. Additionally, Codarri et al
demonstrated that GM-CSF deficient encephalitogenic T cells were unable to induce
EAE upon adoptive transfer to a naive host [464]. This provides further evidence for
170

the role of GM-CSF in the induction of EAE and indicates the possibility that, in the
current study, GM-CSF is substituting for IL-17A to induce severe EAE in the T cell
adoptive transfer model of disease.

The present study provides novel findings on the differential contribution of IFN-y at
different stages of the disease process in EAE. In previous studies a protective role
had been demonstrated for IFN-y, while other studies had highlighted a proinflammatory function for this cytokine. IFN-yIFN-yR'^' and STATl'^' mice are fully
susceptible to the induction of EAE and symptoms of disease can be improved by the
administration of recombinant IFN-y [357-363, 385]. In contrast, Thl cells, but not
Thl7 cells, are necessary to gain access to the CNS [368]. Furthermore, myelinspecific Thl cells induce EAE upon adoptive transfer [352, 368]. Finally, T-bet'^’ mice
are resistant to EAE [351]. The key finding presented here, that IFN-y is an essential
molecule in the induction of EAE but a protective molecule during the effector phase
of the disease, has shone new light on the controversial role of this molecule in EAE
and possibly other autoimmune diseases.

Data from this thesis showed that supplementing IFN-y'^'T cells with IFN-y during in
vitro re-stimulation of MOG-specific T cells, augmented their pathogenic capacity.
While further work is required to fully elucidate the mechanism responsible for this
observation, stimulation of T cells with recombinant IFN-y may promote the
expression of VLA-4 and LFA-1 on the T cell surface and therefore allow access of the
T cell to the CNS. Alternatively, it is possible that macrophages in the T cell culture of
IFN-y'^' cells may have an M2 phenotype, as a result of the high concentration of IL13, and the addition of recombinant IFN-y may activate macrophages in the cell
culture to differentiate into type 1, or Ml, macrophages. Classically activated Ml
macrophages mediate host defence from a variety of bacteria, protozoa, viruses and
tumours and have also been implicated in the pathogenicity of autoimmune diseases
[465]. Conversely, differentiation of alternatively activated M2 macrophages is
induced by Th2-type cytokines such as IL-13, and these cells have anti-inflammatory
function and stimulate wound healing [465, 466]. Ml macrophage differentiation is
induced by IFN-y [467]. Prior exposure of human macrophages to IFN-y licences
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those macrophages to respond to IL-10 by activating STATl instead of STAT3 [468],
allowing for the maturation of macrophages down the Ml rather than M2 pathway
which stimulates pathogenic T cells. It is possible that the lack of IFN-y in the culture
of cells from the IFN-y'^' mice, combined with the high concentration of IL-13,
produces M2 macrophages under these stimulation conditions, which are anti
inflammatory and less likely to induce pathogenic T cells.

Macrophages are not the only innate cell involved in the pathogenesis of EAE and
interestingly, in experiments presented here, increased eosinophilic infiltration into
the CNS is associated with severe EAE in an adoptive transfer model. There are very
few reports on the role of eosinophils in EAE, however, Gladue and colleagues
demonstrated that inhibition of the leukotriene

64

receptor, a chemotactic and cell

activating factor present at inflammatory sites in a variety of autoimmune diseases
including MS, completely abrogated the paralysis and weight loss in a T cell adoptive
transfer model of EAE [469]. This was due to a 97% reduction in recruitment of
eosinophils, which were implicated in the pathogenesis of disease [469]. The current
study contributes to the findings by Gladue et al which suggests that eosinophils play
a pathogenic role in EAE. Eosinophil trafficking to the CNS in MS patients is therefore
a potential point at which the disease may be targeted for therapeutic intervention.

IFN-y has been recognised as a key cytokine in autoimmune disease, but its role has
always been controversial. A pilot study in humans showed that administration of
IFN-y (1 pg to 1 mg per patient) to patients with MS by i.v. infusion twice a week for
4 weeks caused a significant exacerbation of disease in 7 out of 18 patients. This led
to the conclusion that IFN-y is unsuitable for use as a therapeutic agent in MS.
Conversely, published data have demonstrated the efficacy of IFN-y in reducing the
severity of EAE or anti-IFN-y in exacerbating disease [359-363]. Complete
suppression of the clinical signs of EAE was demonstrated in Lewis rats upon the
intraventricular administration of IFN-y while systemic administration of the cytokine
had no effect [470]. Clearly the role of IFN-y in EAE and MS is a complex one which
requires further research, but data presented in this thesis contributes to the
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understanding of its differential roles in either pathogenesis or protection in
autoimmunity.
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Figure 5.1. Neutralisation of IFN-y during actively induced EAE in C57BL/6 mice
delayed the onset but Increased the severity of disease. EAE was induced in C57BL/6
mice by immunization with MOG emulsified in CFA. Mice were treated by i.p. injection
of 500 |xg of anti-IFN-y (aIFN-y) neutralising antibody or with a PBS control on days 0,
7 and 14 post-induction. Mice were assessed for the development of EAE by clinical
score (A) and % weight change (B). *p < 0.05, **p < 0.01, ***p < 0.001 versus PBStreated control. Data are representative of two independent experiments (n=5-6).
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Figure 5.2. Neutralisation of IFN-y during EAE reduced the number of IFN-y, IL-17A
and GM-CSF producing CD4 T cells in the CNS, assessed 12 days post induction. EAE
was induced in C57BL/6 mice by immunization with MOG and CFA and anti-IFN-y
neutralising antibody was administered on days 0 and 7 post induction. Mice were
sacrificed on day 12 post-induction and mononuclear cells (MNCs) were isolated from
the brain (A,f) and pooled spinal cord (S.C.) (6,F). Cells were stained for surface CD4
and intracellular IFN-y, IL-17A and GM-CSF and analysed by flow cytometry. Results
are mean percentage {A,B) with representative FACS plots for brain (C) and spinal cord
(D) and absolute number {E,F) of IFN-y^ IL-17A^ and GM-CSF+ CD4 T cells for anti-IFN-y
treated mice versus PBS treated control. *p < 0.05 versus PBS-treated control.
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Figure 5.3. Neutralisation of IFN-y during EAE prevents neutrophil and macrophage
recruitment to the CNS, assessed 12 days post induction. EAE was induced in
C57BL/6 mice by immunization with MOG and CFA and anti-IFN-y neutralising
antibody was administered on days 0 and 7 post induction. Mice were sacrificed on
day 12 post-induction and mononuclear cells (MNCs) were isolated from the brain
(A,E) and pooled spinal cord (S.C.) {B,F). Cells were stained for surface CDllb, Ly6G
and F4/80 and analysed by flow cytometry. Results are mean percentage {A,B) with
representative FACS plots for brain (C) and spinal cord (D) and absolute number {E,F)
of CDllb^ Ly6G^ neutrophils and CDllb* F4/80^ macrophages for anti-IFN-y treated
mice versus PBS treated control. *p < 0.05, **p < 0.01 versus PBS-treated control.
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Figure 5.4. Neutralisation of IFN-y during EAE increased the number of IFN-y, IL-17A
and GM-CSF producing CD4 T ceils in the CNS, assessed 18 days post induction. EAE
was induced in C57BL/6 mice by immunization with MOG and CFA and anti-IFN-y
neutralising antibody was administered on days 0, 7 and 14 post induction. Mice were
sacrificed on day 18 post-induction and mononuclear cells (MNCs) were isolated from
the brain {A,E) and pooled spinal cord (S.C.) {B,F). Cells were stained for surface CD4
and intracellular IFN-y, IL-17A and GM-CSF and analysed by flow cytometry. Results
are mean percentage (A,B) with representative FACS plots for brain (C) and spinal cord
(D) and absolute number {E,F) of IFN-y+, IL-17A^ and GM-CSF+ CD4 T cells for anti-IFN-y
treated mice versus PBS treated control. **p < 0.01 versus PBS-treated control.
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Figure 5.5. Neutralisation of IFN-y during EAE induces macrophage recruitment to
the CNS, assessed 18 days post induction. EAE was induced in C57BL/6 mice by
immunization with MOG and CFA and anti-IFN-y neutralising antibody was
administered on days 0, 7 and 14 post induction. Mice were sacrificed on day 18 post
induction and mononuclear cells (MNCs) were isolated from the brain (A,E) and
pooled spinal cord (S.C.)
Cells were stained for surface CDllb, Ly6G and F4/80
and analysed by flow cytometry. Results are mean percentage (A,B) with
representative FACS plots for brain (C) and spinal cord (D) and absolute number (E,F)
of CDllb^ Ly6G^ neutrophils and CDllb^ F4/80^ macrophages for anti-IFN-y treated
mice versus PBS treated control. *p < 0.05 versus PBS-treated control.
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Figure 5.6. IFN-y^' mice had delayed onset but increased severity of EAE symptoms
compared with WT mice while IL-17A'/' mice are resistant to actively induced
disease. EAE was induced in WT C57BL/6, IFN-y/'and IL-17A /' mice by immunization
with MOG and CFA. Mice were assessed for the development of EAE by clinical score
(A) and % weight change (B). *p < 0.05, **p < 0.01, ***p < 0.001 versus WT control.
Data are representative of two independent experiments.
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Figure 5.7. Adoptively transferred, MOG-specific T cells induce severe EAE when
stimulated with IL-ip and IL-23. EAE was induced in C57BL/6 mice by immunization
with MOG and CFA. Mice were sacrificed 10 days post-induction and their lymph node
and spleen cells were stimulated with MOG in the presence of the indicated
combinations of IL-1(3 and IL-23 at the indicated concentrations. After 72 h in vitro,
cells were washed and injected intra-peritoneally into naive C57BL/6 recipients at a
concentration of 15 X 10® cells per mouse. Mice were assessed for the development
of EAE by clinical score (A, C) and % weight change (B,D). **p < 0.01, ***p < 0.001
versus cells stimulated in vitro with MOG only. < 0.05, **p < 0.01,
< 0.001 versus
cells stimulated in vitro with MOG and IL-23. Data shown are from two representative
experiments (n=5).
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Figure 5.8. MOG-specific WT, IL-17A'/' and IFN-y/' cells secrete a range of cytokines
upon in vitro stimulation with IL-ip and IL-23 or with IL-12. EAE was induced in WT
C57BL/6, IL-17A'/' and IFN-y/' mice by immunization with MOG and CFA. Mice were
sacrificed 10 days post-induction and their lymph node and spleen cells were
stimulated in vitro for 72 h with IL-ip (10 ng/ml), IL-23 (10 ng/ml) and MOG (100
pg/ml) or IL-12 (10 ng/ml) and MOG (100 |xg/ml) as indicated, or with medium only.
IL-17A, IL-22, IFN-y, IL-17F, GM-CSF, IL-10, IL-13 and IL-6 concentrations in the
supernatants were quantified by ELISA. *p < 0.05, **p < 0.01, ***p < 0.001 versus
medium only. Data are combined from five independent experiments.
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Figure 5.9. IL-ip and IL-23-stimulated or IL-12-stimulated MOG-specific WT and IL17A /' T cells but not IL-ip and IL-23-stimulated IFN-y/‘ T cells are capable of
inducing EAE in WT recipients. Adoptive transfer EAE was induced in WT C57BL/6
mice by injection of 15 X 10® WT, IL-17A/' or IFN-y''" mixed lymph node and spleen
cells cultures from mice immunised with MOG and CFA and sacrificed on day 10 post
immunization. Cells were stimulated in vitro for 72 h with IL-ip (10 ng/ml), IL-23 (10
ng/ml) and MOG (100 |xg/ml) or IL-12 (10 ng/ml) and MOG (100 pg/ml) as Indicated,
washed and injected intra-peritoneally. Mice were assessed for the development of
EAE by typical clinical score (A), atypical clinical score (6) and % weight change (C).
Data are combined from five independent experiments (n=5-6).
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Figure 5.10. WT mice injected with IL-ip and IL-23-stimulated, MOG-specific IFN-y/'
cells have significantly fewer IL-17A^ GM-CSF* and IFN-y* CD4 T cells In the CNS than
mice injected with the equivalent WT or IL-17A'/' cell. Adoptive transfer EAE was
induced in WT C57BL/6 mice by injection of 15 X 10® MOG-specific WT, IL-17A'/' or
IFN-y/' cells stimulated with IL-ip and IL-23 (10 ng/ml). Recipient mice were
sacrificed on day 14 post-induction and mononuclear cells were isolated from the
brain. Cells were stained for surface CD4 and intracellular IL-17A, GM-CSF and IFN-y
and analysed by flow cytometry. Results are mean percentage (A) and absolute
number (6) of IL-17A*, GM-CSF* and IFN-y* CD4 T cells with representative FACS plots
(C). **p < 0.01, ***p < 0.001 versus mice receiving WT cells stimulated with MOG, ILip and IL-23.

183

A

B

WT

D

IFNV

F

Hi WT + MOG + IL-1P + IL-23
Q IFN-y-^' + MOG + IL-1p + lL-23

Figure 5.11. The spinal cords of WT mice injected with IL-ip and IL-23-stimulated,
MOG-specific IFN-y^' cells have significantly less lymphocyte infiltration and myelin
degeneration than mice injected with the equivalent WT cell. Adoptive transfer EAE
was induced by intra-peritoneal injection of MOG-specific WT {A,B) and IFN-y/' (CD)
cells stimulated in vitro with IL-ip and IL-23 (10 ng/ml) for 72 h. Recipient mice were
sacrificed on day 14 post-induction and coronal sections of the spinal cord were taken
for histological analysis and stained with haematoxylin and eosin (A,C) to assess
lymphocyte infiltration and luxol fast blue {B,D) to asses de-myelination. Average
inflammatory score for 9 spinal cord sections of 3 representative mice is shown [F).
***p < 0.001 versus mice receiving WT cells stimulated with MOG, IL-ip and IL-23.
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Figure 5.12. MACS Purified, MOG-specific CDS cells stimulated with IL-ip and IL-23
or IL-12 induce a similar disease pattern to unsorted lymph node and spleen cells.

WT C57BL/6 or IFN-y/' mice were immunized with MOG and CFA. Mice were
sacrificed 10 days post-induction and their lymph node and spleen cells were
stimulated with MOG (100 pg/ml) and IL-ip (10 ng/ml) and IL-23 (10 ng/ml) or IL-12
(10 ng/ml). After 72 h in vitro, CD3 cells were MACS purified (>95% pure) from each of
the populations indicated and 4 X 10^ cells were injected intra-peritoneally. Mice
were assessed for the development of EAE by clinical score (A) and % weight change
(5). Data are representative of two independent experiments (n=8).
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Figure 5.13. MOG-specific, IFN-y'^'cells treated in vitro with IL-ip and IL-23 secrete
significantly more IL-lRa which is inhibited by an IL-13 neutralising antibody. WT, IL17A'/' or IFN-y/' mice were immunized with MOG and CFA. Mice were sacrificed on
day 10 post induction and WT cells were stimulated in vitro for 72 hours with IL-ip (10
ng/ml), IL-23 (10 ng/ml) and MOG (100 pg/ml) with and without recombinant IL-13
(10 ng/ml). IFN-y/' cells were stimulated in vitro for 72 h with IL-ip (10 ng/ml), IL-23
(10 ng/ml) and MOG (100 pg/ml) with and without an IL-13 neutralising antibody (10
fxg/ml). IL-lRa concentrations in the supernatants were quantified by ELISA. *p < 0.05,
**p < 0.01, ***p < 0.001 compared with groups as indicated.
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Figure 5.14. Stimulation of MOG-specific, IL-ip and IL-23-stimulated WT cells in vitro
with IL-13 partially attenuates their ability to induce EAE upon adoptive transfer. WT
C57BL/6 or IFN-y/' mice were immunized with MOG and CFA. Mice were sacrificed on
day 10 post induction and WT cells were stimulated in vitro with IL-ip (10 ng/ml), IL23 (10 ng/ml) and MOG (100 pg/ml) with and without recombinant IL-13 (10 ng/ml).
IFN-y/' cells were stimulated In vitro for 72 hours with IL-ip (10 ng/ml), IL-23 (10
ng/ml) and MOG (100 |xg/ml) with and without an IL-13 neutralising antibody (10
pg/ml) or an IL-lRa neutralising antibody (10 pg/ml). After 72 h cells were washed
and 15 X 10® cells were injected intra-peritoneally into naive C57BL/6 recipient mice.
Mice were assessed for the development of EAE by clinical score (A) and % weight
change (B). *p < 0.05, ***p < 0.001 versus mice receiving WT cells stimulated with
MOG, IL-ip and IL-23 (n=6).
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Figure 5.15. WT but not IFN-y/'-MOG-specific CD3 T cells upregulate adhesion
molecules VLA-4 and LFA-1 in response to IL-ip and IL-23 stimulation. EAE was
induced in WT C57BL/6 and IFN-y/' mice by immunization with MOG and CFA. Mice
were sacrificed 10 days post-induction and their lymph node and spleen cells were
stimulated with IL-ip and IL-23 (10 ng/ml) and MOG (100 pg/ml. After 72 h in vitro,
CDS T cells were MACS purified (>95% pure) from the mixed spleen and lymph node
cell culture, itgal/cdlla (A) and itga4/cd49d (6) mRNA expression was evaluated by
real-time PCR normalised to 18s rRNA. *p < 0.05, **p < 0.01 versus IFN-y/' mice . Data
shown are from one representative experiment performed in triplicate.
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Figure 5.16. Treatment of a WT donor mouse, but not a WT recipient mouse, with
IFN-y neutralising antibody attenuates EAE. EAE was induced in WT C57BL/6 mice or
IFN-y /' mice by immunization with MOG and CFA. WT mice were injected with an IFNy neutralising antibody (500 |xg/mouse) or a PBS control on day 0 post active
immunization. Mice were sacrificed on day 10 post induction and cells were
stimulated in vitro for 72 h with IL-ip (10 ng/ml), IL-23 (10 ng/ml) and MOG (100
pg/ml) and injected intra-pertoneally into naive C57BL/6 recipients at a concentration
of 15 X 10^ cells per mouse. Recipient mice were injected on day 0 post cell transfer
with an IFN-y neutralising antibody (500 pg/mouse) or PBS as indicated. Mice were
assessed for the development of EAE by clinical score (A) and % weight change (B). *p
< 0.05, **p < 0.01, ***p < 0.001 versus mice receiving WT cells stimulated with MOG,
IL-ip and IL-23 (n=6)
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Figure 5.17. Stimulation of MOG-specific, IL-ip and IL-23-stimulated IFN-y'^'cells in
vitro with recombinant IFN-y significantly augments their ability to induce EAE upon
adoptive transfer. EAE was induced in WT C57BL/6 or IFN-y ^' mice by immunization
with MOG and CFA. Mice were sacrificed on day 10 post induction and WT cells were
stimulated in vitro with IL-lp (10 ng/ml), IL-23 (10 ng/ml) and MOG (100 }ig/ml). IFNy/' cells were stimulated in vitro for 72 hours with IL-ip (10 ng/ml), IL-23 (10 ng/ml)
and MOG (100 |ig/ml) with and without recombinant IFN-y (10 ng/ml). After 72 h cells
were washed and 15 X 10^ cells were injected intra-peritoneally into naive C57BL/6
recipient mice. Mice were assessed for the development of EAE by clinical score (A)
and % weight change (B). *p < 0.05, **p < 0.01 ***p < 0.001 versus mice receiving
IFN-y/' cells stimulated with MOG, IL-ip and IL-23. Data are representative of two
independent experiments (n=5).
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Figure 5.18. The frequency IL-17A% GM-CSF* and IFN-y^ CD4 T cells is similar In the
CNS of mice injected with MOG-specific IFN-y^' cells stimulated with and without
recombinant IFN-y. Mice injected with WT cells stimulated with IL-ip (10 ng/ml), IL23 (10 ng/ml) and MOG (100 pg/ml) or IFN-y/' cells stimulated with IL-lp, IL-23 and
MOG with and without recombinant IFN-y (10 ng/ml) were sacrificed on day 16 post
induction and mononuclear cells were isolated from the brain (A,B) and spinal cord
(CD). Cells were stained for surface CD4 and intracellular IL-17A, GM-CSF and IFN-y
and analysed by flow cytometry. Results are mean percentage (A,C) of IL-17A\ GMCSF^ and IFN-y^ CD4 T cells with representative FACS plots for IFN-y+ CD4 T cells (CD).
*p < 0.05, **p < 0.01 versus mice injected with WT cells stimulated with MOG, IL-ip
and IL-23.
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Figure 5.19. Mice injected with MOG-specific IFN-y^' cells stimulated with IL-ip and
IL-23 have significantly reduced numbers of CNS-infiltrating eosinophils but
significantly increased numbers of CNS-infiltrating neutrophils. Mice injected with
WT cells stimulated with IL-ip (10 ng/ml), IL-23 (10 ng/ml) and MOG (100 ng/ml) or
IFN-y/- cells stimulated with IL-ip, IL-23 and MOG with and without recombinant IFNY (10 ng/ml) were sacrificed on day 16 post induction and mononuclear cells were
isolated from the brain (A,B) and spinal cord (CD). Cells were stained for surface
CDllb, Ly6G and Siglec F and analysed by flow cytometry. Results are mean
percentage of CDllb^ Ly6G^ neutrophils and CDllb"^ Siglec F+ eosinophils {A,C) with
representative FACS plots gated on CDllb^ cells {B,D). *p < 0.05 versus mice injected
with WT cells stimulated with MOG, IL-ip and IL-23.
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Chapter 6: General Discussion

MS is a chronic and progressive disease in \which demyelination of axons in the CNS
causes axonal loss and cumulative disability. EAE, a mouse model for MS, is an
invaluable tool to dissect the mechanisms underlying the pathogenesis of MS and to
evaluate the efficacy of novel therapeutics aimed at targeting these mechanisms.
The identification of inflammatory cells of the adaptive immune system in active
lesions in MS patients in conjunction with studies in animal models has led to the
conclusion that MS and EAE are autoimmune in origin and that inflammation and
disease are driven by myelin-reactive T cells. The role of different subsets of CD4 T
helper cells in the pathogenesis of EAE is controversial. Thl7 and Thl cells are two
keys

subsets

implicated

in

disease

pathogenesis,

however,

their

distinct

contributions to disease pathology or protection require further examination.

In the current study, it was demonstrated that IL-23 synergises with the caspase-1processed cytokines IL-ip or IL-18 to induce pathogenic Thl7 T cells. IL-23, IL-ip and
IL-18 were secreted from innate cells and stimulated the secretion of IL-17A and
related cytokines from myelin-specific T cells which induced EAE. Disease symptoms
could be alleviated by the direct in vivo administration of an inhibitor of caspase-1 or
by inhibiting the function of caspase-1 in vitro in DC in an adoptive transfer model of
disease. Blockade of caspase-1 prevented the cleavage and release of both mature
IL-ip and mature IL-18. The importance of IL-1 signalling in the induction of EAE was
demonstrated by Sutton et al in 2006 who found that IL-IRL'^' mice were resistant to
the induction of EAE upon immunisation with MOG emulsified in CFA [213].
However, the adoptive transfer of MOG-specific Thl7 cells into IL-IRI'^' mice induced
robust disease, thus demonstrating a vital role for IL-1 in the induction of pathogenic
T cells [213]. Furthermore, IL-1 synergises with IL-6 and IL-23 to induce expression of
RORyt, which helps to further drive Thl7 cell differentiation [471], and mice deficient
in IL-lRa, the natural antagonist of IL-IRI, are more susceptible to EAE [450]. While a
role for IL-1 in the induction of Thl7 cells and the pathogenesis of EAE has been
established, the current study has demonstrated that IL-18 is also important in
driving pathogenic Thl7 cell development.
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IL-18 was originally named IFN-y-inducing factor due to its role in the induction of
this cytokine [472]. iL-18 is known to synergise with IL-12 in the differentiation of
Thl cells and in promoting secretion of IFN-y. Indeed, IL-12-induced secretion of IFNy is reduced in mice pre-treated with an anti-IL-18 antibody or in caspase-1 deficient
mice [402], and this finding was further demonstrated in this thesis. Additionally, it
was demonstrated here that IL-18 synergises with IL-23 to induce the secretion of IL17 from CD4 and y5 T cells. Some studies have identified a pro-inflammatory role for
IL-18 in EAE; IL-18'^’ mice had reduced susceptibility to EAE induction [243, 473].
However, other studies found that IL-18''^' mice have a normal course of disease,
while IL-18R'^' mice have reduced disease susceptibility [244]. The present study
defined a novel role for IL-18 in the induction of pathogenic Thl7 cells and found
that IL-18 can substitute for !L-ip in the induction of disease, either directly or
through its ability to induce IL-ip expression. In the hierarchy of disease-initiating
cytokines IL-1(3 is a more potent driver of pathology than IL-18 as IL-18 can only
partially substitute for IL-ip in induction of EAE. The pro-inflammatory functions of
IL-18 may explain the lack of efficacy of the IL-IRI antagonist anakinra in the
treatment of MS, as anakinra blocks only the function of IL-1, not IL-18. Here, it was
shown that inhibition of caspase-1 in EAE attenuated the symptoms of disease, and
caspase-1, or the NLRP3 inflammasome, may therefore prove to be a more useful
upstream target in the treatment of MS than targeting IL-1 only.

Caspase-1 deficient mice have a reduced incidence and severity of EAE and caspase1 inhibition has been shown to be a useful tool in the inhibition of other diseases
such as colitis, pancreatitis and seizures [383, 406, 407, 474, 475]. A caspase-1
inhibitor, Pralnacasan (VX-740), was previously shown to have anti-inflammatory
effects in RA in humans in a phase II clinical trial, but caused long term toxicity in
animals [476]. \/X-765, another caspase-1 inhibitor, has also been evaluated in a
phase II clinical trial in psoriasis patients [476]. It is important to note that caspase-1processed cytokines play a role in protection from infection and the administration
of any therapeutic to inhibit the function of caspase-1 may increase susceptibility to
infection.
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In addition to its role in the induction of IL-17A from CD4 T cells, IL-18 was also
shown here to synergise with IL-23 to induce the secretion of IL-17A from y6 T cells.
This response of y6T cells has not been shown previously and the present study also
demonstrated that y5 T cells highly express the IL-18R. There is evidence that y6 T
cells contribute to the pathogenesis of EAE, but their precise role in the disease
remains somewhat controversial. Depletion of y5 T cells prior to disease onset or
during the chronic phase of EAE results in less severe disease symptoms [477].
Animals with a targeted disruption of the 6 chain of the y6 TCR had reduced disease
severity in one study but not in another [370, 371]. Clonally expanded y5 T cells have
also been found in the lesions and CSF of MS patients during the active stages of
disease, suggesting they are contributing to inflammation in human disease [372,
373]. y6 T cells are an important innate source of IL-17A in EAE and, like Thl7 cells,
require RORyt for the induction of this cytokine [384]. y5 T cells can secrete IL-17
rapidly in response to stimulation with IL-1|3 and IL-23, protecting from infection but
also potentially contributing to the pathogenesis of EAE [478]. The results of the
present study, which demonstrate that y5 T cells can rapidly secrete IL-17 in
response to stimulation with IL-18 in synergy with IL-23, indicate another route by
which y5 T cells can contribute to autoimmunity. Furthermore, the IL-17 innately
secreted by y6 T cells acts in a positive amplification loop for the induction of IL-17
from Thl7 cells, further contributing to disease pathology in EAE [228]

Thl7 cells were originally implicated in driving inflammation in EAE in a seminal
paper by Cua et al in 2003 [187]. It had previously been shown that a disruption in
the IL-12 gene rendered mice resistant to the induction of EAE, however Cua and
colleagues demonstrated that it was the absence of IL-23 and not IL-12 which
prevented disease development. IL-23 and IL-12 share a common subunit, IL-12p40,
and it was the deletion of this protein which protected mice from disease, as well as
the deletion of the second subunit of IL-23, IL-23pl9, but not the IL-12-unique
subunit IL-12p35 [187, 189]. IL-23 was demonstrated to drive an IL-17-secreting
population of CD4 T helper cells, named Thl7 cells, which were responsible for
disease pathology [189]. RORyt is the key transcription factor in the differentiation of
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Thl7 cells and the absence of endogenous RORyt conferred resistance to the
induction of EAE [384]. IL-6 drives RORyt expression and IL-6 deficient mice \A/ere also
resistant to EAE [382, 384], In addition to inducing expression of RORyt, IL-6 also
induces the expression of IL-23R in naive T cells [384], Naive T cells do not express IL23R at their cell surface so commitment to the Thl7 fate is believed to be initiated
by IL-6 in combination with TGF-p, while the phenotype is maintained and expanded
by IL-23 [209-211, 384],

IL-17A is one of several cytokines that play a role in the pathogenesis of autoimmune
diseases such as EAE. IFN-y is another cytokine implicated in EAE, although its exact
role remains controversial. Early studies were based on the hypothesis that EAE was
induced by Thl cells, as T cells from mice with EAE that were stimulated ex vivo with
MOG or other antigens used to induce EAE, secreted large amounts of IFN-y [479]. In
addition, mice deficient in the Thl transcription factor Tbet and the Thl-priming
cytokine IL-12 were resistant to the induction of EAE [354, 385]. Studies with MS
patients also suggested disease was mediated by Thl cells, this was based on data
demonstrating the presence of IL-12 and IFN-y in MS lesions and CSF [480, 481].
However, the discovery that mice deficient in IL-23 and not IL-12 were resistant to
EAE suggested that IL-17A and not IFN-y was responsible for inducing disease [187,
355]. Furthermore, mice deficient in IFN-y, IFN-yR or STATl lacked Thl cells but
remained fully susceptible to the induction of EAE [357, 358, 385] and it was shown
that mice deficient in IL-12 and IFN-y had higher levels of IL-17 suggesting an
inhibitory role for IFN-y in IL-17 production [482]. Taken together, these studies
suggest that IFN-y may have a protective role in the pathogenesis of EAE.

Evidence from the current study supports a role for IFN-y as a protective cytokine in
EAE, however, the data demonstrated that IFN-y was only protective during the
effector phase of EAE. Conversely, IFN-y was pro-inflammatory during the induction
phase of EAE, and may contribute to induction of disease through several
mechanisms. IFN-y activates CNS resident microglia and infiltrating macrophages and
upregulates the expression of MHC class II on ARC [483-485]. IFN-y also induces the
expression of other pro-inflammatory mediators such as TNF-a [486, 487]. The data
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presented in this thesis provide evidence for the opposing functions of IFN-y in the
pathogenesis of EAE and demonstrate for the first time that IFN-y is both pathogenic
and protective in autoimmunity at different stages of disease. These data may
partially clarify the disputed roles of IFN-y in EAE.

There are a number of ways in which IFN-y may be protective in the effector phase
of EAE. T cells differentiated in the presence of IFN-y and IL-12 had reduced
expression of GM-CSF, a cytokine known to be pathogenic in EAE [464]. In addition,
IFN-y induced the expression of IL-27 from DCs [488]. Studies carried out in this and
other laboratories have shown that IL-27 attenuates EAE by inhibiting Thl7
differentiation and enhancing the production of IL-10, in particular from IL-10producing regulatory Trl cells [280, 489, 490]. IFN-y also inhibits the expression of
osteopontin, a pro-inflammatory cytokine that functions as a chemo-attractant for
macrophages and neutrophils. Osteopontin also promotes the survival of activated T
cells in the CNS by activating NFxb and by altering expression of the pro-apoptotic
proteins Bim, Bak and Bax [488, 491, 492]. Mice deficient in osteopontin have
attenuated symptoms of EAE, accompanied by decreased inflammatory infiltration
into the CNS and reduced demyelination in the spinal cord [493]. Furthermore, IFN-y
can suppress the function of IL-ip by downregulating the expression of IL-IRI [494].
IL-ip is pro-inflammatory in EAE as it drives expression of cytokine such as IL-17A,
TNF-a, IL-6 and IL-8 and the induction of MMP3 and MMP9 [213, 494]. IFN-y also
induces the production of NO and indolamine 2,3-dioxygenaseindolamine (IDO) by
activated macrophages and microglia. NO and IDO have been shown to attenuate
EAE by inhibiting T cell proliferation and promoting T cell apoptosis [495, 496].
Finally, IFN-y can exert a protective effect on oligodendrocytes by preventing
peroxide-induced

apoptosis

[497],

however,

IFN-y

may

also

enhance

oligodendrocyte apoptosis via Fas ligand and staurosporine-mediated mechanisms
[498].

Interestingly, IFN-y appears to have different functions in the brain and spinal cord
during EAE. In a study by Wensky and colleagues, mice expressing a monoclonal
myelin-specific TCR developed spontaneous classical
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EAE

predominated

by

inflammatory infiltration of the spinal cord with ascending flaccid paralysis [499].
When these TCR transgenic mice were crossed onto an IFN-y"^' background, the mice
developed a spontaneous atypical form of EAE, associated with a cellular infiltrate
found predominantly in the brainstem and cerebellum. This atypical EAE was
characterised initially by a slight head tilt, progressing to a severe head tilt, spinning,
or a rotatory motion [499]. These data suggest that IFN-y suppresses inflammation in
the brain but not in the spinal cord. A subsequent study by Lees et al demonstrated
that adoptive transfer of myelin-specific Thl cells into IFN-yR’^' mice or adoptive
transfer of IFN-y'^' T cells into WT mice resulted in atypical EAE, with inflammation
localised to the brain stem and cerebellum [500]. Flowever, co-transfer of myelinspecific Thl cells together with IFN-y '^" T cells into WT mice was sufficient to block
inflammatory cell invasion into the cerebellum and brain stem and to restore
infiltration of the spinal cord resulting in the development of EAE with classical
symptoms. These findings suggest that IFN-y is capable of suppressing inflammation
in the brains of mice with EAE, but is pro-inflammatory in the spinal cords. The study
also showed that transfer of IFN-y'^' T cells induces less disease in the spinal cords of
WT mice compared with WT donor cells [500], suggesting that IFN-y is important in
inducing damage in the spinal cord. The reason for the difference in the effect of
IFN-y in the brain and spinal cord is not clear but might be explained by the much
higher expression of IFN-yRb in brain than spinal cord of healthy mice. This suggests
that resident brain cells may be more responsive to IFN-y than spinal cord cells [501],
which is supported by evidence presented in the present study showing that
adoptive transfer of IL-12-stimulated IFN-y'^' cells induced EAE with atypical
symptoms while the adoptive transfer of IL-17A'^‘ cells induced typical disease
marked by an ascending flaccid paralysis.

A study by Stromnes et al provided further evidence on the differential role of IFN-y
in the brain and spinal cord and contributed to the understanding of the diverse
roles that IFN-y and IL-17A play in EAE [501]. It was demonstrated that the relative
abundances of Thl7 and Thl cells in the mixture of CD4 T cells used to induce EAE by
adoptive transfer determined the type of EAE induced and the localisation of
inflammatory infiltrates in the CNS. In their study a predominance of Thl7 cells
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triggered inflammation in the brain in preference to the spinal cord, while a cell
mixture containing more Thl cells induced inflammation in the spinal cord and
provoked classical symptoms of EAE [501]. Interestingly, it was not the absolute
number of Thl7 cells that was important, but rather the ratio of Thl7 cells to Thl
cells. Brain inflammation did not occur when there was a higher ratio of Thl cells in
the infiltrating population regardless of the number of Thl7 cells transferred [501].
These data suggest that IL-17 may induce disease by overcoming an anti
inflammatory response in the brain induced by IFN-y, a concept that is supported by
data presented in this thesis, which indicate a protective role of IFN-y in the effector
phases of EAE.

Evidently, the interaction of IFN-y-mediated processes with those mediated by IL17A influences the severity of EAE and the localisation of T cells in the CNS during
disease. IFN-y and IL-17A function to regulate one another, although these complex
pathways are not yet fully understood. Evidence from in vitro experiments has
demonstrated that IL-17A inhibits the expression of Tbet, IL-12Rb2 and IFN-y, while
IFN-y suppresses the secretion of IL-17 from T cells [443]. In EAE, IFN-y has been
shown to inhibit IL-17A production, and IFN-y'^‘ mice with EAE have increased
numbers of CNS-infiltrating IL-17^ CD4 T cells [377, 500]. IFN-y also suppresses the
production of CXCL2 and MMP9 and other factors known to be secreted by Thl7
cells [502, 503]. IFN-y and IL-17A can also exert differential and antagonistic effects
on the infiltration of leukocytes into the CNS via their opposing regulation of CXCL12
expression. CXCL12, expressed on the abluminal surface of the BBB, retains CXCR4expressing leukocytes in the subarachnoid space, but can be scavenged by CXCR7
thus preventing its interaction with CXCR4 and allowing leukocytes to enter the
parenchyma. CXCR7 expression is induced by IL-17A but blocked by IFN-y [504]; thus
IL-17A induces CNS infiltration via CXCL12 and IFN-y impedes it.

IL-17A can promote inflammation and autoimmune disease in a number of ways and
the importance of this cytokine was established in the current study by the
demonstration that IL-17A'^' mice were resistant to EAE induced by active
immunisation with MOG emulsified in CFA. Endothelial cells of the human BBB have
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been shown to express IL-17R and IL-17A disrupts BBB tight junctions in vitro and in
vivo [505]. In addition, human Thl7 cells that transmigrate across the BBB highly
express granzyme B, which kills human neurons and promotes CNS inflammation
[505]. IL-17A secreted by CD4 T cells and 76 T cells during EAE in mice suppressed
expression of the tight junction protein occludin by inducing reactive oxygen species
[506] . Conversely, IL-17A induces the expression of the chemokines CXCLl and
CXCL2, which induce the recruitment of neutrophils [190, 507]. Neutrophils can be
pathogenic in autoimmune diseases as they directly damage tissue by their release
of immune mediators. EAE induced by the adoptive transfer of Thl7 cells is
characterised by neutrophil recruitment to the CNS and disease can be ameliorated
by the depletion of neutrophils by an antibody specific for Ly6G [352, 508]. In
addition, blockade or genetic silencing of CXCR2, a major receptor for CXCLl and
CXCL2, abrogated BBB breakdown in Thl7 mediated disease, preventing leukocyte
infiltration and the development of EAE [508]. Finally, the formation of ectopic
lymphoid follicles in the CNS of mice with EAE is induced by Thl7 cells and is
dependent on IL-17A production [509]. Therefore, a large amount of evidence exists,
including the findings presented herein, which indicates that IL-17A production by
Thl7 cells is a major cause of pathology in EAE.

In addition to IL-17A and IFN-y, other cytokines such as GM-CSF play essential roles
in the pathogenesis of EAE. The results of the present study demonstrated that GMCSF is secreted at high concentrations from CD4 T cells in the brains and spinal cords
of mice with severe EAE. These data are consistent with previous observations that
GM-CSF is an essential cytokine in the induction of EAE, as GM-CSF-deficient mice
are resistant to EAE [366] and GM-CSF secretion by T cells is required for the onset of
EAE and the activation of microglia [510]. Two recent reports provide further
evidence for the integral role of GM-CSF in EAE by showing that both Thl and Thl7
cells must secrete GM-CSF to induce EAE [464, 511]. The expression of GM-CSF by T
cells is induced by IL-ip and IL-23 [511], a cytokine combination responsible for
inducing the expansion, survival and possibly differentiation of Thl7 cells. It is
possible that GM-CSF, IL-17A and other pro-inflammatory cytokines are required in
combination to induce EAE which suggests that polyfunctional T cells are involved in
201

the induction of disease. GM-CSF may drive pathology in EAE by mobilising Ly6C''
monocytes to leave the bone marro\A/ and migrate through the bloodstream from
where they can move into the CNS to induce inflammation [512]. GM-CSF also
causes the accumulation of langerin^ CD103^ DCs in peripheral lymph nodes, which
stimulated naive myelin-reactive T cells to proliferate and produce IFN-y and IL-17A,
thus inducing EAE [513]. GM-CSF can also enhance the expression of proinflammatory cytokines and upregulate MHC class 11 on DCs, macrophages and
microglia, enhancing auto-antigen presentation and providing co-stimulatory signals
to T cells [464, 511, 514].

The network of cytokines controlling inflammation in EAE also determines the
expression of adhesion molecules that allow infiltration of pathogenic T cells into the
CNS. Two recent studies demonstrated that a subunit of the integrin VLA-4 is
expressed more highly on Thl cells than Thl7 cells and allowed them preferential
access to the spinal cord [369, 515]. Data from the current study supports this, as
\/LA-4 was down-regulated on MOG-specific IFN-y'^' cells. This suggests that IFN-y
may upregulate VLA-4 expression which allows T cells to cross the BBB. Thus,
although the roles of individual cytokines in the induction of EAE have been long
debated, it is clear that GM-CSF, IFN-y and IL-17A all play important and complex
roles in disease. IFN-y is pro-inflammatory in the induction phase of EAE and
preferentially induces infiltration of T cells into the spinal cord, while playing a
protective or suppressive role later in disease, especially in the brain. IL-17A is
essential for the induction of EAE in a model of active induction, but its function is
redundant in a model of EAE induced by adoptive transfer. From a clinical
perspective, understanding these mechanisms in detail is essential for the
development of therapeutic strategies aimed at targeting these cytokines.

Several therapeutics designed to target pro-inflammatory cytokines have already
been tested in clinical trials for various diseases and some, such as TNF-a-blocking
biological drugs have become widely used for the treatment of RA. A clinical trial to
test IFN-y as a therapeutic for MS failed to reduce symptoms and instead caused a
significant exacerbation of disease in 7 out of 18 patients, leading to the conclusion
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that IFN-y is unsuitable for use as a therapeutic agent in MS. Although GM-CSF is fast
becoming an attractive target for the treatment of MS, no anti-GM-CSF therapies
have yet progressed to the phase II clinical trials; however, a human anti-GM-CSF
monoclonal antibody sponsored by MorphoSys called MOR103 is currently in a phase
lb clinical trial in order to evaluate its safety and pharmacokinetics in humans, the
results of which are expected to be published in 2013 (www.morphosys.com).

IL-17A has a longer history of clinical trials than GM-CSF and results have very
recently been revealed of its efficacy in the treatment of both psoriasis and MS.
Leonardi et al and Papp et al demonstrated promising data from the phase II clinical
trials of a humanised anti-IL-17 monoclonal antibody (called ixekizumab) and an IL17RA neutralising antibody,

brodalumab

[516, 517].

Both antibodies were

demonstrated to significantly ameliorate the symptoms of psoriasis without any
serious adverse effects, and phase III trials have now been initiated to investigate the
efficacy of the antibodies in a larger number of patients. Furthermore, it was
recently announced at the annual meeting of the European Committee for
Treatment and Research in Multiple Sclerosis that secukinumab, a fully human
monoclonal antibody selectively directed against IL-17A and sponsored by Novartis,
has completed a phase II clinical trial. The results showed that blocking IL-17A
resulted in a dramatic reduction in the appearance of new lesions on MRI in MS
patients over a 24 week trial. These data indicate that anti-IL-17A antibodies are as
effective at treating the symptoms of MS as any other therapeutic already available
and, furthermore, early data suggests that the associated side effects are also less
severe than currently licensed therapeutics that confer susceptibility to infections.
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Figure 6.1. Infiltration of Thl and Thl7 cells into the CNS. Innate immune cells are activated in the
periphery by PAMPs or DAMPS, for example Mtb. Innate cells present antigen in association with
MHC class II on the cell surface and bind to the TCR of naive CD4^ T cells to induce maturation. Innate
cells also secrete a milieu of cytokines which induce the differentiation of the helper! cell down one
of a range of differentiation pathways. In the presence of IL-12, IFN-y secreting Thl cells are induced.
Thl cells can upregulate the adhesion molecules VLA-4 and LFA-1 on their cell surface in response to
IFN-y and as a result can cross the BBB and infiltrate the CNS. Thl cells can also allow the access of
Thl7 cells, which have differentiated in the presence of IL-ip and IL-23 or IL-18 and IL-23, from the
periphery into the CNS. Once in the CNS, myelin reactive T cells can be reactivated to secrete
cytokine. Thl cells secrete, among other cytokines, both IFN-y and GM-CSF. IFN-y at this stage of
disease plays a protective role, possibly by inhibiting other differentiated T cells. Thl7 cells also
secrete a range of cytokines including IL-17A, IL-17F and GM-CSF. Although IL-17A is not essential at
this stage of disease, it is essential early on in disease induction and may be as a result of secretion
from innate-like cells such as y5 T cells. GM-CSF, secreted from both Thl and Thl7 cells, can induce
demyelination and axonal damage and contributes to the symptoms of EAE.
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Taken together, data from this thesis indicates a model by which inflammation and
autoimmune disease may occur, which is outlined in figure 6.1. Innate immune cells
in the periphery can be activated by PAMPs and DAMPs. In the case of EAE, innate
cells are activated by Mtb, the key immuno-stimulatory component of CFA, the
adjuvant used to induce disease. Innate cells take up antigen and present it at the
cell surface in association with MHC class II which binds to the cognate TCR on a
naive CD4^ T cell and induces activation. Innate cells release a milieu of cytokines
which induces the differentiation of naive helper T cells into one of a range of Th
subsets. In the presence of IL-12, naive CD4^ T cells differentiate to become Thl cells.
Here it has been demonstrated that in the presence of IFN-y, Thl cells can
upregulate the adhesion molecules VLA-4 and LFA-1 on their cell surface. In the
absence of IFN-y Thl cells cannot upregulate these adhesion molecules and
therefore are less capable of gaining access to the CNS. This may be the mechanism
by which IFN-y is pathogenic early in the course of EAE. Thl cells allow the access of
Thl7 cells into the CNS [368]. Thl7 cells differentiate and expand in the presence of
IL-23 in combination with either IL-ip or IL-18, cytokines whose maturity is
dependent on processing by the cysteine protease caspase-1.

Once across the BBB and into the CNS, CD4'' T cells can be reactivated by resident
and infiltrating innate cells to secrete a range of cytokines. Thl cells in the CNS
secrete, among other cytokines, IFN-y and GM-CSF. It has been demonstrated in this
thesis that at this stage of disease IFN-y serves a protective function. IFN-y may be
protective at this stage by inhibiting the function of other terminally differentiated T
cell subsets. In addition, IFN-y has been demonstrated to induce mesenchymal stem
cells to become immuno-suppressive which may further contribute to its anti
inflammatory function [518]. Thl7 cells in the CNS also secrete a range of cytokines
including IL-17A, IL-17F and GM-CSF. Although myelin-specific Thl7 cells can induce
EAE, here we have demonstrated that the secretion of IL-17A from Thl7 cells is not
essential for the induction of disease. We have also demonstrated however that IL17A‘^' mice are resistant to the induction of EAE and therefore IL-17A is likely playing
an essential pro-inflammatory function early in the induction of disease. It is possible
that the early function of IL-17A is mediated by its secretion from innate-like cells
205

such as y6 T cells. It has been demonstrated here that both Thl and Thl7 cells are
capable of inducing EAE however IL-17A secreted from T cells is not necessary for
disease and IFN-y plays a protective role later in EAE. GM-CSF, however, is a common
denominator secreted by both these cell types and is known to be a proinflammatory cytokine capable of inducing severe disease. It is therefore possible
that GM-CSF may be a key pathogenic cytokine for the induction of EAE alone, or in
combination with other pro-inflammatory cytokines.

A wide range of cytokines is involved in enhancing and suppressing inflammation at
different stages of autoimmune disease and although these interactions are not fully
understood, data from this and other studies has progressed the field significantly
towards a deeper understanding of the causes of MS and the ways in which it can be
treated.
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